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2 Chapter 1

1.1 Introduction

The surface of the Earth is covered by two contrast
ing media: land and sea. They meet at the coast. 
There are, of course, glaciers that span parts of 
both the land and sea, such as in Greenland, in parts 
of the Canadian Arctic, and on Antarctica. Each 
of the two surfaces may cover millions of square 
kilometers over continents and oceans or much less 
in the case of small oceanic islands or some lakes 
within continental masses. Nevertheless, a narrow 
coastal zone separates these two major parts of the 
Earth’s surface.

The world’s coastline extends for about 
440,000 km, but the coastal zone comprises less 
than 0.05% of the area of the landmasses combined. 
Because nearly half of the global population lives 
within less than 100 km of the coastline, the coastal 
zone has become arguably the most critical part 
of the Earth’s surface in terms of global economy, 
strategies, and management needs.

1.2 Coastal settings

What do we actually mean by the coast? The 
coastline or shoreline is simply the contact between 
the land and the sea; an easy definition. The coastal 
zo n e , however, is a bit more difficult to delimit. For 
practical purposes it is any part of the land that is 
influenced by some marine conditions, such as 
tides, winds, biota, or salinity. The coast is global in 
its distribution but limited in width. We cannot 
give an average width, an average character, or any 
other average category that adequately typifies the 
coast. It is much too varied and complicated in its 
characteristics. In some places the coastal zone 
might be only a few hundred meters wide, whereas 
in others it might be more than 100 km wide. Some 
coastal zones include a wide range of environments 
that separate the true ocean from the terrestrial 
environment. In other situations, a single coastal 
environment may define the land-sea boundary.

In this book we consider the controlling factors 
that determine what type of coast develops. The

Fig. 1.1 Photograph of an erosional coast in Oregon. The bluffs 
here are composed of a friable Miocene sandstone. Houses on 
top are in serious jeopardy.

processes that develop and maintain coastal envir
onments, as well as those that destroy the coast, are 
discussed in order to convey the dynamic nature of 
all coastal environments. Each of the major envir
onments is considered in light of these controlling 
factors and processes. The impact of human activity 
along the coast has been enormous, especially over 
the past century. Many examples of this impact 
appear throughout the book but a special chapter 
devoted to the topic is also included. Most of the 
emphasis in the book is directed toward geologic 
and physical attributes of the coast, although organ
isms are not overlooked.

Open coasts can be divided into two general 
categories: those that are dominandy erosional 
(Fig. 1.1) and those that are primarily depositional 
(Fig. 1.2) over long periods of time, i.e. thousands 
of years or more. Erosional coasts are extensive and 
have considerable variety, although they tend to 
be narrow. They typically are the high relief rocky 
coasts but also include some bluffs of unconsolid
ated sediments, beaches, and other local deposi
tional features. Although erosional coasts are 
among the most beautiful and spectacular of all 
coastal types, there is less variation in this generally 
rocky type of coast than in those that are character
ized by deposition.

Depositional coasts include a wide spectrum of 
systems, such as river deltas, barrier island systems, 
strandplain coasts, reef coasts, and glaciated coasts.
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Fig. 1.2 Photograph of a depositional coast on the Atlantic 
coastal plain of the United States. This shows a barrier island 
coast with two large estuaries.

Each of these may contain numerous distinct 
environments. The variety of morphologic features 
and the complex interaction of depositional coasts 
deserves extensive attention and is emphasized in 
this book.

Climatic differences cause a wide variety of coastal 
types, in that temperature and rainfall exert a major 
influence on coastal development. Extreme climates 
such as those in the very high latitudes cause coastal 
areas to be covered with ice; all the time in some 
places, and for only a few months in others. Parts 
of Greenland and the Antarctic coast are covered 
with ice continually, whereas some of the coasts of 
Alaska, Canada, the Scandinavian countries, and 
Russia have ice cover for at least a few months each 
year. Desert conditions can directly influence coastal 
environments as well. Few significant rivers and 
therefore few river deltas are produced from desert 
areas. Some coastal deserts are dominated by huge 
sand dunes, such as along Namibia (Fig. 1.3) on the 
southwest coast of Africa. Along the Persian Gulf 
and in north Africa the arid, low-latitude environ
ment produces extensive coastal environments 
called sabkhas that are nearly at sea level and have 
an almost horizontal surface (Fig. 1.4) dominated 
by chemically precipated salts and other minerals.

The tectonics of the Earth’s crust also exert a 
major influence on the coastal zone. Coasts that 
coincide with or that are near plate boundaries tend 
to have more relief and are narrow compared to

Fig. 1.3 Huge dunes that extend to the shoreline along the 
coast of Namibia in southwest Africa. These dunes may be up 
to 100 m high and the absence of vegetation makes them quite 
mobile. (Courtesy of N. Lancaster.)

Fig. 1.4 Sabkha along the northern coast of Libya. These 
environments are quite flat surfaces that are essentially at mean 
sea level and are located where tidal range is very small. 
(Courtesy of the US Geological Survey.)

those that are away from plate boundaries. Collid
ing plates provide for a particularly rugged coast, 
such as we see along the Pacific Northwest of the 
United States. The relationships between plate tec
tonics and coastal development are treated in detail 
in Chapter 2.

1.3 Population and the coast

The coast is many things to many people. Depend
ing on where and how we live, work, and recreate,
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Fig. 1.5 Photograph of the coast at Alexandria, Egypt, an 
ancient city in the eastern Mediterranean. This development 
has been here for many centuries but this coast has only been 
erosional since the construction of the Aswan Dam in the 
twentieth century. (Courtesy of D. Stanley.)

our perception of it varies greatly. Large populations 
live on or near the coast because it is typically very  
beautiful and interesting. Many more visit the coast 
for the same reasons. A large number of people gain 
their livelihood directly or indirectly from the coast, 
and some have the task of protecting it from intrud
ers or enemies.

1.3.1 History of coastal occupation
The ancient civilizations of the eastern Mediter
ranean Sea were largely associated with the coast, 
including the famous Greek, Roman, and Phoenician 
settlements and fortifications of biblical times and 
before. Many of the great cities of the time were 
located on the natural harbors afforded by the geo
logic and physiographic conditions along the coast 
(Fig. 1.5). These cities provided a setting that was 
conducive to trade and that could be defended 
against enemies.

Far to the north, Viking settlements in the 
Scandanavian countries of Norway, Sweden, and 
Denmark were typically located along the coast 
as well. Here the great fjords provided shelter, 
fortification, and ready access to the sea, which was 
a primary food source and the main avenue of trans
portation, and were the sites of many battles. At 
about the same time, the northern coast of what 
is now Germany and the Netherlands was also

occupied for similar reasons but in a very different 
coastal setting: one of lowlands and barrier islands.

Many centuries later, cities in the New World 
such as Boston, New York, Baltimore, and San 
Francisco owe their location to the presence of a 
protected harbor. In their early stages of develop
ment many of the major civilizations of the world 
were direcdy on the coast or had important interac
tion with it.

In the early civilizations, reasons for this exten
sive occupation of coastal areas were strictly prag
matic. Coasts were essential for harboring ships, a 
primary means of transporting goods, one of the 
major activities of the time. The adjacent sea was 
also a primary source of food. Similar reasons were 
the cause for the settlement of many of the great 
cities of Europe, such as London, Amsterdam, 
Venice, Copenhagen, and others. All were settled 
on the water because their location fostered com
merce that depended on transportation over water.

This pattern of coastal occupation and utilization 
continued until the latter part of the nineteenth 
century. By that time the interior areas of the 
United States had been settled and large cities were 
scattered all over the country. Many of these cities, 
however, sire near water as well. In North America 
they are either on the Great Lakes (Chicago, 
Detroit, Cleveland, and Toronto) or on the banks 
of large rivers (St Louis, Cincinnati, Pittsburgh, 
and Montreal).

Since ancient times, the coast has been a strategic 
setting for military activity. At first the cities housed 
military installations. Later it became important as 
a staging ground for large-scale invasions; examples 
include the British conquest of France in the four
teenth century and Allied troop landings on the 
beaches of Iowa Jima and other islands of the Pacific 
and on the Normandy coast of France during the 
Second World War in the twentieth century.

It was only in the latter part of the nineteenth 
century that coastal activities expanded into broad- 
based recreational use, with related support indus
tries. As a result of the Industrial Revolution and 
overall prosperity, both in North America and, to a 
lesser extent, in Europe, people began to look to the 
coast as a place to take family holidays.
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Box 1 .1  Venice, Italy: a city waiting to die

A unique city on the Adriatic Sea coast of northern 
Italy, Venice is a major historic treasure, and a very 
popular tourist stop for people from throughout the 
world. The city is commonly known for its canals, 
gondolas, and the absence of automobiles, as well 
as for its excellent cuisine. It is located within a large, 
shallow, backbarrier laaoon and is offshore from 
the mainland Venice began in the eighth century 
as a city-state with trading and fishing as its major 
induttiips It bnt, ime f minus and its metchants 

fbeeam^very»wealthy as the city developed into 
"a mpjor^onomi^ center of the eastern 
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At the present time the city remains vital but the 
population, which peaked at more than 250,000 a 
couple of centuries ago, is now down to about 50,000. 
Much of this decrease is the result of the tremendous 
cost of renovating properties for residential or 
commercial use. Virtually all buildings fall within 
the historic preservation regulations and therefore 
must be restored in order to be occupied, and such 
expense is more than most people can bear. Another,, 
df te "rent to Venetian residence is the I 

The current rate of sea level risey 
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1.4 General coastal conditions

Varied geologic conditions provide different set
tings for the coast, and give variety and beauty to 
that part of the Earth’s surface. As a consequence, 
some coasts are quite rugged, with bedrock cliffs 
and irregular shorelines, whereas others are low- 
lying, almost featureless areas with long, smooth 
shorelines. To be sure, with time, any coast can 
change extensively, but some important relation
ships continue through geologically significant 
periods of time, up to many millions of years.

Changes at a given part of the coast are typically 
slow and continuous, but they may be sporadic and 
rapid. Rocky cliffs tend to erode slowly but hurri
canes can change beaches or reefs very quickly. 
Overprinted on this combination of slow and rapid 
processes of change is the very slow fluctuation in 
sea level over time, about 1-2 mm yr-1. In the geo
logic past this rate was both much faster and even a 
bit slower. The point* is that as coastal processes 
work to shape the substrate and the adjacent land, 
the position of the shoreline changes as well. This 
translates the processes and their effects across the 
shallow continental shelf and the adjacent coastal 
zone, producing long and slow, but relatively steady, 
coastal change.

Each specific coastal setting, regardless of scale, 
is unique yet is quite similar to other coastal settings 
of the same type. Although each delta is different, 
a common set of features characterizes all deltas. 
The approach of this book is to consider the general 
attributes of each of the various types of coastal 
environments. Numerous examples of each environ
mental type provide some idea of the range avail
able. Finally, the overprint of time demonstrates the 
dynamic nature of all of these coastal elements.

1.5 Coastal environments

The variety of coastal environments is wide. This 
section briefly introduces each of the major environ
ments to demonstrate this variety. All of these and 
more are discussed in detail in the following chapters.

Fig. 1.6 Satellite photo of the Mississippi delta showing 
considerable suspended sediment being discharged through 
numerous distributaries. Although it appears that the sediment 
load is very large, it has been reduced greatly during the past 
century as the result of dams on the river. (Image from EROS 
Data Center.)

Rivers carry tremendous quantities of sediment 
to their mouths, where they deposit it. Much of the 
sediment is then entrained by waves and currents, 
but commonly there is a net accumulation of sedi
ment at the river mouth: a delta (Fig. 1.6). In fact, 
most of the sediment along all types of depositional 
coasts owes its presence, at least indirectly, to a 
river. Deltas range widely in size and shape. Most 
are dominated by mud and sand but some have 
abundant gravel. The primary conditions for delta 
formation are a supply of sediment, a place for it to 
accumulate, and the inability of the open water pro
cesses to rework and remove all of the sediment 
from the river mouth.

Sea level has risen considerably over the past sev
eral thousand years as the result of glaciers melting 
and a combination of other factors. This increase in 
sea level flooded many parts of the land and devel
oped extensive and numerous coastal bays. Streams 
feed most of these bays. These bays are called estu
aries (Fig. 1.7) and are commonly surrounded by 
some combination of wetlands (usually either salt 
marshes or mangrove swamps) and tidal flats.
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Fig. 1.7 Headland on the Oregon coast with an associated 
barrier spit protecting the small estuary. Even though this coast 
has a high tidal range, it is eroded at the headlands, with the 
sediment carried along the coast to form these barrier spits. 
(Photograph courtesy of W. T. Fox.)

Another common type of coastal bay is one that 
tends to parallel the coast and is protected from the 
open ocean by a barrier island. These elongate water 
bodies have little influx of fresh water or tidal 
exchange. They are lagoons. Tidal flats and marshes 
are uncommon along this type of bay. Other coastal 
embayments that cannot be considered as either an 
estuary or a lagoon are simply termed coastal bays.

Barrier islands are another important part of 
the scheme of coastal complexes. These islands are 
a protection in front of the mainland, typically 
fronting lagoons and/or estuaries. These barriers 
include beaches, adjacent dunes, and other environ
ments. Wetlands, especially salt marshes, are 
widespread on the landward side of barrier islands. 
Tidal inlets dissect barrier islands and are among 
the most dynamic of all coastal environments. They 
not only separate adjacent barrier islands, but also 
provide for the exchange of water and nutrients 
between the open ocean and estuarine systems.

Strandplain coasts are low-relief coastal areas of a 
mainland that have many characteristics of the sea
ward side of a barrier island. They contain beaches 
and dunes but lack the coastal bay (Fig. 1.8). 
Examples include Myrde Beach, South Carolina, 
and the Nayarit Coast of western Mexico.

Rocky or headland coasts can be present as short 
isolated sections within extensive sandy depositional

Fig. 1.8 Aerial photograph showing a strandplain coast where 
there is no significant estuary and no barrier island. Such a coast 
typically develops where there are no coastal bays and the 
gradient offshore is relatively steep, thus letting large waves 
reach the surf zone.

coasts, such as along parts of the east coast of 
Australia or the Pacific Northwest coast. Other 
geomorphically similar coasts may have their origin 
in glacial deposits, with New England being a good 
example. In both cases, the coast is characterized as 
erosional and they may provide sediments for 
nearby depositional beaches.

Reef coasts (Fig. 1.9) owe their origin to the con
struction of a framework by organisms; both plant 
and animal. Not only are these coastal environ
ments very beautiful, but they also protect the adja
cent mainland or island from erosion and wave 
attack from severe storms.

1.6 Historical trends in coastal 
research

Scientists have only recendy undertaken compre
hensive investigations of the coast. Some nineteenth- 
century publications considered the origin of barrier 
islands, scientists speculated on the development
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Fig. 1 .9  Oblique aerial photograph showing a well developed 
reef along the Florida Keys coast. The portion of the reef that 
has the Unear features is the seaward and deeper area, while the 
remainder o f the reef is the flat, shallow, upper portion.

Fig. 1 .10  Photograph o f a seawall designed to protect the coast 
from erosion. These features are designed to stop erosion along 
the shoreline and to protect buildings or infrastructure that is 
close to the shoreline

of coral reef coasts, including Charles Darwin on 
his famous voyage on the Beagle, and observations 
detailed characteristics o i the cliffed coasts of the 
British Isles and Brittany in France.

The first systematic efforts at studying the coast 
in the early twentieth century were made by g e o -  
m o rp h o lo g is ts , those who study the morphology 
or landforms of the Earth. Geomorphologists also 
investigate mountains, deserts, rivers, and other 
Earth features. Their studies produced various 
classifications, maps, and reports on coastal land
forms. Some scientists focused on the evolution 
of coasts and the processes responsible for molding 
them. For example, Douglas W. Johnson, a professor 
at Columbia University, wrote a classic and pioneer
ing book in 1919 entitled Shore Processes and Shoreline 
Development, a monograph that is still commonly 
referenced.

Engineers have also given special attention to 
the coast over several centuries. Their interest was 
directed toward construction of dikes, harbors, 
docks, and bridges on the one hand, and stabiliza
tion of the open coast on the other. Although the 
two groups of professionals directed their efforts 
toward different aspects of the coast, their interests 
overlapped in many circumstances.

Ancient people recognized that the coast is pot
entially dangerous during storms and is continually

Fig. 1 .11  Photograph of a dike along the Netherlands coast 
on the North Sea. Such structures protect the adjacent land, 
which is below sea level, from flooding. Like many of the dikes, 
this one supports a roadway. Some are used to graze sheep 
and cattle.

changing due to processes associated with wind waves 
and storms. They understood that the shoreline is 
one of the most dynamic areas on the Earth. Erosion 
was a particularly important problem (Fig. 1.10) and 
settlements were lost or threatened as the shoreline 
retreated. For centuries dikes have been constructed 
along the North Sea coast of the Netherlands and 
Germany, both for protection (Fig. 1.11) and for 
land reclamation. In many other areas, however,
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construction on the open coast was designed to slow 
or prevent erosion. As a result, various types of 
structures were emplaced at critical locations along 
densely inhabited areas of the coast in attempts to 
stabilize the beach and prevent erosion.

For decades these activities represented the major 
efforts of science and technology to understand and, 
in some respects, to control the response of the coast 
to natural processes. The Second World War was 
also an important period in furthering our under
standing of the coast. Major war efforts took place 
along the coast, particularly the landing of troops, 
supplies, and equipment, whether on the European 
mainland or on Pacific islands. All branches of the 
military were involved in studying coastal geomor
phology, coastal processes including waves, tides, 
and currents, and the analysis of weather patterns 
along the coast. Much of the world’s coast was 
mapped in detail during this period. The Beach 
Erosion Board, a research branch of the US Army 
affiliated with the Corps of Engineers, made many 
very important contributions to our knowledge of 
coasts. This group conducted extensive research on 
beaches, waves, erosion, and other important aspects 
of the coast, using both their own staff and academic 
researchers from many of the best universities. 
Francis P. Shepard and Douglas L. Inman of the 
Scripps Institution of Oceanography (Fig. 1.12) 
were prominent contributors to the research pro
grams of this group and later became among the 
most prominent coastal researchers in the world.

This coastal research effort continued after the 
Second World War, but with a distinctly engineer
ing emphasis. The name of the original research 
organization was changed to Coastal Engineering 
Research Center, originally housed at Fort Belvoir, 
Virginia, and now located in Vicksburg, Mississippi. 
At about this time the Office of Naval Research 
(ONR) became heavily involved in basic research 
on the coast. Its first major efforts in this endeavor 
were through the Coastal Studies Institute of

Fifl.1.12 The old Scripps Pier at Scripps Institution of 
Oceanography at La Jolla, California. Considerable data on 
nearshore processes have been collected from this structure 
over several decades. It has now been replaced by a new version. 
(Photograph courtesy of Scripps Institution of Oceanography.)

Louisiana State University. Although this organiza
tion conducted a variety of coastal research projects, 
its major effort was a global study of river deltas, 
beginning near home with the Mississippi delta. As 
time passed, the ONR expanded its coastal research 
support to emphasize beaches, inlets, and deltas -  
places where military activity could potentially take 
place. During the 1960s and 1970s this agency, 
through the leadership of Dr Evelyn Pruitt, sup
ported most of the research on modern open coastal 
environments. This period began the modern era 
of coastal research, which emphasizes process- 
response systems. In other words, it is no longer 
enough to observe, describe, and classify coastal 
features and environments. The focus is now 
directed at determining the origin and develop
ment of these features, which necessitates the study 
of the physical and biological processes that operate 
on the coast and then the integration of these data 
with the resulting landforms. Thus began the process- 
response approach to coastal research. Coastal 
research of this type is only a few decades old.
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Box 1.2 Beach Erosion Board of the US 
Army, Corps of Engineers

The Corps of Engineers is the part of the US Army 
that typically deals with construction: generally 
structures like dams, jetties at inlets, and seawalls 
to protect from erosion. It is also responsible for 
maintaining waterways, commonly through dredging 
the channels to permit shipping traffic, and for harbors 
for berthing the ships During the Second World War 
there were some special needs associated with the 
deployment of ships and personnel in coastal waters. 
Landing troops on the beaches of Europe and in the 
Pacific were important military activities, and had to 
be done with careful planning and understanding of 
the coast and its various conditions 

As a consequence, the limitary,'through the US 
Army, Corps of Engineers; enlisted a peacetime 
organization the Beach Erosion Boaid, to assist in 
the task of learmng as much as possible about 
coastal dynamics and geomorpholog^ mTrderto aid 

a tem ilita ry  effort in boty the Eurpoean and Pacific 
theaters of war. The Beach€rasion Board which 
had been a group of experts that advised the Corps % 
on matters relating to ports harbors I k h ^kjshui 
and navigation, now became an important aspect of 
the wareffoH Iji order to carry out these activities t 
several projepts to be conducted at ugi^ersitjes were* 
developed and funded by the Army _
A B ot the work was done in California at Scripts 

Institution of Oceanography ai\dat the University of 
California at Berkeley The ScrippsftesearchVs had *

long been noted for their marine research in physical 
oceanography and marine geology. The pier there 
was one of the first research piers equipped with 
instruments to record wave data, meteorology, and 
other coastal environmental phenomena. Such 
prominent scientists as Francis Shepard and Douolas 
Inman were in the group at Scripps that conducted this 
research The coastal engineering orouo at Berkeley 
was also a lea d S B ie field and was composed of 
experts at designing temporary facilities for military 
operations including harbors, breakwaters and 
bridges. Among them were Murrough P OBrien 
and Robert Weigel tvo  of the pioneers in coastal 
engineering
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F ig .2.1 Dissimilar tectonic settings produce very different 
types of coastlines, (a) The coastal plain setting of South 
Carolina fronted by barriers and tidal inlets (Murrells Inlet, 
1977) is in sharp contrast to (b) the mountainous fjord coast 
of Kenai, Alaska.

2.1 Introduction

Coastlines of the world exhibit a wide range of mor
phologies and compositions in a variety of physical 
settings (Fig. 2.1). There are sandy barrier island 
coasts such as those of the East and Gulf coasts of 
the United States, deltaic coasts built by major 
rivers including those at the mouths of the Nile and 
Niger rivers, glacial alluvial fan coasts of the Copper 
River in Alaska and the Skiedarsar Sandar coast of 
southeast Iceland, coastlines fronted by expansive 
tidal flats such as the southeast corner of the North 
Sea in Germany, volcanic coasts of the Hawaiian 
Islands, carbonate coasts of the Bahamas and the

South Pacific atolls, mangrove coasts of Malaysia 
and southwestern Florida, bedrock cliff and wave- 
cut platform coasts of the Alaskan peninsula and 
southwest Victoria in Australia, and many other 
types of coastlines. The diversity of the world’s 
coastlines is largely a product of the Earth’s mobile 
crust. The eruptions of Mount Saint Helens in 
Washington state (1980) and Mount Pinatubo in 
the Philippines (1991), and the devastating earth
quakes in Mexico City (1985) and in Kobe, Japan 
(1995), are dramatic expressions of this mobility. 
The formation of pillow basalts and new oceanic 
crust at mid-ocean ridges and the presence of hydro- 
thermal vents at these sites are also a manifestation 
of crustal movement. The theory that explains the 
mobility of the Earth’s crust and the large-scale 
features of continents and ocean basins, including 
the overall geological character of coastlines, is known 
as plate tectonics.

Plate tectonics theory has done for geology what 
the theory of evolution did for biology, the big bang 
theory for astronomy, the theory of relativity for 
physics, and the establishment of the periodic table 
for chemistry. Each of these advancements revolu
tionized its respective field, explaining seemingly 
unrelated features and processes. For example, in 
geology the cause and distribution of earthquakes, 
the construction of mountain systems, the existence 
of deep ocean trenches, and the formation of ocean 
basins are all consequences of the unifying theory 
of plate tectonics. The germination of this theory 
began many centuries ago with scientists’ and world 
explorers’ interest in the distribution of continents 
and ocean basins. As early as the 1620s, Sir Francis 
Bacon recognized the jigsaw puzzle fit of the eastern 
outline of South America and the western outline of 
Africa. By 1858, Antonio Snider had published two 
maps illustrating how North and South America 
were joined with Africa and Europe during Car
boniferous time (~300 million years ago) and how 
the continents had split apart to form the Atlantic 
Ocean. He reconstructed the positions of continents 
300 million years ago to show why plant remains 
preserved in coal deposits of Europe are identical to 
those found in coal seams of eastern North America. 
Snider’s maps were an important step in promoting
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a theory that later became known as continental 
drift (the theory that envisions continents moving 
slowly across the surface of the Earth).

In the early twentieth century, the idea of con
tinental drift was popularized by Alfred Wegener, 
a German scientist at the University of Marburg 
(Fig. 2.2). Wegener was a meteorologist, astronomer, 
geologist, and polar explorer, and led several expedi
tions to Greenland. He was the first to present a 
sophisticated and well researched theory of con
tinental drift, which he did in a series of lectures to 
European scientific societies in 1912. Three years 
later he published his ideas in a book entitled Die 
EntstehungderKontinente und Oxeane (The Origin o f  
Continents and Oceans). Wegener believed that all 
the continents were once joined together in a super 
continent he called Pangaea (Greek for “all Earth”) 
which was surrounded by a single world ocean he 
named Panthalassa (all ocean) (Fig. 2.3). The north
ern portion of this supercontinent, encompassing 
North America and Eurasia, was called Laurasia, 
and the southern portion, consisting of all the other 
continents, was Gondwanaland. Partially separating 
these two landmasses was the Tethys Sea.

Fig. 2.2 This picture of Alfred Wegener was taken when he 
was 30 years old during one of his expeditions to Greenland.
It was during this period of his life that he proposed his theory 
of “continental drift.”

Wegener used a variety of supporting evidence to 
bolster his theory of a single continent, including 
the continuity of ancient mountain fold belts and 
other geological structures that extend across con
tinents now separated by wide oceans. He noted 
that the coal deposits in frigid Antarctica and glacial

Fig. 2.3 One of the compelling pieces of evidence that Wegener used to argue for his continental drift theory was the geometric 
fit of South America and Africa. In fact, he believed that about 200 million years ago all the continents were joined together in a 
supercontinent he called Pangaea.
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Fig. 2.4 According to Wegener the 
Indian subcontinent traveled northward 
following the breakup of Gondwanaland 
and eventually collided with Asia, 
forming the Himalayan Mountains.

sediments in what are now the tropical regions of 
South Africa, India, and Australia could only be 
logically explained by moving the continents to 
different latitudinal settings. He also demonstrated 
that identical fossils and rocks of similar age could 
be found on widely separated continents but actu
ally plot side by side when Pangaea is reconstructed. 
Using additional fossil evidence, he theorized that 
Pangaea separated into a number of pieces approx
imately 200 million years ago, forming the Atlantic 
Ocean among other features. He reasoned that if 
continents could move, then the presence of glacial 
deposits in India meant that India had once been 
close to Antarctica and that following the breakup 
of Gondwanaland, its northward movement and 
ultimate collision with Asia caused the formation of 
the Himalayan Mountains (Fig. 2.4).

Although Wegener’s book and ideas were initi
ally very popular, the geological community of that 
time ultimately scorned his new theory. His failure 
to convince the scientific community stemmed from 
his weak argument that the continents plowed their 
way through or slid over the oceanic crust. He

believed that this movement was caused by the 
gravitational pull of the sun and moon (tidal force) 
acting with a differential force on the surface crust 
relative to the underlying mantle. Contemporary 
scientists showed that the tidal forces were much 
too weak to account for the drifting of continents 
and thus his theory was abandoned. Wegener did not 
live long enough to witness the revival and accept
ance of many aspects of his theory, as he perished 
in 1930 at age 50 during a fourth expedition to 
Greenland while on a rescue mission. Indeed, it was 
not until the late 1950s and early 1960s that scient
ists solved the puzzle of the moving continents and 
Wegener’s theory was revived.

In this chapter we demonstrate that the overall 
physical character of the edge of continents for several 
thousands of kilometers of coast, such as the west 
coasts of North and South America, is a function 
of plate tectonic processes. This includes whether a 
coast is seismically and volcanically active, whether 
it is bordered by mountain ranges, a broad coastal 
plain, or something in between, and whether it is 
fronted by a narrow or wide continental shelf. Plate
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tectonics are also shown to have an important 
influence on the supply of sediment to a coastline 
and the extent of depositional landforms such as 
deltas, barrier chains, marshes, and tidal flats.

2.2 The Earth’s interior

In order to grasp why continents have “drifted” to 
new positions, why ocean basins have opened and 
closed, how mountain systems and ocean trenches 
have formed, as well as the dimensions of these sys
tems, it is necessary to understand the composition, 
layering, and processes that occur within the Earth’s 
interior. In its early beginning, the Earth was essenti
ally a homogeneous mass consisting of an aggregate 
of material that was captured through gravitational 
collapse and meteoric bombardment. The heat gen
erated by these processes, together with the decay 
of radioactive elements, produced at least a partial 
melting of the Earth’s interior. This melting allowed 
the heavier elements, especially the metals of nickel 
and iron, to migrate toward the Earth’s center, while 
at the same time the lighter rocky constituents rose 
toward the surface. These processes, which have 
decreased considerably as the Earth has cooled, ulti
mately led to a layered Earth containing a core, 
mande, and crust. The layers differ from one another 
both chemically and physically (Fig. 2.5). Most of 
our knowledge of the Earth’s interior comes from 
the study of seismic waves that pass through the 
Earth and are modified by its different layers.

The center of the Earth is divided into two zones: 
a solid inner core (radius 1250 km) with a density 
almost six times that of the crust and with a temper
ature comparable to the surface of the sun; and a vis
cous molten outer core (width 2220 km) some four 
times as dense as the crust. The mantle is 2880 km 
thick and contains over 80% of the Earth’s volume 
and over 60% of its mass. It is composed of iron and 
magnesium-rich silicate (silica-oxygen structure) 
minerals, which we have observed at locations where 
material from the mande has been intruded into 
the overlying crust and subsequently exposed at the 
Earth’s surface. The chemical composition is con
sistent throughout the mande, but due to the increas

ing temperature and pressure the physical properties 
of the rocks change with increasing depth.

Compared to the inner layers, the outer skin of 
the Earth is cool, very thin, much less dense, and 
rigid. The crust is rich in the lighter elements that 
rose to the surface during the Earth’s melting and 
differentiation stage, forming minerals such as 
quartz and feldspar. There are two types of crust: 
the relatively old (up to 4.0 billion years) and thick 
granitic crust of the continents (20-40 km thick) 
and the thin and geologically young (less than 
200 million years) basaltic crust beneath the ocean 
basins (5-10 km thick). Continental crust can be up 
to 70 km thick at major mountain systems. The less 
dense and greater thickness of the continental crust 
(2.7 g cm-3) as compared to the thinner more dense 
(2.9 g cm-3) ocean crust has important implications 
for how these two crusts have formed and the stabil
ity of the crusts.

The divisions described above are based mostly 
on the different chemical character of the layers. 
However, in terms of plate tectonic processes, espe
cially in understanding the movement of plates, the 
crust and mantle are reconfigured into three layers 
on the basis of physical changes in the nature of the 
rocks:
1 Lithosphere. This is the outer shell of the Earth 
and is composed of oceanic and continental crust 
and the underlying cooler, uppermost portion of the 
mande (Fig. 2.5). The lithosphere is approximately 
100 km thick and behaves as a solid, rigid slab. In 
comparison to the diameter of the Earth, the litho
sphere is very thin and would represent the shell of 
an egg. The outer shell is broken up into eight major 
plates and numerous smaller plates. The Pacific Plate 
is the largest plate, encompassing a large portion of 
the Pacific Ocean, whereas the Juan de Fuca Plate 
off the coasts of Washington and Oregon is one of 
the smallest. The tectonic or lithospheric plates, as 
they are called, are dynamic and are continuously 
moving, although very slowly, with an average rate 
varying from a few to several centimeters per year. 
Whereas once this movement was calculated through 
indirect means, such as age determinations of oceanic 
crust, rates can now be measured direcdy from 
satellites orbiting the Earth.
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Fig. 2.5 The layered Earth reflects gross chemical and physical changes of the rocks with depth. These changes (which are really 
gradual changes) are responsible for the major boundaries in the Earth, including the inner and outer core, lower and upper mantle, 
and thin crust.

2 Asthenosphere. The lithospheric plates float on 
top of a semi-plastic region of the mantle called the 
asthenosphere, which extends to a depth of about 
350 km. In this part of the mantle the high temper
ature and pressure causes the rock to partially melt, 
resulting in about 1-2% liquid. The partially melted 
rock allows the asthenosphere to be deformed 
plastically when stress is applied. Geologists have 
compared this plasticity to cold taffy, hot tar, and 
red hot steel. One way of illustrating this concept 
to yourself is by putting a chunk-sized piece of 
ice between your back teeth and applying slow

constant pressure. You will see that the ice will 
deform without breaking in a manner similar to 
how the asthenosphere behaves when stressed. In 
terms of plate tectonics, the semi-plastic nature of 
this layer allows the lithospheric plates to move.
3 MeSOSphere. Below the asthenosphere is the 
mesosphere, which extends to the mantle-core 
boundary. Although this layer has higher temper
atures than the asthenosphere, the greater pressure 
produces a rock with a different, more compact 
mineralogy. This portion of the mantle is mechan
ically strong.
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Fig. 2.6 The outermost rigid portion o f the Earth, termed the lithosphere, is broken into eight major and several smaller lithospheric 
plates. Plates are separated from adjacent plates by divergent, convergent, and transform boundaries. Arrows indicate directions of 
plate movement.

2.3 Plate boundaries

In a general sense, the edges of the eight major litho
spheric plates as well as those of the smaller ones are 
defined by a number of tectonic processes and geo
logical features (Fig. 2.6). Most of the significant 
earthquakes and volcanic eruptions coincide with 
plate boundaries, as do the major mountain systems, 
ocean trenches, and mid-ocean ridges. As we dis
cuss in more detail later, the movement of plates is a 
consequence of the heat transferal from interior of 
the Earth toward the surface. Because the plates are 
rigid slabs, when they move over the surface of the 
Earth they interact with other plates. This produces 
three types of plate boundaries (Fig. 2.7): plates that

move apart from one another (divergent boundary), 
plates that move toward one another (convergent 
boundary), and plates that slide past one another 
(transform boundary). It should be noted that a 
single lithospheric plate can contain many dif
ferent plate boundaries. For example, the Arabian 
Plate is separating from the African Plate along 
the Red Sea (divergent boundary), which is caus
ing a convergent zone with the Eurasian Plate at 
the Zagros Mountains (along northern Iraq and 
Iran). Finally, the northwestern edge of the Arabian 
Plate is slipping past the African Plate (transform 
boundary) along the Dead Sea Fault, which coin
cides with the Gulf of Aqaba, the Dead Sea, the 
Sea of Galilee, and the border between Israel and 
Jordan.
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2.3.1 Divergent boundaries
This type of boundary, also called a spreading zone 
and a rift zone, occurs in the middle of ocean basins 
or in the middle of continents (Fig. 2.8). T oday most 
divergent boundaries are found in ocean basins; 
however, 200 million years ago extensive rift zones 
on land produced the breakup of Pangaea. In ocean 
basins, as the two lithospheric plates move apart, the 
asthenosphere wells up between the diverging plates, 
forming new oceanic crust. The decrease in pressure 
of the upwelling mantle produces partial melting 
of the asthenosphere and the formation of molten 
rock called magma. Some of the magma ascends to 
the sea floor, producing submarine volcanoes. The 
combination of volcanism, intrusion of magma in

the overlying ocean crust, and the doming effect of 
the upwelling mantle creates a submarine ridge that 
extends along the length of the divergent boundary. 
The ridge, which rises approximately 2 kilometers 
(6600 feet) above the sea floor, rivals some mountain 
systems on land in size and stature. It is the single 
most continuous feature on the Earth’s surface. The 
Mid-Atlantic Ridge, which marks the location where 
North America and South America separated from 
Europe and Africa, is only part of an extensive 
mid-ocean ridge system that winds it way through 
the world’s oceans for some 65,000 kilometers 
(41,000 miles).

The exact boundary between the two plates is 
defined by a central rift valley. A view of this type of 
valley can be seen in the northern Atlantic, where

Fig. 2.7 There are three types of plate boundaries: (a) divergent, (b) convergent, and (c) transform boundaries.
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Fig. 2 .8  The divergent boundaiy o f the Mid-Atlantic Ridge 
system is (a) conceptualized in cross section and (b) shown as it 
appears on land where the divergent boundary moves onshore 
and bisects Iceland. (Photograph by Albert Hine, University of 
South Florida.)
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the rift valley of the Mid-Atlantic Ridge is exposed 
in western Iceland. The valley is steep-sided and there 
is active volcanism. The volcanic rock comprising 
the large island of Iceland increases in age away 
from the rift valley. Likewise, the age of the oceanic 
crust on either side of the Mid-Atlantic Ridge gets 
older toward the bordering continents. This leads to 
greater sediment accumulation away from the ridge, 
resulting in a general smoothing of the once irregular, 
young seafioor and the formation of the relatively 
flat abyssal plains. Thus, divergent boundaries are 
like two conveyers moving newly formed oceanic 
crust away from a central ridge, where it cools, 
sinks, and becomes covered with sediment.

2.3.2 Convergent boundaries
Lithospheric plates moving toward one another are 
composed of the upper rigid portion of the mantle 
and topped by either the dense basaltic oceanic crust 
or the lighter granitic continental crust. This leads 
to three types of plate convergences (Fig. 2.9), each 
dominated by different tectonic processes and result
ing landforms: (i) oceanic plate colliding with an 
oceanic plate; (ii) oceanic plate colliding with a con
tinental plate; and (iii) continental plate colliding 
with a continental plate. The contact between the 
plates is not always head on but rather the two plates 
commonly meet in an oblique convergence.

Ocean-ocean plate convergences occur through
out the margins of the northern and western Pacific 
Ocean, where the Pacific oceanic plate, moving 
northwestward, collides with the oceanic crust of 
the Eurasian and North American plates. This type 
of plate boundary is also found along the Caribbean 
Islands and in the southern Atlantic (South Sandwich 
Islands). When two oceanic lithospheric plates con
verge, the older and hence cooler and denser plate 
descends beneath the younger and more buoyant 
ocean plate. Thus, the Pacific Plate is sliding under 
the Eurasian and North American lithospheric plates 
and is descending into the semi-plastic astheno
sphere. This process whereby plates that are created 
at mid-ocean ridges descend into the mantle and are 
consumed at convergent zones is called subduction 
(Fig. 2.10). The depth to which the plate descends

into the mande and the geometry of the downgoing 
slab are known from the numerous earthquakes that 
are produced during the subduction process.

One of the major features associated with sub
duction zones is deep ocean trenches, which are 
caused by the flexure of the downgoing plate. 
Trenches are the deepest regions in the oceans, 
being 8-11 km in depth or 3-5 km deeper than the 
surrounding ocean floor. They can be thousands of 
kilometers long. The deepest region on Earth is 
found in the Mariana Trench (11 km) in the west
ern Pacific, which is over 2 km deeper than Mount 
Everest (8.8 km) is high. Ocean trenches are relat
ively steep on the descending plate side, whereas 
the overriding plate margin has a shallow slope. 
As the oceanic plate is subducted, some of the 
sediment that has accumulated on the ocean floor is 
scraped o f f  and plastered against the adjacent plate 
margin. This produces an accretionary sedimentary 
prism that manifests itself as a low submarine ridge 
along the length of the ocean trench.

Paralleling the overriding plate margin is a chain 
of volcanic islands referred to as an island arc. Ex
amples include the Philippine Islands in the western 
Pacific and the Aleutian Islands, which extend 
2500 km westward from the Alaskan Peninsula 
(Fig. 2.11). As the subducted plate descends into 
the mande, water is released from the downgoing 
slab. This water lowers the melting point of the 
already hot surrounding rock, facilitating the gen
eration of magma at a depth of about 120 km in the 
overlying asthenosphere. Being less dense than the 
mantle rock, the magma rises toward the surface. 
Some of the magma intrudes and solidifies within 
the overlying ocean crust. A small portion of the 
magma reaches the surface and erupts on the ocean 
floor. As this process proceeds, the volcanic pile 
coupled with the thickening ocean crust produces 
the island arc. It should be noted that the volcanic 
islands are the surface expression of this arc and 
comprise only a small portion of the system. As the 
island arc increases in elevation, more and more 
sediment is shed from the volcanic arc and some 
of the sediment is transported to the ocean trench, 
where it is metamorphosed and deformed by the 
compressive forces of the converging plates. The
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r ig . 2.9 Convergent zones involve three types o f lithospheric plate collisions: (a) oceanic-continental plate collision (Nazca and South 
American plates); (b) oceanic-oceanic plate collision (Pacific and Philippine plates); (c) continental-continental collision (Arabian and 
Eurasian plates).

mature island arcs, such as the Japanese arc, consists 
of a complex mix of volcanic rocks, deformed 
sedimentary and metamorphic rocks, and intruded 
igneous rocks. Because of the varying angle of the 
descending plate, the formation of the island arc 
along the adjacent plate margin occurs 50-200 km 
from the ocean trench.

Ocean-continent plate convergences occur

where a lithospheric plate containing relatively thin 
and dense oceanic crust is subducted beneath a 
lighter, thicker continental crustal plate. Similar to 
the ocean-ocean plate convergences, the flexure of 
the downgoing plate causes a deep ocean trench off
shore of the continent. Likewise, dewatering of the 
subducting slab produces partial melting of the ast- 
henosphere. Although most of the rising magmatic
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Fig. 2.10 Subduction is the process 
whereby an oceanic lithospheric plate 
descends into the mantle at a zone of 
plate convergence. Earthquake activity, 
volcanism, mountain building, and 
oceanic trench formation characterize 
subduction zones.

Fig. 2.11 Distribution of oceanic trench systems. Trenches are sites of the deepest depths in the oceans.

plume solidifies within the overlying crust, some of 
the magma reaches the surface, causing explosive 
volcanic activity. The combined processes of magma 
intrusions and volcanic eruptions produce thick con
tinental crust and high mountain systems.

One example of this type of convergent boundary 
occurs where the Nazca Plate, moving eastward, 
is being subducted beneath the South American 
Plate moving westward. The convergent boundary 
is marked by the 5900 km long Peru-Chile Trench.

The thickening of the South American Plate margin 
is evidenced by the immense Andes Mountains, 
which reach over 6 km in elevation and are the site 
of frequent volcanic and earthquake activity. Another 
ocean-continent convergent boundary is found where 
the Juan de Fuca and Gorda plates are descending 
beneath North America along northern California, 
Oregon, and Washington. The devastating erup
tion of Mount Saint Helens in Washington state on 
May 18, 1980, in which a cubic kilometer of rock
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and rode a northward-moving plate toward Eurasia. 
The leading edge of this plate consisted of oceanic 
crust. Several thousand kilometers of oceanic litho
sphere were subducted beneath Eurasia before the 
collision with the subcontinent of India, approx
imately 45 million years ago. During the period of 
oceanic-continental convergence, the margin of 
Eurasia was greatly thickened by magmatic intrusion 
and volcanic accumulation. As the subcontinent of 
India approached and the ocean basin closed, the 
great pile of sediment that had been shed by rivers 
draining Eurasia and deposited into the adjacent sea 
was bulldozed, along with some of the oceanic 
crust, onto the continental margin (Fig. 2.13). The 
formation of this accretionary sedimentary prism 
in combination with the aforementioned crustal 
thickening produced the highest mountains on Earth, 
the Himalayas and the Tibetan Plateau. Although 
we know that the Indian-Australian Plate continues 
to collide with Eurasia, geologists are uncertain

Fig. 2.12 Subductionofthejuande 
Fuca and Gorda plates beneath the 
North American Plate has produced the 
Cascade Range and is responsible for the 
1980 eruption of Mount St Helens.

was ejected, lowering the mountain by 410 m (14% 
of its height), is a product of this subduction process 
(Fig. 2.12). During the initial eruption 59 people 
were killed.

In some ocean-continent plate convergences, such 
as the former western margin of North America 180 
to 80 million years ago, the long-term subduction 
of oceanic crust led to the “docking” of numerous 
microcontinents. These terrains, such as island arc 
systems, rode the ocean plate eastward toward North 
America but were not subducted into the mantle 
because they were too light. Instead, they are added 
to the continental margin, widening the continent 
up to 1000 km.

Continent-continent plate convergences are 
responsible for the closure of ocean basins and the 
formation of majestic mountain systems. A geolo
gically young and spectacular example of this type 
of convergence occurred as a result of the breakup 
of Pangaea when India rifted away from Antarctica
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Continental 
•  volcanic arc

FiQ. 2.13 Evolutionary model of the Indian-Eurasian continental collision, (a) The actual collision of the two landmasses, 
which began approximately 45 million years ago, was preceded by the subduction of extensive oceanic lithosphere beneath Eurasia, 
(b) During this period of oceanic and continental convergence, the margin of Eurasia was greatly thickened through magmatic 
intrusions, thrust sheets, and an accreting volcanic arc. (c) Ultimately, the collision with India further uplifted the margin of 
Eurasia, producing the majestic Himalayas and Tibetan Plateau.

what is happening to the downgoing portion of the 
plate. Continental crust is too buoyant to be sub
ducted and, therefore, most geologists believe that 
the oceanic part of the Indian-Australian Plate has 
broken from the rest of the plate and continues to 
descend and be consumed into the mantle.

In addition to the formation of the Himalayas, 
other continental-continental convergences have 
occurred in the geological past, including the colli
sion between North America and northern Africa

(during the formation of Pangaea), which was 
responsible for the development of the Appalachian 
Mountains. The suture of Europe to Asia formed 
the north-south trending Ural Mountains.

2.3.3 Transform boundaries
Transform boundaries occur where crustal plates 
shear past one another. Unlike at the other plate 
boundaries, lithosphere is neither created nor
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Fig .2 .14  The San Andreas fault in western California has 
been the site of some of the largest recorded earthquakes in the 
northern hemisphere. Land on the western side of the transform 
is part of the Pacific Plate, moving in a northwesterly direction, 
whereas the land on the eastern side of the fault is attached to 
the North American Plate.

destroyed at transforms. The most common site of 
transforms is along mid-ocean ridges. The spread
ing that occurs at ridges is produced by upwelling 
magma from many different magma chambers. These 
magma sources are not aligned and may not even be 
connected. Consequently, the ocean ridges and 
spreading that occur at these sites are not aligned. 
A close inspection of mid-ocean ridges, such as the 
Mid-Atlantic Ridge, shows that while the ridge is 
continuous, it is offset along its axis. On either side 
of the offset the newly formed ocean crust moves 
in opposite directions, but only between the two 
ridges. Beyond the ridge axis the crust spreads in the 
same direction. These shear zones are called trans
forms because the motion along the boundary can 
terminate or change abruptly. They are sites of shal
low earthquake activity.

Transforms lie not only between spreading ocean 
ridges but also between other types of plate bound
aries. One of the most famous is the San Andreas 
fault, which is a transform boundary between the 
Pacific and North American plates (Fig. 2.14). This 
transform connects the spreading zone of the Juan 
de Fuca ridge and a spreading zone centered in the 
Gulf of California. It is almost 1300 km (780 miles) 
long and encompasses a large segment of western 
California. Because the boundary is located on a 
continent, the sideways grinding movement between 
the two plates involves a much greater thickness 
of crust than oceanic transforms. Hence, the energy 
released when the plates abruptly slide past one 
another can be large and catastrophic, such as in 
the great San Francisco earthquake of 1906. The 
San Andreas fault has been active for approx
imately the past 30 million years and lateral move
ment along the fault has amounted to more than 
550 km (340 miles).

2.3.4 Plate movement
While satellite technology can now accurately 
measure the exact rate at which North America 
and northern Africa are moving apart from one 
another and how fast the Hawaiian Islands are 
approaching the Aleutian Trench, where they 
will be consumed, the mechanism that drives the
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Fig. 2.15 Simplified view of the convection process that drives plate motion and is involved with the ascension of magma at mid-ocean 
ridges and the descent of oceanic lithosphere at subduction zones.

lithospheric plates, and the continents and island 
chains that they carry, is much less well known.

Most scientists believe that plate movement is 
due to some type of convection process produced by 
the unequal distribution of heat within the Earth. 
Although considerable heat has been given off since 
the Earth’s original melting phase, additional heat 
is still being conveyed to the surface. This heat is 
derived from the molten core and from heat that is 
produced in the mantle and crust through radioact
ive decay of unstable atoms as they change to more 
stable atomic configurations. The expulsion of this 
heat likely involves convection cells, whereby hot 
material rises toward the surface and cool material 
descends (Fig. 2.15).

Convection cells operate in a manner similar to 
the way in which a beaker full of liquid reacts to 
being heated at the bottom along a single side. As 
the liquid heats, it expands and rises upward. Upon 
reaching the surface, the warm liquid moves out 
laterally toward the opposite side of the beaker 
and cools. At the same time, the void left by the 
upwelling heated liquid is replaced by cool liquid 
moving along the bottom. The circulation cell is 
completed as the moderately cool liquid at the sur
face descends along the other side of the beaker.

There is still considerable debate concerning the 
dimensions of convection cells within the Earth and 
the processes that produce them. Proposed models

range from convection cells that are relatively shal
low and circulate material within the upper mantle 
to cells that encompass the whole mantle down to 
the core boundary. One synthesis of various theories 
envisions large masses of very hot rock forming at 
the core-mantle boundary and ascending toward 
the lithosphere. Upon reaching the relatively cool 
lithosphere the mantle plumes, as they are called, 
are believed to mushroom and spread laterally. The 
doming process and shear force of the expanding 
plume ultimately lead to a rifting apart of the over- 
lying plate. Once spreading (divergent zone) is 
initiated, movement of the plates is facilitated by 
a number of forces, including:
1 Gravitational sliding. Spreading zones are hot 
elevated regions due to upwelling mantle material. 
The newly formed lithosphere at these sites is thin 
and hot. As the plates spreads from the ridge, it 
thickens, cools, and sinks as the doming effect is lost. 
Thus, the base of the newly forming lithosphere 
slopes away from the ridge. This slope may produce 
a condition whereby movement of the plate is caused 
by gravitational sliding.
2 Slab pull. Lithospheric plates float on top of the 
asthenosphere because they are less dense. As stated 
above, when a plate spreads away from the mid
ocean ridge where it was formed, it gradually cools 
and thickens. At some distance, the contraction of 
the lithosphere due to cooling produces a slab more
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dense than the underlying asthenosphere. At this 
point, the plate descends into the mantle and a 
subduction zone is formed. It is thought that the 
subducting plate may pull the rest of the plate with 
it. These descending slabs have been traced by earth
quake activity as deep as 700 km into the mantle.

In trying to assess the importance and viability of 
the convection processes described above, geologists 
have made a number of important observations that 
help to constrain the various models. The North 
American Plate, which is spreading westward from 
the Mid-Atlantic ridge, contains no subduction 
zone, indicating that the slab pull is not a required 
force in the movement of all plates. Similarly, when 
ocean basins are first being formed, such as in the 
Red Sea, there are no topographically high mid-ocean 
ridge systems to produce gravity sliding. Earthquake 
studies have also shown that the magma chambers 
responsible for the formation of new lithosphere 
at mid-ocean ridges appear to be no deeper than 
350 km. Therefore, while deep mande plumes may 
produce the rifting apart of continents, they may 
not sustain the spreading process along the entire 
length of the plate. Submersible investigation of the 
axial valleys of the mid-ocean ridges reveals evid
ence of giant cracks and fissures, suggesting that 
these sites are not a product of magma pushing the

plates to the side; instead, the upwelling magma is 
a passive response to the plates moving apart by 
some other force. Thus, we are left with a working 
hypothesis that plates are formed, move laterally, 
and are subducted into the mande as a result of 
some type of convection cell encompassing the litho
sphere and mantle, but the details of the process are 
still being discovered!

2.4 Continental margins

Continental margins are the edges of continents 
and the container sides of the deep ocean basins. 
Geologically, they represent a transition zone where 
thick granitic continental crust changes to thin 
basaltic oceanic crust. The margin includes the phy
siographic regions known as the continental shelf, 
continental slope, and continental rise (Fig. 2.16).

Continental shelves are the submerged, shallow 
extensions of continents stretching from the shore
line seaward to a break in slope of the seafloor. 
Beyond the shelf break, water depths increase pre
cipitously. The average shelf break occurs at 130 m 
but this depth ranges widely. Continental shelves 
are underlain by granitic crust and covered with a 
wedge of sediment that has been delivered primarily

Fig. 2.16 (a) Physiographic provinces 
of continental margins including the 
continental shelf, continental slope, 
and continental rise, (b) Depths and 
dimensions of continental margins and 
other ocean regions.

(b)

Feature Width Relief Water depth Bottom gradient
Continental shelf <300 km <20 m <150 m <1:1,000 (-0.5°)*
Continental slope <150 km locally >2 km drops from 100+ -2000+ m -1 :40  (3-6°)
Continental rise <300 km <40 km 1.5 -5  km 1:1,000-1:700 (0 .5-1°)
Submarine canyon 1 -1 5  km 2 0 -2 ,0 0 0  m 2 0 -2 ,0 0 0  m <1:40 (3-6°)
Deep-sea trench 3 0 -1 0 0  km >2 km 5 ,0 00 -1 2 ,000  m _

Abyssal hills 1 00 -100 ,000  m (100 km) 1 -1 ,0 00  m variable _

Seamounts 2 -1 0 0  km >1,000 m variable _

Abyssal plains 1 -1 ,0 00  km 0 >3 km 1:1,000-1:10,000 (>0.5°)
Midocean ridge flank 50 0 -1 ,5 00  km <1 km >3 km _

Midocean ridge crest 5 0 0 -1 ,0 00  km <2 km 2 - 4  km -

* A bottom gradient of 1:1,000 means tfiat the slope rises 1 m vertically across a horizontal distance of 1 ,000 m.
Source: Adapted from B.C. Heezan and L. Wilson, Submarine geomorphology in Encyclopedia o f  Geomorphology, R.W. Fairbridge, ed. 
(New York: Reinhold, 1968); and C.D. Oilier, Tectonics and Landform s (New York: Longman, 1981).
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by rivers to the shore, where it has been redistri
buted by tides, waves, and shelf currents. In 
glaciated regions much of the sediment may have 
been derived through glacial deposition (Georges 
Bank east of Cape Cod). In equatorial areas the 
sediment cover may consist of calcium carbonate 
(which makes up sea shells) that is biogentically 
derived (i.e. from the exoskeletons of various organ
isms including coral) or precipitated directly from 
seawater (particles called oolites, a calcium carbonate 
concretion).

Although all shelves are relatively flat, their gra
dients and widths vary considerably. The widest 
shelves occur in the region surrounding the Arctic 
Ocean and in a band extending from northern 
Australia northward toward Southeast Asia. Here 
the shelves may be more than 1000 km wide. At 
other sites, such as the eastern margin of the Pacific 
Ocean, continental shelves are comparatively narrow. 
The average shelf is 75 km wide and has a slope of 
0° 07'. This is equivalent to the slope of a football 
field (100 yards long) in which one goal line is 
6 inches (15 cm) higher than the other goal line; 
such slopes appear flat to the human eye. However, 
the topographic expression of continental shelves is 
not always flat. There can be tens of meters of relief 
in the form of valleys, hills, sand ridges, and other 
features that can be attributed to the erosional 
and depositional processes associated with glaciers, 
rivers, tidal currents, and storms.

