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PREFACE

The University of Delaware Department of Geology has
been conducting a program of study of coastal processeg and
coastal sedimentary environmental relationships for the past
ten years. Over the past three to four year period, we have
been placing increasing emphasis upon the study of the wash-
over process along the transgressing barrier coastline of
Delaware. Studies of the washover process are extremely
important in that it is by this process that the majority of
destruction during coastal storms occurs. In addition, the
washover process is an inherent part of normal geological
processes which lead to the build-up and migration of trans-
sive barrier systems. The University of Delaware Sea Grant
Program has been particulérly active in supporting these
studies. Several projects are under way regarding the nature
of the surficial washover process and its interface with
other coastal sedimentary environments. However, to under-
stand fully the nature of the washover processes on barrier
island coasté, one must also examine the historical-geologi-
cal perspective. In the Delaware coast, the barriers began
forming in their present position from 2500 to 3750 years
ago. Thus a study of the internal structure of the washover
sedimentary deposits is extremely useful in understanding the

washover mechanism and the importance of the process in a
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long-term continuum.

This report analyzes, probably in greater detail than
anywhere else, the internal structure of a transgressive
washover barrier. Because the author had available excellent
drill core data, and the support necessary for these inten-
sive studies, he was able to define the internal structure
of washover barriers in considerable detail. Thus the reader
can interpret more readily the significance of long-term
intermittent washover events. This is valuable information
for geologists studying barrier systems of this type and
their facies interrelationships with other sedimentary envi-
ronments. However, it is even more important to the develop-
.er, occupler, and builder in this area, and to geologists to
use as models for recognition of transgressive sequences in
the stratigraphic record. The information in this report
should be of use for construction, coastal defense mechanisms,

and coastal planning, in terms of the optimal utilization of

(7’

John C. Kraft

Chairperson and Professor
Department of Geoclogy
College of Arts & Science
and Professor of Marine
Geology, College of
Marine Studies

our Delaware coastal zone.
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ABSTRACT

There is a vast volume of literature dealing with
coastal barriers. Regressive barriers have been discussed
more thoroughly than transgressive ones. Though it is pres-
ently more or less taken for granted that most barriers
preserved in the stratigraphic record are regressive, a.
more detailed examination of the vertical sedimentary
sequence may reveal thin transgressive sequences in what
appears wholly as a regressive record. There is hardly any
information available on the detailed internal organization
of a transgressive coastal barrier complex which could
serve as a model for recognition of similar sequences in
the stratigraphic record. This study provides detailed
information on the internal sedimentary structures, vertical
stratigraphic sequences, and grain-size variations in a
transgressive coastal barrier complex. A 27-km (16.8 miles)
long stretch of a barrier complex on the Atlantic coast of
Delaware, extending from Cape Henlopen in the north to
Cottonpatch Hill in the south has been thoroughly
investigated. This area lies on the northwest flank of the
subsiding Baltimore Canyon Trough geosyncline of the

Atlantic coastal plain-continental shelf. Thirty-two

~xiv-



transverse cross sections and one longitudinal cross

section are presented showing the internal detail and
stratigraphic sequences of this barrier complex. These
sequences provide excellent illustrations of Walther's Law.
Detailed sedimentary structures are presented, based on core

photographs.

Four major variations of the coastal transgressive
barrier complex found within the area of study include (1) the
Cape Henlopen spit-beach-dune complex; (2) barrier against
marsh; (3) beach against pre-Holocene (Pleistocene) highland;
and (4) barrier-tidal delta-lagoon, which included a baymouth
barrier and a tidal inlet section. Each of these variations
has its own characteristic vertical sequences. Though this
barrier complex is predominantly transgressive, a regressive
situation exists at the Cape Henlopen spit, which is
advancing rapidly into the deep waters of the Delaware Bay-
Atlantic Ocean over marine-estuarine sediments. Sands of
the barrier complex are medium to coarse grained,
moderately well sorted, and negatively skewed. Sands at the
spit are coarser than at other sections of the barrier
complex. These sands are mostly derived by coastal erosion
of the Atlantic shoreline, especially the highlands, and
from offshore. Littoral transport carries sediment from

south to north. Washovers are the dominant mechanism for



landward barrier migration. Washovers and back-barrier
marshes form part of the leading edge of the Holocene marine
transgression along the Atlantic coast of Delaware as the
barrier migrates landward and upward through space and time

in response to coastal erosion and sea level rise.

Evidence from vertical stratigraphic sequences
indicates that this barrier complex originated else@here
further seaward and migrated to its present position. The
greater thickness of transgressive sequence deposits in
ancestral stream valleys crossing the barrier complex,
compared to that at other sections of the barrier complex,
gives it a better potential for preservation under a cover
of marine sediments. Radiocarbon dates indicate that the
present barrier sequence was formed within about the last
3,750 years. An important conclusion reached is that
vertical sedimentary sequences of cocarse sediments over
fine sediments occur in both transgressive and regressive
coastal environmental sequences. It follows that shapes of
gebphysical logs may be funnel-shaped, columnar-shaped,
and/or possibly bell-shape& in an overall transgressive
coastal environmental setting. Details presented in this
study should aid identification of transgressive coastal
barrier sequences in the stratigraphic record, and also in

paleogeographic and paleoenvironmental reconstructions.
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INTRODUCTION

GENERAL INFORMATION

Barrier complexes such as those found along the
Eastern United States shoreline are significant features in
many coastal regions of the world. The distribution of
barrier and lagoon coasts around the world is shown in
Figure 1. Though barrier complexes occur irrespective of
climate or tidal conditions, they are best developed in
lower latitudes and in areas of low to moderate tidal range
(King, 1972). The best developed barrier complexes are in
regions where the tidal range is less than two meters;
barriers are rare where the tidal range exceeds three meters
(Davies, 1973). Barriers are unequally distributed between
continents. Cromwell (1971) made a survey of barrier coast
distribution around the world and determined that 13.1 per
cent (32,038 km) of the total world continental coastline
of‘243,775 km consisted of barrier coasts. Of this, North
America has 190,765 km; Asia, 7,126 km; Africa, 5,%84 km;
South America, 3,302 km; Europe, 2,693 km; and Australia,
2,168 km. These results compare favourably with the ten to
thirteen per cent proportion of barrier coasts to the worlds

toastline as given by Leontyev (1965) and Zenkovich (1967).
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For the purposes of this survey, Cromwell (1971) broadly
defined a barrier-lagoon coast as including "all linear,
detrital, topographic features along present coastlines
which were less than 10 meters above sea level and which are
impounding, or at one time have impounded, bodies of water

between themselves and the mainland." An earlier survey by
Berryhill, Dickinson, and Holmes (1969) had come up with
different figures for barrier coast distribution around the
world. This discrepancy was due to their using a more
restrictive definition of barrier coasts (Cromwell, 1971).
The interested reader is referred to King (1972} for a
discussion on barriers from different parts of the world,
and to Schwartz (1972, 1973) and Coates (1973) for a

collection of significant papers on barriers and barrier-

related features.

Barrier coastlines like the East and Gulf Coasts

of the United States are situated between broad continental
shelves and broad coastal plains. Usually, thick sections

of Tertiary and Quaternary sediments are found in such areas
which are subsiding continental margins. Hence this would
suggest that subsiding geosynclinal type continental margins
and thick sections of sediment are closely correlated with
barrier coastlines (Shepard, 1960; Berryhill, Dickinson, and
Holmes, 1969; Curray, 1969). An example of such an area is

the Upper Delmarva and New Jersey area which is shown in



-

Figure 2. The barrier coastlines are distinctly seen as
thin white strips bordering the Atlantic Ocean (right) and
the Delaware Bay (top, middle). The entire drainage system

of the area is also clearly seen in Figure 2.

AREA OF STUDY

The study area consists of a barrier complex
situated on the Atlantic coast of Delaware. The location of
the study area is indicated on the index map of the Atlantic
coastal plain and continental shelf (Figure 3). It is
anacenf to Delaware Bay (a drowned river valley system) and
lies on the northwestern side of the subsiding Baltimore
Canyon Trough geosyncline situated on the Atlantic coastal
plain~¢ontinenta1 shelf (Kraft, Sheridan, and Maisano, 1971).
The area stretches from Cape Henlopen in the north to Cotton-
patch Hill in the south. The total length of this coastal
barrier complex is 27 km (16.8 miles). The eastern side is
bounded by the Atlantic\OCean, and the limit of the study
area on this side is approximately marked by the -18 ft.
(-5.5 m) contour line. The western boundary extends slightly
beyond the transgressive sands of the barrier complex. A

block diagram of the study area is shown in Figure 4.

This barrier complex is characterized by the
following component elements (Kraft, 197la, 1971b):
{1) A spit system developed at Cape Henlopen. The Cape

Henlopen spit includes a beachface, berm, a dune system,



FIGURE 2, High altitude (914 km) LANDSAT-I (ERTS-I) photo-
graph of the Upper Delmarva Peninsula and New Jersey.
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FIGURE 4

SCHEMATIC BLOCK DIAGRAM OF PART OF
DELAWARE'S ATLANTIC BARRIER COAST-
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and a back-barrier tidal flat with giant sand waves and
swash bars,

(2) A washover barrier at Whiskey Beach.

(3) A narrow beach abutting against the pre-Holocene
(Pleistocene) highland at Rehoboth Beach and Cottonpatch
Hill,

{4) A iinear baymouth barrier extending from South ﬁehoboth
(Dewey Beach) to the southern end of the study area, that i-,
up to Cottonpatch Hill, The continuity of this barrier is
broken by the Indian River Inlet. Hence this linear barrier
hés also a tidal delta sequence. It is separated from the
mainland by a lagoon system comprising Rehoboth Bay and

Indian River Bay.

PURPOSE OF STUDY

Though this area has been studied in great detail,
all the investigations so far have been mainly surficial in
nature. The previous work dealt essentially with the coastal
changes taking place at present, processes responsible for
these changes, and the growth of the Cape Henlopen spit
(Kraft, 1971a, 1971b). Geological literature abounds with
studies on sedimentary structures, but so far there has
been no detailed study done in this area, or in any other,
on the internal sedimentary structure organization and

stratigraphic sequences in a transgressive coastal barrier
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complex. There are hardly any three-dimensional data
available as can be seen from the studies of Rittenhouse
(1961), Potter (1967), and Pettijohn, Potter, and Siever
(1972). The two.investigations which come closest to this
one, but on a regressive barrier, are those of Bernard,
LeBlanc, and Major (1962), and Davies, Ethridge, and Berg
{1971), on the Galveston barrier, Texas. These studies will
be discussed in some detail later in this report..Hence‘the
main purposes of this investigation are as follows:

(1) To accumulate detailed information regarding types and
distribution of sedimentary structures in a transgressive
coastal barrier complex.

(2) To investigate the detailed stratigraphic-environmental
sequences and their variations in different areas of the
coastal transgressive barrier complex.

(3) To determine the feasibility of distinguishing various
sub-environments of the barrier (beachface, berm, dunes,
washover} on the basis of sedimentary structures and

variations in grain-size parameters.

A study of this nature will provide a greater
understanding of modern ccastal barrier sedimentation.
Ancient buried barriers are potential traps for
concentration of petroleum as emphasized by Bass (1934).
In view of this, a greater understanding of present-day

barrier complexes and their internal features should be of
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great use to petroleum geclogists and others, especially

in identifying paleoenvironments,

TERMINOLOGY

The study of constructional coastal features like
barriers has in the past suffered from terminological
difficulties. In general, however, it appears at present
that emerged features are referred to as "barrier iélands",
"barriér beaches", "barriers"”, and "spits"; submerged
features have bheen termed "bars" (Shepard, 1952, Price,
1951). Shepard (1952) defined a barrier beach as "a single
elongafe sand ridge rising slightly above the high tide
level and extending generally parallel with the coast, but
separated from it by a lagoon." Leontyev and Nikiforov
(1965) guote Zenkovich (1957) as giving the following
definition of a barrier beach: "... long narrow strips of
detritus raised above sea level and extending at some
distance from the original land parallel to the general
trend of the coast.” Curray (1969} defined the terms
"beach”, "barrier", and "barrier complex" as follows:

A beach is a sedimentary deposit, generally

of sand or gravel, formed principally by

wave action along the shore of a body of

water.

A barrier is a sedimentary complex,

generally of sand and gravel separating

an open body of water such as the sea or

ocean floor from an enclosed or partially
enclosed body of water such as the lagoon.
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A barrier complex may commonly consist
of a shoreface, a beach, dunes, sand
flat or barrier flat and a lagoon beach.
A barrier may form a barrier island,
barrier spit, or bay barrier depending
on whether it is in the form of an
island, is attached to the mainland at
one end, or is attached at both ends.

A diagrammatic representation of these terms as given by
Curray (1969) is shown in Figure 5. Curray's definitions

have been adopted in this report.

METHODS OF INVESTIGATION

As this is essentially a study of subsurface geology,
this work is based on cores taken along the length of the
barrier complex in connection with ceoastal geologic work and
course work conducted by the Department of Geology,
University of Delaware during the last decade under the
guidance of Dr. John C. Kraft. A truck-mounted auger
drilling rig owned and operated by the University of
Delaware-Water Resources Center, was used for obtaining the
auger cores. The Shell Development Company, Houston, Texas,
provided photographs for 13 cores, and lithologic,
sedimentologic, and electric log data, and 22 radiocarbon
dates for 20 rotary drill cores taken by them in 1964 in
this area. The U. S§. Army Corps of Engineers and Richardson
Associates, Newark, Delaware, provided information on

lagoonal and Rehoboth highland cores.

Stratigraphic cross sections provide most
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information regarding internal organization of a sand body.
32 sub-parallel cross sections at right angles to the
length of the barrier complex, and 1 longitudinal cross
section parallel to the barrier were drawn. Detailed topo-
graphic maps with a contour interval of 2 ft. (0.6 m),
provided by the U. S. Army Corps of Engineers and
Richardson Associates, Newark, Delaware, and Soils maps

were used in the construction of these 33 cross sections.

Sediment grain-size data accumulated over the
previous years, mainly as a result of course work conducted
by Dr. John C. Kraft in "Recent Sedimgntary Environments of
the Delaware Coast", were used selectively in addition to
such work done by the author. The initial visual field
descriptions of the cores have been verified and corrected
by sediment-size analyses wherever possible. The grain-~size
scale used in this study is given as Appendix I. Analysis
of sand core samples were done using the U. S. Standard
sieve nest at full phi unit intervals, and the Rotap shaker
in éccordance with standard procedures described by Folk
{1968) and Royse (1970). Silt and clay percentages in the
sediment sample were determined by standard wet sieving and
pipette analysis as described by Guy (1869). Cumulative
curves were then plotted from raw sediment grain-size data.
thus obtained, thereby indicating grain-size diameters and

respective percentages.
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Grain-size parameter data provided by the Shell
Develoément‘Company were based on the work of Trask (1932)
and In@an {(1952), and these have been used in this study.
Inman parameters are used by the U. S§. Army Coastal
Engineéring Research Center (1973) in their work. The
presently more commonly used grain-size parameters were
sugges%ed by Folk and Ward (1957) and Folk (1968) and are
referréd to as "Folk parameters". Since the results obtained
by using Folk parameter formulae are not significantly
differént from those obtained by using Inman formulae, as .
far as this study is concerned, it does not warrant re-
calculation of existing Inman parameter data according to
Folk's;system. The parameters compared in this study are
the meéian (Md¢), Trask's coefficient of sorting (So),
graphié standard deviation (da), and graphic skewness (SkG).
A short discussion of each of these parameters is given
below.

Median (Md  ): The value of the Inman phi median is given by
; 4

the 50th. percentile on the cumulative size freguency
curve.‘Half of the given sample by weight will have a
coarser grain size than this value, and the other half will

be finer.

Trask's coefficient of sorting (SOL: This parameter is

defined as the sguare root of the ratio of the first and

third quartiles, as suggested by Trask {(1932). Millimeter
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values are used.

S = [Mm 25
© Mm 75

When the value of the coefficient so calculated is unity,
the sediment is considered to be perfectly sorted. Well
sorted sediments have a value of less than 2.5, normally
sorted sediments have a value of about 3.0, and poorly
sprted sediments have values greater than 4.5 (Royse, 1970}.
Pettijohn ({1957) considered these verbal limits to be very
high.

Graphic standard deviation (a&l: The Inman graphic standard

deviation is similar to Trask's coefficient of sorting in
that it is an index of the degree of sorting, but is given
in phi units. Its value gives a measure of the limits to
which the sample spreads from the mean.

of, = @84 - 16

Though Folk (1968} used a modified formula

( 484 - 416 + @95 - g5 )} in order to cover a greater
portioﬁ of the cumugégive curve than given by Inman's
formula, his suggested verbal limits for sorting are equally
applicable to Inman parameter values in this study, and are
givén below:

Under .35¢4, very well sorted

.35¢ - .50¢, well sorted

.50g - .71g, moderately well sorted
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.71 - 1.0¢, moderately sorted
1.04 - 2.04, poorly sorted
2.0¢ - 4,04, very poorly sorted
over 4.0¢, extremely poorly sorted (Folk, 1968)
Folk (1968) has found that dune and beach sand sorting
values in Texas generally range from .25¢ to .358.

Graphic skewness (SKGL: The Inman graphic skewness

represents a function of the displacement of mean grain
size (given by the average of the ¢g16 and ¢g84 points) from
the median grain size. It is geometrically independant of
sorting, and is a measure of the symmetry of the grain-size
curve.

Sk, = #16_- #84 - 2¢50
8% - 316

The absolute limits of skewness ranges from +1.00 to -1.00.
Perfectly symmetrical curves have SkG = .00. A negative
skewness value is obtained if the sediment sample has an
excessfof coarse material; an excess of fine material in
the sayple'will give a positive skewness value. Verbal
limits of skewness set by Folk (1968) using the formula
g1l6 + ¢84 - 2450 + ¢S5 + 495 ~ 2450 in order to cover

2(p8d - ¢16) 2(g95 - @5) _
a greater portion of the cumulative curve are as follows:

+1.0 to +.30, strongly finely skewed
+.30 to +.10, fine skewed
+.10 to -.10, nearly symmetrical

-.10 to -.30, coarse skewed
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-.30 to -1.0, strongly coarse skewed (Folk, 1968)
The above verbal limits have been adopted for Inman graphic

skewness values used in this investigation.

Detailed sedimentary structures of the barrier
complex as seen in the cores were drawn using photographs
of 13 rotary drill cores provided by the Shell Development
Company. An ordinary reading leﬁs with a diameter of 8.9 c¢cm
(3% inches) was used to study structural details seen in

the photeographs, and these were reproduced by line drawings.

khkhhhkhhkhk



REVIEW OF RELATED CONCEPTS

CHARACTERISTICS OF BARRIERS

Barriers, according to Shepard (1960) are
characterized by the following features:

(1) An outlying belt of sand separated

from the mainland by a shallow body of

- water, (2) a much greater length than

width, and (3) a straight seaward margin

in contrast to a lobate, crenulate or

cuspate lagoonal shoreline. The typical

barrier has three major divisions: (1) an

outer beach with a broad berm, (2) a belt

of dunes, and (3) an inner flat or marsh.

The dune belt may include a series of low

ridges, commonly 5 to 20 feet high, which

are not easily differentiated from beach

ridges, or the dunes may consist of a

broadly encroaching belt.
Berryhill, Dickinson, and Holmes (1969) state that the
length to width ratio of barrier islands is usually greater
then 10:1 and they are generally less than 18.3 m (60 ft.)
in thickness. Shepard (1960) found that the sand barriers
of the Northern Gulf Coast have a width of several kilo-

meters and thicknesses from about 6 to 8 m (20 to 60 ft.)

Shepard (1960) stated that larger bharriers had at
least four facies: (a) beaches, (b} dune belts, (¢) barrier
flats or marshes, and {(d} inlets. Sediment characteristics

and structures of each of these facies are distinctive. A

-]18-
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somewhat similar set of morphologic units was observed by
Berryhill, Dickinson, and Holmes (1969) at Padre Island,
Texas. Shepard (1960} found Gulf Coast beach sands to have
lower grain roundness than the dune sands. Calcareous
aggregates were found in some cases in barrier flats and
marshes. The latter environments also had a higher silt
content than sediments from the other barrier environments.
The inlets were characterized by mixed Bay and open Gulf

organic remains and intermediate sand content.

SOURCE OF SAND FOR BARRIERS

It is generally believed that the major sources of
sand for barrier complexes are the continental shelf,
eroding coastal highlands, and riverg. Shepard (1960) has
observed that when shelf sands are covered by mud, the
barriers have been continually eroded. Necessary pre-
requisites for barrier formation accdrding to Zenkovich (1962,
1364) and Leontyev and Nikifeorov (1965) are {(a) abundant
reserves of unconsolidated material; (b) a gently sloping
nearshore bottom which is above the profile of eguilibrium
for the prevailing hydrodynamic conditions; and {c) movement
normal to the coast of material derived from the sea floor.
‘Under these‘conditions, a recession of relative sea level
causes barrier formation; whereas a rise in relative sea
level causes barrier erosion. Leontyev and Nikiforov (1965}

do not consider longshore transport as a major factor for
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sand supply and barrier formation. The barrier complex of
the study area obtains a major portion of its sediments by
erosion of previously deposited sediments, in the landward

direction.

Pierce (1969) studied the sediment budget for a
100-km‘(62.2 miles} stretch of barrier coastline in the
Southeéstern United States and concluded that the mafor
source of sand here was the continental shelf, or outcrops
of pooﬁly consolidated Tertiary rocks thinly covered by
Holocene sediments. Studies by Zenkovich (1964, 1969, 1971)
along the coastline of the Soviet Union reveal evidence
for abundant sediment delivery from the sea bottom to the
shore.iInvestigations conducted on the East Gippsland
barrier coast of Australia by Bird (1961, 1969, 1971) have
determined that the bulk of sand for these barriers has
been eroded or collected from the sea floor and transported
shorewards. Other sources of sediment supply for the East
Gippsland barriers are longshore drift, erosion of adjacent
parts of the coast, and fluvial sediment; locally in some
desert parts the sand is blown from land into the sea and
then transported to the coast. Bird (1971) states that "the
concept of landward sweeping of sea floor sediments during
the post glacial marine transgression helps t6 explain many
aspects 6f Australian beach and barrier formations.”

Shepard (1973) expressed similar views on the subject, and
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added that ﬁn some tropical areas the sand was mostly
derived from the remains of marine organisms, and in other
areas glacial outwash could be a major source of sand. The
barrier island off Rhode Island is formed of reworked
glacial sediments (Dillon, 1970). Henry and Hoyt (1968)
determined that sand for the Georgia coastal barriers was
mainly derived from offshore during the Holocene
transgression. Fischer (1961) found that sand for the beaches
on the Atlantic coast of New Jersey was partly derived from
the sea floor, and partly from the coastal highiands
towards the north. Barrier beaches in the Southern Gulf of
St. Lawrence are_mostly supplied with sand from offshore
areas (Owens, 1974). Further proof for the continental shelf
being the major source of sand to barrier beaches comes from
the mineral‘assemblage studies in beach sands of New Jersey '
by McMaster (1954}, the Northwest Gulf of Mexico by
van Andel and Poole (1960), and the South Atlantic ccast
(Georgia Bight) by Giles and Pilkey (1965). Detrital
phosphate analysis in the sands of the.Georgia and Carolina
coasts by Pevear and Pilkey (1966} support the same
conclusion, las no phosphate was found in nearby river sands

but only in: the shelf and nearshore sands.

However, longshore drift is the major sand source
for the barriers of North and South Holland as revealed by

van Straaten's (1965) investigation. Kwon (1969} studied the
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source Pf barrier sediments of the Northern Gulf Coast and
found tpe rivers to be the major supplier of sediments. Next
in importance was the erosion of coastal Pleistocene high-
land deposits, and to some extent the large estuaries in the
area. Littoral transport was the main factor in transporting
sand from the source to initiate or maintain barrier

development in this region. Longshore drift is resporisible

for formation of parts of the barrier chain along the

Virginia-North Carolina "Quter Banks" coastline (Fisher, 1967..

