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FORENORD

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 l842 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 l50 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



step in a program to attain a precise understanding of
the sedimentary processes. Under Sea Grant Project

SG78-KRAFT-R/G9, 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 EX
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A sketch of the Cape Henlopen region, Breakwater
Harbor an<i Lewestown in 1831, by Nilliam Strickland,
Engineer. Taken from Kraft, 197lh  original source
Eleutherian Mills Historical Library!.
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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.



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.

ln the second part of the study, seven bathymetric

surveys available from NOS of 50AA, 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 interpolated to a grid system, from which

depth changes and shoaling rates were calculated. Construc-

tion of t: he breakwaters, in both cases, caused a brief

period of erosion 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 cm/yr! to 0. 19 ft/yr � . 7 cm/yr! . Rates off the spit

tip wire as high as 3.0 ft/yr  90 cm/yr!. Cape Henlopen

has grown toward the northwest 5000 ft �500 m! since 1842,

filling in a 60 ft �8 m! deep channel.



There does not appear to have been any development

of an accretional spit platform as defined by Meistrell

�972!. Instead, 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 vest. 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 �967!. In

addition, Cape Henlopen 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 oil 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 shoaling with time, and shoreline changes have

been determined through bathymetric comparison, using

survey data starting with the l842 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 better 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



183l, 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 �500 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 the0

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 �8 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.l 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 �972!. 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. Xn the early 1800s, the U. S. 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
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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.



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. S.

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 l900  Figure 1!  Kraft

and Caulk, 1972! ~

With the development of steam-powered ships and the

construction of the Harbor of Refuge �900!, Breakwater

Harbor gradually fell into disuse except for fishing boats

and, more recently, the Cape Nay-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



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

 Maurmeyer, 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, 197lb!. 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.



Geological Setting of Coastal Delaware

Holocene Geology

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 �977!,

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-dupe 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, 1977; Kraft, 197la!.

The Holocene transgression 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
diagram. The stratigraphy presented is generalized.



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 �60 km! to its present position  Kraft, 197la!.

Sea Level Rise

A comparison of rates of relative sea level rise

calculated by 1! geologic 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 �975!,

based on geologic evidence, found the rate of relative sea

level rise along the coast of Delaware to be 0.4 ft �2 cm!

per century, averaged over the past 2000 years  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 �3 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 �974!. Figure

3 shows a plot of mean annual tide levels for Breakwater

Harbor, and the regression line calculated, using mean
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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
�3 cm/century! compares favorably with rates calculated

by Hicks and Crosby �974! for this and other east. coast
tide gauge records. This is a relative rate of sea level
rise.  Source, NOAH', NQS, Tides Division!



monthly low water levels. These data were obtained from

the National Ocean Survey, /ides Division.

historic Coastal Change

Naurmeyer �974! has determined that the Atlantic

side of Cape Henlopen has been retreating at rates of 10 to

18 feet/year �.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 �.5 to

l8.3 m/yr! apparently accelerating with time. Brickman and

others �977! and Kraft �97lb! have determined that, in

recent years, Cape Henlopen has accelerated to a growth

rate of nearly 100 feet/year �0 m/yr! .

Delaware Bay

Breakwater Harbor is part of Delaware Bay and,

therefore, is affected by processes in Delaware Bay.

Studies by Oostdam �971!, Strom �972!, and Weil �977!

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 �971a! and Weil �977! have traced the

migration of these environments through time, and Neil

�977!, Oostdam �97l! and Strom �972! have identified



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 Neade 1969!, because of the dominance of

tidal currents over river discharge  Weil, 1977!. In

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 Nay, and, more recently, by the

outer breakwater. As a result, tidal currents are eroding

portions 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 geological history, Kraft and others �976!

state:

The short-term geological past allows
prediction of short-term �00-1000 years!
future change. Our prediction of short-
term change is that the marine transgression
will continue at its present rate. Long-
term past processes have varied. Therefore,
the long-term future  thousands to millions
of years! is unpredictable.



CHAPTER II

SEDINENTOLOGICAL CONDITIONS AND PROCESSES

He thod s o f S tudy

During the summer and winter of 1975- lg 7  , f ie ld

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 �.4 cm!

O.D. plastic pipe 8 inches �0 cm! into the sand and

emptying the contents into a cloth sample bag. This

technique assured that the sampling procedure was consistent.

-13-



Figure I � Index to sample locations. Although the base
map for this figure was the 1977 nautical chart �2216!,
the depths are valid for l971, the date of the latest
hydrographic survey. The numbers adjacent to the dots
are sample numbers and refer to the data tables in
Appendix A.



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 �0-30 cm!.

Only the top 8 inches �0 cm! were kept. Muddy samples

were put in plastic sample bags.

During October and November l976, 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.



The Tidal Flat

Data Presentation

The tidal flat on the west side-of Cape Henlopen is

dominated by "sand ridges".* The orientation of these 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 problems. 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.  l.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

*"Sand 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.



Figure $ � Oblique aerial photograph of Tidal Flat, Pall
3.976  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 wine}8.



sizes larger than the average for the profile, and all of

the sip landward-most samples had mean grain sizes finer

than the average -for the profile, indicating general fining

landward. All samples except one had sortings of between

0.44-phi and. 0.54 phi. The sorting parameters along this

profile were less variable than along any other profile.

A comparison of average mean grain size along

Profiles 1, 2 and 3  Figure 6! shows a general fining

southward:' 0.56 phi for Profile 1; 0.88 phi for Profile 2;

and 1.08 phi for Profile 3. The fining from north to 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 elevation 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 deviation 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 �954!.
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observations by the author. A summary diagram which

schematically shows the discussed processes is presented i,n

Figure S 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 �971! and

Kraft �971b! 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 l, 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. As 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,



transports the sediment landward forming a coast-perpendicu-

lar ridge, which is eventually connected to shore. The

sediment is also 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. Xn the central area of

the 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 wQen there are

no waves. Because of wave-induced resuspension, sediment

tends to be transported off the tidal flat Puring 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 profileq do not sample the

same epvironment in relation to sand ridges and, therefore,

the trend is obscured. Coarsening seaward on tidal flats



has been described in other areas by Postma  l967!.

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 �972! detepmined 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  Stram,

1972!. Sqmp4es 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 breakwater  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 IIarbor.



Figure 8 � Abundance of silt in bottom sediment 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.

Figure 10 is a summary diagram showing the conver-

sion of the percents in Figures 7-9 to verbal classification,

according to Folk �954!, 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 of the breakwater

are the most poorly sorted of all the sediments in the

harbor.

Current meter data presented in Figure lla for

Station l, and Figure lib for Station 2  locations are

shown jn 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 ll 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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Figure 10 � Distribution of bottom sediment type. The
data presented in Figure 7-9 were converted to verbal
classification according to Folk �954!.



FIGURE ll 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-l5-by-24 inches, �0-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 �5 cm! above the bottom
in both cases.
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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 1000 0

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 �! actual slack water time

lags befind predicted times or �! ebb and flood tidal

currents 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 lib, it can be seen that

velocities were slightly higher at Station 2 than at Station

l. 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

several hours. 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.

The 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 �0 feet $3 m] vs. 40 feet [12 m] for Station

2!, and, therefore, its greater susceptibility to waves.
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Unstable orientation
indicates turbulence,

b possibly wave induced.
This frame shows this
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.

Figure |2 � 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 respectively. The tilt
angle is then converted to cm/sec velocity by a
manufacture's calibration chart ~



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 harbor

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 passes

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 quantities, it is

suggested that the tidal fiat 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 directions 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 veloci ties

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 �971! 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 l971 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

subprograhts 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



COMPUTER PROCEDURE FOR THE ANALYSIS OF MAP DATA

DIGITIZE
DATA
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Figure l3 � A flow chart of the computer procedure
used in this analysis of Bathymetric Data. This is
essentially the organi-.:ation and steps used in the
main program of the analysis with each of the steps
being performed in subprograms. The location of ?
marks indicate the location of operator input or
value j udgments.



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. Hydrographic 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. Subsequent surveys, used in this study, were made

in 1863, 1883, 1894, 1913, 1929, and 1971. In 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 valid

for 1971. The shoreline was for 1977. Sallenger and others

�975! 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



cases the mean low water line was also plotted.

The mean low water datum was originally calculated

using tide level measurements made at a land 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.

In addition, the dates of validity changed for different

soundings on the same published chart. Therefore, only

the information plotted on the original hydrographic 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



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.



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 �57 m! west and 2000 feet

�10 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

system was converted to read directly to the nearest

10 feet � 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 Z  depth! values on the

magnetic tape, all in units of feet.



Figure l4 � The Bendix Data Grid Digitizer located in the
Geography Department of the University of Delaware.



In addition to the depths, the position of the

shorelines was recorded, using a depth of zero 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 [15 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  unti3. the lighthouse fell into the ocean in 1926!.

This procedure gave reasonable assurance that these points

were in the proper spatial relationships to each other.

The only thing left to be determined was the direction of



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

relationship 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

communication!.

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



listed in the order of Xl, Yl, Zl, X2, Y2, 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 �0-by-

30 m! squire 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

�1 m! for any given depth value. Looked at another way and,

perhaps, more meaningfully this was a maximum movement of

~ 084 inches �.33 mm! on a map printed to a scale of 1:10,000.

This kind of movement of the data was insignificant in light

of errors in navigation and soundings, 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 also be printed on the line printer for a quick 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 game points for each map. This was accomplished by

using the weighted averaging procedure outlined by Davis

�97'!. In this procedure values are substituted in the

equation: Z.
j.

S ~
1

S-

where Z. equals the depth at any point., S. is the distance
i i

to that point from the grid point  E ! being interpolated,
p

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



these points. Figure l5 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 �00 m! quadrants  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 quadrant, 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 'MAPDZF.'

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



calculated the values for number of points, average depth,

area 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 survey 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 output. 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 display 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 mj! 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 �0 m/cm! in the east-west

direction and 400 feet/inch �8 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 second 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 an 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 l5 by ll inches

�8 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 represented

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



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 to one, the map was plotted

to a scale of l000 ft/inch  l20 m/cm! scaling factors

less than one made the plot smaller and greater than one

made it larger. This scaling factor was used to reduce

or expand the map size so that it filled the usable area

of the output devices 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.

Errors 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, 0.01 feet/year �.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 �5 cm! in depth  Sallenger and others, 1975!.
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Interpolation of these data to a grid system

resulted in a loss of some detail in bathymetry. This

distance-weighted averaging over a certain area also

reduced the effect of random errors. In areas of drastic

vari, ation of bathymetry, the interpolated data are

probably less representative of the actual depths that

were present 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 possib$y where

they are consistent with local bottom trends.

When shoaling rates for a particular survey interval

are calcu].ated, qome of the complex'.ties of the map may

be a result of errors in the data. The shorter thy interval

between surveys, the more significant, an error becomes.

On the other hand, with shorter intervals the greater the

expected variability would be, and, therefore, the greater

the expected 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 �975! 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 discrepancy

was around 0.5 feet �5 cm! 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.

�5 cm! results in a net average error of 0.7 feet �1 cm!,

based on statistical distributions of errors as discussed

by Beers �957!. This is probably an overestimate,

because of the averaging effect of the interpolation

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 fox four points

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

Point, Coord.  ft! 1842-1971

6 6 ft � 0 m!
12. 4 ft �.7 m!
12.3 ft. �.7 m!
37.9 ft �1.5 m!

400 /1200
5200/4800
6400/3000
2000/7800

!
13.3 ft. �.0 m!
12.8 ft �.9 m!
38.1 ft �1.6 m!

The mean discrepancy for these four points is 0.5 feet

�5 cm! and the maximum is 0.9 ft �7 cm!. Distributing

the mean among the seven survey intervals gives an average



error of 0. 07 feet �. 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 �5 cm! error is probably realistic and should be

used. This represents a confidence of 0.05 feet/year

�.5 cm/yr! for a survey interval of 10 years and 0.03

feet/year �.9 cm/yr! for a survey interval of 20 years.

 Note that the longer the survey interval, the less

significant an error qf 0.5 feet �5 em! 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, and

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 �80 m! in the east-west direction and every 400 feet

�20 m! in the north-south direction. The numbers are

quite small because a . 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.

Xn each of the shoaling maps the last digit is

significant with caution. Xn 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 thiey 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 r'ate contour maps.