Continental slopes mark the edge of the contin
ental shelves. Here the sea-floor gradient steepens 
dramatically as the continental crust thins and is 
replaced by oceanic crust. Continental slopes descend 
to depths ranging from 1500 to 4000 m but may 
extend much deeper at ocean trenches. They are 
commonly only 20 km in width. Slopes are com
posed of sediment that forms the outer portion of 
the tilted sedimentary layers comprising the contin
ental shelf. In regions where oceanic lithospheric 
plates are being subducted offshore of a continent 
(e.g. the west coast of South America) or an island 
arc (Aleutian Islands off Alaska), the slope may also 
consist of oceanic sediment that is scraped off the 
downgoing slab. The gradient of continental slopes 
varies greatly from 1 to 25°. The average gradient

is slightly steeper along the margin of the Pacific 
Ocean (5°) than in the Atlantic or Indian Oceans 
(3°) due to the number and extent of deep ocean 
trenches that are associated with the Pacific margin’s 
subduction zones.

Continental rises are formed from the transport 
of sediment down continental slopes and its accu
mulation in an apron-like fashion at the base of the 
slope. The thickness of these deposits can be more 
than several kilometers. The slope of the rise de
creases toward the flat abyssal plains and is typically 
less than 1°. Their widths vary greatly but average a 
few hundred kilometers. Continental rises are not 
found where the continental borderlands coincide 
with subduction zones. In these regions, continental 
rises are replaced by deep sea trenches (e.g. Mariana 
Trench, 11 km deep).

Submarine canyons are the conduits through 
which sediment is delivered to continental rises 
(Fig. 2.17). As the name suggests, they are V-shaped, 
usually steep-walled valleys, and they resemble 
river-cut canyons on land in both size and relief. 
Most commonly, they are incised into the edge 
of continental shelves and extend down the con
tinental slope to the rise. They occur ubiquitously 
throughout the world’s oceans. Their origin has 
been the subject of controversy since they were dis
covered and studied by the late Francis P. Shepard 
(1898-1985) of Scripps Institute of Oceanography 
in California. Because of their likeness to river 
canyons and the fact that some submarine canyons 
extend across portions of the continental shelf 
toward major rivers, they were once believed to have 
formed by river erosion when sea level was much 
lower than it is today and the shelf edge was exposed. 
However, some canyons begin at water depths much 
lower than sea level is ever thought to have dropped. 
Additionally, the fact that canyons extend across 
continental slopes requires some mechanism of 
submarine erosion. It is important to note that the 
relationship between rivers and submarine canyons 
cannot be totally discounted. For example, Hudson 
Canyon off the eastern seaboard of the United States 
can be traced to the mouth of the Hudson River.

It is now generally accepted that submarine cany
ons are formed due to erosion by turbidity currents.
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Fig. 2.17 (a) Conceptualized drawing of a submarine canyon. 
Submarine canyons occur along the shelf-slope break and are 
found ubiquitously on continental margins throughout the 
world, (b) Photograph of sand cascading down the head o f a 
submarine canyon. (From Robert Dill.)

A turbidity current is a sediment-laden torrent of 
water moving downslope under the influence of 
gravity. Turbidity currents are initiated along the 
shelf edge by sediment being put into suspension by 
a turbulent event, such as an earthquake or under
water landslide. As the suspended sediment moves 
downslope, the sedimentary particles entrain water, 
forming the turbidity current. In a manner identical 
to rivers, the moving sedimentary particles, includ
ing sand and silt, act as abrading agents and erode 
the valley, producing submarine canyons. At the 
base of the continental slope the sediment carried 
by turbidity currents through canyons is deposited, 
creating a submarine fan. It is the coalescence of 
these fans that forms the continental rise. The largest 
submarine fans in the world coincide with some of 
the greatest sediment discharge rivers of the world. 
The Bengal Fan (2500 km long) and Indus Fan 
(1600 km long) are direct products of the Ganges- 
Brahmaputra and Indus rivers, respectively, draining 
huge quantities of sediment from the Himalayan 
Mountains and the gradual transport of this sedi
ment into deep water by turbidity currents. The 
Amazon Cone is another very large submarine fan 
forming from a high sediment discharge river.

2.4.1 Tectonic evolution of continental 
margins
Although the morphological character of margins 
ranges widely throughout the world, much of the 
variability can be traced to different stages of two 
evolutionary tectonic styles: the Atlantic and Pacific 
models (Fig. 2.18).

Atlantic margin
The Atlantic margin, which is also referred to as 
a passive margin, occurs where the edge of a con
tinent coincides with the middle of a lithospheric 
plate, and hence there is no tectonic plate interac
tion. Because of this location, there is little seismic 
activity and no volcanism. As the name implies, the 
eastern margin of North and South America and the 
western margin of Africa and Europe are examples 
of this margin type. The margin surrounding India 
and most of Australia fits into this category too.
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Fig. 2.18 Cross-sectional view of Atlantic (passive) and Pacific (active) continental margins using South America as a model.

During its early history, the evolution of Atlantic- 
type margins involves the rifting apart of large 
landmasses, such as the breakup of Pangaea. In the 
initial phase the continental crust is bulged upward 
by a rising mantle plume, perhaps ascending from 
the core-mantle boundary, as discussed earlier in 
this chapter, or from elsewhere within the mantle. 
This stage may be represented by Yellowstone 
National Park in northwestern Wyoming and the 
Rio Grande region of Colorado and New Mexico, 
where high heat flow values have been measured 
and uplift and crustal thinning are occurring. As 
the plume mushrooms and spreads laterally, the 
overlying crust is stretched and thinned until it rup
tures, producing down-dropped continental crustal 
blocks that form a series of elongated basins. The 
central basin of this system is called the rift valley, 
which marks the separating landmasses. In the early 
stages, basaltic lava derived from the mantle plume 
may flow onto the valley floor. As the central valley 
widens and its elevation lowers, the ocean invades 
forming a linear sea. The Red Sea and Gulf of 
California are examples of this stage of Atlantic 
margin development. Continued spreading of the 
landmasses through the creation of oceanic crust 
leads to the formation of a new deep-ocean basin 
and mid-ocean ridge system.

As the ocean basin evolves, so too do the contin
ental margins. The linear basins that were formed 
by the down-dropped continental blocks during the 
initial rifting phase become depocenters for sediment

delivered chiefly by river systems. As the underlying 
granitic crust subsides due to a deflation of the mantle 
plume, the rift valley is ultimately transformed into 
a juvenile ocean. The land-based, river-lain deposits 
are now covered by shallow marine sediments. The 
incipient shelf continues to develop and the sedi
mentary wedge slowly thickens as sediment is shed 
from the adjacent continent and dispersed by waves, 
tidal currents, and storm processes. During this 
phase the slowly subsiding shelf provides accom
modation space for continued sedimentation, while 
maintaining a shallow marine platform. Subsidence 
of the shelf results from cooling and contraction of 
the mantle plume as well as from the weight of the 
accumulating sedimentary deposits. In warm water 
environments, coral reef formation along the edge, 
of the shelf aids in trapping sediment by providing a 
barricade to the deep sea. The end product of these 
sedimentation processes is the formation of a broad, 
shallow, flat continental shelf.

Along the eastern margin of the United States, 
oceanographic studies have revealed that some of 
the sedimentary deposits are more than 10 km thick 
and their average thickness is 4-5 km. The outer
most portion of the shelf from Florida to New 
England contains the framework of a buried coral 
reef that is several kilometers in height. It appears 
that this extensive coral reef system  lived in relat
ively shallow water (10-30 m) and was able to grow 
vertically as the shelf platform slowly subsided. Some
time, approximately 100 million years ago, the coral
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reefs died and were subsequently buried by shallow 
marine sands, silts, and clays. Not all Atlantic-type 
margins are identical to that of the east coast of 
the United States. The widths and gradients vary 
greatly, as do the sediment thicknesses and the 
topography of the shelf. For example, along the 
northwestern margin of Africa the continental shelf 
is very narrow (30 km wide) and only about one-sixth 
that of the eastern United States. The variability of 
Atlantic margins is related to the original processes 
of rifting, the extent of crustal subsidence, the supply 
of sediment to the shelf, climatic factors (e.g. con
trolling reef development), the strength of oceanic 
currents, and other factors.

Pacific margin
The Pacific margin type occurs at the edge of litho
spheric plates and thus it is also called an active 
margin. These margins are confined primarily to 
the rim of the Pacific Ocean, where oceanic plates 
are being subducted beneath continental plates. 
Because they coincide with subduction zones, they 
are tectonically active and are characterized by 
earthquake activity and onshore volcanism. Pacific 
margins have narrower continental shelves and steeper 
continental slopes than Atlantic margins. Contin
ental slopes of Pacific margins descend deep into 
adjacent oceanic trenches and thus continental rises 
are usually absent. An exception to this trend occurs 
along much of the west coast of North America, 
south of Alaska, where there is no subduction 
zone today but where one existed 25 million years 
ago. Here, sediment transported across the narrow 
shelf drains through submarine canyons and is 
building large sediment fans on the floor of the deep 
ocean.

Differences in the dimensions and morphology 
of Pacific versus Atlantic margins are the result 
of contrasting tectonic histories. Whereas Atlantic 
margins develop wide continental shelves due to 
rifting, the slow subsidence of broken up continental 
blocks, and the accumulation of great thicknesses 
of sedimentary deposits (several kilometers), Pacific 
margins are narrow and are a product of the com
pressive forces of an oceanic plate being subducted 
beneath a continent. As the oceanic plate flexes 
downward, forming the seaward margin of the

ocean trench, some of the deep sea sediment that 
overlies the basaltic ocean crust is scraped off and 
plastered onto the adjacent continental margin. The 
forces involved in this process chemically alter the 
sedimentary layers and physically disrupt the sed
imentary prism through folding and faulting. The 
shelf region receives some sediment from material 
that is eroded from adjacent continental hinter
lands and delivered to the coast via river systems. 
However, the sedimentary wedge comprising Pacific 
shelf margins is relatively thin when compared to 
most Atlantic margins.

2.5 Tectonic coastline classification

In the early 1970s, plate tectonic theory, which had 
served to enlighten and transform many subdiscip
lines of geology, was applied to the field of coastal 
geology. Two scientists from Scripps Institute of 
Oceanography in California, Douglas Inman and 
Carl Nordstrom, produced their now classic work 
“On the tectonic and morphologic classification of 
coasts.” This scheme provides a first-order charac
terization of the morphology and tectonic processes 
of 1000 km long stretches of continental margin, 
including a description not only of the coastline but 
also of the continental shelf and the uplands border
ing the coast. The classification is based primarily 
on the tectonic setting of the coast (Pacific- versus 
Atlantic-type margins). Secondary factors dictating 
coastline subclasses include: (i) tectonic setting of 
the opposite side of the continent; (ii) geological age 
of the coast; and (iii) exposure of the coast to open 
ocean conditions.

It is important to note that this classification is 
meant as a first-order characterization of a coastline 
along the length of a continent. There will be many 
exceptions to the general trends presented here due 
to secondary factors such as the presence of a major 
river, the effects of glaciation, or climatic influences, 
which may have widespread effects too.

The Inman and Nordstrom classification consists 
of the following (Fig. 2.19):
I Collision coasts

A Continental collision coasts 
B Island arcs collision coasts
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Fig. 2.19 Global tectonic coastal classification. (After D. L. Inman & C. E. Nordstrom, 1971, On the tectonic and morphologic 
classification of coasts .Jou rna l o f  Geology, 7 9 ,1—21.)

I I  Trailing edge coasts
A Neo-trailing edge coasts 
B Afro-trailing edge coasts 
C Amero-trailing edge coasts

I I I  Marginal sea coasts

2.5.1 Collision coasts
Continental collision coasts
Continental collision coasts (LA) coincide with 
convergent, Pacific-type margins where oceanic 
lithospheric plates are being subducted into the 
mantle beneath the continent. Characteristically, 
these coasts have narrow continental shelves that 
terminate next to deep ocean trenches. The coast
lines are backed by high mountain systems such as 
the Andes, which contain many peaks over 6000 m 
(Fig. 2.20). Mountain building is a product of crus
tal thickening and volcanism caused by upwelling 
magma emanating from the subducted slab. In

Fig. 2.20 Mountainous coast along a tectonically active 
continental margin (Alaska).

some locations, including the Coast Range along 
northern California, the mountains adjacent to the 
coast are much lower in elevation because they con
sist of ocean sediments and pieces of ocean crust 
that were scraped off the subducted plate and thrust
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onto the continental margin. Located much further 
inland are the considerably higher Sierra Nevadas 
(>6000 m), which are similar in origin to the Andes 
but now consist primarily of granite. Because the 
subduction process along most of California ceased 
tens of million of years ago, most of the Sierra’s 
volcanic pile has been removed through erosion, 
exposing the underlying granite plutons. These rocks 
are evidence of the magma that solidified within the 
crust during the subduction process.

Continental shelf widths along collision coasts are 
a function of how steeply the ocean plate descends 
into the mantle. Along Chile and Peru there is almost 
no continental shelf because the Nazca Plate dips 
very steeply beneath South America. In contrast, 
the continental shelf along the coasts of Oregon and 
Washington is comparatively wide because the Juan 
de Fuca Plate descends at a shallow angle beneath 
North America and material has scraped off the 
Juan de Fuca Plate, forming a narrow shelf.

Collision coasts tend to be rocky due to the 
scarcity of sediment and, where sediment does exist, 
gravel-sized material is often a major component. 
This is particularly true at high-latitude coasts due 
to the effects of glaciation and frost weathering. 
The lack of major rivers leads to localized sediment 
sources that produce isolated accumulation forms 
such as small barrier spits and pocket beaches. 
Extensive barrier development is normally absent. 
Exceptions to this trend occur in regions where 
glacial meltwater streams transport large quantities 
of sand and gravel to the coast or near the mouths of 
the few moderate to large rivers that exist along col
lision coasts. The south-central coast of Alaska and 
the mouth of the Columbia River, respectively, are 
examples of these conditions.

Alaska Collision coasts are not only majestic and 
ruggedly beautiful, they also experience some of 
the Earth’s most dramatic processes. The southern 
coast of Alaska exhibits many of the features and 
processes that typify collision coasts. The Pacific

Plate is being subducted beneath North America 
along the south-central margin of Alaska continuing 
along the Aleutian Islands. This tectonic setting 
produces volcanism, frequent earthquakes, and large 
crustal displacements. The coastal mountains of the 
region are young and their uplift has been rapid. 
Coastal Alaska is the site of some of the world’s 
largest earthquakes and volcanic eruptions. On 
March 27, 1964 at the head of Prince William 
Sound (130 km west of Anchorage), the largest 
earthquake ever recorded in the northern hemi
sphere, registering 8.6 on the Richter scale,1 shook 
much of the central Alaskan coast along an 800 km- 
long tract (Fig. 2.21). The effect on Anchorage and 
many other coastal communities was one of com
plete devastation, including the loss of 131 lives. The 
primary shock lasted from three to four minutes 
and produced large-scale slumps, landslides, and 
avalanches. The earthquake also created tsunamis 
(seismic sea waves) that completely wiped out native 
communities in Prince William Sound and large 
sections of several seaports, including Valdez and 
Seward. These giant waves are not only triggered 
by movements of the ocean floor, but in the case of 
some Alaskan fjords they also may be caused by 
earthquake-induced gigantic rock falls that crash 
into the heads of deep, elongated water bodies 
sending walls of water toward the mouth of the 
fjords (see Box 2.1). The great 1964 Alaskan earth
quake produced permanent changes along much 
of the central coast due to uplift and subsidence 
(down-faulting). In the Prince William Sound re
gion, the Island of Montague rose as much as 9 m, 
and there are many other areas along the coast in 
which results of the uplift can be seen today in the 
form of raised beaches and intertidal platforms. 
Contrastingly, 200 km southwest of Anchorage, the 
earthquake caused a general subsidence of 2-3 m 
along the Kenai Peninsula, resulting in drowned 
forests.

In addition to being earthquake prone, coastal 
Alaska experiences continual volcanism, particularly

1 Scientists have re-evaluated the 1964 Alaskan earthquake and determined that it was magnitude 9.2, second only to the 9.5 Chilean 
earthquake of 1960. The new calculations are used for very large earthquakes whose signal saturates the recording instruments. The 
moment magnitude, as it is called, is based on the amount of fault slippage and the surface area of the plates involved.



34 Chapter 2

along the Alaska Peninsula, where at least 17 
volcanoes have erupted during the past 10,000 years. 
Some of these volcanoes have erupted with a 
tremendous ferocity. In 1912, Mount Katmai 
erupted, ejecting 15 km3 of volcanic debris. Much 
of the ash was blown southwestward, blanketing 
portions of Kodiak Island, 150 km away, with up 
to half a meter of ash. This enormous eruption is 
the third largest during recorded history, with only 
Tambora and Krakatoa in Indonesia being larger. 
Truly, Alaska is a very active collision coast.

Island arc collision coasts
Island arc collision coasts (IB) are similar to con
tinental collision coasts and are active tectonically, 
with characteristic volcanism and earthquakes. They 
differ from continental collision coasts because the 
convergence is between two oceanic plates. These 
coasts are backed by low to moderately high moun
tains and are fronted by narrow continental shelves 
that are bordered by deep ocean trenches. Most 
island arc collision coasts are located in the northern



Box 2.1 Lituya Bay, Alaska: site of the 
largest waves ever seen

Lituya Bay is located on the rugged southeast coast 
of Alaska along the southwest side of the Fairweather 
Mountain Range (Fig. B2.1). Frenchman Jean Frangois 
La Perouse first explored the region in 1788. He noted 
that the bay provided good harborage, although 
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Fig. 2.22 Four-stage model of rifting of a continent and establishment o f an ocean basin, (a) Doming and stretching o f lithosphere 
produced by upwelling magma, (b) Spreading causes rupture o f lithosphere and creation o f a rift valley due to block faulting.
(c) Continued spreading, subsidence, and ocean crust formation causes flooding of the rift valley and the creation of a linear sea.
(d) Long-term spreading creates an ocean basin.

Stage 3 Subsidence and widening of rift valley causes 
invasion of ocean and formation of a linear sea. 
Stage 4 Long-term sea-floor spreading leads to 
ocean basin formation.
Neo-trailing edge coasts are rugged and coastal 
borderlands tend to have narrow to non-existent 
coastal plains with adjacent mountains. Sediment

tends to be scarce along these coasts and there is 
little barrier development (Fig. 2.23). Where sand 
is locally abundant, thin mainland beaches or pocket 
beaches are present. A  major exception to this 
trend occurs in the Gulf o f California along the 
mainland coast of Mexico, where there are extensive 
coastal lowlands and several barrier island chains.
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Fig. 2 .23  Neo-trailing edge coasts tend to be rocky and 
mountainous, with few beaches and barriers (Baja California).

Neo-trailing edge coasts experience frequent low- 
magnitude earthquakes due to crustal adjustment 
associated with past rifting. Volcanism is absent.

Sinai Peninsula The Gulf of Suez is a relatively 
narrow body of water that connects the northwest
ern end of the Red Sea to the Suez Canal and the 
Mediterranean Sea. The Sinai Peninsula, which 
forms its northeast shoreline, is typical of neo- 
trailing edge coasts. The coast is bordered by a nar
row hilly region that gives way to high mountains. 
Little sediment reaches the coast and thus deposi
tional landforms are mostly absent. The arid climate 
of the region and the lack of rivers contribute to this 
condition. In the Ras Mohammed area, at the 
southern tip of the Sinai, the barren landscape along 
the coast belies the abundant sea life immediately 
offshore. Not more than a 100 m from the shore
line, a robust coral reef community provides some of 
the best scuba diving in the world.

Afro-trailing edge coasts
Afro-trailing edge coasts (IIB) differ from Amero- 
trailing edge coasts (see below) in that the opposite 
side of the continent is not a collision zone. Instead, 
the opposite continental margin coincides with the 
middle of a plate and thus it is also a trailing edge 
coast. Afro-trailing edge types are found along the 
east and west coasts of Africa, the southwestern half 
of the Australian coast, and the coast of Greenland.

The lack of a collision zone along the east or west 
coast of Africa means that there is no large-scale 
organization of river drainage within the continent. 
Consequently, sediment delivery to the margin of 
Africa as well as other the Afro-trailing edges has 
only been local and generally does not compare in 
magnitude to quantity that has been transported to 
Amero-trailing edges. This condition is also a func
tion of differences in climate. Similar to Amero- 
trailing edges, Afro-trailing edges are tectonically 
inactive, with minor earthquake activity and no 
volcanism.

Due to the sedimentation history of Afro-trailing 
edges, they exhibit a great deal of morphological 
variability. For example, in some regions, such as 
most of the northeast coast of Africa, the contin
ental shelf is quite narrow (<25 km wide), whereas 
along much of its southwest coast, shelf widths 
approach 100 km. Coastal borderlands along Africa 
range from coastal plains and hilly settings to cliffs 
and low mountains. Likewise, there are estuarine, 
barrier, and deltaic coasts where sediment is abund
ant and other long stretches of coast that are rocky 
and barren of sediment.

South Africa The southern portion of South Africa 
is a good example of the variability of Afro-trailing 
edge coastlines. The port of Cape Town is a mixture 
o f lowland areas surrounded by several flat-topped 
low mountains composed of layered sedimentary 
rocks. The coastline south of Cape Town extending 
to the Cape of Good Hope is rugged, with high 
cliffs and low mountains. The Indian and Atlantic 
Oceans meet at this site and their unlimited fetches 
combine to produce huge 6 m and higher waves 
that crash upon the rocks and send salt spray 40 m 
high to the top of the cliffs (Fig. 2.24). East of this 
region is False Bay, where wave abrasion of sand
stones has led to extensive sand accumulation. At 
the western end of the inner bay the beach is 300 m 
wide and fronted by a very wide surf zone. The 
abundance of sand at this locality is most clearly 
demonstrated by the extensive dune system backing 
the beach, where individual dunes reach 10 m in 
height and the dune field extends several kilometers 
inland. Contrastingly, a few tens of kilometers from
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Fig. 2.24 Coast ofSouth Africa where large waves carve 
away at sandstone cliffs. In this region beaches only occur in 
embayments, where sediment can accumulate under high wave 
energy conditions.

this site the coast consists of steep rocky cliffs 
devoid of any sediment.

Amero-trailing edge coasts
Amero-trailing edge coasts (IIC) occur along pas
sive, Atlantic-type margins in which the opposite 
side of the continent is a collision coast. The moun
tain chains associated with collision coasts organize 
the drainage of the continent such that the major 
rivers flow from the mountains and away from the 
collision coast, across the continent, and discharge 
their loads along the passive margins. Amero- 
trailing edge coasts include the eastern margins of 
North and South America, the Atlantic coast of 
Europe, and the coast of India. These are geologic
ally old, and long-term sedimentation at these sites 
has led to the development of wide flat margins, 
which encompass the low profile coastal plain and 
seaward continental shelf. The division between the 
coastal plain and shelf is simply a function of sea 
level. This boundary has changed dramatically dur
ing the past two million years as sea level has fluctu
ated in response to the growth and decay of the

continental ice sheets. When the ice sheets advance 
and sea level falls, the coastal plains expands and, 
likewise, when the ice sheets shrink and sea level 
rises, the continental shelf widens landward.

Amero-trailing edge coasts tend to be tectonic- 
ally inactive with relatively few major earthquakes; 
the ones that do occur are of low magnitude (<4 on 
the Richter Scale). The Charleston, South Carolina, 
earthquake of 1886, magnitude 7.3, is a major excep
tion to this trend. These coasts also lack volcanic 
activity.

East coast o f  the United States The primary charac
teristics of Amero-trailing edge coasts include their 
depositional landforms, such as barrier island chains, 
broad sediment-filled lagoons, marsh systems, tidal 
flats, and river deltas. For example, almost the entire 
east coast of the United States, south of glaciated 
New England, is fronted by barriers chains that are 
interrupted by only a few major re-entrants such 
as Delaware and Chesapeake Bay (Fig. 2.25) and 
several mainland beaches, including Myrtle Beach, 
South Carolina, and Rehoboth Beach, Delaware. 
Some of these barrier systems, such as the Outer 
Banks of North Carolina, are separated from the 
mainland by wide shallow bays (Albemarle Sound 
and Pamlico Sound), whereas other barrier chains, 
including those along much of South Carolina 
and Georgia, are backed by an extensive region 
of marshes and tidal creeks. Although there are no 
active river deltas along the east coast today, many 
existed in the past, including the Santee River delta 
in South Carolina. This delta is no longer building 
and is now eroding because much of its river dis
charge, and hence its sediment source, was diverted 
into Charleston Harbor in the late nineteenth 
century.

The east and west coasts of the United States 
illustrate well the sharp contrasts in morphology 
that different tectonic settings produce (Table 2.1).

2.5.3 Marginal sea coasts

Along much of the western and northern Pacific 
Ocean, a series of island arcs, including the Aleutians, 
Kuril Islands, Japan, and Philippines, separates the
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Fig. 2.25 Much o f the east coast of the 
United States is characterized by a coastal 
plain setting fronted by lagoons, marsh 
systems, and barrier chains. The drowned 
river valleys o f Delaware (top) and 
Chesapeake Bay (bottom) are major 
exceptions to this trend.

edge of continents from the open ocean. These pro
tected shorelines of Alaska and Asia are defined as 
marginal sea coasts (Fig. 2.26). Characteristically, 
they are fronted by shallow water bodies, including 
the Bering Sea, Sea of Okhotsk, Sea of Japan, East 
China Sea, and South China Sea. In the Atlantic 
Ocean, the Gulf coast and east coast of Central 
America are also marginal sea coasts and are pro
tected by the Caribbean island arc as well as by the 
landmasses of Florida and Cuba.

Marginal sea coasts exhibit considerable variabil
ity depending largely upon the geological history of 
that portion of the continent, but overall they tend 
to be more similar to Amero-trailing edges than any 
other class of coast. For example, many of the world’s

largest sediment discharge rivers occur along these 
coasts, including the Mississippi and Magdalena, 
rivers which empty into the Gulf of Mexico and the 
Caribbean Sea, and the Huang Ho, Yangtze, and 
Mekong rivers, which discharge along the Asian 
continent. Interestingly, despite this apparently 
abundant supply of sediment, long barrier chains 
are sparse along the marginal sea coast of Asia. 
This condition may be related to the lack of coastal 
plain development in the region, which does pro
vide the continuous platform upon which barrier 
island chains can develop. Contrastingly, the Gulf 
coast is backed by an extensive coastal plain and 
barriers occur ubiquitously in this region. Along the 
marginal sea coasts of Asia, much of the sediment
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Fig. 2.26 Most of the marginal sea 
coasts of the world are found along the 
borders of the northern and western 
Pacific Ocean, where the Pacific Plate is 
being subducted beneath the North 
American and Eurasian plates.
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may go into filling valleys rather than building 
barriers.

Generally, marginal sea coasts experience low to 
moderate wave conditions due to the semi-protected 
nature afforded by the shallow seas and offshore 
island arcs. However, these coasts can suffer damag
ing short-term high wave energy conditions during 
the passage of major storms, such as hurricanes.

2.6 Tectonic effects on coastal 
sediment supply

The tectonic history of a continent strongly influ
ences the distribution and abundance of sediment 
along coastlines, which in turn control the size and 
extent of depositional features, such as barriers, 
deltas, marshes, and tidal flats. These influences can 
be on a scale of continent-wide drainage and the 
widths of continental shelves or they can be more 
regional such as dictating the position of a river 
mouth.

2.6.1 Continental drainage
Drainage of a continent is determined by the distri
bution of major mountain ranges, which is a product 
of the continent’s tectonic history. For example, the 
collision between the eastward moving Nazca Plate 
and the westward moving South American Plate pro
duced the Andes Mountains, which span the entire 
length of South America’s Pacific margin. The eastern 
margin of South America has experienced little 
mountain building activity since the opening of the 
south Atlantic, approximately 130 million years ago. 
Thus, the Andes is the major drainage divide sep
arating rivers that flow east from those that drain 
west (Fig. 2.27). The eastward flowing rivers, includ
ing the Amazon, Parana, Orinoco, and others, drain 
more than 90% of South America. Their headwaters 
begin along the eastern flank of the Andes and flow 
long distances across the continent before discharg
ing large quantities of water and sediment along 
the Atlantic margin. Conversely, the west coast of 
South America receives relatively small volumes of 
sediment delivered by short, steep gradient rivers.

Fig. 2 .27  Physiographic map of South America illustrating that 
the Andes Mountains produce a drainage divide along the entire 
length of the continent.

The diminutive size of the rivers reflects their small 
drainage basins, resulting from the proximity o f the 
adjacent Andes drainage divide.

The African continent illustrates a very different 
drainage condition. Because most of Africa is in 
the middle of a plate, there is little active mountain 
building and most of the existing mountain systems 
are geologically very old. Unlike in South America, 
there is no large-scale organization of river drainage 
in Africa. Instead, Africa has moderate to small-sized 
rivers that discharge along its Mediterranean coast 
(e.g. Nile River), Adantic coast (e.g. Niger and Congo 
rivers), and Indian coast (e.g. Zambezi River). Due 
to the relatively small volume of sediment reaching 
the African coast there are fewer depositional features 
along this coast as compared to the east coast of 
South America. Certainly the effects of climate and
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Fig. 2 .28  Pattern o f sediment discharge to the world’s ocean based on suspended sediment loads. Note that most of the 
suspended sediment discharged to the ocean by rivers occurs along Amero-trailing edge and marginal sea coasts.
(From Milliman 8c Meade 1983.)

the overall lesser amounts of precipitation falling 
on Africa than South America contribute to this 
condition.

River drainage in the United States is strongly 
affected by the tectonic history of North America. 
Similar to South America, the western margin of the 
United States was a collision zone until 30 million 
years ago, resulting in the formation of the Rocky 
Mountains, Sierra Nevadas, and Basin and Range. 
It is the Rocky Mountains that form the western 
drainage divide of the Mississippi River, whose 
drainage basin comprises two-thirds of the United 
States. The eastern divide is defined by the Appal
achian Mountains, which were formed when the 
landmasses forming Pangaea were being assembled.

As demonstrated for three different continents, 
the delivery of sediment to the coast is governed by 
the size of the rivers discharging along the coast. 
This, in turn, is a function of climatic factors and 
drainage basin size, which is largely controlled by 
the tectonic history of the continent (Fig. 2.28).

One other factor that influences the supply of sedi
ment to a coast is the geology of the drainage basin. 
For example, the collision between the Indian and 
Eurasian plates created the Himalayan Mountains 
and the Tibetan Plateau, some of the highest land
scapes on the surface of the Earth. The elevation of 
the Himalayas, coupled with ongoing glaciation of 
this region, produces huge quantities of sediment. 
The rivers draining the Himalayas, including the 
Indus, Ganges, and Brahmaputra rivers, rank as some 
of the largest sediment discharge rivers in the world.

2.6.2 Location Of rivers
In addition to the quantity of sediment delivered to 
the coast, tectonic processes dictate the location of 
many large river systems. As described previously, 
the breakup of a continent involves several plumes of 
magma rising from the mantle that dome, stretch, 
and eventually rift apart the overlying lithosphere. 
I f  we consider a single mantle plume, the doming
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and rifting process produce a three-arm tear in the 
lithosphere (Fig. 2.29). As the mantle plume spreads 
laterally beneath the lithosphere, two of the rift 
valleys widen and deepen, while the third arm of the 
rift becomes inactive. The third arm fails because 
the pressure of the mantle plume is relieved by 
the continued spreading of the other two arms 
of the rift. An example of this process is seen where 
the Arabian Peninsula has rifted away from nor
theast Africa. The Indian Ocean has invaded the 
two active arms of the rift, forming the Red Sea and 
Gulf o f Aden. The failed third arm of this system is 
the East African Rift, which is a low-lying valley, 
portions of which are below sea level, that extends 
into the African continent. The valley is bordered 
by escarpments and is still tectonically active, with 
infrequent earthquakes and volcanism.

In the breakup of Pangaea there were many 
mantle plumes involved, each having its own three- 
arm rift system. The two active arms of each rift 
widened, elongated, and connected to one another, 
eventually producing the separation of entire 
continent-sized landmasses, such as North America 
separating from Africa. In many cases the failed 
third arms of these systems coincide with sites where 
the internal drainage of a continent empties into the 
sea. It is believed that because failed third arms are 
topographic lows that extend into continents, either 
major rivers evolve at these locations or existing 
rivers migrate to these sites. The Niger River valley 
in western Africa and the Amazon River valley in 
eastern South America are examples of these pro
cesses. The Mississippi River valley may also be the 
location of a geologically very old rift valley.

Another more unusual form of tectonic control 
of river drainage and sediment supply to a coast 
occurs in the Indian Ocean. The triangular shape 
of the Indian subcontinent dictated that, when it 
collided with Eurasia 50 million years ago, not only 
was a sizable mountain system produced with a 
large potential sediment supply, but the shortest 
route for drainage to the sea was on either side of 
India. Thus, the high sediment discharge rivers of 
the Indus draining into the Arabian Sea and the 
Ganges-Brahmaputra emptying into the Bay of 
Bengal are predictable.

Fig. 2 .29  Four-stage model of the development of internal 
drainage of a continent, (a) Time 1, doming and thinning of 
lithosphere due to upwelling magma, (b) Time 2, rupture o f the 
lithosphere and development of a three-arm rift system, (c) 
Time 3, linear sea developmenfwhile the third arm of the rift 
system becomes inactive, (d) Time 4, evolution of ocean basin, 
with interior of continent draining through old rift valley.
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2.6.3 Continental shelf width
To a large extent, plate tectonic setting dictates 
the width and slope of the continental shelf, with 
Pacific (active) margins tending to have narrow, 
steep shelves and Atlantic (passive) margins having 
relatively wide, shallow gradient shelves (Fig. 2.30). 
Shelf width and slope, in turn, influence the effects 
of storms, wave energy, and sediment dispersal, as 
well as cliff abrasion rates along rocky coasts. Along 
collision coasts, such as the west coasts of North 
and South America, the narrow shelf widths result 
in large wave energies and large potential sediment 
transport rates. Remember too that these margins

Fig. 2 .30  Physiographic map of southern South America 
illustrating the difference in shelf width between the active 
western margin and the passive eastern margin.

have localized sediment supplies derived by relat
ively small river systems. Thus, sediment accumula
tion forms along these types of settings are dependent 
on nearby sediment input and embayments where 
sediment can collect.

A very different pattern exists along Amero- 
trailing edges and marginal sea coasts that are 
fronted by wide continental shelves. In these regions, 
much of the deep water wave energy is attenuated 
by friction imparted by the shallow gradient con
tinental shelf. Longshore and offshore sediment 
transport along these coasts occurs during the pas
sage of major storms. Accretionary landforms are 
common along these coasts and are coincident with 
abundant supplies of sediment.

Continental shelf width also influences sediment 
supplies along continental margins by dictating the 
proximity of submarine canyons to the coast. For 
example, along the coast of California the narrow 
shelf has led to canyons being located only several 
hundred meters seaward of the beach. During 
storms and other high wave energy events sand is 
eroded from beaches at these sites and transported 
offshore. Some of this sand makes its way into 
the heads of submarine canyons, such as La Jolla 
and Scripps canyons, where eventually it will trans
ported to deep sedimentary basins. In contrast, this 
process does not occur along the eastern margin of 
North America because the submarine canyons of 
this region are too far from shore to capture inner 
shelf sands.

2.7 Summary

Plate tectonics provides a means for explaining the 
overall features and major processes on the surface 
of the Earth, including the character of the world’s 
continental margins and its coastal settings. We are 
able to understand why coastal regions on either 
side of a continent can be so markedly different and 
why the west coast of the United States is bordered 
by mountains and experiences volcanic eruptions 
and frequent earthquakes, whereas the tectonically 
inactive east coast abuts a flat coastal plain and 
is fronted by an almost uninterrupted chain of
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barriers. It has also been shown that the tectonic 
history combined with climatic factors determines 
the drainage of a continent and how much sediment 
is delivered to a particular coast. Even the location 
of individual majors rivers has been shown to be a

function of plate tectonic processes. In subsequent 
chapters it is shown that coastlines are molded by 
numerous physical, chemical, and biological processes, 
but all these operate on the backbone of the plate 
tectonic setting of the region.
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3 Sediments and rocks: 
materials of coastal 
environments
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3 .1  Introduction

W e learned in Chapter 2 that the Earth’s crust has a 
wide range in composition; that is, it is comprised of 
many different rock types. Igneous rocks comprise 
most of the volume of the crust but metamorphic 
rocks and sedimentary rocks are also important. All 
of these rock types and their contained assemblages 
of minerals may occur in the coastal zone. Rocky 
coasts are widespread along the shorelines of the 
world and are generally characterized by erosion 
(see Chapter 20). In this book, we are more inter
ested in the depositional coastal environments 
where various types of sediment accumulate. The 
sediments that characterize these depositional en
vironments, such as beaches, dunes, estuaries, and 
deltas, are products of the destruction of bedrock 
through various physical and chemical processes 
we call weathering.

These weathering products will be transported 
on or near the earth’s surface, eventually coming 
to rest as an accumulation of particles that either 
settle due to a change in surface conditions or are 
precipitated from solution (physicochemical) or by 
an organism (biochemical). Even in the coastal 
zone, some of these particles become buried, then 
cemented into sedimentary rocks, but most remain 
as unconsolidated particles of various sizes.

In this chapter both the textural and composi
tional aspects of sediments are discussed, along with 
a general treatment of the rocks from which they 
came.

3 .2  R o ck types

The igneous rocks that comprise most of the Earth’s 
crust, and that form from magma that originates 
in the mantle, are composed primarily of what are 
called silicate minerals. These minerals are produced 
by a variety of cations of various elements combined 
with silicon and oxygen. Common elements involved 
in these silicates are iron, magnesium, potassium, 
calcium, sodium, and aluminum, though there are 
others. Depending upon where these minerals form

within the Earth’s crust they may result in granite, 
diorite, gabbro, basalt, or other igneous rock types.

Weathering of igneous rocks (Fig. 3.1) can produce 
sediment particles of varying sizes that eventually 
become buried and cemented, forming sedimentary 
rocks (Fig. 3.2) such as arkose, quartz sandstone, 
or mudstone. Heat and pressure may be applied to 
these rock types to produce metamorphic rocks 
(Fig. 3.3), or “changed rocks.” These include gneiss, 
schist, slate, and others.

In some cases sedimentary rocks can form from 
shells (Fig. 3.4) and other skeletal material, typically 
composed of calcium carbonate, the mineral calcite. 
This produces limestone, and when metamorphosed 
that becomes marble.

All of these rocks, as well as other less common

Fig. 3 .1 (a) Outcrop and (b) close-up of granite, an example 
of igneous rocks that form from the crystalization of molten 
magmas at very high temperatures beneath the Earth’s 
surface.
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of metamorphic rocks that form from the application o f heat 
Fig. 3 .2  (a) Outcrop and (b) close-up of limestone, an example and pressure on granite. Metamorphic rocks are commonly 
o f sedimentary rocks that form at the Earth’s surface. Limestone associated with mountain ranges, 
has a composition of calcium carbonate, which is commonly 
shell material.

types, may occur in various combinations to produce 
rocky coasts. More importantly in the development 
of depositional coastal environments, they produce 
sediment as the result of physical and chemical 
weathering and abrasion. These sediment products, 
regardless of where they form, may eventually find 
their way to the coast, where they accumulate in 
various coastal environments. The bulk of our dis
cussion in this chapter focuses on these sediments, 
and their size, composition, and arrangement within 
various coastal settings.

3.3 Sediment texture

The production of sedimentary particles during 
erosion can be related to many phenomena, includ
ing climate, organisms, gravity processes such as 
rocks falls, stream transport, and others. In this 
discussion no attention is paid to the composition of 
the sediment particles. Instead we focus on the size, 
shape, and distribution of these particles as they 
accumulate in various coastal environments.
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Fig. 3 .4  Typical shells that accumulate in coastal environments. 
Some beaches are almost exclusively composed o f sediment that 
is shell. Notice that in this example there are few different shells 
and most are the same size.

3.3.1 Grain size
When we determine the grain size of sediment 
particles, it is common to treat a sample of the 
sediment that includes many individual grains. This 
causes potential problems if we think about how 
we are going to try to measure these many grains. 
There are multiple ways whereby one might assign a 
size to a sediment particle. Three come to mind: the 
diameter, the volume, and the mass of the particle. 
The mass is rather easy to deal with because shape is 
not a factor and it can easily be related to the density 
of the material. Because of density differences mass 
is not practical as a grain size parameter. Measure
ment of the volume of large numbers of grains is both 
difficult and time consuming because we would have 
to treat each one individually. The diameter of a 
particle is far easier to measure, although there is an 
infinite range of particle shapes that may be exhib
ited, ranging from a sphere to a flat disk shape. Even 
though relatively few perfect spheres are produced 
as erosion products, many sediment particles exhibit 
a rough approximation to a sphere.

The range in grain size of sedimentary particles is 
almost infinite, from less than 1 |J,m to several meters 
in diameter. Obviously, several techniques must be 
utilized for measuring such a wide spectrum of grain 
sizes, especially because grain size analysis involves 
extremely large numbers of grains, which places

further constraints on size analysis techniques. Com
monly, grains larger than a couple of centimeters 
or so in diameter are measured individually with 
calipers or by a similar method. Grains ranging from 
a centimeter down to about 50 |lm in diameter are 
measured either by passing them through several 
sieves that separate the grains into rather narrow 
size classes or by allowing the grains to setde through 
a column of a fluid, usually water. The rate at which 
particles settle is proportional to their size, shape, 
and density, although certain assumptions are made. 
Settling tubes in which this type of analysis is con
ducted have become the standard in recent years 
and may be quite sophisticated, with direct con
nection to computers for rapid data processing. 
Particles smaller than 50 flm may also be measured 
by settling rates, although such methods are time 
consuming and not very accurate. Recendy, instru
ments utilizing photoelectric sensors, lasers, or 
X-ray beams have been developed for measuring 
these small grains.

Because sedimentary particles display such a wide 
range of sizes, it is practical to utilize a geometric 
or logarithmic scale for size classification. About 
100 years ago a scale was devised based on a factor 
of 2 such that as one moves from unity there is a 
multiplier or divisor of 2: one category is either 
twice or half the diameter of the next one. Later 
modifications resulted in the grain size scale as it is 
used today (Table 3.1). Each size class possesses a 
name as well as a size range.

3.3.2 Statistical analysis of grain size data
After sediment has been subjected to one of the 
standard methods for measuring grain size, these 
measurements are then used to calculate various 
statistical parameters that describe the nature of 
the population of particles in the sediment sample. 
Data obtained from the size analysis are usually in 
the form of weight percentages for each size class. 
These data may be plotted as a histogram or as a 
frequency curve (Fig. 3.5).

The distribution of grain sizes in a sediment popu
lation typically follows or approaches a log-normal 
distribution resulting in a normal or bell-shaped
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Particle diameter (mm) Size class

Boulders
256

Cobbles
64 Gravel

Pebbles
4

Granules

2
Very coarse

1
Coarse

1/2
Medium Sand

1/4
Fine

1/8
Very fine

1/16

1/512 Mud
Clay

curve. This plot provides data from which statistical 
values are calculated. Two statistical parameters are 
commonly used to describe grain size distribution: 
the mean and the standard deviation. Such para
meters are easily determined by various spreadsheet 
software. The mean is the statistical average, deter
mined in just the same way as a teacher determines 
the average score on an examination. All values are

Fig. 3.6 Diagrams showing the various levels of sorting of 
sediment particles. Although the categories here are 
distinguished by qualitative terminology, they can also be 
categorized numerically.

summed and the total is divided by the number of 
values in the population. The standard deviation is 
the statistical determination of the deviation from 
the mean. In other words, were all of the test scores 
bunched together (a small standard deviation) or 
were they spread out along a wide range (a large 
standard deviation)? When dealing with sediments 
we generally refer to this measurement as the sort
ing. A well sorted sediment has most o f the grains 
about the same size, whereas a poorly sorted sedi
ment has a wide range in particle sizes that comprise 
the population or sample (Fig. 3.6).

Another statistical condition that commonly 
occurs in natural accumulations of sediment is the 
mixing of populations. Examples include the combin
ation of quartz sand with shells or pebbles (Fig. 3.7), 
which is common on many beaches. Each is derived 
from a different source and each has a very different 
grain size; the quartz is sand and the shells are 
gravel. Such a sediment is said to be bimodal. Each 
population represents a mode; that is, a large num
ber of particles of about the same size (Fig. 3.8).

3.3.3 Grain shape
Sediment particles display a great variety of geome
tries. This variation is due to a combination of the 
internal structure of the minerals that comprise the

Fig. 3.5 Distribution plot of the grain size of a typical beach 
sediment. This is a histogram that shows the amount of 
sediment in each grain size class. It can be smoothed to form a 
distribution curve.

Table 3 .  The grain size scale
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Fig. 3.7 Photograph of sediment that is a combination of 
quartz sand and shell gravel. Such a sediment would be near 
the poorly sorted end of the spectrum shown on Fig. 3.6.

particles with the origin and history of the particle. 
Some have simple and symmetrical shapes, whereas 
others are extremely complex.

The roundness of a particle refers to the sharp
ness or smoothness of its edges and corners. Both 
physical abrasion &nd chemical reactions contribute 
to this characteristic, although abrasion is generally 
the most important of the two. Descriptive names 
for this characteristic range from “very angular” to 
“well rounded” (Fig. 3.9).

The term sphericity refers to the degree to which 
a particle approaches a sphere. Although many ways 
o f determining sphericity are available, it is most 
common to compare the lengths of three mutually 
perpendicular axes. As this ratio approaches unity 
the particle is becoming more spherical (Fig. 3.10). 
Sphericity is more strongly influenced by the origin 
of the particle than is roundness. Some grains are 
inherently elongate because of their crystallographic 
or biogenic makeup. Examples are such minerals

Fig. 3 .8  Distribution plot of a bimodal sediment such as shown 
in Fig. 3.7. This histogram shows a large amount of coarse 
sediment on the left and a large amount of fines on the right, 
with little sediment of medium-size grains.

as mica, which tends to be flat or disk-shaped, and 
many shell types, such as bivalves or branching corals.

3.4 Mineralogy

Although the crust of the Earth is composed of a 
wide variety of minerals, relatively few are present 
in great abundance. Those that are include the 
feldspars, iron-magnesium silicates such as pyrox
enes and hornblendes, and quartz, with feldspars 
being most abundant. Sedimentary rocks are pre
sent as only a relatively thin skin near the surface 
of this crust. Although there is a wide variety of 
minerals present in these rocks, they contain 
primarily four mineral types -  feldspars, quartz, clay 
minerals, and carbonates -  with feldspars being 
the least abundant of the four.

Fig. 3.9 Examples of rounded particles 
and angular particles. Although some 
have smooth edges, others have rough 
edges, the angular ones.
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Fig. 3 .10  Examples of (a) spherical particles and(b) 
nonspherical particles. Regardless o f the roundness or 
angularity, the three-dimensional shape ranges from 
elongate particles to nearly equidimensional ones, 
the spherical particles.

This difference in abundance between the crust 
as a whole (mostly igneous) and sedimentary rocks 
is largely a reflection of the relative chemical stability 
of the minerals present. The various iron-magnesium 
silicate minerals weather readily and are not common 
in sedimentary rocks. Most feldspars are relatively 
unstable, and they weather to produce clay miner
als. Quartz is quite stable chemically and is phys
ically very durable. Thus, during the cycle of 
weathering and transport, quartz tends to persist 
because it is hard and chemically inert at surface 
conditions. Carbonate minerals are dominantly the 
result of physicochemical or biochemical precipita
tion from solution at or near the surface of the earth. 
Most of what we see in coastal sediments is in the 
form of skeletal material, typically shells. The result 
is that sediments and sedimentary rocks are com

posed largely of a few minerals that are the relatively 
stable products of erosion.

3.4.1 General origin and distribution 
of sediments
Having discussed the broad aspects of the com
position of the Earth’s crust and some aspects of 
sediment textures, we can now turn our attention 
to where sediments on the coast come from and 
what controls them in their specific environment of 
deposition. There are several factors that determine 
how sediments are distributed throughout the coastal 
zone. Some of the important ones are:
1 Composition of coastal sediments is a direct 
reflection of the composition of the source materials 
that produced these sediments.
2 The dispersal of sediments is related to the pro
cesses that transport them from their source and 
throughout the coastal zone.
3 The grain size of the sediments is a reflection of 
the rigor of the processes acting in the environment 
in which they accumulate.
I f we were to ask someone what kind of sediment is 
present on the coast, the answer would probably be 
light-colored sand. This simply reflects the experi
ence of most people, whose coastal visits are typic
ally to the beach, and most beaches are composed of 
light-colored sand. This sand is mostly quartz but 
could have some other minerals or rock fragments 
included as well. There are, however, lots of beaches 
that don’t look like this and there are also many 
other coastal environments that might have other 
types of sediment.

3.4.2 Composition
Minerals and rocks that comprise the sediments 
of the coastal zone reflect the composition of the 
rocks and sediments that are in the source area from 
which these sediments come. In many situations, 
these sediments are produced by some type of 
weathering and erosion, then transportation by a 
river to the coastal zone, where they may end up in 
a river delta, be carried to the open coast and then 
distributed by currents and waves, or be dumped
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into an embayment along the coast. Fine sediments 
are commonly dominated by clay minerals, sand is 
generally mostly quartz but might also have feldspar, 
rock fragments, and other minerals, and gravel could 
be similar to sand in composition, although rock 
fragments tend to be the most common.

A good example of how the local source materials 
dictate the composition of coastal sediments is 
found in many of the tropical islands of the Pacific 
Ocean. Here the islands are typically volcanic in 
origin, with a composition of basalt, and most of 
these islands are surrounded by coral reefs. The 
sediments of the beaches and surf zone on these 
islands are typically black basaltic sand and gravel, 
with scattered fragments of white coral reef debris 
(Fig. 3.11).

Coasts in glaciated areas show a similar match 
to source materials. The glacial sediments of these 
areas contain a wide range of grain sizes and sedi
ment particle compositions. The coastal sediments 
derived from these materials also have this spectrum 
of textures and compositions. The New England 
coast is a good example of this situation (see Chap
ter 18).

Regardless of how they originate or are trans
ported to the coast, all of the coastal environments 
of the Bahamas are composed of a single mineral: 
calcite (calcium carbonate). That is because there 
is nothing but calcium carbonate in the entire 
Bahamas Platform; it is isolated from a landmass 
that could contribute other mineral and rock 
compositions.
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Fig. 3 .1 1  A  beach on Tahiti that is dominated by black basaltic 
gravel and has scattered pieces o f white coral. The dominant 
black gravel particles are eroded from volcanoes, which form 
the core of the island. They are smoothed by wave action. The 
white particles are eroded from the nearby reef and transported 
to the beach.

3.4.3 Texture
The processes that dominate a particular environ
ment in the coastal zone are responsible for the 
grain size of the sediments that accumulate there. 
Mud carried by rivers ends up in the river delta or 
in bays where the rivers discharge their load, or it 
may be carried offshore onto the continental shelf 
and beyond. In general, the mud and other fine 
sediments tend to accumulate in places where waves 
and currents are absent or weak. Sand tends to

accumulate where wind, waves, and currents are 
relatively strong. This includes beaches, dunes, tidal 
inlets, and other open coastal environments. In 
some places this sand is brought to the coast by 
rivers, or it may erode from rocks along the coast 
or be carried to the beach from offshore by waves.

In general, we can say that the grain size of the 
sediment along the coast is directly proportional to 
the rigor of the processes operating in the environ
ment of sediment deposition.

3.5 Summary

The materials that make up the coast are funda
mental in determining the nature of the coast. 
Obviously, one of the most important factors is 
whether the coast is dominated by bedrock or by 
sediment. Because sediments are transported by a 
wide variety of processes, with there being a wide 
range in the intensity of these processes, they are 
important factors in determining the morphology 
and scale of the various coastal environments. Low- 
energy processes tend to accumulate sediments that 
are fine-grained and/or those that are not well 
sorted. More energetic conditions result in sand and 
gravel that tends to be well sorted. Regardless of the 
nature or intensity of the processes operating along 
a particular coastal location, the sediment is the 
product o f the source materials in that vicinity.
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4.1 Introduction

When sea level changes, for whatever reason, the 
coast responds with a change of its own. Some 
changes in sea level are very abrupt and can be 
recognized easily, others are so slow and of such a 
small magnitude that we cannot tell that they occur 
without sophisticated instruments. There are sea- 
level changes that take place globally but there are 
also those that are local or regional in extent. In this 
chapter we look at the causes of sea-level change, 
the extent over which they occur, and the rates at 
which they take place.

Sea level is changing throughout the world but it 
is doing so very slowly as a consequence primarily of 
climatic change and plate tectonics. It is also chang
ing locally by a wide variety of means. In just a few 
moments, an earthquake can lower sea level by lift
ing the earth at the shore, or it can raise sea level by 
causing the surface to sink. All of these phenomena 
cause the position of sea level to change in com
parison to the adjacent land. Sea level regularly rises 
and falls over short time periods as wind patterns 
shift over the seasons and as a result of the shifting 
positions of ocean currents.

Slow and long-term changes in sea level on scales 
of centuries to millennia take place as glaciers enlarge 
and subsequently melt in response to global changes 
in climate. The removal of the great mass of these 
glaciers permits the crust to rise, thus producing 
a lowering of sea level, resulting in old shorelines 
being many meters above existing sea level.

These kinds of sea-level change are all relative 
changes; that is, the position of sea level has changed 
relative to the surface of the crust. They also occur 
locally or regionally as opposed to globally. These 
local relative changes may be limited in extent to 
hundreds of meters, but they could be regional, 
extending over a thousand kilometers or more. A 
eustatic sea-level change takes place throughout the 
world. In order for such a change to occur there 
must be a change in the volume of the world ocean 
or there has to be a change in the overall size or 
shape of the ocean container, i.e. the crustal basins 
in which the oceans occur. For example, the melting

of glaciers due to global warming will add water to 
the ocean system and thereby cause sea level to rise 
globally. Similarly, sea-floor spreading will change 
the shape of the ocean basins and thus cause sea 
level to rise everywhere.

Details of these and many other causes of sea-level 
change are considered in the following sections. 
The regular and predictable change in sea level 
caused by astronomical conditions that we call tides 
is not treated here because tides do not result in any 
net sea-level change. They are discussed in a separ
ate chapter.

4.2 Changing the size and shape of the 
container: tectonic causes

Movement of the Earth’s crust may take place over a 
wide range of rates and scales: from meters per hour 
to millimeters per year and from local events such as 
volcanic eruptions to plate movements that extend 
through entire ocean basins. Some of these changes 
take place at or near the coast and cause the crust to 
shift, and thereby cause sea level to change. Others 
are so large that they cause the entire ocean basin or 
even multiple ocean basins to change in size.

4.2.1 Local and regional changes
Many times in the past a seismic event resulting 
from crustal movement will take place at the coast, 
especially if the coast is at or near the leading edge of 
a plate boundary.