A short‘discussion on sources of sand for barriers is
provided by Swift (196%). Schuberth (1970) and Yasso and
Hartman‘(1975) have pointed out that coastal erosion of the
Montauk headlands has provided most of the sand for the
barrier complex on the southern shore of Long Island, New

York.

‘From the above review of research work on the
subject, it seems that the major source of sand supply to
barriers still remains a much debated question. Both the
continental shelf as well as coastal erosion combined with
longshore drift appear to be major sources, one pre-
dominating over the other locally in different places and’
conditions. Sand for the barrier complex of this study area
is believed to come from (a) erosion of earlier Holocene
and pre%Holocene ridges exposed on the inner shelf sea floor

as the Holocene transgression proceeds landward (Sheridan,
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Dill, and Kraft, 1974); (b) continuing coastal erosion by
waves of present barrier lithosomes as evidenced by the
maréh outcrops in the surf zone (Kraft, 1%97la, 1971b);
eroded material is delivered to the barrier complex by
littoral transport, tidal currents, waves, and storm over-
wash; (c} erosion of abutting Pleistocene highlands, like
that at Rehoboth Beach (Kraft, 1971la, 1971b); (d) fluvial
sources, that is, sediment brought into the lagoons and
bays by rivers and streams from inland areas; also some
amount of sediment from Delaware Bay by tidal action; and
(e) eolian sand blown in from inland dunes during periods

of high cffshore winds.

ORIGIN OF BARRIERS

The origin of barriers is one of the most
controversial topics in coastal géomorphology today and the
question still remains unresolved. Hoyt's (1967a) discussion
provides a good introduction to the subject, and also sets
forth four conditions that any theory of barrier origin
must satisfy. These are (Hoyt, 1967a):

(1) The absence of open marine or shallow
neritic sediments and fauna landward of the
barrier; (2) the ability of barrier island
systems to reform after they have been
terminated by an emergence; (3) the absence
of a worldwide, higher than present sea
level during the Holocene; and (4) develop-
ment and maintenance of a barrier system
during a slow rise in sea level.

The three different explanations given for barrier origin
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are (a) building up of submerged offshore bars above water
level; (b) inlets cut through spits; and {c) submergence of

pre-existing cocastal beach or dune ridges (Schwartz, 1971).

The earliest ideas on the subject were those of
de Beaumont {1845), Gilbert (1885), and McGee {1890},
De Beaumont believed that waves excavated the sea floor and
piled up the sand so produced into an offshore ridge} which
was later built above sea level to become a barrier. Gilbert
(1885) was of the view that longshore transport carried
sediments and deposited them as a spit along the shore.
Later, gaps were cut through such extended spits by storm
waves, producing barrier islands. McGee (1890) proposed
that partial submergence of former beach ridges due to sea
level rise along a gently sloping coastal plain caused
barrier development with lagoons on the landward side due to
associated flooding. Merrill (1890) expressed views similar
to those of de Beaumont, but was uncertain regarding the
procesg which brought the submarine bars above water level,
and considered continental elevation as a possible cause.
De Beaumont's theory was also applied by Davis (1896) in his

study of the Cape Cod shoreline.

The pros and cons of these three original
hypotheses of barrier formation were discussed until
Johnson's (1919) classic work ended the controversy

temporarily. Johnson (1919) rejected McGee's (1890) theory
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on the ground that it implied formation of bars at the
edge of the mainland, and discussed the theories of

de Beaumont and Gilbert. Johnson analyzed actual offshore
profiles across barriers, and after comparing it with the
hypothetical profiles of de Beaumont and Gilbexrt concluded
that his evidence favoured de Beaumont's theory. Zenkovich
(1967) commenting on de Beaumont's theory stated that "on
the basis of modern information this view may be regarded

as correct." However, Zenkovich (1957, 1967) was not
entirely convinced of the correctness of Johnson's {1919)
profile analysis, but thought that it did however suggest
that the de Beaumont - Johnson idea was true in most cases.
Price (1963b) has cbserved the emergence of offshore bars
produced by very high storm tides when conditions returned
to normal. Fisher (1973) re-examined and discussed Johnson's
(1919) and other profiles with the latest available data.

He found that offshore profiles of barrier and non-barrier
afeas were not significantly different. Fisher aléo

believed that barriers developed on shorelines of submergence,

and not on shorelines of emergence as proposed by de Beaumont

and.Johnson.

At the time Johnson (1919) put forward his ideas
on the origin of barriers he did not have any data from
borings through barriers. Virtually all such subsequently

available drilling data favor the submergence idea,
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combined with an upward growth of barriers during the late
Holocene sea level rise. Results of investigations on the
Texas barrief coastline by Shepard and Moore (1955a, 1955b),
LeBlanc and Hodgson (1959), Fisk (1959), Rusnak (1960); on
the Georgia coast by Hoyt and Hails (1967); on the Dutch
coast by van Straaten (1965), and elsewhere in the world,
provide evidence against barrier development from submarine

bars.

Shepard (1963) attributed barrier formation to a
slowing down of the rate of sea level rise after the
climatic optimum. This view is also supported by Jelgersma
{1961) for barrier development on the coast of Holland.
Leontyev and Nikiforov (1966) and Leontyev (1969) state that
submarine barrier bars formed when the oceans were at their
highest level (3-5 m higher than present) during the
Flandrean transgression (5000-6000 years ago). Later,
recession of relative sea level caused emergence of these
barrier bars above the surface. However, this view is not
compatible with Hoyt's (1967a) conditions for barrier
formation outlined earlier. Other investigators (Price,
1963b; Zenkovich, 1969) have also suggested that world-wide
barrier formation was caused either by the Holocene trans-
gression as a whole, or by the Flandrean high sea level
stand. Hoyt, Henry, and Weimer (1962) relate the develop-

ment of the Georgia coastal barriers to the complex history
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of late Quaternary sea level fluctuations. Curray (1964,
1969) linked formation of barriers to the eustatic rise of
sea level at the end of the Pleistocene glaciation, and es=-
timated that barriers grew upward during transgressions.
The latter point is also supported by Hoyt (1967a, 1968b).
Once formed the barriers are subject to seaward and
lagoonal growth (Shepard, 1973). Seaward growth of barriers
is documented by Psuty's (1965, 1966) studies on the beach-
berm ridges of Tabasco in Mexico. Barrier extension on the
lagoonal side takes place by overwash sediment deposition
during storms, tidal delta formation, and wind deposition

in marshes on the lagoon side (Shepard, 1973}.

Fisher (1967) was convinced from his study of the
Virginia-North Carolina (Outer Banks) barrier coastline
that barriers developed along a shoreline of submergence.
He observed that the Middle Atlantic barrier coastline of
the United States consisted of five coastal compartments
(1) North Carolina-Virginia coast; (2) Delmarva coast;

(3) New Jersey coast; (4) Long Island coast; and (5) Cape
Cod coast. These compartments are separated from each
cher by the estuaries of Chesapeake Bay, Delaware Bay,
New York Harbor, and Block Island Sound (Swift, 1969).
Within these five compartments, regarded by Fisher (1967)
as classic examples of barrier formation by distally pro-

grading spits, there are four distinct units. "They are
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{1) an updrift spit or cuspate foreland; (2) a slightly
convek seaward headland; (3) a slightly concave-convex
barrier island unit; and (4) one or more strongly concave
units of barrier islands" (Fisher, 1967). However, Hoyt and
Henry (1967} were doubtful whether the relict beach ridges
which Fisher (1967) had used as evidence for distal pro-
gradation of the Carolina Banks, were deposited as spit

tips or as sides of migrating inlets,

Hoyt (1967a) started a flood of controversy on the
origin of barriers when he proposed a modified version of
McGee's (1890) theory. He stated that barriers were formed by
gradual submergence of pre-existing coastal beach-dune
ridges, with a lagoon forming when the lower land area
behind such ridges was flooded. Hoyt (1967a) considered the
emerged offshore bar theory and the spit progradation
theory invalid Because of the following two reasons:

(a) Field observations and wave tank experiments by other
researchers (Evans, 1942; McKee and Sterrett, 19%961; Leontyev
and Nikiforov, 1966) éhowed that offshore bars do not grow
above water level. Also, there are no present day examples
of bars becoming barriers in different stages of develop-
ment anywhere in the world.

(b) Drilling data seldom reveal open marine sediments and
organisms on the landward side of barriers, as would be

expected if barriers developed from bars.
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However, Hoyt (1967a) does agree that barriers may some-
times be formed from spits by their later truncation during
storms by waves, and also that minor short-lived barriers
could form from submerged bars, as was observed by Price
(1963b). Another case of a short-lived barrier being formed
exclusively from wave processes and water level changes on
Gull's Reef on the Polish Baltic coast has been documented

by Rudowski and Tobolewski (1974).

Cooke (1968) criticized Hoyt's (1967a) theory by
stating that barriers could form without a change in sea
level and cited Hatteras Banks, Sapelo Island, and Padré
Island on the Texas coastline as examples. Fisher (1968)
thought that Hoyt's theory suggested that a stable shore-
line was necessary for dune formation. In his reply to
Cooke's (1968) criticism, Hoyt (1968a) disagreed with
Cooke's suggested mode of formation of the barriers he
cited as examples. With regard to Fisher's (1968) argument,
Hoyt (1968c) stated that dune ridges can be observed to
form very :apidly under present conditions. In both cases
Hoyt stressed the importance of the absence of marine
sediments and fauna on the landward side of barriers. Otvos
(1970a) claimed that Hoyt's (1967a) submergence theory for
barrier origin woula require special conditions that never
existed in‘the last 3,500-5,0400 yeaks, when most of the Gulf

Coast barriers were formed. Ctvos (1970a, 1970b) favored an
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emerged offshore bar origin, and landward migration of
barriers parallel, perpendicular, or oblique to the main
shoreline. He believed that nearshore low salinities and
coastal marshes accounted for the landward absence of marine
organisms and ocean sediments, respectively. Inland migratiorn
of barriers was also stressed by Stapor (1973). Hoyt (1970)
disagreed with Otvos on the origin cof barriers he cited as
examples to support his case, doubted the growth of salt
marshes on open ceoasts, and again returned to his main
argument regarding the lack of marine sediments and organisme
landward of the barrier. Dillon (1970) provides an example of
a barrier off Rhode Island being formed by reworked glacial
sediments at a lower sea level stand, and migration landward

as the sea transgressed.

Colgquhoun, Pierce, and Schwartz (1968), and Pierce
and Coiquhoun (1970} proposed a theory which appears to
incorporate all the main criteria of other investigators
discuséed above. From their field and laboratory studies
they defined two types of barriers: (1) a primary barrier,
formed by submergence of primary coastal ridges during the
marine transgression; this barrier is bounded by back-barrier
sediments overlying a former land surface on the landward
side, and migrates landward with rise in sea level; and
(2) a secondary barrier, formed by the upward building of

offshore bars, or by breaching of spits. This secondary
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barrier is developed after the primary, is underlain by
continental shelf sediments, and is seaward of the primary
barrier. The secondary barrier was formed during a
stationary sea level, or a slow recession of relative sea
level. In other investigations by Colgquhoun (1965, 1969b),
evidence from terrace complexes is given to support primary
and secondary barrier formation. Pierce and Colguhoun (1970)
state thet "along present shorelines, no primary barrier
exists in an unmodified form, nor do secondary barriers
exist as originally formed." In later discussions between
Cooke (1971), Hails (1971), and Pierce and Colguhoun (1971a,
1971b), there were no differences in the major principles
involved, though there was disagreement on conclusions

based on similar observations.

Many investigators recognized more than one mode
of origin for barriers (Shepard, 1963, 1973; Zenkovich,
1959, 1967; Bird, 1969; Langford-Smith, 1969; King, 1972)
and provided supporting evidence to prove it. Schwartz
(1971) therefore proposed multiple causality and suggested
the following classification:

(I) Primary
l. Engulfment of beach ridges
(II) Secondary
1. Breached spits
2. Emergent offshore bars
a. Sea level rise
b, Sea level fall
(IITI) Composite
(Combination of two or more of the
above) ‘
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The latest views on the origin of barriers are those
of Swift (1975), and Field and Duane (1976). Swift {1975)
states as follows (from abstract):

Thus the "origin" of most barriers is that

they have retreated in from the peosition of
their immediate predecessors. Barrier genesis,
in the classic sense of large scale, coastwise
spit progradation or mainland-beach detachment,
could only have occurred at Late Wisconsin low-
stand, when the sense of sea-level displacement
was reversed. The relative roles of ccoastwise
Spit progradation and mainland-beach detach-

- ment depends on coastal relief and slope, with
steep, rugged coasts favoring progradation at
the expense of mainland-beach detachment. Since
most major barrier systems form on flat

- coastal plains, it would appear that mainland-
beach detachment is the more important mode of
barrier formation.

Commenting on Swift's (1975) theory, Hayes and Kana (1976)

" ... so according to this idea, barrier islands

write
originated by some mysterious process at a lower stand of

sea level and migrated over the drowning coastal plains as
sea level rose." Field and Duane (1976} found evidence from
the Quaternary stratigraphic record of the Atlantic inner
shelf for the former existence of barrier islands on the
éhelf. They state that this evidence goes against the earlier
idea that lack of marine sediments under lagoons implies
barrier origin by coastal ridge submergence. Field and

Duane (1976) contend that if barriers formed from spits, the
evidence would be seaward of the present shoreline. They are

of the view that the onset of the Holocene transgression was

responsible for extensive formation of barriers, which later
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migrated regularly and irregularly, in time and space,

towards the present shoreline.

TRANSGRESSIONS AND REGRESSIONS

The development, migration, and patterns of
sedimentation of barrier complexes are greatly influenced by
*he history of sea level changes. Shoreline features are a
function of dynamic processes, for when sea level is
fluctuating such features cannot be static. Landward migra-
tion of barriers {transgression) occurs with rising sea
level, and seaward migration (regression) takes place with
falling sea level. Curray (1964) elucidated the concepts of
transgression and regression, and suggested that relative
sea level rise and rate of net deposition were the two main
controlling factors for these processes. However, Blatt,
Middleton, and Murray (1972} stated that transgression or
regression was mainly controlled by the balance between
sediment supply and movement and not by a rise or fall in sea
level. The effects of deposition or erosion could reverse the
processes of transgression and regression. A rising sea level
and a very high rate of depesition can cause the shoreline to
prograde seaward, as in the case of a delta. Similarly, when
rapid erosion is combined with a slowly falling sea level,
it ccould produce a net transgression of the shoreline,
instead of ;egression. Rapid erosion and rapid relative sea

level rise will cause maximum transgression, while rapid
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sedimentation together with a rapidly falling relative sea
level will cause maximum regression (Curray, 1964). Gill
{1967} statéd that "mobility of sea level is matched by

mobility in shoreline structures." Sea level changes can be
brought about by tectonic causes, or as a result of
eustatic changes in sea level. The latter can take place
either due to a volume change in the ocean basins (tectonic
control}, or of water in the oceans (glacial contrcl).
Curray (1964) believed that though distinguishing between
the effecté of tectonics and eustatic changes was not
possible, tectonic effects were more common. He also

suggested that Quaternary sea level changes were

eustatically controlled and modified by local tectonics.

The potential elements of a marine transgression
or regression as visualized by Kraft (1972a) are shown in
Figure‘G. This figure illustrates seven variables affecting
coastal stability in a sedimentary continental shelf-
coastal plain setting. As observed in this diagram, a
simple transgression or regression could be triggered by

an éxtremely complex set of events.

The overall eustatic rise of sea level during the
past 10,000 vears (Fairbridge, 1961) has caused erosion
of barriérs around the wofld (Leontyev, 1965). In many
coastal areas, sea level has risen approximately 15 cm
(6 inches) per hundred years during the past 6,000 years,

according to the studies conducted by Donn and Shaw (1963).
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However, at various coastal regions around the world, sea
level changes have occurred at different rates and
directions during this time (Hoyt, 1972). Wanless (1976)
gives the following account of what happens when sea level
fluctuates:

During rapid sea level rise, coastal

environments must (1) play catch-up

sedimentation, (2) rapidly migrate

landward (transgress), grow upward, or

be overridden by the rising sea, and

{3) constantly change in pattern in

response to changing topographic-

bathymetric setting. With slow sea-

level rise or a steady state and

- sufficient sediment nourishment, coast
constructing environments may maintain
' a stationary position or even expand

seaward (regress), and intracoastal

holes will tend to fill in toward

equilibrium condition. With insufficient

nourishment, mobile constructional
coasts may migrate landward or dissipate.

Transgressions and regressions were classified by
Curray (1964) into depositional and erosional types, based
on the rate of net deposition relative to rise and fall of
sea level. A number of Quaternary examples of transgression
have been discussed by Curray (1964). When a high
depositional rate is combined with slow subsidence it
results in a "depositional regression", and this is the
most common type preserved in the geological record.
Substantial evidence for the Holocene transgression is
provided by the surface and near-surface sediments of the

continental shelves, beaches, lagoons, and bays, and hence
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most of the cited modern examples are of transgressions.
As these transgressive deposits overlie the late Wisconsin
regressive sediments, it is only by deep drill cores or
chance sampling in rarely exposed areas that the latter can
be studied (Curray, 1964). Hence the apparent paucity of
such examples. Hoyt (1968b) stated that "the Quaternary
parrier systems differ from those of older periods in that
they have not been transgressed and buried by later
sediments." Thompson (1937) found that beach deposits were
preserved mainly in regressive sequences; he suggested that
the destruction of marginal deposits during transgression
was mainly determined by shoreface geometry and depth of

sediment reworking.

Another concept important in understanding
transgression and regression is Bruun's Rule. Bruun (1962)
stated that a rise in sea level will cause erosion of
material from the upper beach and deposition on the near-
shore bottom. This concept has been tested in the field and
laboratory by Schwartz (1965, 1967) and found to be wvalid.
Dubois (1975) supported Bruun's (1962) theory, and clarified
it further on the basis of his investigations as follows:

I1f a beach and nearshore profile is at

equilibrium, as sea level rises (a) the

foreshore zone retreats parallel to itself

as beach erosion takes place, (b) the fore-

shore zone is elevated landward in direct

proportion to the increase in elevation of

the water level, (c¢) the volume of sediments
eroded from the foreshore is equal to the
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volume of sediments deposited on the

nearshore bottom, and (d} due to

deposition in the nearshore, the increase

in elevation of the nearshore bottom is

equal to the increase in elevation of sea

level.
Based on maps and photographs covering a period of 30 years,
Fisher and Regan (1977) found that loss of sediment along
Rhode Island beaches as a result of shoreline erosion due to
sea level rise was less than the increase in the offshore

sediment sink; they therefore suggested that Bruun's Rule

may require modification.

Marginal ccastal deposits in the surf zone of a
transgressing sea may be completely eroded, resulting in a
disconformity called a "ravinement" by Stamp (1922). In a
discussion on the role of coastal erosion in shaping
t:ansgressive deposits Swift (1968} states that "in the
ravinement process, the sea destroys part or all of its
own marginal record of low energy marsh and lagoon deposits
and high energy barrier island sands." The coast of New
Jersey (Fischer, 1961) and Delaware (Kraft, 197la) is
presently undergoing ravinement due to the post-Pleistocene
rise in sea level. Wells (1960) suggested that transgression
ocourred more rapidly than regression because in trans-
gressive-regressive sequences, records of the former were
usually thinner than those of the latter. Van Straaten and
Kuenen (1957} showed that a major transgression may

initially preduce very fine-grained sediment.
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Fischer (1961) suggested a model explaining the
potential retention of a coastal sedimentary record in a
transgressing sea. In such a situation there are two
possible conditions (Fischer, 1961):

(1) Complete reworking and resulting loss of marginal
deposits, and hence the record of transgression.

2) Partial preservation of marginal deposits, and
separation ﬁrom the succeeding later sediments by a

disconformity.

This model proposed by Fischer (1961) was modified
by Kraft (197la, 1971b) to suit the Atlantic coast of
Delaware, which is also the area of this investigation, and
is shown in Figure 7. As can be observed from this diagram,
a rapid sea level rise can result in total retention.
Transgression is caused solely by coastal erosion when
there is little or no sea level rise. Sedimentary environ-
ment units at the edge of the transgression must hence be
exposed on the submerged beach face, and must therefore be
encountered in drilling. Offshore seismic evidence (Moody
and Van Reenan, 1967; Sheridan, Dill, and Kraft, 1974)
from coastal Delaware does not prove this, but suggests
that the degply incised pre-Holocene topography is covered
by a variab@e thickness of Holocene sediments. If trans-

gression caused by sea level rise and coastal erosion occur

at the same time, partial retention of the sedimentary
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record may be possible. It has been determined by Kraft
(1971a, ld?lb) that a thin veneer of sand eroded from the
beach face is underlain by back-barrier environments, which
are exposdd on the submerged beach face. Hence, all
presently available evidence in the area of this study
suggests that "the ongoing transgression in the Delaware
coastal area is leaving behind a partial record of shore-
line environments covered by a thin veneer of shallow

marine sediments” (Kraft, 197la}.

WALTHER'S LAW

THe term "facies" was first introduced into
geologicaﬂ literature by Nicolaus Steno (1669). It was
later elaﬁorated and clearly defined by Swiss geologist
Gressly iﬁ 1838 (Teichert, 1958). However, ihdiscriminate
usage of this term for a wide range of concepts has
prompted ﬁuch discussion. Longwell (1949), Teichert (1958),
and Markevich (1960) provide good reviews on the subject.
Moore (1949) defined sedimentary facies as "an areally
restricted part of a designated stratigraphic unit which
exhibits characters significantly different from those of
other parts of the unit." The rock record of any
sedimentaﬁy environment was termed "lithofacies" (Moore,

1949).

It is generally much easier to observe the lateral

sequence of facies in modern sediments than the vertical
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sequence. For ancient sediments the case is just the reverse
(Blatt,‘Midd;eton, and Murray, 1972). Walther's Law is a
concept}relating horizontal facies patterns to vertical
sequences, and was enunciated in 1894 by Johannes Walther,

a pionepr German stratigrapher and sedimentologist. The
original translated statement of Walther's Law as given by
Middleton (1973) is as follows:

. The various deposits of the same facies-
area and similarly the sum of the rocks
of different facies-areas are formed
beside each other in space, though in a
cross-section we see them lying on top
of each other. As with biotopes, it is
a basic statement of far-reaching
significance that only those facies and
facies-areas can be superimposed

~primarily which can be observed beside

~each other at the present time.

The undérlined second part of the above statement was
emphasiﬁed by Walther (1894} and Middleton (1973). Walther's
Law, also referred to as the Law of Correlation of Facies

by Krumbein and Sloss (1963), can be briefly stated as "a
conformable vertical sequence of facies was generated by

a lateral seqﬁence of environments" (Selley, 1976).

|
It was not clear to Markevich (1960) whether Walther

had usefl the term facies to mean "different aspects of
| .

contemporaneously formed rocks”, or as "a lithologic

expression of a sedimentary environment." Middleton (1973)

was conwvinced that the term was used in the latter sense,

In a significant paper on the use of the vertical profile
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in environmental reconstruction, Visher (1965) gave much
importance to Walther's Law. Walther understood that though
all facies developed horizontally, sometimes even

important ones may be absent in a vertical succession at a
particula; point. Also, the stratigraphic sequence should
not have major time breaks (Blatt, Middleton, and Murray,
1972). The}best English language discussion of Walther's

Law is prdvided by Middleton (1973) and Woodford {(1973)}.