The area that remained above sea level for the

entire survey interval is indicated by slashes about one

millimeter long pt a 60 angle toward the southwest. This0

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, indicating 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 �5 cm/yr!. In addition, the 0.25 feet/year

�.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 changes,

and shoaling rates that have been calculated for each survey

and survey interval are described. Xn each case, a set og

diagrams is presented with a discussion of each map. Bach

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. Zn

addition, the dates of construction of the breakwater and



ferry jetty are given. Figures l6b-i give the interpolated

depth values calculate/ from each of the hydrographic
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 shoaling

rates preyented later.
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E-ff FEET i'

SHHRELZNES FBR 19T7. 1945. f929. 1883~ AND 1842

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
l977, 1945, 1929, l883, and 1842. Figures l6b-16i show
the computer-interpolated depths for each of the available
survey maps; 1971, 1945, l929, 1913, 1894, 1883, 1863,
1842. These data were used to calculate the difference
maps shown latex. The bathymetric patterns shown in this
figure are discussed later with depth change data and
shoalizg rate data.
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1842 to 19'71  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 �.2 to 6.1 m!. 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 thy north and east of Cape Henlopen, depths

were 50 feet �5.2 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 9.1 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 �.8 and 4.6 m!. In the region
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of spit growth, depths have changed from 40 feet �2. 2 m!

or greater to sea level or above. Of f shore 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 less than 0.1 feet/year � cm/yr! average for 129 years

has occurred. The highest average shoaling rate found was

0.45 feet/year �3.7 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

area.

In the long term, the channel between the inner

br'eakwater 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!.



Figure 17  pages 74 and 7S!

Page 74

1842 Depths in Feet. interpolated depths are from
1842 data. Depths are plotted every 400 feet �20 m!
north-south and every 600 feet �80 m! east-west.
Depth positions are located to the lower left of the
numbers.

17a.

1842~-1971 Depth Change. Depth change values are
calculated from the interpolated data in Figure
16i iand 16b. Negative values indicate erosion.
The shorelines are labeled in Figure 17d.

17b.

Page 75

184$-1971 Shoaling Rates Contour Map. The data in
Figgre 17c were hand-contoured to produce this map.
The "slashing" shows where the land remained above
meaq high water throughout the survery interval. The
"slkshing" does not follow one shoreline.

17d.

17c. 1842 � 1971 Shoaling Rates  feet/year!. Shoaling
rates are calculated from Figure 17b, by dividing
each value by 129.
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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 qape, depth changes ranged from near zero to greater

than 60 feet. 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 of the breakwaters. A small depositional area was

present in 0he 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 "1-year period and averaged -0.02 feet/

year �.6 cm/yr! in the harbor.
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Figure 18  pages 78 and 79!

Page 78

1842 Depths in Feet. Interpolated depths are from
1842 data. Depths are plotted every 400 feet �20 m!
north-south and every 600 feet �80 m! east-west.
Depth positions are located to the lower left of
the Numbers.

l842 1863 Depth change. Depth change values are
calculated from the interpolated data iq, Figure
16h and 16i. Negative values indicate erosion.
The shorelines are labeled in Figure 18d.

79

lsb.

' Page

18c. 1842-1863 Shoaling Rates  feet/year! . Shoaling
rates are calculated from Figure 18b, by divi4ing
each ivalue by 21 years.

18d. 1842~1863 Shoaling Rates Contour Nap. The data
in Fi'gure 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" d~es not follow one shoreline.
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1863-18�  Figure 19!

Depths for 1863 were around 17 feet �.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.l 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 �.9 m!. As much

as 10 feet � m! eroded in the channels around 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/year �.S cm/yr!, while the rates ranged. from near

zero to O.S feet/year  l5 cm/yr!. In channels, the erosion

rates were as high as -O.S feet/year  -15 cm/yr!. And in

the area of new cape development, the depositional rates

were greater than 2.0 feet/year �0 cm/yr!.



-'8 2-

Figure 19  pages 83 and. 84!

Page 83

19b. 1863-1883 Depth Change. Depth change values are
calculated from the interpolated data in Figure
16g and 16h. Negative values indicate erosion.
The shorelines are located in Figure 19d.

Page 84

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

19c.

1863-1883 Shoaling Rates Contour Nap. The data in
Figure 19c were hand-contoured to produce this map.
Tpe "slashing" shows where the land remained above
mean high water throughout the survey interval.
The "slashing" does not follow one shoreline.

19d.

19a. 1863 Depths in Feet. Interpolated depths are from
1863 data. Depths are plotted every 400 feet �20 m!
north-south and every 600 feet �80 m! east-west..
Depth positions are located to the lower left of the
numbers.
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The interval 1883-1929 was analyzed in two ways.

First, the entire interval was analyzed, using the 1883 and

1929 data. 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 �.9 to

5.2 m! in the central area of the harbor and deepened to

20 to 30 f'eet �.1 to 9.1 m! in the channels around the

breakwater. Depths off the tip of Cape Henlopen were

around 50 feet �5.2!, deepening to over 75 feet �2.9!

farther offshore.

Depth changes ranged from 3 to 7 feet �.9 to 2.1 m!

in the central area of the harbor increasing to 20 feet

�.1 m! in two location. on the south side of the breakwater.

Depth changes off the tip of the cape were as high as 50

feet �5.2 m!. Again, as much as 10 feet � m! eroded in

the channel offshore of the 1929 shoreline. To the east

of the tip of the cape as much as 67 feet �0.4 m! deposited

in one place. To the south of this region as much as 12

feet �.7 m! eroded in some places.
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The shoaling rates contour map indicates deposition

over most of the area with some small areas of erosion

present'.  Figure 20d!. The average shoaling rate for

Dreakwater IIarbor was 0.16 feet/year �.9 Cm/yr!. The

major cleposition associated with the growth of Cape Henlopen

was to the east of the cape tip with rate5 greater than 1.0

feet/year �0 cm/yr! in places. The tip of the cape grew

almost 1000 feet �00 m! to the northwest, while the

Atlanta,c coast retreated about 600 feet  l80 m!.

The next three sections divide the 46 year-interval

from 1!83-1929 into 11, 19 and 15-year intervals. Note the

greater complexities of the patterns of deposition and

erosion, and the greater magnitudes of shoaling.
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Figure 20  pages 88 and 89!

Page 88

1883 Depths in Feet. Interpolated depths are from
1883 data. Depths are plotted every 400 feet �20 m!
north-south and every 600 feet  l80 m! east � west.
Depth positions are located to the lower 1.eft of
the numbers.

20a.

l,883~1929 Depth Change. Depth change values are
calculated from the interpolated data in Figure l6d
and 16g. Negative values indicate erosion. The
shorelines are labeled in Figure 20d.

20b.

Page 89

l883-l929 Shoaling Rates  feet/year!. Shoaling rates
are calculated from Figure 20b, by dividing each value
by 46 years.

20c.

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.

20d.

Note that this survey interval is subdivided further in the
following three sections.
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1883 to 1894  Figure 21!

The 1883 depths were previously described. Depth

changes for the area immediately south of the breakwater

were as much as 10 feet � m!, while for the central areas

of the harbor they were from 1.0 to 3.0 feet �.3 to 0.9 m!.

Nate that about half of the total depth change for 1893-1929

in the area 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 �2.2 m! of sediment

deposited in the area offshore of the 1894 cape, represent-

ing an average shoaling rate of as high as 3 S feet/year

 l.l cm/yr!. This major deposition was centered to the

northeast of the cape.

The shoaling rat:es contour map shows the greater

complexjty 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 of 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 �.3 cm/yr!, with

a maximum as high as 0.64 feet/year  l9.5 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 offshore of

this area.
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Figure 21  pages 93 and 94!

Page 93

1883 Depths in Feet. Interpolated depths are from
1883 data. Depths are plotted every 400 feet �20 m!
north-south and 600 feet. �80 m! east-west. Depth
positions are located to the lower left of the
numbers.

21a.

21b. 1883-1894 Depth Change. Depth change values are
calculated from the interpolated data in Figure
16f and 16g. Negative values indicate erosion.
The shorelines are labeled in Figure 2ld.

Page 94

2lc.

1883-1894 Shoaling Rates Contour hiap. 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.

21d.

1883-1894.Shoaling Rates  feet/year!. Shoaling rates
are calculated from Figure 21b, by dividing each
value by 11 year..
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1894 to 1913  I igure 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

�.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 ll 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 �.0 m!, becoming less as it entered the harbor. The

average shoaling rate for the harbor was 0.08 feet/year

�.4 cm/yr!.

The erosion rates for the inner breakwater-Cape

Henlopen channel were on the order of -0.2 feet/year �.1

cm/yr! but were as high as -0.7 �1.3 cm/yr! in places.

Deposition rates off the tip of Cape Henlopen reached as

high as 2.1 feet/year �4.0 cm/yr! with the deposition of

as much as 40 feet �2.2 m! of sediment. ln 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 �.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 �80 m!. Slight accretion of the harbor

shoreline over most of its length occurred, coupled with

some deposition offshore.



Figure 22  pages 98 and 99!

Page 98

1894 Depths in Feet. Interpolated depths are from
1894 data. Depths are plotted every 400 feet �20 m!
north-south and every 600 feet �80 m! east-west.
Depth positions are located to the lower left of the
numbers.

22a.

22b. 1894-1913 Depth Change. Depth change values are
calculated from the interpolated data in Figure 16f
and 16e. Negative values indicate erosion. The
shorelines are labeled. in Figure 22d.

Page 99

22c.

1894-1913 Shoaling Rates Contour Nap. 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.

22d.

1894-1913 Shoaling Rates  feet/year!. Shoaling rates
are calculated from Figure 22b, by dividing each
value by 19 years.
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1913 to l929  Figure 23!

The depth map for 1913 shows depths of 12 to 15 feet

�.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

�.6 to 0.9 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 �0

to 91 cm/yr! in the harbor to as high as 2.6 feet/year  82

cm/yr! off 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 0.11

feet/year �.4 cm/yr!. The tip of the cape grew to the

northwest about 700 feet �10 m!.
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Figure 23  pages 102 and 103!

Page 102

1913-1929 Depth Change. Depth change values were
calculated from the interpolated data in Figure 16e
and 16d. Negative values indicate erosion. The
shorelines are labeled in Figure 23d.

23b.

Page 103

1913-1929 Shoaling Rates  feet/year!. Shoaling rates
are calculated from Figure 23b, by dividing each value
by 16 years.

23c.

1913-1929 Shoaling Rates Contour Map. The data
in Figure 23c 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.

23d.

23a. 1913 Depths in Feet. Interpolated depths are from
l913 data. Depths are plotted every 400 feet �20 m!
north-south and every 600 feet �80 m! east-west.
Depth positions are located to the lower left of the
numbers.
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Summary for 1883 to 1929

During the interval 1883 to 1929 marine processes

produced net deposition in most areas and erosion in the

channel between the inner breakwater and the cape  Figure

20!. Although from 1883 to 1929 significant deposition 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 fronI. 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 outer breakwater.

Deposition of sediments associated with spit growth

occurred in localized areas immediately 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 kith the tip

of the cape migrated considerably from survey interval to

survey interval, with the net depositional center being

seaward of the spit tip  Figure 20d!.

The tip of Cape Henlopen showed net growth toward

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



migrated to the north, then migrated to the northwest

 Figures 21d, 22d, and 23d!.

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 and construction projects. This analysis

should caution workers in coastal areas who would predict

long-term trends �0 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 ll to 14 feet �.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 � to 6 m!.

Depth changes were on the order of 2 to 4 feet �.6

to 1.2 m! in the central areas of the harbor and less than

one foot �.3 m! near the southern side of the breakwater.

Depth changes in the vicinity of the spit tip were around

40 feet �2.2 m!, with erosion of 10 feet � 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 deposition occurred during this

interval, except in a small area of the channel between the

outer breakwater and the cape.

8hoaling rates ranged from 0.1 to 0.25 feet/year

� to 9 cm/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 �.8 cm/yr!.



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 �00 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 �40 m!. The bay shoreline changed little in

position during this interval.
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Figure 24  pages 109 and 110!

Page 109

24a.

1929-1945 Depth Change. Depth change values are
calculated from the interpolated data in Figure 16d
and 16c. Negative values indicate erosion. The
shorelines are labeled in Figure 241.

24b.

Page '10

1929-1945 Shoaling Rates  feet/year!. Shoaling
rates are calculated from Figure 24b, by dividing
each value by 16 years.

1929-l945 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.

24d.

1929 Depths in Feet. Interpolated depths are from
1929 data. Depths are pLotted every 400 feet, �20 m!
north-south and every 600 feet �80 m! east-west.
Depth positions are located to the Lower left of
the numbers.
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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 ll feet �.1 to 3.4 m!

in the central areas of the harbor and as much as 45 feet

�3.7 m! in the channel between the inner breakwater and the

cape. Depths to the north of the spit. tip were 30 to 40

feet  9.1 to 12.2 m!, and depths offshore were greater than

70 feet �1.3 m! to the northeast, of the cape and 15 to 20

feet �.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 �.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 � 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 erosion occurred

on the Atlantic side of the cape. Shoaling rates as high as

2.1 feet/year �4 cm/yr! were present in the vicinity of the

cape and, erosion rates as high as -0.4 feet/year �2 cm/yr!

were found 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 �.2 cm/yr!.

Cape Henlopen grew to the north-northwest by 1800

feet �50 m!. The Atlantic coast eroded by about 200 feet

�0 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 �0 m!.



Figure 25 {pages 114 and 115!