On March 27, 1964, a severe earthquake took 
place on the coast of the northeastern Pacific Ocean 
in Alaska. Here the Pacific and North American 
crustal plates are colliding and the movement along 
this crustal boundary produced some spectacular 
changes in local, relative sea-level positions (Fig. 
4.1). The earthquake had its epicenter along the 
north shore of Prince William Sound between 
Anchorage and Valdez, the area more recently made 
famous by the Exxon Valdez oil spill disaster. The 
event registered about 8.3 on the Richter scale, 
making it one of the highest ever recorded in North 
America. Numerous locations along the shoreline
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Fip. 4.1 Photograph of coast in the Anchorage, Alaska 
area showing uplift and property damage associated with 
the earthquake o f March 27,1964. Here the displacement is 
more than 2 m. (OfficiaKJS Navy photograph.)

displayed shifts of meters upward and downward 
relative to sea level. Extreme examples of elevation 
change showed movement of 6 m above sea level, 
which caused harbors and docks to rise well above 
sea level and their docks to become useless. More 
extreme examples took place offshore, where 
islands were uplifted over 10 m and a portion of the 
sea floor on the adjacent continental shelf was low
ered 15 m. It is important to remember that these 
sea-level changes took place in only minutes, but 
they were quite local in their extent.

Other local sea-level changes can be associated 
with volcanic eruptions. These phenomena are 
common along plate boundaries and will result in 
significant uplift of coastal areas affected by volcanic 
eruptions that push up the shoreline on many 
islands. Some subsidence could also take place dur
ing this type of phenomenon. Any of these condi
tions will cause local sea level to change, in some 
cases by several meters.

These extreme, event-related sea-level changes 
are not rare along collision coasts at plate bound
aries. Such situations are present along the west

coasts of both North and South America, on many 
of the volcanic island arcs of the Pacific Ocean, and 
in parts of the eastern Mediterranean, such as Italy, 
Turkey, and Cyprus.

4.2.2 Eustatic tectonic changes
Sea-floor spreading and the evolution of crustal 
material at spreading centers on the ocean floor can 
also have an influence on sea level. As new crust 
moves up from the asthenosphere the older crust 
above moves away from the oceanic ridge, causing 
the plates to diverge. Subduction takes place at the 
collision zones, causing the descent of one plate 
under the other. This combination of slow uplift 
and slow downwarping on the plate margins, along 
with movement of land masses on the conveyor belt 
called the crust, produces changes in the basins that 
change their volume. This set of conditions causes 
sea level to change on a global scale. The amount 
of change produced by these circumstances is quite 
small, on the order of millimeters per decade or more.

We therefore have both local and eustatic sea- 
level changes that can be produced by tectonic 
activity. Some of these are very rapid, such as those 
resulting from volcanic activity or earthquakes, and 
others are very slow, caused by sea-floor spreading. 
Also, we can generalize to say that local changes in 
sea level are generally more rapid and greater in 
magnitude than eustatic changes.

4.3 Climate and sea-level change

Sea level is affected by changes in climate. These 
changes may be due to seasonal or other short-term 
fluctuations in climate or they may be due to long
term changes, some of which are cyclic and others 
are not.

4.3.1 Seasonal changes
On a global scale, mean sea level typically shows 
a seasonal difference ranging from 10 to 30 cm 
depending upon location (Fig. 4.2). Such sea-level 
differences are due to the changes in wind patterns
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Fig. 4.2 Examples of annual cycles of sea-level changes as 
obtained from smoothing of tide gauge records. These data are 
taken from southern California. (From P. D. Komar 8cD. B. 
Enfield, 1987, Short-term sea-level changes and coastal erosion. 
In D. Nummedal, O. H. Pilkey &.J. D. Howard (eds), Sea-level 
Fluctuations and Coastal Evolution. Tulsa, OK: SEPM Special 
Publication 41, p. 18.)

and velocities, and persistant, large-scale high or low 
pressure systems. For example, the Bermuda High, 
a large high pressure system in the central Atlantic 
Ocean, depresses sea level due to the high atmospheric 
pressure. Sea level in the Atlantic is typically lowest 
in the spring and highest in the fall, alternating back 
and forth between the northern and southern hemi
spheres as the seasonal wind patterns change. In the 
low latitudes the seasons are more subtle and, as a 
consequence, mean sea level also shows less seasonal 
change than in the mid-latitudes.

The most basic and most easily predictable 
seasonal sea-level fluctuation is caused by changes 
in weather patterns as the Sun and the Earth shift 
in their positions relative to each other (Fig. 4.3).

As the sun moves through the latitudes with the 
seasons there are changes in water temperatures, 
which produce changes in wind patterns and velo
cities. A sea level change of 10-30 cm is produced 
as a response to these seasonal wind differences. 
This change is caused by water being pushed in dif
ferent directions as the result of seasonal differences 
in atmospheric pressure and wind direction.

Seasonal temperature changes can change the 
water volume and thereby produce changes in sea 
level because water volume increases as it warms. 
The amount of change resulting from this phe
nomenon is so small that it is difficult to measure. 
In some situations, however, this type of seasonal 
change is combined with seasonal change produced 
by winds to show typical annual patterns of sea level 
change. Sea level is highest in the summertime on 
the east coast of the United States because the warm, 
expansive Gulf Stream flows veiy near the coast at 
that time of year. On the Pacific side of the con
tinent, sea level is at its lowest on the Washington 
coast during the summertime because of the cold 
coastal currents that flow from the north at that 
time of year. The highest mean sea level on this 
coast is in winter, when Arctic winds generate coastal 
storms that blow onshore and pile up water.

4.3.2 Nonseasonal cyclic changes
Probably the most famous of the weather-related 
causes of sea lev e l change is the El Nino phe
nomenon. This climatic change influences most of 
the world. It is caused by the warm current that is 
produced by changes in wind conditions off the 
west coast of Peru in South America and it has 
occurred every four to seven years over most of the 
south Pacific Ocean. Fishermen have named the 
current “the child,” referring to the birth of Christ, 
because the El Nino phenomenon tends to begin in 
late December. Normally during this middle part of 
the southern hemisphere summer, the Peru Current, 
which is cold, flows to the north along the west 
coast of South America. As the current flows, the 
Coriolis effect produced by the Earth’s rotation 
(explained in Chapter 5) causes a deflection of the 
current to the left or west, resulting in upwelling of
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even colder, nutrient-rich deep water. This upwell- 
ing provides the nutrients that support a huge popu
lation of plankton, which provides the food for one 
of the world’s most important fishing grounds.

At four- to seven-year intervals, the west-to-east 
blowing trade winds diminish in their intensity, 
allowing a warm current to move south and force 
the Peru Current into the Pacific at a higher than 
normal latitude. This relatively warm current is the 
result of the El Nino conditions. When the current 
enters South American coastal waters, its thick, sur
face layer of warm water inhibits the upwelling of 
the cold nutrient-laden waters below. This situation 
keeps the plankton population from reaching its 
typical high density and, therefore, the fish popula
tions are smaller than normal. The current may 
stay to the south for a year or more, which causes 
fish populations to either migrate to other feeding 
grounds or die, thereby disrupting the economics 
of the adjacent coastal areas. The warmer water of 
the sea warms the air above it, so that the rate of 
evaporation increases. This moist air mass moves 
landward, bringing torrential storms that produce 
flooding and coastal erosion in some areas and a 
large influx of sediments in others. Changes in other 
wind and current patterns are also associated with 
these air masses.

There is a rise in sea level associated with El Nino 
along the entire western South American coast and 
extending up to California (Fig. 4.4), due to both 
the wind effects and the fact that the warm water 
takes up more space than the colder Peru Current. 
The El Nino condition also causes anomalous 
weather conditions, including storms on the South

Fig. 4.3 Annual cycle of both sea level 
and water temperature showing their 
coincidence and their relationship to 
the dominant oceanic conditions o f the 
time. (From P. D. Komar & D . B. 
Enfield, 1987, Short-term sea-level 
changes and coastal erosion. In D. 
Nummedal, O. H. Pilkey &J. D. 
Howard (eds), Sea-level Fluctuations 
and Coastal Evolution. Tulsa, OK: 
SEPM Special Publication 41, p. 18.)

American side of the basin and some drought con
ditions in places like Indonesia on the western side.

4.3.3 Long-term climatic effects
There have been various causes suggested as expla
nations for long-term changes in climate, including 
sun spots, changes in relative positions of celestial 
bodies, and orientations of those celestial bodies.

Climate-induced global or eustatic sea-level 
change can occur in two ways: by increasing or 
reducing the amount of water in the entire world 
ocean, or, more subdy, by changing the temperature 
of the world ocean, which causes its volume to 
increase or decrease as water expands or contracts. 
In either case, when the volume of water changes it 
causes an absolute, or eustatic, change in sea level. 
A worldwide and long-term change in climate can 
bring about both of these conditions simultan
eously. A cold climate results in glaciers, which 
incorporate huge volumes of water while at the 
same time lowering the temperature of the ocean. 
Both of these situations cause the volume of the 
world ocean to be reduced. A warmer climate melts 
the glaciers and frees the water to return to the 
ocean; simultaneously it raises the ocean’s temper
ature, causing an increase in ocean volume and, 
therefore, a rise in sea level.

Drastic temperature changes are not required to 
produce major changes in sea level. A rise or fall in 
the mean annual global temperature of only 2-3°C 
has a profound effect on both the volume of ice 
retained on the surface of the earth and the volume 
of the water in the world ocean. During the last ice
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Fig.4.4 Sea-level variations from the 
east coast of the Pacific Ocean over a 
25-year period showing anomalies that 
have been attributed to an El Nino effect. 
(Modified from P. D. Komar 8cD. B. 
Enfield, 1987; Short-term sea-level 
changes and coastal erosion. In D. 
Nummedal, O. H. Pilkey &J. D. 
Howard (eds), Sea-level Fluctuations and 
Coastal Evolution. Tulsa, OK: SEPM 
Special Publication 41, p. 24.)

age, thick ice sheets covered much of the land mass 
of the northern hemisphere. The volume of water 
in the world ocean was greatly reduced; water was 
incorporated in ice and that remaining in the ocean 
became contracted with the cold. This combination 
resulted in the exposure of nearly all of the contin
ental shelf. These conditions were produced with 
a reduction in global mean annual temperature of 
only about 2-3°C as compared to the present. If 
the present apparent trend toward a warmer global 
climate continues and the mean temperature in
creases by only a few degrees, the entire process will 
reverse — the ice sheets will melt and the ocean will 
encroach upon the continents until many of the port 
cities are at least partly under water.

Insufficient data have made it difficult to assess 
the pace and direction of global climate and sea-level 
changes over the past few decades. Accurate records 
of sea level have been kept for little more than a cen
tury and weather records in most parts of the world 
do not extend back any further. The great sea-level 
changes of the past, as recorded in the layers of 
sediment accumulation, occurred in cycles of tens of 
thousands of years or more. Our hundred-year-old 
records, therefore, cannot be superimposed on past

changes in order to make any sort of valid prediction. 
Nevertheless, the recent rise in global temperature 
has forced us to take note of a possible human
generated cause for the worldwide increase in the 
rate of sea-level rise taking place today. The still- 
accelerating release into the atmosphere of carbon 
dioxide and other greenhouse gases has some clima
tologists projecting a global warming of 3°C by the 
year 2030 (Fig. 4.5). This increase in mean annual 
temperature could melt a large portion of the ice 
cover in Greenland and Antarctica; enough to raise 
global sea level by as much as 5 m in only a few cen
turies. This is too long for a person to worry about 
but still a short time in terms of human occupation 
of the coast as we know it. Even here, however, we 
may be trying to superimpose a short-term data base 
on veiy long periods of cyclicity. The current increase 
in carbon dioxide might only be part of a longer cycle 
that predates civilization and will decline by itself as 
the cycle proceeds. It is hard, however, to discount 
the obvious contribution to global warming being 
made by our current high levels of combustion and 
our destruction of photosynthesizing plants that 
take up huge amounts of carbon dioxide and release 
large quantities of oxygen. It is important for us to
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Fig.4.5 Contributions to sea-level 
rise during the next century. Notice 
that nearly all o f the rise in sea level is 
predicted to come from the melting of 
glaciers as the result o f global warming. 
(From M. Ince, ed., 1990, The Rising 
Seas. Proceedings o f the Cities on Water 
Conference, Venice, Italy.)

examine the details of the warming and cooling 
patterns of the past and their effects on global sea 
level to help us to understand the global warming 
pattern and sea-level changes that we are presently 
experiencing.

4.4 Sea-level rise due to sediment 
compaction and fluid withdrawal

In some of the coastal areas associated with river 
deltas sea level is rising locally because the land itself 
is sinking, or subsiding. This is particularly appar
ent along east Texas and within the Mississippi 
delta in Louisiana. Here local sea-level rise is much 
greater than the global rate. The highest rates of 
local sea-level change in the United States are in 
the Mississippi River delta area, where it is rising 
by 9-10 mm per year, about four times the global 
average. As much as 6-7 mm of that rise is due to 
land subsidence caused by a combination of com
paction of muddy delta sediments and the with
drawal of fluids from the coastal zone, primarily by 
the petroleum industry.

Huge quantities of fine sediment are transported 
by the river and deposited at its mouth, an average 
of up to 1.6 tonnes per day at the active lobe. This 
sediment is deposited so rapidly that it traps much 
water as it setdes. The resulting mud, at places up 
to 90% water by volume, accumulates as thick 
sequences through the active delta region. As the

weight of the new mud layers compresses the 
underlying ones, the water is squeezed out, thereby 
compacting the sediment to a lesser volume, which 
causes the land surface to subside, resulting in a 
relative rise in sea level.

While compaction of sediments has occurred for 
several thousand years, subsidence along a signi
ficant part of the northern coast of the Gulf of 
Mexico caused by the withdrawal of large volumes 
of fluid is a recent phenomenon that is the result of 
recent human activities. Nearly 100,000 wells have 
extracted large quantities of oil and natural gas from 
the Mississippi delta and also from the nearby coast 
and shelf of the Gulf of Mexico. Large volumes of 
ground water have also been taken for domestic and 
industrial use. This results in a dewatering effect 
similar to that of squeezing of the water from the 
delta muds, resulting in land subsiding and sea level 
rising. An example of this phenomenon is near 
Galveston, Texas, where land has sunk nearly 2 m 
in the past century (Fig. 4.6). To reduce, or possibly 
eliminate, further subsidence, the major domestic 
and industrial uses are being shifted to surface 
water, and water is now being pumped back into 
the ground to replace what had previously been 
withdrawn.

Another human impact on the coastal zone is not 
as easily remedied. The building of large cities on 
thick accumulations of unstable sediments has been 
an environmental disaster. The water of the nearby 
Gulf has responded by flooding parts of the inland
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Fig. 4.6 Photograph of flooding in southeast Texas near 
Galveston Bay, which is, in part, due to a rise in sea level 
resulting from withdrawal of oil and gas in this area.
(Courtesy of Orrin H. Pilkey.)

port cities of Houston and New Orleans. In fact, the 
city of New Orleans is a few meters below sea level 
and even more than that below the level of the 
Mississippi River.

If sea level in the lower Mississippi delta contin
ues to rise at a rate of 9-10 mm yr-1, and if this rate 
is sustained for 50 years, it could amount to 0.5 m 
of sea-level rise, enough to submerge large areas of 
coastal wedands, which would destroy the ecosys
tem that is so important to the delta area.

Compaction is not only an important contributor 
to land subsidence in delta regions throughout the 
world, it also affects peat bogs, marshes, and other 
organic-rich sediment accumulations that hold 
large volumes of water. The influence of com
paction on these environmentss is quite small, how
ever, because their overall thickness is less than a 
few meters in most places.

4.5 Isostasy

The Mississippi River delta is one example of 
regional subsidence, but broad regions of the con
tinental plates can also sink under a heavy load. 
Over a period of thousands of years, the mass of a 
huge ice sheet can cause the continental lithosphere 
to become depressed by about 100 m, with the 
amout dependent on the thickness and density of

both the ice mass and the underlying lithosphere. 
The vertical movements of the lithosphere are 
accommodated by the semi-plastic portion of the 
upper asthenosphere. As the glacier melts, remov
ing the overlying pressure of the ice from the land 
mass, the lithosphere rises, or rebounds. Such ver
tical adjustments of the lithospheric crust are called 
isostatic adjustments; isostasy is the condition of 
equilibrium of the Earth’s crust that takes place as 
the forces that tend to elevate the lithosphere are 
balanced by those that tend to depress it.

The depression and subsequent rebounding of 
the lithosphere as mass is added and removed is 
only one kind of isostasy. A change in density of 
the lithosphere will cause a similar isostatic crustal 
response and produce changes in sea level as a con
sequence. When the lithosphere is young and still 
hot as it is produced at a rift zone of the oceanic 
ridge system, it is relatively low in density. As this 
lithosphere cools over several millions of years, it 
is reduced in volume, becoming more dense. This 
causes subsidence over the asthenosphere. Because 
most of this activity takes place in the ocean basin, 
the resulting rise in sea level over the subsiding sea 
floor is so small as to be imperceptible. There are a 
few places on the globe where coastlines are close to 
sites of plate divergence. At these places the local rise 
of the young lithosphere can produce an increase in 
sea level and slow inundation of land. The coasts of 
both the Red Sea and the narrow Gulf of California 
are on such diverging oceanic plates and are places 
where this type of local sea-level rise can be expected.

Another reason for isostatic adjustment of the 
Earth’s crust is related to the thick accumulation of 
sediments and volcanic material in the lithosphere. 
This currently takes place along thick prograding 
coastal plains such as the Gulf and Atlantic coasts 
of the United States. In both cases, thousands of 
meters of sediment accumulate over tens of millions 
of years, causing crustal subsidence, which produces 
a relative rise in sea level. The same phenomenon, 
but in a more rapid scenario, is associated with thick 
accumulations of volcanic crust, such as the islands 
in the Pacific Ocean. One of the best examples of 
this phenomenon is the Hawaiian Islands, where 
about 5000 m of volcanic material is piled up on
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the thin oceanic crust. This enormous mass causes 
subsidence and a relative rise in sea level.

4.6 Changes in the volume of the 
world ocean

4.6.1 Advance and retreat of ice sheets
During the Quaternary Period, the most recent 
period in the geologic time scale, which is from 
about two million years ago to the present, eustatic 
sea level has changed very rapidly as compared to 
most times in the Earth’s history. It is also likely 
that we have this opinion about rates of sea-level 
change simply because we do not have the detailed 
information about sea-level change throughout 
geologic time that we do for the past couple of

million years. The cause of these geologically recent 
and rapid sea-level changes has been the advance 
and retreat of continental ice sheets and the polar 
ice caps that formed the extensive glaciers of the 
northern hemisphere and the Antarctic. The Pleis
tocene Epoch of the Quaternary Period, also called 
the “Ice Age,” came to a close 10,000 years ago. At 
this time the last of the major ice sheets had melted, 
except in Greenland and Antarctica. For the previ
ous million or two years, there were thick ice sheets 
in the northern hemisphere that repeatedly covered 
and withdrew from most of Europe, northern Asia, 
and North America down to the Missouri and Ohio 
River valleys (Fig. 4.7). The development of similar 
ice sheets in the southern hemisphere was limited 
due to the general absence of land in the high lati
tudes, except in Antarctica and the southern tip of 
South America.

Fig. 4.7 Map of the northern 
hemisphere showing the distribution 
of glacial ice sheets during the peak 
condition of the Pleistocene as compared 
with the present. (From J. T. Andrews, 
1975, Glacial Systems. North Scituate, 
MA: Duxbury Publishing Co.)
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The record of the Pleistocene Epoch that is 
preserved on the continents is generally considered 
to include four cycles, in each of which there was 
glaciation alternating with interglacial melting. 
Each of these four cycles has a name for both the 
glacial advance and the following melting portion 
of the cycle. For example, the last portion of the 
cycle characterized by glacial advance is called the 
Wisconsinan in North America. It was preceded by 
the Sangamonian interglacial period, when sea level 
was high and glaciers were probably smaller and 
covered less area than they do at the present time. In 
Europe and other areas where similar glacial cycles 
took place there is a different terminology for each 
of the cycles.

For the first half of the twentieth century this 
interpretation of four glacial cycles was accepted 
and taught throughout not only North America 
but also the rest of the world. As we developed more 
capability for studying the ocean basins through 
sediment cores, the climatic history depicted showed 
that there were many more Pleistocene glacial cycles 
than the four shown in the land-based stratigraphic 
records. The evidence for these numerous glacial 
cycles has been masked on land by deposits of the 
four larger and longer-lasting glacial cycles.

The discovery from the oceanic record of these 
numerous glacial cycles is primarily due to techniques 
for investigating ancient climatic conditions on the 
Earth that did not become available until the late 
1940s, just after the Second World War. Probably 
the most important of these is the use of oxygen iso
topes to help to interpret past climatic conditions. 
Isotopes are varieties of a given element that have 
different atomic masses due to variation in the 
number of neutrons. Oxygen, for example, typically 
has an atomic number of 16, but there is also a heav
ier isotope, oxygen-18. Both isotopes behave the 
same chemically and both are incorporated in the 
skeletons of organisms like corals and mollusks as 
part of the compound calcium carbonate (CaC03). 
The discovery was made at the University of Chicago 
in 1947 that the relative concentration of the two 
oxygen isotopes taken into the skeletons of organ
isms was a function of the temperature of the ocean 
water in which the animals were living. This led

researchers to believe that the temperature of the 
water at the time when the organism was living 
could be determined by analyzing the 160/180  con
tent of the calcium carbonate in the skeleton. This 
relationship was not applied to global climate inter
pretations in any significant fashion until 1955, 
when the skeletons of floating single-celled animals 
(foraminifers) from several deep sea cores were 
analyzed using these techniques. These floating, 
single-celled animals are very common in the upper 
few hundred meters of the water column through
out the ocean. Their calcium carbonate skeletons 
setde to the bottom when the individuals expire. 
The sediments in cores taken from the ocean floor 
have many of these skeletons. Oxygen isotope ratios 
determined for samples taken from these cores 
provided data that demonstrated that there were 
numerous periods of significant temperature fluctu
ation in ocean waters in only 300,000 years. These 
changes in ocean temperature were interpreted to 
be the response to climatic changes associated with 
glacial activity. These data demonstrated that the 
record preserved in the sediments of the ocean floor 
was much more complete and complex than that on 
the continents.

Perhaps more importandy, the temperature 
cycles shown by the oxygen isotopic data in these 
sediment cores are in agreement with the cycles that 
had been predicted many years earlier by Milutin 
Milankovitch, a Serbian astronomer. He developed 
a theory of climatic changes that was based on cycles 
of radiation received by the Earth as it tilts relative 
to the Sun. Three different astronomical conditions 
produced cycles (Milankovitch cycles) associated 
with variation in tilting and its effect on climate:
1 Variation in eccentricity of the Earth’s orbit 
around the Sun, with a periodocity of 90,000- 
100,000 years.
2 Changes in the obliquity of the Earth’s plane of 
orbit and the angle it makes with the plane of the 
ecliptic, with a period of41,000 years.
3 The precession or wobbling of the Earth’s axis, 
with a period of21,000 years.

The coast as we see it now is the product of the 
most recent of these cycles. The last of the great 
advances of glaciers, the Wisconsinan Ice Age,
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began about 120,000 years ago and lasted for more 
than 100,000 years. The formation of these glaciers 
took most of this time; only about 20,000 years were 
involved in the melting of them to their present size. 
Since the end of that period we have been in what is 
called an interglacial period, characterized by global 
warming, glacial melting, and rapid sea-level rise. 
The Antarctic and Greenland ice sheets of today 
are remnants of the last Wisconsinan advance. The 
period of overall melting and related warming has 
been interrupted by a few “little ice ages,” which are 
extended periods of abnormally cold weather, some 
ofwhich have occurred during recorded history. The 
most prominent was chronicled in Europe between 
about 1450 and 1850. Sea level actually dropped 
during these short cold periods that occurred during 
the overall warming trend.

By calculating the difference in volume between 
the Wisconsinan ice sheets and the ones that remain 
today, it is possible to determine the volume of ice 
that has melted and how this volume has changed 
global sea level. The next step is to extrapolate what 
would happen to sea level if the present rate of 
global warming continued until the remaining ice 
sheets melted. In order to make these determinations, 
it is necessary to estimate the area and thickness 
of the previously existing ice sheets. The surface 
area covered by the Antarctic ice sheet during the 
Wisconsinan advance was almost 14 million km2 
and today it is about 12.5 million, which is not a lot 
of difference. By way of contrast, the North Amer
ican ice sheet once extended over more than 13 mil
lion km2 of land and now covers only 147,000 km2, 
a loss of about 99%. There were also ice sheets cov
ering Greenland, much of Europe, and the northern 
part of Asia. The combination of these and other 
smaller ice sheets covered more than 44 million km2 
about 12,000-15,000 years ago, of which just under 
15 million now remain, one-third of the former 
extent.

Whereas we have geologic and geographic infor
mation that enables us to determine the areal extent 
of these enormous ice sheets, it is much more dif
ficult to determine the volume of the Wisconsinan 
ice sheets. A reasonable approach is to use the 
Greenland ice sheet as a model. This ice sheet is

well known because of extensive petroleum explora
tion surveys, as well as scientific and military studies. 
Glaciologists have estimated that the Greenland ice 
sheet holds about 2.5 million km3 of ice. By extra
polation of surface areas and by estimating average 
thicknesses, we interpret that 75 million km3 of ice 
were contained in the vast glaciers of the Wisconsinan 
Ice Age. Given the ratios mentioned above, then 
about 50 million km3 of ice have melted since the 
Wisconsinan Ice Age -  roughly equivalent to about 
20 times the volume of the present Greenland ice 
cap. Considering that there is a 10% decrease in vol
ume when ice turns to water, then 45 million km3 of 
water were returned to the ocean. This obviously 
caused a major change in volume and therefore a 
dramatic increase in sea level. The mass of this vol
ume of water was enormous and caused isostatic 
adjustment of the crust, both on the continents 
where mass was removed and on the oceanic areas 
where mass was added. This tremendous shift of 
mass from the continent to the ocean had, and is 
still having, a pronounced influence on sea level.

As the ice sheets were removed from the contin
ents, the continental lithosphere began to rebound 
in an isostatic adjustment. If we assume that some 
areas were covered with 3000 m of ice at peak glacial 
conditions, the isostatic rebound after melting would 
have reached about 1000 m. This is determined by 
assuming that the 3000 m of ice had a density of 
0.9 g cm-3, which is close to one-third of the dens
ity of the continental lithosphere. This would be 
equivalent to about 1000 m of lithospheric crust. 
The rate of the rebound has been slow, and in some 
places, such as Norway and Sweden, it is still ongo
ing (Fig. 4.8).

While this was taking place on the continents, 
the ocean was experiencing the opposite condition. 
The added mass coming from the continents in the 
form of glacial meltwater caused a sinking of the 
ocean floor, which has a much younger and thinner 
crust than the continents. This combination of 
continental rebound and oceanic crustal depression 
with added volume of the ocean still produced an 
increase in sea level in most places despite the 
sinking floor of the ocean. There were, however, 
regional decreases in sea level due to rapid rates of
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Fig. 4.8 Map and cross section showing 
the subsidence and rebound associated 
with glacial development and melting 
across the northern part of Norway and 
Finland, where the greatest isostatic 
adjustments have taken place and are still 
under way. (From A. L. Bloom, 1978, 
Geomorphology. Englewood Cliffs, NJ: 
Prentice Hall, p. 405.)

continental rebound. Considering the combination 
of all of these phenomena, the overall eustatic increase 
in sea level-over the past 18,000 years has been about 
100 m, with local variations due to differences in 
continental rebound.

4.6.2 Continental rebound
Because the Wisconsinan glacial ice melted slowly, 
the isostatic adjustment in the form of continental 
rebound was also slow. Most of the crustal rebound 
took place before the melting of the ice sheets reached 
near their present size, because the remaining ice 
was no longer sufficient to cause significant subsid
ence. In some places the rebound is still ongoing, 
such as in Scandanavia, in the Hudson Bay area of 
Canada, and in Argentina and lower Chile.

Along the coast of Sweden and Norway, the mean 
annual sea level is still dropping a few millimeters a 
year as a result of the rebound of continental crust. 
If the annual global sea-level rise of 2-3 mm is 
added, the rate of uplift is up to 9 mm a year. If we 
assume that this has been going on for about 5000 
years, the rebound has been a net uplift of about 
30—35 m. It is even more in the Hudson Bay area 
of north-central Canada. Aerial photographs of 
these areas show parallel ridges marking the old 
shorelines and abandoned beaches as the sea level 
dropped, causing the ocean to recede from the land 
(Fig. 4.9).

The amount of isostatic adjustment diminishes 
toward the low latitudes because the ice formed later, 
it was thinner, and it melted more rapidly toward 
the warmer climate. This can be shown along the

Fig. 4.9 Photograph o f beach ridges 
around Hudson Bay, Canada, providing 
evidence for isostatic rebound after 
glaciation. As relative sea level fell, the 
waves formed these numerous beach 
ridges. (Photograph courtesy o f A. 
Hequette.)
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New England coast, where the old shorelines slope 
downward from Maine to New York. Sea-level 
change over recorded history shows that there has 
been a drop of several millimeters a year in Maine 
and essentially no change in New York.

The Great Lakes originated from glacial activity 
and also display clear signs of a north-to-south tilt, 
as shown by the ancient shorelines. These shore
lines are several meters higher on the northern part 
of the lakes than on the south sides. Lake Michigan 
is gradually getting shallower at the north end and 
deeper in the south. If the present rate of rebound 
continues, after about 3000 years the lake will drain 
into the Mississippi River system rather than through 
the other lakes into the Saint Lawrence Seaway as it 
does now.

Wherever the high-latitude land mass is still 
responding to the melting of an ice sheet, coastal 
uplift leaves the shorelines well above present sea 
level (Fig. 4.9), abandoned by the receding water 
level. Eventually the  ̂rebound will slow and the 
water level will rise again relative to the land 
mass.

4.7 Holocene rise in sea level

The Holocene Epoch is arbitrarily defined as beginn
ing 10,000 years ago. It is characterized by the rapid 
and large rise in global sea level as a response to the 
melting of the Wisconsinan glaciers. Geologists, 
oceanographers, and climatologists who study sea- 
level fluctuations cannot agree among themselves 
on the details of the rise in sea level over this period, 
especially during the past few thousand years.

It is generally agreed that sea level was at its 
lowest position about 18,000 years ago, when the 
ice sheets of the Wisconsinan had reached their 
maximum extent. The lowest position of sea level, 
called the lowstand, is deduced by uncovering evid
ence of the oldest drowned shoreline now located 
beneath the waters of the continental shelf. This 
evidence might take the form of beach sand, marsh 
deposits, drowned wave-cut platforms, drowned 
river deltas, or almost any sort of indication of an 
old shoreline. Other factors, such as tectonic uplift 
and subsidence, must also be taken into account

Fig. 4.10 Plot of sea-level curves for the 
late Quaternary for numerous locations in 
the Atlantic Ocean and Caribbean Sea. 
The differences are in part due to tectonic 
factors but all show a significant slowing 
in the rate of rise about 6000-7000 years 
ago. (From Fairbanks, 1987.)
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before deciding the vertical position of the low- 
stand. Scientists know that sea level was more than 
100 m below its present position; perhaps as much 
as 130 m. There is general agreement that sea level 
rose very rapidly for the first several thousand years 
and that it slowed about 6000-7000 years before 
present ( b p )  (Fig. 4.10). The annual rise during this 
period was near 10 mm yr-1, a rate fast enough for 
the sea to cover parts of many of the present coastal 
cities in a century.

During this period of rapid rise in sea level the 
shoreline moved so quickly that the sand bars and 
barrier islands that protect so many of our coasts 
today had no time to build vertically. In order for 
these barriers to develop, it is necessary for the 
shoreline to be either stable or very slowly moving, 
to give waves and currents enough time to construct 
these long sand bodies. The lack of a stable shore
line for any length of time coupled with moderate to 
high tidal ranges along the irregular coasts produced 
tide-dominated coasts with widespread estuaries and 
tidal flats. Some areas, such as Australia and New 
Zealand, saw relative sea level reach its present 
position about 6500-7000 years ago, at the end of 
this period of rapid rise because of land subsidence 
in these areas of the globe. Most land masses of 
the world experienced continued but much slower 
sea-level rise due to the decrease in the rate of glacial 
melting. This slower rate of sea-level rise permitted 
shorelines to become more stable in their position 
and resulted in waves becoming the dominant coastal 
process. These conditions led to the formation of 
beaches and barrier islands.

There is no general agreement about the position 
of sea level along the coast of North America during 
the past 3000 years or so. There are three scenarios 
that have been proposed during this period: (i) it 
has been stable at the present position; (ii) it has 
changed about a meter or so above and below its 
present position; and (iii) it has been gradually 
rising during the period, over only about 3 m (Fig.
4.11). It is possible that each of these situations has 
prevailed at various places. Because of the resolution 
necessary to determine which of these three situ
ations might have existed at any given coastal loca
tion, we are still working on this question.

Fig.4.11 Tide gauge records for the past several decades 
as compiled by Hicks and colleagues. These show well 
the differences around the USA based largely on tectonic 
conditions; Alaskan sea level is subsiding locally but it is stable 
in other areas, as it is in Oregon. The east coast is showing 
a rise of about 2 mm yr”1. (Adapted from S. D. Hicks, J. A. 
DebaughJr&L. E. Hickman Jr, 1983, SeaLevelVariationsfor 
the United States, 1855—1980. Rockville, MD: US Department 
of Commerce, NOAA, National Ocean Service.)

4.8 Current and future sea-level changes

The impact of the rapid increase in the human popu
lation of the Earth has produced elevated levels of 
carbon dioxide, which, according to many author
ities, has led to global warming (see Box 4.1). The 
warming of the atmosphere over a long period of 
time causes an increase in the rate of melting of the 
ice sheets and also causes the ocean to warm up. 
Both of these phenomena result in an increase in
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Box 4.1 Global warming and the future of 
sea-level rise

During the past decade or so, there has been much 
speculation about the future trends in sea-level rise. 
Conservative estimates give a rise of about 50 cm over 
the twenty-first century, whereas the most liberal 
predictions are in excess of a metenfor that time, 
period. Let us take a close look at the situation; tjpen 
make your own decision about “glolal warmin 

It is well known that sea level rose tremendously at 
various rates during the past 18,000 years as extensive 
glaciers melted thoughout m a n y L r a l^ i i l^ e a p : ' 
This melting took plale^becaufe p l ln  incrwsmn

answer is that melting of the ice caps throughout the 
world slowed as a response to global temperature: it 
stopped warming up so fast.

Why this happened provides the more complicated 
and complete answer to the question. Part of.it can be 
found in the various perturbations of the EartfK5un 
system as recognized by Milankovich in the early ̂  
twentieth century. He showed that there are various, 
cycles to the way the Earth moves in its orbit, the \  
shape of the orbit, and the wobble a n d f e j f  the earth \  j  
on its axis. These cycleSj/ange from a t^ p 2 0 ,0 0 0  \  
years to nearlyl OO^OO^ears. As a corpfjuence of 
these fairly lojfif cvm s andtheir s h o r t l l t r m
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level rise rapidly for < 
only slowly for anoti]
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p endedpefto
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about'the 5me for which 
of sea-

e a rr ls 'S c b in M lffiT O tth is  increlBfttn sea level« 
parallels th e irea t increase in C02 production, or is 
C02th ecauslo f increased global temperaturesaiTd j 
therefore the rfee in sea l^ e l?  Actually there is stilly 
some disagreement among scientists as to the answer 
There arje more favoring anthropogenic factors*as very 

*|nt<but many bejieve that the changes fh sea 
in the Earth’s

. l l l S

the volume of water in the world ocean, and thus an 
increase in sea level. Recent data from tide gauges 
around the world show that the rate of rise in 
eustatic sea level is increasing. Because tide gauges

are available from  all over the world this is one of 
the most prevalent types of sea-level data and must 
be studied very closely. The records from many of 
these stations must be discarded because of instability
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Fig. 4 .12 Map showing rates of sea-level rise around the continental USA as shown from tide gauges. Compare the east coast, 
Mississippi delta area, and west coast. (From National Research Council, 1987, Responding to Changes in Sea Level. Washington, DC: 
National Academy of Sciences, 1987, p. 10, fig. 1.1.)

of the location due to subsidence or compaction, or 
because of tectonic activity. For most locations, we 
have an average of about one hundred years of reli
able data for the position of sea level.

Most of the data for the United States are col
lected through the efforts of the National Ocean 
Survey (NOS), which is part of the National 
Oceanographic and Atmospheric Administration 
(NOAA). Their personnel have studied and ana
lyzed data from hundreds of tide stations. Similar 
efforts are being extended throughout many other 
countries to provide a decent global coverage of 
these data. Examples from studies of various parts 
of North America serve to illustrate the nature of 
these data and the trends that are present (Fig.
4.11). The east coast of the United States shows a 
general increase in sea level, with considerable 
short-term variation. In New England the same 
pattern is present but with a slightly higher general 
rate of rise. The west coast of the United States 
shows more variation from one location to another 
but there is little overall increase in sea level for the 
period of record. This is due to the tectonic activity 
on this leading edge coast. The more stable east

coast shows a rise that ranges from relatively slow in 
the north, where isostatic rebound is still going on, 
to more rapid rates of rise to the south, where 
rebound is absent and some compaction is taking 
place. The west coast, a crustal plate collision area, 
experiences great variety in sea-level conditions. In 
Alaska many locations show a decrease in sea level 
due to tectonic conditions of uplift: up to 14 mm 
yr-1 (Fig. 4.11).

The Gulf coast of the USA shows a great range in 
sea-level rise due to differences in the geologic set
ting. The Florida peninsula is a carbonate platform, 
one of the most stable and least compacting geologic 
provinces. Its rate of rise is only about 1.5 mm yr-1, 
which is probably a good reflection of the actual sea- 
level rise due to the increase in the volume of the 
ocean. By contrast, the Mississippi delta region is 
experiencing an annual sea-level rise of 10 mm (Fig.
4.12). This is due mostly to compaction of the thick 
sequences of mud there, and to the withdrawal of 
huge volumes of fluids by the petroleum industry.

On a global scale, the tide gauge records show a 
distinct but variable increase in sea level everywhere 
except for the Pacific Ocean (Fig. 4.13). The coasts
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Fig. 4.13  Summary of sea-level curves for the past century from around the world. Note that the only place where a noticeable increase 
has not occurred is the Pacific Ocean, the area where tectonic activity is most active around the edge o f the Pacific Plate, which closely 
corresponds to the continental coasts. (From V. Gornitz 8c S. Lebedeff, 1987, Golbal sea-level changes during the past century.
InD. Nummedal, O. H. Pilkey 8cJ. D. Howard (eds), S ea -level Fluctuation and Coastal Evolution.TxisSL, OK: SEPM Special 
Publication 41, p. 10.)

of the Pacific Ocean are mostly collision coasts 
where tectonic conditions override eustatic changes 
in sea level.

We must remember that 100 years of data for sea 
level changes represents an insignificant period of 
time in the cyclic systems of the Earth. It is inade
quate to accurately predict long-term sea-level 
trends. During the past several thousand years, large 
changes in sea level have occurred as climates dis
played smaller cycles within the long-term warming 
and melting trends of several millennia. These short 
reversals on the long-term trend were sometimes a

century or more long. One of the best examples of 
this took place a few hundred years ago in the afore
mentioned “little ice age.” During that time the 
existing ice sheets increased in size, and there was a 
slight reversal of the rise in sea level. This reversal of 
a long-term trend was best documented in Europe 
and China in various historical records. We expect 
that similar short-term reversals are typical of most 
long-term trends in climate. Factors that can con
tribute to these climatic changes include variations 
in sun spots, the shifting of oceanic currents and 
slight changes in Earth-Sun positions.
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Box 4.2 Sea-tevel rise in the Mississippi 
delta area of Louisiana

The combination of decreased discharge of sediment 
from the Mississippi River, eustatic sea-level rise, 
compaction of sediment on the delta, and withdrawal 
of fluids associated with the petroleu^i industry has 
caused sea level to rise at catastophic'rates -  about 
four times the global average. This istesulting in t ie  
loss of tens of square kilometers of laid each yea/; 
Louisiana is literally drowning in thdaulf of Mexieo.

Most river deltas are the sites of ^Sry rapid rate^ of 
sediment accumulation. This is typi(|llly finesedifient, 
much of it clay miner

entire Mississippi system, especially during the first 
half of the twentieth century. These dams are quite 
helpful for shipping but they stop sediment from 
moving down the river. The result was that the \  
amount of sediment being delivered to the mouth V  
of the Mississippi has been about cut in half over the \  
past century. The result has been the “starvation” of \
the delta. ........

In the middle of the twentieth century thej 
industry discovered the great oil and gas re f  
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4.9 The impact of increasing sea-level 
rise on modern coastal environments

The present coastal morphology is very young, 
even in the context of the Holocene sea-level rise. 
Virtually all of the coastal features we see have 
developed in less than 6500-7000 years. The inter
action of coastal processes with sediments and rock 
causes rapid changes in erosion and deposition. 
When these conditions, including sea level, remain 
constant for a period of time, an equilibrium situ
ation develops. Changes in sea level can upset this 
equilibrium and affect virtually all of the environ
ments in the coastal zone. A rising sea level causes 
the shoreline to move, which brings about changes 
in the coast.

Since the time of widespread human occupation 
on Earth, eustatic sea level has risen only a few meters. 
Nevertheless, there have been important changes 
to various coastal environments over this period. 
Examples include the development of the present 
lobe of the Mississippi delta, the formation of most 
of the barrier islands on the Florida Gulf coast, and 
considerable erosion of bluffs on the west coast of 
the United States. The possibility of nearly doubling 
the eustatic rate of sea-level rise from about 1.5 to 
3 mm yr-1 means that there will be about 30 cm of 
increase in a century. Such a rate over only a thousand 
years would produce an increase in sea level of about

3 m, enough to cause major changes in the nature 
of the shoreline and flood portions of many of the 
world’s formost cities, like New York, London, 
Amsterdam, and Los Angeles. This is a reasonable 
forecast.

4.10 Summary

Perhaps more than any other coastal process, 
sea-level change influences the entire world. Global 
and slow changes are always taking place, and 
regional or local changes may be rapid and cata
strophic. Sea-level change is, in reality, everywhere! 
The current concern about global warming and its 
influence on sea-level change is a front page story in 
many parts of the world. Rates of rise have increased 
over the past century but the long-term future is still 
a matter of speculation.

Ranging from changes on the order of meters 
in less than a day associated with earthquakes to 
only a millimeter or so in a year, sea-level changes 
can impact coastal management in many ways. 
The location of development, types of construction, 
density of occupation, and other factors must all 
be factored in when considering the local sea-level 
situation. We are still wrestling with the causes 
for these increases in global sea-level rise: are they 
natural or anthropogenic?
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5.1 Introduction

Storms are a frightening but fascinating manifesta
tion of the Earth’s surface energy (Fig. 5.1). They 
have a dramatic influence on coastlines, in terms 
of both sediment movement along the coast and 
damage to homes and other structures. Storm waves 
and storm-induced currents are the primary agents

Fig. 5.1 (a) Photograph o f Hurricane Elena taken in 1985 
from Space Shuttle Discovery (from http://www.wvwi.net/ 
hurricane.htm). (b) In late August 1995 five major storms were 
present simultaneously in the Atlantic Ocean, while another 
storm, tropical storm Gil, existed in the Pacific Ocean (from 
http://obs-us.com/people/karen/storms/stormstuff.htm). 
Most Atlantic storms are born off the coast of northwest Africa 
and are steered westward by the easterlies or trade winds.

responsible for removing sand from beaches and for 
causing long-term shoreline recession. In a matter 
of hours storms can produce dramatic changes in 
coastal morphology, as evidenced by the breaching 
of barriers, relocation of tidal channels, formation of 
dune scarps, and deposition of extensive aprons of 
sand along the landward side of barriers.

Property damage resulting from major hurricanes 
can be enormous. In 1988, Hurricane Gilbert cut a 
wide swath through the Caribbean Islands, resulting 
in US$6.5 billion of damage in Jamaica alone. In 
the wake of Hurricane Hugo, which hit Charleston, 
South Carolina, in 1989, $3 billion were spent in 
reparations. Three years later Hurricane Iniki (1992) 
swept through the Hawaiian Islands, causing a billion 
dollars in damage. During the same year Hurricane 
Andrew produced a staggering $30 billion in prop
erty damage as it crossed over southern Florida into 
the Gulf of Mexico. Eventually it made a second 
landfall in western Louisiana, where it wreaked 
devastation totaling another $1.5 billion.

As recorded in history and well chronicled during 
the past decade, the passage of major hurricanes 
does not only result in substantial property loss; 
these storms have also proved to be “killers” to the 
unprepared coastal population. The greatest loss of 
life in the United States due to natural causes is 
attributed to the 1900 hurricane that killed at least 
6000 people on Galveston Island along the Texas 
coast. Most of these deaths were due to drowning 
resulting from a 6 m high storm surge that covered 
the island, most of which was less than 2.5 m in 
height. The storm surge is the super-elevation of 
the water surface produced by the hurricane’s strong 
onshore winds and low pressure (Fig. 5.2). In 
response to this Galveston disaster a substantial sea
wall was constructed along the ocean shoreline and 
at the same time much of the island was raised some 
1.5 m using sediment dredged from a nearby site.

The storm-related deaths that occurred in 
Galveston pale in comparison to the loss of life 
that has taken place in Bangladesh, located in the 
apex of the Bay of Bengal. Similar to the state of 
Louisiana, the southern part this country has been 
built through deltaic sedimentation. Much of the 
lower portion of the Ganges-Brahmaputra delta

http://www.wvwi.net/
http://obs-us.com/people/karen/storms/stormstuff.htm
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Fig. 5.2 During the Blizzard of 1978, the storm of record 
for much of northern New England, large astronomic tidal 
conditions combined with record storm surges caused 
significant lowland flooding and extensive coastal damage.
The high tide levels allowed large storm waves to break 
over seawalls, against fore dune ridges, and across barrier 
systems.

in Bangladesh is highly populated. Most of these 
people live on land that is less than 4 m above sea 
level. An intense cyclone in 1970 moved through 
the northern Bay of Bengal and pushed a dome of 
water onshore that reached 10 m above normal 
water levels. An estimated half million people lost 
their lives as a result of this storm. A view of the area 
after floodwaters subsided revealed a land almost 
completely stripped of human occupation. A sec
ond tropical cyclone in 1991 (Cyclone Gorky) took 
another 100,000 lives. What makes barriers and 
other depositional coasts so vulnerable to intense 
storms is the combination of storm-induced elevated 
water levels and the inherent low elevation of these 
coastal regions.

This chapter describes fundamental atmospheric 
circulation because global wind patterns largely 
control the pathways of storms and major weather 
fronts. A basic discussion of air flow associated with 
high and low pressure systems provides a founda
tion for understanding the two primary types of 
coastal storms: those that form above the tropics, 
called extratropical cyclones, and those that are 
generated in the tropics, named tropical cyclones. 
Typically, these storms have different strengths and 
modes of formation. Similar factors, such as storm 
path, speed, and magnitude, as well as the confi
guration of the coast, govern the extent and type of

damage resulting from these storms. Case histories 
of various storms are useful in illustrating these 
points. Classifications of the hurricanes and extrat
ropical storms are presented so that the effects of 
various magnitude storms can be compared. The 
discussion emphasizes hurricanes that impact the 
Gulf of Mexico and eastern Adantic Ocean, 
although similar storms elsewhere in the world 
are also included. Likewise, primary attention 
is given to the northeast storms that affect the 
northeast coast of the United States.

5.2 Basic atmospheric circulation and 
weather patterns

5.2.1 Wind
Wind is defined as the horizontal movement of air. 
It is caused by differences in atmospheric pressure. 
In turn, pressure gradients are produced by differ
ential heating or cooling of air masses. On weather 
maps the distribution of atmospheric pressure is 
presented by isobars (Fig. 5.3). Isobars are lines con
necting points of equal pressure. As seen on weather 
maps, wind flows at a slight angle to the isobars 
toward the central low pressure. Wind velocity 
increases as isobars become more closely spaced. 
The pressure gradient can be thought of as the slope 
of a hill. A ball rolling down the hill will attain a 
greater velocity the steeper the slope. Likewise, the 
greater the contrast in pressure (pressure gradient) 
the stronger the wind velocity.

5.2.2 Atmospheric circulation
The movement of air masses over the surface of 
the Earth represents one of the processes whereby 
temperature differences between the equator and 
poles are balanced. The Sun’s preferential heating 
of the equatorial region compared to polar areas 
causes the strong temperature gradient that exists 
between the low and high latitudes. A simple heat 
budget of the Earth reveals that between approx
imately 35° N and 40° S of the equator, more energy 
is absorbed from incoming solar radiation than is
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Fig. 5.3 Atmospheric pressure is 
measured in millibars (equal to 100 
newtons per square meter). Standard 
sea-level pressure is 1013.25 millibars. 
Commonly, weather maps show 
concentric isobars around low and 
high-pressure systems.

radiated back into space (Fig. 5.4). Above these lat
itudes the curvature of the Earth produces a deficit 
of heat caused by a combination of less incoming 
radiation per unit area and greater reflectance of 
solar radiation by the ice-covered poles. While the 
uneven heating of the Earth has always existed, 
the equator does not grow warmer with time, nor do 
the poles grow colder. Offsetting the heat imbal
ance are mechanisms of heat transfer involving both 
the atmosphere and oceans that move heat pole
ward and cold toward the equator. The California 
Current, which transports cold water southward 
along the Pacific coast, and the Gulf Stream, which 
moves warm water northward along the Atlantic 
coast, are examples of this heat transfer. The north- 
south movement of air masses accomplishes the 
same task of equilibrating energy over the Earth’s 
surface as seen when polar air invades southern

Canada and the continental United States during 
winter or when hurricanes move into the north 
Atlantic during late summer and early fall.

The global wind patterns are also a product of 
differential heating. The Sun’s concentrated in
coming radiation in the equatorial latitudes heats 
the surrounding air and evaporates water from the 
oceans. As this warm moist air rises, it expands and 
cools, resulting in water condensation and rainfall 
in equatorial regions. In a highly simplistic case 
involving a non-rotating Earth one would expect 
that the dry air would flow outward from the equ
ator toward the poles, resulting in further cooling 
of the air. At the poles the now dense cold dry air 
would sink and then flow southward along the 
Earth’s surface toward the equator. In this ideal 
model two convection cells would operate, one 
each in the northern and southern hemispheres
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North South

Latitude (degrees)

Fig. 5.4 Over the Earth’s surface there is an uneven distribution 
of incoming solar radiation and outgoing infrared radiation. 
Ocean currents and weather systems are responsible for 
equalizing the geographic heat imbalance.

(Fig. 5.5). However, due to the Coriolis effect, the 
actual global air circulation is much more complex. 
The Coriolis effect is produced by the Earth’s rota
tion and causes all moving objects to be deflected 
to the right in the northern hemisphere and to left 
in the southern hemisphere. The Coriolis effect 
applies to ocean currents, moving air masses, and 
even jet planes flying across the globe.

Differential heating of the atmosphere coupled 
with the Coriolis effect produces a global air circu
lation model with six convection cells: three each in 
the northern and southern hemisphere (Fig. 5.6). 
As described in the simplistic model, preferential 
heating causes warm moist air to rise in the equato
rial region. The rising air is replaced by surface air 
flowing toward the equator from the northern and 
southern latitudes. This rising air expands and 
cools, producing precipitation. Thus, the equatorial 
region is noted for hot temperatures, low pressure, 
water-laden clouds, and rain. High above the equa
tor the air mass flows northward and southward 
where it continues to cool and lose moisture. At 
about 30° latitude the air mass descends, thus com
pleting an atmospheric circulation cell known as the 
Hadley cell. As the air sinks at 30°, it compresses,

Fig. 5.5 Hypothetical model of air convection due to uneven 
solar heating on a non-rotating Earth.

producing high pressure, dry air, and variable 
winds. These are known as the horse latitudes. 
Folklore tells us they are so named because ships 
sailing into these latitudes became becalmed. As the 
ship expended its animal feed and began running 
out of water, the crew was forced to throw horses 
and other farm stock overboard. A second convec
tion cell exists between 30 and 60° latitude, which is 
called the Ferrel cell. This cell is formed because 
some of the air that sinks at 30° latitude flows north
ward upon reaching Earth’s surface. At the same 
time a secondary low pressure system stationed at 
about 60° latitude coincides with a rising air mass 
and precipitation. Aloft, this air mass cools and 
moves southward. The polar cell is the third cir
culation cell and occurs between 60 and 90°. It 
results from upper air masses moving northward 
and descending at the poles, while at the same time 
surface air flows south.

5.2.3 Prevailing winds
Now that the atmospheric circulation has been 
established, we can use air flow along the Earth’s 
surface to understand the global prevailing wind
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Polar easterlies

Fig. 5.6 Simplified air circulation model for a rotating Earth containing the Hadley, Ferrel, and polar convection cells north and south 
of the equator.

patterns (Fig. 5.6). In the northern hemisphere 
circulation in the Hadley convection cell would 
seem to indicate that air should flow from north to 
south between 30 and 0° latitude. Remembering, 
however, that the Coriolis effect causes all moving 
masses to be deflected to the right (in the northern 
hemisphere), the flow of air is actually from the 
easterly quadrant toward the west. These winds 
are called the easterlies because the winds blow 
from the east. They are also referred to as the “trade 
winds.” The early merchants who sailed from 
Europe bound for the New World gave them this 
name. The word “trade” was used by the English of 
that day to mean constant and steady, and this is 
how they described the winds that helped them sail 
across the Adantic. In the southern hemisphere the 
pattern is repeated, resulting in the convergence of

the northeast and southeast trade winds at the 
equator. This region is called the intertropical 
convergence zone (ITCZ) and scientists have 
shown that it profoundly affects ocean currents 
and weather patterns in the equatorial area.

In the mid-latitudes, surface winds associated with 
the Ferrel circulation cell are deflected to the east by 
Coriolis. These winds are known as the westerlies 
and affect most of the continental United States. 
The west coast is known as a windward coast because 
the westerlies blow onshore, augmenting the wave 
energy in this region. Conversely, the east coast is a 
leeward coast because the westerlies blow offshore. 
The prevailing winds diminish wave energy, par
tially explaining why average shallow water wave 
heights are more than twice as large on the west 
coast as they are along the east coast. The westerlies
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are also responsible for steering the weather sys
tems, including hurricanes.

In the northern hemisphere, air flowing south
ward from the pole forms the polar easterlies. At 
about 50-60° latitude the polar easterlies meet the 
westerlies, establishing the polar front. This con
vergent zone produces a near permanent boundary 
separating the polar cold dense air from the warm 
tropical air mass. The variable weather that charac
terizes much of the United States reflects a latitudinal 
wandering of the polar front.

5.2.4 Cyclonic and anticyclonic systems
Although exceptions do exist, low atmospheric 
pressure is most often associated with rainy or 
stormy weather, whereas high pressure is a sign of 
fair weather. A well developed low pressure system 
is characterized by a gyre of air that rotates in a 
counterclockwise direction (in the northern hemi
sphere; clockwise in the southern hemisphere) 
around a central low pressure cell (Fig. 5.7). These 
are called c y c lo n ic  sy stem s and may be hundreds 
of kilometers is diameter. The counterclockwise 
movement of air is produced by the convergence 
of surface currents. Low pressure systems contain 
ascending air masses, which many people have 
observed in film footage of tornadoes. As air 
streams in to replace the rising air, the currents are 
deflected to the right by the Coriolis effect, produc
ing the counterclockwise circulation. Hurricanes, 
extratropical storms, and tornadoes are all types of

cyclonic systems, although tornadoes are consider
ably smaller systems.