Th@ concept stated in Walther's Law is the basic
premise unherlying the studies of the Holocene transgression
on the Delaware coast by Kraft (197la, 1971b, 1971c)}, and
Kraft, Biggs, and Halsey (1973). This law has been used to
construct models of the vertical sedimentary sequences for
the Delaware coastal area. Figure 8 shows that the vertical
sequence of sedimentary environments is being formed in the-
same order:as the modern day lateral sequence of coastal
sedimentary environments observable on the coast of
Delaware, and is therefore a schematic illustration of
Walther's iaw. The elements of coastal change in such a
dynamic siﬁuation where the coastal geomorphic forms are
being constantly altered due to continuation of the ongoing
Holocéne mérine transgreséion are depicted in this diagram.

The present investigation is also essentially a proof of

Walthers Law,
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STORM EFFECTS ON BARRIERS: THE OVERWASH PROCESS

Coastal storms can in a few hours bring about
geomorphological changes on barriers and beaches which
would normally occur only after years of normal wave action.
Gretener (1967) considered a high energy storm as a "rare
event", ip other words, "an event with the low probability
of a particular interplay of various factors", and held it
responsible for the ultimate distribution of nearshore
sediment rather than the normal daily wave and current
action. Hayes (l1967a, 1967b) also made a similar observation.
Hurricanes occur on an average of once in every 2.5 years
(Reineck and Singh, 1973), but the frequency of occurrence
‘may vary greatly from place to place. The importance of-
coastal storms and hurricanes as geological agents with
respect to destruction, erosion, and sedimentation in
coastal areas has been thoroughly studied and documented
.by many investigators (Price, 1936, 19247, 1953, 1958, 1959;
Johnson, 1956; Morgan, 1958; Caldwell, 1959, 1966; El-Ashry
and Wanle#s, 1965; Hayes and Scott, 1964; Ball, Shinn, and
Stockman, 1967; Hayes, 1967a, 1967b; Perkins and Enos, 1968;
Séott, Hoover, and McGowen, 1969; Hayes and Boothroyd, 1969;

Dolan andyGodfrey, 1973; and Yasso and Hartman, 1975).

Saville (1950) found that on equilibrium storm

beaches sediment is mainly transported in suspension by
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the littoral current, while on equilibrium summer beaches
almos£ all sand is transported by beach drifting as a
result of direct wave action. Hurricanes are accompanied by
torrential rains which cause flooding, and the hurricane
surge, a moving wave of sea water of great size, which is
geologically the most significant for bringing about
geomorphological changes. The hurricane surge is caused by
low atmospheric pressure and wind stress on the water
surface. The hufricane surge stage lasts for 2.5 to 5 hours.
It is preceded by a rise or fall of water level being
dependent on area location with respect to the storm track;
it is followed by "resurgences", in other words, more or
less free oscillations of the water body of considerable
magnitude (Groen and Groves, 1962). Storm surges are more
destructive when they occur at normal high tide (U. S.
Army Coastal Engineering Research Center, 1964, 1973),.
Recession of the beach, destruction of the dune system and
buildings close to water, flooding of low lying areas,
deposition of sediment on the landward side of the barrier
complex, mixing of faunas from different environments in a
single deposit, and displacement of sedimentary processes
causing' formation of normally unrelated sedimentary
structures and textures are common effects of coastal

storms (Hayes, 1567b).

" During storms the flood tide of sediment-laden
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\
water may preach the dune system and move across the

barrier and onto the marsh and lagoon, depositing sediment
in a fan-like shape due to splitting up of the main flow
channel into distributaries and lowering of flow velocity.
This procebs is known as "overwash" and the resulting
sedimentary deposit is termed a "washover” (Gary, McAfee,
and Wolf, 1972). The process itself was first described

by Johnson (1919}. Lobeck (1939) initially termed the
resulting deposit as a "washover”. To signify the general
shape of the deposit, fan-like or semi-circular, Price
(1947) coined the term "washover fan". When washover fans
converge together they form a "washover apron" (Fisk, 1959}.
Washover déposits are wedge-shaped in cross section, and
may or may not have a conformable relationship with the
underlying}sediments. Such deposits generally have a shell-
rich layer at the base, grading upward into horizontal
laminated Eand without shells (Andrews, 1970). Often the
washover fﬁn may consist of a series of superimposed fans
due to'depbsition caused by successive coastal storms.
Washover féatures occur commonly along most storm-affected
barrier cogstlines, and the area of this investigation is
no exceptibn. The size of washovers indicates that a very
large voluﬁe of sand can be transported ontc the barrier
by overwash (Pierce and Colguhoun, 1970). The overwash

process therefore causes widening of the barrier by marsh



-48-

expansion and addition of material on the lagoon side:
this also at the same time results in landward migration
of the barrier. Washover sediments in lagoons are often
preserVed as discrete sand bodies surrounded by lagoonal
mud (Scott, Hoover, and McGowen, 1969), as will also be
shown later in this study. They also interfinger with
sediments of the beach, dune, barrier flat, tidal filat,

marsh, and lagoon (Dickinson, Berryhill, and Holmes, 1972).

A diagrammatic illustration of the overwash process
and thé resulting washover deposit is shown in Figure 9. As
seen in this figure, erosion is predominant in the initial
stages‘in the throat séction. Depending upon the intensity
of the storm surge, the sand will be transported to the
washover fan, or further onto the marsh and lagoon.

Channe% flow ' types of sedimentary structures will be
preduced in the washover fan. Later on, a decrease in storm
surge velocity will cause deposition of material in the
'throatjand fan sections. When conditions return to normal,
the wiﬁd will rework the washover fan making contributions

to thejdunes, marsh, and beach, depending upon wind

velocity and direction (Fisher, Leatherman, and Perry, 1974).
Sediment mean grain size and thickness of the washover
decreases from throat to the fan as a result of lesser
capacify and competency of water flow as the storm surge

travels forward. Dunes,when present, constitute a major
!
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INITIAL PﬁOFILE Ik.,_.——' THRESHOLD
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Overwash model, initial conditions. Time (1)

TO FLATS
AND MARSH' EARLY OVERWASH
1 &
'--————-’-
EROSION
DEPTH
Overwash model, early overwash surges, Time (2)

FINAL OVERWASH

NEW DEPOSITION \

Overwash model, net storm deposition. Time (3)

DEFLATION
E; (EOLIAN)

\ FINAL PROFILE

Overwash modei, eolian deflation of fan and throat. Time (4)

FIGURE 9. Diagrammatic representation of the overwash
process. {After Fisher and others, 1974)
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source of sand to storm overwash surges {(Leatherman, 1976).

| There have been several studies examining the
significance of washover fans as a depositional element of
barriers (Andrews, 1970; Nordquist, 1972; Schwartz, 1975;
Leathe#man, 1976; Allen, Maurmeyer, and Kraft, 1977). In
fact, Swift (1975) pointed out that "it is helpful to
regard a barrier as a large scale composite sand bodf,
consisting of a wave and current graded shoreface, attached
to wasﬁover fans." Godfrey and Godfrey (1973) have suggested
that overwash is essential for maintenance of a barrier
complex despite the danger of flooding. The characteristics
of washover deposits as summarized by Schwartz {(1975) are
given in Table I. Pierce (1970) has elaborated on the
genetic relationship of tidal inlets and washover fans.

Biogenic structures made by the fiddler crab

(Uca pggilator), and the ghost crab (Ocypode quadratal,

in washover fans of the Georgia coast have been studied by
Frey and Howard (1969), and Frey and Mayou (1971). The
ecological effects of washovers on the natural barrier
complex has been the subject of discussion by Godfrey
(1970}, Dolan (1972, 1973), Godfrey and Godfrey (1973,

1974), Hosier (1973), and Dolan, Godfrey, and Odum (1973).

It is well. known that barrier environments are
favorable sites for oil accumulation. Hence developing

criteria for recognizing washover deposits in modern



-5]1-

M

.

TABLE I: CHARACTERISTICS OF WASHOVER DEPOSITS*

Characteristic Description

Petrology Detrital, lecally derived, mainly from shoreface, beach and sometimes
foredune, The foredune itself may largely consist of washover material.
Composition similar to that of sdjacent beach. Faunal remains predoni -
nantly marine. Nopmarine faunal remains possible with excavation of
underlying nonmarine units. Plant fragments, root remains, and carbona-

ceous material may be present, Heavy mineral concentrates common.

Texture Texture inherited from adjacent facies. Textural parameters dependent
upon position of sample within sedimentary structure and lateral position
in sand body. Unimodal distributions with Roed to excellent sorting
common within similar parts of stratigraphic units, bimodal distributions
with poor sorting in composite samples and within some sedimentation unit
samples. Typically clean. Rounding good. Shells fragmented to whole.

Sedimentary )| Horizontal (planar) stratification abundant; medium-scale delta-foreset
structures | strata {topset, foreset, and bottomset). Lamination {textural or
mineralogical) may be conspicuous depending upon source material. Orien-
tation of sedimentary structures variable, but tend towards unimodality
in landward directjon. Increased dispersion of dip directions result
from deposition on lobe (fan) Flanks. Scoured contact common below
individual horizental stratification units and delta-topset units. Other
structures include local small-scale crossbeds in pockets within horizon-
tal stratification facies or ripple marks in runoff channels. Small-scale
channeling occurs locally. Current-oriented plant fragments or vertical

| plant remains depending upon storm placement versus poststorm growth.

Internal § Lateral structural sequence from washover neck towards terminus if from
organization | horizontal stratification facies to delta-foreset facies. Delta-foreset
facies show upward vertical trend of horizontal or low angle bottonset

to tabular foreset to horizontal or low angle topset strata. Horizontal
stratification facies usually consistent throughout vertical sequence of
@ single storm deposit. Vertical rhythmic textursl or mineralogic varia-
tion typical. Inverse or normal textural grading occur between
apparently different layers in horizontal stratification. Lateral
increase in grain size of horizontal sedimentation units toward washover
terminus.

Geometry Elongate (parallel or at high angle to shoreline} or semicircular,
isolated to coalescing. Tabular to prism shapes. Direction of place~
ment at high angle, commonly normal, to shoreline in landward direction.
Widths (shore-parazllel} from tens of feet to more than several miles.
Thickness variable, several centimerers to less than 1.5 meters for a
single storm. Greater cumulative thickness.

Associated Variable according to extent of washover, nature of shoreline movement
lithologic (transgressive-regressive) or lateral shift of subaeriz)l environments.
types In general, most closely associated with eolian facies., Occurs

anomalously with many barrier (spit) facies. Washover extending to
the back-barrier or lagoon may result in anomalous, abrupt association
with mudflat or lagoonal facies. Multistory washover sand hodies common.

*FTDm Table 3, p. 55, U. S. Army Coastal Engineering

Research Center, Tech. Mem. No. 61, 1975: Nature
and Genesis of Some Storm Washover Deposits, by,
R. K. Schwartz.
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barrier sequences, as will be attempted later in this
study; should prove useful to the petroleum geclogist in
the recognition of ancient barrier environments in the

quest for oil.

o e e e de e e ke e ke ke N



PREVIOUS LITERATURE

It is most convenient to review previous literature
directly dr indirectly relating to this'study in three
- parts as ﬁollows:
(A) Barrie;s - modern and ancient
- {B) Sedimentary structures and environments

(C) Grain-size parameters and environments

(A) BARRIERS - MODERN AND ANCIENT

A &ast amount of geological literature exists on
transgressive and regressive barrier complexes. From a
perusal of this literature it appears that the consensus
of opinion favors barriers preserved in the geologic
record as Eeing regressive in nature. Klein (1975) stated
that "nearly all preserved barrier systems in the
stratigraphic record owe their origin to progradatiOn.“
However, it should be pointed out here that though a barrier
may appear regressive, detailed examination of the same is
likely to reveal transgressive elements, since it is
reasonable to assume that before regression begins, a
transgreséibn must have taken place. Reasons given for the

obscurity of ancient barriers in the geologic record are:

-53-
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(1) a barrier coastline is usually a narrow zone:;

(2) barriers are comparatively fragile geomorphic forms
capable of being altered beyond recognition in the high

" enexrgy littoral zone (this applies more in the case of
transgressive barriers than regressive ones); and

(3) barriers usually occur with thick coastal plain_
sequences and thus could be easily obscured by these much
thicker sedimentary bodies (Dickinson, Berryhill, ang
Holmeé, 1972). Publications which will provide the
interested reader with an overall review and insight into
different aspects of modern and ancient sand bodies,
including barriers, coastal environments, sedimentary
structures, and depositional processes.include Coastal
Research Group (1969), Selley (1370), Pettijohn, Potter,
and Siever (1972) , Rigby and Hamblin (1972), King (1972},
Shethn (1973}, Schwartz (1972, 1973), Reineck and Singh
(1973), Busch (1974), Shawa (1974), Klein (1975), Harms,
Southard, Spearing, and Walker (1975), Dickinson {(1975),
Davisiand Ethington (1976), Hayes and Kana (1976}, and

Conybeare (1976).

The coastal enﬁironmental setting, framework, and
other aspects of Delaware's Atlantic coast transgressive
barrier complex, which is also the area of this study, have
been previously studied and described by Kraft (1971a,

1971b,; 1971c, 1972b), Kraft, Sheridan, and Maisano (1971),
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Kraft and Margules {197l), Kraft and Caulk (1972), Kraft,
Biggs, and Halsey (1973), Kraft and Belknap (1975), Kraft
and Allen §1975), Kraft, Allen, Belknap, John, and
Maurmeyer (1976}, and Kraft and John (1976). Relevant
portions of these investigations will be mentioned at
appropriate places later in this study. The present study,
as stated earlier, will go into the detailed internal
organization of this barrier complex.

This transgressive barrier complex is the best
documented and most completely investigated barrier complex

in the world.

A spit is a depositional feature comprised of sand
-and gravel attached to an older landmass at one end and
projecting into a water body at the cother. It normally ends
in either a single or a series of landward hocks or recurves,
caused by wave refraction (Evans, 1942). Spits are usually
built in the direction of littoral transport. Spits are
constantly changing geomorphic forms, and such changes have
been documented using maps and aerial photographs by
Farrell (1969), King (1970), Shepard and wWanless (1971), and
others. The origin of spits in lagoons has been discussed by
Zenkovich (1959). Though models are, as stated by King and
McCullagh (1971), "simplified replicas of reality", these
authors have presented a computer simulated model of a

complex recurved spit in order to study the effects of
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different coastal processes on spit building. The

characteristics of natural beaches have been described by

Bascom (1954).

' The geomorphic elements of the Cape Henlopen spit-
dune-marsh complex, which forms the northernmost part of
the barrier complex under study, is shown in Figure 10.
This is a region of constant change brought about by the
interaction of waves, tides, and wind. Details of this area
will be discussed later in this report. Figure 1llA gives a
general summary of Recent sediments in this area. The marsh
edge, shown in black, represents part of the leading edge
of the Holocene marine transgression of the Delaware coast
caused by sea level rise at a rate of 12.5 cm (0.41 ft.)
per century (Belknap, 1975), and coastal erosion. Figure 1l1B
shows typical average grain-size curves for different
sedimentary environments in the area. Atlantic Ocean beaches
and western lagoon beaches have coarse and well sorted sands.
Tidal delta sands are relatively less sorted than beach
sands and contain small amounts of clay and silt. In places
where tidal delta sediments come in contact with lagoonal
sediments a bay-fringe sediment mixture is produced, and
fine to coarse sands together with clay and silt are found
in such areas. Similar sediments are also found where
washover sands enter lagoons. The barrier-bar lagoon border

region is where sands of the barrier are mixed with silt



-57-

13RIy 1933Y)
sad

s1ON
LITTORAL 0"'"_'

3. b ”&JOR eR0O

nieay otTydIowosn g1 ANOTL

(zL6T ‘ATned pue
ruadoTuafg =2des Jo0

INw 0
| — ]
§ 'wx O
o
ajeog
\\\

193443,
ALLIC 13N
173A3S00H




~58~-

N e Koeldls N ¥ 20250° |
eare sviceen seir () Msga:_f\';\" * ¢se. sand, gravel, 5
B ® e % and shell debris LTy
BAADKISH -SALT MAREH (Z) | ® w {3.0m) < oxy [ el [ ,,..-/
W ® 05 5 granularand .., ..
o peura ® (18.3 43 7.4 m} cse. sand N
WRODTHG PLETETOCENE T ’ T ™
A i
eSO ® . \\ S ﬁ/j
WTRAL CAREK . - Lo L e
DOIN arvia ® ] \'] - N =X
ISLAY-AILT) ® " \ muddy sand{” ts.am}
oo 130 o <y and shells
AILT . .
fine - mediu { e J
a:um LAGOD ® . = 4 2‘ . “\‘o‘. i18.3m) ﬁ‘
“!m:.;‘-.lcw BRGAL ..___% \_,\ VU{\ w Lt ]
© \\Z @it ©.03 SRS
slnses nevrcs 1w K 99 < “‘m’f
rerr AL hY P
CS} O\&
£ &
s AT ANTIC 2 S~
R OCEANY A\
i @ @ f /U'fa o &l
(A)Becent Sediments: § > <l
Delaware Coast ? y

B3 beach and dune sand
EZ3 tidal delta, barrier, and
shoreline sands

)
b o

SCALE=
X

Gl WilES

01 ¥ KAOWMETERY
—y

RS clay - silt e AT P s |
W marsh FEMICK T 7S it 50
(B) GRAIN-S{ZE ANALYSIS: TIDAL DELTA
: TIDAL DELYA BAY FRINGE
COASTAL DEL AWARE NEAR INLET ™ "‘T°°" MIXTURE
; \
100 _— oy =
| /"\7"/_::::'.----t-—--;‘-.-_-.:-----f-
WESTERN / .-/r . -
LAGOON i ,
* peach v | / / //
5 ;’ i BARRIER f
5 sof 7 ! BAR-LAGOON [ — RIGER.
3 VA BORDER :7" LAGOON
=z ATLANTIC  } .
v BEACH ——j‘—'/ //{’
W A REWOROTH
/""' B LAGOON
v
o : 27 ) ) ] ] t L
-3 w2 =t [+ 1 2z 3 4 5 6 ? 8 9 0N
PHI UNITS
1 t/2 174 178 1/16 /256 MM
—+VC ' C1 M v F v ¥VF = SILT —+ CLAY
: _

FIGURE 11. (A) Recent sediments of the Delaware

coast.

(B) Average grain-size analysis of samples

from different cocastal environments of Delaware.
{(Modified from EKraft,

1971b}



-59—

and clay from the lagoons. The two coastal lagoons, that is,
Rehoboth Bay and Indian River Bay, contain mostly clay and
silt in their central parts, with the pércentage of sand
increasing towards the margins. Erosion of Pleistocene
material along the lagoon margins contributes sediment to

the lagoons.

The four major types of variations founa in this
barrier complex and their respective vertical sequences were
discussed by Kraft, Biggs, and Halsey (1973), and are shown
in Figure 12, Eabh of these types has been formed in
response to wave conditions and the nature of the land
surface undergoing transgression. In the beach-spit-dune
model (Figure 12A) either a transgressive vertical sequence
(see right side of Figure 12A), or a regressive vertical
sequence (see left side of Figure 12A) is possible. In the
case of the transgressive vertical sequence, lagoon sediments
are overlain by marsh sediments, which in turn are covered
by coastal beach and dune sands. The regressive vertical
sequence is produced by the spit migrating over shallow
marine-estuarine sediments. Hence, in this case, fine to
medium dune éands overlie medium to coarse spit and beach
sands and gravel, which in turn overlie shallow marine-
estuarine sediments. In the washover barrier model (Figure
12B), Pleistocene sediments are overlain by marsh sediments,

which are overlain by sands of the washover barrier. Small
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dunes, which stand little chance for preservation in the
geologic record, often develop on top of the washover
barrier. When a beach truncates against a low lying pre-
Holocene highland, a situation such as shown in Figure l2C
is developed. Erosion of such highlands, especially during
storms which may remove the entire beach, provides sediments
to the littoral transport system. Here again, the small
dunes developed inland of the beach stand little chance of
preservation in the stratigraphic record. The best
illustration of Walther's Law, discussed earlier in this
report, is provided by the baymbuth barrier model (Figure
12D). The vertical sequence encountered on drilling is
analogous with the presently observed horizontal seguence
of environments in the direction of transgression. As can
be seen from Figure 12D, the barrier sands have a sharp
contact with the underlying lagoonal muds, and this is a
characteristic of transgressive barriers. A good general
description of Holocene transgressive sediments is prdvided
by Curray (1960). Sapelo Island, Georgia, where erosion is
the deminant process (Pilkey and Richter, 1965), and
Charleston Island, Rhode Island, are other examples of well

documented and investigated transgressive barriers.

The best known and documented example of a
regressive barrier is Galveston Island, Texas, initially

studied in detail by Bernard, Major, and Parrott (1859},
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Bernard, LeBlanc, and Major (1962), and Bernard, Major,
Parrott, and LeBlanc (1970). The regressive barrier model
provided by these authors has been widely used for
recognition of ancient regressive barriers. The Holocene
geology of the Galveston Bay area has been described by
Lankford and Rogers (1969). In the process of progradation
or regression, the barrier sediments seaward are youﬁger in
age. The Galveston barrier is lenticular in shape, and has
a maximum thickness of 15.24 m (50 ft.); The barrier sands
thin out landward and seaward and are flanked on these sides
by lagoonal and marine sediments, respectively. In the last
3,500 years the Galveston barrier has prograded seaward

about 3.2 km (2 miles) (Davies, 1976).

The characteristic internal sequence of textures
and sedimentary structures of the Galveston barrier have
been used as a model by Davies, Ethridge, and Berg (1971)
for identifying two ancient barrier complexes; one of these
is in the Lower Cretaceous of Montana, and the other in the
Lower Jurassic of England. Within both the Holocene
Galveston barrier and the ancient examples from England and
Montana Davies, Ethridge, and Berg (1971) found similarity
in gradation upwards from the base, which they described as
follows (from abstract):

(1) Irregular interlaminations of siltstone

and claystone at the base, through
(2)burrowed and generally structureless
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sandsteone, to (3) low-angle and micro-

trough cross-laminated sandstone,

terminating in two of the examples in

(4) structureless and rooted sandstone.

This sequence represents deposition in

{1) lower shoreface, (2) middle shore-

face, (3) upper shoreface-beach, and

(4) eolian environments, respectively.
Lower shoreface sediments consist of highly bioturbated and
interlayered fine-grained sand, silt, and silty clay, and
may have a thickness of up to 1.8 m (6 ft.). Deposition
takes place in about 9,1-12.2 m (30-40 ft.) of water about
1.6 km (1 mile) offshore. The high organic activity in
this region destroys any sedimentary structures formed
during deposition. Sediments of the middle shoreface are
predominantly fine-grained sand with occasional layers of
silt and clay, and shelly sand. They are usually
structureless due to intense bioturbation, but may some-
times be cross-laminated. These sediments are deposited
shoreward of the lower shoreface sediments in about 1.5-
9.1 m (5-30 ft.) of water, and range in thickness from
3.1-10.4 m (10-34 ft.). Beach and upper shoreface fine to
very fine grained sands range in thickness from 1-3.1m
(3-10 ft.) and are deposited shoreward of the middle shore-
face sediments. Shells may be present, but biogenic
activity is comparatively scarce. These sediments are
characterized by planar low angle cross-lamination and some

micro cross-lamination. Eolian sediments of the CGalveston

barrier generally show festoon and planar cross-lamination,



-64-

- as well as parallel lamination. However, these structures

in the fine to very fine eolian sands are destroyed with age
due to plant and animal activity, and ground water movement.
Older eolian sediments are therefore structureless, but

have plant roots and thin soil zones. Eolian sediments range
in thickness from 0.6-2.4 m {(2-8 ft.). It should be noted
that Davies, Ethridge, and Berg (1971}, and Davies {(1976),
pointed out that distinction between beach and upper shore-
face at Galveston was made by Bernard, LeBlanc, and Major
(1962) on the basis of sea level position, and that it was
difficult to make this distinction solely based on
sedimentary structures and textures in ancient sediments.