Page 114

194S Depths in Feet. Xnterpolated depths are from
1945 data. Depths are plotted every 400 feet �20 m!
north-south and every 600 feet �80 m! east-west,.
Depth positions are located to the lower left of
the numbers.

25a.

1945-1971 Depth Change. Depth change values are
calculated from the interpolated data in Figure 16c
and 16b. Negative values indicate erosion. The
shorelines are labeled in Figure 25d.

25b.

Page 115

1945-1971 Shoaling Rates  feet/year!. Shoaling
rates are calculated from Figure 25b, by dividing
each value by 26 years.

25c.

25d. 1945-1971 Shoaling Rates Contour Map. The data
in Figure 2Sc 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!

/he latest bathymetric survey was done in 197K. The

first published chart to show all the 1971 data is the 1977

NOS chart: 122l6. The depths in Breakwater Harbor ranged

from 4 tP 10 feet �.2 to 3.0 m!. The scour hole off the

east end of the inner breakwater was about 50 feet �5 m!

deep. Depths in the central harbor were progressively

shallowek from south to north. Depths in the channel north

of the cppe ranged from 30 feet  9 m! to the northwest to

over 70 feet �1 m! to the northeast of the cape.

A shoal wa5 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 breakwater. 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 Mith 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 � l971 Depths in Feet. Interpolated depths are
from 1971 data. Depths are plotted every 400 feet  l20 m!
north-south and every 600 feet  l80 m! east-west. Depth
positions are located to the lower left of the numbers.
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Sunmary 1 842 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 �.8 to 12.2 m!. This

represents an average shoaling rate of 0.05 to 0.31 feet/

year �.5 to 9.4 cm/yr!, or corrected for sea level rise

 as outline earLier! 7.3 to 41.3 feet �.3 to 12.6 m! of

infill, and shoaling rates of 0.06 to 0.32 feet/year

�.8 to 9'.8 cm/yr!. The average rate of infill was

0.11 ft/yr �.4 cm/yr!. The maximum average shoaling rate

for Breakwater Harbor occurred from 1929 to 1945 with a rate

of 0.19 ftet/year �.8 cm/yr!, this was a total change in

depth of about 4.0 feet. for the 20 years from 1863 to 1883,

averaged  ver 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. Prom 1894 to 1913, slow

sedimentation again occurred with a gradual increase 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 rn/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 fram 0 to 50 feet/year � to 15 rn/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!.

All the rates and depth changes just described were

averages over a survey interval, and in the case of

Breakwater Harbor rates, they were also 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 at 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 l831 and

1900 also 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 of 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
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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 sedimknts. Littoral transport is presently

supplying material for further spit growth and for tidal

flat progradation southward along the harbor shoreline.

Delaware Bay suspended sediment was responsible 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 tidhl 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 �972!, was developed at. any time

during the study period. Meistrell �972! stated: �! a

spit platform is a "prerequisite to spit growth"; �! it is

a depositional feature; and �! it is morphologically an

embankment. when looking for a spit. platform, one must.

use the bathymetric charts, not shoaling rates or depth



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. Xnstead, 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 storms and commonly in winter  R. Maurmeyer and J. C.

Kraft, personal communications, 1977!. This feature is,

therefore', an erosional "bench" caused by wave attack at the

spit tip during 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

development of 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 l29



Figure 28 - North-south profiles off the tip of Cape
fienlopen 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,
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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 line 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



rates contour maps. The position of this depositional

center is att;ributed to the redistribution of littoral

sediments by tidal currents and the progradation of the

spit as described 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 likely that the short-term position of this center

during a particular survey interval has been determined by

the timintg of storms with respect to tidal currents.

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 inner 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 factors, including the timing between tidal Cycles

and storm conditions, and is, therefore, variable. Over

the long term �30 years! the position of the major

deposition associated with cape growth was to the east of



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, l976!. This feature

again attests to the strong ebb dominance of the tidal

currents of the area. The ebb dominance that was measured

in the harbor is probably exaggerated as a result of the

geometry of the cape and inner breakwater. The funnel-

shape of the harbor and the sharp bend that is made at its

eastern end cause a concentration of ebb tides and a

diminishment of flood tides through the harbor. Since this

affect will have increased with time as a result of cape

growth, j.t is likely that some of the sediments that are

now carri,ed 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 to calculate volumes of sediment

deposited, since sediment deposited by different mechanisms

could be handled separately.

Et is important to determine the relationship

between bathymetric 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



which shotwed slower rates received sediment from either

littoral transport systems or suspension. Sediment.

deposition in rapidly filling areas  greater than about 0.5

feet/year [l5 cm/yrj! 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

to grow despite the strong tidal currents. Although energy

conditions off the spit tip seem quite high, the energy is

not sufficient ta transport all the sediment, supplied by

littoral transport around the spit tip into the tidal flat.

A large amount of sediment but not all the sediment supplied

to the cape area is transported onto the tidal flat and onto

Hen and Chickens Shoal. Cape growth causes a change in the

equilibrium 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 low-flow conditions of the tidal cycle, and on the

average only the material required to maintain equilibrium

as a result 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



3! in the complexities of resuspension of sediments, espe-

cially fj.ne grained sediments and the relative importance

of flocctulation.

These results indicate that the px'ediction of future

trends or the determinatioh 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-term tendencies and short-term random processes of

storms. Detailhd 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 5re catastrophic in nature due to random processes

of climate and morphologic change. Man's influences can

be evaluated and predicted only in a general way with

einphasis on the long-term tendencies.

Volume Calculations

The volume of material deposited during any given

survey interval is important for the calculation of sediment,

budgets and for the determination of dredging costs.

However, since the volume calculated is inevitably dependent

on the area 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.



In additiOn, the volumes for any given area will not give

any more i~nformation about the shoaling history than the

shoaling rates diagram. If one prefers to think in terms of

volumes, Table l gives the conversion of shoaling rates to

volumes. This is possible because the units of shoaling

rates in addition to feet/year could be feet /year/feet
3 2

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 wit/ the volumes of sediment

deposited during a survey interval, the material deposited

by eolian processes and wave swash must be considered. No

topographical 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 uSe 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 ?and area changes calculated from the diagrams present-

ed in this report.



-132-

8HOALING RATE TO VOLUPTE CONVERSION TZ.BLE

~ft / r3f t//vr

3 ~ 5

3.0

2.5

2.0

1.5

1.0

0.5

0.4

0.3

0.2

0 ~ 1

0. 05

0.03

0.01

Table 1 � These numbers are based on the assumption that
the shoaling rates as presented on the maps are repre-
sentative of the shoalinq 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 Shca].inq rate. To eStimate
the volume of sediment deposited in any given area,
multiple the number of points in the area by the number
of years in the survey interval and by the appropriate
number in this table. TheSe are Only eStimates.
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CHAPTER IV

CONCLUSIONS

Tidal Flat Processes

l, 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 j.n sorting, from north to south. Halsey  l971!

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, whiie the size of the finest particles deposited on

the tidal flat is not dependent on micro-envixonment. The

evidence for this conclusion is in the plot of mean grain

size plug and minus one standard deviation across the

tidal flat.

3. Fining-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



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 quantify the tidal flat dynamics.

4. 5 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 dominant transport mechanism in the central part of the

tidal f15t. Xn 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 central area of the tidal flat because the sediment

supply is insufficient to maintain them.

k,ittoral 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 and very low energy of the waves along the high tide

shoreline landward of the tidal flat, little sediment is

transported during "normal" conditions at high tide. During

storm conditions, 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. Analysis 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 Processes

l. 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.

Xn addition to showing the statistical relationship between

the duration of velocities and directions of flow, it also

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 l was between 30 and

40 cm/sec at 80 to 100 magnetic, while for Station 2 the0 0

0 0
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 ebb-tidal currents and the sediment type distribu-

tions. St',rom �972! 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! deposited 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 during falling  ebb! tides, very little sediment is

transported into the central harbor from the tidal flat.

Naterial wlhich is not transported back around the tip of the

cape during ebb tides, after it moves off the tidal flat

contributes 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 Opstdam �971! 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

Deposition in Breakwater Harbor has been in

response to decreased tidal flow, resulting from the growth

of Cape Qenlopen toward the northwest. The pattern of

depositi5n has been quite simplh in the long term  l29 years!

while very cOmplex in the shOrt term  a SurVey interval!.

Some of the short term complexities of deposi-

tional and erosional patterns have been caused by the con-

struction of the two breakwaters and the ferry jetty. In

each case, the construction of one of these barriers caused

a brief Period of erosion in the resulting narrowed areas,

and slowed 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 nQw construction. Spit growth continued in a form

adapted to the construction, and continued to decrease tidal

flow thrOugh the area.

Average shoaling rates for Breakwater Harbor

during survey intervals ranged from -0.02 feet/year  -0.6

cm/yr! t4 0.19 feet/year �.7 cm/yr!. Rates of the spit tip

were as Qigh as 3.0 feet/year  90 cm/yr!. All the shoaling

rates shown on the shoaling rates diagrams are averages over

the survey interval. Rates could have been higher or lower

at any i6stant during the interval.



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 �00 to 900 cm/yr!,

immediatel,'y off the spit tip, but only lasting a year or

two, before the area was filled to sea level and the depo-

sitional center was moved northward. When this amount of

deposition is 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 load, 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 harbor 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 stud  area.

5. The long-term tendencies can be analyzed by

historic and geologic studies, and understood by study of

short-term processes. 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, whi,le 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

calculated for samples analyzed using dry sieving. The

techniques for each type of analysis are described below.

Pi ette Analysis

The pipette analysis followed the procedure

described by Folk �974!. A portion of the sediment from

each sample was placed in a 1000 ml. beaker. Enough sample

was taken. to provide between 5 and IS grams dry weight of

silt and clay. This required an estimate of the amount of



sand and water in each sample. With some experience, this

can be dqne 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.

gach sample was wet sieved using a 4 phi  .0635 mm.,

U. S. standard 230 mesh! sieve. Wash bottles containing

O.l% calgon were used to wash the silt and clay through the

sieve. @are was taken not to use more water than was

required ito bring the total volume of the water-sediment

suspension to l000 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.

suspension, which was placed in a 1000 ml. settling tube for

pipette ainalysis.

The amount of silt and clay in the settling tube

was calculated 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 j,nto Stokes Law as simplified by Folk �974, p. 40!.

At this tjme an aliquot was taken from a depth of 20 cm.

using a 25 ml. pipette. The material in the aliquot was

one 40th bf the material in suspension finer than 0.063 mm.



Since all the material coarser than 0. 063 mm. was removed

from the suspension by wet sieving, this represents one

40th of the total weight of the material in the settling

tube, and therefore is a measure of the weight of silt plus

clay in the original sample. This aliquot. was placed in a
0

40 ml., pre-weighed beaker, and dried in an oven at 80-90

C.

gn 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

enough time has passed to allow a 0.004 mm.  8 phi! sized

particle to settle past a l0 mm. depth. The material in the

25 ml. aliquot 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 aliquot was also put

in a pre-weighed 40 ml. beaker and placed in the oven to

dly,

Jn each of the 25 ml. aliquots, there were three

components. First, there was the water, 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 evapo-

ration o3 the water, and therefore, added to the weight of

each dried aliquot. In order to remove the weight of this



material from the weight of the dried aliquot, about 60 ml.

of the suspension was poured into a centrifuge tube and

centrifuged for one hour at 20,000 rpm. This removed all

the suspended 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

weight of the residue which was the material dissolved in

the water was then subtracted from the weights of each of

the other aliguots so that only the weight of the material

in suspension in the settling tube used in the calculation.

This procedure for the removal of the dissolved material

was described by R. N. Strom  personal communication!.

TO 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 rnl. aliquot

containing 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 l00 to calculate the percent.

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



intervals from -2 to 4 phi. The sediment retained in each

sieve was weighed on a top loading Mettler balance.

Cumulative percent curves were plotted and mean grain size

and sorting calculating according to Folk �974!. 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

PERCENT
CLAY

PERCENT
SILT

SAMPLE
NO.

PERCENT

SAND
muddy sand

mud

mud.

mud

silt
silt
mud

silt
silt
mud
s ancL

sand.y
sandy
sandy

clayey

500
501
502
5o3
504
505
5o6
507
508
509
511
512
513

515
516
518
519
521
522
523

525
526
527
531
532
533
53~
535
536
541
5V2

5~5

71

7
4,

27
45
35

5
6

8
100

15
25
15
17
11
16

100

100
100

3
63
86
77

100

99
77
83
28
85

100

100

97

17
lp9
32
~>8
!P3
!P7
62
61

77

6o 0

55
53
61,
58
6365 0 0 0
91

25 9
14 0 1
15
11
52

10 0 0
2
4.

11

Q4.