High pressure systems occur where air masses 
are sinking. As the air mass descends toward the 
ground, it flows outward from a central high pres
sure cell. In the northern hemisphere the outward 
flowing currents are deflected to the right due to 
Coriolis, resulting in a rotating air mass that cir
culates in a clockwise direction. These are called 
anticyclones. The Bermuda High is an example of 
an anticyclonic system. This high pressure system 
stabilizes over Bermuda during mid-summer and 
is responsible for transporting the uncomfortable 
hot, hazy, humid air from the Gulf of Mexico to the 
northeastern Atlantic seaboard.

5.2.5 Land breezes and sea breezes
Anyone who has spent the summer along the 
seashore or has sailed along the coast is familiar 
with the systematic breezes that characterize the 
coastal zone. The onshore and offshore winds are a 
result of differential heating of the land surface ver
sus that of the ocean. Under fair weather conditions 
when the sun has just risen, the air is usually calm 
because the air over the ocean and land has similar 
temperatures. However, as the Sun ascends in the 
sky, the land surface preferentially warms compared 
to that of the ocean. In turn, the land surface warms 
the overlying air, causing it to rise. Over the ocean the 
air remains cool and dense. Thus, a pressure gradient 
develops between the relatively low pressure over

Fig. 5.7 Gyres of moving air are created 
around low- and high-pressure systems 
due to the Coriolis effect. Air masses 
in the northern hemisphere flow in 
a counterclockwise direction in low- 
pressure systems (cyclonic circulation) 
and a clockwise direction in high- 
pressure systems (anticyclonic 
circulation).
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Fig. 5.8 (a) Sea and (b) land breezes are a common diurnal 
pattern of winds along many coasts. They are formed due to 
temperature differences between the land and adjacent 
seawater.

the land and the higher pressure over the ocean. 
This results in an onshore flow of air that is referred 
to as a sea breeze (Fig. 5.8). The sea breeze streng
thens during mid-day and reaches a maximum during 
mid to late afternoon, before diminishing by late 
evening. During the night, the land surface radiates 
heat back to the atmosphere at a much higher rate 
than the ocean, which reverses the temperature and 
pressure gradients along the shore. This results in a 
flow of air from the land toward the ocean, which is 
called a land breeze. The extent and magnitude of 
the land and sea breezes are a function of ocean and 
daytime temperatures, coastal morphology, vegeta
tion, and other factors.

5.3 Mid-latitude storms

Whereas tropical storms and hurricanes dominate 
coasts of low latitudes, extratropical storms and 
weather fronts are the major weather systems 
impacting mid-latitudes coasts. A transition zone 
exists between these two regions where both weather

systems are common. As the name implies, extra- 
tropical cyclones form north of the Tropic of Cancer 
or, in the case of the southern hemisphere, south of 
the Tropic of Capricorn. These storms are associated 
with low pressure systems and affect the Pacific, 
Gulf, and Atlantic coasts of the United States and 
other mid-latitude coastlines of the world. Like all 
cyclonic weather systems, extratropical storms are air 
masses that rotate around a central low pressure with 
a counterclockwise circulation (Fig. 5.7). Another 
important type of mid-latitude weather system is 
the f r o n t .  The passage of frontal systems along the 
Gulf coast strongly influences the coastal processes 
of this region. Frontal systems are discussed first, 
as they are the precursors to extratropical cyclone 
development.

5.3.1 Frontal weather
A front is defined as a narrow transition zone (25- 
250 km wide) between two air masses with different 
densities (Fig. 5.9). Fronts may extend for more 
than 1000 km. One air mass is usually warmer 
and more humid than the adjacent air mass. The 
boundary between the two is usually inclined, with 
the warmer lighter air rising over the colder, denser 
air. A cold front is one in which the cold air mass 
advances, thereby displacing the position of the 
warm air. The opposite occurs during the passage of 
a warm front. Generally, the two air masses travel 
with nearly the same velocity and in about the same 
direction. Cold fronts usually advance at a slightly 
more rapid rate (35 km h-1) than warm fronts (25 
km h-1). In addition, cold fronts tend to be accom
panied by more energetic weather and often contain 
concentrated precipitation and severe wind.

In North America, cold fronts commonly are ini
tiated by cold air (polar air mass) sweeping down 
from Canada meeting warm air from the south (Fig. 
5.10). Fronts travel west to east across the country 
and may extend all the way to the Gulf of Mexico, 
where they can produce strong winds and surf. The 
northern Gulf region experiences more than twenty 
cold fronts each year, lasting from 12 to 24 hours 
depending on the speed of the storm and whether it 
becomes stalled or not. Due to the overall low tidal
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Fig. 5 .9 Weather fronts are formed at 
the boundary between two air masses that 
have contrasting densities, usually due to 
deferences in temperature. Fronts mark a 
change in the weather and are generally 
associated with moderate to intense 
precipitation.

Fig. 5.10 Cold fronts in the central 
United States are caused by polar air 
moving south from Canada, displacing a 
warm air mass. The front moves eastward 
across the country and may stretch from 
the Gulf of Mexico to the Great Lakes.

range of most of the Gulf coast (<1 m), cold fronts 
can be effective agents in substantially augmenting or 
diminishing tidal elevations. Along the Louisiana 
coast cold fronts create westerly to southwesterly 
winds, which cause higher tide levels than would be 
expected due to astronomic forcing alone. This con
dition allows storm waves to break higher along the 
beach, leading to the overwashing of low barriers. 
At the same time, elevated tides increase the flow of 
ocean water into the bays and marsh systems that

back the barrier islands. This generates strong 
landward currents through the tidal inlets during 
the passage of the front and strong seaward currents 
when the floodwaters exit the inlets. As the front 
passes, there is a dramatic shift from southerly to 
northerly winds that occurs within a few hours or 
less. Strong northerly winds surpress the waves in 
the nearshore of the Gulf-facing beaches, while at 
the same time generating substantial waves in the 
larger bays behind the barriers. In fact, scientists
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(a) (b)

Fig. 5.11 Model of cydogenesis as 
proposed by Norwegian scientists and 
published by J. Bjerknes.

have shown that these bay waves, which can approach
3 m in height, are responsible for chronic shore
line erosion on the backside of barriers along long 
stretches of the northern Gulf of Mexico. Thus, cold 
fronts are important agents in modifying beaches 
and tidal inlets in the Gulf coast region.

5.3.2 Cydogenesis
The process of extratropical cyclone formation, cyclo- 
genesis, was first described by Norwegian scientists 
during the First World War and eventually the 
theory was published by J. Bjerknes in 1918. Even 
though it was devised using limited ground observa
tions, the basic tenets of the model are still deemed 
acceptable today despite major advances in the 
collection and analysis of weather data. Cyclones 
develop along advancing frontal systems in which 
the two air masses have a slight component o f  dif
ferential movement. At the surface of the front this 
condition is manifested by the two air masses mov
ing in opposite directions to one another (Stage 1, 
Fig. 5.11). The next stage of cydogenesis coincides 
with a disturbance along the front that is produced by

topographic irregularities, such as mountain ranges, 
temperature differences, or other factors. The end 
result of the disturbance is a wave-like form, similar 
to a breaking ocean wave, in which the warm low- 
density air penetrates into the cold air mass (Stage 
2, Fig. 5.11). Extratropical cyclone formation also 
appears to be strongly linked with upper air circula
tion where currents flow west to east in long mean
ders. This pattern serves to initiate or rein fo r ce  the 
counterclockwise rotation of air around a central 
low pressure (Stage 3, Fig. 5.11). The demise of 
a cyclone occurs when the cold air supplants the 
rising warm air, the sloping gradient between the 
two air masses ceases, and the storm  runs out of 
energy (Stage 4, Fig. 5.11).

5.3.3 Extratropical storms
Occurrence and storm tracts
Although extratropical cyclones can occur in the 
mid-latitudes at any time of the year, they happen 
most frequently in the hemisphere that is going 
through winter, because this is when the tempera
ture contrasts between the polar air masses of high



Weather systems 85

Fig .5.12 Extratropical cyclones develop 
in many regions across the United States. 
Regardless o f their origin, their pathway 
of these storms is towards northeast 
Canada and the northern Atlantic 
Ocean.

latitudes and the warmer air of the lower latitudes 
reach their maximum. In the United States extrat
ropical storms are most common from late fall 
through early spring. The weather conditions that 
lead to extratropical cyclone formation often origin
ate in the Pacific Ocean. Full development of the 
storm is associated with several locations throughout 
North America due to the complexity of the factors 
governing the weather there. These sites include 
the continental Southwest, Midwest, and Southeast 
United States, southern Alberta, Canada, and in the 
Gulf of Mexico and the Florida-Bahamas regions 
(Fig. 5.12). The continental storms travel in an 
eastward path across the country, eventually moving 
northeastward into the northern Atlantic, where they 
dissipate. Those that pass through the Gulf of Mexico 
and in the Florida-Bahamas region move northward 
along the eastern seaboard. Other storms track 
through the Great Lakes and into the Gulf of Saint 
Lawrence. Because most extratropical storms track 
along the east coast, they are major storm producers 
of this region, particularly north of North Carolina. 
Hurricanes have a greater frequency and influence 
along the coastal states south of Virginia.

Northeasters
Northeaster is the name given to the extratropical 
cyclones that pound the northeast coast of the United

States and Canada with driving rain, strong winds, 
elevated tide levels, and storm waves. During the 
winter, northeasters can produce blizzard conditions, 
blanketing the northeast with more than two feet 
(60 cm) of snow. They are called northeasters because 
the winds associated with these storms come from 
the northeast (Fig. 5.13). Remember that winds are 
named for the direction from which they blow. In 
fact, it is the path of the extratropical cyclone that 
determines the wind direction as well as the type 
and severity of the storm. Northeast storms occur 
when the eye of the storm tracks in a northeasterly 
path offshore of the coast, eventually moving east of 
Cape Cod and Nova Scotia. Under these condi
tions the counterclockwise air circulation associated 
with the cyclone generates onshore winds that blow 
out of the easterly quadrant. The eastern seaboard 
of the United States is particularly susceptible to 
these storms because most of this coast faces east
ward and is directly exposed to northeast winds 
and waves.

The Ash Wednesday Storm of 1962 was one of 
the most powerful and damaging northeasters ever 
to strike the east coast of the United States during 
historic times. The storm lasted for more than five 
tidal cycles and impacted 1000 km of mid-Atlantic 
coastline stretching from North Carolina to Long 
Island, New York. Wind gusts exceeded hurricane
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Fig. 5 .13 Along the eastern seaboard 
of the United States, particularly in 
New England, extratropical cyclones 
travel offshore of the coast and generate 
strong winds and storm waves from the 
northeast. The weather map illustrates 
the conditions that existed during a 
northeast storm on January 25,1979.
In the Boston, Massachusetts, area 
winds reached 60 km h_I (40 m.p.h.) 
and the region was blanketed with over 
two feet (60 cm) o f snow.

force, producing deepwater wave heights greater than 
10 m. The storm hit during perigean spring tides, 
which contributed to the elevated water levels. The 
large storm surge and erosive waves removed beaches 
and carved deeply into adjacent dunes. Along many 
shorelines storm waves carried beach sands across 
barriers, forming extensive overwash deposits. The 
storm breached numerous barriers, creating more 
than a dozen ephemeral tidal inlets. Along popu
lated sections of shoreline, rows of houses and other 
buildings were destroyed. Ultimately the “storm 
of the century” caused more than $300 million in 
damage and accounted for numerous deaths.

A classification of northeasters has been devised 
by Robert Dolan and Robert Davis, who have studied

1347 storms affecting the North Carolina coast 
over a 42-year period. Their scheme is based on the 
power of the northeaster, which is calculated by 
multiplying the storm’s duration by the square of 
the maximum significant wave height (Table 5.1). 
They have divided storms into five classes, with the 
weakest storms, Class 1 and 2, comprising about 
75% of all northeasters impacting the Outer Banks 
of North Carolina. As seen in Table 5.1, Class
4 northeasters have a frequency of 2.4%, with a 
significant deepwater wave height of 5 m and an 
average duration of 63 hours. The extreme north
easter, Class 5, has a recurrence interval of 67 years. 
These storms have a significant wave height of 7 m, 
an average duration of 96 hours, and are agents

Table 5 1  n u D-isi da U  C t t l o r  O f - O H I C A  t

Frequency of storms Power (in h)

Storm class Number Percentage Significant 
wave height (m) Duration (h) Mean Range

1 Weik 670 l l l l i i l l l l l 71 63
2 Moderate 340 t i i i l s i i i i i l l 107 ~163 to 16" 51
3 Significant 298 353 163 51 to 929 03
4 Severe ■ i i i i i s m m m m m 1455 929 03 to 2322 58j
5 Extreme

T 4 7
(KpHilgg|i 4548 2322 58
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of permanent change along the coast, such as the 
Ash Wednesday Storm of 1962.

Shoreline vulnerability
Many of the factors that control the severity of 
hurricanes also apply to the impact of northeasters. 
The storm’s size and intensity are of paramount 
importance, as these elements control wave height, 
magnitude of the storm surge, and to some extent 
the storm’s duration. Astronomic tidal conditions 
can significantly augment or reduce the effects of 
the storm surge, thereby affecting the elevation 
where waves break along a shoreline. For example, 
the Blizzard of 1978, which is the storm of record 
along much of the New England coast, occurred 
during extraordinarily high tidal elevations in which 
the predicted mean high tide was 60 cm higher than 
mean high water levels. The high astronomic tides 
coinciding with the blizzard were a major factor 
contributing to coastal flooding, beach erosion, 
overwashing of barriers, inlet formation, and 
wave-induced damage (Fig. 5.14).

Although the majority of extratropical cyclones 
travel in a northeasterly path offshore of the coast, 
producing northeasterly winds and waves, some 
low-pressure systems take an inland track, such as 
through the Hudson or Connecticut valleys. In 
some instances, storms move through the Gulf of 
Saint Lawrence. In these circumstances the cyclonic

Fig. 5.14 View of houses destroyed in Scituate, Massachusetts, 
during the Blizzard of 1978. Storm waves and the onshore 
movement of gravel toppled foundations, leading to the 
collapse of numerous houses along this section of coast.

wind regime produces wind from the southerly 
quadrant. In New England the shorelines have a 
variety of orientations and exposures to wave energy. 
In this region the storm tract is particularly import
ant in determining the impact of storm processes. 
The passage of the common northeaster primarily 
affects the eastward facing shorelines of outer Cape 
Cod and the north and south shores of Massa
chusetts Bay as well as the New Hampshire and 
southern Maine coasts. Storms that travel west of 
New England generate southerly wind and waves 
that impact the southward shores of Rhode Island, 
Cape Cod, and the central peninsular coast of Maine.

Another factor that influences the vulnerability 
of beaches to storm erosion and damage to adjacent 
structures is the interval between storms. The width 
and elevation of the berm strongly affects erosion 
of the abutting dune during storms. Beaches with 
wide accretionary berms can withstand the onslaught 
of an intense northeaster because the berm con
stitutes a large quantity of sacrificial sand that can 
be eroded before the dune or adjacent dwelling is 
destroyed. If a previous storm has removed the sand 
buffer, then the impact of the next storm will be 
much greater than that of the first. One of the 
reasons why the Halloween Eve Storm of 1991 
caused significant damage to New England was that 
Hurricane Bob, which passed through the region a 
month and half earlier, had left many of the shore
lines with little sand on the beaches.

5.4 Hurricanes and tropical storms

5.4.1 Low latitude storms
Hurricanes and their forerunners, tropical storms, 
are the major storms of the tropics. Similarly to other 
weather systems, they commonly move beyond their 
typical latitudinal range given the right set of circum
stances. Most of us are familiar with tropical storms 
and hurricanes due to the wide media coverage they 
receive, particularly when a major coastal region in 
the United States is impacted.

Tropical storms and hurricanes are known by 
different names in other parts of the world. In the
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western Pacific they are called typhoons, in the 
Indian Ocean they are known as cyclones, and in 
Australia they are given the name “willi-willis.” 
Tropical storms are low-latitude cyclonic systems 
that may intensify to a hurricane if wind velocities 
surpass 119 km h_1. During an average year, approx
imately 20 tropical storms form in the equatorial 
Atlantic and of these eight to ten reach hurricane 
strength. Most hurricanes that make landfall in the 
United States do so  in the Gulf of Mexico or along

the Florida and North Carolina coasts. In a study 
of hurricane frequency for the southeast United 
States coast, Robert Muller and Gregory Stone of 
Louisiana State University showed that Morgan 
City, Louisiana, and the Florida Keys have the 
shortest recurrence of major hurricanes (wind 
velocity >179 km h-1, 111 m.p.h.) (Table 5.2). The 
Florida Keys (including Key West and Key Largo) 
have survived over 32 hurricanes during the past 
century and seven of these were major hurricanes.

Table 5,?’jH > iR fcd^*.s î n>ary of hu^csuie strikes m d rbnu^i pcriotte:
Hurricane strikes Major hurricane 

strikes
Hurricane return 
period (years)

Major hurricane return 
period (years)

South Padre Island T X IMpliiHilSHi BUIMlW®p®Si
Port Aransas T X ^Wpl®ppi|pi
Port 0  Connor T X
Galveston T X
Cameron LA
Morgan City LA »
Bootluille LA
Gulfport MS nnii^M^wiSi
Dauphin Inland A L m m m m m i|î ||Mpp|Wi
Pensacola Beach FL Mttfc|iiBi#s|l
Destin FL ji^plg^lii^ij
Panama City Beach FL
Apalachicola FL
CedarKev FL pp lM P ^P ptt
St Petpr bura FL SimiillMiJ#B liiW iiB ilp
Sambel Island FL S ilw iiifli^ iilS
Marco Island FL iiii|Siî i|iiipl#
K e yW p -t FL
Key Largo FL
M nnii Beach FL IMMPMMBti
Palm Beach Fl ilpSiiiiiliiWll
VeroB°ach FL aiMwaaftiW^
Cocoa Beich FL gM M ^^P P
Daytona Bearh FL w m m m m m
Jacksonville Beach FL aM8Mte»MMB

H S m o n s ls la r d  GA wfBaWMg|8|p»
T y b e i Island GA
Folly Beach SC g s ja if li^ ^ B
Myrtlf Beich SC IsHHRllBiypI| | | ® * p | ™ p | i
iNrightsvillt, Beach NC *pl8H ® 6pSl
Atlantic Beach NC
i  ape Hatteras NC l iW B M m ip^^pWHS^BI
T x  Texas 'A  Louisrna MS Mississippi A l Alabama FL Florida GA Georgia SC SouthC arolim  n r  N o rth iro lin a  
Source Stud j  of humcanp fr^quenr, of the southpastern USA by Robert Muller and Gregory Stone of Louisiana State Umversib
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5.4.2 Origin and movement of hurricanes
Formation
Tropical weather is generally considered to be that 
occurring between the Tropic of Cancer and the 
Tropic of Capricorn (23.5° N to 23.5° S). Here 
there is little change in daylength, seasons are subtle 
to nonexistent, year-round temperature is warm 
to hot, and major changes in weather patterns are 
linked to the dry and wet seasons. In these latitudes 
the winds typically blow from the southeast, east, 
or northeast depending on the latitude. Weather 
systems of the tropics, such as hurricanes, are steered 
by the trade winds, in contrast to those of the mid
latitudes that move west to east due to the westerlies.

The first indication of the potential development 
of a storm in low latitudes is the presence of a tropi
cal wave. This feature is identified on weather charts 
as a bending of the streamlines, which show path
ways of airflow within the wind system. Tropical 
waves form over western Africa and move westward 
into the Atlantic Ocean, where they gain strength 
over the warm water of the tropical latitudes 
(Fig. 5.15). The warm water reduces pressure along 
the wave, transforming it into a trough. In a typical 
year, about 60 of these develop during the hurricane 
season or about one every three to four days. They 
have a wavelength of about 2500 km and travel west
ward with speeds of 10-40 km h-1. Some of these

Fig. 5.15 Pathway o f hurricanes in the central Atlantic during 
approximately the past 100 years. (Courtesy o f Gregory Stone, 
Louisiana State University.)

troughs intensify and develop into tropical distur
bances, which are the infancy stage of a tropical 
cyclone. Tropical disturbances are characterized by 
a line of thunderstorms that maintain their identity 
for a day or so. These weather systems have a rotary 
circulation, which is counterclockwise in the nor
thern hemisphere and clockwise in the southern 
hemisphere. Further strengthening of these storms 
produces a tropical depression, which is a weather 
system having maximum cyclonic wind velocities 
up to 61 km h-1 (38 m.p.h.). Storms with wind 
velocities greater than 61 km h-1 but less than 
119 km h-1 are classified as tropical storms.

In about 10% of the cases, the developing tropical 
storm receives sufficient energy from the warm ocean 
waters to reach hurricane strength. Hurricanes are 
one of Earth’s largest weather systems, with wind 
velocities of at least 119 km h-1 (74 m.p.h.) but 
some exceeding 250 km h_1 (155 m.p.h.). The con
ditions necessary to produce a hurricane include:
1 Warm ocean temperatures (>26°C) occur from 
the beginning of June until the end of November in 
the northern hemisphere and during the opposite 
time of year in the southern hemisphere. The con
ditions extend late in the season because ocean 
waters cool slowly in the fall. Most hurricanes form 
in August and September when ocean waters are 
at their warmest.
2 Vertical movement of warm moist air rising 
within the storm from the ocean surface upward 
to a height of 10-20 km. As the air rises it cools. 
Eventually the water vapor contained in the air 
condenses, releasing huge quantities of energy in 
the form of heat.
3 The Coriolis effect produces the spinning of the 
hurricane. Air that flows toward the center of the 
low-pressure system to replace the air that is rising 
in the hurricane is deflected to the right in the 
northern hemisphere. This causes the air mass to 
rotate. Hurricanes generally do not form within 5° 
of the equator because the Coriolis effect is very 
weak in this region.

Hurricane pathways
Once formed, hurricanes and developing tropical 
storms move in a variety of pathways, all having a
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Fig. 5.16 Hurricanes and tropical storms form in the tropics above 5° north and south of the equator. Trade winds steer these 
storms westward where they degrade over continental areas, and move east and poleward, where they die in the colder waters 
of the mid-latitudes.

general westerly direction (Fig. 5.16). South Atlantic 
hurricanes usually travel across the Caribbean Sea 
and then either enter the Gulf of Mexico or move 
northward up the western margin of the Atlantic. 
Storms that move into the Gulf of Mexico continue 
west or northwest, making a landfall encompassing 
the shoreline between the Yucatan peninsula and 
the western Florida panhandle. It is rare for these 
storms to swing northeast and cross the western 
Gulf coast of Florida. The last hurricane to do so 
was Donna in 1960.

Atlantic tropical storms that do not enter the 
Gulf generally move northward with a slight west
erly component. Although they do not ordinarily 
cross the Florida peninsula, they may travel close 
enough to impact coastal communities with high 
surf, strong winds, and possible lowland flooding. 
These storms commonly make a landfall in the 
Carolinas or, in rare instances, as far north as New 
England. Recent examples are Hurricane Hugo, 
which hit South Carolina in 1989, and Hurricane 
Fran, which came across the Outer Banks of North 
Carolina in 1996.

Hurricanes and tropical storms in other ocean 
basins of the northern hemisphere have pathways

that are similar to the Atlantic systems (Fig. 5.16). 
In the western Pacific storms travel westward toward 
the Philippines and Southeast Asia, as well as swing
ing northward, where they impact the coasts of 
China, Japan, and Korea. In the northern Indian 
Ocean cyclones move northwestward, making land
falls along Bangladesh, India, Pakistan, and along 
the Arabian Gulf. The mirror image of this pattern 
takes place in the southern hemisphere, where trop
ical cyclones move westward, curving to the south.

5.4.3 Anatomy of a hurricane
Conditions that lead to the formation of a full
blown hurricane start with what is called a seedling. 
In addition to warm water, there must be weather 
conditions that enhance the vorticity of the storm, 
which is the upward spiraling of winds. High hum
idity, lack of vertical wind shear, and wind surge are 
also conducive to hurricane formation. Wind surge 
adds bursts of high velocity flow to the center of 
the disturbance, causing upward circulation and 
intensification of the storm.

Although hurricanes vary greatly in size, intensity, 
speed, and path, they have many common character



Fig. 5 .17  Satellite view of Hurricane Andrew on August 
23,24, and 25,1992 as it moved westward across Florida 
toward Louisiana. (From http://rsd.gsfc.gov/rsd/images/ 
andrewSequence_md.jpg)

istics. A satellite view of a hurricane reveals spiraling 
bands of thunderstorm-like clouds (Fig. 5.17). Some 
of these cloud systems contain abundant moisture 
and some do not, which explains why the intensity 
of rainfall is so variable during the passage of a hur
ricane. Hurricanes may have a single cloud band or 
more than seven, each extending from the center of 
the storm outward to a distance of about 80 km. 
The storm itself can range in diameter from about 
125 km to more than 800 km; the average is gen
erally 150-200 km.

Most people know that the center of the hurri
cane is called the eye  and that within this zone 
winds are weak to perfectly calm. The eye is 5-60 
km wide, averaging about 20 km in diameter. This 
part of the hurricane is cloudless and many people 
comment about seeing the Sun or stars as the eye 
passes over them. It is also common for birds to be 
trapped within the eye; the strong winds beyond the 
storm’s center make escape impossible (Fig. 5.18).

The fact that the strongest wind occurs near the 
center of the storm is due to conservation of angular 
momentum. The la w  o f  c o n s e rv a t io n  o f  m o m e n 
tu m  states that the product of an object’s velocity 
around its center and its distance from the center 
squared is constant. The law can be stated math
ematically as:

MVD2 = constant
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Fig. 5.18 Internal structure of a hurricane illustrating the 
overall counterclockwise flow of air at the base of the storm.

where M  is the mass of the object, V is its velocity 
around the center, and D is its distance from the 
center. This principle can be illustrated by thinking 
of a figure skater who is doing a spin on the ice. As 
skaters pull their arms in toward their body, they 
decrease the diameter of the rotation. To maintain 
the same angular momentum the skater’s rotational 
velocity increases drastically. By doing the opposite 
and extending her arms straight outward, the skater 
stops. Likewise, the winds in a hurricane gradually 
diminish toward the periphery of the storm.

Adjacent to the eye of the hurricane is a wall of 
clouds, which may reach nearly 20 km in height. 
The eye wall, as it is called, contains abundant water 
vapor. This vapor moves upward and eventually 
condenses, releasing vast amounts of energy in the 
form of heat, which strengthens the storm. During 
a single day, a hurricane releases energy equivalent 
to that needed to supply electrical power to the 
United States for an entire year.

Because of the numerous conditions affecting 
the development of hurricanes, their ultimate size 
and intensity vary considerably from one storm to 
another. The primary factors determining the intens
ity of a given storm  are wind velocity and barometric 
pressures. Storm surge, which is largely responsible 
for determining the amount of damage resulting 
from a hurricane, is difficult to predict because of 
the variations in the speed of the storm and diversity

http://rsd.gsfc.gov/rsd/images/
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in the bathymetry of the inner continental shelf and 
the configuration of coast.

Most people are aware that hurricanes are named. 
This practice was initiated because of the confusion 
surrounding situations of multiple hurricanes at one 
time. Prior to naming, storms were identified by their 
location: latitude and longitude. The first names 
were given during the Second World War and were 
in alphabetical order, such as Able, Baker, Charlie -  
the commonly used designations for the alphabet 
by the military. This practice continued until 1953, 
when female names were used, also in alphabetical 
order. This style of designating storms lasted for 
25 years, and then in 1978 the policy was changed 
to include both male and female names. A set of 
names is chosen years in advance, with the first one 
alternating between male and female and continu
ing through the alphabet. Names of hurricanes that 
have severely impacted the United States are per
manently retired from the list. Hurricanes that have 
achieved this status include Camille (1969), Hugo 
(1989), and Andrew (1992). Different names are used 
for the north Atlantic and eastern Pacific storms. The 
name is applied from the time it achieves tropical 
storm level until it has completely dissipated.

Hurricanes lose their power when they move over 
cool ocean waters or onto land. Generally by 40° 
latitude the waters are too cold to supply the large 
amounts of moisture needed to fuel the storm. 
Likewise, when a hurricane moves over land, sources 
of water vapor are greatly reduced. The ability of 
the storm to take up moisture is further lessened by 
the cooling effect of the land. Finally, the friction 
imparted by the land surface rapidly diminishes the 
low-level storm winds. These factors contribute to 
an increase in barometric pressure and a spreading 
out of the storm, leading to its general unraveling 
and loss of identity. Hurricanes typically last about a 
week to ten days but some have been known to last 
as long as a month.

5.4.4 Hurricanes at the coast
Many coastal regions around the world, including 
numerous sites along the Gulf coast and eastern 
seaboard of the United States, are low-lying and

moderately to densely populated, with numerous 
dwellings, buildings, and other infrastructure. This 
combination presents a highly vulnerable situation 
to a major storm. Devastation to natural environ
ments, destruction of property, and injury or even 
death to people are all typical hurricane impacts to 
the coastal zone. This section considers what hap
pens when a hurricane approaches and passes over a 
coastal area.

Factors affecting their severity
The strength, speed, and size of the storm are major 
elements in determining how the hurricane will 
affect the coast. In addition, the gradient and width 
of the inner continental shelf are important consid
erations. In some regions, such as New York Bight, 
the configuration of the coast is also a critical factor. 
All of these variables contribute to the size of the 
waves, magnitude of the storm surge, and overall 
impact of the hurricane. Remember that storm surge, 
or storm tide as meteorologists frequently call it, is 
the super-elevation of the ocean water surface above 
the predicted tide level. It is the storm surge that 
allows the high-energy storm waves to break high 
against a dune ridge, across a barrier, or over a sea
wall. We can better assess the impact and behavior 
of different hurricanes, and compare those of incre
asingly higher category, if first we understand the 
factors that influence them:
1 Magnitude. Encompasses both hurricane size 
and intensity. Hurricane size governs .the length of 
coast that is affected by the storm as well as the 
duration of high velocity winds and high-energy 
waves. The greater the intensity of the hurricane, 
the stronger the wind velocities and the larger the 
wave heights and storm surge.
2 Speed of storm. Determines the amount of 
time over which storm winds can transfer energy 
to the water surface waves and pile water onshore. 
Generally, slower moving storms produce higher 
waves and larger storm surges than faster moving 
storms of equal magnitude.
3 Path of storm. Determines the landfall of a hur
ricane and areas along the coast of greatest storm 
impact. In the northern hemisphere, when a hurri
cane moves onshore, areas to the right of its landfall
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Bd,x 5/1 TfiTê ury of Hurricane Camille

sippi coast
jgus t17  1969 Despite hurricane warmnqs 

and evacuations 143 people lost their lives along the 
Gulf coast Another 113 people drowned in Virginia 
floods caused by intense rainfall spawned by Camille 
The birth of this destructive storm began in early 
August when a tropical wave traveled westward off 
the cbast of Africa By August 14 it reached tropical 
storm status and later that day intensified to a 
hurricane 100 km southeast of Cuba When it passed 
over the western tip of Cuba on August 15 atmospheric 

jjre'.surp had diopped to 964 millibais ,ino Mi>d 
velocities reacht d ’ o i  hin n > H 5 m p h >  H ire  in the 
^  " " 1 §led’northwestward at

natically (Fig.
W gustef6 an'A'irForce plane 

jifessurS of 905 millibars and wind
0 km h_1 (160 m p h ) The last flight 

s made on the afternoon of August 
ilnium pressure had dropped to 

ns(26 61 inches of mercury; 30 inches is 
I surfacewinds had increased to more than 

t(2bO m .p.h .); This was the second lowest 
sfjre ever recorder! in the United States and was 

onlyVurpassed by the great-labor DayHurricane of 
1935 (892 millibars; 2 ^ 3 5  inches), which swept 
through the Florida Keys, killing 4M,people.

for an immediate evacuation of coastal regions along 
the Mississippi shore, knowing that a category 5 
hurricane was located just 400 km south of Mobile 
Bay and that its Ian jfall was imminent. That night 
at 10 30 p m one of the strongest storms evef- 
witnessed by mankind came onshore Maximum 
wind velocities are unknown because all instruments 
stopped working before the storm reached its greatest 
intensity However estimates of wind velocity based 
on surface pressures'ancTprevious flights intothe 
hurricane were calculated at 324 km f r 1 (202 m.p.h.). 
While wind of that magnitude can rip a structure 
apart it is *l e arcompanying wall of water, known 
as the “storm surge/’ that accounts for most of the 
destruction and loss of human life during a storm.
The extreme low pressure and high velocity winds 
of Camille produced a wall of water of that measured 
24.6 feet (7.5 m) above mean sea level at Pass 
Christian, located 20 km east of the landfall. Not only 
does a storm surge of this magnitude flood areas far 
inland from the coast, but it also allows monstrous 
waves to break against and over anything along the 
coast, including dune ridges, seawalls, buildings, and 
other structures. On the offshore barriers of Ship 
and Cat Island, debris marks indicated that hurricane 
waves broke across the tops of trees covering the 
island.

'Hurricane Camille ranks as one of the deadliest 
and costliest storms in United States history.
Certainly the amount of damage caused by the storm 
is attributed to its category 5 status, but the loss of 
life was also due to the fact that some of the coastal 
residents failed to respect the danger of an intense 
hurricane and did not respond to repeated warnings. 
Stories chronicled by the National Hurricane Center 
help to demonstrate the magnitude and destructive 
force of Hurricane Camille. Perhaps the fate of the 
Richelieu  Apartments and its occupants best 
illustrates the storm’s immense power. The Richel 
was a three-stgjy, b ric k-f ro ntb u if din g |oga“ 1' ’ 

l*' 100' m l r ^ t h r oceari'. ‘Standing Betweenth 
buildin
feiafiisnrii muuu
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will experience the strongest winds and greatest storm 
damage.
4  C o a s t l in e  c o n f ig u ra t io n . This is an important 
factor in large deeply embayed coastlines. In this 
setting certain hurricane tracks can significantly 
amplify storm surge levels as water is forced into the 
funnel-shaped embayment.

The circulation of wind within a hurricane and its 
speed and pathway toward land dictate the relative 
intensity of the storm and the amount of damage 
the hurricane will inflict along a given stretch of coast. 
In the northern hemisphere the wind orbiting the 
central low pressure of the hurricane travels in a 
counterclockwise direction. At the same time that 
this wind is blowing in a circular fashion, the hurri
cane is also moving over the ocean surface with a 
velocity that ranges from 5 to 40 km h-1. This for
ward movement of the hurricane has an additive 
effect on wind blowing in the same direction as the 
path of the storm and a subtractive effect where the 
storm wind is blowing in the direction opposite to 
the storm’s forward motion.

To illustrate this point, consider a moderate
sized hurricane in the Gulf of Mexico with an aver
age wind velocity of 180 km h-1 (Fig. 5.19). The 
storm is moving northward with a speed of 30 km 
h-1. East of the storm’s eye the hurricane wind 
blows in a northerly direction with a velocity of 210 
km h-1 (180 + 30 km h”1). At the same time, wind 
west of the eye blows southward with an effective 
velocity of only 150 km h-1 (210 — 30 km h-1). Not 
only is the effective wind velocity different on either 
side of the storm, but also as the storm passes the 
coast the shoreline east and west of the eye experi
ences very different wind and wave conditions. East 
of the eye there is a wind “set-up” where wind con
tinues to blow onshore building the storm surge. 
Conversely, west of the eye there is a “set-down” 
producing lower water level and waves due to the 
wind blowing offshore. Damage from a hurricane is 
always greater to the right of the landfall than to the 
left of the landfall.

Hurricane Frederick was a moderate-sized storm 
that struck the Mississippi coast in 1979. Meteoro- 
logic and oceanographic data collected during the 
storm illustrate the relationships among the storm’s

Fig. 5.19 The forward speed o f a hurricane increases wind 
velocities on the advancing right side of the storm while 
diminishing wind velocities on the advancing left side of the storm.

low pressure, its wind velocity, and the storm surge 
pattern (Fig. 5.20). The hurricane moved onshore 
from the Gulf of Mexico at an average forward speed 
of 15 km h-1. The eye of the storm made landfall at 
Dauphin Island, which is located along the western 
flank of Mobile Bay. As seen in Fig. 5.21, the high
est wind velocity that was recorded at the coast, 126 
km h-1, coincided with the period of lowest pres
sure. Generally the lowest pressure is found near 
the eye of the hurricane and it gradually increases 
toward the perimeter of the storm. The strongest 
wind corresponds with the steepest pressure gradi
ent, which occurs just beyond the eye of the storm. 
During the passage of Hurricane Frederick maxi
mum tidal elevations recorded along the coast ranged 
from 1.0 to 3.8 m above mean sea level. As illus
trated in Fig. 5.22, water elevations were much 
greater east of Dauphin Island than in the coastal 
regions to the west. Note that the greatest storm 
surge took place approximately 30 km east of the 
eye. This pattern of higher water level, flooding,
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Fig. 5.20 Storm track of Hurricane Frederick, which struck 
Dauphin Island along the Mississippi coast on September 13, 
1979. (Courtesy o f Shea Penland, University of New Orleans.)

Fig. 5.21 Graph of atmospheric conditions at Dauphin 
Island, Mississippi, during the passage o f Hurricane Frederick. 
Maximum wind velocities coincided with lowest atmospheric 
pressures. (Courtesy o f Shea Penland, University o f New 
Orleans.)

and damage that occurs east of the storm center 
is due to the hurricane’s counterclockwise wind 
circulation. When the hurricane was centered over 
Dauphin Island wind was still blowing onshore 
east of the island. At the same time, wind was

Fig. 5.22 Storm surge values along the Gulf coast from 
Mississippi to the panhandle of Florida resulting from 
Hurricane Frederick. (Courtesy o f Shea Penland, University 
of New Orleans.)

already blowing offshore along the coasts of eastern 
Louisiana and western Mississippi. The longer the 
time during which hurricane winds blow onshore, 
the greater the storm surge and resulting damage.

The importance of coastline configuration has 
been clearly demonstrated in a study of New York 
Bight by Nicolas Coch of Queens College (New 
York). Eastern Long Island and northern New 
Jersey meet at near right angles to one another, 
forming a funnel-shaped embayment. Coastlines 
with this type of configuration are susceptible to 
amplification of the storm surge as waters are con
stricted by the adjoining landmasses. Dr Coch has 
shown that if a moderate-sized hurricane tracked 
in a northwesterly direction across northern New 
Jersey, the storm surge would be heightened from
1 m at the inner shelf to more than 6 m at the mouth 
of the Hudson River (Fig. 5.23). It is obvious that if 
(when) this hurricane scenario occurs, New York 
City would be devastated! The large storm surges 
associated with extensive loss of life in Bangladesh 
have been caused in part by the same funneling 
effect that is produced in the upper Bay of Bengal.

Hurricane categories
The strength of a hurricane is formally classified 
using the Saffir-Simpson Scale and is based on the 
maximum wind velocity, barometric pressure, storm
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Fig. 5.23 Predicted storm surge values 
for the NewYorkBight. The contours 
are based on the SLOSH hurricane 
computer model. (From N. K. Coch, 
199S, Geohazards Natural and Human. 
Englewood Cliffs, NJ: Prentice Hall, 
p. 444, Fig. 16.19.)

Table 5 3 St r £ c

Tropical disturbance Prevalence of thunderstorm mfanc stig° of t opica c clone
Tropical depre-'ion Cyclonic vind pittern \  ind velocities up to 61 km h 1 (38 m p h )
Tropic_i storm H ghly organized ocean storm ;n b l°  in ‘ atellite imagery elocitie fro n 6 1 to 1 1 9 k m h  (°8 to 73n  p h.)
Hurricane Spiraling cloud pattern around a central eye ind velocities exceed 119 km h 1 (73m  p h j ff

_____-  ___ J  L B  l  * _____________________ Vci______________ .......................................... .... - g ............ ............................................. ......................... H . ■___ ,___^ .................................................................... , .

surge level, and expected damage (Table 5.4). The 
scale has five categories and each higher level repre
sents a substantial increase in hurricane intensity 
(Table 5.5). A list of the most intense hurricanes in 
the United States in terms of loss of life and prop
erty damage is provided in Table 5.6. It is evident 
from this table that death tolls have decreased in 
recent times as meteorological forecasts and evacua
tion procedures have improved.

Most hurricanes fall within categories 1 to 3. One 
of the difficulties of accurately determining the 
maximum wind in severe storms such as a category
4 or 5 hurricane is the inability of instruments to 
withstand the storm. As an example, there has been 
considerable disagreement about the maximum wind 
velocity of Hurricane Andrew as it struck south of 
Miami in August 1992. Instrumentation at the Nat
ional Hurricane Center in Coral Gables measured 
sustained wind of 210 km h-1 (125 m.p.h.), with

gusts of about 275 km h-1 (165 m.p.h.) at the 
time that it became disabled. Calculations indicate 
that peak sustained wind velocities were probably 
greater than 235 km h-1 (140 m.p.h.). Inland from 
the shoreline high-velocity wind exerts the greatest 
influence on vegetation and manmade structures. 
The path of a hurricane is often evidenced by broken 
and uprooted trees, destroyed homes, and public 
infrastructure in complete disarray.

Damage to structures due to hurricanes is associ
ated with lowland flooding, wave attack, and strong 
wind. Because of the current stringent rules and 
regulations regarding construction in the coastal 
zone, there are usually few problems with wind 
damage. In hurricane-prone areas, most damage is 
now confined to roofs, where shingles are commonly 
torn from roofs. Under extreme conditions such 
as during a category 4 or 5 hurricane, damage can 
be much greater and the building itself can be
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Table 5.5 CompirVi\i.'lotii>.ti'i-le'\Jolhurn.i-\e's b\ 
bifi'ii-Simpson i ltigorv

Category Relative hurricane destruction potential
1 1 (reference level)
2 4 times the damage of a category 1 hurricane;
3 40 times the damage
4 120 times the damage j
5 240 tunes the damage

Source Based on empirical analysis ovei the past 42 years by Dr 
William M Gray Colorado State University meteorologist

destroyed. A good example of how recent con
struction c6des have protected dwellings during the 
passage of moderate hurricanes is illustrated by 
the impact of Hurricane Opal in 1995. This severe 
storm made landfall in the panhandle of Florida just 
east of Pensacola. Of the nearly 1500 homes sub
jected to the storm’s fury, approximately half were 
constructed prior to the new regulations and the

other half were built in compliance with new build
ing codes. There were hundreds of homes severely 
damaged or destroyed during the storm, but all of 
those built under present guidelines received only 
minor damage.

Storm surges and the accompanying large waves 
can, however, cause major damage, including the 
destruction of structures. For this reason, current 
zoning in Florida requires that the first level of 
occupancy must be above the 100-year storm surge 
level. This level is based on existing data and 
predicted frequency of storm surge. For example, 
the Gulf coast of central and southern Florida is 
predicted to experience a 4 m storm surge on a 
100-year return interval. This is based in part on 
historical data of previous storms and in part on 
computer modeling of storm conditions using 
variables such as shelf gradient, wind velocity, 
and wave size, among others. Qualification for 
federally supported insurance in the coastal zone 
requires compliance with these regulations.

Table 5 6 J hc_ le illii. i u Ko tli? thurn in s n US In l r\ jjj|

Hurricane Year Category Pressure Damage Deaths
(millibars) (US$ billion)*

1
Camille (Mississippi Louisnm) 1969 909 256 j
Florida (Keys; 1935 892 4081
Andrew (SE Florida SE Louisiana) 199? 922 30 48 15 f
Audrey (SW Louisnr N Texas) 1957 945 m j i p M l 390
Floridi (Keys) STexis 1919 600 f
Flo ida (Lake Okeeciobee) 192<5 929 1 8 3 6 /
Florida (Mnmi Pens icolj) Mississippi Alabama 1926 i B i p i l * 935 243
Hugo (Sou+l Caro'ira) ■•989 t i M M i 018
Louisiana (Grand Isle) 1909 i M l p g i j i M i 931 3501
Louisiana (Npu  Orleans) 1915 2/51Jexis (Galveston) 1900 931 6000 r
Texas (Galveston) 1915 l a i i i i i p - 2 431
Mississippi Alabama Pensacola 1906 134
l e B i i y M i i M M M y K M I i s y g 1944 B S I l l i
Ne j Enghnd 1938 946 600

1906 H S l W i P t 164
Diane (NEUSA) 195r i # i t ® f s s § B i 969 184

Adjusted to 1996 dollars on the bisis of US Depai tment of Commerce implicit price deflator for construction 
tMimmum estimates
Source National Huiricine Center (http / w v nhc noaa gov pastall html)
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5.5 Summary

Hurricanes and extratropical cyclones are a dramatic 
expression of the Earth’s weather system. Through 
recorded history severe storms have accounted for 
permanent changes to the coastal landscape, billions 
of dollars of damage, and the unfortunate loss of 
many lives. Hurricanes are tropical storms with 
wind velocities exceeding 119 km h-1. The largest 
hurricanes have storm surges greater than 7 m and 
winds attaining 220 km hr1. They form in the trop
ics and are steered by the prevailing global wind 
patterns. Hurricanes affecting the United States are 
initiated off the west coast of Africa. They intensify 
over the warm Atlantic Ocean waters and travel in 
an easterly direction until they make landfall along 
the Gulf of Mexico and along the east coast, most 
commonly from Florida north to the Outer Banks 
of North Carolina. Rarely do hurricanes strike the 
west coast of the United States. They degenerate 
after moving over land or cold water.

Extratropical cyclones form above the tropics and 
are commonly associated with cold fronts. These 
storms are usually weaker than hurricanes, but occur 
more frequently. They develop over the continental 
United States, in southwestern Canada, in the Gulf 
of Mexico, and off the east coast of Florida. These 
storms generally move eastward and northward, 
eventually traveling offshore of New England and 
passing east of Nova Scotia. They generate north
easterly winds and waves and therefore are called 
“northeasters.” Northeasters last for one to two days 
and are accompanied by wind velocities of 40—65 
km hr1 and storm surges ranging from 0.2 to 1.2 m.

Both hurricanes and extratropical storms are low- 
pressure systems with counterclockwise wind pat
terns. The strength, speed, and size of these cyclonic 
systems control the severity of the storm, including 
the amount of erosion and structural damage. Storm 
track, gradient of the shelf, configuration of the 
shoreline, and astronomic tidal conditions are other 
important factors governing storm processes.

Suggested reading Abbott, P. L. (1996) Natural Disasters. Dubuque, IA: W . C. Brown Publishers (Chapters 9

Coch, N. L. (1995) Geohazards: Natural and Human. Englewood Cliffs, NJ: Prentice Hall. 
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University Press.
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6.1 Introduction

Waves are a surface disturbance of a fluid (gas or 
liquid) in which energy is transferred from one place 
to another. In the case of the coast, we are con
cerned with the interface between the ocean and the 
atmosphere, but waves also occur between different 
liquid masses and between different gaseous masses. 
For example, waves occur between water masses 
of different densities caused by temperature and/or 
salinity contrasts, and these are termed internal 
waves. Waves also occur within the atmosphere, 
such as between a warm, light air mass and one that 
is cold and heavy.

When the surface of the fluid is disturbed, the 
perturbation is transferred from one location to 
another but the medium itself, water in the case of 
the coast, does not move with the propagating 
disturbance. Waves occur in a wide range of sizes 
(Fig. 6.1) and maybj caused by various phenomena. 
The primary type of wave that influences the coast

is what is called a progressive, surface wave that is 
produced by wind. In this type of wave, energy trav
els across and through the water in the direction of 
the propagation of the wave form. The movement 
of these waves is due to restoring forces that cause 
an oscillatory or circular motion that is basically 
sinusoidal in its form (Fig. 6.2). That is, it is shaped 
like a sine curve: perfectly symmetrical and uniform. 
Both gravity and surface tension are important 
restoring forces that maintain waves as they pro
pagate. Surface tension is important in very small 
waves called capillary waves. These waves are less 
than 1.7 cm long. Larger waves are called gravity 
waves because the primary restoring force is gravity. 
It is these gravity waves that are the typical waves we 
see at the coast or on any water surface (Fig. 6.1).

Each individual wave has several components 
that are important for describing the wave and its 
motion (Fig. 6.2). The wavelength (L or X) is the 
horizontal distance between two like locations on 
the wave form: crest to crest, trough to trough, etc. 
The wave height (H) is the vertical distance between

Fig. 6.1 Diagram showing various wave types and their respective frequencies. The large and broad peak is the typical surface waves of 
the open ocean or the coast and the peaks near 24 and 12 hours represent the tidal wave. (From B. Kinsman 1965, Wind Waves. 
Englewood Cliffs, NJ: Prentice Hall, p. 23, Fig. 1.2-1.)
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the base of the trough and the crest; it is twice the 
amplitude. The steepness of the wave is the ratio of 
the height to the length {H it). Another important 
characteristic of gravity waves is their p e r io d  (7), 
the time, measured in seconds, required for a com
plete wavelength to pass a reference point. Because 
the wavelength is so difficult to measure due to the 
constant movement of the wave, the period is typi
cally used as a proxy for the length. The relationship 
between the two is generally given as

L = 1.56T2 m (6.1)

Another way of measuring wave propagation is by 
the frequency {f)\ that is, the number of wave
lengths passing per second. Therefore, a 10 s wave 
would have a frequency of 10-1.

The actual transfer of energy from the wind to 
the water surface is complicated and not completely 
understood. It is well known, however, that the size 
of waves depends upon three primary factors: (i) 
how fast the wind is blowing (velocity); (ii) the 
length of time the wind blows (duration); and (iii) 
the distance over the water that the wind blows 
(fetch). Any one or a combination of these factors 
can be limiting in wave size. In many situations 
the theoretical limitation of wave size is caused by 
the fetch; these are typically termed fetch-limited 
basins. Any location can have any wind velocity 
and the wind can blow for any length of time. What 
cannot change, however, is the size of the water body 
that is being subjected to these winds, and therefore 
the fetch. Good examples are Lake Michigan and 
Gulf of Mexico, both large bodies of water to be 
sure, but also ones that are not nearly as big as an 
ocean. Huge waves cannot form in these water bod
ies even during hurricanes or other severe storms.

Fifl. 6.3 Photograph of complicated sea conditions during a 
storm on the North Sea.

Although the wave form and its components are 
discussed in relatively simplistic terms, the actual 
wave conditions in nature are extremely complic
ated. Typically there are several families of waves 
of different sizes (Fig. 6.3) moving in different 
directions all superimposed at a given location in 
the sea (Fig. 6.4). These waves combine to produce 
a wave field that can be recorded and analyzed. The 
data are in the form of a wave spectrum, which 
can be separated into its component wave forms, 
each with its own period or frequency and height 
(Fig. 6.5). One of the most important aspects of the 
spectral analysis of a wave field is the determination 
of the significant wave height, the most commonly 
used wave-measuring category. This value (Hs) is the 
average height of the highest one-third of the waves

Fig. 6.2 Typical wave form showing the 
various elements of a gravity wave. This is 
a conceptual model. The natural waves 
tend to be peaked instead o f sinusoidal.



104 Chapters

Fig. 6.4 Photograph of complicated sea conditions showing 
distinct but different wave sets. The different sizes of waves 
are the result of different weather in proximal areas and the 
movement of waves from one place to another.

occurring during the time period being analyzed. 
The significant wave height is commonly used as an 
index of the wave energy.

6.2 Water motion and wave propagation

Recall from the previous section that only the wave 
form is propagated in gravity waves, not the water 
itself. That being the case, we need to consider how 
the water actually moves within gravity waves. In 
this wave type, the water moves in an orbital path, 
with the circulation in each orbit being in the direc
tion of wave propagation (Fig. 6.6). As the wave 
moves toward the coast, the surface water is moving 
landward on the crest of the wave and seaward in

Frequency (Hz)

Fig. 6.5 Plot of a wave spectrum showing the range of 
frequencies recorded at this particular location in a brief time 
series. The peak represents the dominant frequency for the 
wave spectrum, in this case 0.1 Hz or periods of 10 seconds.

the wave trough. The wave form moves toward the 
shore but the water itself moves only in circles. This 
orbital motion in the wave extends well below the 
water surface. The diameter of the orbital motion at 
the water surface is equal to the wave height, and 
this diameter decreases with depth. At a depth of 
approximately one-half the wavelength of the sur
face wave, the orbital motion is very slow and the 
orbits are very small, and can no longer move sedi
ment on the bottom (Fig. 6.6). Anyone who has 
gone scuba diving knows that even if it is quite 
rough on the surface, there is a depth below which

Fig. 6.6 Diagram of water motion 
in waves showing the decrease in the 
diameter of the orbital paths with depth. 
You must remember that this is a very 
simplified diagram. There is an infinite 
number of particles moving in this same 
pattern.
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F|0. 6.7 Slight landward movement ofwater as wind friction 
causes orbital paths to move toward the shore. This motion is 
superimposed on the motion shown in Fig. 6.6.

you do not feel any wave motion. Because this 
orbital motion is forward on the crest and backward 
on the trough, with vertical motion halfway between, 
a fishing float or a ball appears to actually move up 
and down as the waves pass, but without progress
ing significantly itself. Where wind is present, close 
inspection of the actual path of water particles shows 
that there is slight net movement of water in the 
direction of propagation due to friction between the 
wind and the water surface (Fig. 6.7). At the coast, 
this wind may push the water landward and produce 
what is called setup, a temporary elevation of water 
level. Setup is a phenomenon that is the major factor 
in undertow, a process that is discussed later in this 
chapter.

When the depth of water is more than half of the 
wavelength of the surface wave, the orbital motion 
of water within the wave is not influenced by the 
ocean floor as the wave propagates. As the wave 
moves into increasingly shallow water during its

approach to the coast, these orbital motions begin 
to interact with, or “feel,” the bottom at a depth 
about equal to half the wavelength. This is called 
wave base and this interference causes the orbits 
of water particles to become deformed and to slow 
down. At first the circular motion becomes squashed 
into an oval shape and eventually becomes simply 
back and forth motion. This condition progresses as 
the wave moves into increasingly shallow water. 
The slowing of the wave causes it to steepen because 
it is being compressed somewhat like an accordian. 
At the same time that this is happening, bottom 
friction causes the wave to slow down at the bottom, 
but at the surface the wave is traveling faster in the 
absence of this friction. These conditions cause the 
wave to eventually become so steep that it is no longer 
stable and its shape collapses. This is the breaking 
of waves that we see in the surf along the coast. This 
instability due to excessive steepness takes place 
when the inclusive angle of the wave form seeks to 
be less than 120° or the steepness exceeds 1:7. After 
breaking, restoring forces cause the wave to reform 
and continue its progression, perhaps to break again 
before reaching the shoreline.