- In the Galveston case, the area of shallow water seaward

of the beach was termed the shoreface. Based on their
Galveston barrier investigations Davies, Ethridge, and

Berg (1971), and again bavies (1976) , proposed a model

for aiding in identification of similar regressive barriers

in the stratigraphic record.

The grain-size changes and sedimentary structures
in a core from the Galveston barrier as given by Davies,
Ethridge, and Berg (1971}, and Davies (1976), are shown in
Figure 13, These authors consider the increase in grain-
size from beach to the eclian environment (see Figure 13)
as anomalous. Studies done by Dickinson and Hunter (1970)

on Padre Island, Texas, Mason and Folk (1958) on Mustang
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Island, Texas, Giles and Pilkey (1965) on the Atlantic
coast of America, and Gibbons {(1967) from New South Wales,
Australia, Have shown the opposite result, that is, a
vertical decrease in grain size from beach to the eolian
environment. In a typical uninterrupted regressive sequence,
grain size increases upwards from lower shoreface to beach,
‘and the sequence gradationally overlies mostly marine, but
also non-marine sediments, as in the case of barriers
discussed by Hoyt (1967a). The typical vertical upward
increase in grain size of regressive barriers has been used
by Klein (1971, 1972, 1974) to estimate paleotidal ranges
and water depths into which the barrier prograded. However,
it is important to note that sediment supply from diverse
sources can disrupt the typical vertical sequence in
regregsive barriers like the Galveston barrier (Dickinson,
Berryhill, and Holmes, 1972). Colguhoun (1969%a) also
pointed out that increasing complexity of sediment sources
and supply causes greater variations in transgressive
barriers, ahd therefore the transgressive~regressive
relationship in a barrier becomes more varied and complex.
Corbeille (1962) has described the New Orleans barrier,
which is made up of clean and well sorted sands that coarsen
upwards. Conatser (1971) has studied the Grand Isle barrier
in the Gulf of Mexico. The coastal geomorphology of barriers
in Eastern Nigeria, Africa, has been discussed by Allen

(1965a, 1965b). Barriers of the Zululand coast, South Africa,
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have been described by Orme (1973).

The Padre Island barrier, Texas, studied and
described by Fisk (1959) was termed a "vertical build up"
barrier by Blatt, Middleton, and Murray (1972). This
barrier is mushroom-shaped in cross section, and lateral
growth on the seaward and landward sides are due to beach
ridge accretion and washover deposition, respectively
(Hayes and Kana, 1976). The Northern Padre Island barrier,
Texas, was referred to as a "stationary” type by Dickinson,
Berryhill, and Holmes (1972) because it has been stationary
for the greater part of its existence. Some areas of this
barrier show a downward increase in sediment grain size;
This barrier unconformably overlies a Pleistocene shell
bed. It has an intertonguing relationship with lagoonal
sediments, and a gradational lateral change to shallow
marine sediments on the seaward side (Dickinson, Berryhill,

and Holmes, 1972).

The fact that almost all of the previous literature
deals‘with regressive barriers unfortunately leads one to
conclude that regression is more dominant than transgression.
Blatt, Middleton, and Murray (1972), pointed out that
almost all barrier environments could be represented in a
thick regressive vertical sequence, whereas transgressive
Sequences are usually thin and only sediments deposited in

the shoreface, offshore, and nearshore regions may be found.
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Transgression causes reworking and movement into deeper
water of sediments found in other barrier environments.
However, observation of the Eastern and Gulf Coasts of
America show that transgressive barrier elements occur in
at least about 50 per cent of the area (J. C. Kraft, oral

communication).

Barrier preservation during burial depends on the
amount of erosion caused by transgression, Eolian and beach
sediments are usually eroded in this process, and therefore
the preserved transgressive barrier will be mostly composed
of shoreface sediments. Conseguently "many preserved barrier
sequences form asymmetric sequences with thin transgressive
units alternating with regressive units" (Blatt, Middleton,
and Murray, 1972). Hence it is easy to see how the
transgressive part in what appears to be a regressive
sequence could be easily overlooked. Field and Duane (1976)
have found traces of transgressive barriers on the Atlantic
inner continental shelf, and have concluded that
transgressive sand bodies are buried in the subsurface.
Adequate outcrop or core control and detailed internal
sequence study are therefore vital for interpretation of

transgressive barriers.

Recognition of ancient barriers is based on models
and criteria developed from the study of modern barrier

complexes in accordance with the philosophy of the present
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being the key to the past. Visher (1965) presented models
for the interpretation of sedimentary sequences, but did not
give any detailed model for a transgressive sequence. Qther
generalized sedimentation models and criteria for
identification of sandstone bodies, including barriers, have
been presented by Busch (1959, 1974), Sloss (1962), Potter
(1967}, Curray (1969), Selley (1970), bavies, Ethridge, and
Berg (1971), LeBlanc (1972), Howard and others (1972),
Pettijohn, Potter, and Siever (1972), Shelton (1967, 1973),
and Davies (1976). Though present day barriers can serve as
useful models, their deposition was probably not precisely
identical to that of the ancient preserved barriers (Shelton,

1973).

There is a general tendency, as far as models are
concerned, to place undue importance on ephemeral surface
features in modern barriers which are unlikely to be
preserved. Shelton (1973) considered an idéal sand body
model to be one which was "in the initial stage of burial
and readily accessible for direct observation." A short
summary of environments and processes causing development
of barrier sand bodies_is given by Hayes and Scot (1964).
Resic and athers (1973) attempted to guantify a
classification for transgressive and regressive barriers
without considering internal organization of the barrier,

The development of a series of coalescent regressive sand
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bodies has been described by Curray and Moore (1964). The
nearshore zone off a barrier island is best documented and
described in the work of Howard and Reineck (1972a, 1972b)
on Sapelo Islénd, Georgia. Clifton, Hunter, and Phillips
(1971, 1972) studied the nearshore zone along the cpen ocean
Oregon coast, and suggested a sedimentary model for a land-
attached high energy beach. Another sedimentary facies

model for a nearshore barred coastline was proposed by

Davidson-Arnctt and Greenwood (1974, 1976).

Earlier identifications of ancient barriers were
mainly based on their gecometry. However, Visher (1969a)
pointed out that "geometry of a sandstone body is probably
the least significant criteria for the recognition of its
origin." The undesirability of basing ancient barrier
identification solely on geometry is further emphasized by
the following statement made by Embry, Reinson, and Schluger
(1974} :

The geometry of nearshore sandstones is

variable. The length is controlled by

shoreline morphology and sand supply, the

width by duration of accretion and pro-

gradation processes and the thickness by

depth of wave base and rate of subsidence.

Recent investigations, in addition to geometry, have also
taken intoc account the important vertical sequence changes,

together with sedimentary analyses and paleontologic

information. Davies (1976) stated that great doubt .
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surrounded the identification of an ancient sand body as
a barrier unless the subaerial or fringing lagoonal
sediments were preserved and recognized. Transgression
tends to destroy subaerial sediments unless there is rapid
sibsidence. The identification of a brackish or fresh water
environment on the landward side, and an open marine
_environment on the other side are necessary pre-requisites
for attributing a barrier origin to an ancient sand body
(Weidie, 1968; Embry, Reinson, and Schluger, 1974; Davies,

1976).

In the United States geological literature, the
first attempt at identification of a probable ancient
barrier was by Rich (1923, 1926). However, the first
definite identification was done by Bass (1934, 1.936) who
described the Bartlesville shoestring sands of Oklahoma as
being of barrier origin (Dickinson, Berryhill, and Holmes,
1972). Hollenshead and Pritchard (1961) have provided
excellent documentation of transgressive and regressive
barrier sequences in the Cretaceous sandstone bodies of the
Mesaverde Group of the San Juan basin in Colorado and New
Mexico. Bridges (1960) has identified a well preserved
transgressive barrier sequence of lagoon-barrier-marine
deposits from 5-28 m thick, overlying basalts in the Lower
Silurian of Southwest Wales. Thin sequences were attributed

to be due to slowly transgressing narrow (<2 km) barriers,
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whereas, the thicker sequences were thought to result from
broader (2-4 km) slowly transgressing barriers (Bridges,
1976). There are numerous other examples in the literature
of ancient sandstone bodies being attributed a barrier
origin. These include the discussions by Sears, Hunt, and
Hendricks (1941), Ball, Weaver, Crider, and Ball (1941),
Weimer (1961), Sabins (1962, 1963), Zimmerle (1964),

Horn (1965), Harms, MacKenzie, and McCubben (1965), Shelton
(1965), Thomas and Mann (1966), Boyd and Dyer (1966), Berg
‘and Davies (1968), Exum and Harms (1968), Fisher and McGowen

(1969), Davies (1969), Selley (1970), Weber (1971),
Campbell (1971), Land (1272), Anderson (1972), Clifton

(1973}, Hobday (1974), and Conybeare (1976).

(B) SEDIMENTARY STRUCTURES AND ENVIRONMENTS

Though there are numerous papers desc:ibinq
sédimentary strucfures and surface features of barriers,
none give any information on the detailed internal
organization of sedimentary structures in a transgressive
barrier complex. Information available on sedimentary
structures, with the exception of the Galveston barrier
structure described earlier, is mostly based on trench
studies, short core samples, and box cores. Briggs (1966)
eﬁphasized that the study of primary sedimentary structures
and paleccurrent patterns of sand bodies, besides being of

academic interest, is also of great economic value as it
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aids in identification of potential reservoirs of petroleum.
Potter (1967) stated that barrier sub-environments were
usually grouped together as differentiation between them is
generally not possible. Hayes, Anan, and Bozemaﬁ (1969)
considered itlrisky to make paleogeographic reconstructions
based solely on sedimentary structures. They state that
"depending on the scale of the outcrop examined, completely
opposing interpretations could be made about the

transgressive or regressive nature of a shoreline."

Thompson (1937} described the structure of beaches,
bars, and dunes. He pointed out that no single characteristic
is distinctive for concluding the origin of an ancient sand
body. Based on a study of heavy mineral percentages and mean
grain size of sand on Pea Island, North Carolina, Boyd (1971)
defined depositional environments within a beach. Hoﬁard
(1969) used X-ray radiography as a tool to illustrate
sedimentary structures and sedimentary facies changes on
Sapelo Island, Georgia. He found that abrupt lateral changes
in facies may occur within a few meters of each other.

Howard (1972) considered trace fossils as a potentially
valuable aid for barrier identificétion together with
vertical and lateral sequenée changes, and physical
sedimentary structures. More general information on
structures of coastal barriers and barrier complexes, beach

ridges, nearshore bars, and Recent marine sediments is
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provided by wvan Straaten (1954, 1959, 1965), McKee (1957),
de Ridder (1960), Siebold (1963), Moore and Scruton (1957),
Logvinenko and Remizov (1967), Clifton, Hunter, and.
Philliﬁs (1971, 1972), Reineck and Singh (1973), Moiola and
Spencer (1973), Jennings (1973), Davidson-Arnott and
Greenwood (1974, 1976), Harms, Southard, Spearing, and
Walker {(1975), Ingle (1975), and Barwis (1976). An
excellent collection of papers edited by Middleton (1965}
provides valuable information on the production and
interpfetation of fluvial sedimentary structures based on
laboratory and field investigations. This information could
be used for interpretation of flow conditions responsible

for production of different types of sedimentary structures.

(C) GRAIN-SIZE PARAMETERS AND ENVIRONMENTS

Geologists for many years have experimented with
the use of statisticai grain-size parameters (mean, standard
deviation, skewness, and kurtosis) for differentiating
environments. The different techniques proposed for the
statistical summary of grain-size data have been reviewed
by Folk (1966). Inconsistent results of these studies
have resulted in conflicting opinions among geclogists.

The general philosophj behind the use of gfain-size
parameters as environmental indicators is that grain-size
distributions reflect the mode and energy of transport,

and the environment of deposition (Friedman, 1961, 1967;
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Martins, 1965; Visher, 1967). A major problem involved
here is that similar sedimentary processés occur in
different énvironments and these produce similar grain-size
distributions and sedimentary structures (Visher, 1969b).
Monocyclic sediments are more amenable to differentiation

than polycyclic sediments (Hails, 1967).

Initial studies regarding grain-size distributions
and derived parameters were done by Udden (1914),
Wentworth (1929), Otto (1939), Keller (1945), Doeglas
{1946), Inman (1952), van Andel and Postma (1954), and Inman
and Chamberlain (1955). Besides grain-size parameters,
heavy minerals in sand (Bradley, 1957), settling velocities
of light and heavy mineral fractions in sand (Hand, 1967),
and binocular studies of sieved coarse fractions of sand
(Shepard and Moore, 1954) have also been used for environ-
mental differentiation. Investigations by Shideler (1973a,
1973b} along the Quter Banks barrier chain of the Middle
Atlantic Bight in North Carolina, revealed that textural
patterns in sediments were mostly influenced by the nature
of the offshore hydraulic regime, the aeolian regime, and
the grain size of barrier source sediments. A distinctive
size frequency distribution along the barrier was developed
due to parallel'and transverse sediment migration along the
barrier in response to the agqueous and aeolian regimes,

variations in which caused regional trends. Anan (1969)



-76~

found that careful and detailed sampling of one
‘sedimentation unit was vital for obtaining consistent

results with statistical parameters.

Almost all work dealing with differentiation
betwgen sedimentary environments based on grain-size
parameters has been with respect to beach, dune, and river
sands. A good description of bar and barrier island sands
is givan by Weidie (1968). Moiola and Weiser (1968)
suggested that though parameters calculated from half or
wholé phi sieve data could be used to effectively
differentiate between some sedimentary environments,
guarter phi sieve data were much more sensitive for this

purpose.,

Friedman (1961, 1967) found dune sands to be
generally positively skewed, and beach sands negatively
skewed. He differentiated beach and river sands by plotting
skewnesé against kurtosis. Lagoon sediments have positive
skewness (Biederman, 1962). Mason and Folk (1958) and
Martins (1965) effectively differentiated beach and coastal
dune .environments by plotting skewness against kurtosis.
Howeger, Moiola and Weiser ({1968) found this plot to be
useful on;y‘in a few cases; they agreed with Friedman (1861)
thatla pldt of mean grain size against skewness
differentiated the same two environments more effectively.

Again, Shideler (1974) found that plotting standard
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deviation against kurtosis most effectively differentiated
beach and dune environments. When size parameters are used
individually for differentiating between environments of
deposition, mean diameter and standard deviation are most
effective, whereas skewness and kurtosis are of little
use {(Shideler, 1974). Other investigators who consider
plotting a combinaticn of two grain-size parameters as a
valid tool for differentiating sedimentary environments
include Inman and Chamberlain (1955), Folk and Ward (1957),
Harris (1959}, Duane (1964), Hails (1967), Chappel (1967),

Hails and Hoyt (1969), and Williams (1973).

Friedman {(1973) stated that "textural parameters
as clues to deﬁositional environment have been a source of
disenchantment." Shepard and Young (1961) and Shepard (1964)
concluded that skewness or kurtosis were not useful for
differentiating beach and dune sands. However, they found
that differentiation is possible because dune sands had
greater roundness, were better sorted, had higher silt
content, and greater abundance of silt sized heavy
minerals, whereas beach sands had greater amount of shell
and mica and lesser gquantities of silt. Other geologists
belonging to this group who believe that grain-size
parameters cannot be used for sedimentary environment
differentiétion_include Schlee, Uchupi, and Trumbull (1964),

Gees (1965), Hayes (1965), Sevon (1966}, Adams and Thom
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(1968), Andrews and van der Lingen (1969), Moiola and
Spencer (1973), and Glaister and Nelson (1974). Hence we
may conclude that although some investigators have used
grain-size parameters to distinguish sedimentary environ-
ments, others have encountered little such success.
Perhaps the utility of grain-size.parameters depends on

location as well as the investigator.

Thhkhkkdhkhhrd



GEOMORPHOLOGY AND INTERNAL ORGANIZATION

OF THE BARRIER COMPLEX

The results of this study will be presented and
discussed in this section. The transgressive barrier
complex of Delaware's Atlantic coast has four major
variations proceeding along the length of the barrier
complex from north to south (Figure 14):

(A) Cape Henlopen spit-beach-dune complex (Cape Henlopen
to Whiskey Beach)

(B) Barrier-marsh (Whiskey Beach to Rehoboth)

{C} Beach-highland (Rehoboth)

(D) Barrier-tidal delta-lagoon (Scuth Rehoboth to Cotton-
patch Hill)

At the southern extremity of the study area (Cottonpatch
Hill} the situation (C) given above is again repeated. In
order to facilitate discussion, each of the four units out-
lined above will be treated separately. Figure 14 is an
airphoto mosaic of the study area indicating all the
prominent geomorphic features. Figure 15 is an index map
of the study area made by Jjoining together the appropriate
sections of three Soils maps (see Figure 15 for references

to maps). Locations of all cores and samples used in this
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FIGURE 14

Aerial photo mosaic of part of
Delaware's Atlantic barrier
coast compiled from air photo-
graphs by the U. S. Department
of Agriculture. Prominent
geomorphic features are
indicated.
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FIGURE 15.

INDEX MAP OF THE STUDY AREA SHOWING CORE LOCATIONS AND LINES OF CROSS-
SECTIONS ., WATER TABLE, SURFACE DRAINAGE, AND ENGINEERING SOILS MAPS
NUMBERS HA - 103 (LEWES AREA, DEDAWARE: J. K. ADAMS, D. H. BOGGESS,
AND C, F. DAVIS, 1964), HA - 109 (REHOBOTH BEACH AREA, DELAWARE:

D. H. BOGGESS, J. K. ADAMS, AND C. F. DAVIS, 1964), AND HA - 122
{BETHANY BEACH AREA, DELAWARE: D. H. BOGGESS AND J. K. ADAMS, 196d),
PREPARED CO-OPERATIVELY BY THE U. 5. GEOLOGICAL SURVEY, DELAWARE
GEOLOGICAL SURVEY, AND DELAWARE STATE HIGHWAY DEPARTMENT, HAVE BEEN

USED AS THE BASE MAPS. LEGEND
FIGURE NUMBER OF CROSS~-SECTION 71 FLOCD PLAIN AND
IN TEXT SWAMP DEPOSITS
M PLEYTSTOCENE HIGHLANDS MARSH W FILL
1 1/2 1
SCALE T MILE
1 .5 [¢]

m—-—l—l KILOMETER
CONTOUR INTERVAL IS 10 FEET AND DATUM IS MEAN SEA LEVEL. DEPTH CURVES
MAND SOUNDINGS IN FEET; DATUM IS MEAN LOW WATER. SHORELINE SHOWN
REPRESENTS THE APPROXIMATE LINE OF MEAN HIGH WATER.
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study, together with all cross section lines are shown in

Figure 15,

(A) CAPE HENLOPEN SPIT-BEACH-DUNE COMPLEX

The Cape Henlopen spit is a simple spit situated on
the southwest side of the entrance to Delaware Bay where it
merges with the Atlantic QOcean, and is the northernmost
point of this study area. It is about 1.6 km (1 mile) long,
and from 0.4 to 0.8 km (% to % mile) wide. Since the
séventeénth century the Cape Henlopen spit has changed from
a compiéx recurved spit system, through a broadly rounded
cuspate type, to its present simple configuration. These
changes through the years have been described in detail
by Kraft (1971b), Kraft and Caulk (1972), Maurmeyer (1974),
and Kraft, Allen, Belknap, John, and Maurmeyer (1976). The
Cape HénloPen spit is advancing at the present time ét a
rate of 30 m (98.4 ft.) per year in the northwest direction,
whereas the whole complex is migrating west at a rate of
3m (9.7 £t.) per year, averaged over the past 150 years
(Xraft, 1971b; Brickman, Merrill, Belknap, Maurmeyer, and
Kraft, 1977). Simultaneously, the Atlantic shore in this
area is being continually eroded at a rate of 1-3 m (3.3-
10 ft.) per year, averaged over the past 150 years (Kraft,

1971b) .

The geomorphic elements of the Cape Henlopen spit-

beach-dune-marsh complex as illustrated by Kraft and Caulk
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(1972) was shown earlier in Figure 10. The c&astal
sedimentary environments of this area are the result of
several competing processes generated by wind, waves, and
tides. These environments are transitory at a given place .
and change in pbsition and character as the system evolves
through time. The transgressive relationship of these
coastal depositional sedimentary environments to the pre-
Holocene highlands in the area is clearly shown in Figure
10. The entire spit complex has been formed during the
Holocene epoch, that is, since about 12,000 years ago; the
pre-~Holocene (Pleistocene) highland sediments were
probably deposited more than 80,000 years before present,
with some marine-estuarine deposition in the region about

28,000-29,000 years before present (Kraft, 1971b}.

Littoral transport on the Atlantic coast of this
barrier coﬁplex in the study area is towards the north
(Figures 10 and 14). Sands and gravels derived mainly from
coastal erosion are carried by littoral transport, which
may at times'develop current velocities of several knots
(Putnam, Munk, and Traylor, 1949), and deposited at the
tip of Cape Henlopen in water 18.3 m (60 f£t.) or more deep.
Ebb tides erode and winnow out fine to medium sand from the
spit tip, and deposit it on the submarine Hen and Chickens
shoal located southeast of the spit. Flood tides and wave

refraction around the spit carry a stream of sediment
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which is deposited on the tidal flats on the western side
(Delaware Bay side) of the spit. The spit is therefore
advancing in the northwest direction as evidenced by the
arcuate "growth rings" of sediment on this side {(Figure 16).
The beach on the Delaware Bay side is accreting. This
accretion process is further aided by deposition of sedimen£
brought in by littoral transport from the northwest side of
Delaware Bay. The two opposing current directions create a
null area in the southeast corner of Breakwater Harbor
which therefore becomes the site of heavy sediment
deposition (Figure 16). This harbor, which was at one time
about 6-9 m (20-30 ft.) deep, is now being filled in with
silt (Kraft, 1971b; Kraft and Caulk, 1972). Advancing beach
ridges dating back to the eighteenth century (Kraft, 1971b)
also provide further proof of continual beach accretion in
this area. Giant swash bars with wavelengths of up to

30.5 m (100 ft.) and amplitudes of up to 0.3 m {1 ft.) are
commonly observed migrating over the rippled tidal flats on
the western side of Cape Henlopen spit. Trenches dug in
these swash bars revealed planar beds several centimeters

in thickness on the tops of the bars. Leading edges of the
swash bars show differing angles of cross-beds varying

from 3-38°, Swash bar movement depends on tide and wind
patterns; greatest movement is produced by a combination

of northwest winds and spring flood tides which concentrates

wave energy on the tidal flats. Swash bar movements
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ranging from 0-18.3 m (0-60 ft.) have been recorded within

a five-month period (Halsey and Kraft, 1971).

The eroding Atlantic coast beach, made up of
medium to coarse sands with little gravel, trends N 8% w
and is approximately 90 m (295.3 ft.) in width measured
from the seaward edge of the dunes to mean low water level
(Maurmeyer, 1974). Whereas the backshore area is gently
sloping, the beach-face slope, which is dependent on sand
size and intensity of wave action (Bascom, 1951}, is about
5°. The coarseness of the beach sands may be a contributing
factor aiding erosion, since the depth of disturbance by
waves 1s greater for coarse sand than fine sand (King,
1951). Part of the sand eroded is redistributed in the near-

shore marine area as a thin wveneer, but the greater part is

carried to the spit tip by littoral transport.

The general direction of wave approach is from the
southeast, and beach erosion takes place when these waves
are low and have long periods. The Hen and Chickens shoal,
a shallow submarine shoal about 16 km (10 miles) leong
extending southeast of the Cape Henlopen spit, affects
waves appreoaching from the east and northeast. During storms
and winter months, waves have greater height and short
periods, and hence they are more destructive. At such times,
erosion of the Atlantic coast beach and the tip of Cape

Henlopen spit is caused by waves coming from the
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northeast and northwest directions respectively (Maurmeyer,
1974). It is obvious therefore, that a combination of

these waves will cause major coastal erosion. Trenches dug
at the Atlantic coast beach, as well as at the tip of Cape
Henlopen spit show parallel laminations dipping seaward

and parallel to the beach slope. These laminations indicate
building up of the beach. Truncated laminae indicating

erosion are also commonly observed.