63
2LI
11

17
33
34
22

32 0

30
21

25
26
2719 0 0 0 7
11

6

9 0 0
8 6

20

6 0 0 1
2

SAMPLE DATA

FOLK'S
CLASSIF1CATION

sandy mud
sandy silt
sandy silt
sandy mud
sandy silt
sandy silt

sand

sand
sand
silt

silty sand
muddy sand
muddy sand

sand
sand

muddy sand
muddy sand
sandy silt
muddy sand

sand
sand
sand

sand
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DATATIDAL

INCLUSIVE KURTOSIS

GRAPHIC
SKElQlESS

SAMPLE
NO.

gRAPHIC

0 73
0.75
0.50
o.86
0, 4.5
o.56
0.57
0 ' 73
0.64
o.65
2.54
1.01

0,01
n.oo

-o.04
0.09
0.05

� 0.07
-o.o4
-0.01
� o. 05
-o.67
-os 28

destroyed.
o 59 -0. 25
o 59 � 0.17

1. 28
1.20

os 97
0.98

destroyed
destroyed
destroyed

1 2
3

5 6 7
8
9A
9B

10
11
12A

12B

13

15
16

17
18
19
20
21

22

23
24
25
50
51
52
53

55
56
57
59
6o
61
62
63
60
65
66
67
68
69

0. 8
0,49
1. o4

o.38
1.05
o 93
0.8o
0.42
0.71
o.82

-0 75
o.6o

0 57
o.54
1.24

1,33
0.91
1 32
1 ' 21
1.14
o,89
o.85
0.91

-1.16
1.14
o.84

1 ' 13
l.o8
1 ~ 17
1 ~ 23
1.20

1 ~ 13
1.06
1.04
0 ~ 99
1.07
1 27
1.25

TABLE 3
FLAT SAMPI E

INCLUSIVE
GRAPHIC STAND.

1 23
0.73
0.01

0 ' 37
os 68
0.09
0 55
0.49
o.66
1.67
1 ~ 31
3. 04.
o.63
o.58
0.50
0.48
0 ~ 53
os 58
0.63
os 53
0 55
0.52
o,45
0.52
o.61
o.56
o,58

-0.39
-0.01

o.o6
0.08
0.08

-o ~ o4
-0 ~ 09
-0.03
-0.01

-os 53
� 0.4.0
-0.66
� 0.13
-0.12

-0.03
-o.o6

0.00

-0.05
� 0.17
-0.03
-0 ' 05
-0.00

0.24
-0.04
-o.o6
-0.10
� 0.10

1.22

1.07
1.16
1.18
1.10
0.89
1.00
1.10
1.04

1 ~ 07
1.29

1.86
0.90
1.07
1.02

0 ' 75
0.98
1.00
1.00
0.89
2 39
1,88
0.46
F 11
1.18
0.97
os 95
1.OB
0.90
0.94
1.04
1.01
1.14
0.94
o.98
1.00

o 99
0.97
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INCLUSIVE

GRAPHIC KURTOSIS
SKEWNESS

SAMPLE
NO.

GRAPHIC
MEAN

~!

o 97
0.23
0.79

� 0. 10
-0.34
-0. 05

1 ~ 12
1. 01

1.03

70
71
72

6oo
6oi
6o2
604
6o5
6o6
6o7
6o8
609
61o
611
612
613
614
615
616
617

o.67
1.01

1,05
0.92
i,o6
o.96
o 99
0.96
1.09
1.02
1.13
1.10

1.16
1.26
1.34

TABLE 3
 cont.!

INCLUSIVE

GRAPHIC STAND.

destroyed
o 59
1 ' 27
0,$5

destroyed
o.58
0.47
os 55
0.54
0,51
o. 54.
o. 54.
o. 54.

-0,48
0.46
0.46
0.09
0.49
0.00
0.44

-0.19
-P. 09
-o.o8
=0.13
� 0.05
-o.o6
-0 ~ 07
-o. 05
-o.o6
-O. 04.

-0.37
0.00

0.15
o.17

-0.01

0 ~ 92
1.20
1.02
1,.22
i.o6
1.02

0 99
1.04
1. 04
1.00
0.96
1.02
0 97
os 99
1.02



APPENDIX B

FORTRAN PROGRAMS



HAPWUHK �8/30/77!

1000
1050
1100
1150
1200
1250
1300
1350
1400
1450
1500
1550
1600
1650
1700
�50
I t>00
1850
1900
1950
2000
2050
2060
2100
2150
2200
2250
2300
2350
2360
2400
2450
2500
2550
2600
2650
2700
2750
2800
2850
2900
2950
3000
3050
3100
31 50
3200
3250
3300
3350
3400
3450
35 0 II!
3550
3600
3650
'i'1 00

8 St T AUTOf1 [N 0
SIJINI> - VHOI> �427!'JESTRF:SE.E/

C- ckf;ATE v!l,tis
f'14E: 6  KJN»"-I'k I NTEH, MhxkVCSJZII I 32,>>k lTS= 1!
Vl LE 9  Tl 1'Lt f ll t. 1U i K Jr>D  i JSKI hch ~ I' JLI''TY[ E 7!
I'1 I,f: 10  Tl'I'Ll.-" ">'>l.t. I 0", K I NO=I>lsKPhch, I 1 I,I.TYPE= r !
V JLE 11 K 1 rru=kf MU'If;. MYUSE=IO,HA>IRECSI ZE=22!
C Dlkt:NSJON API<AYS

DJMF,'NSJ1>N I'JLI:IO�!, VV a4!
COMMUN Ht AUI".k   12!, MAP �00 120! y VkhY �! H4�41 VAl UE� !

CLOSE. �!
DATA f'H>>Y/' �>I0 ' ' 13,1X', >,2X r ', l2 ' ' ! '/
OLHENSJUI> HMAI'�5,35!, t>r AP�5,35!, AMAI'�5,35!, DMAP�5 35!,

xf>nf   35, 35!, YMAI   lb, 3s!, lsv� l, Jsv�!
C- UVGlN EXI,CUTJOh

wklTE�1 /1 "YUU AHE HUM lrru A Pkr>GIIAM TU Ch>,CULA'1'E"
WklTt:   1 I y /!" SHOALJNG RATES AiND VULUHES THE>< PLOT"

10 CUNT Jr>OV,
C SVT AkkAY SIZE.'

MXE=120
MXS=V0

C SET JNTI',HPUI ATION VHEQUFNCE
Irk! TE   I 1 i /! "4 t4 444 f 4 44k i> i +4 5 4 4 C1 4 0 0 4444 4 I 4 i i> 4 444 4 4 44 4 4 44 4 w

WRLTI �1, /! "t r>TEH IriiCHE st NT Its X E'I>k IN'I'EHPUI ATlorr, THEN
Wkl l'V�I,/! "TI>EI> INCHF MENT JN Y VUH JhTF I<E OLATlON"
WHI 1'L'  l l,/! "t ACH J INCREMENT Ml/ST HE VHUM 3 TI'> 9"
HEAD J!sJO�! l>>KXr JfrKY

WHITE:�1,/!" DU YOU whNT TU PR1N'1 I>LANK MAPS Iwhog 2=YES"
HEAD  llil020! JPL
Jf JPL.EU ~ 2! chl.L $HHPLT HxE,Mxs!

I kl'EE�1,/l"Do Y >U WANT To QUJ'E H}Bt: 1=ho, 2=YES"
READ J lp�2 >! !GO
It  IGO ~ t.'U.2! GUT>> 40

C- kt.'AD DATA Vok I 1PSiT HAP
20 wk JTE  I 1,/! "Er>TEH MOST RECI:.NT MAP"

CALl VILJ  I''!LEIU 9i HXEi MX !!
WH JTI. �1 /! "DO YOU hIANT TO PB JI T DATA i=NO, 2=YES"
READ�1,1020! 1P 
JV lPl, ~ I:Ir,2! CAl,l, PHT>>TA VILEJD, ViV, HXE,MXS!
WRJTt. �1 i /1 "00 Yi>U hANT 'I'O OUJT HERE I-Nor 2-YES ~
READ  11, 1020 ! JGO
IV !GU ~ EQ,2! GO'>U 40
CALL I h1t HI' XIIAP p HXE y MXS, MXX, MXY, ! NKX, INKY!
wkJEE�1,/! "Do Yuu HANT To Pl,UT IJITEkt VALUEs 1=No, 2=YFs"
RFAD�1>1020! JPL
IV JF'LE t. > ~ 2! CAI.l PLT<AP XMAP,HXE,HXS,HXX,MXY, JNKX,INKY, YEARS!
WklTI' ll g/! "I>o YOU hANT TO PklhT VALUtS l=li0,2=YES"
RFAU�1, 1020! ll'I
JF II L.t>1.2! CALL PHTMAP XHAP,MXE,Hxs,VXX,MXY,JNKX, INKY!
wklTV ll,/! "Do You wANE ro Qulr HVHt. 1=fru, 2=YES"
Ht:AD�1,1020! lGo
lf' I  U,I> >,2! Gol'U 40
WRITI'  l l I /! "I:N'lEH OLOEH MAP"

C REGIN HI AD1NG DATA I r>H Sf;COND MAP
ChL i f llili f' J LE!Op 10, MXE ~ HXS!
WHJTV   1 I y/! "UO YUU rihhT TD PHJNT DA'JA 1 hog 2 YES
Ht;AD�1,1020! JPt



3750
3800
3850
3900
3950
4000
4050
4100
4l50
4200
4250
4300
4350
4400
4450
4500
4550
4600
4650
4700
4750
4800
4850
4900
4950
5000
5050
5100
5150
5200
S250
5350
5400
545O
5500
5550

2=Yk.s"

IHKY, Yl AHS!

,JHKY!

YEAhs!
2=YES"

INKYtYk>ARS!

r! t>KY !

~ 2 YFS

IHKY,Yk:ARS!

, lblKY !

IV !Pl,.k u,2! CAL , 1'H 1'o'i'A F ll,l..l o, Vf',Hxf:,HXS!
Wk1 1 k:� 1,/! Do YOU wAH f TO Qu	 lit HE !=HO, 2= YES"
READ�1,102V! !GO
If �GO.I'. ><2! GOTo 4U
CAI>L 1 HIf'N   YHAP > MXl' r HXS i HXX > HX I r 1HKX r I hKY !
WRITF;�1,/! "DO YOU wANT TO 1'l OT 1HTERP VALul;S 1=NO,
HEAD l 1 g102U! ll'L
It' lf>l .f'u. 2! CALL 1'I.IHAP YHAf', HXf.',HXS,HXX,HXY, 1HKX,
WRITE�1,/! "OO Yuu wAWT TO PR!HT VA UES l=h0,2=YL'S"
READ   1 1 > 1 02 V! I Pl>
IF' !PL.FO ~ 2! CALL l'k'1'HAP YMhf>, f XF., HXS,HXX,HXY,1!>KX
WflITE l!,/! "uu YOU «ANT To OulT tlk'HL 1=HO, 2=YES"
READ  1 1, 1020! IGo
If' IGO.f Q,2! GoTO 40
CALl khi'Dlt YHAP, XklAP, OMAR> HXX, HXY< IbKX, 1HKY
WH1'1E�1,/!"DO Yoo whkt To tLOT Hhfuli: vALU .S !=HO,
READ�1,1020! lkl,
IF'  IPL k VS 2! CALL PL'IHAP DHAPIHXE >HXSgHXX gPXY> lBKXg
wHI'!f;  11,/!"Do You AwT fu Pkfhf vALUk;s 1=ho,2=YEs"
REhu� 1 g 1020! I PL
1l  IVL,ku.2! CALl, PRTHAf  DHAP,~XE,HXS,HXX, xv,!KKX
WH1TF.' l 1,/! "OO YUU wh<T TO Qul'l HEkk: i=ho, 2=Yk;6"
HEAD  1 l 1020! lGO
!F   !GO o Vv e 21 Go ro 40
CALL skohlk: UHAP, WHAP,Hxxg Hxx, Yf'Aks!
WH1Il,�1, /! "UO YOU»All T '1'0 PLOT SED>>ATF. VAI>UES !=ho
READ  1li�2V!  PL
Il' IPL.l',U,2! CALl PLT>4AP RHAP,HXi.,HXS,HXX,HXY,iNKX,
WRIT'k:� 1 i/ ! uu YOU f»A>4T 'fo PH lhT VALUk S 1 hu,2=Yk S"
RVAO�1 >1020! 1PL
If  IPL,I'.0 ~ 2! CALL PHTHAP HHAt'pHXF:gHXS,MXX,MXY,JHKX

40 CAW'1'Inof:
STUf'

1010 FOHHAT fl>!xgll!
1020 FORMAT�1!

EHP



Sukrlt, ,  O7X23i77!