Multiple breaking of waves in shallow water at 
the coast is produced by a bar and trough topogra
phy of the seabed (Fig. 6.8). As the wave moves into 
shallow water and begins to feel bottom, slow its 
forward speed, and steepen, it will eventually break. 
This first break is commonly over the crest of a sand 
bar, which may rise a meter or so above the gently 
sloping nearshore gradient. Landward of this bar is 
a trough of deeper water and it is over this trough 
that the wave reforms after initial breaking. The 
water shallows again and breaking takes place again,

Fig. 6.8 Diagram showing how waves 
can break over each of the multiple sand 
bars as well as at the shoreline. The 
steepening of the wave as the water 
shallows causes breaking, then the 
wave reforms and breaks again.
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Fig. 6.9 Aerial photograph showing waves breaking over 
multiple bars in the nearshore area along Mustang Island 
on the Texas coast.

over a second sand bar. It will reform again and 
finally break at the shore. This situation with two 
sand bars and waves breaking over them (Fig. 6.9) is 
typical of many of the gently sloping nearshore areas 
of the world. It is also possible for a coast to have 
just one bar or three bars. Under conditions of small 
waves, breaking will take place only over the shallow 
bar and not the deeper one. The fairly narrow coastal 
area where wave breaking occurs is called the surf zone.

6.3 Wind wave types

Although the theoretical and simplistic wave form 
is a sinusoidal curve, that form is not common in 
nature. Wave shape depends on the conditions of 
the wind, water depth, and the progression of the 
wave itself. Although wind is responsible for the 
production of most gravity waves, it is common for 
the waves to travel well beyond the area where the 
wind blows or for waves to continue long after the 
wind stops blowing. Waves that are direcdy under 
the influence of wind are called sea waves (Figs 6.3 
and 6.4). They typically have relatively peaked crests 
and broad troughs. In nature, sea waves tend to 
be complicated by multiple superimposed sets of 
various sized waves. Whitecaps occur when the 
wind blows off the tops of sea waves.

Fig. 6 .10 Waves that have moved away from the wind or where 
the wind has stopped are called swell waves. They are most 
common along the Pacific coast, as shown here.

A common wave type is the swell wave, which 
actually has a wave form that approaches a sinusoidal 
shape (Fig. 6.10). Swell develops after the wind stops 
or when the wave travels beyond the area where the 
wind is blowing. Swell waves commonly have a long 
wavelength and small wave height, thus having a very 
low steepness value, much lower than sea waves.

The breaking of waves as they enter shallow water 
takes on different characteristics depending upon 
the type of wave that is present in deep water, and 
the conditions of breaking as the waves move into 
the surf zone. For example, swell waves are long 
and low, and therefore they begin to feel the bot
tom in relatively deep water. They gradually slow 
and steepen until they break as plunging breakers 
(Fig. 6.11). This type of breaking wave is typified by 
a large curling motion, with an instantaneous crash
ing of the wave characterized by a sudden loss of 
energy. It is typical of gently sloping nearshore zones.

The other common type of breaking wave is the 
spilling breaker (Fig. 6.12). This type is most com
mon as sea waves with their shorter wavelength and 
higher steepness enter shallow water. As these waves 
break they do so slowly over several seconds and some 
distance. The wave looks like water spilling out of a 
container. Surging breakers and collapsing breakers 
(Fig. 6.13) are other types of breaking waves; they 
look about the same. They have an appearance that 
is similar to spilling breakers. Surging breakers typic
ally develop on or near the beach as the wave runs up



Box 6.1 The Duck Pier

In 1977, the US Army, Corps of Engineers established 
a Field Research Facility CFRF) at Duck, North C uolina 
near thenorthern end of fhe Outer Banks The central 
element of this facility is a 180 m (590 feet) long 
research pier that extends to a depth of 7 m This pier 
was constructed to permit monitoring of a variety of 
coastal processes across the innei shoreface and surf 
■om- W h P i  p i .  'if llm f.i »it, 'i'i I "  Ip  i - ‘ -v I-

a conTerenceTobiti. An observation tower rises 13 m 
above the adjacent dunes and various specialized 
vehicles f ortaki n g m easu re m ents-in-tfae rig o ro u s 
conditions of storms are available. The staff of 12 
includes coastal scientists and engineers, computer 
specialists, and technicians.
“^Thaspecialized vehicles'arrd ptjier eq uj'pment aflaw :

provide a large database. Wave height, period, and 
direction are monitored by pressure transducer arrays 
beyond the pier, and wave height and period are 
niea^uied at thiee locations alon 
curient profile is measurgjJ, j 
meteorological (Miameti’ is V£ 
such as temp'erfifur& s^ahnit^. 
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bathymetry and sfjpreJ|i$$S*'‘  
related to thfe ptoQBSsesr?^

the public.
In addition to the regular collection of data by the 

FRF staff, the facility also hosts visiting researchers 
from other Corps of Engineers locations and from -- 
universities. There have been huge experiment! ‘ ■*"
FRF that have involved more than 100 researchers 
each. SJch events as “Super Duck” and “Sandy Duck” -  I

I .  the FRF to make observations arid'take measurements- -w ere typically held in the fall of the.year and lasted at
thafcare typically not possible._A specially constructed
motorized vehicle called a CRAB (coastal re s e a rc h ;;
amphibious buggy)'can.move across the surf zone

| to sun/ey with centimeter'aceuracy to a depth of 9 m.
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Fig. 6.11 Waves that steepen in the nearshore and break almost 
instantaneously are called plunging waves.

Fiji* 6.12 Waves that steepen in the nearshore and break over 
some time and distance are called spilling breakers.
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6.4 Distribution and transfer of 
wave energy

As waves move into shallow water and are influenced 
by the bottom and by various natural features or 
structures made by humans, they may experience 
changes in their energy distribution and/or direction. 
This occurs in three primary ways: (i) refraction; (ii) 
diffraction; and (iii) reflection. Therefore, waves act 
much like light. Waves typically approach the shore
line at some angle; the crest may have an orientation 
ranging from nearly perpendicular to parallel to the 
shoreline. As the wave enters shallow water and 
begins to be slowed by interference with the bottom, 
this slowing of the rate of movement of the wave 
takes place at different times and places along the 
crest of the wave. The result is a bending or refrac
tion of the wave as it passes through shallow water 
on its way to the shoreline (Fig. 6.14). As the waves 
bend or refract, they cause a vector of energy to 
move along the shoreline in the form of a longshore 
current (discussed later in this chapter), and they 
cause energy to be distributed according to the 
relationship between the bending wave and the 
shoreline. The distribution of wave energy can 
be represented by orthogonals, lines constructed 
perpendicular to the wave crests. This type of con

Fig. 6.14 (a) Schematic diagram of waves refracting across 
the surf zone and (b) photograph of the same phenomenon.
This happens when offshore waves approach the shoreline at 
an angle. The shorter the wavelength the more the angle at 
which the waves approach the shore. Long-period waves tend 
to refract completely and approach the shore essentially parallel.

struction enables us to show where wave energy is 
concentrated and where it is dispersed.

If we have a uniformly sloping nearshore with 
wave approaching a straight shoreline at an acute 
angle, we would expect the wave energy to be uni
formly distributed along the shoreline (Fig. 6.14). 
If the shoreline and/or the nearshore topography is 
irregular, then the refraction of the waves will reflect 
these irregularities and the distribution of wave

Fig. 6.13 In very shallow water waves break as surging breakers.

to the shoreline. It steepens, and just as the wave 
begins to break, it surges up the beach.
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Fig. 6.15 Diagram showing wave 
refraction with erosion at the headlands 
and deposition in the embayments. The 
lines perpendicular to the wave crests are 
called orthogonals. They converge to 
concentrate energy at headlands and 
they diverge to dissipate energy at 
embayments.

energy will be complicated. As the result of refrac
tion, wave energy is concentrated at headland areas 
along the coast and is dissipated in embayments 
(Fig. 6.15). This combination of conditions causes 
headlands to erode and embayments to accumulate 
sediment.

As waves pass an impermeable obstacle such as 
a jetty, breakwater, or other type of structure, the 
wave energy is spread along the crest behind the 
obstacle -  it is d iff ra c te d . Part of the wave crest is 
stopped by the structure and the rest of it passes by 
(Fig. 6.16). As the wave passes the structure, energy 
is transferred laterally along the wave crest to the

Fig. 6 .16 Diagram showing how wave energy is distributed 
as the result of diffraction around a structure. The energy 
essentially spreads along the crests to extend behind barriers.

sheltered areas behind the obstacle. In this way waves 
gradually progress behind the obstruction, although 
they will have smaller heights than the wave that is 
unaffected by the structure. This is the reason why 
boats behind breakwaters or other shelters still feel 
waves. It should be noted that the obstacle also 
influences wave energy beyond the structure itself. 
The same phenomenon occurs when waves approach 
and pass an island or prominent headland (Fig. 6.17).

Fig. 6 .17 Aerial photograph showing wave refraction and 
diffraction around a headland. Such a pattern results in a very 
complicated distribution of wave energy.
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Fig. 6.18 Wave reflecting from a steep beach along 
the California coast. The amount of energy reflected 
depends on both the size of the wave and the steepness 
of the beach.

Waves can also have some or all of their energy 
reflected as the wave meets the beach (Fig. 6.18), a 
structure, or rock exposures. The amount of reflected 
energy and the direction in which the reflected 
energy is directed are dependent upon the amount 
of energy absorbed by the coast or structure, and the 
angle of approach. If a wave approaches and hits 
a vertical and impermeable structure without any 
interference by the bottom, 100% of its energy 
will be reflected. This would be the situation if 
a seawall or breakwater presented a solid vertical 
surface such as one of poured concrete. A vertical 
rock outcrop would present the same situation. 
A structure that is sloping and/or has an irregular 
surface will absorb some of the wave energy and will 
reflect only part of it. The same is true of a steep 
beach, where some of the wave energy is reflected 
and some dissipated or absorbed. Typically, only a 
small percentage of incident wave energy will be 
reflected at a beach.

The direction along which this reflected energy 
proceeds is in accordance with the law of re fle c t io n : 
the angle of reflection is equal to the angle of inci
dence. In other words, waves approaching a vertical 
sea wall act just like light rays on a mirror. A wave 
that approaches a sea wall at an angle of 45° will 
be reflected at the same angle (Fig. 6.19). Incident 
waves on a rocky coast may experience just this sort 
of condition.

Fig. 6.19 Diagram showing how incident waves reflect from a 
seawall according to Snell’s Law; that is, the angle of reflection 
is equal to the angle of incidence.

6.5 Other types of waves

6.5.1 Tsunamis
A tsunami is a large, rapidly moving wave that can 
be very destructive when it reaches the coast. The 
word tsunami is Japanese for very long harbor wave. 
This name has been applied to these waves because 
it is in harbors that much of the damage occurs. 
The name is typically applied to waves produced by 
seismic or other events that cause major movements 
on, or of, the ocean floor. Such events cause a dis
turbance of the sea surface, a tsunami, commonly 
referred to as a seismic sea wave. Earthquakes, 
volcanic eruptions, landslides, and possibly even 
strong, deepwater currents may trigger tsunamis. A 
good way to envision the generation of a tsunami 
is that the water container (the ocean floor) is dis
turbed, which in turn causes a disturbance of the 
water surface.

The wavelength of a tsunami is generally up to 
hundreds of kilometers, wave height may be about 
a meter in deep water, and the wave travels at hun
dreds of kilometers per hour. Because of the great 
wavelength, a tsunami will begin to be affected by 
the sea floor at great depth. This causes a very marked 
slowing of the velocity, accompanied by steepening 
of the wave, with the result being a wave height 
of several meters at the coast. Many catastrophic 
tsunamis have influenced various coastal areas of 
the world; for example, in Japan and many of the 
small islands of the Pacific, especially Hawaii. The



Waves and the coast 111

Fip. 6.20 Destruction ofproperty along the coast of Central 
America caused by a tsunami. Current abilities to predict 
tsunamis enable people to avoid the huge waves, but property 
damage can be extensive. (Courtesy O. H. Pilkey.)

west coast of North America has also experienced 
large tsunami waves. Not only do these huge waves 
destroy property (Fig. 6.20) and erode the beaches, 
but several have caused a high loss of life. Among 
the recorded disasters of this type were the tsunamis 
of1692 in Jamaica, 1755 in Portugal, 1896 in Japan, 
and 1946 in Hawaii. The eruption of Krakatoa in 
the southwest Pacific in 1883 produced a tsunami 
that carried a large ship 3 km inland to an elevation 
of 9 m above sea level. The 1964 earthquake in 
Alaska produced a tsunami that caused severe dam
age to Crescent City, California.

Much of the loss of life has been greatly reduced 
since the establishment of a network of seismic 
monitoring stations that covers the entire Pacific 
Ocean. This monitoring system was constructed in 
the 1950s and 1960s, and now makes it possible to 
predict the development, movement, landfall, and 
size of tsunamis. This does not make them less 
dangerous, nor does it do anything to prevent dam
age or loss of property. It only provides warnings of 
minutes or a few hours to permit rapid evacuation of 
coastal areas.

6.5.2 Standing waves
All of the previously discussed wave types are 
progressive gravity waves. The wave form moves 
forward and gravity is the restoring force. There are 
special conditions under which waves do not pro
pagate but can influence the coast. Such waves are 
called standing waves. These waves are trapped in a 
container or a restricted body of water such as an 
embayment, a harbor, or a lake. The wavelength of 
a standing wave is equal to the diameter or length 
of the water body in which the wave develops. 
There is a node in the middle about which there is 
no motion, and an alternating up and down motion 
at each end of the water body (Fig. 6.21). The best 
example of a small-scale standing wave is the water 
motion that occurs when you walk with a cup of 
coffee or a pan of water.

Most common and most noticeable among the 
standing waves in the natural environment is the 
seiche. Seiches are most commonly caused by weather 
conditions that create rapid changes in barometric 
pressure and/or wind conditions. Water is piled up 
on one side of the basin and then is released as the 
wind stops quickly or when the barometric pressure 
rises quickly. As a consequence of these phenomena, 
there is an alternating extremely high and extremely 
low water level at the shore as the standing wave 
sloshes back and forth across the water body. The 
Great Lakes tend to experience the most dramatic 
seiches, with changes in lake level of over a meter 
with the passage of a strong frontal system. Seiche 
waves have swept people from the beach and drowned 
them in Lake Michigan. Lake Erie is the most sus- 
ecptible due to its shallow depth and its orientation 
along the dominant wind direction as storms pass

Fig. 6.21 Diagram of a standing wave showing a node at the 
midpoint of the vessel. This is what happens when you walk 
with a cup of coffee.
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Fig. 6.22 (a) Diagram showing howwaves reflect from 
a vertical obstruction and (b) photograph of the same 
phenomenon along the Georgia coast. A vertical and 
impermeable structure will reflect essentially all of the 
incident wave energy.

through this area. It has experienced seiches of over
2 m.

Wave reflection can also create a type of stand
ing wave that is instantaneous in nature. As waves 
approach a sea wall, steep beach, or other obstacle 
with the wave crests parallel to the obstruction, the 
crest is reflected back and causes an instantaneous 
increase in the height of the next incoming wave 
(Fig. 6.22).

6.6 Wave-generated currents

There are three types of coastal currents that are 
produced by waves: (i) longshore currents; (ii) rip 
currents; and (iii) undertow. All three types of cur
rents develop as the result of shoreward progression

Fig. 6.23 Photograph showing how waves approach the 
shoreline at an angle and produce a longshore current.
As the wave refracts a current is produced in the direction 
of the open angle.

of waves, and all three can play a role in transporting 
sediment within the surf zone.

6.6.1 Longshore currents
There is a slow landward transport of water as grav
ity waves move landward and break in the surf zone. 
The rate at which this occurs is related to the refrac
tion pattern of the waves as they move through the 
nearshore and surf zone. This refraction produces 
a current that flows essentially parallel to the shore
line: the longshore current, sometimes called the 
littoral current (Fig. 6.23).

As the wave refracts during steepening and break
ing, there are both shoreward and shore-parallel 
vectors to its direction. This condition produces the 
longshore current with a velocity that is related to 
the size of the breaking wave and to its angle of 
approach to the shoreline. The longshore current 
is essentially confined to the surf zone and has an 
effective seaward boundary at the outermost breaker 
line and a landward boundary at the shoreline 
(Fig. 6.23). It acts much like a river channel, with 
the greatest velocity near the middle. Under some 
conditions, wind blowing along-shore will enhance 
the speed of the longshore current. These currents 
typically move at a few tens of centimeters per sec
ond, but during even modest storm conditions they 
commonly travel more than a meter per second.
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Longshore currents work together with the waves 
to transport large volumes of sediment along the 
shoreline. As the waves interfere with the bottom 
when the waves steepen and break, large amounts 
of sediment are temporarily put into suspension. 
The sediment is most concentrated at the bottom 
of the water column but is present throughout. 
This suspended sediment and bed-load sediment is 
then transported along the shoreline by longshore 
currents.

Because waves may approach the coast in a wide 
range of directions depending upon the angle of 
wave approach, the longshore current may flow in 
either direction along the shoreline. As a result 
of this back' and forth transport of sediment there 
might be a large amount of sediment flux over a 
designated period of time, but the net littoral trans
port will be in one direction and may be only a small 
portion of the total. We typically speak of l i t to r a l  
t ra n s p o r t  in terms of the annual amount in a partic
ular length of coast. For example, it maybe 100,000 
m2 yr-1 from north to south. Remember, this is the 
net transport, and the total or gross amount may 
be many times that in each direction. Longshore 
currents and littoral sediment transport occur in 
any coastal environment where waves are refracted 
as they move into shallow water and approach the 
shoreline. Whereas large volumes of littoral drift 
take place on open ocean beaches, longshore currents 
and resulting sediment transport are also common 
in bays, estuaries, and lakes.

6.6.2 Rip currents
The previously mentioned landward transport of 
water as waves move to the shoreline produces an 
increase in water level at the shore called setup. This 
is largely the result of friction between the wind and 
the water surface as the progressive waves move 
through the surf zone. Setup is basically similar to 
storm surge but it is smaller in scale and is limited to 
a narrow zone along the shore. This elevation of the 
water is typically a few centimeters. The setup water 
is essentially piled up against the shoreline in an 
unstable condition because of the inclination of 
the water level. That situation cannot persist.

Fig. 6.24 (a) Diagram and (b) photograph showing the nature 
of circulation in a rip current system. These circulation systems 
are important in transporting sediment and may be dangerous 
to swimmers.

If this unstable condition exists along a barred 
coast or along some of the steeper coasts, the setup 
produces seaward flowing currents that are rather 
narrow and that create circulation cells (Fig. 6.24) 
within the surf zone. These narrow currents are 
called rip currents. They commonly flow at speeds 
of a few tens of centimeters per second and they can 
transport sediment. The rip currents are connected 
with feeder currents that are part of the longshore 
current system. The rip current is the phenomenon 
that is commonly and mistakenly called a “rip tide,” 
even though it is not related to tides. Rip currents 
can be a danger to swimmers and cause several 
drownings each year at locations where they are 
common. In actuality they should not be a problem 
to swimmers because they are narrow and the swim
mer simply needs to move a short distance along 
shore to escape their seaward path.

The size, orientation, and spacing of rip cur
rents are related to wave conditions and nearshore
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bathymetry. In the absence of longshore sand bars 
and along a smooth, embayed shoreline, the rip cur
rent spacing is typically regular and fairly persistent. 
If incoming waves are essentially parallel to the 
shoreline they will produce a nearly symmetrical 
circulation cell with feeder currents that are sym
metrical in each direction. Rip currents that form 
when waves approach at an angle generally develop 
asymmetrical cells and related feeder currents.

6.6.3 Undertow
Another nearshore circulation phenomenon that is 
caused by shoreward movement of water and setup 
is called undertow. Here the water that piles up at 
the shoreline is returned along the bottom in order 
to alleviate the unstable condition produced by the 
setup. This is a type of circulation that is commonly 
confused with rip currents and that may also cause 
problems for swimmers. Water that is transported 
toward the shoreline by forward motion of water as 
waves progress landward and from friction between 
wind and water is returned seaward in a strong and 
essentially continuous current (Fig. 6.25). Flow is 
commonly up to 50 cm s-1 during strong onshore 
waves, the only time when undertow is noticeable.

Undertow is not only limited to rather high-energy 
wave conditions in the surf zone but is also common 
in places where longshore bars are absent or far off
shore and relatively deep. In some areas rip currents 
will persist during low- to moderate-energy wave 
conditions and then during high-energy wave 
conditions the rips will lose their definition and 
undertow will be the primary mode of seaward 
return of water from unstable conditions of setup.

Fig. 6.25 Diagram of a section of the surf zone showing the 
circulation associated with undertow. This occurs when water is 
transported landward by wind and then returns seaward via a 
strong current along the bottom of the water column.

6.7 Summary

Waves are probably the most important factor in 
coastal development. They move sediment directly 
or through the generation of wave-driven currents. 
Wave activity can cause erosion and can also trans
port sediment to the coast. Although there are still 
many aspects of wave-sediment interaction that we 
do not understand, the basic characteristics of wave 
mechanics are well known. Part of the difficulty is 
that we are dealing with the relationships between 
fluid motion and a solid substrate. Another dif
ficulty is that much of the interaction between 
waves and the coast takes place during severe con
ditions of storms. Making observations under such 
conditions is extremely difficult although great 
progress is being made.

Waves are primarily at work on the open coast 
and have only minor influence on more protected 
environments such as estuaries, tidal flats, and 
wedands.
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Fig. 7.1 Schematic diagram of a beach 
and nearshore profile showing specific 
sub-environments in profile view. There 
are variations on these themes depending 
on the nearshore slope, the tidal range, 
and the abundance of sediment.

7.1 Introduction

Most people visit or live along the coast to enjoy the 
beach. The constant change, interesting landscape, 
fascinating creatures, and beautiful scenery have 
captured the attention of people forever. The beach 
and related environments act as the seaward protec
tion for the coast, whether it be a barrier island or 
the mainland. Coastal residents are familiar with 
many aspects of beach dynamics, especially the re
sults of severe storms, and the seasonal or long-term 
changes. This chaptfer considers beaches in terms of 
the material that comprises them, their morphlogy, 
and their dynamics.

A proper understanding of beaches must include 
the adjacent shallow marine waters, generally called 
the n e a rs h o re  e n v iro n m e n t. It includes the region 
that extends from the low tide line, which is the sea
ward extent of the beach, out across the surf zone, 
and includes the sand bars that are common along 
most coasts (Fig. 7.1). The width and depth to which 
the nearshore extends range widely depending upon 
its gradient, the wave climate, and the availability of 
sediment. In many places there are rather persistent 
sand bars that parallel the beach and over which 
waves break during storms (Fig. 7.2). Although some 
nearshore areas may be essentially smooth and 
gently sloping, most are comprised of a combina
tion of these sand bars and intervening troughs.

7.2 Beach and nearshore morphology

The beach itself extends from the low tide line land
ward across the generally unvegetated sediment to 
the next geomorphic feature in the landward direc
tion, which maybe a dune (Fig. 7.3), a cliff (Fig. 7.4),

Fig. 7.2 Waves breaking over a longshore bar in the nearshore 
environment caused by the shallowing of depth and the resulting 
steepening to the breaking point.

or nowadays a seawall (Fig. 7.5) or some other facet 
of human development. The beach is the most 
actively changing part of the coast; each wave causes 
sediment movement. The nearshore environment, 
where the beach ends, begins at the low tide line 
and extends to the outer limit of the bar and trough 
topography that typifies this innermost subtidal 
environment. This includes the surf zone under 
most conditions, although severe storms may develop 
breaking waves beyond the nearshore bars.

7.2.1 Nearshore
The overall profile of the beach and adjacent near
shore may tend to be steep or gently sloping. This 
depends upon a variety of factors, such as sediment
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Fig. 7.3 Photograph showing where the backbeach merges with 
the dune environment, a rather modest change in the beach 
profile. This profile change varies with deposition and erosion. 
After a storm erodes the face of the dune, a near vertical slope 
will be present.

Fi g. 7 .4 Photograph showing where the backbeach merges with 
a steep bluff, an abrupt change in the beach profile. Such bluffs 
tend to be fairly permanent because of the cohesive sediment or 
rock that forms the bluff.

supply, wave climate, overall slope of the inner shelf, 
and perhaps tidal range. The steep beach and near
shore generally has poorly developed nearshore 
sand bars or none at all. Little energy is lost as the 
waves move across the nearshore and break for 
the first time at or near the shoreline. The general

Fig. 7.5 Photograph showing where the natural backbeach is 
interrupted by a seawall, an anthropogenic change in the beach 
profile. Commonly the beach will be removed in front of the 
seawall as erosion continues.

gradient and character of the profile across the 
nearshore and beach determines the way that waves 
behave as they move across this zone. These features 
also determine how the wave energy is dissipated 
across this zone and how much energy reaches the 
beach itself.

The most common morphology along the 
nearshore is the presence of one or two shore- 
parallel sandbars. The innermost bar is typically 
about 30-50 m from the shoreline and the outer 
one is at least twice that distance from the shoreline. 
These bars display a predictable pattern of sediment 
texture and sedimentary structures. The finest and 
best sorted sediment is on the seaward side of the 
bar crest where wave energy is highest, and the 
coarsest and worst sorted sediment is in the trough, 
which receives the lowest level of wave energy. 
Ripples form on the outer part of the bar and these 
give way to a plane bed surface on the upper slope 
and crest of the bar (Fig. 7.6).

The inner bar in this nearshore complex com
monly includes rip channels where rip currents 
develop. The crest of longshore bars is rarely at 
exactly the same elevation. The low places, or 
saddles as they are commonly called, serve as a path
way of least resistance for water that is piled up 
between the bar and the shoreline. The rip currents 
(see Fig. 6.24) represent the primary circulation 
system in the nearshore zone.
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Fig. 7 .6 (a) Profile and (b) plan view of the nearshore showing how surface features are distributed across the bar and trough 
topography. These features are the result of waves and wave-generated currents. (Modified from N. E. Clifton, R. E. Hunter Sc 
R. L. Philips, 1971, Depositional structures and processes in the non-barred high-energy nearshore. J. Sed. Petrol., 41, 651—70.)

7.2.2 Beach
The typical sandy beach displays multiple profile 
configurations, of which two or three are common. 
These profile shapes are dependent upon the pres
ence and configuration of the major elements that 
comprise the beach: the ridge and runnel if present, 
the foreshore, the backshore, and the storm ridge.

Ridge and runnel
The most seaward part of the beach is the ridge 
and runnel (Fig. 7.7), which is somewhat like a 
small-scale bar and trough. This lower intertidal 
part of the beach has a small bar called the ridge and 
a flat-bottomed trough called the runnel (Fig. 7.8). 
The ridge is initially symmetrical and then becomes 
asymmetrical as wave-generated currents move over 
its crest. As the tide rises, waves generate currents 
that cross the upper surface and transport sediment 
landward under high-energy conditions. This sedi
ment reaches the landward edge of the ridge and 
the grains tumble down the steep landward side of 
it (Fig. 7.8). The seaward side is wide and gently 
sloping, and the height of the ridge is typically a 
few decimeters.

Fig. 7.7 Photograph of a large ridge and runnel topography in 
the seaward part of the intertidal beach along the Oregon coast. 
This is a coast with a large tidal range; hence the large and 
multiple ridges extending about 250 m from high tide. 
(Photograph by W . T. Fox.)

The runnel is broad and nearly flat. It is typically 
from 10 m or so to a few meters wide, and is a place 
where waves form small ripples (Fig. 7.9) at high 
tide when water covers this part of the lower beach. 
It is a fairly protected area where worms commonly 
burrow into the sediment, filter fine suspended par
ticles from the water, and produce small fecal pellets
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Fig. 7.8 Ridge and runnel where the ridge has migrated toward 
the beach. This process generally takes a few weeks but the rate 
of migration depends on the size of the ridge and the tidal range.

Fig. 7.9 Photograph ofthe leading edge ofa ridge showing 
the steep, landward face. As sand is carried landward across the 
ridge surface it reaches the edge and rolls down the steep slope, 
causing the entire ridge to migrate landward.

that accumulate in the troughs of these ripples 
(Fig. 7.10). As the ridge migrates landward, it moves 
over the runnel. The rate of migration is commonly 
inversely related to the tidal range. In high tidal 
range situations the wave-generated currents move 
over the top of the ridge for only a few hours during 
each tidal cycle, whereas in areas of low tidal range 
it would be several hours. Eventually the ridge 
makes its way onto the beach and is reworked by 
wave swash into the beachface.

The ridge and runnel is not always present and,

when it is, it only lasts for a period of weeks. These 
features are the result of abundant sediment in the 
shallow subtidal area adjacent to the beach. Forma
tion of the ridge and runnel may result from low- 
energy waves building a shallow sand bar that then 
migrates shoreward by the same waves and their 
wave-generated currents. It also might result from 
waning storm conditions that erode the beach and 
make sediment available for the development of a 
shallow subtidal sand bar under low-energy wave 
conditions.

Foreshore
The foreshore part of the beach is essentially flat and 
slopes toward the sea (Fig. 7.11). In beach profiles 
that do not have a ridge and runnel, the foreshore 
includes the intertidal portion of the beach and 
extends to the landward change in slope. The fore
shore, also called the forebeach or beach face, includes 
the swash zone, the part of the foreshore over which 
the waves uprush and backwash as each one meets 
the shore. The width and the slope of the swash 
zone change as the wave climate changes. Intense 
wave activity can also modify the foreshore dramati
cally, as is discussed in a later part of this chapter.

The base of the foreshore is typically marked by 
the plunge step, a small topographic break that is 
typically the site of the coarsest sediment on the 
foreshore. Most commonly this sediment is gravel, 
either shells or terrigenous lithic fragments. When

Fig. 7.10 Fecal pellets that have accumulated in the troughs of 
ripples in the runnel. These are commonly produced by worms 
and burrowing shrimp that live in the intertidal zone.



Fig. 7.11 Photograph showing the seaward sloping foreshore 
portion of a beach. It is on this part of the beach that the last 
breaking wave moves up and back, carrying sediment. 
(Photographby L. Somers.)

waves are large and the surge up the foreshore is great, 
this step tends to be smoothed out and the coarse 
particles spread over the lower part of the foreshore.

Another aspect of the foreshore texture is associ
ated with the uprush and backwash of final break
ing waves. On sandy beaches there is a strong 
uprush and most of the water returns with con
siderable energy. By contrast, on gravel beaches 
there is a strong uprush but the backwash is essen
tially absent because the water percolates into the 
coarse sediments.

Backshore
The backshore or backbeach extends from the berm 
crest, at the change in slope with the foreshore, 
landward across the remainder of the beach to the 
next physiographic feature. The backshore is dry 
and supratidal except during storm surge conditions 
when high water and large waves push water and 
sediment over the upper part of the beach. During 
these events, overwash of the beach and some wave 
activity may occur directly over the backshore. Most 
of the time this part of the beach is subjected to wind.

This portion of the beach is generally almost hori
zontal or slighdy landward sloping. The backshore 
also includes the berm or, in some cases, multiple 
berms. These are the flat upper surfaces of the step
like features that may occupy the backshore. In 
some beaches the berm and the backbeach are the

Fig. 7.12 Opportunistic vegetation that rapidly colonizes the 
backbeach and helps to stabilize it. These plants require litde 
moisture and few nutrients to grow and spread across the dry 
beach.

same; multiple berms are absent. The width of the 
backshore varies greatly in both space and time due 
to wave energy and sediment supply. The landward 
part of the backshore may support various types of 
opportunistic vegetation that help to stabilize the 
environment (Fig. 7.12). After major storms and 
the resulting erosion the backshore may be greatly 
reduced or even absent, especially along coasts 
where dunes or other factors prevent washover. In 
these circumstances, large storm waves scour the 
beach and carry the sediment seaward.

The surface of the unvegetated backbeach is 
typically covered with small ripples formed by wind 
and with a surface layer of shells. This shelly surface 
tends to become a stabilizing feature of the back
beach, in that the dry sand grains are blown away by 
the wind, generally to the dune areas, while the 
shells become more and more concentrated because 
they cannot be carried by the wind.

Storm ridge
The backbeach takes on a very different appearance 
if gravel is the dominant sediment present. Gravel 
beaches of shell and/or rock fragments commonly 
include a storm ridge that is just landward of the 
foreshore but that may, in some locations, also in
clude an intertidal component. This feature can rise 
several meters above high tide and can totally replace 
the typical backbeach (Fig. 7.13). Its composition
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Box 7.1 Daytona Beach, Florida: tfft 
fastest beach in the world 4

! Nowadays Daytona Beach brings to mind thousands4. ^  
I of college students on spring break or perhaps bike 
i week, when thousands of motorcycles congregate for 
I an annual rally. A hundred years ago, Ormond Beach,
| just north of Daytona, was a place where Stanley 

Steamers were run along the flat and hard-packed 
I sand beach. It was called the speed capital of the 
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^ S a S iB ^ p ® if ir ^ T f ic re a s e d  to149 m.p.h., achieved 
I-, by a Mercedes. Indianapolis winners and other 
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}'r. tn1928atw^
j claimed ^ | jsto0 « it^ ^ ;P ^ o n ^ w 1 ih ^ p e ^ 'j5 N ~ .  
1^,20^8^S5-p. Lc^Mabli5hed-thjs^cafen as'the- -r - 
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didi 
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included a long straightway on 1 
j/vas a financial bust and officials elected 

racing. William France, a friend and cojjg 
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1938 and followed it up with 
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: - .gaining popular 
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Fig. 7.13 Beach profile showing high backbeach gravel ridge 
formed by storms. These may rise several meters above high 
tide. They form because the large storm waves carry large 
particles landward and then water percolates through the gravel, 
so there is no mechanism for the particles to return seaward.

depends upon the nature of the gravel material in 
the immediate area, and its size is typically directly 
related to the rigor of the storms that produce it. 
Shell ridges, commonly composed of oyster debris,

Fig. 7.14 Storm ridge of mostly oyster shells that has formed in 
the backbeach along the western Louisiana coast. Storm ridges 
form from whatever coarse material is present.

occur along some of the Gulf of Mexico beaches, 
where they rise a meter or so above mean sea level 
(Fig. 7.14). By contrast, some of the terrigenous gravel 
beaches of the northeastern United States or adjacent 
Canada may rise several meters above sea level.
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Fig. 7.15 Diagram showing various 
stages of beach and nearshore 
configurations, from highly reflective to 
quite dissipative profiles. This model is 
actually a continuum and is shown here 
in various stages. (From L. D. Wright, J. 
Chappell, B. G. Thom, M. P. Bradshaw 
& P. Cowell, 1979, Morphodynamics 
of reflective and dissipative beach and 
inshore systems; southeastern Australia. 
Marine Geology, 32,122.)
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These ridges form as the result of great energy in 
the uprush of wave swash on the beach. This ener
getic uprush carries the gravel to the backbeach and 
piles it into a ridge. Because there is virtually no 
backwash due to the percolation of all of the water 
into the gravel, this ridge becomes large and stable 
in the back part of the beach.

7.3 Beach types

The overall gradient of the beach and nearshore is 
important in influencing both the amount of wave 
energy that reaches the beach and the configuration 
of the beach itself. Some are steep and others are 
not. An extensive analysis of these characteristics on 
Australian beaches has led to an important classi
fication of beaches that is now applied worldwide. 
There are two end members to this classification: 
dissipative beaches and reflective beaches. A dissi
pative beach is one that has a gentle gradient in 
the shallow subtidal and intertidal areas where wave 
energy is gradually dissipated across this zone (Fig. 
7.15). At the other end of the spectrum are reflective 
beaches that have relatively steep gradients, and 
where a significant amount of wave energy is actu
ally reflected back toward open water (Fig. 7.15).

Dissipative beaches tend to have multiple sand 
bars that cause waves to break and wave energy to 
be dissipated as the waves progress to the shore
line. There are intermediate beaches that also have 
nearshore bars. These bars may have low areas 
that permit the development of rip channels and rip 
currents (Fig. 7.15). Reflective beaches generally do 
not have bars and have gradients that are so steep 
that little wave energy is lost as waves move across 
the nearshore zone to the beach. It is common for 
reflective beaches to display erosional conditions, 
whereas dissipative beaches are more commonly 
accreting sediment. The determining factor is the 
amount of wave energy that reaches the beach.

7.4 Beach materials

Beaches are composed of anything that can be

Fig. 7.16 Photograph showing beaches comprised mostly of 
mud along the Surinam coast. Because beaches form from 
whatever sediment is available along a coast, there is a wide 
range in their texture. (Photograph courtesy of R. N. Ginsburg.)

transported by waves. Whatever is available will be 
incorporated as long as it can be carried to the beach 
and will be at least temporarily stable there. Mud is 
uncommon because the wave energy that character
izes beaches is typically too high to permit such fine 
sediment to accumulate and become stable there. 
It does accumulate in large quantities on some 
beaches; for example, along the coast of Surinam on 
the northern coast of South America (Fig. 7.16), 
where huge quantities of fine sediment are made 
available by the Amazon River. Wave energy is low 
and mud is the dominant sediment in the area; thus 
it accumulates along the shoreline.

Gravel particles of virtually all sizes and com
positions are fairly common on beaches (Fig. 7.17) 
given the correct set of circumstances: a readily avail
able source of gravel-sized particles, and generally a 
high wave climate or at least a location where severe 
storms occur. These beaches range from small pocket 
beaches between headlands on an otherwise rocky 
coast to beaches that extend for many kilometers. 
Those in the northern latitudes are typically com
posed of rock fragments from glacial deposits, stream 
accumulations, or directly eroded from bedrock. 
The gravel beaches that are associated with barrier 
islands are composed of shell gravel (Fig. 7.18), 
which is especially abundant in low latitudes where 
there is little other sediment available. Beaches 
on Pacific islands are commonly composed of a
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Fig. 7.17 Photograph of gravel beach on the north coast of 
Alaska, where entire barrier islands are dominated by gravel. 
(Courtesy of E. Reimnitz.)

Fig. 7.18 Photograph of excavation in a beach dominated by 
shell debris.

combination of dark volcanic rock fragments 
(Fig. 7.19) and coral reef debris, the two primary 
types of material available.

When we think of beaches, we typically are 
thinking of sand beaches. This is the most common 
sediment size throughout the world, but the com
position may extend over a wide range. The sand 
on beaches is commonly moved by the wind and 
wave and current action, but shells may represent 
a second, coarser population. The sand component 
is typically reworked from earlier accumulations 
within the coastal zone. In some areas, this deposi
tion and reworking of older deposits may have taken 
place in many cycles over millions of years. As this

Fig. 7.19 Photograph of a beach on Tahiti showing dark 
volcanic gravel.

reworking takes place there is both physical and 
chemical deterioration of the sediment particles. 
Eventually, it is common for the beach sediment 
to be dominated by quartz because it is very dur
able physically and is chemically inert at surface 
conditions.

The particle size of beach sediment ranges from 
mud to large boulders. The shapes vary depending 
upon their original composition and origin, and also 
upon the time and energy to which they have been 
subjected in the beach and nearshore environment. 
That is, some sediment particles like shells will always 
be flat or curved; they cannot become spherical like 
typical beach sand grains. Those particles that have 
been subjected to waves and currents for a long time 
tend to be smooth, whereas those particles “new” to 
the beach may be angular.

The interaction of waves and currents with beach 
sediments produces certain textural characteristics. 
It is possible to generalize about these characteris
tics, especially for sandy beaches. As a consequence 
of wave activity, a given section of beach displays 
a narrow range of particle size (Fig. 7.20). This is 
called good sorting. That is, the waves and their 
related processes arrange the sediment particles in 
such a fashion that, at any spot, one would expect 
to find sand grains that are nearly the same size. 
The same is true for gravel beaches: they are also 
well sorted even though the absolute particle size 
is much larger than on sand beaches.
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Fig. 7.20 Beach materials of nearly all the same size displaying 
good sorting.

7.5 Beach dynamics

The changes on beaches may take place in only the 
time between individual waves striking the shore, 
or they may extend over decades, as shown by long
term trends in beach erosion or accretion. Likewise, 
the rate of change covers a very broad spectrum, up 
to the extreme erosional conditions caused by severe 
extratropical storms and hurricanes. Regardless of 
the rate or scope of the changes that take place along 
beaches, there is some general level of predictability 
that is associated with each level of change. There 
are various cycles that beaches experience, including 
those related to tides and to seasons of the year. The 
following discussion centers on the various levels of 
change, how they affect the beach, and what causes 
them. All these cycles tend to be present on beaches 
regardless of where they occur: mainland, barrier 
island, rocky coast, or wave-dominated delta.

7,5.1 Beach processes
Waves, tides, and the currents that they generate 
may influence the sediment and the morphology 
of beaches. Wind is also a factor, but it is limited 
primarily to the dry backbeach area. The breaking 
of waves produces obvious interaction with beach 
sediment: each crash of the wave places sediment in 
temporary suspension with the amount directly re
lated to the size of the wave. This suspended sediment

is then moved by currents, primarily wave-generated 
longshore currents (see Chapter 6).

The role of tides and tidal currents on beaches is 
subtle. There is no significant tidal current flowing 
in the nearshore zone. Indirectly, tides can influence 
wave activity as the tides produce a rise and fall in 
the water level. This causes the shoreline to move 
landward and seaward, which in turn affects how 
waves influence the underlying sediment. At a given 
location, there will be less wave energy transmitted 
to the sediment substrate during high tide than dur
ing low tide. The greater the tidal range, the wider 
the zone of change in incident wave energy.

Only near the mouth of tidal inlets are tidal 
currents important in moving sediment in the beach 
and nearshore area. The tidal currents are generally 
not strong enough to move sediment except with 
the assistance of waves. The waves suspend the sedi
ment and the tidal currents carry it toward the 
inlet. These currents increase as one approaches the 
inlet mouth and their speed is direcdy proportional 
to the tidal prism, the amount of water that enters 
the inlet during the flood tidal cycle. These tidal 
currents adjacent to inlets are important only during 
the flood portion of the tidal cycle, when signific
ant currents move laterally along the beach and 
nearshore toward the inlet mouth. During the ebb 
portion of the cycle the currents are very slow to 
nonexistent because ebb currents tend to exit the 
inlet channel in a jet-like configuration out into the 
open water.

Currents produced by waves are among the most 
important processes that generate change in the 
beach. They include: (i) combined flow currents; 
(ii) longshore currents; (iii) rip currents; and (iv) 
the onshore-offshore currents produced in the 
swash zone. All occur in the surf zone and adjacent 
beach, and all are responsible or partially respons
ible for transport of sediment.

Another important mechanism for sediment 
transport in this environment is in the swash 
zone, where the uprush and backwash of the final 
breaking wave carry sediment across the foreshore. 
Depending upon wave conditions, the slope of the 
foreshore, and sediment permeability, there may be 
a significant difference between the amount carried



up the beach and that carried off the beach. 
Typically the grain size decreases up the foreshore 
as the result of waning energy in the uprush from 
the breaking wave.

7.5.2 Beach cycles
The general conditions of beach processes and their 
interaction with beach sediment can be considered 
in two distinctly different but common scenarios. 
The most prevalent condition is one where wave con
ditions are about equal to or less than the average 
energy conditions. At most beaches this includes a 
swell wave with a low wave height (generally <1 m) 
and a period of 8—12 s. Locally generated sea waves 
may be superimposed with a similar or smaller height 
and a period of 3—6 s. The sum of these conditions 
produces what is commonly called an accretionary 
beach (Fig. 7.21) because the dominant condition 
is one of deposition of sediment or stability; erosion 
is absent or quite limited. The profile assumed by 
an accretional beach is one where the backbeach is 
well developed and wide, with a relatively narrow 
foreshore. Nearshore sand bars display a relatively 
high amount of relief and are well formed. This is a 
common configuration on most low wave climate 
coasts, such as the Gulf of Mexico and the Atlantic 
coasts of the USA.

The other condition is one of an erosive or storm 
beach (Fig. 7.22). Storms, although short in duration,

Fig. 7.21 Beach showing accretion in the form of a wide 
backbeach and a wide foreshore.

Fig. 7.22 Storm beach showing a narrow and steeply sloping 
profile.

are the dominant process along many coasts. Dur
ing such conditions there is typically an increase 
in wind wave size, resulting in their dominance. 
These relatively steep waves result in considerable 
entrainment of sediment through combined flow 
motion and longshore sediment transport. Large 
quantities of sediment are in suspension and the 
currents readily cany this sediment both offshore 
and along-shore. Additionally, the swash energy is 
high and uprush and backwash are more extensive 
due to the large waves.

The result is a removal of sediment from the 
beach, producing an erosional or storm profile. Such 
a profile is generally flat and featureless and has 
a narrow or nonexistent backbeach, with most or 
all of the beach being in the foreshore portion. The 
post-storm beach typically contains a ridge and 
runnel (Fig. 7.23) in the lower intertidal beach. 
A storm will cause the relief between the nearshore 
sand bars and related troughs to be reduced and the 
bars will move offshore up to a few tens of meters. 
The beach itself commonly is covered with a veneer 
of heavy minerals that accumulate as a lag deposit 
as the result of concentration during removal of the 
light fraction of the sand (Fig. 7.24). This is really 
a placer deposit in much the same fashion that gold 
is concentrated in streams.

The storm beach is a temporary condition and in 
the absence of successive storms the recovery period
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Fig. 7.23 Oblique aerial photograph of ridge and runnel 
configuration and the adjacent beach after a storm, Hurricane 
Elena, in 1985 on the Gulf coast of Florida.

Fig. 7.24 Layer of heavy minerals concentrated on the storm 
beach surface after a storm.

begins immediately after the storm ends. This 
recovery process is initiated by the return of low- 
energy wave conditions and an absence of strong 
longshore currents. As swell and small wind waves 
persist there is significant landward transport of 
sediment. The nearshore sand bars return to their 
original position and to their original configuration. 
The ridge assumes a strongly asymmetrical profile 
(Fig. 7.25) and migrates landward as the result of 
washover during a flooding tide. Over a period that 
ranges from as little as a week to as much as three 
months, the ridge repairs the beach, with the result 
being an accretional profile that resembles the pre
storm situation. There may be some net loss or even

0 5 10 15 20 25
Meters

Fig. 7.25 Diagram showing the sequence of shoreward 
migration of a ridge as it makes its way to the beach.

some net gain depending upon how much sediment 
was lost or gained through longshore transport 
during the storm.

At some places where beaches are strongly 
influenced by waves that approach parallel to the 
coast, rip currents are strong during high-energy 
conditions and longshore transport is minimal. 
This condition is common along the Pacific coast 
of the United States and also occurs in northern 
New England.

The beach recovery process can be interrupted by 
storms that return the beach to the condition of an 
erosional beach. Because these storms are frequent 
during the winter season, the beach does not recover 
and assumes what is commonly called a winter beach 
profile, essentially the same as a storm profile. If 
storms are frequent and severe, such as is common 
along the west coast of the USA, the entire beach 
can be removed, leaving a bedrock bench, essen
tially devoid of sand (Fig. 7.26a). This condition 
may persist for a few months until the lower wave 
energy conditions of the spring and summer return 
sediment to the beach (Fig. 7.26b) and eventually 
build an accretionary profile. Good examples of this 
situation can be found along the central Oregon 
coast and also in southern California.

This sequence of beach conditions is distincdy 
seasonal and predictable. It produces the most 
obvious cyclic sequence in the dynamics of the 
beach environment. Other less pronounced cycles 
are associated with the diurnal tidal cycles and also 
with monthly lunar cycles. In each there is slight
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Fig. 7.26 (a) Bare rock surface along the shoreline during the 
winter when storm waves have stripped all the sand away; (b) 
accretionary beach condition at the same location. The sand is 
returning and the beach is beginning to display its summer 
condition. (Photographs by W . T. Fox.)

change in the foreshore beach. As the tide rises and 
falls, the waves are permitted to impact on different 
parts of the foreshore. Likewise, during the lunar 
cycle, the neap tidal range produces a narrow range 
of wave impact on the swash zone as compared to 
the spring tidal range.

Sea level is another factor in beach conditions 
and is one of the primary coastal concerns over the 
next century. As discussed in Chapter 4, there has 
been a global increase in the rate of sea-level rise and 
there is much evidence to indicate that the rate will 
continue to increase. Global warming is the primary

reason for this increase in sea level as a result of 
melting glaciers and expanding ocean volume due 
to rising temperatures.

This increasing sea level causes beaches to behave 
similarly to the way they do during storm conditions 
or during the winter season. Erosion is typical and 
there is little recovery or recovery is temporary. 
These conditions are produced by the combination 
of rising sea level with limited sediment supply. 
Statistics show that, depending on the source, from 
60 to 80% of the sandy beaches in the United States 
are experiencing significant erosion. The addition 
of human interference in the form of various con
struction and development practices has added to 
the erosion problem.

7.6 Summary

The beach and adjacent nearshore environment 
display a wide range of morphologies, depending 
upon the overall geologic setting, wave conditions, 
and sediment available. Beaches are composed of 
all sizes, shapes, and compositions of sediment, not 
just the light-colored quartz sand that comes to 
mind when the beach is mentioned. The typical 
situation is that the beach reflects the type of 
sediment that is prominent in the area where the 
beach is located.

Steep beaches that lack well developed longshore 
bars are generally reflective and those that have 
gende gradients with pronounced longshore bars 
are dissipative. These profiles reflect the interaction 
between wave energy and beach morphology.

Beaches also display cycles ranging from slight 
changes during diurnal tidal cycles and monthly lunar 
cycles to pronounced changes in storm/nonstorm 
cycles and seasonal cycles. The current extensive 
and chronic erosion of beaches has been attributable 
to global warming and sea-level rise. Whether or 
not this is part of a long-term cycle or whether it is 
part of a change in conditions is not known.
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8.1 Introduction

Barriers are the sites of some of the world’s most 
beautiful beaches. They form due to the combined 
action of wind, waves, and longshore currents, 
whereby thin strips of land are built a few to several 
tens of meters above sea level (Fig. 8.1). They are 
called barriers because they protect the mainland 
coast from the forces of the sea, particularly during 
storms. They lessen the effects of storm waves, 
heightened tides, and salt spray. The bays, lagoons, 
marshes, and tidal creeks that form behind barriers 
provide harborages for pleasure boats and commer
cial craft, nursery grounds for fish and shellfish, and 
important sources of nutrients for coastal waters. 
Barriers occur throughout the world’s coastlines 
but are most common along passive margins where 
sediment supplies are abundant and wave and tidal 
energy are conducive for onshore sand accumulation.

Barriers represent some of the most expensive real 
estate in many countries due to their development

Fig. 8.1 Barriers may form in a variety of coastal settings 
if  the supply of sediment is adequate and wave and tidal 
conditions are conducive to sand accumulation onshore.
(a) Barrier system pinned to bedrock islands and promontories 
along the Rio de Janeiro coast in Brazil; (b) barrier chain along 
the New Jersey coast.

by the resort industry and because many people wish 
to live next to the sea. The lure of sandy beaches, salt 
air, water sports, and beautiful seascapes has always 
drawn vacationers and people wanting to erect 
summer cottages and permanent homes on barriers. 
Building lots on Figure Eight Island along the 
southern coast of North Carolina cost a million 
dollars and more. Some of the qualities that make 
barriers so attractive also make them vulnerable 
to storms, rising sea level, and erosion. Their sandy 
composition, general low elevation, and grass and 
shrubbery cover allow waves and storm surges to 
overrun barriers during the passage of intense 
hurricanes and major extratropical storms (north
easters). The greatest natural disaster in terms of 
lives lost in the United States occurred in 1900 when 
a hurricane swept over Galveston Island off the 
Texas coast near Houston, killing over 6000 people.

In this chapter we explore the different types of 
barriers, the factors controlling their worldwide dis
tribution, and how they become modified by coastal 
processes. Depending upon their evolution, barriers 
may have a variety of architectures. We discuss the 
different components of barriers, what they look 
like in cross section, and the numerous theories that 
have been put forth to explain their formation. 
One of the major forces impacting barriers today, 
as well as in the past, is rising sea level. The response 
of barriers to this inundation and the dynamic pro
cesses that allow some of them to migrate onshore 
are also considered.

8.2 Physical description

Barriers are wave-built accumulations of sediment 
that accrete vertically due to wave action and wind 
processes. Most are linear features that tend to 
parallel the coast, generally occurring in groups or 
chains. Isolated barriers are common along glaciated 
coasts such as in northern New England and eastern 
Canada, and along high relief coasts such as those 
associated with collision coasts. Barriers are separ
ated from the mainland by a region termed the 
backbarrier, consisting of tidal flats, shallow bays, 
lagoons, and/or marsh systems. An exception to this
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characterization occurs in instances where succes
sive beach ridges have produced an outbuilding of 
the coast, such as along the flanks of a river delta.

Barriers may be less than 100 m wide or more 
than several kilometers in width. Likewise, they 
range in length from small pocket barriers of a few 
hundred meters to those along open coasts that 
extend for more than 100 km. Generally, barriers 
are wide where the supply of sediment has been 
abundant and relatively narrow where erosion rates 
are high or where the source of sediment was scarce 
during their formation. Barrier length is partly a 
function of sediment supply but is also strongly 
influenced by wave versus tidal energy of the region. 
This relationship is discussed in more detail in a 
later section.

Barriers consist of many different types of sedi
ment, depending on their geologic setting. Sand, 
which is the most common constituent of bar
riers, comes from a variety of sources, including 
rivers, deltaic and glacial deposits, eroding cliffs, 
and biogenic material. The major components of 
land-derived sand are the minerals quartz and 
feldspar, and rock fragments. These durable grains 
are a product of physical and chemical decomposi
tion of the bedrock from continents. In northern 
latitudes where glaciers have shaped the landscape, 
gravel is a common constituent of barriers, whereas 
in southern latitudes carbonate material, including 
shells and coral debris, may comprise a major por
tion of the barrier sands. Along the southeast coast 
of Iceland and along portions of the west coast of 
New Zealand, the barriers are composed of black 
volcanic sands derived from upland volcanic rocks.

Many environments make up a barrier and their 
arrangement differs from location to location, re
flecting the type of barrier and the physical setting 
of the region. Generally, most barriers can be divided 
in three zones: the beach, the barrier interior, and 
the landward margin (Fig. 8.2).

Beach. Due to continual sediment reworking 
by wind, waves, and tides, the beach is the most 
dynamic part of the barrier. Beaches exhibit a wide 
range of morphologies depending upon a number of 
factors, including the grain size of the beach, the 
abundance of sediment, and the influence of storms.

Sediment is removed from the beach during storms 
and returned during more tranquil wave conditions. 
During the storm and post-storm period, the form 
of the beach evolves in a predictable fashion. The 
beach environment is discussed in detail in Chap
ter 7.

Barrier interior. Along sandy barriers, the beach 
is backed by a frontal dune ridge (also called the 
foredune ridge), which may extend almost uninter
ruptedly along the length of the barrier provided the 
supply of sediment is adequate and storms have not 
removed the dune ridge. The frontal dune ridge is the 
first line of defense in protecting the interior of the 
barrier from the effects of storms. Landward of this 
region are the secondary dunes, which have a variety 
of forms depending on the historical development 
of the barrier and subsequent modification by wind 
processes. For example, devegetation of the Provin- 
celands Spit at the tip of Cape Cod in Massachusetts 
by early settlers led to the formation of large parabolic 
dunes that are up to a half kilometer long and more 
than 35 m high. In other locations where barriers 
have built seaward through time, such as North 
Beach Peninsula in Washington or Kiawah Island 
in South Carolina, former shoreline positions are 
marked by a series of semi-parallel vegetated beach 
ridges (former foredune ridges) 3-7 m in height. 
The low areas between individual beach ridges, 
called swales, commonly extend below the water 
table and are the sites of fresh and brackish water 
ponds or salt marshes. In South Carolina, Georgia, 
and Florida alligators and water moccasins are known 
to inhabit these ponds. On developed barriers con
taining golf courses, these ponds often become the 
sites of water holes.