Dune fields cover the Cape Henlopen spit area, and
coast parallel dune fields are found along the Atlantic
coast. Winds originating from the north, northeast, and
southeast directions are primarily responsible for dune
field formation (Kraft and Caulk, 1972). Such winds carry
sand grains from the exposed beach and berm areas inland
to the dunes. Dunes at the spit tip are much smaller than
those found in the inner and therefore older areas; the
latter range from 9.1-13.7 m (30-45 ft.) in height.
Incipient dune growth may be observed in the Cape Henlopen
spit area. Sand is trapped by clusters of grass forming
small mounds which gradually grow in size becoming dunes.
Duﬁes up to 6 m (19.7 ft.)} in height have been observed to
form in two years (Brickman, Merrill, Belknap, Maurmeyer,
and Kraft, 1977). The Atlantic coast dunes are migrating
landward over the Lewes Creek Mérsh. Recurved spit tips

of former Cape Henlopen found in the Lewes Creek Marsh
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are now covered by linear dunes and vegetation, but can
still be observed on aerial photographs (Figure 14). On the
basis of rate of spit advance during the last two centuries,
and the dates of artifacts found on these recurved spit tips,
Kraft (1971b) considered them to have existed from
approximately 2000 to 5000 years before present. An
anomalous dune in this area is the large 27.4 m (90 ft.)
high and about 3.5 km (2.2 miles) long dune,.called the
Great Dune or the Galloping Dune of Lewes. It is perpen-
dicular {east-west) to the Atlantic coast (north-south).
From a study of historic maps of the area, Kraft (1971b)
has found that this dune formed in the early‘nineteenth
century, prior to which it did not exist. Removal of trees
and other vegetation from the back-barrier area by man
resulted in northwest winds transporting sand inland from
the Breakwater Harbor area causing the development and
growth of this dune {(Kraft and Caulk, 1972). This dune has
migrated 0.4 km (% mile) in £he last century (Kraft, 1971b).
Some parts of the Great Dune have now been stabilized by
vegetation but most of it is still presently migrating
southwards over a forested area, in the direction of Lewes

Creek Marsh.

Figure 17 is a geologic cross section across the
tip of Cape Henlopen spit. The spit is projecting into a

water body at the confluence of the Delaware Bay (west) and
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the Atlantic Ocean {(east). The thickness of the spit here
is 18 m (59 ft.). Medium to coarse sands and gravels of the
spit contain shell fragments and sharply overlie shallow
marine—estuarine sediments. Hence this vertical sequence of
spit sediments is regressive in nature in an otherwise
generally transgressive barrier complex. Spit sediments are
overlain by the fine to coarse sands of the beach and dune.
The thickness of the spit is slightly greater on the north
side than on the northwest side. The latter side is growing
by sediment deposition as the spit continues to grow
forward due to the large supply of sediment by littoral
transport from the eroding Atlantic coastal areas to the
sbuth. As the spit grows into deeper water, it acts as a
breakwater positioned between the Atlantic Ocean and the
Delaware Bay (Figure 17) causing deposition of sediment on
the lee side of it in the Lewes Harbor. The presence of a
glass fragment almost at the base of the spit sequence

(~18 m; -59 ft.) indicates man's infringement on nature,
and also the fact that the whole vertical spit sequence is
of recent development. Vibracore 1-'70 taken in Delaware
Bay to the west of the Cape Henlopen spit encountered
shallow marine-estuarine olive gray sediments, and also
penetrated the Pleistocene sediments identified by their

characteristic orange or oxidized color.

Environmental interpretations in the subsurface
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have been made on the basis of criteria listed in Table II.
These criteria have been developed on the basis of studies
of present day environments of the barrier complex by
Kraft (1971b) and the work done during the course of this

study.

Figures 18A and 18B are photographs of core R-4109
seen in the cross section (Figure 17) and located at
the spit tip. These photographs show the sedimentary
structures, color, and comparative grain sizes of the spit
sediments. The sharp contact between the spit sediments and
the shallow marine-estuarine sediments is clearly
discernible in Figure 18B, on the basis of composition and
color. Figure 19 shows detailed lithology, grain-size
parameters, electric log curves, sedimentary structureé
based on photographs (Figures 18A and 18B), and environ-

- mental interpretations for core R~4109.

‘Electric log data consisting of the two basic
curves.(l) self or spontaneous potential curve (SP curve),
and (2) the resistivity curve, in combination with the other
ch;racteristics of the core shown in Figure 19, often
provide valuable aid for interpretation of depositional
environments. Compositional changes in sediment reflecting
changes in environment are shown in the electric logs. As
seen in Figure 19, the SP curve is shown on the left side

of the electric log, and the resistivity curve is shown on
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(cont,) —



-9g6-

SAND

Mniietilil
DEPTH. ELECTRICAL LOG CORE R- 4109 (2 OF 2) |paRAMETERS we“‘
& 1 SELF-POTENTIAL | RESISTIVITY STRUCTURES 1T o T o Tan fead™
BEACH
0.9(1.57] .78 .08 AND
A A SPIT
.ot):;
*P v
O ee @ @
0%e C Ny
YN DN
e 08
u.lb'o.
00%0 0.5/1.48) .91[-10
L
o0 @
Oe .o,j
OO
o0 ®
0e0 00
v ® ¢
L I
e 00
000
w ..
.. oW
e g
0%%e°® 1.01.24] 5402
0,90
* e%
e _e
®e® 0
~®
o ..
[
"R ®
e 0g®
e e
o O'®
uo. .U.
..o*.o
:., -~ -..... R N N
.___: 3 4.7(1.82(1.30[+30 SHALLOW
| o MARINE OR
fo ESTUARINE
-
o
- + —_— 2.3[2.7/1.70{x52
amfy 28 chms — ——
0I6M. (. 2BFT.} HOLOCENE
LEGEND LITHOLOGY SEDIMENTARY
STRUCTURES
o o® MEDIUM  SAND (O O] GRAVEL %] SHELL FRAGMENTS LAMINATION
®¢® COARSE SAND | <., SUT 8 | GLASS FRAGMENTS ﬁ:ERR%RON
{@ @| VERY COARSE Pl j CLAY N0M|g¢ml_|c1'uﬂg

CBSERVED

FIGURE 19 {(cont.). Geophysical, sedimentological, and

sedimentary structure data for core R-4109.



-97-

the right side. The SP log measures electrical difference
between the fluid in the drill hole and the fluid contained
in the rock or sediment body, whereas the resistivity
curve measures resistance offered by a rock or sediment
unit to the flow of an outside electric current. Much work
has been done on attfibuting characteristic curve shapes
to different depositional environments. General information
on this subject can be found in Moore (1963), Fons (1969),
Pirson (1970), Allen (1%75), and Conybeare (1976).
Transgressive and regressive sequences are indicated by a
Christmas tree and an upside down Christmas tree SP curve
pattern respectively {Fons, 1969}. Again, Pirson (1970)
related bell-shaped patterns to transgressive sediment
bodies, barrel-shaped patterns to stable shorelines, and
funnel-shaped SP curve patterns to regressive sand bodies.
A tfansgressive sequence develops horizontal parallel
fingers on the SP curve, the amplitude of which decreases
upwards. In regressive situations, the SP curve fingers
exhibiting horizontal parallel symmetry have amplitudes
increasing upwards (Pirson, 1970). The relatively uniform
curve pattern in Figqgure 19 for core R-4109 indicates
periods of uniform conditions, rapid sediment deposition,

and homogeneity of internal structure (Allen, 1975).

Before discussing sedimentary structures, a short

review of the terminology used for this purpose would be
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appropriate for presenting a clearer picture. Stratification
or layering is a characteristic of sedimentary bodies; it
differs widely in form, siée, and shape. Characteristic
arrangements of layers (sedimentary structures) are
generally attributed to different types of sedimentary
environments (Kukal, 1971), and also thought to identify
depositional processes. Unfortunately, different authors
have applied descriptive terms to sedimentary structures in
different senses causing végueness, overlapping, and
terminological confusion. Reineck and Singh (1973) provide
some information on this subject. In the present study, a
combination of the descriptive and quantitative terminology
used by McKee and Weir (1953), Ingram (1954), and
Campbell (1%67), has been used. The terms "lamina",
"lamination", and "cross-lamination" are the most frequently
used. A "lamina" is defined as the smallest megascopic
layer in a sedimentary sequence, and is generally measured
in millimeters (Campbell, 1967). Other important
characteristics of a lamina according to Campbell (1967)
are as follows:

{1)It is relatively uniform in composition

and texture; (2) is never internally layered

(at least megascopically); (3) has a smaller

areal extent than the enclosing bed, except

in some instances where laminae parallel

bedding surfaces; and (4) forms in a shorter

period of time than the encompassing bed.

McKee and Weir (1953) confined the term "laminated" to
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strata from 2 mm to 10 mm (0.08 to % inch) thick, and
"thinly laminated" to strata 2 mm or less in thickness.
When layers are inclined at one or more angles tc the dip
direction of the formation, and are less than 1 cm (% inch)
in thickness, they are said to be "cross-laminated”.
Depending on whether the lower bounding surfaces of sets

of laminae are non-erosional, planar, or cturved surfaces

of erosion, the terms "simple cross-lamination”™, "planar
cross~lamination",; and "trough cross-lamination”
respectively, are used. Again, when cross-lamination arches
uﬁward it is referred to as "convex", if it arches downward
it is termed "concave", and when not arched it is called
"straight". Also, when laminae are inclined at 20° or more
they are considered as "high-angle" laminations; if less
than 200, they are "low-angle" laminations (McKee and Weir,
1953). Characteristics of beach laminae have been described

by Thompson (1937).

It is generally believed by Grant (1943) and others,
that laminations are produced due to variations in the
transporting capacity of waves. In a similar manner, dune
laminations result from variations in wind velocity. Single
or many laminae may form in a day or several days, and no
specific time interval is related to the formation of a
lamina (Thompson, 1937). Lamination is often emphasized

due to differing grain sizes and the presence of dark
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colored heavy minerals. A short discussion on types of
lamination is given by Coleman and Gagliano-(l965). Other
relevant-information is provided by McKee (1948, 1957),
Emery and Stevenson (1950), Allen (1963, 1965), Crook
(1965), Middleton (1965), Jopling (1965), and Hoyt (1962,

1967b) .

Each of the sedimentary structure blocks illustrated
in Figure 19 for core R¥4109 represents a section which is
0.076 m (.25 ft.) in width, and 0.15 m (0.5 ft.) in length.
The structures illustrated are seen at that part of the core
indicated by the arrow, downwards. When studying these
structures in a core it should be kept in mind that what is
being looked at may be (a) the true internal structure of
the barrier, (b) part of a larger structure, and (¢) the
internal structure of a larger sedimentary feature, like a
giant sand wave, or something else. This is obviously a
risk inherrent with core samples, and is difficult to avoid.
Hence the interpretations of sedimentary structures are
subject to misinterpretations because of limitations placed
on observations in a core. As seen in Figure 19, high-angle
laminations are common in core R-4109. These are probably
produced by sediment deposition at the spit tip in deep
water. Planar cross-laminations and in some cases convex

and concave laminations are also observed.

Sedimentary parameters for core R-4109 are also
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shown in Figure 19. The average sediment grain size ranges
from medium to coarse. Since all values of Trask's
coefficient of sorting for the spit sediments are lesslthan
2.5, they .are considered to be well sorted. However, the
Inman graphic standard deviation values indicate spit
sediments to be moderately well sorted to modérately
sorted. As is to be expected, the sands are negatively
skewed. The sediments of the Cape Henlopen spit area, and
also the other parts of this barrier complex, are coarser
grained than those of the Texas Gulf Coast barriers as
described by Shelton (1973). The interpretation of
environments for core R-410% is based on criteria listed

in Table II, as well as the other characteristics shown

in Figure 19. Sub-environments in the vertical sequence

of the spit cannot be differentiated on the basis of grain-
size parameters as they are not significantly different or

characteristic.

Figure 20 represents a cross section of Cape
Henlopen in a wider part of the spit, further south than
that shown earlier in Figure 17. The thickness of the
méaium to coarse sand and gravel spit sequence in both
these areas are approximately similar. Here again, the
dune-beach-spit sediments sharply overlie the shallow
marine-estuarine sediments thereby resulting in a

regressive vertical sequence. Ebb tides erode and sort out
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fine to medium sands from the spit tip and deposit them on

the Hen and Chickens shoal, shown in this cross section.

Figure 21 is a geologic cross section in which the
general relationship of the Cape Henlopen spit to the Hen .
and Chickens shoal can be observed. The ancestral Delaware
River channel lies to the east of the Hen and Chickens
shoal. As before, the dune-beach-spit sediments are medium
to coarse grained sands with gravel, and some shell
fragments. These sands overlie the shallow marine-
estuarine silty medium to coarse sand. The nature of the
contact between sediments of the two environments in this
case is rather gradational and not as sharp as was the case
in the cross sections described earlier. The presence of
silt in the sands .and a greater amount of shell fragments
indicates the change to the shallow marine-estuarine
environment. Core DH~2-'68 has penetrated the Pleistocene
sediments, identified on the basis of sediment compaction
and color. In response to a rise in sea level, shoreline
Pleistocene sediments were inundated by the transgressing
sea, and shallow marine-estuarine sediments were deposited
over it, as seen in the Cross section. Thig represents a
transgressive sequenée. However, the story does not end
here. Sediment brought in by littoral transport from the
south td north was deposited at the end of the spit

resulting in its growth into this transgressive environment,
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thereby creating a regressive situation. Hence, the
vertical sedimentary sequence in this cross section (Figure
21) indicates a transgressive sequence (shallow marine-
estuarine sediments over Pleistocene sediments), as well

as a regressive sequence (spit sediments over shallow

marine-estuarine sediments).

The line of cross section for Figure 22 passes
through the beach accretion plain which was developed when
the spit was of a rounded cuspate type. Medium to coarse
grained sands and gravels representing the beach accretion.
plain are seen overlying shallow marine-estuarine medium
sands with gravel and shell fragments‘intermixed with silt
and clay in cores DH-1-'68 and R-4103; in core Ni35-5-'74
the barrier sediments directly overlie Pleistocene
sediments. The accretion of the Delaware Bay side beaches,
causing silting in.the present Breakwater Harbor, can be
clearly seen in this cross section. A radiocarbon date of
7,250 years before present, obtained just above the contact
between shallow marine-estuarine sediments and Pleistocene
sediments in core R-4103, indicates that this area may
have been occupied by an isolated small coastal marsh at
that time‘before being overlain by shallow marine-estuarine
sediments. Also, the general drop and rise of the
Pleistocene surface from core DH-1~'68 to Ni35-5-'74

through core R-4103 indicates that the location of core
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R-4103 was probably the axis of an ancestral stream valley
flow1ng into the Delaware River at that time. The barriegi
sediments seen in this cross section are of lesser 1
thickness when compared to previously described cross
sections to the north. This is to be exXpected, since the
spit sediments are being deposited in deeper water, and
consequently the resulting vertical thickness of sediments
will increase northwards. Here again, as in the previous
cross section (Figure 24), both transgressive and
regressive sequences are represented. Figures 23a, 23B, and
23C, are photographs of core R~4103 seen in the cross section
(Figure 22). Sedimentary structures and comparative

Aifferences in sediment grain size and color can be Seen in

these photographs,

Figure 24 is a detailed summary of the lithology, -
grain-sgize parameters, sedimentary structures, electric
log curves, and environments for core R-4103. The electric
log curves in this case do not show any strikingly
characteristic shapes indicating either transgression or
regression. However, the generally increasing amplitude of
the SP curve from the boundary of the beach and spit
sediments with the shallow marine-estuarine sediments, to
the left of a base line, is indicative of a regressive
situation in this part of the vertical sequence. The

detailed lithology for core R-4103 (Figure 24) shows that
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the beach accretion and washover area.is characterized by
coarse to very coarse sands and gravels; the beach and spit
sediments are medium to coarse grained sands with some
gravel. On the basis of Trask's coefficient of sorting
values, all sediments in the core come under the well
sorted category. Using graphic standard deviation values,
the sediments of the beach aqcretion plain and washover
area are poorly sorted, while the beach and spit sediments
are generally moderately well sorted. Barrier sediments
are negatively skewed. Since the grain-size parameter
values are not significantly different within the barrier
environment, sub-environments cannot be effectively
delineated by plotting combinations of any two parameters.
Sedimentary structures in the beach accretion plain and
washover area, as seen in the core, consist of straight
parallel laminations, and convex and concave laminations.
Few burrows are also observed. Coming dqwn the core into
the beach and spit sediments, simple and planar cross-
laminations and concave laminations are most prevalent.
Burrows appear more common where some amount of silt and
clay are intermixed with sand, especially near the contact
with shallow marine-estuarine sediments. Mottling is also
present in this part of the core, and in some cases is
superimposed to varying degrees on the laminations.

Mottling is readily recognized by mixing of colors, or by
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the presence of irregularly shaped lumps, lenses, pockets,
or tubes of sediment which are randomly enclosed in another
matrix of contrasting texture. Mottling is considered to

be a secondary structure, and is generally caused by the
burrowing activities of organisms. In some parts of the
core laminations have been partially or completely
obliterated. Where partially visible, they have been drawn

by inference using a dashed line (Figure 24).

Figure 25 shows a geoclogic cross section which runs
more or less along the axis of the Great Dune of Lewes,
across the barrier, and into the nearshore marine environ-
ment. The barrier here is-formed by the eroding edge of the
high dune which is perpendicular to the Atlantic coast and
is of small thickness. The medium grained dune sands
overlie the coarse to very coarse sands and gravels of the
spit, which in turn overlie the fine to medium grained
shallow marine-estuarine sands and silty clay. Figure 26
is a photograph of core R-4106 showing the sedimentary
structures observed in the dune sands. This core is similar
in lithology to core R~4106A which is shown in the cross
séétion, and is located adjacent to it. Figure 27 is a
summary of lithology and electric log data for core R-4106
and also core R-4106A. The grain-size parameters shown and
the sedimentary structures illustrated are for core R-4106.

As seen in Fiqure 27, the SP curve deoes nct show any
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[ ]
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STRUCTURES AND SEDIMENT SIZE
PARAMETERS SHOWN ARE FOR R- 4106,

LITHOLOGY 15 FOR R-4I108A.
S —

FIGURE 27. Geophysical, sedimentological, and sedimentary
structure data for core R-4106A. (cont.) —



-119-

DERTH. ELECTRICAL LOG CORE R~ 4106 A (20F4) | PARAMETERS e
& 1" [ SELF.POTENTIAL | RESIBTIVITY Mim CTURES fuo.T's, [ ot s.cﬁ,ﬂ‘“ﬂ
wn i | ¥ DUNE
——tt+, —
oMy i 28ohme
Vo d
12 L&
a0 )
J
{
12 3
H
4 ; SPIT
] AND
14 \ BARRIER
\
4 \,
15 \W
|
1
' ®
528 . i A
: e
? |0.o
i A
Y } ®0Oe O
s o EoL
s Ceee
7 L J JoY ]
" { (%%?:'
i 0% 0.0
! e ®
19 7 O ..O
/ .O .O
£ 9
; ...
i - & g :
20 / f:!?bf}- L W
' s, SHALLOW
¥ 2o 9 MARINE OR
&8 i ._—.:.: ESTUARINE
2 i' So-0-¥
| 159 2"¢
5 e ._‘..‘ A
X gl
7122 } ——9

FIGURE 27 (cont.). Geophysical and sedimentological data

for core R-4106A.
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distinctive character, but the generally uniform pattern
of the curve indicates uniform conditions of deposition,
and a homogenous internal structure (Pirson, 1970). The
grain-size parameters show the dune sands to be medium
grained and well sorted. Sands in the upper part of the
dune are positively skewed, while the sands of the lower
part are slightly negatively skewed. This may be because
the latter sands are intermixed with barrier sands to a
greater degree than the overlying section. Grain-size data
and photographs are not available for core R-4106A, and
hence only the lithology of the complete“core is shown in
Figure 27. The spit and barrier sediments in core R-4106A
are identified by an abrupt change in grain size from
medium sands to coarse and very coarse saﬁds with gravel.
The contact of barrier sediments with the underlying
shallow marine-estuarine sediments is also sharp and
distinct, being marked by a significant increase in the

amount of clay, as can be seen in Figure 27.

Figure 28 is a geologic cross section extending
from the Lewes Creek Marsh to the Atlantic Ocean nearshore,
and going across the recurved spit tips, coast-parallel
dunes, and the barrier. The tendency of the dunes to
migrate over the recurved spit tips and the marsh can be
observed in this cross section. Sands of the dunes as well

"as those of the recurved spit tips and the barrier are
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medium grained and well sorted.

Figure 29 is a geologic cross section across the
Lewes Creek Marsh, the old recurved spit tips in the marsh,
the transgressing coastal dunes, the beach, and into the
nearsghore marine area. Core R-4105 is located on a low-
lying recurved spit tip in the Lewes Creek Marsh. This spit
tip is about 10 m (30 ft.) thick, and consists mostiy of
coarse sand and gravel. Short core studies by Kraft (1971a,
1971b) have shown that the marsh sediments form only a thin
cover and are underlain by a thick sequence of lagoonal
sediments. The latter were deposited in a coastal lagoon,
similar to the present day Rehoboth Bay, which once
existed behind the barrier. Core R-4105 encountered a
sequence of beach and spit sediments interfingered with
another sequence of shallow marine-estuarine sediments.
This also shows that beach sediments can be preserved in
the stratigraphic record. This interfingering is probably
due to fluctuations in sea level. The medium to coarse
sands and gravels of the heach and spit in core DH-3-'68
overlie fine to medium grained shallow marine-estuarine
sands with silt and shell fragments, thus again producing
a'regfessive situation in an otherwise transgressive area.

Summarizing the above discussion on the Cape
Henlopen spit-beach-dune complex, the following statements

can be made with regard to this area:
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(1) Spit sediments are thicker in the north than in the
south of the area, as spit growth continues by sediment
deposition in deeper watef.

(2) Dune sands are generally well sorted, medium grained,
and positively skewed.

(3) Spit and beach sediments are mostly medium to very
coarse sands with gravel.and shell fragments. They ére
moderately'well sorted and negatively skewed.

(4) Pleistocene environments are transgressed by shallow
marine-estuarine sediments, as seen in the cross sections.
‘The latter are covered by spit and beach or barrier sands
and gravels, which in turn are overlain by coastal dune
sands,

(5} Both regressive and transgressive vertical
stratigraphic sequences are found in this area. Coastal
barrier environments migrating over the shallow marine-
estuarine environment give rise to a regressive sequence.
Barrier and marine environments overlying coastal or
lagoonal environments give rise to a transgressive vertical
stratigraphic sequence.

(6) The sedimentary environments of the area are migrating
westward (landward) in response to relative sea level rise
and coastal erosion, as the barrier complex evolves through
time. The upper part of the vertical spit sequence is being

destroyed by the ongoing transgression; simultaneously, the
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lower part of the vertical sequence is being covered by a
layer of shallow marine sediments.

(7) Barrier sub-environments cannot be differentiated on
the basis of variations in grain-size parameters, as the
parameter variations are not significantly different or
characteristic within the barrier itself.

(8) Sediments at the spit tip show high-angle laminations.
Other areas do not have characteristic sedimentary
structures by which they may be distinguished. However, the
most commonly seen structures in the cores are parallel
laminations, concave and convex laminations, and simple
as well as planar cross—laminations. Mottling and burrows
are more prevalent at the boundary between the barrier
sediments and the shallow marine-estuarine sediments.