10000
10050
10100
10150
10200
10250
10300
10350
10400
}0450
}0500
10350
10600
10650
10700
1075o
}0800
}0850
10900
10950
11000
11050
11100
11150
11200
I}250
11300
11350
11400
11450
11500
11550
11600
11650
I}/00
11750
I } too
I I tt50
1 I 900
I 19'50
12000
12050
12100
12150
12200
}2250
123oo
12350
124oo
12450
1250o
12550
12600
12650
12700
12750
12t100

12tt50
129uu

VALUE�!,

DP s

1040 vut<kar Nx,e  I x, v7, 3! !
END

S S E T 5 E P A I< A '1' E
C CHVA TE V I if.'S
1'lLE 9 TI t't,k="I' I Ll.lu", KIND"DISKPACK, Vll,VTYPE=7!
f'll,t: 10 TI71.E:="I't I,EIU i iKINU=UISKPACK, I' ll I'TYI'E=7!
V 1LK I }  KINO-kEMO'I E r M YUSE IO!

SUBH tUTItiiE t I I t.  I''ll BID, IN p MXEg t4XS!
C Dl MENS ION Af<HAYS

DIMt;NSION I ILElD�!
COMMtiiN HEADEH�2!i MAP jouql20!i FRAY�!i f G�4!i

C}uSE�!
C INTIAt IZh, MAP AHRAY VALUES TO

DO 20 I=I,MXS
Dt! 10 J=lgMXE

10 MAP I,J! I
20 CONTINUE

CHANGE TI7'LE OV INPUT F lliE TO l!ATA FILiE NAi4E:
wttITE �1 e/! "EN}ER Ititi UT Vltik NAME ~ ~ ~ AND A Pkttl
RCAU  I I, 1010! I ILEI >
CHAt GE  IN y TI'll I -"E'ILEID!

C HEAD At<D wkl TE vlksT 3 kkcuRDs UF DATA E'!LE
DQ 30 1=1 g3

kf AD ltrq 1020!  ttf ADEN J! y J-1,12!
t Hf jf. II,}020! ttV.ADER

30 CUNTliNUE
SKIP 4 ' Tlt HECUHD Dt'' DATA VILE

kVAD  IN,�30!
kRAD l>ATA HECOHD

40 HEAD  IN i 1040iVND tt0! Xg Y ~ Z ~ XXp YY i ZZ
DU 10 1=1, 2

 t- CHECK FOk END OV DA'1'A
50 lf' Z ~ Eu 555! GOTO SG
CORHVCT DA'I'A POSITION

X=X~� ' 004tt+x!
Y=Yt�.0}$5+Y!

C HOUND OVf' X AAO Y ANO MAKE INTE<'FR AND MOVE DECIMAL
IHO~=}60>Y4.5
JCD =1004X4,5

C CHECK VOH Iik 'AL X AND
IV IRON.G!.MXS! Oi>IO 60
I V   I kuw, t,E. 0! Gtl'I'O 60
I I' JCUL ~ GT,tiXE! GOTO 60
I V   JColi el f. ~ 0! GOTO eo

C PLACE Z IN MAP JCUL, IRON! I'OSITION
MAP   I k th, JCOL! =2

c- ExcHANGE A,Y,z, wlTtt xx,YY,zz Aftt! lou}
bo X=XX

Y=YY
70 Z=ZZ

C LOOt' BACK TD READ NEXT RECUkD DV DATA
GorO 4o

60 C tNTINUE
SAVE Vl t E. AND kf."7ukti '}Tt MAIN PHD r'HAM

LUCK I iV
RETUkt<

1ol0 vokMA> �Ae!
1020 VLikMAT  »,] 2A6!
1030 f'UHMAT �x!



SUOI WTERV ' �7 /23/77!

20000
20050
20100
20150
20200
20250
20300
20350
20400
20450
20'500
20550
20600
20650
20700
20750
20800
20850
20900
20950
21000
21050
21100
21150
21200
21250
21300
210
21400
21450
21500
21550
21600
21650
21700
21750
21800
2 I II50
21900
21950
22000
22050
22100
22150
22700
22250
22300
22350
22400
22450
22500
22550
22600
22650
22700
22 0
22 I oo

Sb/T SKPARA IF.
C- CREATE: V!LES
I''li I 9 TlTLE="I It F'ID", K le i=t>ISKVACV F I LF'TYPE.=7!
F! 1 E 10 Tl ft F; "I' lt.l',lD", hlEiD=DISKPACh, FfitTYPf':"-7!
F I I, E 1 I   K I W I! = R E M U 'I E, Fi I U 6 E = I 0 !

SUIIRUU'I'I WE IWTCRV hhAP,MXE, MXS MXX MXYy lf'KX, IIIKY!
C- UIMF;MSIUli hkRAYS

DlMKEISION AMAP�br 35! n YSV�! t XSV�!
COi4MON iHF.'ADER  12! p MhV ! 00' 120!, I''RA'Y�! g M ' h'I! i VAlVE�! e

CI r!SE  4!
C» CAI CULA'IE SIZE; OF IEITF;HVUI ATIUh ARRAY

MXX= MXE-I!ilhKX +1
MXY= MXSi- I ! llfiKY t I

C WALK TRRUUGII BATH! X TO I W I LRVULA! E I'VEhY
 ' » INKX POlhT lk X AHD EUF'RY IÃKX VOlRT IW Y
C STEP ACR ISS ROÃS OF' MAP ARRAY

K=1
DO 170 I ROW=I,MXS, IFIKY

4= 1
C- STF;P ACROSS COLUMWS OF MAP ARRAY

DO 150 JCUL =1,MXEyIIIKK
C Ikl TIALIZE VAHJ Atil ES

AMAV K,I ! = 9999999
DU 10 YM I 4

CLUSI'.  MM! = 4000
IS V   Miii ! =
XSV HM!

10 VAIrUE MM!= «I
C CIIECK I'OR DATA AT TIIE POINT

IF'  MAP !HO»g JCUL!, I T. 0! GU'IU 20
AHA V Kg L! = MAV IRUiN ~ JCUL!
 TUTU 140

C GO TO I''UUR UUAt>khiVTS AROUtiD POIEiT TO RE I eTKI<VUI.ATED
20 DU 100 M=ty4

GU TI3 �0,40,50 60!,M
C SI T Lh it I ti 'lO + UB I TO GU TO VROI'ER QUAI>RAIITS

30 l A=1
I II=I
GO'I'0 70

40 Lh"- 1
GOTU 70

50 LII= I
GU'1'll 70

60 LA=1
C«ALTER MATE Kh «I AEiD 0 TU P I CK tiP J RUh AMP i!CU!r DATA

70 KA  -1!>iM
II KA.GT.O! Kh=o

WALK TIIROU IM DUADithNT IW SEARCH UF CI USI';S! PUIHT
DO ~ 90 Il=1,10

I � IROW + I h+�1+Kh!
C- IF RUW MUMMER !S > CI OAF.ST VUIMT GD'rti KEXT Ovntikhhr

IF I ~ G4 ~ Ct USE M! ! GO'I'0 100
DO 80 JJ= tpt0

J=i!C Its i LII> i! JtKA!
C «!F C�LUHiV HUMMER IS > CI USEST POl NT GOTO >EX7 RUh

IF J ~ GT ~ CLUSEtk!! GDTO ti0
C CIIECK FOR I EGAt. ARRAY PAIIAMF,'lF;ItS



22850
22900
22950
23000
23050
23100
23150
23200
23250
23100
23350
23400
23450
23500
2355o
23600
23 0
23700
23'750
23800
23850
239oo
23950
24000
24050
24100
24150
24200
24250
24300
24350
24400
24450
24500
24550
24600
246&0
24700
24750
24800
24850
24900
24950
25000
25050
25100
25150
25200
25250
25300
2535G
25400
25450
25500
25550
25600
25650
25700
25750
25800

IF I,LE ~ U ~ UH, I,G1',fglXS! GO'fQ JVU
I }'   J, L Y ~ 0 ~ U H e J ~  g 1 g H X E !  gO T O 9 0

C CHECK YUI< DATA
IY ftAP JgJ! ~ LTeo! GOTO tf0

C'~ C kf,C K FOIL HA kk IKH

IF JJ.HO ~ I.AND.fAP I,J!.GT,95.AHI>.II.GT.I!GOTO 100
JY HAV IgJ!gGT.95! GOTO 90

C CALCULATE; DISTAhCE;

UJS7' = SORT   I IHQw I ! 4f 2 +  JC gL J!i42!
Cl SAVE: OISTAhCE VAI UEg AHD VUSITION Ol' CtgUSEST I'OINT

I Y  U I S7', G I. CLOSE.   H! ! GU I'0 90
CJ OSE H! -" DIST
VALUF. H! � HAP l J!
YSV H! = ABS  I JRUW!
XSV H! = ASS  J-JCUI,!

Cg Jl' PUSI'I'IQN JS ZERO MAKE VKNY SflALL LSRQUi D hEVEiR OCCUR!
Il'  YSV�4! .EO.O! YSS  h! =O,vuOVJ
JF  XSV  H! .l',0 go! XSV H! =0 gooooi

Cw LO JP BACK
GOTO 90

80 CON1'If l UE
90 CON 7' I NUE

IUV COtlT I h UE
C ~ CALCUI ATE: If 1f-kPQI.ATED YAIgUE FOR POINT NAP IR fh,JCOL!
C- I H I rIALI ZE Vnkl ABLf.:S

STOf<Y =0,0
KtgT=G
DENOll=o ~ 0

C~ CHfCK FUH DATA fHQH ALI YOUR QUADRA»7S IF SO Tf'.ST
IgO 110 HH=1,4

110 IY  VAIUY k! ~ L'I' ~ 0! GOTO 120
CALL DATl S'I' YSVg XSY!

120 CONT INU Y.
C CAIgCUI A'fE  IBID tgOINT VAI,UE

DLl 130 A=I g4
C" CHECK f UH DA1A YkOH THJS OLIAURAlvT

JY  VALUE: fl!,LT ~ V! G gTO 130
C COUNT THE, 'NUflgfER OY POJ»7'S USED IH CAI CUI ATION

KVT-KP7'f I
STL!RY = VALUE H!/CLOSt. fl! <STOt<E
UE»UH = I ! CIjvSE: H! t DEhUH

130 COhTIhvf;
C IY hOT ATLEAS'I 2 POINTS YOH INTYHPUI ATIDV 'I'HEh SKIP

If'  KP f,LT.2!  'UTO 140
C- SE:f AHAP GRID POINT FQUAL 7u I»fERPUI,ATED VAI.UE

AgLAtg K, L! " -STU»L:!l!ENL!H
C~ I NCRElgff:NT TO Nf'.XT GRID i'OINT AND GO AGAIN

140 I. = Lfl
V CONTINUE,
�0 K = K41
170 Cg!NTIhUF

Rf."I'UHN
END
SUBROUTINE DATE:ST YSVg XSV!

C SUHf UUN'f I NY. TO TEST GEOHE;THIC HEI h'f IUNSHII' OF POINTS
DIHl'.NS JUN YSV 1 4 ! XSV� !
COHHUN llKhl>YH�2! g HAP�00g 120! g I'HAY �! g iMG�4! g VALUE'�!g

CLllSt. 1 4!
LARGE; 0
DO 10 Lt'"-I g 4



SUI!SKDRTK �8/05/77!

4!, vnLUK�!i

25850
25'900
25950
26UUO
26050
26100
26ISO
26200
26250
26300
26350
26400
2645o
26500
26550
266OO
26650
26700
26750
26800
26850
26900
26950
27000
27050
27100

4000U
40050
401UO
40150
402OU
402>a
40300
40350
40400
40450
40500
40550
40600
40650
40700
40750
40800
40850
4V900

VIIII> <funnkhNT CON fnI NING I'AR'IIIKsT A«AY I'rllNT
IV  LARGR,.G'I,CLIJSK Ll'! ! Golfi lu
bakGK=CI,QSK l,r!
I U= iY

10 CrfkflNUK
C- SKT LT r LR To ADJAC ;NT OUA !khffTS

GO TO �0.30,40,50!, Lu
20 IT=2

LR=4
 ,LII'0 60

30 I I'"-3
LR=I
Gu.fo eo

40 LT-"4
LR=2
Gut'0 eo

50 Ll'= I
I R-"3

C CALCULATE ANGLK IIF;TNKKN POINTS UN UYP,JSITK SIDE I ROH
C- iVAR'I'RKST I'OINT

60 AN  LR=A'I'AN  l'sv  Lf !/xsv  LT! ! + h'I'AN xsv  LR! /Ysv  Lk! !
C- Ii' hrlGI.K Is GvEnTI R I'flak 90 VKGI<KF.S YUIN1 IS sukROUNDKD

8Y CLOSf'IST TIIHKK POI NTS Si! USV UI" LY Tf K TIIRKE
Iv  ANGLK.GT.AHsIN l.o!! Uhl UE. bi!!" --1
RF'T URrf
Eff D

SSFT SEPARATE
C CRiE ATE I'I LF;5
F ! LK 9 TI'I'I K="F ILRID" KJNV-DISKPACK VILETYI'K=7!
F ILK 10  TI ILK="f JLKID", Krnn=nlsaf ACh, F ILK'i vvV=7!
VIIIE 1 I  KlilU=BK HIITK,fiYUSV,"-10!