Landward margin. Along the back side of many 
barriers the dunes diminish in stature and the low 
relief of the barrier gradually changes to an inter
tidal sand or mud flat or a salt marsh. In other 
instances, the margin of the barrier abuts an open 
water area associated with a lagoon, bay, or tidal 
creek. Along coasts where the barrier is migrating 
onshore, the landward margin may be dominated 
by aprons of sand that have overwashed the barrier 
during periods of storms. In time, these sandy 
deposits may be colonized by salt grasses producing
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Fig. 8.2 (a) Idealized barrier coast environments, (b) Castle 
Neck, Massachusetts, can be divided into three zones: (1) beach 
where sand bars are migrating onshore and weld to the lower 
shore; (2) barrier interior consisting of dune and swale 
topography, (3) landward margin where the barrier transitions 
to tidal flats and salt marsh. In a tropical setting the margin may 
consist of mangroves.

arcuate-shaped marshes. Overwash deposits may 
also occur in the interior of the barrier. In still other 
regions, the back side of a barrier maybe fronted by 
a sandy beach bordering a lagoon or bay. In this 
setting, wind-blown sand from the beach may form 
a rear-dune ridge outlining the landward margin 
of the barrier.

Barriers may terminate in an embayment or at a 
headland. In the case of barrier chains, individual 
barriers are separated by tidal inlets. These are the 
waterways that allow for the exchange of water 
between the ocean and the backbarrier environ
ments. The end of the barrier abutting a tidal inlet is 
usually the most unstable portion of the barrier due

to the effects of inlet migration and associated sedi
ment transport patterns.

8.3 Distribution and coastal setting

8.3.1 General
Barriers comprise approximately 15% of the world’s 
coastlines (Fig. 8.3). They are found along every 
continent except Antarctica, in every type of geo
logic setting, and in every kind of climate. Tectonic- 
ally, they are most common along Amero-trailing 
edge coasts where low-gradient continental margins
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Fig. 8.3 Global distribution of barriers and their tidal range setting. (From M. O. Hayes, 1979, Barrier island morphology as a 
function of tidal and wave regime. In S. P. Leatherman (ed.), Barrier Islands. New York: Academic Press, pp. 1-28, using barrier data 
from H. G. Gierloff-Emden, 1961, Nehrungen und Lagunen. Petermanns Geographische Mitteilungen, 105, 81-92,161-76, and tidal 
range data from D. K. Dawes, 1980, Geographic Variation o f  Coastal Development. New York: Longman.)

provide ideal settings for barrier formation. They 
are also best developed in areas of low to moderate 
tidal range1 (microtidal to mesotidal range) and in 
mid- to lower latitudes. Climatic conditions control 
the vegetation on the barriers and in backbarrier 
regions, the type of sediment on beaches, and in 
some regions, such as the Arctic, the formation and 
modification of barriers themselves. The disappear
ance of barriers where tidal energy dominates, such 
as on the northwest (Big Bend) coast of Florida 
in the Gulf of Mexico and the German Bight in 
the North Sea, attests to the requirement for wave 
energy in the formation of barriers.

8.3.2 Tectonic controls
As discussed in Chapter 2, the tectonic setting of the 
coast dictates to a large extent the sediment contri

bution to the coast, the width of the continental 
shelf, and the general topography of the coast. The 
tectonic coastal classification can be used to illus
trate these relationships and explain the worldwide 
distribution of barriers. Amero-trailing edge coast
lines tend to have abundant sediment supplies due 
to extensive continental drainage. Their low-relief 
coastal plains and continental shelves provide a 
platform upon which barriers can form and migrate 
landward during periods of eustatic sea-level rise. 
The longest barrier chains in the world coincide with 
Amero-trailing edges and include the east coast of 
the United States (3100 km) and the Gulf of Mexico 
coast (1600 km). There are also sizable barrier chains 
along the east coast of South America (960 km), the 
east coast of India (680 km), the North Sea coast 
of Europe (560 km), Eastern Siberia (300 km), and 
the North Slope of Alaska (900 km).

1 Tidal range is the vertical difference between high and low tide. A  classification of coasts based on tidal range consists of microtidal 
coasts (TR < 2.0 m), mesotidal coasts (2.0 < TR < 4.0 m), and macrotidal coasts (TR > 4.0 m).
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The unparalleled concentration of barriers along 
the east coast of the United States is undoubtedly 
a product of the erosion and denudation of the 
Appalachian Mountains, which some scientists have 
speculated may have once rivaled the Himalayas in 
elevation. The huge volume of sediment derived from 
the wearing down of these mountains produced a 
wide, flat coastal plain and continental shelf region, 
much of which is veneered by layers of unconsolid
ated sediment or easily eroded sedimentary rocks. 
It is the reworking and redistribution of these sur
face sediments by rivers, tides, and waves that are 
responsible for extensive barrier construction along 
the east coast. Likewise, the almost continuous 
chain of barriers in the Gulf of Mexico is related to 
the wide, flat coastal plain and continental shelf of 
this margin. It is thought by some scientists that 
sediment delivery to this coast, particularly along 
Texas, was much greater in the past when the 
climate of this region was wetter.

Marginal sea coasts contain a relatively small 
percentage of world’s barriers, even though these 
regions have some of the largest sediment discharge 
rivers in the world, particularly along the Asian con
tinent. While it would appear that many of these 
coasts have ample sediment to build barriers, the 
irregular topography of these margins leads to much 
of the sediment filling submarine valleys rather than 
forming barriers. In addition, the discharge from 
many Asian rivers has a very high suspended sedi
ment component that may inhibit the concentration 
of sand-sized material. In fact, many of the marginal 
sea coastlines containing barriers, such as the chain 
found along the Nicaraguan and Honduran Carib
bean coast, have no large sediment discharge rivers. 
associated with them. The origin of these barriers 
is probably tied to the reworking of previously 
deposited shelf sediments, similar to much of the 
east coast of the United States.

Collision coasts also have few long stretches of 
barriers, but in this case, it is due to an overall lack 
of sediment. Most of the rivers discharging along 
these shores have small drainage areas and contribute 
little sediment for barrier construction. Additionally, 
the narrow, steep continental shelves of these mar
gins result in high wave energy and rapid sediment

dispersal along the coast. Along parts of the California 
coast some of the sediment that would ordinarily 
accumulate along the shore is drained from the 
beaches during storms through submarine canyons 
to the deep ocean basins. The proximity of the 
canyons to the beaches is attributed to the narrow 
continental shelf. Barrier systems that do occur 
along the west coast are commonly isolated and 
related to specific sediment sources, such as nearby 
rivers or eroding cliffs. Typically, they take the form 
of barrier spits attached to a bedrock headland. Two 
of the longest barrier chains along collision coasts are 
located adjacent to major river mouths, including 
the southern Washington barriers near the Columbia 
River and the Gulf of Alaska barrier chain fronting 
the Copper River delta (Fig. 8.4).

A small percentage of the world’s barriers are 
found along Afro-trailing and Neo-trailing edge 
coasts due to an overall lack of sediment along these 
margins. There is little sediment delivery to the 
neo-trailing edge margins of the Red Sea, Gulf of 
Aden, and Gulf of California due to the immaturity 
in the development of river drainage to their coasts 
and the very low precipitation in these regions. 
Similarly, much of the northern coast of Africa has 
little river discharge of sediment due to the arid 
conditions of the interior region. The extensive 
barrier system (300 km) along the Ivory, Gold, 
and Slave coasts in west-central Africa is related to 
the numerous moderately sized rivers of this area.

8.3.3 Climatic controls
By controlling the amount of precipitation and 
evaporation of a continent, climate exerts a strong 
influence on the size and number of rivers as well as 
the overall volume of sediment delivered to the coast. 
A river’s drainage area (defined as the continental 
area drained by the river) is another important factor 
governing sediment discharge. Usually, the larger 
the drainage area (Ad) the greater is the sediment 
delivery to the coast, but there are exceptions. The 
Eel River in northern California releases almost 
twice as much sediment load to the coast as does the 
much larger Columbia River to the north, despite 
having a drainage area two orders of magnitude
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Fig. 8.4 Barrier chains on collision 
coasts are generally found where a 
nearby river supplies abundant sediment. 
Examples include: (a) Copper River delta 
barrier chain (from Hayes, 1979, details 
in Fig. 8.3); (b) Long Island-Grays 
Harbor barrier system along the southern 
Washington coast north of the Columbia 
River (from J. R. Dingier 6c H. E. 
Clifton, 1994, Barrier systems of 
California, Oregon, and Washington. In 
R. A. Davis (ed.), Geology ofHolocene 
Barrier Island Systems. Berlin: Springer, 
pp. 115-66).

smaller (Eel River Ad = 9000 km2, Columbia River 
Ad = 661,000 km2). The high sediment discharge 
of the Eel River is a product of the mountainous 
terrain it drains and a bedrock landscape that 
weathers easily, producing abundant sediment.

Climate also dictates the kinds of plants, shrub
bery, and trees colonizing barriers and the type 
of vegetation found in the backbarrier region. For 
example, salt grasses vegetate the backbarrier marshes 
of mid- to high latitudes, whereas mangroves com
monly comprise the backbarrier region in low lati
tudes. Even the sediment making up the barrier is 
related to climatic effects and previous climatic con
ditions, such as the “Ice Age.” Generally, the shell 
and coral content of beaches is relatively high in 
tropical regions, whereas terrigenous gravel forms 
a significant component of northern beaches and 
barriers that have been formed from glacial deposits.

8.3.4 Summary
Barriers are best developed along continental mar
gins where sand-sized sediment is abundant and 
the coastline is fronted by a moderately wide, gently 
sloping continental shelf and backed by a coastal 
plain. Under these conditions, barriers are able to 
migrate onshore in a regime of slow sea-level rise. 
Direct contribution of sediment to the coast by rivers



Barrier systems 137

Fig.8.5 Barriers can be separated into 
three general mophological classes based 
on their connection with the mainland: 
barrier islands, barrier spits, and welded 
barriers.

is not enough to insure the presence of barriers, as 
evidenced by the Asian marginal sea coasts where 
barriers are sparse. The fine-grained sediment dis
charged from the rivers of this region may over
whelm the ability of waves to concentrate sand and 
form barriers.

8.4 Barrier types

Although barriers have many different forms, for 
ease of discussion they are grouped into three major 
classes based on their connection to the mainland 
(Fig. 8.5). Barrier spits are attached to the mainland 
at one end and the opposite end terminates in a bay 
or the open ocean. Welded barriers are attached to 
the mainland at both ends. Barrier islands are isolated 
from the mainland and surrounded by water.

8.4.1 Barrier spits
Barrier spits are most common along irregular coasts 
where angular wave approach and an abundant supply 
of sediment result in high rates of longshore sedi
ment transport. These conditions promote spit build
ing across embayments and a general straightening 
of the coast. Barrier spits are the dominant barrier 
form along tectonically active coasts. In some 
instances, spit construction partially closes off a bay, 
forming a tidal inlet between the spit end and the

adjacent headland. In these instances, tidal currents 
flowing through the inlet prevent spit accretion 
from sealing off the bay. The Cape Cod shoreline 
in New England illustrates well this type of coast
line evolution. Following deglaciation, Cape Cod 
appeared very different from how it looks today, 
consisting of irregularly shaped, sandy glacial and 
glacio-fluvial deposits (see Chapter 17). This land
scape gave rise to large headland areas and broad 
embayments as eustatic sea level rose in response to 
melting glaciers and water being returned to the 
ocean basins. Since 6000 years ago, waves associated 
with the rising ocean waters attacked the uncon
solidated headlands, causing their retreat and the 
release of large quantities of sediment that were 
subsequently moved along the shore, leading to the 
construction of spits across the inundated lowland 
areas. In this way the shoreline of Cape Cod was 
smoothed into its present form.

Recurved spits
Many spits have recurved ridges that conform to the 
general outline of the spit end. Such spits are called 
recurved spits. Each of the ridges indicates a former 
shoreline position and collectively they trace the 
evolution of the spit (Fig. 8.6). Ridge formation is 
part of the spit extension process whereby sediment 
is added incrementally to the end of the barrier. 
Before the subaerial (above the water) portion of the 
spit can build into a bay or tidal inlet, a platform



Fig. 8.6 Recurved spit building across the mouth of the Santee 
River in South Carolina. Individual beach ridges represent 
pulses of sand that lengthen the spit in spurts. The sporadic 
supply of sand maybe related to storm activity.

fronting the spit must first be created upon which 
sediment can accumulate and bars can form. This 
subaqueous portion of the spit commonly contains 
much more sand than the part of the spit above 
water. For example, Sandy Hook, which defines the 
northernmost end of the Newjersey coast, is accret
ing into Raritan Bay toward New York Harbor. 
The spit end of Sandy Hook has an average eleva
tion of 5 m above mean sea level, whereas bay 
depths immediately offshore of the spit reach 12 m 
and more. Likewise, the northern spit end of Cape 
Cod is building into water depths of more than 50 m, 
contrasting to average land elevations of 10 m.

The spit platform is a shallow-sloping sandy sur
face that extends from low tide to a depth of several 
meters below mean low water. The platform is fed 
with sediment through the longshore movement of 
sand along the updrift portion of the barrier, enabl
ing the platform to build into deep water (Fig. 8.7). 
Waves breaking over the spit platform aid in the 
development of swash bars, subaqueous bars having 
a length of 100 m or more and a height of one to 
several meters. These bars, which migrate onshore 
due to the action of breaking and shoaling waves, 
tend to wrap around the end of the spit, becoming 
aligned with the waves that bend around the spit 
platform. As the bars move onshore, they first 
gain an intertidal exposure and eventually attach to

Fig. 8.7 Spit accretion across a bay or into a tidal inlet is 
preceded by extension of the spit platform, (a) The spit platform 
shown in cross section (modified from M . O. Hayes 8cT. Kana, 
1978, Terrigenous Clastic DepositionalEnvironments. Columbia: 
Department of Geology, University of South Carolina).
(b) Aerial view of Chatham Inlet, Cape Cod, Massachusetts, 
illustrating swash bars migrating onshore and build ridges, 
which lengthen the supratidal portion of the spit.

the upper beach, forming a ridge. Commonly, the 
welding process is incomplete and a low area (swale) 
is left between the newly accreted ridge and the 
dune line that defines the former end of the spit. 
Gradually, the ridge is colonized by dune grasses 
and builds vertically by wind processes.

Recurved spits exhibit many different beach ridge 
patterns characterizing different depositional styles. 
In some instances, the ridges indicate that there has 
been a simple extension of the spit, whereas in other 
cases they demonstrate that the barrier has widened 
as well as extended along the shore. In both ex
amples, the ridge and swale morphology suggests 
that spit accretion occurs episodically and each ridge
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may represent an increase in the rate of sand deliv
ery to the spit platform. In turn, the change in the 
flux of sand along the coast may be related to storm 
processes, whereby sediment is excavated from 
updrift sandy cliffs, river deltas, or beach deposits.

Another common trend along recurved spits is the 
change in swale environment along the length of the 
spit, reflecting a gradual filling of swale over time. 
At the spit end, a newly formed swale may be deep 
enough to permit tidal inundation from an opening 
along-ridge on the lagoon side. Sedimentation in the 
swale resulting from washovers, wind-blown sand, 
and, to a lesser extent, fine-grained material carried 
by tidal currents transforms the ponded water region 
to a marsh environment and eventually to a sandy 
low interridge area. Thus, the spit end tends to 
exhibit low ridges with water-filled swales, whereas 
the updrift, older portion of the spit contains vege
tated beach ridges and sandy or grassy swales.

Spit initiation
Spit formation is due to the deflection of sediment 
that is moving on and along a beach in the surf 
and breaker zones into a region of deeper water 
commonly associated with a bay or tidal inlet. This 
deflection may be initiated at small protrusions of 
the shoreline or at major headlands. Similarly, the 
process may occur at the edge of embayments along 
an otherwise smooth coastline. The explanation of 
why the longshore movement of sand forms spits 
rather than following a pathway along the irregular 
shoreline lies in the fact that wave energy decreases 
in embayments and thus the capacity of waves to 
move sand is reduced (Fig. 8.8).

Remember from Chapters 6 and 7 that the 
movement of sand on and along a coast is a function 
of wave energy and breaker angle, among other 
parameters. Consider an idealized case in which a 
wave crest extends a far distance along the shore 
such that it can be followed from where it breaks at 
an angle along the exposed beach to where it breaks 
within the bay. The section of wave breaking along 
the exposed beach will be higher and will expend 
more energy in the nearshore zone than the wave 
crest that breaks inside the bay. This makes sense 
because as the wave crest bends into the bay, it

Fig. 8.8 Spit development is due to sand deposition resulting 
from a decrease in the rate of longshore sediment transport. The 
rate of sand transport decreases downdrift of the headland due 
to a reduction in wave energy.

travels further than the wave breaking along the 
exposed coast and thus uses up more energy inter
acting with the seabed. Because the rate of sand 
movement is a function of wave height, more sand 
is transported along the exposed beach than inside 
the bay. This means that as sediment transport 
decreases from a relatively high rate along the 
exposed beach to a lower rate inside the bay, some 
sediment must be deposited along the way. This 
sediment accumulates at the edge of the embay- 
ment because this is where the change in the 
longshore transport rate is the greatest. It is this 
deposition of sediment that initiates spit growth.

Other spit forms
Spits exhibit many different forms in addition to 
recurved spits, including cuspate spits, flying spits, 
tombolos, and cuspate forelands. Each of these 
accretionary landforms develops in specific geologic 
settings and by particular coastal processes.

Cuspate spits are triangular accumulations of sand 
that extend from the shoreline into a semi-protected 
body of water, such as the lagoons and bays found
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Fig. 8.9 Cuspate spits occur in protected environments such as 
within bays and lagoons, (a) Model of cuspate spit formation 
due to bidirectional sand transport (from Hayes 8cKana 1978, 
details in Fig. 8.7). (b) Example of a cuspate spit on the bay side 
of the Coatue barrier, Nantucket Island, Massachusetts.

behind barrier islands and spits (Fig. 8.9). They 
range in length from a few tens of meters, such as 
those in the elongated bays along the southern coast 
of Martha’s Vineyard, to kilometers, including those 
on the lagoonal side of Santa Rosa Island in the 
western panhandle of Florida or those in Patos 
Lagoon along the southern coast of Brazil. Their 
lengths reflect the size of the bay and the resulting 
wave energy produced inside the bay. Larger bays 
and lagoons have longer fetches, which allow larger 
waves to develop and more sand to be transported 
along the bay shoreline. The semi-protective nature 
of the bays means that sand transport along the 
shoreline is governed by local wind-generated waves 
and not by ocean swell waves. The multidirectional 
winds that are common on most coasts produce 
bidirectional sand transport along these shores. 
This back and forth movement of sand along bay

shorelines is what forms cuspate spits. The tip of 
the spit may have a narrow intertidal to subtidal tail 
that changes its orientation as the wave climate 
changes. Growth and modification of the spit are 
often revealed in the pattern of beach ridges that 
are common to cuspate spits.

Flying spits look similar to recurved spits and 
commonly exhibit cuspate-shaped beach ridges, 
indicating former shoreline positions. However, 
unlike recurved spits, they occur along straight to 
slighdy irregular shorelines and extend into deep 
water at an acute angle to the beach (Fig. 8.10). 
Like cuspate spits, they are found most commonly 
along semi-protected shorelines where wave energy 
is a product of local winds. Flying spits exist in the 
lagoons bordering the Texas coast, but the most 
well known and studied flying spit is Presque Isle 
along the south-central shore of Lake Erie, near 
Erie, Pennsylvania. Presque Isle is 10 km in length 
and its spit end is approximately 2 km offshore of 
the beach. The reason why these spits build into 
deepwater is not well understood but it may be 
related to some type of irregularity along the original 
shoreline or in the nearshore region. Because the 
trend of flying spits is normally almost parallel to 
the dominant wave crests of the region, some scien
tists have argued that spit construction is an attempt 
of the shoreline to minimize the longshore transport 
of sediment.

Tombolos are a type of spit that was first 
identified and named by the Italians because they 
are common features along their coast (Fig. 8.11). 
The largest of these is a double tombolo that occurs 
along the northern Tyrrhenian Sea coast of Italy 
at Orbetello. In the strictest definition, tombolos 
are spits of land that build out from the shoreline, 
eventually providing a sediment bridge from the 
mainland to an island. At Orbetello, two tombolos, 
almost 8 km in length, have evolved due to the large 
size of the island (10 km long) and an abundant 
sediment supply along the coast.

Tombolos form on the lee side of an island due to 
the obstruction and redistribution of wave energy 
caused by the island. The expenditure of wave 
energy on the island creates a “wave shadow zone” 
along the landward beach. It is a reduction in the
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Fig. 8.10 Flying spits are relatively 
uncommon features found in semi
protected waters, (a) Model o f a flying 
spit (from Hayes 8cKana 1978, details in 
Fig. 8.7). (b) Presque Isle, Pennsylvania 
(from Ken Winter, US Army Corps of 
Engineers).

rate of longshore sand transport in this region that 
produces sediment accumulation and spit growth 
toward the island. Waves bending around the island 
also create a reversal in the direction of dominant 
sand movement along the shore, augmenting the 
sand trapping processes in the wave sheltered zone. 
As noted, the double tombolo system at Orbetello is 
due to the large size of the island. Moderate and 
small sized islands tend to have a single tombolo.

Cuspate forelands are large triangular-shaped 
projections of the shoreline that may extend sea
ward more than 25 km. The apex of the foreland is

commonly composed of beach ridges that parallel the 
two converging shorelines (Fig. 8.12). Alternatively, 
the ridges parallel a single shoreline and are trun
cated along the other, indicating a reorientation 
of the foreland (e.g. Cape Canaveral, Florida). Bays 
and lagoons or marshy areas generally occupy the 
region between the foreland and the mainland. 
Cuspate forelands may be isolated or can occur in a 
series such as those along the coast of North and 
South Carolina. Dungeness is a solitary foreland 
located along the southern coast of Britain where 
the English Channel is narrowed by the closeness of



Fig. 8.11 A  tombolo is an accretionary landform that connects the mainland to an island, (a) Model of the development of a tombolo. 
Examples oftombolos in (b) Kodiak Island, Alaska, and (c) Popham Beach, Maine.

France. It is built of gravel ridges and is prograding 
seaward and to the northeast due to dominant wave 
energy from the southwest. The Carolina forelands, 
including Cape Hatteras, Cape Lookout, Cape Fear, 
and Cape Romain, form an evenly spaced (110— 
165 km apart) scalloped shoreline with individual 
capes projecting 25-40 km beyond the adjacent 
embayments. A similar group of capes with the 
same approximate spacing (130 km) is found on 
the North Slope of Alaska along the Chukchi Sea 
(Icy Cape, Point Franklin, and Point Barrow). 
Formation of the Carolina capes has been related

to giant eddies associated with the northward flow
ing Gulf Stream, wave refraction around offshore 
shoals, basement controls, and the reworking of for
mer delta deposits. Although rivers do not presendy 
supply sand to the capes, excepting possibly the 
Cape Fear River, each of the capes is associated with 
one or more moderate size rivers that may have 
delivered sediment to the coast during the Pleisto
cene, when sea level was lower. These deltaic deposits 
may have been the source of the cape sediments 
or may have preceded barrier development and 
influenced sand transport trends along the coast.
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Fig. 8.12 Cuspate forelands occur along many sandy coasts, 
including (a) the North Carolina coast and (b) the Kuwait 
coast in the Arabian Gulf.

8.4.2 Welded barriers
Welded barriers occur along irregular coasts where 
the supply of sediment is adequate for barrier con
struction (Fig. 8.13). They are common features

Fig. 8.13 Welded barrier fronting a brackish Trustom Pond, 
Rhode Island. After the tidal inlet closed at the right side of the 
barrier, tidal exchange ceased and water in the pond became 
increasingly less saline.

along rocky coasts such as parts of the west coast of 
the United States and along glaciated coasts includ
ing New England, eastern Canada, and Alaska. 
Most often, these barriers are backed by shallow 
water bays and lagoons, but freshwater and brackish 
water marshes also exist. Welded barriers are most 
common along microtidal coasts where bay areas 
are diminutive in size. In this type of setting there is 
insufficient tidal energy to keep a tidal inlet open. 
If a welded barrier is breached during a storm, the 
inlet normally closes quickly because the exchange 
of tidal waters between the bay and ocean can
not remove the sand dumped into the inlet by 
waves. Thus, environments with moderate to high 
wave energy promote the development of welded 
barriers.

The formation of a welded barrier can be a simple 
process whereby a spit builds across a bay and attaches 
to the opposite shoreline. However, in many instances, 
their evolution represents a long-term response to 
rising sea level. This process is evident along the 
southern shore of Martha’s Vineyard offshore of 
Cape Cod, where low welded barriers front elon
gated bays. Historical evidence shows that some 
of these barriers were once cut by semi-permanent 
tidal inlets. Closure of the inlet occurred because 
the onshore migration of the barrier reduced bay 
area at a faster rate than rising sea level inundated 
the bay shoreline.
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An interesting phenomenon of welded barriers 
occurs on the Peninsula coast of Alaska and along 
other gravelly shorelines of the world. Here, welded 
barriers that are composed of gravel and sand 
contain multiple gravel ridges that have been con
structed by storm waves. The barriers front ponded 
water areas and the permeable nature of their sedi
ment permits the seepage of water from the pond 
through the barrier and into the ocean. Land 
drainage and the permeability of the barrier sedi
ments control the level of water in the bays. During 
periods of high water influx, the level of the bay may 
overtop the crest of the barrier, cutting an ephemeral 
outlet as water drains into the ocean. After bay water 
levels have subsided, increased rates of sediment 
transport commonly accompanying storms and high 
wave events once again seal off the opening.

8.4.3 Barrier islands
Barrier islands are relatively narrow strips of sand 
that parallel the mainland coast. They usually occur 
in chains and, excepting the tidal inlets that separate 
them, may extend uninterrupted for over a hundred 
kilometers. For example, Padre Island along the 
Texas coast is about 200 km long. Barrier chains 
may consist of a few islands or more than a dozen. 
The length and width of barriers and overall mor
phology of barrier coasts are related to several para
meters, including tidal range, wave energy, sediment 
supply, sea-level trends, and basement controls. 
The fact that they exist along most of the east and 
Gulf coasts of the United States with different geo
logic and oceanographic conditions suggests that 
barriers can form and be maintained in a variety of 
settings. In the next few sections of this chapter we 
explore the formation of barrier islands, the differ
ent layers comprising barriers, what they look like in 
cross section, and the morphology of barrier island 
coasts and individual barrier islands.

Origin of barrier islands
The widespread distribution of barrier islands along 
the world’s coastlines and their occurrence in many 
different environmental settings has led numerous 
scientists to speculate on their origin for more than

150 years (Fig. 8.14). Any acceptable theory of their 
formation must explain the following:
1 Barrier chains are aligned parallel to the coast.
2 Most have formed in a regime of slow eustatic 
sea-level rise.
3 They are separated from the mainland by shallow 
lagoons, marshes, and/or tidal flats.
4 Tidal inlets separate individual barriers along a 
chain.
5 They are composed of sand (some contain gravel).
6 They formed during periods of sand abundance 
(question: where did the sediment come from?).

The different explanations of barrier island for
mation can be grouped into three major theories:
(i) offshore bar theory (de Beaumont, Johnson);
(ii) spit accretion theory (Gilbert, Fisher); and
(iii) submergence theory (McGee, Hoyt). It will be 
shown that no one theory can explain the develop
ment of all barriers and, moreover, it is sometimes 
difficult or impossible to prove how an individual 
barrier formed, because many barriers have been 
drastically modified after they were formed due to 
rising sea level and related processes.

E. de Beaumont One of the earliest ideas of bar
rier island formation was published in 1845 by a 
Frenchman, Elie de Beaumont, who studied coastal 
charts of barriers along the North Sea and Baltic Sea 
in Europe, and those in the Gulf of Mexico, North 
Africa, and elsewhere. He believed that waves 
moving into shallow water churned up sand, which 
was deposited in the form of a submarine bar when 
the waves broke and lost much of their energy. 
As the bars accreted vertically, they gradually built 
above sea level, forming barrier islands.

G. K. Gilbert Some years later, in 1885, de Be
aumont’s idea that barriers were formed from off
shore sand sources was countered by G. K. Gilbert, 
who argued that the barrier sediments came from 
alongshore sources. Gilbert proposed that sediment 
moving in the breaker zone through agitation by 
waves would construct spits extending from head
lands parallel to the coast. The subsequent breach
ing of spits by storm waves would form barrier 
islands. What is truly amazing about Gilbert is that
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Fig. 8.14 Major models of barrier island 
formation. (Modified from S. Penland 8c 
R. Boyd, 1985, Transgressive D epositional 
Environments o f  the M ississippi R iver 
Delta Plain: A Guide to the Barrier Islands, 
Beaches, and Shoals o f  Louisiana. Baton 
Rouge: Louisiana Geological Survey, 
p. 233.)

this theory was conceived in western Utah while 
he was studying former lake deposits associated 
with the terraces along the Wasatch Mountains. 
The former lake was called Lake Bonneville and it 
formed during the Pleistocene when the climate 
was cooler, reaching a size of 50,000 km2 or about 
the size of present-day Lake Michigan. It was along 
this lake that spits had once developed. As the 
climate warmed in the Holocene, Lake Bonneville 
diminished to one-tenth its size to become what is 
now Great Salt Lake.

W. D. McGee Before the end of the nineteenth 
century, a third barrier island theory was published 
by W . D. McGee in 1890. He reasoned that the 
east and Gulf coasts of the United States were

undergoing submergence, as evidenced by the many 
drowned river valleys that occur along these coasts, 
including Raritan, Delaware, and Chesapeake Bays. 
He believed that during submergence coastal ridges 
were separated from the mainland, forming lagoons 
behind the ridges. He called the barriers “keys” and 
used Dolphin, Petit-Bois, Massacre, Horn, Dog, 
Ship, and Cat islands along the coast of Mississippi 
as examples where coastal submergence had formed 
barrier islands.

D. W. Johnson At the turn of the twentieth cen
tury there were three viable explanations of barrier 
island formation, but none of these theories had 
been tested using laboratory experiments or through 
the collection of field data. In 1919, D. W. Johnson
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reinvestigated the various theories and studied the 
shore-normal profile of barrier coasts. He reasoned 
that if barriers had formed from spits, then the off
shore profile should intersect the mainland at the 
edge of the lagoon. Additionally, the profile should 
appear as though sand had simply been deposited 
onto a uniformly sloping nearshore ramp. However, 
Johnson discovered that most barrier coasts do 
not exhibit this type of profile; instead, they seem 
to indicate that sand had been scooped from the 
nearshore and moved onshore to build the barrier. 
Thus, Johnson became a champion of the offshore 
bar theory.

John Hoyt During the next fifty years the forma
tion of barrier islands was a subject of much debate, 
but it was not until sediment cores began to be gath
ered through barriers and in lagoonal regions that 
progress was made in understanding their develop
ment. John Hoyt worked along the coast of Georgia 
and many of his conclusions concerning barrier 
island formation were based on coring studies there. 
In an article published in 1967, he correctly argued 
that if barriers had developed from offshore bars 
or through the breaching of spits, then open-ocean 
conditions would have existed along the mainland 
prior to barrier formation. Before becoming shel
tered, breaking waves and onshore winds would 
have formed beaches and dune systems at these 
locations. Hoyt was able to show that for most 
barrier systems an open-ocean coast never existed 
along the present mainland coast. In situations 
where rising sea level and marsh development has 
led to an encroachment of lagoonal deposits onto 
the mainland, sediment cores from these regions 
have shown no evidence of beach and nearshore 
sediments or the shells of organisms that commonly 
inhabit the nearshore region.

Hoyt maintained that if coastal dunes or beach 
ridges were gradually submerged by rising sea level, 
then the mainland shoreline would never have been 
exposed to waves and thus nearshore deposits would 
never have developed. Hoyt went on to show that 
width of the lagoon was a function of the level of 
submergence and slope of the land surface. Steeper 
slopes and lower levels of submergence produced

narrow lagoons; whereas flat land gradients and 
greater levels of submergence led to wider lagoons. 
In his theory the low areas along the beach ridges 
became the sites of tidal inlets. He also noted that 
once the barrier was formed it could then be modified 
by waves, sediment supply, and sea-level changes.

John Fisher Armed with sedimentologic data, 
Hoyt had made a compelling case for barrier islands 
forming by submergence of coastal dunes or beach 
ridges due to rising sea level. However, in 1968 John 
Fisher produced a critical review of the submer
gence theory, pointing out that long, straight, and 
continuous dune ridges would not occur along a 
coast being inundated by rising sea level. Moreover, 
in his own research along the Outer Banks of 
North Carolina he found that sediments beneath 
the lagoonal deposits were more like those occur
ring behind a spit than those in a coastal upland as 
suggested by Hoyt. In light of these observations, 
Fisher became a strong proponent of Gilbert’s spit 
accretion theory.

Recent barrier studies
Since the late 1960s there have been many studies of 
barrier islands aimed at determining the sediment
ary layers making up the barrier and deciphering the 
manner in which these layers were deposited. This 
research has been aided by the radiometric dating 
of organic material contained within the barriers’ 
sediments, such as shells, peat, and wood, thereby 
providing a chronology (timing) of barrier construc
tion. In addition to coring of the barrier sediments, 
ground-penetrating radar (GPR) is also employed 
to study barriers. This device sends electromagnetic 
energy into the ground. Where the electrical con
ductivity of the sediment changes, such as at the 
interface of two sediment layers with different grain 
sizes, mineral compositions, or organic content, some 
of the energy is reflected back to the surface. These 
signals are received by an antenna and after process
ing, provide an X-ray view of the sediment layers 
comprising the barrier. Sediment cores are taken in 
conjunction with the GPR surveys to determine the 
composition of the sediment layers and the envir
onment in which they were deposited. Additional
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Fig. 8.15 Barrier detachment process 
illustrated along the Isles Dernieres 
located on the Mississippi River delta.
As the delta plain subsides, marshlands 
are converted to bays. In a period of only 
125 years, semi-protected Pelto and 
Little Pelto Bays were transformed 
to large open water environments.
(From Penland and Boyd, 1985, 
details in Fig. 8.14.)

information concerning former barriers and their 
associated tidal inlets and lagoons has been gath
ered from the inner continental shelf using high- 
resolution shallow seismic surveys, a technology 
similar in principle to GPR. These advancements 
have provided new insights about the formation of 
coastal barrier systems.

Scientists now accept the idea that barriers can 
form by a number of different mechanisms. For 
example, along the west coast of Florida there are 
historical documentation and direct observations 
that barriers have formed from subtidal bars migrat
ing onshore, primarily during storms. Other barrier 
systems have undoubtedly developed from spits, 
such as the barriers along the outer coast of Cape 
Cod or those found along the southern coast of 
Washington. In both cases, the spits are fed by 
abundant sand sources derived from eroding glacial 
cliffs in Cape Cod and the Columbia River in 
Washington. Along the coast of Louisiana former 
lobes of the Mississippi River delta have been 
reworked by wave action, forming beach ridge com
plexes. Prolonged sinking of the marshes (sub
sidence) behind the barriers has converted these 
former vegetated wetlands to open-water areas, 
leading to barrier detachment from the mainland 
(Fig. 8.15).

In considering the formation of barrier islands, 
it is important to recognize that almost all the 
world’s barriers are less than 6500 years old and 
most are younger than 4000 years old. Most bar
riers formed in a regime of rising sea level but 
during a time when the rate of rise began to slow. 
Sedimentological data from the inner continental 
shelves off the east coast of the United States, in the 
North Sea, and in southeast Australia suggest that 
barriers once existed offshore and have migrated to 
their present positions. When we core the landward 
side of barrier islands, which in most cases repres
ents the oldest part of the barrier, we discover that 
these sediments consist of overwash deposits, often 
times overlying lagoonal units. This sequence of 
sediment layers indicates that the barrier was 
migrating onshore during its initial development. 
Many barriers eventually stabilized and then pro
graded seaward when the supply of sediment became 
more plentiful and the rate of sea-level rise con
tinued to slow.

Final observation
If the initial barriers migrated onshore to their pre
sent position and most of the structure of a barrier 
developed after it stabilized onshore, then it is a bit 
ironic that so much attention has been given to how
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barriers formed when little or none of this signature 
has been preserved in the present barrier system.

8.5 Prograding, retrograding, and 
aggrading barriers

The overall form of barriers, their stability, and 
future erosional or depositional trends are related to 
the supply of sediment, the rate of sea-level rise, 
storm cycles, and the topography of the mainland. 
When a barrier builds in a seaward direction it is 
said to prograde and is called a prograding barrier. 
The opposite of this condition occurs when a barrier 
retreats landward, called a retrograding barrier. If a 
barrier builds vertically and maintains its form as sea

level rises, it is labeled an aggrading barrier. These 
different types are described below.

8.5.1 Prograding barriers
Prograding barriers form in a regime of abundant 
sand supply during a period of stable or slowly rising 
sea level (Fig. 8.16). The sand to build these barriers 
may come from along the shore or from offshore 
sources. These conditions were met along much of 
the east coast of the United States and many other 
regions of the world about 4000-5000 years ago, 
when the rate of sea-level rise slowed and sand was 
contributed to the shore from eroding headlands 
(examples: Provinceland Spit in northern Cape 
Cod, Massachusetts; Lawrencetown barrier along

Fig. 8.16 Prograding barriers develop in regions o f abundant sediment supply, (a) Model of a prograding barrier, (b) Bull Island is 
beach-ridge barrier located north o f Charleston, South Carolina.
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the Northeast Shore of Nova Scotia), from the inner 
continental shelf (examples: the barrier system 
along Bogue Banks, North Carolina; Algarve bar
rier chain, in southern Portugal; Tuncariy barrier in 
southeast Australia; the East Friesian Islands along 
the German North Sea coast), and directly from 
rivers (examples: most barriers systems in northern 
New England; the barrier chain situated north of 
the Columbia River along the southern coast of 
Washington).

Prograding barriers commonly build in spurts 
when the supply of sand is plentiful. Increases in the 
rate of sediment contribution to the downdrift coast 
can occur during storms, when unconsolidated cliffs 
are eroded,. releasing large quantities of sand to 
the littoral system, or during floods, when rivers 
transport high sediment loads to the coast. In 
other instances, sediment is moved onshore from 
the inner shelf during long-term accretionary wave 
conditions. These processes cause beaches to build 
in a seaward direction, widening the berm and 
separating the foredune ridge from the ocean by an 
enlarging expanse of sand.

A common end product of shoreline progradation 
is the development of beach ridges. As described 
earlier, beach ridges are dune systems that usually 
become vegetated first by grasses, then by shrubbery, 
and finally by trees. This change in the maturity of 
the vegetative cover occurs as the ridges are displaced 
further and further from the shoreline and become 
more protected from salt spray and the effects of 
storms. Each beach ridge marks a former shoreline 
position and their overall pattern indicates how the 
barrier grew and evolved through time. The interval 
of time between the formation of successive beach 
ridges may represent tens to hundreds of years.

Beach ridges form by a number of different 
mechanisms, involving both erosional and deposi- 
tional processes (Fig. 8.17):
1 Scarp development. When a beach builds out 
gradually, the wind molds the upper berm into 
random hummocks (small incipient dunes). During 
moderate to large storms, the berm erodes back, 
producing a continuous scarp along the beach that 
cuts across these hummocks. This scarp provides 
a locus against which future wind-blown sand is

deposited. In this way a dune ridge is established 
along the entire length of the barrier. Repetition 
of this process forms a beach-ridge barrier such as 
those along the central South Carolina coast.
2 Wrack lines. During the winter and early spring, 
storms coupled with spring high tides float organic 
material, largely composed of dead marsh grass, 
out of the backbarrier, dispersing it along adjacent 
beaches. The high water levels and large waves 
accompanying the storms cause the debris to be 
deposited along the upper portion of the beach. 
Depending upon the region, these wrack or drift 
lines, as they are called, may also consist of eel 
grass, seaweed, or driftwood. The wrack line traps 
the wind-blown sand, causing dune development. 
In this way, a dune ridge and future beach ridge 
may form along the entire length of the barrier.
3 Bar migration. A barrier can prograde through 
the addition of sand bars that migrate onshore and 
attach to the upper beach. Landward migrating bars 
are particularly common in the vicinity of tidal 
inlets and are discussed in much greater detail in 
Chapter 12. If one of these bars incompletely welds 
to the upper berm, then a low area or swale develops 
between the bar and the landward beach. The bar 
itself commonly builds vertically from wind-blown 
sand, forming a dune ridge. When a series of bars 
migrates onshore and attaches to the beach, the 
resulting ridge and swale topography often becomes 
a beach-ridge barrier.
In fact, beach ridges may develop by a combination 
of two or more of the above processes. A barrier 
composed of beach ridges is easily identified as 
one having evolved through progradation, but this 
morphology does not necessarily indicate that the 
barrier is still prograding. Conversely, sedimenta
tion conditions along the barrier may have changed 
such that now it has become erosional.

8.5.2 Retrograding barriers
Retrograding barriers form when the supply of sand 
is inadequate to keep pace with relative sea-level rise 
and/or with sand losses. Stated in terms of a sedi
ment budget, a barrier becomes retrogradational 
when the amount of sand contributed to the barrier



Fig. 8 .17 Various mechanisms of beach ridge formation, (a) Dune scarping, (b) Accumulation of sand around a wrack line, 
(c) Bar welding.
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Fig. 8.18 Retrogradational barriers develop in a regime o f rising sea level and a depleted sediment supply, (a) Model of a 
retrogradational barrier, (b) Barrier rollover is occurring along the Magdalen Islands by storm overwash.

is less than the volume transported away from the 
barrier (Fig. 8.18). The sand may be lost offshore 
during storms, moved along shore in the littoral 
system, or transported across the barrier by over- 
wash. The end result is erosion to the front of the 
barrier, causing a decrease in width of the beach 
and ultimately destruction of the foredune ridge. 
Eventually, a narrowing and lowering of the barrier 
profile produces a retreat of the barrier across the 
adjacent bay, lagoon, or marsh system. This landward 
migration of the barrier, termed barrier rollover, is 
accomplished primarily during storms by overwash. 
Overwash is a cannibalistic process whereby storm

waves transport sand from the beach through the 
dunes, depositing it along the landward margin of 
the barrier. In this way the barrier is preserved by 
retreating landward (Fig. 8.19).

Historical records demonstrate that some barriers, 
such as the Chandeleur Islands off the Louisiana 
coast, have migrated onshore from one to several 
times their widths during the past 100 years. The 
major cause of barrier retreat in Louisiana and much 
of the Gulf coast region is attributed to relative sea- 
level rise and exhausted sediment supplies. Retreat 
of the Chandeleurs is coincident with storm surges 
and large waves associated with the passage of
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Fig. 8 .19  (a) Washovers are the primary mechanism whereby 
a barrier migrates onshore (from R. A. Davis Jr (ed.), 1994, 
Geology ofHolocene Barrier Systems. New York: Springer).
(b) In some instances a washover is a precurser to barrier 
breaching and tidal inlet formation, such as at Monomoy 
Island along the southeast coast of Cape Cod, Massachusetts.

hurricanes. A somewhat different scenario of bar
rier retreat has occurred along the central Maryland 
coast. Here in 1933 a severe hurricane breached 
the northern end of Assateague Island, creating a 
tidal inlet (Ocean City Inlet). In 1935, jetties built 
to stabilize the entrance to the inlet blocked the 
southerly transport of sand that had once nourished 
Assateague Island. In addition, strong ebb tidal 
currents produced in the jettied channel transported 
large quantities of sediment offshore, forming a 
massive sand shoal known as an ebb-tidal delta. 
Due to these sand-trapping mechanisms, the 
sediment-starved shoreline immediately downdrift 
of the inlet began to erode. Eventually, erosion 
along northern Assateague Island reached a critical 
width (-200 m) and low overall elevation such that 
overwash activity produced barrier rollover. In less 
than 50 years after the island was breached, the 
barrier south of the inlet had retreated one island 
width across the adjacent lagoon.

Retrograding barriers are identified by their over
all narrow width, single or nonexistent foredune 
ridge, and washover aprons. Because these barriers 
have been migrating over various types of back- 
barrier settings, including lagoons and marshes, the 
sedimentary components comprising these envir
onments are commonly exposed along the front 
side of the barrier, usually in the intertidal zone. 
This explains the appearance of stiff muds and the 
remnants of peat deposits along the lower beach 
of many retrograding barriers. In some instances, 
tree stumps may extend through the sands of the 
intertidal zone, indicating that the barrier has 
migrated onshore a distance great enough for trees 
once growing on the mainland to have resurfaced as 
stumps on the seaward side of the barrier.

8.5.3 Aggrading barriers
If a barrier has built vertically through time in a
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Fig. 8.20 Aggrading barriers build vertically in a regime 
o f slow sea-level rise, (a) Model o f an aggrading barrier.
(b) Good Harbor Beach is a pocket barrier in northen New 
England. Coring studies have revealed that the barrier has 
accreted vertically during the past 2500 years and is more 
than 7 m in thickness.

regime of rising sea level and occupies approxim
ately the same foot-print as it did when it first 
formed or stabilized, it is termed an aggrading 
barrier (Fig. 8.20). These barriers are rare because 
sediment must be supplied (to the barrier) at a rate 
that exactly compensates for rising sea level. Too 
little sand and the barrier migrates onshore (retro

grading), whereas too large a supply and the bar
rier builds seaward. Part of Padre Island along the 
Texas coast is an example of an aggrading barrier. 
Without subsurface information they are difficult 
to recognize, because morphologically they may 
appear similar to a non-beach ridge, a prograding 
barrier, or even a retrograding barrier that has 
stopped moving onshore.

8.6 Barrier stratigraphy

Barriers exhibit a variety of architectures consisting 
of many different types of sedimentary deposits, 
depending upon their evolutionary development 
(Fig. 8.21). The sequence and composition of the 
layers making up the barrier, termed its stratigra
phy, are defined by a set of grain size, mineralogic, 
and other characteristics of the layers. Factors such 
as sediment supply, rate of sea-level rise, wave and 
tidal energy, climate, and topography of the land 
dictate how a barrier develops and its resulting 
stratigraphy. For example, barriers that formed in 
the vicinity of the Mississippi River delta consist of 
fine to very fine sand because this is the most abun
dant coarse sediment size delivered by the river. In 
contrast, barriers along glaciated coasts tend to con
tain coarser-grained sediment, including gravel, due 
to the coarse-grained, often heterogeneous, nature 
of glacial deposits found along these coasts. Even 
the rivers of these regions tend to deliver fine to 
coarse sand to the coast. The gravelly sand barriers 
along the northeast shore of Nova Scotia examplify 
this condition, having been formed from the ero
sion of glacial features called drumlins (see Chap
ter 17). In some regions the sediment comprising 
the barriers may have come from more than one 
source. For example, on the Gulf coast of Florida, 
barrier sediments are composed of two popula
tions: (i) a carbonate sand derived from shells 
and other carbonate material; and (ii) a terrigenous 
sand originally brought to the peninsula from the 
Appalachain Mountains.

Barriers exhibit highly variable thicknesses from 
the thin (~2 m) Chandeleur Islands off the Louisiana 
coast or (1.2 m) Coke Island in North Carolina
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Fig. 8.21 Stratigraphic models of different types of barrier 
sequences (from W . E. Galloway&D. K. Hobday, 1980, 
Terrigenous Clastic DepositionalSystems. New York: Springer).
(a) Transgressive barriers are underlain by washover and 
lagoonal facies, (b) Regressive barriers commonly contain 
prograding beach ridges, (c) Aggradational barriers represent 
steady state conditions.

(Fig. 8.22) to Tuncurry barrier in southeast Australia, 
where barrier sands extend to depths of more than 
20 m, or Plum Island in northern Massachusetts, 
which ranges from 15 to 20 m in thickness. Along 
the west coast of Florida there is little new sand 
being added to this coast due to the lack of any 
riverine supply and the dearth of sediment on the 
inner continental shelf. Thus, the barrier deposits 
here are mostly less than 5 m thick. Generally, there 
is a direct correspondence between barrier thickness 
and sediment abundance. Large sand supplies cause 
barriers to build seaward and aid in dune construction. 
Both processes contribute to thick barrier sequences. 
Another important factor affecting barrier thickness

Fig. 8.22 Coke Island in southern North Carolina is a relatively 
thin retrogradational barrier consisting largely o f coalescing 
overwash fans deposited on top of the marsh.

is accommodation space, which defines how much 
room is available for the accumulation of barrier 
sands. Steeper gradient coasts produce more accom
modation space as a barrier progrades than do flat- 
lying coasts. Likewise, as a spit builds into a deep 
bay, the thickness of the barrier sands will increase 
as the accomodation space increases. Rising sea 
level can produce a similar effect. For example, in 
Cape Cod Bay the Sandy Neck barrier has been 
building across Barnstable Bay for the past 3500 
years. During that time, sea level has risen approxi
mately 3 m and thus if the barrier maintains nearly 
the same elevation above mean high water through 
time, then the spit will be about 3 m thicker at its 
end than where spit growth was initiated.

Barrier sequences often contain tidal inlet deposits, 
especially along barrier coasts where tidal inlets 
open and close and/or where tidal inlet migration is 
an active process. A tidal inlet migrates by eroding 
the downdrift side of its channel while at the same 
time sand is added to the updrift side of its channel. 
In this way, the updrift barrier elongates, the down
drift barrier becomes shorter, and the migrating 
inlet leaves behind channel fill deposits underlying 
the updrift barrier (Fig. 8.23). Independent studies 
along New Jersey and the Delmarva Peninsula, 
North Carolina, and South Carolina indicate that 
20-40% of these barrier coasts are underlain by 
tidal inlet fill deposits. Long-term tidal inlet migra
tion along Shackleford Banks in North Carolina
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Fig. 8.23 The stratigraphy o f a barrier is dependent of its evolutionary history (from Donald G. McGubbin 1982, Barrier-island and 
strand-plain facies. In P. A. Scholle &.D. Spearing (eds), Sandstone DepositionalEnvironments, p. 248, Fig. 1). It may contain elements 
o f storm washovers (section A~A’), beach ridge progradation (section^-vf'), or tidal inlet migration and spit accretion (section B-B').
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has produced inlet fills 10-20 m thick beneath 90% 
of the island.

In terms of prograding, retrograding, and aggrad
ing barriers, each of these systems has a diagnostic 
stratigraphy that reflects the manner in which it 
developed (Fig. 8.21). If we were able to cut a deep 
trench through the barrier, the layers of the sedi
ments comprising the barrier would be revealed. In 
actuality, the stratigraphy of barriers is determined 
from numerous sediment cores drilled throughout 
the barrier, and in some instances augmented with 
GPR and other geophysical information. In each 
case discussed below, the stratigraphy is described 
from the Holocene (post Pleistocene, 10,000 years 
ago to present) contact to the surface.
1 Prograding barrier. Because this type of barrier 
builds in a seaward direction, the barrier sequence 
is commonly thick (10-20 m) and overlies offshore 
deposits, usually composed of fine-grained sands 
and silts. The barrier sequence consists of nearshore 
sand, overlain by beach deposits and topped by dune 
sand. The contacts between the units are gradational 
and for the most part the sedimentary sequence 
coarsens upward except for the uppermost fine
grained dune sands.
2 Retrograding barrier. This barrier type migrates 
in a landward direction over the marsh and lagoon 
by overwash processes. The Holocene sequence 
typically bottoms in lagoonal muds, but if the bar
rier has retreated far enough landward, mainland 
deposits may be preserved, forming the base of 
the sequence. In these instances, we may find tree 
stumps, soils, and other deposits. The mainland 
units are overlain by backbarrier sediments, includ
ing a variety of units such as lagoonal silt and clay 
and marsh peat that had formed in intertidal areas. 
In the vicinity of tidal inlets, backbarrier deposits 
consist of channel sand and large sand shoals called 
flood-tidal deltas (see Chapter 9 on tidal inlets). 
Overlying the backbarrier deposits is the thin barrier 
sequence (<3-4 m) consisting of overwash, beach 
deposits, and dune sediments if they are present.
3 Aggrading barrier. These barriers build upward 
in a regime of rising sea level and, in an ideal case, 
the deposits from the same environmental setting 
are stacked vertically. In most cases, however, the

barrier has shifted slightly landward and seaward 
through time due to changes in sediment supply 
and rates of sea-level rise. Therefore, most aggrad
ing barriers exhibit some interstacking of various 
units. For example, in the rear of the barrier the 
sequence may consist of overwash and dune units 
interlayered with marsh and lagoonal deposits. 
Aggrading barriers tend to be thick (10-20 m) and 
for reasons stated above are uncommon.

8.7 Barrier coast morphology

There are many factors that determine the location 
and size of individual features along a coast, such as 
the slope of the land dictating the size of a lagoon or 
a former stream valley controlling the position of 
a tidal inlet. Despite the many factors influencing 
coastal morphology in coastal plain settings, the 
overall distribution of barriers, tidal inlets, and vari
ous backbarrier environments is primarily related to 
the relative magnitude of wave and tidal energy. In 
a simplification of their respective roles, waves are 
responsible for the transport of sediment along 
the shore, which tends to elongate barriers. The rise 
and fall of the tides cause a filling and emptying of 
backbarrier areas. Tidal inlets through which this 
exchange of water occurs are the sites of strong tidal 
flow. These currents transport sand in onshore and 
offshore directions.

8.7.1 Hayes models
In a scheme conceived by Miles Hayes and later 
modified by him and others, depositional coastlines 
are separated into three classes based on the wave 
height and tidal range of the region. The three major 
divisions include wave-dominated, mixed energy, 
and tide-dominated settings (Fig. 8.24). Barriers 
are found almost exclusively in the wave-dominated 
and mixed energy environments. It should be noted 
that it is not the absolute value of either wave height 
or tidal range that is significant; it is the ratio of 
the two parameters that dictates the presence and 
distribution of barriers. For example, in the Ten 
Thousand Island region along the southern Florida
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Fig. 8.24 Depositional coastlines can be separated into 
three m ajor typ es  based on their wave and tidal en ergy .
Barrier coasts occur almost exclusively in the wave-dominated 
and mixed energy environments. Tide-dominated coasts 
are generally funnel-shaped and associated with a river.
(From R. A. Davis Jr 8cM. O. Hayes, 1984, What is a 
wave-dominated coast? Marine Geology, 60 ,313-29, after 
M. O. Hayes, 1979, Barrier island morphology as a function 
o f tidal and wave regime. In S. P. Leatherman (ed.), Barrier 
Islands. New York: Academic Press.)

Gulf coast the tidal range is only about 1 m, but this 
section of coast, consisting primarily of mangrove 
islands, is clearly tide-dominated. The lack of bar
riers along this coast is the result of very low wave 
energy. Remember that barriers are wave-built 
accumulations of sand, and where wave energy is 
insufficient, barriers will not form. Similarly, in the 
German Bight of the North Sea extensive barrier 
development disappears toward the apex of the 
bight at the entrance to the Elbe River, where the 
tidal range increases to almost 3.5 m. The expans
ive tidal flats and large tidal range of this region 
diminsh wave energy, precluding the formation of 
barriers. Moreover, the importance of wave energy 
is illustrated along the west coast of the United 
States, where barriers exist despite spring tidal 
ranges approaching 4 m. Here an abundant sand 
supply and strong wave energy overcome the effects 
of tides to produce some very long retrogradational 
barriers.