(9) The SP curves, in general, do not show any
characteristic patterns attributed to a transgressive or
regressive seguence.,

(10) Environmental interpretations are best made by
considering all the characteristics, that is, electric log
curves, lithology, sedimentary structures, and grain-size
parameters together, rather than on the basis of any one

of these features.
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(B) BARRIER-MARSH

This section of Delaware's Atlantic transgressive
‘coastal barrier complex extends from Whiskey Beach to
Rehoboth Beach. The barrier here is narrow'(Figure 14) and
is 'capped by small dunes. During coastal storms this
barrier is often inundated by storm waves. Overwash
breaches the low-lying dunes, carrying large volumeé of
sénds and gravels across the barrier and onto the surface
of the Lewes Creek Marsh, where it is deposited in the
form of large washover fans. These washover fans constitute
part of the leading edge of the Holocene transgression in
this area. A discussion on the overwash process was given
earlier in this report. Overwash is the dominant process
for increasing barrier width by transporting sand onto the
landward side of the barrier. It is also primarily
responsible for the migration of the barrier in the land-
ward direction, with the continuing erosion of the Atlantic
coast. A large volume of sediment is suddenly removed from
the littoral transport system when overwash occurs, but
a similar gquantity is gradually reintroduced into the
littoral stream as coastal erosion continues. Similar, but
much smaller washover barriers exist all along the
adjacent Delaware Bay coast. The continuation of the over-
wash process coupled with coastal erosion will eventually

result in complete obliteration of the Lewes Creek Marsh
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which lies behind this barrier if landward migration of
the marsh itself is stopped by human interference. If this
happens, in a couple of centuries the Atlantic coastline
will be abutting against the pre-Holocene highlands

situated behind the marsh.

At low tide, the eroding marsh and lagoonal muds
underlying this washover barrier are exposed at some places.
Large clumps of marsh muds with Spartina grass fragments,
termed "marsh rollers" by Kraft {1971b), eroded out from
this section of the barrier complex, are carried by
'littoral transport northward and find their way onto the
beaches near Cape Henlopen and the tidal flats west of
the Cape. These marsh rollers provide evidence of coastal
erosion caused by marine transgression resulting from

relative sea level rise.

Figure 30 is a gedlogic cross section across the
washover barrier. The entire sandy barrier is approximately
200 m (656 ft.) wide, and lies between the Lewes Creek
Marsh to the west and the Atlantic Ocean to the east. The
thickness of the barrier, including the dunes on top of
. it, is less than 5 m (16.4 ft.), and is above mean low sea
level. This clearly indicates the ease with which the
barrier could be breached, or even completely destroyed by
high waves resulting from coastal storms. The dune and

barrier sediments overlie a sequence of marsh muds which are
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underlain by lagoonal sediments. The latter overlie shallow
marine-estuarine sediments covering the Pleistocene
deposits. The vertical stratigraphic sequence represented
in this cross section is therefore transgressive in nature.
Coastal erosion will destroy the thin stratigraphic record
of the barrier, and a veneer of shallow marine sediments
will be deposited over the marsh muds. The barrier record
can only be preserved if the rate of subsidence becomes
greater than the rate of coastal erosion. The marsh
seqguence underlying the barrier sediments has been dated

to be at least 196 years old. These marsh sediments were
deposited in a lateral continuation of the present day
Lewes Creek Marsh, when the barrier was further eastward

of its present position. Figures 31A and 31B are photographs
of core R-4104 which is seen in the cross section shown in
Figure 30. Sedimentary structures in the different
depositional environments represented by core R-4104 can be
observed in these photographs. The contact between the
barrier sediments and the underlying marsh sediments is
sharp, and can be identified very clearly on the basis of
sediment composition and color difference. Figure 32 is a
summary of the detailed lithology, sedimentary structures,
grain-size parameters, electric log patterns, and
depositional environments of core R-4104. The pattern shown
by the SP curve could be better appreciated if it is kept

in mind that the SP curve shown is enlarged lengthwise



-132~

{Auedwuo) juswdoreasg TTSYS Jo £893I00)) ‘UOTILR0] 9100 °9Y3I
I0F ST ®InbTg 995 (W §°6-0 {°'3IF S°ZE-0) vOIp-¥ °I00 Jo ydeabojoyd *Vi¢ FANOIL

$26-0000-5 275 22 -ST52-5 2716 22-0007-S ¢1 M5 1 -5 515 ZIlS 21-01 0
. rOIY o




-133-

(Auedwo) juswdoisasg ITSUS JO AS97IN0)) *UOTIEDOT 2100 9Y3 IOJ
6T 2anbTd 998 " (W 8°6T-6"6 !'3IF §9-5°ZE) $OTp~u 2100 Jo ydeabojouyd ‘dlt FLNDIA

»

§zZe

S IG5 LS-0F BI05-C LY 2¥-SPop S zp'S Ty -0Mor-S gl ze-celse
rour o

9429 79-0%9+ ‘ssfs £sgeles




-134-
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ELECTRICAL LOG

.
CORE R-4104(3 OF 3)

PARAMETERS

Fa d SELF-POTENTIAL RESISTIVITY

LITHOLOGY | STAUCTURES
SN0 5FTIUNITY.

Mdg S, | O | Sk

Py
o

o

PLEISTOCENE
MARINE

[#e® MEDIUM SAND

[®#e® COARSE SAND

[@®] VERY COARSE SAND
GRAVEL

SILT

=] cLav

SHELL FRAGMENTS

BURROWS

MOTTLING
NO STRUCTURE OBSERVED

PLANT FRAGMENTS, PEAT

- + —
1oMfv 25 ohms
LEGEND SEDIMENTARY
LITHOLOGY STRUCTURES
& VERY FINE SAND E=] LAMINATION
[*«®] FINE SAND INFERRED LAMINATION
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from its original scale. If the curve shown is taken and
compressed, one could see that a number of more or less
parallel horizontal fingers develop along the curve, the
amplitude of which generally tends to decrease upwards.
This feature in the SP curve represents a transgressive
sedimentation pattern (Pirson, 1970). However, it would be
rather difficult to make this interpretation based on the
curve itself, without a knowledge of the other core
characteristics. The dune and barrier sands have parallel
and planar cross-laminations. Burrows are found at the
interface of the barrier and marsh sediments, and also at
other places down the core where silt and clay are inter-
mixed with sand. Two washovers have been preserved in the
vertical stratigraphic sequence, a little above the
boundary with Pleistocene marine sediments. Other
sedimentary structures seen in the core include planar
and trough cross-laminations, and concave and convex
laminations. Grain-size parameters indicate that dune and
barrier sands are generally well sorted and medium grained.
Dune sands are positively skewed, whereas, the barrier
sands are negatively skewed. Barrier sub-environments
cannot be differentiated on the basis of grain-size

parameters.

A typical section of this washover barrier coast

is shown in Figure 33. The landward edge of the giant
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washover is typically semi-circular or fan-shaped. The
washover rests on the marsh surface, and partly covers
some of the old recurved spit tips of Cape Henlopen. The
giant washover fan seen in this photograph was caused by
the disastrous storm of March, 1962. Other smaller wash-
overs are probably superimposed on this giant washover fan
as a result of overwash produced by later separate storms.
Sediment for overwash is derived from the foreshore, beach,
and adjacent dunes. Washover deposition takes place by
unidirectional sediment-water gravity flow. Hence internal
structures of the washover fan will be similar to those
produced by channel or stream flow. Accordingly, sediments
at the bottom of the washover fan are coarser than those
at the top. As seen in Figure 33, the coast-parallel dunes
at the landward edge of the beach are of small height;
dune stabilization by grass growth and fences is being
carried out at present. An extensive dune field has formed
on top of the washover fan; parts of the clder washover

fans have been covered by vegetation.

A trench dug at the landward edge of a washover fan
reveals its intermnal structure (Figure 34). The Atlantic
Ocean is towards the left of the photograph, and therefore
overwash direction is from left to right. Each unit on the
measuring pole lying on the top side of the trench is 2 om

wide. Sedimentary structures seen in the freshly dug
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FIGURE 34. Photograph of a trench at the
landward edge of a washover fan near
Whiskey Beach. Scale: 1 unit = 2cm
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trench (Figure 34) are etched and accentuated by wind
action if the trench is left exposed for about cone hour.
The upper part of the washover is characterized by
slightly landward dipping parallel and sub-parallel
horizontal laminations. Convex laminations and trough
cross—-laminations, in addition to horizontal laminations,
are seen in the middle and lower parts.of the trench,
mostly towards the left side of the photograph (Figure 34).
Plant roots or burrows penetrating washover sediments
cause laminae to bend downward at that site, and this can
be observed on the right side of the trench in the photo-
graph (Figure 34). In channel flow, as occurs during the
overwash process, horizontal laminations are produced in
the lower part of the upper flow regime by plane bed
transport. Large-scale trough cross-laminations result
ffom dune migration in water depths exceeding 0.3 m {1 ft.),
whereas small-scale trough cross-laminations are produced
by ripple migration. The former occurs in the upper part
of the lower flow regime, whereas the latter is produced
in the lower part of the lower flow regime (Harms and

Fahnestock, 1965).

Figure 35 is a geologic cross section across the
washover barrier, to the south of the area represented by
the previous cross section (Figure 32). Here, the width

and thickness of the barrier, including the dunes and
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washover fans, is approximately similar to thét in the
previous case. Dune, washover, and barrier sediments
overlie muds of the Lewes Creek Marsh which are being
presently erocded at the beach face and outcrop at low tide,
These marsh muds overlie lagoonal sediments which are
underlain by shallow marine-estuarine sediments. The latter
unconformably overlie Pleistocene sediments, which
similarly overlie Miocene.deposits. Most of this vertical
sequence of sediments was deposited when the shoreline was
further east of its present position. However, a thin
sequence of shallow marine-estuarine sediments was
deposited before the spit-barrier had built to the east of
the present coast. The vertical sedimentary sequence seen
in core GCR-3DH-'70 is transgressive in nature. The ease

of storm overwash over the barrier is further emphasized in

this cross section.

Figure 36 is the last cross section representing
the barrier against marsh situation. In this case the marsh
area behind the barrier has been covered by £ill material.
The general characteristics of this part of the barrier
remain the same as in the previous two cases. Barrier
sediments are underlain by a thin sequence of marsh muds;
the latter overlie a rather thick section of shallow marine-
estuarine muddy sands with shell fragments, which in turn.

unconformably overlie Pleistocene deposits. The shallow
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marine-estuarine sediments were deposited in the ancestral
Delaware Bay when the barrier was further east of its
present position. A lagoonal sequence underlying the marsh
muds has not been identified in this section. Also, the
environment represented by the vertical stratigraphic
sequence in core R-4108 below the marsh section is rather
uncertain, especially since a similar sequence is not seen
in core 0jll-1-'68. However, the nearness of the coastline

to the Pleistocene highlands should be noted.

The general relationship of the transgressive
coastal barrier complex to the Lewes Creek Marsh and the
Pleistocene highlands is shown in Figure 37. A large number
of washover fans, shown by white patches on the landward
side, partly covered by vegetation, can be observed all
along the barrier. Beach cusps formed at the seaward edge
of the beach near the water line extend along the length
of the coast. The irregularity in the coastline is
primarily due to the building of a groin system at the
naval facility which causes the bulge; erosion of the high

dune and other areas produce the indentations.

On the basis of the above discussion of the
barrier-marsh section of the coastal barrier complex, the
following conclusions can be made regarding this area:

(1) Dune sands are medium grained, well sorted, and have

positive skewness.
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(2) Barrier and washover sands are moderately well sorted,
medium to coarse grained with some gravel, and negatively
skewed.

(3) Barrier sub-environments cannot be distinguished on
the basis of grain-size parameters, but dune and beach
sands may be separated on the basis of skewness and
sorting.

(4) The barrier, including the dunes, is of small thickness
(5 m or 16.4 ft.) and width {200 m or 656 ft.). Barrier
sands overlie marsh muds which in turn overlie lagoonal
sediménts. The latter cover shallow marine-estuarine
sediments which unconformably overlie Pleistocene deposits.
The fdrmer sediments were deposited in the ancestral
Delaware Bay when the present barrier was further east of
its existing position.

(5) This section of the coastal barrier complex is
characterized by a large number of washover fans which
constitute part of the edge of the Holocene marine trans-
gression. Washovers overlie and migrate over the Lewes
Creek Marsh. Overwash is the dominant mechanism for
increasing barrier width by sand transport to the landward
side. This sand is derived from the nearshore, beach, and
adjacent dunes.

(6) The eroding marsh and lagoonal mﬁds exposed at low tide

indicate continuing coastal erosion resulting from relative
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- sea level rise and marine transgression.

(7) Marsh sediments underlying the thin sequence of barrier
sands and gravels were deposited in an eastward extension
of the present day Lewes Creek Marsh, when the barrier was
further eastward of its present position and relative sea
level was slightly lower than now.

(8) Vertical stratigraphic sequences in this area are
transgressive in nature. The thin stratigraphic record of
the barrier is likely to be destroyed by transgression.
However, the lower part of this transgressive sequence may
be preserved under a cover of marine sediments.

{9) Dune and barrier sands mosfly show horizontal
laminations and planar cross~laminations. Sedimentary
structures observed in other environments represented by
the cores include planar and trough cross-laminations, and
both concave and convex laminations. Burrows are prevalent
where sands are intermixed with silt and clay.

(10) The Pleistocene highlands are closer to the washover
barrier in the southern part of this section +than in the
northern paft.

.fll) Environments represented by the vertical stratigraphic
sequence are best judged by considering the sedimentological,
structural, and geophysical characteristics taken together.
These features were compared with the criteria for
environmental interpretatidn listed in Table II for making

the interpretions presented.
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(C) BEACH-HIGHLAND

This section of the coastal barrier complex is
characterized by a very narrow beach abutting against
Pleistocene sediments of the Rehoboth highland. Active
coastal erosion is occurring in this area, and a rather
thin vertical sequence of beach~berm sands, with a small
dune field at its edge, has been developed. During high
intensity storms the entire beach sequence of sediments
resting on Pleistocene deposits may be obliterated. At such
times, major erosion of the highland takes place. Sediments
S0 produced are carried north by littoral transport, and
also distributed over the nearshore submarine area. Kraft
(1971b) and Kraft, Biggs, and Halsey {1973) state that most
of the sediments for the growth of the Cape Henlopen spit
are derived from this area. When normal weather conditions
are restored, the beach is built up again, this time a
little further inland, as the previously occupied site was
destroyed by storm erosion. The beach is made up of medium
to very coarse sands. Sedimentary structures observed in
the beach and back-beach areas are low-angle seaward-
dipping laminations parallel to the beach face, and low-
angle landward-dipping laminations parallel to the berm

surface, respectively (Kraft, Biggs, and Halsey, 1973).

Figure 38 is a geologic cross section typical of

this section of the coast. The relationship of the narrow
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beach to the Pleistocene highland against which it is
developed is clearly seen in this cross section. Seismic
work done by Sheridan, Dill{ and Kraft (1974) has confirmed
the continuation of the pre-Holocene or Pleistocene
surface in the offshore area adjacent to the Rehoboth
highland. Looking at this cross section (Figure 38) it
seems rather doubtful whether the sedimentary units makihg
up the beach here will be preserved in the stratigraphic
record. However, it should be noted that a similar beach
was found to the north of this area in the Cape Henlopen
spit-beach~dune complex unconformably overlying the pre-
Holocene sediments (Figures 25 and 29). Figure 39 is a
geologic cross section at Rehoboth Beach. The general
features and relationship of the beach to the Rehoboth
highland are similar to those observed in. the previous
case. An aerial photograph of Rehoboth Beach through which
the line of cross section passes is shown in Figure 40. The
beach in this area is maintained by a groin system. The
town of Rehoboth, as can be seen in the photograph, is
built behind the beach-berm on the Pleistocene highland.
However, the buildings behind the berm are wvulnerable to
storm wave attack and destruction as has been amply
demonstrated in the past years on many occasions (Kraft,

Allen, Belknap, John, and Maurmever, 1976).

Figure 41 is a geologic cross section located
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south of the previous cross section (Figure 39). The line
of cross section in this case extends from the Pleistocene
highland thraough Silver Lake, a beach, and into the near-
shore marine area. An aerial photograph of this area is
shown in Figure 42. The beach here is wider than in the
other parts &f this section of the coast described earlier;
it is backed by Silver Lake which is formed in an ancestral
stream valley incised into the Pleistocene highland

(J. €. Kraft, oral communication). Washovers and a coast-
parallel line of dunes on the landward edge ¢of the berm

can be observed in the photograph (Figure 42).

In summary, the following statements can be made
about this beach-highland section of the transgressive
barrier complex under study:

(1) The beach-berm is of narrow width, and is bunilt against
and over Pleistocene sediments.

{(2) Storm wave attack can remove the entire beach. Eroded
sediments are carried north by littoral transport, and also
distributed in the nearshore zone. Return of normal weather
conditions re-establishes the beach.

(3) Beach sediments consist of medium to very coarse sands
and gravels which are moderately sorted.

(4) Coastal erosion of this pre-Holocene (Pleistocene)
highland releases a large volume of sediment into the

littoral transport system.
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(5) The beach is characterized by seaward-dipping low=-
angle laminations which are parallel to the beach face.
The back-beach area shows low-angle landward-~dipping
laminations parallel to the berm surface.

{6) The stratigraphic record of this beach is unlikely

to be preserved.

(D) BARRIER-TIDAL DELTA-LAGOON (BAYMOUTH BARRIER)

This section of the coastal barrier complex, also
known as a baymouth barrier, extends from the south of
Rehoboth to Cottonpatch Hill in the southern part of the
study area (Figures 14 and 15). It is therefore the
longest section of the coastal barrier under investigation,
and includes a linear barrier as well as a tidal delta
seduenCe. The baymouth barrier is, as stated by Kraft
{(1971a), "a largely submerged sand body with only the
smaller portion exposed above the tidal level." This
section of the barrier complex also provides the best
illustration of Walther's Law, discussed earlier in this
report, as it shows a more or less complete vertical record
of a transgressivé coastal environmental seguence which
cén also be observed geographically at the present time.
This section of the Holocene barrier complex, as in the
case of the previous sections, unconformably overlies

Pleistocene sediments.
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The surficial transgressive sequence of the
baymouth barrier, proceeding from land to sea, was
described by Kraft (1971la) as follows:

{1} The submerged Pleistocene highland with
a trellis-dendritic drainage pattern: (2) the
fringe of a marsh characterized by tree
stumps, roots, and a marsh flora with a
mixture of sand, clay, and silt; (3) typical
lagoonal margin Spartina alterniflora and
Spartina patens marshes; (4) thin, and
possibly ephemeral, sand beaches on the west-
ward sides of the coastal lagoons; (5) near-
shore lagoonal sediments comprised of a
mixture of sand and mud; (6) typical
lagoonal clay-~silts characterized by
Elphidium sp. and Crassostrea virginica with
abundant molluscan faunas; (7) submerged
back barrier sand lobes; (8) on the eastern
shorelines of the lagoon at the edge of the
back barrier a Spartina patens and Spartina
alterniflora marsh followed by pine forests
developed on the slope of the back of the
baymouth barrier; (9) linear dunes
paralleling the coast; (10) the berm-
washover area; (11} the beach face; (12) the
submerged beach face at the edge of the
presently eroding transgression; and

finally (13) the shallow marine sands and
shells forming a lag deposit as the trans-
gression proceeds.

The baymouth barrier is backed by Rehoboth Bay and indian
River Bay which are connected with the ocean through the
Indian River Inlet. The latter was artificially constructed
ih 1939 and is presently maintained by a pair of rock
jetties. A natural inlet existed to the north of the
present one (Figure 14) before it was closed by
sedimentation. A flood and an ebb tidal delta are

associated with the Indian River Inlet. This inlet has a
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history of migration north and south along the coast and
is described by Thompson and Dalrymple {1976). The
existence of old natural inlets is indicated by the fan-
" like shapes of former tidal deltas which have now been
covered by Spartina marshes. As can be seen in Figure 14,
the width of the barrier in the vicinity of these old
tidal inlets and tidal deltas is greater than at othex

places along this section of the barrier complex.

The beach face of the baymouth barrier has a
slope varying from 4° to 8°. This slope continues seaward
to a depth of approximately 9 m (30 ft.). From this point
onwards, up to a distance of about 8 km {5 miles) the
depth varies from about 9m (30 £t.) to 18 m (59 ft.} (Kraft,
1971a). In general the beach and berm are composed of well
sorted, medium to coarse sands. The most common
sedimentary structures seen in trenches dug in the berm
are horizontal laminations and truncated laminations,
indicating building and erosion of the beach, respectively.
Trenches in the intertidal area show horizontal laminations

parallel to the beach face (Kraft, 1971la).

The baymouth barrier, like the other sections of
this coastal area already described, is subject to severe
erosion by waves produced by high intensity coastal storms.
Eroded sediments are distributed over the submarine area

immediately adjacent to the beach, and also carried north
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by littoral transport. The major portion of sands stored
in the submarine area are later brought back again to

the shore in the process of building up of the beach and
berm when weather conditions have returned to normal.
Washover lobes, some extending into the coastal lagoons
behind the barrier, exist all along the baymouth barrier
(Figure 14), and are partly covered by vegetation. Major
erosion by storm waves also unearths stumps of trees of an
ancient forest which are normally buried 2-3 m (6-8 ft.)
under the beach-berm system. In.some places along the
barrier, tree stumps are also sometimes exposed at very
low tide in the surf zone. According to Kraft (197la,
1971b), an extensive back-barrier forest (mostly pine, but
also cypress and white cedar) existed along the entire |
Delaware Atlantic coast when the barrier was more seaward
{eastward) of its existing position. The exposed tree

stumps provide conclusive proof of coastal transgression.

Figure 43 is a geologic cross section extending
from the Pleistocene highlands, through the lLewes and
Rehoboth canal, across the northeastern corner of Rehoboth
Bay, across the baymouth barrier including Dewey Beach,
and into the nearshore marine area. Whatever back-barrier
marsh may have existed here has been covered by fill
material for the purpose of housing and recreational

facilities. The thickness of the barrier here is about
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10 m (32.8 ft.), and it overlies Pleistocene lagoonal
sediments characterized by a blue-gray color. The vertical
sequence of the barrier has an interfingering relationship
- with the back-barrier marsh and the fringing marsh muds
which have been inundated by the waters of Rehoboth Bay,
Back-barrier marsh sediments are characterized by the pres-
ence of medium to coarse silty sand with abundant plant
debris, the sand being derived from the barrier. Fringing
marsh muds are composed of silt and plant material with
little or no sand. In core TB~7-'74, the upper part of the
barrier sequence is composed of fine to coarse sands, while
the lower part is made up of fine to medium sands. The

thin stratigraphic record of a washover deposit extending
across the barrier into the back-barrier area is seen in
core TB-7-'74. It is characterized by the presence of
poorly sorted fine to coarse sands with silt and clay. The
upper part of the stratigraphic record will be destroyed
by the ongoing marine transgression, whereas the lower
part may be preserved and will be overlain by shallow
marine sediments. Figure 44 is an aerial photograph
showing the area represented in the cross section (Figure
43}. This photograph shows the general surface relationship
of the harrier to the lagoon, the fringing lagoonal marsh,
and the highlands, which is also illustrated in depth by

the cross section.
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Indian Beach is located south of Dewey Beach. A
cross section extending from the Pleistocene hill at
Thompson Island and passing successively through the marsh,
Rehoboth Bay, the back-barrier marsh, the baymouth barrier
including Indian Beach, and into the nearshore marine area
is shown in Figure 45. The thickness of the barrier in this
area in not exactly known, as the core TB-6-'74 did not
penetrate through the barrier sediments into the under-
lying probably Pleistocene sediments. A part of the bay-
mouth barrier in this area is submerged by the lagoon.