SUIIRQVIfrfK SKI>IITK VHAY, R~AP, HXX, HXI.YKARS!
C  !INK>SION Akkli YS

VIHKfIS! OiN DKAP�5@ 351 g RHAP�5 ' 35!
CUHHQN IIEAUKR�2!, HAP �00, 120!, I kn Y �!, HG'�

CLUSK�!
elRITE  I I p /! "CAl CULATI N ! SKD~RA'l E"
DO 10 !=1 pHXY

DO 10 0=I,HXX
C CALCULATE SHQALING RATKS f' OR Dlf'I KRL'NCf, MAY

RHAY  Igu!= DHAP  I' J!/YKARS
1 0 iv  i»IAP   I,J! .C f. 95! RHaP  I,J! =ffknl' I,J!

ARITE I I y/! "St D-HAIK CALCUI hIED"
RKTURrl
END



SUHHAPDIY  <>II/05/7 >!

, laKY, YEARS!

VAI,UE�!>

30000
30010
3oo50
3OIUO
3<>L50
30200
30220
30250
30300
30350
304UO
30420
30450
30500
305'50
30600
306so
30700
30750
30><uo
30850
308>O
30900
30950
3loou
31020
31050
31100
31150
31170
311 80
31200
31250
31300
31350
313 <U
31400
31420
31450
31500
31520
31550
31600
31650
31<>70
31700
31750
31800
3LI>50
31900
31950
32OOO
32050
32100
32 150
32200
32250
32300
32350
32>IOO
32450
37!>00
32550
326<>u
32650

SSL'T Sf'.PARA'FE
C CMKATK I'IliES

t'LLK 9  TITLt'="I'' ll t,'LD", KIND>I>LSKPACK > FLL E'kYI'K 7!
Rll I 10 rl l'l.l.="I'LLEID", KINI>=I>LSKPACK, I''lLETYPE=7!
Yll E I 1  K 1><u=l>K>>U'LE> HYUSL'=1 u!

Su>skuurl »K Hhl'D ll' AHAP, t>t<AP, DNiAP, HXX, MXY, INKX
DIME>tsluN Akkh'rs

D I i>l K N S I U it A Mh I'   3 5 > 3 5 !, I< '< A P   ! 5, 3 '> !, I > M ILP   3 5, 3 5 !
C 0 M M 0 N I I I'. h U E k   I 2 ! > H A I   1 0 0 > I 2 0 ! > I' k h I   5 ! ~ H G < Ii 4 ! ~,

CL ISE�!
INTEGER UYKARS> RYEAkS

C LNLTLAI,IRE vh>t!a><LEs
><RITE ll,/! "EN1't;R <>art; Ol" HOST RLCl NT HAP"
R< Af> l I, 1010! It YYARS
WIIITE  I 1 >/!»E><TER DATI',' Of' OLDER MAP AND h Pt!<IOD"
READ  1 1, 1010! UYt Aks
YEAI<S RYt:hIIS OYEARS
S»H=OI 0
NPTS=O
AVG=O.O
AREA=0.O

SU>>TRACT NEW HhP YRO>4 ULD ONt;
Du lo L=j>kxY

Du LO J l>HXX
DHAI'� J!= AMAP  I J ! HHAP t J!!

C- CIIECK Fuk »Ak>ILE«S
It  AMAI'  I J! GT,9!! <>HAP l>J!=hMAP  I,J!
IY >HAP L ~ J!+GT ~ 95!DMAP L>>7!>><MAP�>J!
I Y   D M Ai'   I > d ! ~ GT ~ 95 !, Cu'1'0 ! 0

C- CHtCK I ok DES»EU AkkAY <hkknHETERS
C sKIP FlksT AI D I Asr RD» ANI> col UHN

If'  I, LE, 1 ! GOTO LO
IY J ~ I Y.. I! GOTO 10
ll'� ~ GT. HXL-L!! GOTO 10
IY  J.GT, <4rx-j !! Guru 10

C COO><T NUMRER Clt PUINTS
NPTS=NPTStj

SUM DtPT>I CKANGE
SUM= SUH t DHAP  l>J !

10 CONTINUE
CALCU<,ATE AREA> Avt RAGY DEI TH CHARGE> VOLUME

ARKA=NPTS41NKX4 <NKY+Loouo.
AVG=SU></NPTS
Vuli=hVGthkKA

C <>U1PUT CALCUl ATIONS
><kfrt; ll, 1060! UYKARS ~ RYEAf<S
W><ITE ll, 1020! NP!'S
><RITE LL 1030! AUG  AV<>4 ~ 3048!
Wkl'rE llg 1040! AREA>  AREA+ ~ 0929!
wklrl- il> 1050! vuL>  vuL4><>283!
RYTURN

lOLO YDRHAT�4!
LO20 P»RHAT >-><5X,"NUMnER u<' POINTS USt;D LN»,

CALCUI ATION - g 3X > I5!
1030 PORK>hi < > ',22x,"avE>tGE UEI>f>I cHANGK ~" 3x

1040 Y >RMAT  ',5X "AREA I OR 'll!C>< V >L UMt; WhS
"CALCULATED =" 3X>E12>3>" SO EEET"s/ ~ 43X,

3K,E
,3," SD Mfrt:RS"!
105o Yokkar ' ',L3x,"vuLUME OY SEDIMENT I>EPoSLTED =.

3X ~ E'12 ~ !." CI>l>ICYYEf" >/ >43X>"=" ~ 3X ~ E12 ~ 3>
CUBIC Hl;TKMS" !

1060 I'IIR>IAT  " i 5x, "CALCULATlUNs Puk ",14,
To ">14!

END



-161-

SUB

I> 0000
eoobo
60100
eoieo
e020o
60260
eo ioo
eo38o
eo4oo
60460
eosoo
60550
606oo
eobbo
6G'joo
60780
60800
60850
60900
60950
61000
61080
61100
61150
61200
61250
61 300
613so
61400
61450
61800
61650
6�00
e1660
61700
61750
61800
61850
61900
61980
e2ooo
62080
62100
62150
62200
62250
623OO
62350
62400
62450
62500
62550
62600
6265U
62700
62760
62800
6'>>850
e29oo
6295U

I'HTI>TA �7/23/7 j !
SSII'.'I' St:HAH ATF.

CHEA ft; VII>VS
VII>E 9  TITLt:="V I I t.'JD" KINIJ=IIISKPACK, VI I. FTYPI 7!
V J lit, 1 0  'f I TLE=" I'I l F.:ID" K I NII-D ISKPACK I''ll ETYPF>7!
F ILI. I I  hI ND=HF Mu'I I.,MYUSt;= J u!

SollROUTJNE PIVf O'I'A FILI JD > VF g MXE> MXS!
C- D JHENS JON AHHAI 8

D  Mt,NSJON I IliVlll�!, VV b4!
CUMM IN HEADJ.H�2! g MAP JOOpl20! > FRAY S! > HG b4! i VALUt;�! g

CLOSE�!
C wklTV DAMt: Ol' I'JLE AT TOP OV PAGE

WHIIE bi ioio! vlLt;ID
C» DIV!Dt' X DIHECTION INTO 2 PAHTS SO IT F ITS ON PAGE
C JNl'f IALI ZE VAHIAIJLES

NIS=O
DO 70 I"-1,2

NA- NIJ +
NFJ = NI!i eo

 NJlaGT>MXEJ NN-"MXF.
C» PHI>VT HEADING> 'I 0 ID MAP SEC1'ION

IF  I,EO.J! Wki'I'E�,1020!
I I '   I, F.'u 2 ! w H I T F'.   o, 1 0 3 o !
WHITE e>1040!  Ii, II=NA,N8,2!

C CALCDLATF. FORMAT 1''OR E:ACN H >W TO HE PHINTt D
io DU 70 Ikuw I pMXS

C- lNlT JALIZF. VARI AI>LES
DD 20 Kh= I, 64

20 VF KK!="
JJ=3
JZ=O
Vl' I ! =I HAY�!
V F'   b 4 ! = F ' R A Y   5 !
VF�!=i''RAY�!
DO 40 JCOI = NAgN J

C SET VOkMAT TO 2X
VV JJ!=t RAY�!

C- CHECK I'OH DATA
IF  MAP  IHDw JCI'!l! ALT,O! GOTO 30

C« IV DATA - COUNJ NUMBER OF' PU1NTS, PU'I' VALUE IN NEXT
C- POSITION Of' AHHAY HG, SET FOHMAT 1'O 12

JZ=JZtl
MG  JZ! =slAP   I HOW, JCOL!
VV JJ!=VkAY�!

C» GO TO NEXT I'0 I N'i'
30 JJ=JJ<I
40 CON'TJNUE

I i'  JZ! 7O, bo, 50
C IF DATA ON LINt- f'H1N I' LINE NUMHEH AND LINE

50 wkITE e>vf! Ikuw,  MG J!.J=I>JZ!
GOTO 70

C IF NO DATA OII l.i NE JUS I PHI w T i il'lE NOMDt:R
60 WRITE�,1050! IHOw
70 CONTINUE

RETURN
1010 VOHMAT  '1' 50X "DATt:=" ~ 3A6!
1020 FORMAT  >0>>BOX "SECTIIIW ONF"/!
JD30 VDRMAT  '1',box, "sECTIDM TWII"/!
l040 F'OHMAT  '0',2X, bo ig,i3!J
loco FUHHAT '0',ij!

END



HT>>ht' 10>>/05 /7 7 1SUNP

50000
50050
50100
50150
50200
50250
50300
50350
50400
50450
'5 0'500
50550
sov00
5ob50
5u700
'50 /50
50>[oo
50>350
5U900
50950
5[VvV
5[vso
'51 100
5[[50
51200
5[250
51300
'51350
51400
51450
515OU
515 30
'51550
51600
51650
5 [700
51150
51800
51850
51900
5[950
52000
52050
52[00
52150
52200
52850
52!oi!
52350
52400
52450
52500
52550
52[ 00
52650

SSET SEPAHATE
C- CHEnfV V[LES
F [ LV, 9  T I'1'LE-" I'[LE[ 0" K IND=D fSK['ACK VI I.ETYPE>7!
>'I [E [0 TI TLt;"-"I' [ [.t ll! ", K I wl>=U[SKPACh, VILE'1'YPE 7!
>'1 l,t: 1[ KIN[>-HEND'[E,MYUSV=ID!

SUUHUU'r NF. PH'rNAP  ANAP, NXE NXs ~ MXX NXY IHKX
C- [>[HFNSIUN i HHAYS

C >IN>j»>Eh[>EH [2!, >IAP  [v0,120!, FRAY�!, NC e4!
CI,USi �!

u[>4ENsIUN AHnP�5,35>
wk I'rE  I [ /! "1'HINT IHG CALCULATVD NAP"

C Ht,h 0 >4AP HEhol «G VUH [.I HE PH [>i TEH
«HITE[1 1,/! "EN'rEH >>he HEADING"
H t. h >3   1 I g I 0 1 V 3 > I Eh I> E H
«H [ I >'[b, 1020! HVADVH

0 [N[ 1'[ALI'/E VAHIANLES
[SI'ACt: [NKx42 e
N [1 = 0
ha= 12o./INKX/2
HUP=AA

C SPLIT AHHA'I INTO TWO SECTI[!NS BY CU[ UHNS
I>l> bo L= I 2

GD 'r-' [[Ov20!t L
'«kf i E ei [ 0301
wHIY �,1050>  II, II=1,60,2!
[.v.v r=o
Coro 30

20 wHITE�, 1040!
wH[TE�,1050!  If p Ii=6[,HXEg2!
iiEVT= AA-WI>P! 4[NKX42

C«PHINT TwU >lh[,VES
C ~ [ w I f [ALIKE VhH[ADLES

30 NA=N[[t 1
N»=NU> N[3[
[I'  NH ~ [iT HXX! HB NXX
OU 50 I=[pHXY

K=[ 4 [NK'Y [NKY41
c- [~H[NT LINE w[T«rHU[EH SPACING BETwvEN PDINTs

wklr> [e,loco! K, LEvr,   AHAP I,J!,ISPACF!
C+ PH I NT LI NF. [>UN>>EHS UV E>[i'TY Lf NES

0 > ho N [=I g IHKY 1
>>JK=KWMI

40 '«HITE[[>, [070! >4JK
50 CONTINUt:
bo CUNT[HUE

wRITE }[,/! «NAP PRINT[HG CUNPLETEDw
HETUHH

1010 V>3i[>4AT�2Ab!
I'020 VUHHAT  ' 1 ',4OX, 12ab,/!
I V30 FL>HNA 7 '0',5UX, "SEC f1[>N [>NE"!
10 >0 FDHNA'f ' li,50X, "St.CTI[>N TWO"!
[v50 V>>HHAr '0',hx,32 [X 13!!
[OI� VUH>4AT  0 13 ' [>Iyhxp20 F6 ~ 2g4X!!
1070 VUH>4hr '0'pl3!