Given the same ratios of wave height and tidal 
range, depositional coasts throughout the world 
exhibit similar morphologies, as described below.

Wave-dominated coast
These coasts are dominated by wave-generated long
shore sediment transport; tides play a secondary 
role. They are characterized by long, linear barrier 
islands, and few tidal inlets (Fig. 8.25). The back- 
barriers are composed of mosdy open-water lagoons 
or bays. Marshes occur along the backside of the 
barriers, commonly on former overwash deposits, 
and at the edge of the mainland. Large sand shoals are 
usually found on the landward side of the tidal inlets.

Fig. 8.25 (a) Model of a wave-dominated barrier coast 
(from M. O. Hayes, 197S, Morphology of sand accumulations 
in estuaries. In L. E. Cronin (ed.), Estuarine Research, 2.
New York: Academic Press, pp. 3-22; Hayes, 1979, details 
in Fig. 8.3).
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Fig. 8.25 (cont’d) (b) The Outer Banks of North Carolina are 
an example of a wave-dominated coast. The cuspate forelands of 
Cape Hatteras (north) and Cape Lookout (south) are joined by 
long linear barrier islands that*are interrupted by few tidal inlets.

Sand shoals on the seaward side are diminutive in 
size. Coastlines fitting into this dass include the 
coasts of Texas, the panhandle of Florida, the Outer 
Banks of North Carolina, Maryland, northern New 
Jersey, the barrier coast along the Nile River delta, 
and southeast Iceland.

Mixed energy coast
In this model both wave and tidal processes are im
portant in shaping coastal morphology. Barriers on 
these coasts tend to be short and stubby (drumstick
shaped; see Chapter 12) and tidal inlets are more 
numerous than along wave-dominated coasts, 
reflecting the greater role of the tides (Fig. 8.26). 
The backbarriers of these regions are mosdy filled 
with sediment and covered by expansive marshes 
incised by tidal creeks. Open water areas commonly 
increase in extent near the. inlets. In at least two 
locations of the world, the backbarriers of this 
coastal type (East Friesian Islands along Germany, 
Copper River delta barriers in Alaska) consist of 
extensive tidal flats. It is likely that the change from 
open water lagoons of wave-dominated coasts to the

Fig. 8.26 (a) Model of a mixed energy barrier coast (from 
Hayes, 1975, details in Fig. 8.25; 1979, details in Fig. 8.3).
(b) The beach ridge barriers in Georgia are an example of a 
mixed energy coast. Many o f the barriers along the Georgia 
Bight have formed around pre-existing Pleistocene-age 
barrier islands.

intertidal environments of mixed energy coasts is the 
result of more sediment being transported into the 
backbarrier by tidal currents. In addition, an increase 
in tidal range produces larger interidal areas, which
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promote the development of marshes and the stabil
ization of sediment. Mixed energy coasts include 
the barrier coasts of northern New England, south
ern New Jersey, Virginia, South Carolina, Georgia, 
much of the west coast of Florida, the Friesian 
Islands in the North Sea (see Box 8.1), and the 
Copper River delta barrier system in Alaska.

Tide-dominated coasts
Many tide-dominated coasts coincide with very 
large funnel-shaped embayments (>100 km across).

This coastline configuration enhances the tidal wave, 
which produces large tidal ranges, strong tidal cur
rents, and a sedimentation regime that is dominated 
by onshore-offshore transport. Due to the low wave 
energy along these coasts, barriers and tidal inlets 
are absent. Rivers commonly discharge sediment at 
the heads of these embayments. The coarse-grained 
sediment is transported offshore and deposited on 
large subtidal sand ridges that parallel the tidal flow. 
The fine-grained sediment tends to accumulate 
onshore, forming expansive tidal flats. Landward of
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IK
Box 8 .Yicoitt’d)

270 000 m vi " of s inJ SfjTiiiy tidal ary 
bvStf maticallv from 2 5 m at the western end of the 
chain to 2 9 m at the eastern end 

Much ot the sand rnovinq eastward in the littoral 
system is eventually'delivered to the seegats (tidal 
inlets) where it bypasses the inlets through a complex 
pattern of va  eand tidal mocrsses Sjnd enters the 
inlets from thn < a m  and is tian ̂ port-d j i  ross the 
ebb-tidal delta ultimately read ing the downdrift 
inlet shoreline in the form of large landward migrating 
s'vash M is  T n ^  b i r - . .^  ^luniMt*3 p.»rllel to shore 
and are 1-1 5 km in length containing more than 
100 000 m25of sand As'discussed in greater detail r  
in Chapter 12 the shape of the barriers is dictated 
by where the swash bars weld to the beach 
Drumstick-shapecTbamers develop where the bars ^ 
attach to the updrift end of the island hump-backed 
barriers form when bars weld to the middle of the 
island, and a downdrift bulbousjramer shape is a 
product of bars moving ohsTibre atthe distal eastern 

, end of the island. ^

The East Friesian Islands have evolvedfna regime 
of rising sea levels like most other b lrr ilr  sytems i n , ' 
the world The fact that the Friesian barhers have,,
f  ,  ^  '  -c - T ■•Jh. • ' t -  r'->uP "

grown in size during the past 300-years is evidence 
that the supply of sand to the islancfchain has more *  
than compensated for land loss due to "continued 
sea-level rise The increase in dimensions of the 
barriers isk ^ p duct pffrew sand being added to 
islands a^Pnas"duefto human modification of the4 
backside of the Carriers through p6tdering’(Frg. B8.2). 
Poldermg is the process whereby land ^reclaimed  
from the sea. The practice fnvolves building dikes 
across tidal flats and allowing sediment-l^en4idal - 
waterslo enter regions that have been' dike'd 
the suspended sediment Jrom'the seawate 
deposited, the Clearwater is discharged from t^ 
dikes at law tide and new niuddy seawg 
to f I i l ls  A r in a  th
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the tidal flats are wide marshes. In equitorial regions 
marshes are replace by mangroves. The Bay of Fundy 
in Nova Scotia, Gulf of Cambay in India, head of 
the Bay of Bengal in Bangladesh, mouth of the 
Amazon River in Brazil, and Bristol Bay in Alaska 
are examples of tide-dominated coasts.

8.7.2 Georgia Bight
A particularly interesting section of coast, demon
strating the relative influence of wave versus tidal

energy, is seen in the Georgia Bight, encompassing 
the region from North Carolina to Florida. The 
arcuate shape of this coast produces relatively nar
row and steep continental shelves along the flanks 
of the bight and a wide, shallow shelf at the apex to 
the bight. From the Outer Banks of North Carolina 
to the Georgia coast the widening of the contin
ental shelf increases the amplification of the tidal 
wave as it moves across the shelf, resulting in larger 
tidal ranges. Conversely, as the inner continental 
shelf flattens along this same stretch of coast, a
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greater proportion of the deepwater wave energy 
is attenuated. Thus, all other factors being about 
equal, tidal energy increases and wave energy de
creases from North Carolina to Georgia. The coastal 
response to this change in the physical setting is 
dramatic (Fig. 8.27). The wave-dominated Outer 
Banks consist of long linear barriers interrupted

by few tidal inlets and separated from the mainland 
by broad shallow bays. Contrastingly, the mixed 
energy Georgia coast is composed of relatively short, 
beach ridge barriers separated by large tidal inlets 
with well developed sand shoals. The backbarrier 
consists of marsh and tidal creeks. Whereas other 
factors control the width of the backbarrier, location
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Fig. 8.27 The Georgia Bight exhibits a systematic alteration in coastal morphology that is largely a product of change in wave versus 
tidal energy, which in turn is a function o f continental shelf width. (From D. M. FitzGerald, 1996, using data from D. Nummedal, 
G. Oertel, D. K. Hubbard &  A. Hine, 1977, Tidal inlet variability-Cape Hatteras to Cape Canaveral. In Proceedings o f  Coastal 
Sediments ’77. Charleston, SC: ASCE, pp. 543—62; Hayes, 1979, details in Fig. 8.3.)

of inlets, sediment supply, and longshore transport 
directions, the overall morphology of the coast is a 
function of wave versus tidal energy, which, in turn, 
is strongly influenced by continental shelf width.

8.8 Barrier coasts: morphology and 
evolution

In some areas of the world, the historical records are 
long enough to record the physical processes that 
produce major changes to the coast, thereby reveal
ing how these barriers evolve. In other locations 
detailed stratigraphic studies have led to a good 
understanding of barrier development. Using these 
studies, examples of different barrier settings, their 
morphology, and their evolution are presented 
below.

8.8.1 Eastern shore of Nova Scotia
Along glaciated coasts local glacial deposits are 
commonly the major source of sediment to form 
barriers. These deposits are usually composed of till 
(poorly sorted mixture of gravel, sand, silt, and clay) 
or somewhat better sorted outwash sediments con
sisting of sand and fine gravel layers laid down by 
glacial melt water streams. Due to the mixed nature 
of these sediments, the barriers that they produce 
are composed of sand and gravel. In 1987, Ron 
Boyd and colleagues at Dalhousie University pro
posed a six-stage model to explain the evolution 
of the eastern shore of Nova Scotia (Fig. 8.28). 
According to their model, when the last continental 
glaciers retreated from a position on the continental 
shelf a variety of glacial deposits was left behind 
(Stage 1). As sea level rose, the large valleys excav-
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Fig. 8.28 Model of shore evolution for the drumlin coast of the eastern shore of Nova Scotia. The pathway o f barrier evolution 
(progradational versus retrogradational) is controlled by sediment supply and the rate of sea-level rise. (From R. Boyd, A. J. Bowen &  
R. K. Hall, 1987, An evolutionary model for transgressive sedimentation on the eastern shore of Nova Scotia. In D. M. FitzGerald 8c 
P. S. Rosen (eds), Glaciated Coasts. New York: Academic Press, pp. 87-114.)

ated by the glaciers were drowned and transformed 
into embayments bordered by glacial headlands 
(Stage 2). As these headlands eroded due to wave 
attack, sand and gravel were released, building spits 
into the adjacent bays. Where two spit systems 
growing from opposite sides of the embayment 
joined, a baymouth barrier (type of welded barrier) 
was formed (Stage 3) (Fig. 8.29). While sediment 
supplies are adequate, the barriers may prograde, 
resulting in a number of beach ridges and swales. 
As the headlands continue to erode, boulder retreat 
shoals define their former extent. Eventually, con
tinuing sea-level rise and diminishing sediment 
supplies lead to erosion and breaching of the bar
riers (Stage 4). By Stage 5 the barriers are mostly 
destroyed and some of the sediment once contained 
in them is transported landward in the form of 
intertidal and subtidal shoals by flood tidal currents

Fig. 8.29 The welded barrier and spits o f central Nova Scotia 
portray Stage 3 o f the drumlin coast model o f Boyd eta/. (1987, 
details in Fig. 8.28).
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and wave action, especially during storms. With a 
further rise in sea level, portions of the subaqueous 
shoals migrate onshore and attach to new head
land areas. Sediment contributed from the shoals 
and from the erosion of the new headlands helps 
to re-establish the barriers at the landward sites 
(Stage 6). At this point, the growth of the new 
barrier proceeds to Stage 3. With time, there may 
be several cycles of barrier growth, retreat, destruc
tion, and re-establishment. Along glaciated coasts, 
such as the eastern shore of Nova Scotia, it is pos
sible to find examples of different stages of this 
evolutionary model.

8.8.2 Mississippi River delta barriers
The Mississippi River delta in the Gulf of Mexico is 
composed of seven major delta lobes that were 
deposited approximately during the past 7000 years. 
Each lobe represents a period when the Mississippi 
River was debouching its sediment load essentially

in one general location. Thus, deltaic sedimentation 
has been characterized by periods of delta prograda
tion followed by abandonment and delta building at 
a different nearby site. This process of delta lobe 
switching has produced five different barrier shore
lines along the Holocene delta plain.

A model of barrier evolution for the Mississippi 
River delta was presented by Shea Penland, Ron 
Boyd, and John Suter in 1985 (Fig. 8.30). In the 
first stage of their model, abandonment of the active 
delta leads to a subsidence of the delta plain and a 
high rate of relative sea-level rise. The active delta is 
transformed into an eroding headland with retreat 
of the shoreface. Sediment eroded from the headland 
forms flanking barrier spits, which are subsequendy 
breached during storms. The flanking barrier spit 
stage is replaced by a barrier island arc as the head
land region continues to sink and sea level continues 
to rise rapidly (Stage 2). In time, the barrier island 
arc is separated from the mainland by a large expanse 
of shallow open water. The barrier island arc migrates

Fig. 8.30 Model of barrier evolution for the Mississippi River delta (from S. Penland, R. Boyd&J. R. Suter, 1988, Transgressive 
depositional systems o f the Mississippi Delta plain: model for barrier shoreline and shelf sand development .Journal o f  Sediment 
Petrology, 5 8 ,932-49). The driving forces behind this model are the subsiding delta plain and rising sea level, and the changes in the 
locus o f sediment discharge by the Mississippi River.
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onshore through overwash activity and the con
struction of flood shoals on the landward side of the 
inlets. For a time, the arc maintains a position above 
sea level by migrating on top of a stacked sequence 
of flood shoals and washover deposits. Eventually, 
the arc is transformed into a subtidal shoal as sea- 
level rise outpaces the ability of the barrier to build 
vertically (Stage 3). At this point, the active delta 
may reoccupy this region and the process can begin 
anew. Each stage in the evolution of-the barrier 
coast can be seen today along the Mississippi River 
delta.

8.9 Summary

Barriers occur on a worldwide basis but are predom
inantly found along Amero-trailing edge continental 
margins in coastal plain settings where the supply of

sand is abundant. The coastal plain setting appears 
to be an important requirement for the wide distribu
tion of barriers, in that it provides a sediment source 
and a platform upon which sediment can accumulate. 
Barriers have many different forms but can be grouped 
into three major classes depending on their connec
tion of the mainland (barrier islands, barrier spits, 
and welded barriers). Barriers have formed by dif
ferent mechanisms and many have migrated onshore 
to their present position. Retrograding barriers are 
continuing to move onshore through rollover pro
cesses, whereas prograding barriers are building 
seaward due to abundant sediment supplies and/or 
stable sea levels or slow rates of sea-level rise. Aggrad
ing barriers are accreting vertically and keeping pace 
with rising sea level. The stratigraphy of barriers 
is dependent on their evolution and factors such 
as sediment supply, rate of sea-level rise, wave and 
tidal energy, climate, and topography of the land.
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Fig. 9.1 Large vegetated dunes developed along the panhandle 
coast o f Florida. Onshore wind and an abundance o f sediments 
are the main factors in coastal dune development.

9.1 Introduction

Sand dunes are an important part of many, but not 
all, coastal areas. Thes^ dunes are large piles of sand 
that accumulate as a result of similar processes and 
in generally similar shapes and patterns to dunes 
on inland deserts. The fundamental prerequisites in 
both cases are an abundant sediment supply and the 
wind to transport it. In most coastal areas, the wind 
is typically not a limiting factor but the sediment 
supply may be. Nevertheless, we have coasts where 
dunes maybe several meters in elevation (Fig. 9.1).

Coastal dunes are not restricted to barrier islands, 
although nearly all barriers have at least small dunes. 
Some coasts without barriers have tremendous dune 
fields. Particularly good examples are the southern 
coast of Oregon, where the dunes extend a few kilo
meters inland from the coast, and the southeastern 
part of Lake Michigan, where dunes nearly 100 m 
high have developed. Among the largest dunes in the 
world are those on the coast of Namibia (Fig. 9.2) in 
southwest Africa, where barriers are absent.

9.2 Types of coastal dunes and their 
distribution

Any coast where sand accumulates in significant 
quantities has the potential for the development of

dunes. Dunes are about the best protection we have 
against severe storms and their related large surges. 
Prevailing winds or diurnal sea breezes provide the 
typical transport mechanism for sand-sized sedi
ment on most coasts. The prevailing winds typically 
have some onshore or shore-parallel component, 
and the sea breeze may be a major factor in many 
areas. It is, for example, the dominant wind along 
the southwest coast of Australia near Perth. Any dry 
part of the beach or other coastal environment that 
is sparsely or not vegetated is subject to eolian (wind) 
transport.

Dunes typically form in a linear fashion just land
ward of the beach, but they may also develop on the 
inland portion of a barrier island or the mainland. 
The linear dunes landward of the beach are called 
foredunes (Fig. 9.3). Some coasts have several lines 
of dunes behind the beach (Fig. 9.4), demonstrating 
their progradation due to abundant sediment and 
appropriate wind conditions. Each of these ridges 
was a foredune ridge at the time that it formed 
but was then fronted by a new one. Some barrier 
islands contain a complicated assortment of dune 
ridge arrangements that show sets of ridges at acute 
angles to one another (Fig. 9.5). This condition 
indicates periods of erosion that separated periods 
of dune accumulation and barrier progradation. 
Some barriers have only a single foredune ridge and 
it may be a high one. One of the best examples

Fig. 9.2 Huge dunes that have developed along the mainland 
coast o f Namibia. This coastal desert has what is probably the 
largest and most extensive coastal dune complex in the world. 
(Courtesy o f N. Lancaster.)
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Fig. 9.3 Foredunes along the centralTexas coast. Here the 
abundance o f sediment and the wide beach in the presence of 
sustained wind produce prograding accumulations of dunes. 
The seawardmost linear dune ridges are called foredunes.

Fig.9.5 Barrier island along the Gulf coast of Florida showing 
sets o f low-lying dune ridges that are at angled to each other. 
This condition shows that the shoreline orientation o f the 
barrier has changed many times and that it has remained in a 
particular orientation for a significant period of time.

Fig. 9.4 Barrier island along the southeastern coast of Australia 
displaying multiple dune ridges, indicating the presence o f a 
large sediment supply. The numerous parallel ridges indicate 
that conditions for the formation of these dune ridges have 
prevailed for at least several centuries.

of this is the barrier at Ninety-Mile Beach in south
eastern Australia. Here the single dune ridge is 
10-15 m high along most of the barrier.

Dunes that form on the interior of barriers or 
on the coastal zone mainland develop as the result 
of lack of vegetation to stabilize the substrate. This 
is generally due to an arid climate that gives rise 
to desert conditions or to removal of vegetation by 
grazing or other human-related activities. A good 
example of how a combination of these factors has

contributed to an extensive, active dune complex is 
on Padre Island on the Texas coast. Generally sub- 
arid conditions along with abundant sand along the 
beaches have resulted in an extensive active dune 
complex in the Padre Island National Seashore on 
the central part of the island (Fig. 9.6). An addi
tional assist was provided by extensive cattle grazing 
on the island during the late nineteenth and early 
twentieth centuries. This portion of the Texas coast 
is one of considerable sediment accumulation and 
persistent onshore winds. As a consequence, the 
island is extremely wide and the mainland is domi
nated by an extensive dune complex. The barrier 
itself contains extensive active dunes that range from 
being only a meter or so high on the landward 
side near Laguna Madre, to several meters high in 
the central island. The limited development of the 
dunes on the landward part of the island is due to 
their destruction as the result of storm surge associ
ated with hurricanes. These small dunes are on the 
wind tidal flats where storm surges of a meter or so 
are fairly common and can flood the dunes, destroy
ing them by a combination of waves and currents. 
After the surge subsides, the wind and available 
sand must start to construct the dunes again.

A different situation is exemplified by the coastal 
dune complex along the southern Oregon main
land. Here the strong winds off the Pacific, along
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with great amounts of sand, have produced huge 
mobile dunes that extend 3 -4  km inland. These 
coastal dunes have inundated coniferous forests of 
mature trees as they migrate in a southerly direction 
perpendicular to the coast.

9.3 Dune formation

Dry sand and proper wind conditions are common 
along the backbeach environment because it is rarely 
wet and generally devoid of vegetation. Wet sand 
has too much cohesion to respond to wind. The dry 
backbeach shows various signs of wind transport,

including ripples, sand shadows (Fig. 9.7), and heavy 
minerals or gravel lag concentrates of shells and 
shell debris. The sand shadows indicate a recent 
wind direction and may show scour around a shell 
or pebble. The gravel or shell lag deposit results 
from wind blowing the fine sand from the beach 
and leaving the larger particles that cannot be trans
ported. After a while the large particles become 
concentrated and actually form almost a pavement. 
Such a pavement inhibits further wind erosion and 
is called a desert armor because of its importance 
in limiting wind erosion. Once the concentration 
becomes nearly continuous across an area, wind can
not access the smaller particles that it can transport.
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Fig. 9.7 The backbeach includes various surface features, such 
as (a) sand shadows and (b) ripples, both of which indicate wind 
direction by their orientation. Sand shadows parallel wind and 
ripples are perpendicular to it.

Much of the wind-blown beach sand tends to 
accumulate just landward of the active backbeach. 
It is stopped from further transport by any type of 
obstruction that may be present, including bedrock 
cliffs, vegetation, existing dunes, or even human 
construction, such as buildings or sea walls. Once 
the initiation of eolian sediment accumulation begins, 
it continues unless conditions change, such as loss 
of sediment supply, the destruction of the stabiliz
ing factor, or wave-induced erosion.

One of the best and most widespread aids in dune 
development is vegetation. Any type of plant serves 
as a focus for anchoring wind-blown sediment. 
Typically the relatively inactive backbeach is cov
ered with opportunistic plants (Fig. 9.8), such as the 
beach morning glory, beach Spinifex, and marram 
grass. One of the most effective dune stabilizers

Fig. 9.8 Opportunistic plants are effective stabilizers o f the 
backbeach and help to begin the formation o f dunes. The 
small tufts of plant serve as an anchor for sand blown across 
the backbeach. The sand accumulates in the shadow o f the 
plant much like the sand shadows in Fig. 9.7a.

on southern dunes up to the latitude of Virginia is 
sea oats (Uniola), while the American beach grass 
(Ammophila) extends from Virginia up to Nova 
Scotia in Canada. It is quite common to see small 
piles of sand around isolated plants on the back
beach area (Fig. 9.9). After only months these piles 
increase in size and the plants spread, thus increas
ing their effectiveness. In fact, even pieces of wood 
or any other sizable obstacle can act as a seed for 
dune development. Eventually small dunes or coppice 
mounds (Fig. 9.10) appear. As the sand becomes 
trapped by the vegetation this provides an enlarged 
area of stability. More sand becomes trapped and 
eventually a small dune develops. These small sand 
accumulations are typically a meter or two in dia
meter and about half that in height. Under the 
proper conditions they will eventually become larger 
and coalesce into a continuous foredune ridge.

Such small incipient dunes are quite vulnerable: 
even a modest storm can destroy them, requiring 
the building process to begin again. This is the rea
son why so much attention is paid to preserving 
vegetation on the backbeach and at the foot of the 
dunes. The absence of intense storms, along with an 
abundant supply of sand and a regular mechanism 
for delivery of the sand, eventually produces a dune. 
Dune size is dependent largely on the supply of 
sand-sized sediment.



172 Chapter 9

Fifl. 9.9 Small mounds of sediment captured by plants on the 
backbeach environment. As time passes the plants grow larger 
and are able to trap more sediment.

Fig. 9 .10 The small dunes that begin for form on the landward 
portion o f the backbeach are called coppice mounds. They form 
the third stage in the continuum o f Figs 9.8 to 9.10.

A major geomorphic or structural feature along 
the coast that presents some vertical component is 
also an effective trap for wind-blown sand. The base 
of a rocky cliff or sea wall can accumulate sediment 
and become vegetated. Assuming that sufficient 
sediment supply is available, this type of accumula
tion can eventually become a dune.

9.4 Dune dynamics

The existence of dunes is testimony to the mobility 
of sand through wind transport on the coast, and 
attack by waves is an obvious factor in dune stability.

Fig. 9.11 Storm erosion causes foredunes to be scarped 
and vegetation to be exposed. Although vegetation is a good 
stabilizer o f dunes, it is not sufficient to prevent erosion by 
waves crashing at the base of the dunes during a storm.

Although vegetation is an effective stabilizer of these 
accumulations, there are conditions when even veg
etated dunes may become mobile or may be eroded.

The first and most obvious factor is attack by 
waves. Even though dunes are out of the regular 
influence of waves, they are quite vulnerable to only 
modest surges produced by storms. In areas of 
generally erosive beach conditions dune retreat is 
especially a problem because there is no backbeach 
to protect them. Elevated water level with super
imposed storm waves produces swash and, in some 
cases, direct wave attack at the toe of the dune. The 
sand is easily washed away and carried both offshore 
and alongshore. Even though a dense dune grass 
cover is present, the sand is easily removed, com
monly leaving a dense root system hanging over the 
scarp in the dune (Fig. 9.11). Post-storm recovery 
may occur and return some, or even all, of the sand 
to the beach. Proper conditions can start the rebuild
ing process of the dune but it can take many years to 
restore the loss of just a single storm. It is gener
ally rather easy to recognize dunes that have been 
eroded and then rebuilt by the change in profile arid 
perhaps even by the type of vegetation. Rising sea 
level presents another scenario for dune erosion, by 
providing a continual increase in the accessibility of 
the dunes to wave attack.

The other major aspect of dune dynamics is con
cerned with the migration of part or all of the dune
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Box 9.1 Provincetown dune field on 
Cape Cod

The Cape Cod peninsula of Massachusetts owes 
its existence to glaciers that covered most of the 
northeastern part of the United States until a few tens 
of thousands of years ago. Most of the north-south 
trending outer part of the cape is a large glacial 
moraine, an elongate, depositional accumulation of 
sediment at the end of the glacier. This particular 
moraine contains mostly sand and has contributed 

. sediment for the beaches and the islands to the south 
* ormevillage of Chatham (Fig. B9.1). On the northern 

portlonllth is  featurejs a large recurved spit, on 
lich is locfftii the communityof Provincetown, one 
t e r s e s t  settlerrigh tf^ ilape Cod This spit lias 

accumulated as the result of northWard movm i md 
carried by longshore currents from the erSKfng 
moraine to the south. d

The combination of abundant sand supply and 
the onshore wind in this area has produced an 
extensive dune field, with many dunes more than 
10 m high. There are numerous dune ridges in this 
recurved spit complex and it continues to grow as 
the Cape Cod bluffs continue to erode. The dune 
sand has become a bit of a problem for the local 
community and adjacent areas. Commonly it covers 
the road in the same fashion that snow drifts across 
the road in the northern latitude winters. Unlike 
snow, the sand doesn’t melt, so it becomes an 
expensive task to keep removing it. Sand has also 
invaded homes and other buildings as it blows 
inland from the beach area. The rapid mobility of 
the sand makes it impossible to develop "atu^ 1 ! - 
vegetation cover to stabilize it. Attempts nave been 
made to artificially stabilize the blowing sand but 

Jwith limited success.

Fig. B9.1 Aerial photo of Cape Cod, Massachusetts. The 
elongate area to the north (top) includes the Provincetown 
Dune field.

Fig. B9.2 Large, mobile dunes in the Provincetown area 
of Cape Cod. The sediment that forms these dunes was 
originally eroded from the area several kilometers to the 
south and transported northward by longshore currents.

through eolian processes. The same mechanism that 
forms the dune also can cause it to move, sometimes 
great distances. Generally, dune mobility is associated 
with an absence of vegetation. Climatic conditions

may reduce or eliminate vegetative cover, or over- 
grazing may remove much of the vegetation. Re
gardless of the reason the result is the same: sediment 
begins to move.
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Fig. 9.12 The steep landward slope of a migrating dune. 
Onshore wind blows unstabilized dunes landward, and they 
move over anything that is in their path.

The most common process for dune migration 
is called b lo w o v e r . The onshore wind component 
simply carries sand across the dune surface and 
permits it to move down the landward side by grav
ity. This creates a relatively steep slope (Fig. 9.12), 
called the angle of repose, generally about 30°. In 
other words, the sand is able to maintain a slope of 
this gradient as it migrates landward. This is true for 
all dunes regardless of their location or direction of 
migration. The sediment may move as the result of 
individual grains rolling down the steep slope -  the 
slipface -  or as the result of grain flow. This is a type 
of sediment gravity process whereby oversteepening 
of the slope causes an instability that results in large 
numbers of grains moving down the slope in an 
avalanche fashion. Anyone who has walked down a 
dune face has seen this phenomenon take place as 
the dune is disturbed. Migration of large dunes 
pays little attention to trees, buildings, or whatever 
is in the path (Fig. 9.13). As long as the dune, is

larger than the obstruction it will move over it. 
Houses have been buried and then many years later 
exumed as a result of migrating dunes.

9.5 Summary

Dunes serve as the best protection for depositional 
coasts. Granted, they are not as good a form of pro
tection from waves and erosion as are cliffs or other 
bedrock, but they provide a barrier from wave attack 
during storms. The addition of vegetation, especially 
mature trees, results in what is almost like a dam 
from high water.

In order for dune development to proceed to a 
level where this protection is in place, it is neces
sary to have a large supply of sediment and a well 
developed beach. The dry beach is the immediate 
source of sediment to form the coppice mounds and 
then the foredunes.

q.|r|npcfpr| rp a rlilin  Goldsmith, V. (1987) Coastal dunes. In R. A. Davis (ed.), Coastal Sedimentary
Environments. Heidelberg: Springer-Verlag.

Hesp, P. (1999) The beach backshore and beyond. In A. D. Short (ed.), Handbook o f  Beach 
and Nearshore Morphodynamics. Sydney: John Wiley &  Sons.

Carter, R. W . G. (1988) Coastal Environments. London: Academic Press.

Fig. 9.13 Blowover migration of coastal dunes may cover 
forests (Fig. 9.12) or buildings. Buildings such as this maybe 
buried and exposed in only decades as the large dunes migrate.
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10.1 Introduction

Lagoons are very restricted coastal bays. They occur 
as the result of specific climatic, geologic, and hydro- 
graphic situations. Lagoons have specific hydrologic 
characteristics, they host their own special fauna and 
flora, and they have their own sediment signature. 
These special coastal water bodies are not particularly 
common globally but they are important because 
they provide a special environment with unique 
characteristics. In general, coastal lagoons represent 
what is considered to be a stressed environment 
because of the extreme conditions that prevail.

This chapter considers the various characteristics 
of coastal lagoons and what distinguishes them 
from other coastal water bodies. Some important 
examples are discussed and compared.

10.2 Definition %

Most definitions of the term lagoon are nonspecific. 
Many authors apply the name lagoon to any water 
body that is landward of a barrier. Typically, lagoons 
are indicated as being parallel to the coast and 
separated from the open marine water by a natural 
barrier. The major problem with this loose use of 
the term lagoon is that there is no restriction or 
limitation on the nature of the circulation and water 
characteristics within the water body.

Some coastal bays are simply open embayments 
of the sea (Fig. 10.1a), with similar tides, salinities, 
and other characteristics to the open marine environ
ment, but with lower wave energy. Other coastal 
bays have important freshwater contributions from 
streams, and thus lower salinities. These may be 
open embayments or they may have various forms 
of barriers that separate them from the open sea 
(Fig. 10.1b, c). They are properly called estuaries 
and are discussed at length in Chapter 15.

The other end of the coastal bay spectrum is 
the lagoon, where there is an absence of significant 
freshwater influx and where there is no significant 
tidal flux because of the presence of an efficient 
barrier blocking interaction between the bay and the

Fig. 10.1 Various settings of different types of coastal bays, 
including: (a) an open embayment o f the sea; (b) an open 
estuary, (c) an estuary with a barrier; and (d) a lagoon that 
lacks streams and tidal flux.

open marine environment (Fig. 10.Id). Lagoons, 
therefore, will be expected to have an elevated salinity 
due to a general excess of evaporation over precipit
ation, which is the primary mode of introduction 
of water to the lagoon. Storms may washover low 
barriers, providing another method for introducing 
water to the lagoon. Such coastal water bodies with 
high salinities have very different characteristics 
than the open bays and the estuaries. For these 
reasons it is important to maintain strict definitions 
for the various types of coastal bays.

10.3 Morphology and setting

Lagoons display various shapes, but most are elon
gate parallel to the coastline and virtually all are 
separated from the open marine environment by 
a barrier island, or in some places by a reef, such as 
in the Persian Gulf. Because the wave-dominated 
nature of the coast produces long barrier islands and 
coral reefs, many lagoons extend for tens of kilome
ters along the coast. These water bodies may form 
in a variety of geologic settings as long as there is 
some embayment from the open marine environ
ment and a mechanism for isolating it, such as the 
development of a barrier or spit. Lagoons may 
develop along high-relief areas such as the Pacific
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coast of Mexico, where high wave energy and pro
nounced longshore drift develop barrier spits that 
are wave-dominated and become closed to significant 
tidal flux. Most lagoons are developed along coastal 
plains where barriers have efficiently separated a 
coastal bay from the open ocean.

Climate is another factor that plays a role in most 
coastal plain or prograding strandplain lagoons. In 
order to eliminate freshwater runoff into the coastal 
bay it is necessary for rainfall to be significantly 
limited. Typically this occurs along coasts where 
near-desert conditions prevail. In fact, many of the 
world’s lagoons have developed along such coasts. 
These include the coasts of southern Australia, 
northern Africa, the Persian Gulf, south Texas, 
much of Mexico, southern Brazil, and southeast 
Africa.

The nature of the coastal lagoons makes them 
typically quite shallow, a meter or less is common. 
Some are actually emphemeral, with dry beds dur
ing the dry season and with standing water in the 
lagoonal basin only during the wet season.

10.4 General characteristics

Although there are significant differences among 
various coastal lagoons, there are many similarities. 
We can characterize them by their salinity, organ
isms, processes, and sediments.

10.4.1 Salinity
Lagoons are commonly s c h iz o h a lin e  or h y p e r -  

sa lin e , at least in the broad senses of these terms. 
Schizohaline water bodies are those which display 
great change in salinity from brackish to hyper
saline, generally in response to seasonal rainfall 
or some cyclic phenomena. Some shallow coastal 
lagoons fall into this category. A rather extreme 
example is Lake Reeve in Victoria, Australia, which 
is a long, shallow lagoon (Fig. 10.2). During the wet 
season it is almost fresh, whereas in the dry season it 
dries up locally and becomes quite saline in those 
areas where water remiains. This type of salinity 
pattern would characterize lagoons of the mid

Fig. 10.2 Vertical aerial photo of Lake Reeve, Victoria, 
Australia, showing some diy portions. This coastal lagoon 
is partly dry during the summer and fills with water during 
the wet season in the winter. The lagoon shown here is 
about a kilometer wide, from top to bottom of the 
photograph.

latitudes, with strong seasonality in precipitation 
and with high evaporation to precipitation ratios.

Hypersaline lagoons are those in which salinities 
are continually above normal marine concentrations. 
They characterize the semi-arid and arid coastal areas 
where little or no freshwater influx occurs. Salinity 
commonly increases away from connections with 
the open sea, if any are present. Laguna Madre in 
Texas and the Coorong in South Australia are 
examples and are discussed in detail below.

10.4.2 Organisms
Hypersaline or schizohaline conditions cause serious 
problems for organisms. Typical marine or estuar- 
ine species cannot tolerate either of these salinity 
situations, so we find special communities present 
in lagoons. The usual situation for such extreme 
environments is to have very few species because of 
the special adaptations that are required for such 
severe salinity conditions. Generally, however, the 
numbers of individuals within these specially adapted 
species is very high.
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A good example of an organism that can tolerate 
major fluctuations in salinity is the killifish, Funulus, 
which is common in parts of Laguna Madre, Texas. 
This small fish inhabits many of the isolated or nearly 
isolated ponds and embayments of this lagoon, 
where salinity may change from nearly fresh water 
(<5 parts per thousand, p.p.t.) levels to as much as 
200 p.p.t. This is almost six times higher than nor
mal marine conditions, which are 35 p.p.t. During 
summer, evaporation will raise salinity to near the 
high end of this range and one rainfall can lower 
it to brackish levels of 10-15 p.p.t. Funulus can 
tolerate such extreme and rapid changes in salinity 
through its ability to rapidly osmoregulate it body 
fluids to match those in its aquatic environment.

Another excellent example of an organism that 
can live under severe salinity conditions is found in 
both of the southeastern Australian lagoons: the 
Coorong and Lake Reeve. Here a single species of 
cerithid gastropod, Rosiella, appears in huge num
bers along the shallow and exposed wet margins 
of the lagoons. These detritus feeders graze while 
moving slowly over the surface. They also con
tribute large numbers of small pellets to lagoonal 
sediment. Their numbers reach such high concen
trations that is is common for the small beaches 
along the lagoon shores to be made exclusively of 
the shells from this single species (Fig. 10.3).

Fig. 10.3 Cerithid snails, which abound in many schizohaline 
lagoons. The extreme conditions in these lagoons give rise to a 
fauna that tends to contain one or only a few species. In this 
case it is only one species o f snails.

10.4.3 Chemical precipitates
High concentrations of dissolved elements and 
ions in lagoons may result in actual precipitation of 
minerals. There is a generally predictable order of 
mineral precipitation depending on concentration. 
The typical salinity of open lagoons ranges from 
about 40 through 70 p.p.t. most of the time. These 
levels of salinity do not result in the formation of 
any of the typical evaporite minerals, but carbonate 
minerals may precipitate. These carbonate minerals 
(aragonite and calcite) are different in that they do 
precipitate from solution in elevated salinities, but 
they are also influenced by photosynthesis, pH, and 
other factors.

The true evaporite minerals that may appear in 
lagoons do not precipitate until a salinity of about 
200 p.p.t. is reached and gypsum (calcium sulfate) 
forms. The next common mineral to precipitate is 
halite, common salt, which appears at levels of 300 
p.p.t. In very extreme situations, other evaporite 
minerals may form, but they are typically restricted 
to saline lakes and intermittent lakes in inland envir
onments. Even gypsum and halite are uncommon 
in coastal lagoons, and are generally restricted to local 
ponds and embayments of the major lagoonal water 
body, where salinities can reach extreme levels.

10.4.4 Physical processes
Typical coastal processes, such as tides and waves, are 
not prevalent in lagoons. The definition of the term 
and the nature of lagoons limits any tidal influence. 
Tidal flux is absent or very local adjacent to typically 
small inlets. Thus, there is no tidal mechanism 
for transporting sediments into or out of coastal 
lagoons. Waves are limited in their influence by 
the short fetch that is typical of the normally elong
ate lagoons. The width of these coastal bays is gen
erally only a kilometer or so, which would produce 
short and steep waves if strong winds were present. 
These waves do not have much influence on the 
lagoon floor but they do develop narrow beaches 
and small beach ridges (Fig. 10.4). These choppy 
waves can also cause coastal erosion along lagoonal 
shorelines.
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Fig. 10.4 Small beach and related beach ridges in Lake 
Reeve, Australia, both wave-formed features of this lagoon. 
Although the lagoon is only a kilometer or so across and is 
shallow at best, small beach ridges form by waves generated 
during strong winds.

There are other physical processes that have a 
major influence on coastal lagoons. All are derived 
from some influence of wind. This can be the result 
of storm activity or ambient onshore winds that pre
vail along most coasts. Wind can produce circula
tion in lagoons that homogenizes any stratification 
of salinity (density) that might develop from very 
low energy conditions.

Storms, especially hurricanes, produce large waves 
and elevated water level or storm surge. It is com
mon for this combination to breach dunes of barrier 
islands and transport both water and sediment into 
the lagoon. Storm surges of over 3 m are fairly 
common in severe hurricanes and, when combined 
with large waves, can develop large washover fans 
that extend well into the lagoon (Fig. 10.5). This 
phenomenon transports large volumes of sediment 
into the lagoon in a very short time. The same is 
true for water. Such high-intensity hurricanes are 
most common in fairly low latitudes. Many coastal 
lagoons do not receive this input of either water 
or sediment. This is especially true if the barriers 
contain dunes of several meters’ elevation.

The other storm-related process that affects 
lagoons is the wind tide that results from setup in 
the water body itself. When wind blows over these 
shallow water bodies, water is pushed toward the 
downwind side of the lagoon. Because lagoonal shore-

Fig. 10.5 Washover fan extending into a coastal lagoon as the 
result o f a severe storm that overtopped this barrier island. This 
is a common result on low-lying islands during severe storms 
with a large surge. These were formed on Dauphin Island, 
Alabama, as the result of Hurricane Frederick in 1979. 
(Photograph by D. Nummedal.)

Fig. 10.6 Extensive wind tidal flats along the barrier island 
side of Laguna Madre, Texas. These extensive flats are just 
above high tide elevation and are covered with cyanobacteria 
(blue-green algae).

lines generally have a gentle gradient, there may be 
significant flooding by this elevated, wind-blown 
water; causing a wind tide. When this happens, it is 
common for sediment to be transported onto these 
wind tidal flats (Fig. 10.6). On the landward side of 
Padre Island, Texas, which borders Laguna Madre, 
and along the mainland shoreline, it is common for 
fine-grained sediment, suspended by the turbulence 
of the storm, to accumulate in a thin veneer on these 
normally sandy wind-tidal flats.
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Another important wind-related phenomenon 
that influences lagoonal environments is the pre
vailing winds. These winds transport dry and unsta
bilized sediment into the lagoon. This dry sediment 
might be from the backbeach environment but is 
most typically from dunes. Its transport might also 
be associated with the daily sea breeze cycle. As a 
result, large amounts of sediment are transported 
into lagoons. This transport can take place in two 
ways: (i) by individual grains being picked up and 
transported in suspension by the wind and (ii) by 
large numbers of grains being carried along the sedi
ment surface as the dunes migrate into the lagoon.

Most people who have been to the beach have 
experienced the situation where wind blows sand 
into your eyes, onto your blanket or into your sand
wich. This is the same phenomenon that transports 
sand grains from the front part of the barrier island 
to the backbarrier and into the lagoon. This condi
tion results in a persistent but slow rate of sediment 
transport to the lagoon.

Unvegetated dunes are vulnerable to wind trans
port because of the absence of any stabilizing plants. 
The absence of vegetation may be the result of 
arid conditions, loss due to overgrazing of the bar
rier islands, deforestation by human activity, or the 
catastrophic loss of vegetation due to storms or 
disease. As the wind blows with an onshore com
ponent, there is essentially a mass transport of 
sediment across the dune surface and down the 
leading edge or slipface of the dune. This is how 
dunes migrate, and without any stabilization there 
can be an almost catastrophic rate of sediment 
transport. In many locations there are very high and 
steep slipfaces on dunes that are migrating land
ward (Fig. 10.7), including some that are actually 
migrating over forests. In several situations this 
migration of dunes has transported huge amounts 
of sediment into coastal lagoons. The best example 
is probably Laguna Madre in Texas, where wind
blown sand has filled the entire width of the lagoon 
and dredging is necessary to maintain a navigable 
channel for the Intracoastal Waterway (Fig. 10.8).

In summary, although there is no significant 
sediment introduction to the lagoon from either 
river discharge or tidal flux, a significant amount of

Fig. 10.7 The steep slipface of a barrier dune as it migrates 
landward to encroach on the adjacent lagoon. Onshore winds 
with abundant sediment and an absence o f vegetation produce 
the conditions for this to happen.

sediment is delivered to these special coastal water 
bodies. The rates of sediment introduction are low 
in many situations and the methods of delivery are 
dominantly the result of wind-generated processes. 
The result is that most lagoonal sediment is derived 
from the seaward direction and is carried to the 
lagoon throughout its length; no point sources of 
sediment are available.

10.4.5 Lagoonal sediments
The nature of lagoonal sediments is quite diverse 
because there are diverse sources and mechanisms 
for their presence. There are three types of sediment 
that accumulate in lagoons: (i) chemical precipitates;
(ii) sediment particles carried in by various wind- 
related processes; and (iii) skeletal material from 
organisms that live in the lagoon.

Chemical precipitation of evaporite minerals is 
typically limited to local sites where high evaporation 
rates are present and where salinities are extreme. 
The most common situation for this type of sedi
ment accumulation is in small ponds and lakes that 
have been separated from the main lagoon. This 
might occur during the dry season or in situations 
where a longer isolation of the pond or lake takes 
place.

The more common chemical precipitate is various 
species of calcium carbonate. This usually occurs as
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Fig. 10.8 Area called the “Landcut” in Laguna Madre, Texas, where wind-blown sand closes the entire lagoon, and a channel must be 
dredged to keep the Intracoastal Waterway open because this coastal thoroughfare is an important commercial waterway.

day-size partides of aragonite or caldte, both types 
of C aC 03. The predpitation of these minerals is 
commonly the result of photosynthesis, which in turn 
alters the pH of the shallow aquatic environment of 
the lagoon. The carbonate muds, commonly called 
micrite, generally occur in thin and discontinuous 
layers in the open lagoons (Fig. 10.9), but also may 
be present as thick and extensive layers (Fig. 10.10). 
In many situations the carbonate muds accumulate 
in assodation with filamentous blue-green algae, also 
called cyanobacteria. These microorganisms typically 
develop so-called algal mats (Fig. 10.11) along the 
periphery of coastal lagoons. It is the photosynthesis 
of these cyanobacteria that assists in the precipita
tion of the carbonate muds.

The sediment that is introduced by wind activity 
is typically well sorted and fine to medium sand. 
Although it is generally quartz in composition, 
virtually any composition is possible depending 
on the nature of the overall barrier sediment. This 
sediment appears in a variety of forms. It may be

Fig. 10.9 Thin and discontinuous lens of calcium carbonate 
mud (micrite) in Lake Reeve, Australia. Conditions o f seasonal 
evaporation increase salinity, which, when combined with 
photosynthesis, results in the precipitation o f calcium 
carbonate.
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Fig. 10.10 Very extensive carbonate mud accumulation in a 
lagoon. In some schizohaline lagoons the calcium carbonate may 
be more than 30 cm thick and cover large areas of the lagoon, 
such as here in the Coorong of South Australia.

Fig. 10.12 Dune migrating landward, encroaching on the 
lagoon at the Coorong, Australia. This coastal area is a desert 
with abundant sediment from the Southern Ocean, much o f it 
biogenic shell material.

Fig. 10.11 Algal mats (dark layers and surface) that are formed 
by large populations of cyanobacteria (blue-green algae). These 
mats are typically from several millimeters to a centimeter or so 
thick. They may be buried by sediment and then established on 
the current surface, such as shown in this photograph.

Fig. 10.13 Flakes of a thin mud that has been desiccated due to 
its position on a wind tidal flat (Baffin Bay, Texas). Flooding 
produced a thin layer o f mud that was dried, forming these 
flakes o f mud.

isolated sand grains in an otherwise muddy lagoonal 
sediment. Extreme storms that generate washover 
processes can transport thin layers of sand into the 
lagoon, with thickness up to tens of centimeters. In 
the case of migrating sand dunes, the entire dune 
may become part of the lagoon (Fig. 10.12).

Fine sediment that settles out of suspension from 
the water column during and just after storms is 
most recognizable along the margins of the lagoon, 
where it accumulates in thin layers only a few 
millimeters thick. After high water conditions

cease, the thin mud layer is exposed and dries 
quickly. Shrinkage takes place, causing the layer to 
become a series of curled up flakes (Fig. 10.13) that 
can easily be removed by wind or the next period of 
high water.

Although the variety of mollusks, ostracods, and 
other skeleton-bearing organisms is not great, each 
species present is usually very abundant, thereby 
producing a significant amount of gravel and sand
sized sediment in the lagoon. This skeletal sedi
ment component may be scattered throughout the
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lagoonal sediment or it may be concentrated along 
the shoreline by wave action.

10.5 Example lagoons

There are many good examples of lagoons through
out the world. Some are large and others limited 
in their extent. Because of the nature of the lagoon 
and its high evaporative environment, the examples 
included here represent a spectrum of increasing 
salinity and, therefore, increasing amount of chemical 
precipitate. The three lagoons considered, in order 
of increasing salinity, are the Laguna Madre/Baffin 
Bay complex in south Texas, Lake Reeve in Victoria, 
Australia, and the Coorong in South Australia. All 
are very long and have only one inlet at one end of 
the lagoon.

10.5.1 Laguna Madre
This lagoon extends from near Corpus Christi along 
the entire south Texas coast to near Brownsville at 
the Texas-Mexico border (Fig. 10.14). It has some 
circulation at its north end and is connected to the 
open Gulf via an artificial inlet called Mansfield 
Pass. There is no significant perennial stream that 
enters Laguna Madre or the adjacent Baffin Bay. 
The lagoon is pristine, with significant develop
ment only at each end. Most of the adjacent barrier 
is a National Seashore and the adjacent mainland 
is an area of cattle grazing and cotton fields. Oil 
exploration has taken place in various locations 
throughout the lagoon.

The salinity ranges from about the low 40s to near 
90 p.p.t. from north to south. There are seasonal 
variations and local places of higher concentrations. 
Evaporite precipitation is not present in surface 
waters of the open lagoon but does occur in the pore 
waters of the sediment along the coast and probably 
beneath it as well. Carbonate mud occurs only in 
small patches in the southern part of the lagoon.

Laguna Madre has extensive wind-tidal flats, 
most of which are covered by algal mats. In some 
places it is possible to see multiple layers of these 
mats interspersed between sandy layers produced by

washover events. Back island dunes are widespread 
and are mobile due to the absence of vegetation 
caused by overgrazing (Fig. 10.15).

Landward of Laguna Madre and connected with 
it is a separate lagoonal basin, Baffin Bay. This 
irregularly shaped lagoon is a relict estuary that has 
lost its freshwater influx due to a change in climate. 
No significant streams are present in adjacent south 
Texas. This shallow, hypersaline water body has 
an additional element of interest. These are small 
but numerous serpulid worm reefs. These reefs 
rise nearly a meter above the surrounding waters 
(Fig. 10.16) and contribute considerable skeletal 
material to the sediment of the lagoon floor. The 
reefs do display some asymmetry that indicates 
the direction of high energy, in this case waves.

10.5.2 Lake Reeve
The southeastern coast of Victoria, Australia, is 
characterized by a continuous barrier island known 
as Ninety-Mile Beach. This barrier has one small 
opening on the northeast end at Lakes Entrance 
(Fig. 10.17). The backbarrier aquatic environment 
is Lake Reeve, a shallow, coast-parallel lagoon that 
is schizohaline in its character. This lagoon displays 
a wide range of salinities, from nearly fresh at its 
northeast end to near 100 p.p.t. in various of the 
small and sometimes isolated basins within the 
lagoon. Salinity also varies greatly with the season; 
the winter is wet and low salinity and the summer 
is dry and high salinity.

Because the dunes on Ninety-Mile Beach rise 
10 m or more above sea level, there is no washover 
of the barrier and there has not been for most of its 
history. Additionally, the dunes are well stabilized 
by vegetation. This means that there has been virtu
ally no introduction of sediment from the seaward 
direction. The floor of most of the lagoon is com
prised of shelly sand with very little mud. Radio
carbon dating of the shells shows that they are more 
than 4000 years old, testimony to the absence of 
sediment introduction.

Lake Reeve is accumulating two primary types 
of sediment at the present time. One is small pellets 
of mud produced by small cerithid snails that
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FiB. 10.14 Map of Laguna Madre, 
Texas, the longest coastal lagoon in 
North America. This lagoon has 
essentially no connection to the open 
Gulf ofMexico. Salinity increases from 
top (north) to bottom (south).
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Fig. 10 .15  Unstable back island dunes adjacent to Laguna 
Madre. These serve as a major supplier o f sediment for the 
lagoon. These Hunes are developed on the wind tidal flats.

inhabit the lagoon in huge numbers. These snails 
graze over the typically algal mat covered margin or 
dried portion of the lagoon, where they feed on the 
cyanobacteria and produce large numbers of these 
pellets. The other type of sediment is calcite, which 
precipitates directly from the lagoonal waters as 
the result of high salinities and photosynthesis. The

North

Fig. 10.16 Map showing serpulids in Baffin Bay. The smooth 
side faces the prevailing winds and the irregular side is on the 
leeward side.

Fig. 10 .17  Map of Lake Reeve, 
Australia, showing the only opening to 
the open ocean at the northeast end, 
Lakes Entrance. Such a condition results 
in virtually no circulation with adjacent 
estuaries or the open ocean.
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Fig. 10 .18  Map of the Coorongin South Australia with the 
opening at the north end where the Murray River discharges. 
This is a similar condition to that of Lake Reeve, shown in 
Fig. 10.17.

mud may be in thin lenses or it may extend over 
large areas of the lagoon floor.

10.5.3 TheCoorong
Another very long coastal lagoon in the southern 
part of Australia is the Coorong, south of Adelaide. 
It has an inlet at its northern end where the Murray 
River discharges into the Southern Ocean (Fig. 
10.18). This lagoon and its associated barrier rep
resent the latest of several similar coastal systems 
that developed as this part of South Australia during 
the Pleistocene Epoch. The barrier is dominated by 
very large, mobile dunes.

The combination of the climate, the lack of 
freshwater except at the northernmost end, and 
the marine influx produces a high-salinity lagoon, 
with increased concentrations to the south. There 
are also several small lakes that are relict coastal

* t

Fig. 10 .19  Extensive and thick carbonate mud that has 
precipitated in one of the many small isolated ponds in the 
Coorong complex. These small lakes were originally part of the 
main lagoon and have become isolated. They are now evaporitic 
and high in dissolved calcium and magnesium.

Fig. 10.20 Halite deposits that have formed as the result of 
evaporite precipitation. When evaporation brings salinity up to 
about 200 p.p.t. (20%) salt will form. These deposits in the 
Coorong area were mined during the nineteenth century.

lagoons. Unlike Lake Reeve, the Coorong is receiv
ing significant sediment from the barrier and it is 
precipitating a variety of minerals throughout much 
of the lagoon and the related small lakes.

Onshore winds from the Southern Ocean can 
be quite strong and cause individual grains to be 
removed from the unvegetated dunes and carried 
into the lagoon. There is also extensive landward 
migration of the dunes into the Cooring. Chemical 
precipitates include thick carbonate muds (Fig. 10.19), 
and both gypsum and halite (Fig. 10.20). The halite
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or common salt was mined in the nineteenth cen
tury by Chinese immigrants who accidently discov
ered these deposits on their way to the gold mines 
further inland in Australia.

10.6 Summary

Lagoons are quite special coastal bays. Their 
typically hypersaline conditions result from a lack

of significant freshwater influx and of tidal flux. 
Because climate tends to be a factor in lagoonal 
development, most are associated with arid coastal 
conditions. These characteristics result in unusual 
biota, with few species but abundant numbers. 
Limited methods of sediment introduction result 
in slow rates of influx except in the case of major 
storms. Additional accumulation of material in 
lagoons is produced by chemical precipitation of 
carbonate and evaporite minerals.
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11.1 Introduction

Anyone who has spent time along the seashore 
knows that the ocean level changes on an hourly 
basis. Fishermen plan their activities around high 
and low tide, such as those who dig clams when 
tidal flats are uncovered or gather mussels at low 
tide. Boaters are aware that some channels are only 
navigable at high tide when waters are deep enough 
for their boats to pass. Large vessels sailing to port 
normally enter at slack water or during an ebbing 
tide. Moving against the tidal flow provides greater 
steerage for ships than traveling with the currents.

The rise and fall of the tides is one of the major 
rhythms of Planet Earth. It has a dramatic effect on 
shoreline processes and coastal landforms. Were it 
not for the tides there would be no tidal inlets and 
few natural harbors along the east and Gulf coasts 
of the United States or along many other barrier 
coasts of the world. Those familiar with the coast 
recognize that times of high and low tide occur 
approximately an hour later each day. More astute 
observers know that daily tides gradually change in 
magnitude over the course of a month and that 
these variations are closely related to phases of the 
Moon.