A back-barrier marsh underlain by the sub-lagoonal barrier
is present. Barrier sands are mostly medium grained. A
washover has been preserved in the vertical sequence seen
in core TB-6-'74. Sub~lagoonal sands of the barrier overlie
Pleistocene lagoonal sediments in core R-4119. The latter
are identified by their blue color. A veneer of Rehoboth
Bay lagoonal sediments overlies a sequence of marsh muds
with abundant plant material, which in turn unconformably
overlies Pleistocene sediments. A fringing lagoonal marsh
exists alongside the Pleistocene highland at Thompson
Island. As in the previous cases, the upper part, that is,
the beach-dune section of the baymouth barrier has a low
potential for preservation in the stratigraphic record;
the lower part of the barrier sediments has a much better

chance for preservation.
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In the geologic cross section shown in Figure 46
one can observe that a greater part of the linear baymouth
barrier is submerged under the Rehoboth Bay than that seen
in the area of the previous cross section (Figure 45). A
well developed back-barrier marsh exists in this area, and
pine tree stumps are exposed on the océan side in the surf
zone at very low tide. The barrier sediments are coérse
grained, as can be 6bserved from the record of them seen
in core R-4118. Also, the record of thin back-barrier
marshes is preserved in the vertical seguence of core
R-4118. These marshes existed when the barrier was further
seaward of its existing position. The sub-lagoonal
portion of the baymouth barrier is composed of fine to
medium sands with little silt and occasional shell
fragments. In core KEB-4-'73, records of what may have
been thin isolated marshes covering small islands, similar
to the presently disappearing marsh which covers Big Piney
Island in western Rehoboth Bay, have been preserved.
Barrier sédiments interfinger and grade laterally and
with depth into lagoonal sediments. On the Atlantic Ocean
- side, the barrier sediments are covered by a thin veneer
of shallow marine sands as the Holocene transgression
continues. A transgressive vertical sequence of sediments

is represented in this cross section (Figure 46).

In the geologic cross section shown in Figure 47,
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the barrier sediments are underlain by sub-lagocnal

barrier sediments which were deposited when the present
baymouth barrier was further eastward (seaward) of its
existing position. The latter sediments unconformably
overlie Pleistocene lagoonal blue-green silty clay
containing oxidized ochre-colored plant fragments. A thin
record of the back-barrier marsh which is again overlain

by barrier sediments is seen in core DH-1-'72. Here again,
as before, the remnants of a back~barrier pine forest,
which existed when the barrier was further east, are
exposed at very low tide, and after storms in the surf zone
of the Atlantic Ocean beach. The barrier sands seen in core
DH-1-'72 are medium to very coarse grained with shell
fragments; sub-lagoonal barrier sands are fine to medium
grained and contain shell detritus. The barrier thins
westward into Rehoboth Bay where it grades laterally into
lagoonal sediments with an intertonguing relationship.

The back~barrier marsh represents part of the leading edge
of the Holocene marine transgression, as the baymouth
barrier migrates landward (westward) across Rehoboth Bay in

response to relative sea level rise and coastal erosion.

Figure 48 is another cross section across the
- baymouth barrier in which the sub-lagoonal part of the

barrier extends to about 1.6 km (1 mile) into Rehoboth Bay.
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The main barrier, including the dunes, has a maximum
thickness of about 12 m (49.3 ft.), including a 1.5 m

(5 £t.) thick section of back-barrier marsh sediments, as
seen in core GCR-4-DH-'70. The upper part of the barrier
sequence, that is, the part overlying the back-barrier
marsh record, is made up of coarse to very coarse sands
with little gravel. Below this section of marsh muds, the
barrier sands are very fine to medium grained with silt,
and rather poorly sorted. This suggests that the
configuration of this portion of the barrier may have been
such that at one time it was at the edge of or under a
coastal lagoon which consequently resulted in the
deposition of silts in the barrier sands. In core KEB-5-'73
the sub-lagoonal barrier sands are medium to coarse
grained, with some shell fragments at the top of the
sequence. The marsh muds in this core in all probability
reéresent an old back-barrier marsh. Barrier sediments
overlie and grade laterally into lagoonal sediments on the
landward side, whereas they are covered by shallow marine
sediments on the Atlantic Ocean side. A transgressive
vertical sequence of sediments is represented in this cross

section (Figure 48}.

Sub~lagoonal sands of the baymouth barrier seen in
the cross section shown in Pigure 49 are well sorted, fine

grained, and contain shell fragments. The barrier sediments



~172-

S3TN.

Sl |

G'E &

AL MDD ABIA IY Q3S0dx3

d3144va

18v3

S'2

L53W04 IMId 40 SLNYNA3 B
Ve T =uvus vt

SHIALINOR

ArHO

534
el
..“.

Iy

v (Bea

-

L}
o

sl

Ci-

ysIDpy [ |

1094 ‘siuswbosd Jubid [T
suawbolg |lays [O4

Apjo ==

NS |

puog  @54003
pUnsS Winipay [eee
PUDS SUit [o*s'e
pung autd ARA TS,

TYNOQOV

w
1

St . z
I EL m
SANYS o o, m
INTHYR NYL 1HO - e .u.u._w i
OHSHYIN W [
ATHO WNIO3N > -
, 0
* e i 1) ||
3omvy ghL...j) oS (1200v) W2s'2l YIAINHYE I
WH3B ANY HOVIG~ zoE»wu.FMMmoE -3ova
: _ Avd H1080H3H
NV300
JLLNVILY
S+
S3NNQ
"uUOT3O8E §s010 JO BUTT 9yl I
GT 9aInbIJ 9298 *UOTIDSS SSOI0 2THoTo8Y ‘g FTUNDIA
Ol+

1S3Mm

og-

ge-

o1+

02+

O+




-173-

overlie marsh muds in core KEB-6-'74. Barrier sands
underlying the back-barrier marsh (C29-'67) are poorly
sorted and fine to coarse grained with silt. In the area
represented by this c¢ross section (Figure 49), the
relationship of barrier sands to lagocnal and shallow marine
sediments on the two sides of the barrier are similar to

that described in the earlier cross sections.

Figure 50 is a detailed and typical cross section
of the transgressive linear baymouth barrier, which also
provides an excellent illustration of Walther's Law.
Radiocarbon dates obtained using marsh muds are shown along
the length of two cores. The different surficial environ-
ments represented in this cross section as one proceeds
from west to east are (1) lagoonal; (2) sub-lagoonal
barrier; (3) back-barrier marsh; (4) dunes; (5) berm and
beach; and finally (6) the steep submarine shoreface. The
total width of the barrier taken along its widest part in
the cross section is approximately 3 km (1.8 miles), of
which about 2 km (1.2 miles) constitutes the sub-lagoonal
part. The total thickness of the barrier, including the
dunes and the back-barrier marsh sequences, is about
10 m (30 ft.). Barrier sands are mostly medium to coarse
grained, with decreasing grain size and introduction of
silt, clay, and shell fragments towards the central

portion of Rehoboth Bay. Records of back-barrier marshes



~174-

S3N
§2 z gl _ i S0 S
O S ——— = ]
) SHIALIWON
L4 SE € oe 4 S’ 1 50 0 o
({L409)(140G] {130k} 0 JONKRQ PIOL] QL
o o SiURUI0014 1S <00 0g-
' ‘19461) NHOP $
o Livex GNY "G 30OLs %.S_ ﬁg?.} 108d *Suswboiy ok |, ™
‘U26HE LAVEN  WOH4 QISTON LR O'Y) N Aoj)
............. B 0181374 ws =
E e 3 [ - pwos #5000
......... - ou HWL NZUUOJOI pUDS WIMPSI oz-
SaE Al TYNOOSY PuoS B4 e -
V= b PUDS 3ul § £RA
mnzqm-l.. o.-oo il[l]hl'll'.l
ANINYN s = <
JHOHSHYIN Fg (1 A N WS arys 7 ™ o=
see el A ¥3144ve AV TE-ATHD B WOKIIN | ~
ao%e rem gqnw_wm. o ﬂ il
X . m
3% e 1w DN kB
o AGHID- SETey|
Binl w - 49, mu vis
3 LA o~ On.S.. o
soNve WaiL | ﬂu. > van
) @ HSY YW
HY38 ONV :uqum\J -4 y H3syve
o -%ove AvH H1090H3Y
i Oi+
N3O0 OJILNVILY *G7 2aInbTg UT UMOYS ST UOCT3IOIS SS0OID
FO SUIl =YL "UOT3IOV3S SSOID OTBOTO9D *(¢ FUNDIJ
QN N
( STTT0OL ‘THNYdOLEAS) S11HS S3NMd 08.2 €0tL2 06130892 (Li5'82) WeaB I0Ww-H B g+
anW AONYS Ni Lv3d TRILEVES 0Z¢ ¥0 02y 152 OFl;052 (1301) Weo'e 101 -4 (B
S100Y ONY SINYd Opog 9005 0BIz098F  (1JG2C) WOEG:00Ib-Y (® o2+
(YIHVNIOH3IA VIvNIDHNSA)
ONYS NI STI3HS ovEZ W0 $£2Z Spz2 06130812  (1462) ‘W29L:001b-H (@
(VNILUVdS) anWNI SSVHD S9b o9c 0€1305¢ {145) Wag1:00w-4
T3Ive (EIETNVH Y BYHTW A WE) IXATZATIANORIS  IATSATHLEIES ATJIT_ONV
WHIIVA RUFLTITE00 VISV HITM HIORNN 3503 ot
(Q'v0S6l -34d) LNISIYd 3HO43E SHVYIA N 39v¢ o+
lsv3 s31va NCBYVIOIavd LS3M




-175-

are preserved in the vertical stratigraphic sequences of
cores R-4102, R-4100, and R-4101. These baék—barrier
marshes existed at different times when the main part of
the baymouth barrier was further eastward (seaward) of its
present position, and relative sea level was lower. As the
transgression progressed, Holocene lagoonal sediments at
the lagoonal edge were partly covered by sub-lagoonal
barrier sediments by washover deposition. A back-barrier
Spartina marsh then developed at the edge of the lagoon
over the back-barrier sands. Later, this marsh was wholly
or partly buried by washover deposits resulting from storm
overwash. At the same time, the lagoonal sediments were
further transgressed by sands brought in by overwash. Then
the back-barrier marsh grew back again. This whole process
continued again and again as the barrier migrated land-
ward and upward in space and time as the transgression
continued, thus producing the vertical stratigraphic
sequence seen in the cross section (Figure 50). The barrier
sands lying between the back-barrier marsh sequences in the
cores represent washover deposits. It can therefore be
stated that washover deposition by overwash during storms
constitutes the most important mechanism for the westward
(landward) migration of the baymouth barrier, as ocean

side erosion of the barrier continues.

Sediments eroded from the beach and foreshore zone
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are mostly stored in the adjacent submarine area. They are
carried across the barrier and often into the eastern side
of Rehoboth Bay as washover deposits during storm overwash.
However, part of the eroded sediment will be carried north
by littoral transport to be deposited finally at the Cape
Henlopen spit tip, and part of it is lost by movement from |
the nearshore area further seaward as a result of wave
action. As erosion continues, the barrier sediments are
recycled, and the process is repeated endlessly. Barrier
sands are underlain by lagoonal muds which are

characterized by a Crassostrea virginica fauna. Lagoonal

sediments overlie marsh sediments which unconformably
overlie Pleistocene deposits. The radiocarbon date of
2,340 years hefore present obtained at a dépth of 7.6 m
(25 ft.) is the bottom of the vertibal sedimentary sequence
of the barrier, as seen in core R-4100 in Figure 50. This
date indicates that the entire present Holocene barrier
sequence was developed within the last 2,340 years. As
observed in the previous cases, part of the stratigraphic
record of the transgressive vertical sequence may be
preserved under a cover of shallow marine sediments.
Evidence presented by this cross section, and also earlier
ones, indicates that this coastal barrier was not formed
at its ekisting site, but migrated here from another

position elsewhere on the Atlantic continental shelf.
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Figures 51A and 51B, 52A and 52B, and 53A and 53B,
are photographs of cores R~4100, R-4101, and R-4102
respectively, seen in the cross section (Figure 50).
Sedimentary structures and differences in grain size and
color of the sediments from different sedimentary environ-
ments represented in the core sequences can be observed in

these photographs.

Figure 54 represents a detailed summary of the
characteristics of core R-4100. The electric log curves
do not show any distinctive patterns. Grain size indicates
that the barrier sands preserved in core R-4100 are fine
to medium grained. Trask sorting values are all less than
2,5, and this would place all sediments in the well sorted
category in terms of Trask's verbal limits for sorting.
According to graphic standard deviation values, barrier
sediments are on the average moderately well sorted. As is
to be expected, the barrier sands are negatively skewed.
Burrows tend to be concentrated at the interface of barrier
and marsh sediments. Horizontal laminations and concave
and convex laminations are cobserved in different parts of
the core. Between depths of 5 m (16.4 ft.} and 7 m
(22,9 ft.), high-angle laminations and ripple laminations

caused by washover deposition can be observed.

Figure 55 presents a detailed summary of the

lithology, sedimentary structures, grain-size parameters,
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FIGURE 54. Geophysical, sedimentological, and sedimentary
structure data for core R-4100. {cont.) —



-185-

sedimentary structure data for core R-4100.
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electric log patterns, and environments observed in core
R-4101. The more or less bell-shaped SP curve pattern is
characteristic of a transgressive sequence. The contact
between barrier and lagoonal sediments is well defined.
High-angle laminations below the back-barrier marsh at .
about a depth of 4 m (13.1 ft.) indicate that sediments in.
this part of the core are of washover origin. As seen in
the core sequence, the washover deposits were later covered
by a back-barrier marsh. Other sedimentary structures seen
in the barrier sands include simple cross-laminations,
convex laminations and burrows. Though according to the
Trask coefficient of sorting values the barrier sands are
well sorted, graphic standard deviatidn values put the
barrier sands in the moderately well sorted category.
Barrier sands in core R-4101 are medium grained. Dune sands
show positive skewness, and barrier sands are negatively
skewed. Sub-environments of the barrier cannot be
distinguished on the basis of grain-size parameters as

these are not distinctive.

Figure 56 is a summary of the characteristics of
core R-4102. Electric log curve shdpes do not show any
distinctive patterns. As in the case of the other two
cores described in the preceding paragraphs, barrier gands
seen in core R-4102 are moderately well sorted, fine to

medium grained, and negatively skewed. Dune and some wash-
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over sands show positive skewness. Horizontal laminations,
concave laminations, and trough cross-laminations are
observed in the barrier sands of core R-4102. A point to
be noted.here is the lower average grain size of barrier
sands in this general area as compared to the Cape
Henlopen spit area. This is due to the fact that the
sediments involved here are repeatedly subject to re-
cycling and resorting, unlike the sediments at the spit
tip.

Core DH-2-'74 seen in Figure 57 passes through the
barrier sands into the underlying lagoonal sediments. Thin
records of two washovers which entered the lagoon are seen
in this core preserved between silt and clay of the lagoon.
This further emphasizes the importance of washovers in the
process of barrier migration. Though a back-barrier marsh
is present in this area and tree stumps are sometimes
exposed in the surf zone of the Atlantic Ocean beach at
very low tide, or after storm erosion, no record of
the continuance of the back-barrier marsh under the barrier
is seen in core DH-2-'74. Sands underlying the main part of
the barrier are medium to coarse grained with gravel.
Proceeding bayward, in core KEB-7-'73 the sands are fine
grained with shell material, and directly overlie a
sequence of marsh muds. In core KEB-13-'73 the barrier

sands underlying the lagoon are of fine to medium grain
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size and averlie lagoonal clay. Further westward, these
sub-lagoonal barrier sediments grade laterally into

lagoonal sediments with an interfingering relationship.

The line of cross section for Figure 58 passes
through the beginning of the area in which old tidal deltas
once existed (Figure 14). As there is no core through the
main barrier, the correct thickness of the barrier is not
known, but can be estimated to be about 12 m (39.4 ft.},
including the dunes overlying the barrier, on the basis of
the cross section (Figure 58). Barrier sands immediately
underlying the back-barrier marsh are coarse grained; they
are mostly medium grained towards and under the lagoon.
The thin marsh sequence seen in core KEB-12-'73 was
probably deposited on a small marsh island, before again
being buried by barrier sediments. The sub-lagoonal
barrier sands overlie and grade laterally westward into
lagoonal sediments. As erosion of the barrier continues on
the ocean side, shallow marine sediments are being
deposited over the transgressive barrier sediments, thus
cregting a path of the landward moving barrier under the

submarine surface.

‘Figure 59 is a geologic cross section across a
part of the presently marsh-covered old tidal delta area.
A continuation of the existing back-barrier marsh is

encountered in core DH-1-'74; outcrops of the marsh have
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been reported in the low tide surf zone on the Atlantic
Ocean side. Barrier sands are medium to coarse grained
ﬁith some gravel, and overlie lagoonal sediments. The
record of a washover deposit is preserved in the form of

a medium grained sand lens between lagoonal silt and clay,_
as observed in core DH-1-'74. As is usually the case,
barrier sands submerged by lagoon waters grade laterally

into lagoonal sediments in the westward direction.

Figure 60 is a detailed and typical cross section
of the transgressive Atlantic coastal baymouth barrier
across a part of it where tidal deltas existed previously.
At'that time the tidal inlet was located in the southern
part of Rehoboth Bay, north of the present position of the
Indian River Inlet. As a result of this, barrier sands
and gravels were moved further into Rehoboth Bay than was
the case towards the north of this area. These former tidal
deltas which are fan—-shaped as a result of tidal current
action are now covered over by marshes. Radiocarbon dates
obtained at different depths in the cores through the
barrier are shown in the cross section (Figure 60). At
the base of the section an erosional unconformity can
be observed; Holocene sediments are truncated and lie
against the Pleistocene surface, and the normally present
lagoonal - sequence is missing, This is the result of deep

erosion by strong tidal currents in the inlet as it
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migrated back and forth in this area. A radiocarbon date
of 525 years obtained for the back-barrier marsh sequence
in core R-4110 at a depth of 1.5 m (5 ft.) indicates the
young age of the barrier section overlying it. Also, based
on radiocarbon dates it can be stated that the present
Holocene barrier sequence was developed in about the last
3,000 years. Records of other back-barrier marshes have
been encountered in different cores through the barrier,
as can be observed in the cross section (Figure 60). Here
again, as previously noted, washovers haQe played a wvital
role in the landward migration of the barrier. Sands of
the main barrier are medium to coarse grained with some
gravel and shell detritus; there is a decrease in sand
size westward into Rehoboth Bay. Shoreline erosion in this
area took place at a rate of approximately 3 m (10 ft.)
per year between the years 1954 and 1873 as determined
from topographic maps made in these years. This has
resulted in the erosion of the upper barrier vertical
sequence seen in core R-4112. A layer of shallow marine
sediments covers the lower barrier record, as is clearly
illustrated in the cross section {(Figure 60). This section
also illustrates destruction of the barrier as coastal
erosion and the landward and upward migration of the bay-

mouth barrier continues through space and time.
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Figures 61, 62, 63A and 63B, 64, and 65A and 65B,
are photographs of cores R-4110, R-4111, R-4112, R-4113,
and R-4114 respectively. These four borings in the barrier
are seen in Figure 60. The internal sedimentary structures,
grain-size differences, and color variations in the sediment

can be observed in these photographs.

Figure 66 is a summary of the characteristics of
core R-4110. The uniform and somewhat straight nature of
the SP curve indicates uniformity of depositional
conditions and a more or less homogeneous internal
structure. Grain-size parameters indicate that barrier
sediments in core R-4110 are medium grained, moderately
well sorted, and negatively skewed. Sedimentary structures
observed in core R-4110 include convex and concave

laminations, and planar cross-laminations.

The detailed lithology, sedimentary structures,
grain-size parameters, electric log curves, and
sedimentary environments of core R-4111 are shown in
Figure 67. The electric log curve pattern does not show
any distinctive shape although a slight funnel effect may
be envisaged. Here again, the sands of the barrier are on
the average medium grained, moderately well sorted to
moderately sorted, and negatively skewed. Trask sorting
coefficient values put all the sediments in the well sorted

class., Horizontal laminations, concave laminations, high-
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angle laminations, and planar cross-laminations are

observed in core R-411l. High-angle laminations are probably
indicative of washover deposition. Grain-size parameters
were not found to be distinctive for separating barrierx
sub-environments by plotting a combination of any two

different parameters.

Figure 68 shows a summary of the different
characteristics of core R-4112. Here again, the electric
log curves are not characteristic of either transgression
or regression, but the general straightness of a part of
the SP curve indicates more or less uniform conditions of
deposition and internal homogeneity of the sediments in
that section of the core. Based on grain size-parameters,
it can be stated that barrier sands in core R~4112 are on
the average medium grained, moderately well sorted to
moderately sorted, and negatively skewed. Positive skewness
is indicated in parts of the core sequence where the barrier
sands are mixed with washover sands and silts of the back-
barrier area. As observed, in Figure 68, high-angle
laminations appéar to be characteristically associated
with washover.deposits. Some burrows are observed in areas
where marsh muds and barrier sands are intermixed. Other
sedimentary structures seen in core R-4112 include concave
and convex laminations, horizontal laminations, and planar

cross—-laminations.
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The sedimentary characteristics of core R-4113 are
summarized in detail in Figure 69. As before, the electric
log patterns do not show any'characteristic shapes but the
changes in sediment composition are strikingly reflected.
Washover deposits are well defined in the detailed
lithology for core R-4113. Barrier sands are generally
medium grained, moderately well sorted, and negatively
skewed. Sedimentary structures seen in core R-4113 are
convex and concave laminations, high-angle laminations,

planar cross-laminations, and burrows.

The detailed characteristics of core R-4114 are
shown in Figure 70. The general features seen here are
similar to those observed in the other three cores
described in the preceding paragraphs. The area represented
by the cross sections shown in Figures 58, 59, and.60, can
be observed in the aerial photograph shown in Figure 71.

: Iﬁ this picture, the abandoned old tidal channels and the
marsh-covered fan-shaped areas of former tidal deltas can
be observed. The channels across the marshy areas are
slowly being filled with silt. The main road passing
thfough this section of the coast is situated in the middle

of the barrier.

Figure 72 is a geologic cross section which goes
across the channel-like area connecting Rehoboth Bay and

Indian River Bay. The line of section extends from the
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structure data for core R-4113.
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FIGURE 70. Geophysical, sedimentological, and sedimentary
structure data for core R-4114. (cont.)}—
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FIGURE 70 (cont.). Geophysical, sedimentological, and

sedimentary structure data for core R-4114,
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Pleistocene highlands at Lynch Thicket, across a small
semi-enclosed part of Rehoboth Bay, a fringing marsh at
Raccoon Point, Rehoboth Bay, a back-barrier marsh, the
baymouth barrier with overlying dunes, and finally
terminates in the nearshore Atlantic Ocean area. Sands
underlying the main barrier are medium to coarse grained;
they become fine to medium grained westward across the old
tidal delta area. Tidal delta and barrier sands overlie a

marsh sequence in core KEB-11-'73.

The line of cross section for Figure 73 extends
from Indian River Bay to the Atlantic¢ nearshore marine
area. It passes through the two Pleistocene highlands at
Burton Island and Bottom Hills, and goes across the old
inlet area. Core TB~1~'74 is located at the edge of the
present flood tidal delta of the Indian River Inlet and
is also at the edge of the dredged inlet channel. Hence, .
only medium grained tidal-delta sands are observed in thié
core. The core did not penetrate deep enough to determine
the type of sediments which underlie the tidal delta
sequence. The old natural inlet was located in the close
vicinity of core KEB-9-'73. Hence the medium grained
sands of this core are representative of the barrier
as well as the o©ld inlet, provided of course that this

area has not suffered from man's interference.