END

~ INKY!

VAI UE�!,

J=NA,N[[!



SURP I/I'WA P �9/U 1 /7 7 !

Yt:ARS!

!r S l20!

VALUt;�!r

YV.AR"

IED"

PERIOD r Ok hil"

Ek < r II

70000
70050
70100
70150
70200
70250
7u300
70350
70400
70450
70500
70550
70600
70650
70700
70750
70800
70850
70900
70950
7�00
7�!r 0
71100
71!bu
71200
71250
71300
710
71400
71450
71500
'7! 550
71600
71650
7! Ij55
71700
71750
71800
71850
71900
71950
72000
72050
72100
720
72200
72250

300
72350
72400
72450
72500
72550
72600
72650
72700
72750

SSEIT SEPARATE
C CREATE v!Lvs
V!PE; 9 TLTL V.="E'll t:LD", KIND=DISKPACK, I'ILETYPE.=7!
VII<K 10 TI'fl E="I' ll i.;LD", KLND=DIShPACK VILVT YPV=7!
Vli E I l  hLND-".I<LMUII', MYUSV."-IO!
F!L<E 8=FILLS,UNIT=REMOTE

SU<!ROUT! Ir V. PLTMAP AMAP ~ MXV r MXS ~ MXX r MX 1 r IHKX r INKY r
C- D!MENS UN ARRAYs

DIMI:NSIUN AMAP !br35!r NAME�!r VILEID 9!, FflrE�
DA'ra NAME /'DEMAKE Oo	5'/
COMMUN kt AUf;R  12! MAi'�00 120!, VkAY�! MG�4!

ClrUSK�!
LOGlCAij VA

C IN I' f LAI I/L' VAk!AilLt s
IO ll I=�

Dn 20 J=!,120
20 S J!=0.0

C» DVI''INE UNITS Eilk OUTPUT NUMAt:RS
WRITV �!,/! "llU YOU WANT Dt:PTkii/f<ATVS I'fiDITED IH"
WRITE.:�1, /!" !=FT, Va /YVAk; 2=M,M/ YEAR I 3=CM, .'M/
Rt:AU  I ! IOIU! IUNTS
cUNY=! au
IE' IUH'I'S ~ I;0,2! CONY= ~ 3048
Ir IUNTS.EU.3! CUI V=3O.48

C» ESTAIli.lSM SI<OKEL!hES TU DE Pi OTT TED
WRITE ! I r/! EIITI'k NUMHER UV SNORt.i LHI'STU L<E FLU!
Rt:AD il,lulu! l<S
DU 40 !=lrNS

30 wRL'rE ll,/!"tN'!'ER sl<DRELLHE DATAvlLE 4 4 4 AND
READ ll 102U! FILE.'LD l!
V I L L'   I ! = I' I i. E I D   I !
IV V! ijt:  l !,Eu ~ "NU»! IrUTO 40
CHANCE 9,TITLE=FILE!
I NQU! RE   9, REli IDEN'I'= V A!

CLUSE 9
If' VA! GOT<I 40

C iSNOREI.INE DATA VLLI'. Dl!VSN'T VXLST
WRITE�1, /! "DATA VIL f', DUt SN ''1' t X!ST RV. I':NT
Guro 3o

40 CONTIN UI:
C- DFFINF. cokkEcTID« I AcToks vok DATUM <lF Maes

WRITE l!,/!»DO YOU WA<<T DATUM CUkktCTFD
"I -N 0, 2=DEP I'HS ~ 3=D! I' I''Sr 4=KATt S"

RFAD l 1 r lolo! !cUR
c- IF DEPTNS EilrEr< DALE UF MAP TO COKKECT

IF  ICok. t 0 ~ 2! r<RITE   I 1 /! "t HTE;k <lATt, OI rrAP"
IV LCDR.EU.2! READ I I, IO30! IDATt,

 '.- Svf HEADt;k E.iUUAI. TO III ANKS
D<l 50 !=I, !P

50 HEADER !!="
C» t N TFM M Air i<EAU LNG I'DR I'LDT'I Vk

WRITV ! I,/! " ENTER MAP READING VOR PlOT'lt,k"
READ�1, 1o4o ! HI.ADt k

C» DEVINE S I/V. Oiv OUTPUT MAP
WRIT<'   1 I r /! ENTER SCALt' FACTOR
READ   'I I r 1050! Ii! ZE

C- Dt:Vll V. PRL'CISLUN liv OUTPUT NUMIIERS



72800
72850
72900
72950
73itoo
73050
73100
71150
73200
73250
73300
73350
7340U
73450
73500
73550
73600
73650
73700
73750
73800
73850
73900
73950
74000
74050
74100
74150
74200
74250
74300
74350
74400
74450
74500
74550
746OO
74650
74700
14750
74800
74850
74900
74950
75000
75050
75100
75150
75200
75250
75300
75350
75400
75450
75500
75550
75600
75650
7570G
75750

slfILTE�1,/!" I;k I'Vk NUHIIFH  IV IIIGLTS TO Ill'. f'I OTTl;0
«Hl 'I'I':   I I < /! "TO TIIP: RICH'I' DV 7 kt.' Dk CIHAL PUINT ON I'liDITFH"
Hl AU �1, 101 0! NHG I'

C DV.I'L ill'. OUTI'O'I' DV,VLC6
NHLTF'  I I < l ! I'NTI' fi NUHIIEH DV OUTPUT ON! '1'   9 < 09 < 10!
kl AU I I, 1060! LOUT

C~ IF' Tf:CTHONI X CkT HL!ht> Tl'.HHLNAL NI!Hot.'k
IF' IOIII ~ F.'0 ~ 9! «krr'I': ll </! "L'NTk;II TEHHLNA<f< NUHIIKR" <

"5115, VUH HIGIIT, SGI 5. I OH LEF'I"
IF  IDUl'. Eo. 9! kt AO L I, 10! 0! I LLF.'

C LF HLSSTAP'f,' I!AN'T Pt.OT
NHI Tv  I I, /! "I 8 LT DKAT TO PLD'I I PIO, 2 YVs"
HEAD  ll, 1010! NPL
IF  NPI..VQ. I! GOTO 180
IV  liIUT ~ F0 9! CHANGt; 8 ~ TI fr f';=I'ILL;!
WHITV r I,/! " SVGIN PL%'"

INrfrALIzv. VAHIAIILES
HT=0,105

C~ HG  I! LS AN ASTERISK
HG  1!=69
CLOSV 11
CALt t'I.TSRT  NAHE, LUUT!
CALL VACTOk sr/v.!

C HaOVVLNI' nkIGLN
CAt,L Pr<OT  I ~ 9 «4 <" 3!
CALL PLOT�<90</IVT<~3!

iC PLO'f AxL's Sl'GI.Lsk ANI! 7 HFTHLc UNITs
CAI L AXIS�, 3 ~ 0/Il'T, "F.-W < I'l 6T" < 11, 120/IFT,O, 0, LVTiroo!
Car I. AXIS -2,/lf T,-I.AHxs/1vT, "N-S, I t F l", r i,H! S/lvT,90,

HXS>IUD, Il'TA -100! !
IV  IUNTS.E4,!! GUTO 60
CALL AXIS  9./IFT,-I.+HXS/LV'I', "t<-S, HETVPS", I 1,HXS/lt''T,90,

HXS4�0 i, 3048, L F74  " I 00! + ~ 3048 !
CALI AXIS�,10./ll"I, "V. W, ihiETIIHS" <11, 120/IVT,0,0, IV141004,3048!

60 CUNTLNUF:
C IF' HAP IS I'OST 1960 I'I DT VVHHY JETTY

Oo 70 I-"l,fis
70 IF l'ILL'10 L!,IT ~ "sl962"! Go'I'o 8G

CDTD 90
80 C INTINUL'

CAr,l, f'LDT�. l 6/IvT,-86.72/Ivr, 3!
CALL PLOl'  ~ 'fb/LVT< I 8 ~ 72/ ll' T < 2!
CALI PI UT  ~ 08/IvT,  ~ 56! IFT,2!
CALL t'LOT�, 32l IVY, "70. 96/ tf 7, 2!
CAI l. PLOT  I 0.68/ll'T < "65 ~ 96!I V'I',2!
CAf,l, srktioL�0,68/It T,-eb.96/II T,HT4,75,HG�!,0, I !

90 CQNTLNUI.
C PLOT HAP 'I'ITLf

CAI.L SYHIIDI. l.2, �.0iHXS!+ -I ! /ll T,IIT42,IIEADVH,O,SO!
c- rNLrraLr/I, vAH!atiras

IPVN= 3
C" PLOT Skokh;l INES

DO 150 I =1,'NS
IF' VLLF'IU�! .VI!. "NO "! GO'I'0 150
IT"- 1
VILV  I ! VILL'ID  I !

C IF' POST I 900 VILI, CF:Nrl.'H SVC f ION OV tIHVAKNATVR
LV vr!.E�!,LT."81900,"! lft N=2
CIIANGI  9<7 ITLt'' f'LLF !

100 CONT INDE



75800
75850
75900
'I 5950
76000
76050
76100
76150
76200
7b250
76300
76350
76400
7e450
76500
76550
76600
7b650
76700
'I6750
76800
76850
76900
76950
77000
7 I050
7 I100
77150
77200
7'I 250
'I'I 300
7 j350
7 /400
77450
77500
77550
77600
I7650
77700
7'I750
7!800
7'I850
77900
77950
I8000
78050
'I 8] I>0
78150
78200
78250
78300
78350
78400
78450
78500
78550
7860o
'I8650
78700
78750

C» RI'.'Al> Sr>PREL I NF, X AND I CUURV! NATF 8
kEAI> 9,10>>V if'ND=130! Xi Y, Z,XXi YY i Z2
DO 130 J=>,2

C» CokRKCT skukt.'Ll Nti PusITUNs
X-99 ' 524K
X=98,454Y

C» CHFCK IF PUS ITUN IS UN MAP
I I''   X i I. T ~ 0 ! G U I I > I 0 0
Ik' X.G] ~ FlXS! OUTA 140

C» lNTEGEHI/E X A>iD SAVE VAR]'>>EST S >U7H IiPSl'I IVII f UR
C SHUHELINV. Ih> I'>>AN COI UMN IN ARRAY S fl!

M=X+.5
IF M.GT,MXV! GUT I 110
IF M ~ LE ~ 0 ~ ! GUTU 110
lf Y ~ GI,S M!! S M!=Y

110 CUN'I'INUI.
C I v AT Vlks'I I'Us] TIUN UF sHUJ<ELINt Tu BE PLUTTEI> I'Pvf.
C~ TO THAT Pi>S I 'llUN NlTrl T>It.' PEN UP

lf'�1.GT.I! Guin 120
CALL PLOT X/Ik'T r Y/  1!/lk T r3!
IT=2

120 CONTI NUV.
C ROYE TO EACH S>iuki: POSI'f]UN h>1TH Tkk' I' f.'4 DO>itN

CAI ] I'L >T X/IVT> Y/ -I!/lf'T,2!
X=XX
X=YY

130 CUNT1NUE
GUT > 100

140 CONTINUE
C» SA VK FILE

C L >SE 9
150 CONTINUE

C» PLuf HREAKNATER
CAI, , SY RFH>I, b2,52/If T, -32. 72/ f T,HT+. 75,MG�1,0,1!
CALL P ip]'�9 ~ 32/IVZi 24 ~ 52/ I I' T ~ 2!
CA ili PI UT�7.4/IF Ti-16.44/IFT, ]PEN!
CAJiL PLOT �5 ~ /I I' T i 20 ~ / I FTi 2!
CAI.I, SYMHnL ]5./lk T,-ZD,/Ik T,HT4,75,FAG l!,0,1!

C SET ALL CUI Uh NS OI" S J! hlTHUUT SHURELINE Tu SOUTH EDGiE UF MhP
DO l*0 J=]i]YV

160 II'' S J! ~ VQ 0! « J!=MXS
C ESTAHI I SH CPRRF,CTluk FACTORS DESl 'NATED EARL!FR

CukVC r=o
lf    COB ~ k <> i 2! C jkfCT=,O] I < ] 977-1DATf.!
I f   ICUR.F >. 3! cPRk Cr=. 0] 14YEARS
lf'�CnkiEU ~ 4! CURFCT +0]1

C GU Tn k;Ac>> Gk]D PLIINT, CON vk:HT PUSITPN TU IhcHh;S
DO 170 J=], HXX

X-I ~ 0<  J I ! >INKX/Ik T
DU I 'I 0 1=1 iMXY

C» CHECK IF ON liAND
lf''  I INKY   JNKX I ! ~ GTiS  Jt]NKX  INKX ] ! ! !   U'> P ]70

C- CQHECT VALUF.'
S]'URE-h>IAI'  I,J ! hCPRVCT
Y "I ~ 04   I-I ! ~INKY/I VT

C CHI';CK F >R DATA
It AMAP  I J! ~ GF ~ 95! GOTO ]70

PLOT NUNHF.R AND V >8 I TIUN AF'Tfk CDHI';C'I ING TP R1GHT UNITS
CAI I I UH><EH X, I FD.],HI,CUNVfb>PHE,,D,NRGT!
CALL SYM>10L X, Y ~ >11/3, MG  1!,0, I !