Tidal inlets are known to migrate naturally in the
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downdrift direction in the absence of any obstructions,
like jetties, to impede their movement. This is exactly
what the Indian River Inlet did before it was stabilized
at its present position by jetties. The deposition of sand
by littoral transport on the updrift side of an inlet
is accompanied by erosion on' the downdrift side, which
results in the lateral migration of the inlet. When the
inlet migrates along the coast over a prolonged period of
time, it reworks much of the barrier sediments in its path.
The importance of inlet sedimentation lies in the fact
that sediment deposition takes place at depths where
reworking by waves is unlikely, thus increasing its
potential for preservation in the geological record.
Hubbard and Barwis (1976) presented models for a
transgressive as well as a regressive inlet seguence.
Their. model of the transgressive sequence was based on
the assumption of the existence of a ravinement surface.
The inlet sequence formed by the migration of Fire Island
Inlet, Long Island, New York, was the subject of discussion
by Kumar and Sanders (1970, 1972, 1874, 1975), and Kumar
(1973). A large number of papers dealing with the various
geologic as well as the engineering aspects of tidal inlets
are available in the literature. Some of the more
significant of the former include Price (1963a), Hoyt and

Henry (1965, 1967), El-Ashry and Wanless (1965), Dolan
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and Glassen (1972), and Pierce (1970). Barwis (1976}

presented an annotated bibliography on the subject.

Figure 74 shows a detailed and typical cross
section in the area of the Indian River Inlet. The line of
cross section extending from the Indian River Bay goes
across the dredged channel of the Indian River Inlet, the
Pleistocene highland at Burton Island, the Indian River
Yacht Basin channel, another Pleistocene highland area,
across the dunes and barrier, and terminates in the near-
shore marine area passing through the ebb tidal delta of
the Indian River Inlet. Core R-4115 passes through a deep
channel cut through the barrier representing the ancestral
Indian River channel at the time it flowed further seaward
as a major tributary of the ancestral Delaware River. The
total thickness of the Holocene stratigraphic seguence
in core R-4115 is 30 m (98.4 ft.), including a 12.5-m
(41 ft.) thick section of barrier sands. Medium to coarse
sands of the barrier overlie lagoonal silt and clay

containing oysters (Crassgstreavirginica), Elphidium sp.,

and other lagoonal fauna. Below the lagoonal sediments

is a sequence of marsh muds with abundant plant debris,
which unconformably overlies medium to very coarse grained
Pleistocene sands. Thus here we have a situation in which
a deep river channel was steadily infilled with sediment

with the gradual rise in relative sea level since 11,000
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years before present, as indicated by the radiocarbon date
from a basal peat at the base of the Holocene sedimentary
séquence in core R-4115. Also, the radiocarbon shell date
of 3,840 years before present obtained at the bottom of
the barrier sand sequence shows that the barrier was
developed within this time. Medium grained sands of the
flood tidal delta associated with the Indian River Inlet
overlie lagoonal sediments in core TB-2-'74. As discussed
in the preceding paragraph, the transgressive seguence in
this area has a greater potential for preservation in the
stratigraphic record under a cover of marine sediments, than

those in other sections of this coastal barrier complex.

Figures 75A, 75B, and 75C are photographs of core
R-4115 seen in the cross section shown in Figure 74. The
sedimentary structures, grain-size changes, and color changes
in the sediments from the barrier, lagoon, marsh, and
Pleistocene environments can be clearly observed in these

photographs. A pair of Crassostrea virginica shells in

place is found in the lagoonal core sediments shown in
Figure 75B; a basal peat lies against the Pleistocene

surface (Figure 75C).

Detailed characteristics of core R-4115 are
presented in Figure 76. Changes in sediment composition
downwards along the core are clearly reflected in the

electric log curve patterns. The abrupt decrease in
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FIGURE 76. Geophysical, sedimentological

structure data for core R-4115.
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FIGURE 76 (cont.). Geophysical, sedimentological, and
sedimentary structure data for core R-4115. (cont. )}
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FIGURE 76 {(cont.). Geophysical, sedimentological, and

sedimentary structure data for core R-4115.
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amplitude of the SP curve pattern at the base of the
Holocene section is indicative of a‘transgressive environ-
ment, as is also the more or less bell-shaped curve at
this point. Grain-size parameters indicate that the mean
grain size of barrier sands ranges from fine to coarse.
Thislmay be considered as a characteristic of channel
sedimentation, as variations in channel configuration
produces several energy levels within the channel
resulting in the deposition of sediments of varying grain
sizes. All Trask coefficients of sorting values are less
than 2.5; therefore all sediments in core R-4115 come
under the well sorted class. This parameter does not seem
to be of much use in this case, or in any of the previous
cases, because the verbal limits set for sorting categories
are extremely high. Considering graphic standard deviation
values, barrier sands are moderately to poorly sorted, and
this is more true of the actual case,as can be judged from
the detailed lithology presented. Most of the barrier
sediments seen in core R=4115 are negatively skewed, but
parts of the barrier sequence show positive skewness as
well, A washover deposit is preserved a little above the
contact of the barrier sands with the underlying lagoonal
silt and clay. Sedimentary structures seen in core

R=4115 include horizontal laminations, convex laminations,

high-angle laminations, planar cross-laminations, and
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burrows near the interface with lagoonal sediments., Grain-
size parameters are not sufficiently different to permit
differentiation of sub-environments of the barrier-inlet

seqguence.

The general relationship of the Indian River Inlet
to the baymouth barrier, the lagoon, and the back-barrier
marsh can be observed in the aerial photograph shown in
Figure 77. The line of cross section for Figure 74, and
for the cross sections on the southern side of the Indian
River Inlet to be discussed next, passes through the area
seen in this aerial photograph (Figure 77). Severe ercsion
on the northern side of the inlet is caused by the
building of the jetty, and constitutes a major hazard to

the main highway.

Figure 78 is a geologic cross section of the
baymouth barrier across the southern side of the Indian
River Inlet. Unfortunately, the record of an old boring in
this area made in connection with the construction of the
bridge over the inlet could not be located for inclusion
in this cross section. Tidal delta sands in the Indian
River Bay are fine to medium grained, and overlie lagoonal
silt and clay. The ebb tidal delta on the ocean side of

the inlet is shown in this cross section.

The geologic cross section shown in Figure 79 is
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somewhat similar to that shown in Figure 74 in that we are
observing the infilling of another part of the ancestral
Indian River channel. The total thickness of the Holocene
section, including dunes, is 25 m (82 ft.) of which 10 m
(32.8 £t.) constitutes the barrier and dune sequence.
Medium to coarse barrier sands overlie lagoonal clays with

Crassostrea virginica and Elphidium fauna, in addition to

other species. Lagoonal sediments are underlain by medium
to coarse chanﬁel sands which unconformably overlie pre-
Holocene sediments. A large back-barrier marsh is developed
in this area. Fine to medium grained tidal delta sands
overlie and grade laterally into lagoonal sediments. The
tidal delta area 1s very shallow, as can be observed in
Figure 79, and may in the near future become a site for

the growth of a new marsh.

Figure 80 is a geologic cross section starting
from the Pleistocene highland at White Neck, going across
the southern part of Indian River Bay and the edge of the
tidal delta, the back-barrier marsh, the baymouth barrier
with overlying dunes, and terminating in the nearshore
Aﬁlantic marine area. As there is no core through the main
barrier, the thickness of the barrier sediments is not ‘
known. However, as one draws nearer to the Pleistocene
highlands to the south of this area, the thickness of the

barrier sequence would tend to decrease. Barrier sediments
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here grade laterally into an at least 5-m (16.4 ft.)

- thick sequence of back-barrier marsh muds. The lagoon in
this area is very shallow. Fine to medium tidal delta sands-
overlie'lagoonal sediments,.as seen in the cross section

(Figure 80).

Approaching closer to the Pleistocene highlands,
the thickness as well as the width of the barrier decreases,
‘as can be observed in Figure 81. Here the thickness of
the main barrier, including the dunes, is approximately
6.5m (21.3 ft.). In core R-4117 medium sands of the
barrier overlie a back-barrier marsh section. The latter
is underlain by what is probably a thin sequence of
channel sands, which uncoﬁformably overlie Pleistocene
sediments. Sub-lagoonal barrier sands, as well as‘the
lagoonal sands, are very fine grained and also overlie back-
barrier marsh deposgits. This indicates that the area |
occupied by Beach Cove was once a large back-barrier marsh
before it was submerged by-the waters of the Indian River
Bay. As the barrier’migrated, barrier sands transgressed
into the Bay causing the formation of the sub-lagoonal
barrier. Cedar Neck is believed by Kraft {(oral communi-
cation) to bé a Pleistocene epoch or mid-Wisconsin age
barrier, and work is presently being done to corroborate
this view. Figure 8l is the last cross section of the

baymouth barrier studied in this report.
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In the cross section shown in Figure 82, the
beach-berm and dunes are seen abutting against a
Pleistocene highland at Cottonpatch Hill. This situation
is therefore similar to the case of the beach being built
against Rehoboth highland, which has already been described
in detail in section (B) of this chapter. The thin barrier
and dune sequence here directly and unconformably overlies

Pleistocene sands and gravels.

Concluding this discussion on the barrier-tidal
delta-lagoon section of Delaware's Atlantic transgressive
coastal barrier complex, the following statements can be
made with regard to this area:

(1) This section of the transgressive coastal barrier
éomplex includes a linear baymouth barrier as well as a
tidal delta-inlet sequence. A flood and an ebb tidal delta
are associated with the Indian River Inlet. The baymouth
barrier is widest near the areas of the fan-shaped marsh-
covered old tidal deltas. The greater part of this barrier
is submerged. Back-barrier marshes are presently develoéed

all along the length of the baymouth barrier.

(2) Barrier sands are generally medium grained, moderately
well sorted, and negatively skewed. Sub-lagoonal barrier
sands are fine to medium grained. Barrier sands deposited
in the ancestral Indi;n River channel near the present

Indian River Inlet are poorly sorted, with grain size



-240-

AT

SANYS
INIUYN
JHOHSHYIN

frer

JONVYH YOI H

n¥3d 9 HOV3H

NY320
OILNVILY

18v3

' 50 o
- -
. SHILINONA
gl _ t ¢0 0
i ——— I
o-
yssow [
Ag1p 7-2-
A ]
184049 (O
Puos 5o L1an @
PUBS #SI00D -
PueS  wripa
4
INIDOLSI3 T4 ONIFT m
AN3O0LSIAd H
$3ENL WHOM s
LNYONNEY
HLia "¥av8
RETER
AVHS  LHOIT ¥3s
ado.:. ABIA OL KWL o v
. \?lgu 3A02 3A0D NV IN
0, HIV 38 VIHSOF ¢
* ..-. HSHYH
.v.oboﬂh_m.‘.u:qo N3HM oNIDHIYS
3 EPFnu 39nveo Av8  H3IAIH NVIONI
04, Ha$-¥3%  wayyg
{ENOWYONYS) NO3N s+
ANIIOLSI3 N 4va33
S3ANNG
HOL1¥dNOL 10D
ol+
1S3IM

o€~

0z-

ol

1334

Ol +

Qg+

QL+

*UOT3O3S SSOID
3O SUTT &Y
I0F GT 2anbtg
@98 ‘*uoT3}Daes
§8010 DThOTO®9

28 &ENDIA



-24]1-

Qarying from fine to very coarse. Barrier and tidal delta-
inlet sands can therefore be distinguished from each other
on the basis of sorting.

(3) The vertical stratigraphic sequence of the baymoutﬂ
barrier is similar to the present day lateral sedimentary
environments in the direction of migration (landward).
Hence, the cross sections of this area provide excellent
illustrations of Walther's Law.

(4) Radiocarbon dates indicate that the present barrier
sequence was developed within approximately the last 3,750
years.

(5) Exposure of pine tree stumps and back-barrier marsh
muds in the low tide zone of the Atlantic Ocean beach,
especially after storms, provides conclusive proof of
continuing marine transgression and coastal erosion,
resulting from relative sea level rise and massive storm-
generated wave erosion.

(6) Baymouth barrier sediments released by coastal erosion
are mostly stored in £he adjacent submarine area. While
part of it is lost by further seaward movement by wave
action, anotﬁer part of it is carried north by littoral
transport and deposited at the Cape Henlopen spit tip.
Storm overwash carries most of the submarine-stored
barrier sediments, together with more beach and dune

sediments, across the barrier and sometimes into the
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lagoons forming washover fans. Continuing coastal erosion
results in repeated recycling of barrier sediments. This
accounts for the smaller average grain size of the baymouth
barrier sediments, as compared to the sediments of the
Cape Henlopen area.

(7) wWashover fans can be presently seen on the surface of
the baymouth barrier all along its length. Records of
washover sands have been preserved in the vertical
stratigraphic sequences observed in cores through the
barrier. In many cases they lie between lagoonal clays and
silts or back-bafrier marsh sediments. Washovers help to
widen the barrier. Hence washover deposition by storm-
related overwash is the dominant mechanism for the land-
ward migration of the baymouth barrier. The washover fans
and back-barrier marshes constitute part of the edge of
the ongoing Holocene transgression along the Atlantic
coast of Delaware.

(8) As the vertical transgressive sequence in the Indian
River Inlet area is thicker than in other areas,.it has a
better preservation potential. The lower parts of the
transgressive sequences below mean low sea level may be
preserved under a cover of marine sediments as the
transgression proceeds landwards.

{9) Sedimentary structures most commonly observed in cores

are horizontal laminations, convex and concave laminations,
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planar cross-laminations, high-angle laminations, and
ripple laminations. The latter two types appear to be more
characteristic of washover deposits. Burrows are mostly
found at the interface of barrier sands with marsh or
lagoonal sediments.

{10) Baymouth barrier sequences in most cases overlie
lagoonal sediments, the contact being fairly sharp and well
defined. In some cases interfingering of sediment facies
of the barrier and lagoon produces a slight funnel-shaped |
effect on gecphysical logs near the base of the barrier.
In the area of old tidal channels the scouring action of
tidal currents has destroyed the stratigraphic records of
underlying sedimentary environments, and the barrier sands
truncate against the Pleistocene surface.

(11} The study of all characteristics of the vertical
sedimentary core sequence, aided by a comparison with
surficial environmental characteristics, provides the best
basis for environmental interpretation. Grain-size
parameters of the baymouth barrier sediments are not
sufficiently distinctive to enable identification of
barrier sub-environments.

(12) The transgressive vertical sequence of the baymouth
barrier shows barrier sediments transgressing over older
highland or lagoonal sediments. Backfbarrier marsh

sequences are also preserved in the vertical sedimentary
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sequences studied in cores through the barrier. Hence
this evidence suggests that this baymouth barrier is a
landward migrating barrier which did not originate at its
existing position. It has migrated to its existing site
from a position further seaward on the Atlantic

continental shelf.

A geologic cross section parallel to the
transgressive Atlantic coastal barrier complex and
extending along the entire length of the study area is
shown in Figure 83. As can be observed in this cross
section, the barrier varies greatly in thickness, and
as discussed earlier, also in width. The thickest sequehce
is found at the Cape Henlopen spit. Other thick sequences
are to be found in areas where ancestral streams tributary
to the ancestral Delaware River have incised deep valleys
through the pre-Holocene sediments. Proceeding from north
to south we come across the ancestral valleys of Broadkill
River, Wolfe Glade, Holland Glade, Love Creek, Herring
Creek, and finally Indian River. South of the Rehoboth
Pleistocene highland many of these ancestral valleys are
filled with tidal marsh muds and lagoonal sediments,
whereas north of the Rehoboth highland they are filled
with shallow marine-estuarine sediments overlain by
transgressive lagoon, marsh, and barrier sequences. The

greater thicknesses of transgressive sedimentary sequences
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in such areas results in their having a greater potential
for presérvation in the stratigraphic record. Large dune
fields cover the Cape Henlopen area. South of the Rehoboth
highland only a coast-parallel line of dunes has developed.
The general topography of the Pleistocene surface being
transgressed is very irreqular, as can be seen in

Figure 83. Pre-Holocene highlands are found abutting
against the beach at Rehoboth Beach and Cottonpatch Hill.
The beach in these areas, as noted previously, is extremely
‘thin and narrow, and therefore stands little chance for
preservation in the stratigraphic record; however, such
sequences are found preserved-in the subsurface in

ancestral Wolfe Glade valley to the north.

Figure 84 represents a graphic summary of the
vertical stratigraphic-environmental sequences of the four
major variations in the transgressive Atlantic coastal
barrier complex. Depending upon the area of study, some

units in the sequences illustrated may be missing.

kkhkkkkkkkkx
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FIGURE 84. Geomorphic variations and their respective
stratigraphic-environmental segquences in the study
area.



CONCLUSIONS

1. A 27-km (16.8 miles) long stretch of the
transgressive Atlantic coastal barrier complex of Deélaware
extending from Cape Henlopen in the north to Cottonpatch
Hill in the south was thoroughly investigated in this study.
Within this length of the 5arrier complex, four majof
variations are found. These are (a) Cape Henlopen spit-
beach-dune complex (Cape Henlopen to Whiskey Beach);

(b) barrier against marsh (Whiskey Beach to Rehoboth):

(c) beach against pre-~Holocene highland (Rehoboth and
Cottonpatch Hill); and (d) barrier-tidal delta-lagoon,
that is, the baymouth barrier (South Rehoboth to Cotton-
patch Hill). Each of these variations has been discussed
- separately in this report and conclusions about each of
them are presented at the end of each discussion. Though
this barrier complex is predominantly transgressive in
nature, a regressive situation exists at the Cape Hénlopen
spit.

2. Sand for the barrier complex is mainly derived
from coastal erosion of the Atlantic shore, especially the

Pleistocene highland areas, and from offshore by wave

-248-
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action. Eroded sand is carried from south to north along
the ccastline by littoral transport. Marsh and lagoonal
muds and tree stumps exposed at very low tide in the surf
zone at many sites along the Atlantic shoreline, especially
after storm crosion, constitute vivid proof of continuing
coastal erosion related to relative sea level rise and

marine transgression.

3. Vertical stratigraphic-environmental sequences
found in the.four major variations of the coastal trans- |
gressive barrier complex of this study area are shown in
Figure 84. These sequences, espacially that of the baymouth
barrier section, provide illustrations and proof of

Walther's Law.

4. Transgressive sequences deposited in ancestral
stream valleys crossing the barrier complex are thicker
than in other sections of the barrier complex. Therefore
they have a better potential for preservation in the
stratigraphic record. Thin beach seguences found along the
pre-Holocene highland areas at Rehoboth and Cottonpatch
Hill stand little chance for preservation in view of the
onéoing marine transgression. Upper parts of transgréssive
sequences representing the beach~berm and dune sediments
are likely to be déstroyed by transgréssion. However, the
lower parts of the vertical stratigraphic sequences below

mean low sea level may be preserved under a cover of marine
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sediments.,

5. Washover deposition by storm overwash is the
dominant mechanism for landward migration of transgressive

coastal barrier complexes.

6. Washover fans and back-barrier marshes constitute
part of the leading edge of the ongoing Holocene marine
transgression on the Atlantic coast of Delaware, as the
barrier complex migrates landward and upward through space

and time.

7. Barrier sands are medium to coarse grained,
moderately well sorted, and negatively skewed. Dune sands
are fine to medium grained, well sorted, and mostly
positively skewed. Barrier sands at the Cape Henlopen spit
are of slightly coarser grain size and contain more gravel
than the sands in other parts of the barrier complex. Spit
sediments brought by littoral transport are derived from
caastal erosion of pre-~Holocene highlands to the south.
Hence they are not as subject to repeated recycling as is
the case with the sands along the rest of this barrier
complex. Grain-size parameter variations in the sands of
the barrier complex are not significantly variable to
enable differentiation of barrier sub-environments. However,
dune and barrier sands may be separated on the basis of
skewness and sorting. Tidal delta-inlet sands can be

distinguished from the barrier complex sands on the basis
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of sorting. Trask's coefficient of sorting is not a
useful parameter, unless the presently set verbal limits

for sorting are redefined.

8. Detailed internal sedimentary structures are
helpful in delineating environments, but they cannot be so
used by themselves, especially since similar structures are
observed in different environments identified in the sub-
surface. When the geophysical, sedimentological, and
sedimentary structure data are studied together and
compared with the characteristics of present day observed
sedimentary environments, a reliable environmental inter-

pretation can be made.

9. Based on radiocarbon dates from marsh peats and
shell fragments, it can be stated that the barrier at the
existing location was developed within approximately the

last 3,750 years.

10. Evidence provided by the vertical stratigraphic
sequences of this transgressive coastal barrier complex
suggests that it is a landward migrating barrier whach
originated elsewhere further seaward on the Atlantic

continental shelf. It has migrated to its present site

from that seaward position.

11. Vertical sedimentary segquences of coarse
sediments over fine sediments occur in both transgressive

and regressive coastal environmental sequences. Hence the
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aspect of geophysical logs may be funnel-shaped, columnar-
shaped, and/or bell-shaped in an overall transgressive

coastal environmental setting.

12. It is hoped that the detailed cross sections,
vertical stratigraphic sequences, and internal sedimentary
structures of Delaware's transgressive Atlantic coastal
barrier complex presented in this report will serve as
useful models for identification of similar sequences in
the stratigraphic record, and also for paleogeographic-and

palecenvironmental reconstructions.

Before finally concluding this report, one is
reminded of some pertinent words of wisdom by Henry Clifton
‘Sorby, who is known as the "Father of Sedimentary Petrology",
who when describing the application of "current structures"”
for interpreting the origin of terraces in the Valley of
Tay in 1856 (Summerson, 1976) wrote as follows:

It must not be supposed that I wish to make it
appear that the terraces in all other valleys
are due to the same cause,~-one set of circum-
stances may have formed some, and another set,
others. Nothing, in my opinion, can be a
greater obstacle to a correct interpretation
©f such phenomena, than to conclude that all
things which appear similar are identical, and
have had a similar origin; for each case should
be investigated and judged from its own
peculiar conditions.

The above statement remains true today and should caution us
us when we try to use modern examples as models for inter-

preting ancient stratigraphic sequences.

khkkkkkhhkkrhkk
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U. 5. Standard

APPENDIX - I

GRAIN-SIZE SCALES FOR SEDIMENTS

Sieve Mesh Millimeters Micronz Phi_ (P) Wentworth Size Class
4056 - 12
1024 -~ 10 Boulder {-8 to -l24)
Use 256 -8 -
wire &4 - g Cobble =€ _to -Bg] e
squares 16 -4  Pebble (-2 to -68) 3»
5 4 - 2
6 3.36 - 1.75 ::
7 2,83 - 1.5 Granule
8 2.38 -1.25 o
10 2.00 - 1.0
12 1.68 - 0.75
ig i:i; _ g:gs Very coarse sand
18 1,00 0.00
20 0.84 0.25 -
25 0.7l 0.5 Coarse sand
a0 0.59 0.75 0o
35 1/2 0.50 500 1.6
40 0.42 120 1.25 r 4
45 0.35 350 1.5 Medium sand <
50 0.30 300 1.75 ("]
60 1/4 0.25 250 2.0
70 0.210 210 2.25
80 0.177 117 2.5 Fine sand
100 0.149 149 2.75
120 1/8 0.125 125 3.0
140 0.105 105 3.25
170 0.088 88 3.5 Very fine sand
200 0.074 74 3.75
230 1/16 0.0625 62.5 4.0
270 0.053 53 4.25
325 0.044 44 4.5 Coarse silt
0.037 37 4.75
1/32 0.031 31 5.0
1764 0.0156 15.6 6.0 Medium silt Q
Analyzed 1/128 0.0078 7.8 7.0 Fine silt =
b 1/256 0.0039 3.9 B.O-I very fine silt i
4 0.0020 2.0 9.0
Pipette 0.00098 0.958 10.0
or 0.00049 0.49 11.0
- 0.00024 0.24 12.0 Clay
Hydrometey 0.00012 ¢,12 13.0 ’
0.00006 0.06 14.0

{Folk, 1968}