!8800
7885o
78900
78950
79000
'! 9050
79100
79150
!9200
79250
79300
79350
7940V
79430
79450
79500
79550
79650
79700
79750
79800
79850
7'3'900
79950
80000
8005o
80100
80150
80200
80250
80300
80350

170 C lNTI NUN
C I''IN ISA EU it. UV MAP

CALI PLU1   2 ~ / I YT > -1. +t XS/IF'T i 3!
C A 1 i L PL O'I'   1 2 5 ~ / I V 'I' e   - 1 e ! 4 M X 8 / I I 1 i 2 !
CAI,I, PIUT�25 ~ /Ll T,3.0/ti'T,2!
C Al  s P LOT  . I 2 0 ~ / I t T i 3 ~  I / I I'' 1' g 2 !

C" Ht ut;t'INE Ut LGLN AT UHjGLIIA  Pl.ACt.
I t'   I u 0 I . I': 0, 9 ! C A  . L I' I U T   I 3 b . / I t 'T, ~ I 0 V . / I V 'I, "3 !
CAI I P iU1 os-90 ~ /IVTa "3!
CA iL PLU'I  ~L f9'~ ~ 4y 3!

C CIEAH PI 01TEH
CALL PLOT� ' OaLOUT!
C Al.l. IIUM8
Cl USE 8

C k*1 7 I'UH UI't'HATOH TU t IT HVTOkN
HEAD�1,1010! CUN'I'IN
CALL PI> !T  O. 0. 8!

160 CUNT!Nut.'
WRITE{ ] I, /! "OQ YOU WANT TO HE" PI UT 'I' t IS MAP 1 =NO g 2 YES"
HvA !  ll,loio! hPL
Li''   Ni'L, I  I ~ 2 ! GO'I'U 10
HE'I'URN

C Ht.'A > t'UH CON11NUE Ok REPI OT
1010 r URMAT  II!
lo20 ruHMAT Ce!
1030 t U HMAT�4!
1040 I'UHMAT�2Ab!
1050 EUHMAT I 5 ' 2!
�60 VukMAY{ 12!
1070 VUHMAT{Ab!
10 � t'i>RMAT eX,    IX, V7. 3! !

END



SUIISIIRPLT �9/01/]7]

BOOOP
80050
80100
801 &0
80200
90250
BQ300
80350
80400
80450
80500
80550
80600
80650
80200
80150
80800
80850
80900
60950
a Ipoo
81050
81100
81150
8]200
81250
81300
81350
al40o
81450
81455
81500
81550
81600
816SO
817oo
81 italo
81800
81850
81900
81950
82000
82050
87.]00
BP]bo
82200
82250
92300
82350
82400
82450
82500
82550
82600
82650
82]uo
I}2750

! g S�70!

VALUE�!,

TED»

PER]l]U y Ok NO"

It-'k I I "

BSET SI PARATE
C» CREATf: FIII'S
VL Lt; 9 T III t.=»I'LLI IU" KINU=IhISKPACK ~ F! Lt TYf'f:= I !
I ] Lt; 10 I III E="I' II,I;LD", K] NII=UISKPAL:K, FLLETYPE=7!
V] LE I I   K INII RVhIUTE, NY USE 10!
f ]LI, 8 KIND=kf'hl i]E!

SUIIROUT I«I', S IHVI T MXEi hIXS!
III I46;i<SIUN ARRAYS

D]h]t NSLUN AhIAP�5,35 I, NAhlE�! g f'LLEID 9! g FLI F l
U A'I' A N A ME / i I JE hl A k f. 0 0 ] ] 5 i /
CUhlNUN III.'AUvk�2!, NAP�00,120! f'RAY�!, HG�4!,

CLOSE�!
LOC I C AI VA

C» IN II I AI,LZt: VAR IABI.ES
10 LVT= 1 0

UU 20 J=I g]20
20 S J]=0,0

C» UIFINt; AXLS AS tNCLISH OR NFTRIC
wklrt;�1,/! "f:hltk l=t t FT, 2=!IE]R]C"
Rlt'AII  I I, 1010! ]UNTS

C Ut;VI Nt: SIIUPEI ] NES TU IIE PLOTTED
Wk] LE  I I,! ! "E«Tf H hUHIIEN Uf SHURFI lh FS 'IU IIE PLIIT
READ  11, IDIO] «S
DO 40 !=IghS

30 WRITE ll,/!"V«TER SHURt;Ll«E UATAF]],t: 4 4 h ANU
READ  11 p ] 020] I'] IiELU  I]

I'I LE   I ! =I' I LV ] U   I !
IV FILE I !,EU ~ "NU"! GOTO 40
CHANCE 9y T]TLE=V] LE!
INOU]HV 9,RI;SIUtNT=VA!

CLOSE 9
LF VA! GUT l 40
Wf LTF  I I /! "DATA VLI>E DUESN'T EX IS]' ~ Rt;
CUTO 30

40 CI]NT LNUf;
C» SET IIEAUER f,OVAL TU BLANKS AND HVAD T] T]iV  jf' NAP

1]O 50 ]=I g12
50 HEADER L!="

NRITF II,/! " ENTt R I4AP HEADINC VUR I'LDTTER"
READ  i], ]030! Ht:ADER

C UEf'ICE SCAL]hG I'ACTUR
WHITE I I,/! " ENTtk SCALf: I'ACTOR
READ I],1040! S]7E

C DEFINE UUT] UT UNIT
WHITE II,/! "ENTER NUI48EH OiF UUTPV'I' UNIT   9,09,1
RFAD II,IO50! LOUT

C- IV TEKTRONIX CRI INPUT TVRNINAL hUMHf.k
LV LUUr,EO.91 WRLIE�1,/! "FNTER ]Ekh]hlAI. NUMIiER",

Sl 15 ~ FOR RIGHT y SO'15 ~ I''UR LEFT
] f'   I 0 U I ~ E 0,'9 ! R V 8 U   I I, I 0 6 0 ! F ] I V.

C LI' MISTAKE D IN ' I PI UT
WRITE� I,/! "IS LI UKAY TU PIU'I I=NO, 2=YES"
READ  I I g]OIO! NPI
IF  NPL t:O. I! GIJTO 150

C STAR'I' PLOT
I V   I U U I ~ E O ~ 9 ! C H A N G E   8 t I I T L't. F I L E !
WRITE ll,/! " BEG]h PLOT»



I 20/ IF 7, 0, 0, INTA I 00 !
I''I'; I' 7 " t I I r H X S / I t I' p 9 II g

4,75,fta�!,0,1!

IIT 4 2, Ii E 6 Of'.tt g 0 g 50 !

82tfoo
82850
82900
82950
63000
83050
83100
83150
83200
83250
83�0
8335 t
8 3400
63450
8 3500
835>o
83600
83650
83700
83750
83800
83850
83900
83950
64000
84050
841oa
84150
842VO
84250
84300
84350
8440G
84450
84500
84550
84eOO
84650
84700
84750
84tt oo
648>a
84900
84950
85000
95050
85100
85150
85200
85250
85300
85350
85400
85450
86500
85550
85600
Bbb50
85700
957'50

! NIT'I Atil'/E VAHIA fl ES
O'1 =0, I 05
HG� ! =b'9
CLIISE 	
CALL I'LTSHT  NAHE, IUUT!
CALIi t'ACTOH  SI/E!

0 RED EF' I NE tik I 'I N
CALL PtiOT� ~ 9, ~ 4 i 3!
CALL PL IT og90 ~ /IFTg-3!

C» PLOD AXES
CAL g AXIS   0,3. 0/IF7', "E-w, FF.KT", 11
CAI L AXIS  2 ~ /It''7 g I ~ <HXS/IFTg h Sg

HXS4100,!t'T> »IDV! !
IF � Uh'fS,l';0 ~ 1! GQl'U 60
CAIL AXIS  9,/EF'I, I. f KXS/IFT, "N Si

F l X S 4 I 0 0 4 . 3 0 4 tt   I I' 7 i I - I 0 0 !
CALL AXES�,10,/it'T, "E-»i, HEIEHS", I

60 CON'I I iftiE
UU 70 I-"I,hS

C It PHE I 960 PI UT Ft.RHY JETTY
Eo IF' I'ILI, I U l ! . I '1', "S1962"! GOTO 80

GOTO 90
BO Cf!N'flhUF;

CA it PLikl � ~ lb/IFT, 66,72/IFTy 3!
CALI, PLOT .7e/! I:c,-78.72/Ef T,2!
C At L PLUT  . Ii8 /I I T, I 5 ~ 56/ IFT, 2 !
CAI I Pl OT� 32/Et'T, 70. 96/IFT, 2!
CALL PLOT !U 68/!FTHM 65 ' 96/IFTr2!
 :Al I SYFIIIUI.   I U.be/lf 'f,-65,9G/I I 'I,H'I'

90 CUNTINUE
C- PLOr TII'LE ftF HAP

CAfiL SYNt<UL   I ~ 2 ~ � ~ otkxsl <   1! /EFT i
IPEN 3

C PLO'I' SiiiiHEL INES
OU 140 I I,NS

IF  FILEIO I! ~ Kff, "NO"! GU'10 140
IT=I
FILE� ! Fl LEIU� !
IF F!LI:�!.IT."S1900."! EPEN=2
CHANGE 9, T I'I'IiE=t'ILE!

100 CONTI hUE
HEAfi 9,1070, I.No=I 30! X, Y,XIXX, YY
DU 120 J=I,2

X=99.524X
Y-"99 ' 454Y
IF xaliTe t! GUTU 100
1F Y CT.HXS! GOTO 130
I F  I7', GT ~ I ! GUTO 110
CAlili PliUT X/IF Tg Y/ »I ! /IF'1 ~ 3!
IT=2

110 CUN7 I HUE
CALI I LOT X/!FTr 7/  I !/JFTg2!
X=XX
Y=YY

1 20 C  IN T I NUF.
GUTU 100

130 CON7 I NtiE
CLI!SE 9

14o CUN7 INUE
C P LOT tilt EA n WATER

M F.'I' I'. H S " g 1 I g H X 6/ I F T g 9 0 g
4 ~ 304&!
1,120/IF"1,V,O,IF7>foa<.3048!
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I !,V, I !

'I', -3!

85HVO
85850
85900
85950
eevvo
86050
86100
86150
862OV
86250
eb300
86350
eb400
ee45o
ee5oo
86550
86570
86600
86650
86750
86800
86850
86900
e6950
87OVO
87050
IS /1 Vo
87150
87200
87250
87300
87350
8'I 400
87450

CAI.L «YHI<UL �/ ~ 52/lf 1,-32. I?/ II-'I ~ ttTA ~ 75,MG 
CALL PI UT I 39 ~ 32/IPTr 24 ~ 52/I I' 7 e 2!
CAI L Pl !T�7 ~ 4/lt'I, 16.44/II'"I, lt'EI4!
CALL Pt UT l'5 ~ /Il T 20 ~ /IPT 2!
CAI,L 6TMkUL�5 ~ / l"f, '20, /I I I, II'I >. 75,MG  I !,0
CAI.  PtiU'1'  2./lt'I, »I ~ AMXS/II'2, 3!
CAI.L t'I <t7 �25,/lt'Tg  -I, !+MXB/lt T,2!
CALL I'Lt!T l?5. / I I:I, 3 ~ 0/IPT,2!
CAI L Pt UT  I? V. /I I "f, j. 0/IPT,? !

C» REfJEI''1HI: UHIG! h AT DH GIHAL Pt ACt:
1P i to'I' ~ t.o ~ 9! CALI' PLUT l!V ~ /II''I z lot! ~ l!I'
CALt. Pt Ul � >-90./lt' I' ~ 3!
CALL PLOT  I e'9g ~ 4 ~ 3!

C» CLEAI  PLU] TI.H
CALL PLUT o,oylUU'f!
CALL IIUPP
CA!,L PLI!T �, V,e !

C lttALT I'' tit Hl-'TURN PVttCIt
HEAD   I I, I Ol 0! CUit Till
CI,USE tt

160 Cttit TI NUI';
C KEPI U'f UH HETUHhl

WR! TE  I I /! "OD YOU KANT TO HE-PI UT TIII 8 MAI'
HEAI! l ] g 'I V!V! NPI,
I P  !APL, EO ~ 2 ! GUTU I 0
HE'f UHN

10 j 0 PuH MAT   11 !
1020 I'UHMAT C6!
lottO I'UHMA I'�2Ab!
!VIIV FUHMAT F5 ~ /!
10'60 t UttMAT 
!
I 06 V I' tHMA'f   Ab !
IVSV I'UHMA'I' nX~b IX,V7 3!!

Etta