Tides are a manifestation of the Moon’s and 
the Sun’s force of the gravity acting on the Earth’s 
hydrosphere, as well as the relative orbits of these 
celestial bodies. Having wavelengths measuring 
thousands of kilometers, tides are actually shallow- 
water waves affecting the world’s oceans from top 
to bottom. The surface expression of tides is most 
dramatic in funnel-shaped embayments, where ver
tical excursions of the water surface can reach more 
than 10 m in such areas as the Gulf of Saint-Malo, 
France (Fig. 11.1) or the Gulf of San Matias, 
Argentina, and even as high as 15 m in the Bay of 
Fundy, Canada. Pytheas, a Greek navigator, recorded 
the Moon’s control of the tides in the fourth century 
b c . However, it was not until Sir Isaac Newton (1642- 
1727) published his Philosophiae naturalis principia 
mathematica (Philosophy of natural mathematical 
principles) in 1686 that we finally had a scientific 
basis for understanding the tides.

Fig. 11.1 Mont Saint Michel in the Gulf of Saint Malo 
is surrounded by water at high tide due to a 12 m tide that 
inundates the tidal flats and even floods some of the 
parking lots.

I'n this chapter we discuss the origin of the tides 
and how their magnitude is governed by the relative 
position of the Earth, Moon, and Sun. It will be 
shown that the complexity of the tides is a function 
of many factors, including the elliptical orbits of the 
Earth and the Moon, the declination of the Earth 
and the Moon, and the presence of continents that 
partition the oceans into numerous large and small 
basins. The phenomena of tidal currents and tidal 
bores are also discussed.

11.2 Tide-generating forces

11.2.1 Gravitational force
As a basis for understanding the Earth’s tides, we 
begin with Newton’s universal law of gravitation, 
which states that every particle of mass in the 
universe is attracted to every other particle of mass. 
This force of attraction is directly related to the 
masses of the two bodies and inversely proportional 
to the square of the distance between them. The law 
can be stated mathematically as:
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Average distance 
from Earth

Mass

Moon 38 5 ,0 0 0  km 7.3 x  1019 t

Sun 1 49 ,80 0,00 0  km 2 x  1027 t
Sun compared 390 tim es 27 m illion tim es
to Moon fu rth er away more massive

Fig. 11.2 The Earth’s tides are primarily 
controlled by the Moon because in the 
equation governing the tide-generating 
force, distance between the masses is 
cubed. Thus, even though the Sun is 
much more massive than the Moon, it is 
also much further away from the Earth 
than is the Moon.

where F  is the force of gravity, G is the gravitational 
constant, M1 and are the masses of the two 
objects, and R is the distance between the two 
masses. From the equation it is seen that the force of 
gravity increases as the mass of the objects increases 
and as the objects move closer together. Distance 
is particularly critical because this factor is squared 
(.R2) in the equation. Thus, the celestial bodies 
producing the Earth’s tides are the Moon, due to its 
proximity, and the Sun, because of its tremendous 
mass. The other planets in the Solar System have 
essentially no effect on the tides due to their relat
ively small mass as compared to the Sun and their 
far distance from Earth as compared to the Moon. 
Although the attractive forces of the Moon and 
Sun produce slight tides within the solid Earth and 
large oscillations in the atmosphere, it is the easily 
deformed liquid Earth (hydrosphere) where tides 
are most clearly visible.

As illustrated in Fig. 11.2, the Sun is 27 million 
times more massive than the Moon, but at the same 
time it is 390 times further away. After substitut
ing the respective mass and distance values for the 
Moon and Sun into Newton’s gravitation equation, 
it can be seen that the attractive force of the Sun is 
approximately 180 times greater than that of the 
Moon. However, we still know that the Moon has a

greater control on the Earth’s tides than does the 
Sun.

11.2.2 Centrifugal force
To understand how the gravitational force actually 
produces the tides it is necessary to learn more about 
orbiting celestial bodies, including the Moon-Earth 
system and the Earth-Sun system. First, it is import
ant to recognize that counteracting the gravitational 
attraction between the Moon and Earth is the cen
trifugal force (Fig. 11.3). Centrifugal force is a force 
that is exerted on all objects moving in curved paths, 
such as a car moving through a sharp right bend in 
the road. The centrifugal force is directed outward 
and can be felt by the car’s driver as he or she is 
pressed against the car door through the turn. 
Likewise, the centrifugal force balances the attract
ive force between the Earth and the Moon. If the 
Moon were stopped in its orbit, the centrifugal 
force would disappear and gravitational force would 
cause the Earth and the Moon to collide. Con
versely, if the gravitational force ceased between 
the two bodies, the Moon would career into space.

Thus far, we have been careful not to say that the 
Moon orbits the Earth. In fact, the Earth and the 
Moon form a single system in which the two bodies

Therefore, the Sun has 4 6 %  of th e control on tides compared to the Moon
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Centrifugal
force

Fig. 11.3 The Earth-Moon system 
rotates around a common center of mass 
called the baiycenter, which is within the 
Earth. The gravitational attraction 
between the Earth and the Moon is 
balanced by the centrifugal force.

revolve around a single center of mass. Because the 
Earth contains approximately 81.5 times more mass 
than the Moon, the center of mass of the system, 
called the barycenter, is within the Earth. The bary- 
center can be determined from knowledge that the 
average distance between the center of the Earth 
and the center of the Moon is 385,000 km. The 
center of mass must be 81.5 times closer to the 
Earth’s center than to the Moon’s. By dividing 
385,000 by 81.5 we calculate that the center of mass 
is 4724 km from the Earth’s center. The Earth’s 
radius is 6380 km and therefore the center of the 
Earth-Moon system is located 1656 km (6380 -  
4724) beneath the surface of the Earth. The Earth- 
Moon system can be visualized by considering a 
dumbbell with a much larger ball at one end (81.5 
times more massive) than the other. If this dumb
bell were thrown end over end, it would appear as 
though the large ball (the Earth) wobbled and the 
small ball (the Moon) orbited the large ball.

It should be understood that because the entire 
Earth is revolving around the center of the Earth- 
Moon system, every unit mass on the surface of the 
Earth is moving through an orbit with the same 
dimensions. The average radius of the orbits is 
4724 km. The movement of the Earth around the 
Earth-Moon center of mass should not be con
fused with the Earth spinning on its axis, which is 
a separate phenomenon. Thus, if every unit mass 
on the surface of the Earth has the same size orbit, 
then it follows that the centrifugal force of the unit 
masses must also be equal.

11.2.3 Tide-producing force
Ocean tides exist because gravitational and cen
trifugal forces are unequal on the Earth’s surface 
(hydrosphere) (Fig. 11.4). In fact, the gravitational 
attraction between the Moon and Earth only equals 
the centrifugal force of the Earth at the center of 
their two masses, which is determined to be 1656 
km inside the Earth’s surface. Thus, if we consider a 
unit mass at the surface of the Earth at a site facing 
the Moon, this mass experiences a force of attraction 
by the Moon that is greater than the counterbalanc
ing centrifugal force. The larger gravitational force

Fig. 11.4 Tides are generated in the Earth’s hydrosphere 
due to differences between the centrifugal force and the 
Moon’s attractive force.
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is explained by the fact that at this location the dis
tance to the Moon is less than the distance between 
the center of masses and the Moon, where the two 
forces are equal. Remember in Newton’s gravitation 
equation that as distance decreases, the force of 
gravity increases. Conversely, for a unit mass on 
the opposite side of the Earth the centrifugal force 
exceeds the gravitational attraction exerted by the 
Moon because this site is farther away from the 
Moon than the center of mass, where the forces 
balance. Thus, the unequal forces on either side of 
the Earth cause the hydrosphere to be drawn toward 
the Moon on the near side of the Earth and to be 
directed away from the Moon on the opposite side. 
This produces two tidal bulges of equal size that are 
oriented toward and away from the Moon. These 
forces also result in depressions in the hydrosphere 
that are located halfway between the two bulges on 
either side of the Earth. If we disregard the curva
ture of the Earth, the tides can be thought of as a 
long wave, with the, crest being the bulge and the 
depression being the trough. This waveform is 
called the tidal wave, which should not be confused 
with a tsunami, which sometimes is inappropriately 
referred to as a tidal wave.

The above description reveals that forces gener
ating the Earth’s tides are very sensitive to distance. 
The tide-generating force is derived by calculating 
the difference between the gravitational force and 
the centrifugal force. A simplified form of the rela
tionship is given by:

equation, it is calculated that the tide-generating 
force of the Sun is only 46% of that of the Moon.

11.3 Equilibrium tide

The equilibrium tide is a simplified model of how 
tides behave over the surface of the Earth given the 
following assumptions:
1 The Earth’s surface is completely enveloped 
with water, with no intervening continents of other 
landmasses.
2 The oceans are extremely deep and uniform in 
depth, such that the seafloor offers no frictional 
resistance to movement of the overlying ocean water.
3 There are two tidal bulges that remain fixed 
toward and away from the Moon.

11.3.1 Tidal cycle
In our initial discussion of the equilibrium tide 
model we will neglect the effects of the Sun; they are 
treated below. If we consider a stationary Moon, 
then the Earth passes under the two tidal bulges 
each time it completes a rotation around its axis 
(Fig. 11.5). In this idealized case the wavelength of 
the tidal wave, which is the distance between the 
tidal bulges, would be half the circumference of the 
Earth. High tide coincides with the Earth’s position

Fig. 11.5 Under idealized equilibrium tide conditions the 
Earth passes beneath two equal and opposite tidal bulges every 
24 hours. This situation assumes an absence o f continents, a 
uniform depth ocean, and the moon aligned with the equator.

The tide-generating force F  is proportional to the 
masses M 1 and M2 and inversely related to the cube 
of the distance between the bodies R3. When these 
computations are performed for unit masses over 
the surface of the Earth, it is seen that the resulting 
vectors are oriented toward and away from the 
Moon (Fig. 11.4). Note also that d is ta n c e  is cubed 
in the equation, which explains why the Moon exerts 
a greater control on the Earth’s tides than does the 
Sun. As illustrated in Fig. 11.2, after substituting the 
respective mass and distance values into the above
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Fig. 11 .6  Cartoon illustrating why times of high and low tide occur SO minutes later each successive day.

under the bulges and low tide corresponds to the 
troughs located midway between the bulges. The 
tidal period would be 12 hours (interval between 
successive tidal bulges). The rhythm of tidal changes 
referred to as the tidal cycle can be better conceptu
alized if we choose a position on the equator directly 
facing the Moon and record how the water level 
fluctuates at this site through time as the Earth spins 
on its axis. At 12:00 midnight the ocean is at high 
tide because the Earth is directly under the max
imum extent of the tidal bulge. After high tide the 
water level gradually drops, reaching low tide six 
hours later at 6:00 a.m. During the next six hours 
the tide rises, attaining a second high tide at 12:00 
noon. The cycle repeats itself over the next 12 hours.

11.3.2 Orbiting moon
In the real world the Moon is not stationary but it 
completes an orbit around the center of the Earth- 
Moon system in a period of 27.3 days. The Moon 
moves in the same direction as the Earth spins on 
its axis and therefore after the Earth completes a full
24 hour rotation the Moon has traveled 13.2° of its 
orbit. For the Earth to “catch up” to the Moon, it 
must continue to rotate for an additional 50 minutes. 
Thus the Moon makes successive transits above a 
given location on the Earth in a period of 24 hours

and 50 minutes, which is called the lunar day (Fig. 
11.6). Because the Moon is moving, high and low 
tides do not take place every 12 hours as discussed 
in the simple model above, but every 12 hours and 
25 minutes. The time interval between high and 
low tide is about 6 hours and 13 minutes. When 
there are two cycles in a day (actually 24 hours and 
50 minutes) they are called semi-diurnal tides.

11.3.3 The Moon’s declination
So far in our discussion of the tides, we have sim
plified matters by envisioning a Moon that is always 
direcdy overhead of the equator. However, the 
Moon’s orbit is actually inclined to the plane con
taining the equator. Over a period of a month the 
Moon migrates from a maximum position 28.5° 
north of the equator to a position 28.5° south of the 
equator and back again. When the Moon is direcdy 
overhead of the tropics the tides are called t ro p ic  
t id e s  and when it is over the equator they are called 
e q u a to ria l tid es . Because the Moon is the dominant 
controller of the tides it follows that when the Moon 
is positioned far north or south of the equator the 
tidal bulges will also be centered in the tropics. This 
arrangement of the tidal bulges leads to a semi
diurnal tidal inequality, meaning that successive 
tides have very different tidal ranges (tidal range is
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Fig. 11 .7  In its orbit around the Earth, the Moon moves 
above and below the equator. When the Moon is not aligned 
with the equator, successive tidal bulges and the corresponding 
tidal ranges are unequal. This phenomenon is called a 
semi-diurnal inequality.

»
the vertical difference in elevation between low and 
high tide). For example, if you are along the east 
coast of Florida at tropic tide conditions, during one 
tidal cycle the tide will come up very high and then 
go out very far, generating a relatively large tidal 
range. During the next tidal cycle, a low high tide is 
followed by a high low tide, producing a small tidal 
range. As seen in Fig. 11.7, the diurnal inequality 
is explained by the fact that when the tidal bulges 
are asymmetrically distributed about the equator, 
the Earth will rotate under very different sized tidal 
bulges. This translates to unequal successive high 
and low tides. It should be noted that during equa
torial tide conditions there is litde to no inequality 
of the semi-diurnal tides, whereas they reach a max
imum during tropic tides.

11.4 Interaction of the Sun and the Moon

It was shown above that the Sun’s tide-generating 
force is a little less than half that of the Moon (46%). 
It is important to note that, just like the Moon, the 
Sun produces bulges and depressions in the Earth’s 
hydrosphere. These are called solar tides and they

have a period of 12 hours, unlike the 12 hours and
25 minutes period of the lunar tides. The period is 
12 hours because the Earth passes through two solar 
bulges every day (24 hours). One way of explaining 
the interaction of the Moon and Sun is to show 
how the Sun enhances or retards the Moon’s tide- 
generating force. In order to do this we must first 
understand how the phases of the Moon correlate 
with the position of the Earth, the Moon, and the 
Sun.

New Moons and full Moons result when the 
Earth, the Moon, and the Sun are aligned, a con
dition referred to as sy zyg y  (a great Scrabble word 
worth many points). A new Moon occurs when the 
Moon is positioned between the Earth and the Sun, 
whereas a full Moon results when the Moon and 
the Sun are on the opposite sides of the Earth. 
When the Moon forms a right angle with the Earth 
and the Sun (q u a d ra tic  position), only half of the 
Moon’s hemisphere is illuminated. This phase occurs 
during the Moon’s first and third quarters. The 
Moon cycles through these different phases over a 
period of 29.5 days.

During new and full Moons when the Earth, 
the Moon, and the Sun are all aligned, the tide- 
generating forces of the Moon and the Sun act 
in the same direction and the forces are additive 
(Fig. 11.8). Conceptually, one can envision the Sun’s 
bulge sitting on top of the Moon’s bulge. Between 
the bulges the Sun’s trough further depresses the 
Moon’s trough. The double bulges and double 
troughs lead to very high high tides and very low 
low tides. This condition is called a spring tide and 
is characterized by maximum tidal range (Fig. 11.9).

During quadratic conditions the Sun’s effects are 
subtractive from the Moon’s tide-generating force. 
Because the Moon is positioned at 90° to the Earth 
and the Sun, its bulge coincides with the Sun’s trough 
and its trough is positioned at the Sun’s bulge. The 
superposition of bulges and troughs causes destruct
ive interference and produces low high tides and 
high low tides. This condition is called a neap tide 
and is characterized by minimum tidal ranges 
(Fig. 11.9). When the Earth, Moon, and Sun are 
arranged in positions between syzygy and quadratic 
we experience mean tides with average tidal ranges.
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Fig. 1 1 .8  The alignment of the Earth, 
Moon, and Sun determines the size of 
the tidal bulges and the magnitude o f the 
tidal range, (a) During periods of full and 
new moons the tidal bulges are additive, 
producing relatively large tidal ranges.
(b) When the Moon, Earth, and Sun 
are at right angles during half moon 
conditions the tidal forces are subtractive 
and tidal ranges are relatively small.

Fig.11 .9  Tidal ranges and the elevation 
of high and low tides are a function of the 
position of the Earth, Moon, and Sun.

Spring and neap tides occur approximately every
14 days, whereas mean tides occur every seven days.

11.5 Effects of orbital geometry

Remembering that the tide-producing force is par
ticularly sensitive to distance, it is understandable 
that the geometry of both the Earth’s and the 
Moon’s orbits affects the tides. The Earth revolves 
around the Sun in an elliptical orbit and the Sun 
is situated at one of the foci of the ellipse. In early 
January the Earth is nearest to the Sun, at a position 
called perihelion (Fig. 11.10). Six months later (July) 
the Earth is at aphelion, furthest from the Sun. The

difference in distances is approximately 4%. The 
Moon’s orbit around the center of the Earth-Moon 
system is also elliptical. When the Moon is close to 
the Earth the position is referred to as perigee and 
when it is most distant it is called apogee. There is a 
13% difference between perigee and apogee.

If we consider all the various factors that influence 
the magnitude of the tides, we begin to understand 
why tidal ranges and high and low tidal elevations 
change on a daily basis. Tide levels are especially 
important during storms. In early February 1978 a 
major northeast storm, named the Blizzard of 1978, 
wreaked havoc in New England, dropping over 
two feet of snow and completely immobilizing the 
residents for several days. The Blizzard of 1978 was



Fig. 1 1 .10  The elliptical orbit o f Earth 
affects its distance from the Sun and 
therefore the magnitude o f the tide- 
producing force during the year.

a particularly menacing storm causing widespread 
beach erosion, the destruction of hundreds of coastal 
dwellings, and hundreds of millions of dollars worth 
of damage to roadways and other infrastructure. 
One of the reasons why this storm was so severe was 
the astronomic conditions that existed at the time 
of the storm. The Earth, Moon, and Sun were in 
syzygy so the storm hit during spring tide condi
tions. At the same time the Moon was at perigee 
and the Earth and Sun were dose to a perihelion 
position. Syzygy, perigee, and perihelion combined 
to raise high tide levels 0.55 m above normal. The 
extreme astronomic tides coupled with the 1.4 m 
storm surge caused extensive flooding. Storm waves 
elevated by high water levels broke directly against 
foredune ridges, across barriers, and over seawalls. 
Had the storm hit during quadratic, apogean, and 
aphelion conditions, high tide waters would have 
been 1.1 m below the February Blizzard levels and 
damage would have been an order of magnitude less 
(Fig. 11.11).

11.6 Effects of partitioning oceans

We have been treating tides as if the Earth were 
completely enveloped by a uniformly deep ocean. 
However, we know that continents and island archi
pelagoes have partitioned the hydrosphere into 
several interconnected large and small ocean basins 
whose margins are generally irregular and quite

shallow. Because oceans do not cover the surface of 
the Earth, the tidal bulges do not behave as simplis- 
tically as has been presented thus far. In addition 
to the complexities imparted by the presence of 
landmasses, the equilibrium tide concept is further 
complicated by the fact that the Earth spins faster in 
lower latitudes and slower in higher latitudes than 
the tidal wave. Thus, the oceans do not have time to 
establish a true equilibrium tide. Finally, the ocean 
tides are affected by the Coriolis effect, which is 
generated by the Earth’s rotation. This causes mov
ing objects, including water masses, to be deflected 
to the right in the northern hemisphere and to left 
in the southern hemisphere. For example, the Gulf

Fig. 11 .11  Cartoon ofseawaU along Winthrop Beach, 
Massachusetts that was overtopped by storm waves during the 
blizzard of 1978. Note that i f  the storm had occurred during low 
astronomic tidal range conditions, fewer waves would have 
broken over the seawall and the overall damage to the New 
England shoreline would have been far less severe.
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west over the hypothetical basin, the tidal bulge 
sloshes against the western side of the basin in an 
attempt to keep abreast of the passing Moon. As the 
Earth continues to rotate, the bulge of water begins 
to flow eastward back toward the low center of the 
basin. However, the Coriolis effect deflects this water 
mass to the southern margin of the basin, and water 
piles up there. This in turn creates a water surface 
that slopes northward and the process is repeated. 
The end result is a tidal wave that rotates in a 
counterclockwise direction around the basin with 
a period of 12 hours and 25 minutes. High tide is 
coincident with the tidal bulge and low tide occurs 
when the bulge is along the opposite side of the 
basin.

When a line is drawn along the crest of the tidal 
wave every hour for a complete rotation, the result
ing diagram looks like a wheel with spokes. It depicts 
how the tidal wave rotates within the hypothetical 
basin and its center is the amphidromic point. The 
spokes are called co-tidal lines and they define 
points within the basin where high tide (and low

Fig. 11.12 Amphidromic systems throughout the world’s oceans. The tidal wave rotates in a counterclockwise direction around 
amphidromic points in the northern hemisphere and in a clockwise direction in the southern hemisphere. The lines radiating from 
the amphidromic points are co-tidal lines. They indicate hypothetical times in which the crest o f the tidal wave passes through the 
ocean basins.

Stream that flows northward along the margin of 
North America is deflected northeastward toward 
Europe due to the Coriolis effect.

In the dynamic model of ocean tides we no 
longer envision static ocean bulges that remain fixed 
toward the Moon and under which the Earth spins; 
instead, the tidal bulges rotate around numerous 
centers throughout the world’s oceans (Fig. 11.12). 
An individual cell is called an amphidromic system 
and the center of the cell around which the tidal 
wave rotates is known as the amphidromic point or 
nodal point. The rotation of the tidal wave is due to 
the Coriolis effect and is counterclockwise in the 
northern hemisphere and clockwise in the southern 
hemisphere.

To understand the behavior of an amphidromic 
system let us first begin with a hypothetical square
shaped ocean basin that responds to the Moon’s tide- 
generating forces (Fig. 11.13). The tidal wave that 
develops under these conditions exhibits elements 
of both a standing wave and a progressive wave. As 
the Earth spins and the Moon travels from east to
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Fig. 11 .13  Hypothetical tidal wave 
rotating around an amphidromic point 
in a square-shaped basin. Note that water 
elevation changes (tidal range) increase 
outward from the amphidromic point. 
The Coriolis effect causes rotation of 
the tidal wave.

tide) occurs at the same time (Fig. 11.12). If points 
of equal tidal range are contoured within the basin a 
series of semi-concentric circles are formed around 
the amphidromic point. These contours with equal 
tidal range are referred to as co-range lines. Ideally, 
tidal range is zero at the amphidromic point and 
gradually reaches a maximum toward the edge of 
the basin. Due to the land barriers and other factors 
the world’s oceans are divided into approximately
15 amphidromic systems. This does not include 
smaller seas that have their own amphidromic cells,

such as the Gulf of Mexico (one system), Gulf of 
Saint Lawrence (one system), and North Sea (three 
systems).

11.7 Tidal signatures

In the ideal case, we expect two tidal cycles daily 
(actually 24 hours and 50 minutes). However, the 
highly variable basinal geometries of the world’s 
ocean and modifications of the tidal wave as it
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Fig. 11.14 Coastlines throughout the world experience a variety o f tidal signatures, (a) The major types include: (I) diurnal tides, one 
tide daily; (II) semi-diurnal tides, two tides daily, (III) semi-diurnal tides with strong inequality, (IV) mixed tides, combination of diurnal 
and semi-diurnal tides. (From R. A. Davis, 1977, Principles o f  Oceanography, 2nd edn. Reading, MA: Addison-Wesley, p. 155, Fig, 8.9.)

shoals across the continental shelf, as well as other 
factors, have combined to produce a variety of tidal 
signatures throughout the world’s coastlines. There 
are three major types of tides (Fig. 11.14):
1 D iu r n a l  t id e s . Coasts with diurnal tides experi
ence one tidal cycle daily, with a single high and

low tide. They have a period of 24 hours and 50 
minutes. This type of tide is rare and commonly 
associated with restricted ocean basins, including 
certain areas within the Gulf of Mexico, the Gulf of 
Tonkin along Southeast Asia, and the Bering Sea. 
In these areas distortions of the tidal wave produce
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(b)

Fig. 1 1 .14  (cant’d) (b) Geographic distribution o f tidal types.

a natural tidal oscillation coinciding with 24 hours 
and 50 minutes. The open southwest coast of Aust
ralia is an exception to this general trend.
2 Semi-diurnal tides. This is the most common 
type of tide along the world’s coast. Semi-diurnal 
tides are characterized by two tidal cycles daily with 
a period of 12 hours and 25 minutes. Seldom, how
ever, are the two tides of the same magnitude except 
when the Moon is over the equator or at locations 
near the equator. As discussed above, when the Moon 
is over the tropics successive tidal bulges (the tidal 
wave) have unequal magnitudes, producing differ
ent tidal ranges with high and low tides reaching 
different elevations. This condition of unequal tides 
is called a semi-diurnal inequality.
3 Mixed tides. This type of tide occurs extensively 
throughout the world. As the name implies mixed 
tides have elements of both diurnal and semi-diurnal 
tides. The signature varies during a lunar cycle from 
a dominant semi-diurnal tide with a small inequality 
to one that exhibits a very pronounced inequality.

At some sites, including San Francisco, Seattle, and 
Port Adelaide in Australia, during part of the lunar 
month one of the two daily tides manifests itself as 
a very small vertical excursion measuring no more 
than 0.1-0.3 m. These tides have a distinct diurna] 
signature. Along other coasts, such as Los Angeles. 
Honolulu, and Manila in the Philippines, the 
second daily tide essentially disappears and the 
tide becomes totally diurnal.

Thus, the complexities that produce and modify 
the Earth’s tides are revealed by the variability in 
their tidal signature throughout the world and ever 
temporally as viewed during a lunar cycle.

11.8 Tides in shallow water

11.8.1 Continental shelf effects
In the middle of the ocean the tidal wave travels 
with a speed of 700 km h_1. In these regions the
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tidal range is only about 0.5 m. The tidal wave that 
reaches the coast travels from the deep open ocean 
across the continental margin to the shallow inner 
continental shelf. Similar to wind-generated waves, 
shoaling of the tidal wave along this pathway causes 
it to slow down. The tidal wave that traverses the 
entire continental margin is reduced in speed to 
about 10-20 km h-1. Like wind waves, the tidal 
waves also steepen, which is reflected in an increase 
in tidal range. For example, the tidal wave in the 
north Atlantic is estimated to be 0.8 m in height 
(tidal range) at the edge of the continental shelf. 
The wave steepens as it propagates through the Gulf 
of Maine, producing a tidal range of 2.7 m along the 
coast of Maine. On a worldwide basis, using an 
average shelf width of 75 km, it is estimated that 
the tidal wave will heighten from 0.5 m in the 
deep ocean to about 2.4 m along the coast after it 
traverses the continental shelf. Variations from this 
value are due to differences in shelf width and slope, 
and variability in the configuration of the coast. It 
is of interest to note that along the east coast of 
the United States, the continental shelf is relatively 
wide off the Georgia coast, where tidal ranges reach 
2.6 m. North and south of this region the shelf 
narrows and tidal ranges correspondingly reduce to
I.1 m at Cape Hatteras and less than a meter along 
central Florida (Fig. 11.15).

I I .8 .2  Coriolis effect
Just as the Coriolis effect produces a counterclock
wise rotation of the tidal wave in large amphidromic 
systems in the northern hemisphere, it also influences 
the propagation of the tidal wave into gulfs and seas 
from the open ocean. This phenomenon is demon
strated well in the North Sea, where the Coriolis 
effect dramatically modifies tidal ranges. The North 
Sea is a shallow (<200 m), rectangular-shaped basin 
approximately 850 km long from the Shedand 
Islands southeastward to the German Friesian 
Islands and 600 km wide from Great Britain east
ward to Jutland in Denmark. Tides in the North 
Sea are forced by the North Atlantic amphidromic 
system (Fig. 11.12). The tidal wave approaches 
through the northern open boundary of the North

Fig. 11.15 Tidal range along the East coast of the United 
States is controlled in part by the width of the continental 
shelf. As the tidal wave travels from the deep ocean across 
the shallow continental shelf, its speed slows and its crest 
steepens. The amount of wave steepening, which increases 
the tidal range, is proportional to the length and gradient of 
the shelf. Thus, the wide, gentle shelf off the Georgia coast 
produces a tidal range greater than 2 m, whereas the steep 
narrow shelves bordering south Florida and Cape Hatteras 
in North Carolina generate tidal ranges less than 1 m. (From 
D. Nummedal, G. Oertel, D. K. Hubbard 8c A. Hine, 1977, 
Tidal inlet variability -  Cape Hatteras to Cape Canaveral. In 
Proceedings o f  Coastal Sediments '77. Charleston, SC: ASCE, 
pp. 543-62.)

Sea and propagates southward. Ultimately, the wave 
partially reflects off the southern margin of the 
basin and interacts with the next incoming wave. 
The resulting oscillations combined with the Coriolis 
effect produce three amphidromic systems, two of 
which are displaced toward the coasts of Norway
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Fig. 11 .16  The distribution o f tidal 
ranges in the North Sea illustrates how 
the Coriolis effect affects tidal wave 
propagation into a shallow sea. (From 
D. A. Huntley, 1980, Tides on the 
north-west European continental shelf. 
In F. T. Banner, M. B. Collins 6c 
K. S. Massie (eds), The North- West 
European Shelf Seas: The Sea Bed and the 
Sea in Motion. II  Physical and Chemical 
Oceanography and Physical Resources. 
Amsterdam: Elsevier.)

and Denmark. As illustrated by the co-range lines 
in Fig. 11.16, tidal ranges are much higher along the 
east coasts of England and Scotland (~4 m) than on 
the Norwegian and Danish coasts (<1 m ). This dis
parity is caused by the tidal wave being deflected to 
the right as it moves into the North Sea. Water is 
piled up on the western side of the basin and dimin
ishes the tidal ranges along the eastern side.

A similar situation occurs in the English Channel. 
Here the tidal wave approaches from the southwest 
and propagates eastward through the channel. The 
Coriolis effect deflects water away from the English 
side of the channel and toward the coast of France.

Tidal ranges along the coasts of Brittany and 
Normandy are greater than 4-5 m, whereas along 
the southwest English coast they are less than 3 m.

11.8.3 Funnel-shaped embayments
The configuration of the coast can also have a pro
nounced influence on tidal ranges. Rotary tidal waves 
do not exist in funnel-shaped embayments due to 
their narrowness. Instead, the tidal wave propagates 
into and out of funnel-shaped bays. The wave is 
constricted by the seabed, which shallows in a land
ward direction, and by the increasingly narrow con
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Fifl. 1 1 .17  The Gulf of St Lawrence 
narrows from a width of 150 km at the 
entrance to the St Lawrence River to less 
than 15 km wide just downstream of 
Quebec City. Gradual constriction of 
the tidal wave in this funnel-shaped 
embayment increases spring tidal ranges 
from 1.0 m at the entrance to over 5.0 m 
at Grosse Isle near Quebec City.

fines of the embayment. Although frictional elements 
serve to decrease the energy of the propagating 
wave, the overall steepening of the tidal wave causes 
an amplification of the tidal range (Fig. 11.17). For 
example, the 2.0 m tidal range at the entrance to the 
Saint Lawrence estuary increases to over 5 m during 
spring tidal conditions at Quebec City, some 600 km 
upstream. Funnel-shaped embayments are found all 
over the world, including the Bay of Fundy in Canada 
(see Box 11.1), the Gironde and Seine estuaries in 
France, the Wash and the Severn Estuary in the 
United Kingdom, Cambridge Gulf in Australia, 
Cook Inlet and Bristol Bay in Alaska, the Gulf of 
Cambay in India, the head of the Gulf of California, 
and the Rio de Plata in South America.

11.8.4 Tidal bore
In some estuaries large tidal ranges lead to the 
formation of tidal bores (Fig. 11.18). A tidal bore is 
a steep-crested wave or breaking wave that moves 
upstream with the rising tide. Their occurrence 
coincides with large funnel-shaped estuaries that 
have tidal ranges exceeding 5 m and a channel 
that progressively shallows upstream. The height of 
most bores is less than 0.4 m but there are some 
spectacular bores that adventurers surf on as the 
wave advances upriver. A tidal bore is formed when 
the propagating tidal wave oversteepens and breaks

due to a constriction of the channel and retarding 
effects of the river’s discharge. Tidal bores are best 
developed during spring tide conditions when tidal 
ranges are near maximum. Bores are found in the 
Severn and Trent estuaries in the United Kingdom, 
the Seine in France, the Truro and Petitcodiac 
rivers that discharge into the Bay of Fundy, the 
Ganges in Bangladesh, and several rivers along the 
coast of China. Some of the largest tidal bores in 
the world occur in China-tang River in northern 
China and in the Pororoca River, a branch of the 
Amazon. Their heights have been reported to 
approach 5 m and they travel at speeds close to 
20 km h_1. Fisherman and shippers will often travel 
upstream by riding the ensuing strong currents that 
follow the passage of a tidal bore.

11.8.5 Tidal currents
Tidal currents are most readily observed in coastal 
regions where the tidal wave becomes constricted. 
As the tidal wave approaches the entrance to har
bors, tidal inlets, and rocky straits, the tide rises at a 
faster rate in the ocean than it does inside the harbor 
or bay. This produces a slope of the water surface 
and, just like a river system, the water flows down
hill, producing a tidal current (Fig. 11.19). The 
water moving through a tidal inlet and flooding a 
bay is called a f lo o d - t id a l  c u rre n t . The water emp-
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Fig. 11 .18  Tidal bores occur in funnel-shaped estuaries with tidal ranges greater than 5 m. (a) They are produced when shoaling and 
constriction of the landward moving tidal wave oversteepens and may begin to break, (b) View of tidal bore in the Salmon River in the 
Minas Basin along the Bay of Fundy, Nova Scotia, (c) Close-up view of tidal bore, which is approximately 30 cm in height.

tying out of a bay and moving seaward is referred to 
as an e b b - t id a l c u rre n t . In a slight oversimplifica
tion, when the tidal waters in the ocean and bay are 
at the same elevation, there is s la c k  w a te r  at the 
tidal inlet. This condition usually occurs at high tide 
and low tide. Likewise, the strongest current veloci
ties are produced when the water surface through 
the inlet achieves the steepest slope, which commonly 
is near midtide but may also occur closer to high or 
low tide. During spring tide conditions when the 
maximum volume of water is exchanged between 
the ocean and bay, tidal currents can reach velocities 
of 3 m s_1.

Along non-sandy shorelines, tidal currents can 
achieve strong current velocities, particularly in 
regions with large tidal ranges, large bay areas, and 
narrow constrictions. One such location is along 
the Norwegian coast north of Bodo where Vestfjord 
connects to the Norwegian Sea. The fierce tidal 
currents that flow through the straits reach speeds 
greater than 4.0 m s-1. This creates strong whirl
pools that make travel through the strait extremely 
dangerous during peak current flow. The Norwegians

Fig. 11 .19  Tidal currents occur at the entrance to bays, 
harbors, and tidal inlets and are due to a constriction of 
the tidal wave.
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call these whirlpools the m a e ls tro m  and fishermen 
time their passage to avoid these perilous eddies.

The strong tidal currents that are generated in 
funnel-shaped estuaries and elsewhere along the 
world’s coastlines can be harnessed to provide a 
source of energy. For example, in the Gulf of Saint 
Malo along the Brittany coast of France the tidal 
range in the Ranee Estuary can exceed 12 m. This 
exceptional large tidal fluctuation produces very 
strong tidal currents. A 750 m wide barricade has 
been constructed across the river and houses 24 
hydroelectric power stations. The reversing tidal 
currents of the Ranee have been providing electric
ity since 1966.

11.9 Summary

The Moon’s and the Sun’s force of attraction 
exerted on the Earth’s hydrosphere causes ocean 
tides. The Moon’s tide-generating force is about 
twice that of the Sun because it is much closer to 
the Earth. The Moon and Earth revolve around a 
common center of mass inside the Earth, which 
produces a centrifugal force that balances the forces 
of attraction. In the equilibrium tide model, two 
tidal bulges are developed because masses on the 
Earth’s surface are acted on unequally by gravita
tional and centrifugal forces. One bulge faces the 
Moon and the other is directed away from the 
Moon. The tidal period is 12 hours and 25 minutes 
rather than 12 hours (half of the Earth’s rotation) 
because it takes the Earth an additional 50 minutes 
each day to catch up with the Moon in its orbit. 
As the Moon revolves around its common center 
of mass with the Earth its orbit makes excursions 
north and south of the equator. When the Moon is 
over the tropics, the Earth passes through unequal 
successive tidal bulges, producing different eleva
tions in successive high and low tides and unequal 
tidal ranges. This tidal condition is called a semi
diurnal inequality.

The effects of the Sun can enhance or retard the 
Moon’s tide-generating force. When the Moon, 
Earth, and Sun are aligned (a position called syzygy), 
the Sun’s effects are additive and we experience

spring tides and large tidal ranges. When the Moon, 
Earth, and Sun are at right angles (quadratic position), 
the Sun’s effects diminish the Moon’s tide-generating 
forces and we have neap tides and relatively small 
tidal ranges. Mean tides and average tidal ranges 
occur between syzygy and quadratic positions. Due 
to the elliptical orbits of the Moon and Earth, the 
height and range of the tides increases when the 
Moon is proximate to the Earth (perigean tides) 
and the Earth is close to the Sun (perihelion tides).

The continents and island archipelagos partition 
the Earth’s hydrosphere into several interconnected 
large and small ocean basins. Based on their dimen
sions, Coriolis and tide-generating forces cause the 
tidal wave to rotate around one or more amphidromic 
points within these basins, counterclockwise in the 
northern hemisphere and clockwise in the southern 
hemisphere. Tidal range increases with distance 
from the amphidromic point but ranges in the open 
ocean are generally quite low (<0.6 m). When the 
tidal wave propagates across the continental margin 
the wave slows down and the crest steepens, result
ing in an increase in the tidal range (1.0-2.0 m at 
the coast). The tidal signature along the coast reflects 
the geometry of the basin and shoaling behavior 
of the tidal wave. Most open ocean coasts experi
ence semi-diurnal tides (two tides daily) or mixed 
tides, which is a tidal signature that exhibits periods 
of semi-diurnal tides, and distinctly diurnal (one 
tide daily) tides during other portions of the lunar 
month. Diurnal tides are most common in restricted 
basins where the tidal wave resonates with a period 
close to 24 hours and 50 minutes.

The tidal wave can undergo dramatic distortions 
as it moves into restricted ocean basins and through 
straits due to Coriolis effects and shoaling effects. 
Deformation of the tidal wave can result in dramatic 
differences in tidal range over distances less than 
50 km. This is particularly apparent in funnel-shaped 
embayments, where steepening of the advancing 
tidal wave can increase the tidal range by 2-4 m at 
the head of the bay. Even greater tidal ranges can 
result if a standing wave is produced in the bay that 
is constructively interfered by the incoming tidal 
wave. This phenomenon is best developed in the 
Bay of Fundy, where tidal ranges (up to 16 m in the
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Minas Basin) are the largest in the world. In some 
estuaries with very large tidal ranges, the advancing 
tidal wave steepens, forming a steep-crested wave 
or breaking wave called a tidal bore, which moves

upstream with the rising tide. Tidal currents are 
produced in coastal settings when the tidal wave 
becomes constricted, such as at the entrance to a bay 
or tidal inlet.
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12.1 Introduction

Tidal inlets are found along barrier coastlines 
throughout the world. They provide a passageway 
for ships and small boats to travel from the open 
ocean to sheltered waters (Fig. 12.1). Along many 
coasts of the world, including much of the east 
and Gulf coasts of the United States, the only safe 
harborages, including some major ports, are found 
behind barrier islands. The importance of inlets 
in providing navigation routes to these harbors is 
demonstrated by the large number of improvements 
that are performed at the entrance to inlets, such 
as stabilization by the construction of jetties and 
breakwaters, dredging of channels, and the opera
tion of sand bypassing facilities.

Tidal inlets are also conduits through which 
nutrients are exchanged between backbarrier lagoons 
and estuaries and the open coastal waters. Numerous 
species of finfish an<̂  shellfish rely upon tidal inlets 
for access to backbarrier regions for feeding, breed
ing, and nursery grounds for their young. The fact 
that many fish travel through inlets in search of food 
makes tidal inlets prize locations for saltwater sport- 
fishing. In many lagoons, tidal inlets maintain the 
salinities, temperatures, and nutrient levels that 
are necessary for the reproduction and growth of 
valuable shellfish. For example, along the coast of 
Massachusetts, there are several sites in which the 
saltwater passageways (tidal inlets) to the bay or

Fig. 12.2 The apartment building at the northeastern end of 
WrightsviUe Beach, North Carolina, is endangered by the 
southerly migration of Masons Inlet.

lagoon periodically close. When this occurs, the 
freshwater influx gradually reduces the salinity in 
the lagoon, making the environment inhospitable 
to many saltwater shellfish. The spits fronting these 
lagoons are then artificially opened to maintain the 
proper habitat for various types of clams that are 
harvested by local fishermen.

An understanding of tidal inlet processes is im
portant not only for the maintenance of navigable 
waterways, but also for the management of adjacent 
barrier shorelines. Tidal inlets interrupt the long
shore transport of sediment, affecting both the supply 
of sand to the downdrift beaches and erosional- 
depositional processes along the inlet shoreline. As 
will be shown, the greatest magnitude of shoreline 
changes along barriers occurs in the vicinity of inlets, 
and these are a direct consequence of tidal inlet pro
cesses. The changes may be due to inlet migration, 
concentrated wave energy, large bars migrating 
onshore, sand losses to the backbarrier, and other pro
cesses that are treated in this chapter. This informa
tion may become particularly important when one is 
considering the purchase of real estate on barrier 
islands in the vicinity of inlets (Fig. 12.2).

Fig. 12.1 Tidal inlets serve as passageways to harbors and 
conduits through which nutrients are exported to coastal waters.

12.2 What is a tidal inlet?

A tidal inlet is defined as an opening in the shoreline 
through which water penetrates the land, thereby
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Mainland

Fig. 12.3 Tidal inlets are die openings along barrier shorelines. 
They allow the exchange of tidal waters between the ocean and 
backbarrier, which consists o f bays, lagoons, and marsh and tidal 
creeks. They are fronted by ebb-tidal deltas and backed by 
flood-tidal deltas.

providing a connection between the ocean and bays, 
lagoons, and marsh and tidal creek systems. The 
main channel of a tidal inlet is maintained by tidal 
currents (Fig. 12.3).

The second half of this definition distinguishes 
tidal inlets from large, open embayments or passage
ways along rocky coasts. Tidal currents at inlets are 
responsible for the continual removal of sediment 
dumped into the main channel by wave action. 
Thus, according to this definition tidal inlets occur

Fig. 12.4 Entrance to York Harbor, Maine. This is a bedrock 
passageway. It is not a tidal inlet because there is little sediment 
deposited in the channel by wave action and tidal currents are 
not needed to keep the channel open.

along sandy or sand and gravel barrier coastlines, 
although one side may abut a bedrock headland. For 
example, along the coast of Maine the entrance to 
York Harbor is bordered on both sides by bedrock 
and there is very little mobile sediment found in the 
channel or seaward of the harbor. In this case, the 
tidal currents generated by the 2.7 m tidal range 
remove little or no sediment from the entrance 
channel. Because tidal currents are not required to 
sustain the dimensions of the channel, the entrance 
to York Harbor is not a tidal inlet (Fig. 12.4).

Some tidal inlets coincide with the mouths of 
rivers (estuaries), but in these cases inlet dimensions 
and sediment transport trends are still governed, to 
a large extent, by the volume of water exchanged at 
the inlet mouth and the reversing tidal currents, 
respectively.

Tidal currents are produced at inlets due to the 
rise and fall of the tides (Fig. 12.5). During the ris
ing tide, the water level of the ocean rises at a faster 
rate than that inside the inlet. The water surface 
slope created by this condition causes the sea to flow 
into the inlet. This landward flowing water is called 
a flood-tidal current. During the falling tide, the 
water level of the ocean drops ahead of that of the 
bay inside the inlet. The seaward sloping water 
surface produces ebb-tidal currents.

At most inlets over the long term, the volume of 
water entering the inlet during the flooding tide
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Fig. 12.5 Tidal currents\t inlets commonly reach velocities 
of 1 -2  m. They are produced by a constriction of the tidal 
wave whereby the changing water level in the ocean precedes 
the tide level inside the inlet.

equals the volume of water leaving the inlet during 
the ebbing cycle. This volume is referred to as the 
t id a l p rism . The tidal prism is a function of the 
open water area in the backbarrier and the tidal 
range. For example, a rough estimate of the tidal 
prism going into and out of Mobile Bay, Alabama, 
is determined by multiplying the area of Mobile 
Bay by the tidal range inside the bay. For back- 
barriers containing large intertidal areas, such as 
marsh and tidal creeks or tidal flats, calculation 
of the tidal prism is more difficult and it must be 
determined from tidal current and channel cross 
section measurements.

12.3 Inlet morphology

A tidal inlet is specifically the area between the 
two barriers or between the barrier and the adjacent 
bedrock or glacial headland. Commonly, the sides

Fig. 12.6 Longitudinal and cross sections o f a tidal inlet.
Note that the inlet throat is the narrowest and deepest 
region of the tidal inlet.

of the inlet are formed by the recurved ridges of spits, 
consisting of sand that was transported toward the 
backbarrier by refracted waves and flood-tidal cur
rents. The deepest part of an inlet, which is termed 
the inlet throat, is normally located where spit 
accretion of one or both of the bordering barriers 
constricts the inlet channel to a minimum width 
(Fig. 12.6). This constriction is similar to placing 
your thumb over the nozzle of a hose to increase 
the velocity of the water flowing from the hose. 
Likewise, the minimum cross section of the inlet 
throat is the site where tidal currents reach their 
maximum velocity. Commonly, the strength of the 
currents at the throat causes sand to be removed 
from the channel floor, leaving behind a lag deposit 
consisting of gravel or shells or in some locations 
exposed bedrock.

12.3.1 Tidal deltas
Closely associated with tidal inlets are sand shoals 
and tidal channels located on the landward and 
seaward sides of the inlets. These sand deposits 
develop in response to tidal inlet and backbarrier 
processes. Waves breaking along adjacent beaches 
deliver sand to the inlet, dumping some of it into 
the main channel. Depending upon the tidal cycle,
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this sand is transported seaward by the ebb currents 
or landward by the flood currents. As the tidal waters 
flow beyond the constriction of the barriers, the cur
rents expand laterally, losing their velocity and their 
ability to transport sand. The sand that is deposited 
landward of the inlet forms a flood-tidal delta and 
the sand deposited on the seaward side forms an 
ebb-tidal delta.

Flood-tidal deltas
The presence or absence, size, and development of 
flood-tidal deltas are related to a region’s tidal range, 
wave energy, sediment supply, and backbarrier set
ting. Tidal inlets that are connected to one broad 
backbarrier channel and tidal marsh system (mixed 
energy coast) usually contain a single relatively large 
flood-tidal delta lobe (Fig. 12.7a). Contrastingly, 
inlets such as Drum Inlet along the Outer Banks of 
North Carolina (wave-dominated coast), which are 
backed by large shallow bays, may contain flood-tidal 
deltas with numerous lobes (Fig. 12.7b). Along some 
microtidal coast, such as Rhode Island, flood deltas 
form at the end of narrow inlet channels cut through 
the barrier. Temporal and spatial changes in the 
locus of deposition at these deltas produce a multi- 
lobate morphology resembling a lobate river delta 
(see Chapter 16). The small tidal range of this region 
prevents their reworking by ebb-tidal currents, as 
occurs on mesotidal coasts.

To some extent, delta size is related to the amount 
of open water area in the backbarrier and the size 
of the tidal inlet. Along the mixed energy coast of 
Maine, where tidal inlets are comparatively small 
(width <100 m), flood-tidal deltas are correspond
ingly small and stacked in alternating patterns along 
the main tidal creek. Tidal inlets along the barrier 
coast of central South Carolina have no flood-tidal 
deltas because the backbarrier has almost completely 
filled with fine-grained sediment and marsh deposits, 
resulting in tidal channels that are too narrow and 
deep for delta development. In some cases, deltas 
may have become colonized and altered by marsh 
growth, and are no longer recognizable as former 
flood-tidal deltas. This may be the case for some 
inlets in central South Carolina. At other sites, por
tions of flood-tidal deltas are dredged to provide

Fig. 12.7 The morphology of flood-tidal deltas is a function 
of inlet size, open-water area o f the bay, tidal range, and other 
factors, (a) View o f single flood-tidal delta in New Zealand.
(b) Multiple delta lobes at Chatham Inlet, Massachusetts 
(photograph taken by Albert Hine in the early 1970s).

navigable waterways and thus they become highly 
modified.

Flood-tidal deltas are best revealed in areas with 
moderate to large tidal ranges (1.5-3.0 m), because 
in these regions they are well exposed at low tide. 
As tidal range decreases, flood deltas become 
largely subtidal shoals. Mixed energy flood-tidal 
deltas have similar morphologies consisting of the 
following components (Fig. 12.8):
1 Flood ramp. This is a landward-shallowing 
channel that slopes upward toward the intertidal 
portion of the delta. The ramp is dominated by strong
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Fig. 12.8 Miles Hayes conceived mixed energy models 
of tidal deltas in the early 1970s working along the coast of 
New England, (a) Vertical aerial photograph of Essex River 
Inlet, (b) Model of flood-tidal delta (after M. O. Hayes, 1975, 
Morphology of sand accumulations in estuaries. In L. E. Cronin 
(ed.), Estuarine Research, 2. NewYork: Academic Press, 
pp. 3—22). (c) Model of ebb-tidal delta (after Hayes, 1975).

flood-tidal currents and landward sand transport in 
the form of landward-oriented sandwaves.1
2 Flood channels. The flood ramp splits into two 
shallow flood channels. Like the flood ramp, these 
channels are dominated by flood-tidal currents and

flood-oriented sandwaves. Sand is delivered through 
these channels onto the flood delta.
3 Ebb shield. This defines the highest and land- 
wardmost part of the flood delta and may be partly 
covered by marsh vegetation. When the ebb currents

1 Sediment moving along the channel bottom by tidal currents is commonly organized into repetitive, elongated packets of sand called 
bedforms. Like any wave form, each bedform has a crest and trough. A  group of bedforms covering any one area tend to parallel 
one another and their crests are aligned perpendicular to the flow. Sandwaves are a type of bedform usually ranging in height (vertical 
distance from crest to trough) from 0.5 to 3 m, with a spacing (distance from crest to crest) from 10 to more than 100 m. Sandwaves 
commonly floor channels and extend across the width o f the channel.
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reach their strongest velocity in the backbarrier the 
tide has fallen such that the ebb shield is out of 
the water. Thus the ebb shields protects the rest of 
the delta from the effects of the ebb-tidal currents.
4 Ebb spits. These spits extend from the ebb shield 
toward the inlet. They form from sand that is eroded 
from the ebb shield and transported back toward 
the inlet by ebb-tidal currents.
5 Spillover lobes. These are lobes of sand that 
form where the ebb currents have breached through 
the ebb spits or ebb shield, depositing sand in the 
interior of the delta.

Through time, some flood-tidal deltas accrete 
vertically and/or grow in size. This is evidenced by 
an increase in areal extent of marsh grasses, which 
require a certain elevation above mean low water 
to exist. At migrating inlets new flood-tidal deltas 
are formed as the inlet moves along the coast and 
encounters new open water areas in the backbarrier. 
At most stable inlets, however, sand comprising the 
flood delta is simply recirculated. The transport of 
sand on flood deltas is controlled by the elevation 
of the tide and the strength and direction of the 
tidal currents. During the rising tide, flood currents 
reach their strongest velocities near high tide, when 
the entire flood-tidal delta is covered by water. 
Hence, there is a net transport of sand up the flood 
ramp, through the flood channels and onto the ebb 
shield. Some of the sand is moved across the ebb 
shield and into the surrounding tidal channel. During 
the falling tide, the strongest ebb currents occur 
near mid to low water. At this time, the ebb shield is 
out of the water and diverts the currents around the 
delta. The ebb currents erode sand from the land
ward face of the ebb shield and transport it along 
the ebb spits and eventually into the inlet channel, 
where once again it will be moved onto the flood 
ramp, thus completing the sand gyre.

In some locations, such as Shinnecock Inlet on 
Long Island, New York, and Ogunquit River Inlet, 
Maine, flood-tidal deltas have been mined for their 
sand, which is pumped onto eroding beaches. How
ever, this practice may actually create a sediment 
sink in the backbarrier, which, in turn, may con
tribute to the erosion of beaches along the adjacent 
inlet shoreline.

Ebb-tidal deltas
These are accumulations of sand that have been 
deposited by the ebb-tidal currents and that has 
been subsequently modified by waves and tidal cur
rents. Ebb deltas exhibit a variety of forms dependent 
on the relative magnitude of wave and tidal energy 
of the region as well as geological controls. Despite 
this variability, most ebb-tidal deltas contain the 
same general features, including (Fig. 12.8c):
1 Main ebb channel. This is a seaward-shallowing 
channel that is scoured in the ebb-tidal delta sands. 
It is dominated by ebb-tidal currents.
2 Terminallobe. Sediment transported out through 
the main ebb channel is deposited in a lobe of sand 
forming the terminal lobe. The deposit slopes relat
ively steeply on its seaward side. The outline of the 
terminal lobe is well defined by breaking waves dur
ing storms or periods of large wave swell at low tide.
3 Swash platform. This is a broad shallow sand 
platform located on both sides of the main ebb 
channel, defining the general extent of the ebb delta.
4 Channel margin linear bars. These are bars that 
border the main ebb channel and sit atop the swash 
platform. These bars tend to confine the ebb flow 
and are exposed at low tide.
5 Swash bars. Waves breaking over the terminal 
lobe and across the swash platform form arcuate
shaped swash bars that migrate onshore. The bars 
are usually 50-150 m long, 50 m wide, and 1-2 m 
in height.
6 Marginal-flood channels. These are shallow 
channels (0.2-2.0 m deep at mean low water) 
located between the channel margin linear bars and 
the onshore beaches. The channels are dominated 
by flood-tidal currents.

As stated above, the deepest section of an inlet 
occurs at the inlet throat, where depths exceeding 
8 m are common. Moving out through the inlet 
channel depths gradually shallow to the point up to 
one or two kilometers seaward of the inlet throat, 
where water depths may be less than 2 m. Waves 
breaking over the terminal lobe lead to numerous 
boating accidents each year, including the loss of 
lives. Boaters may be caught unaware of the break
ing wave conditions because in the deeper, landward 
portions of the main ebb channel the waters may be
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Fig. 12.9 The morphology of an 
ebb-tidal delta indicates the relative 
influence of wave versus tidal energy as 
well as the dominant direction of 
longshore sediment transport. (From 
G. Oertel, 1975, Ebb-tidal deltas of 
Georgia estuaries. In L. E. Cronin (ed.), 
Estuarine Research, 2. New York; 
Academic Press, pp. 267—76.)

relatively calm. Breaking waves along the periphery 
of the ebb delta are usually due to a combination 
of near low tide conditions that produce the shallow 
water depths, large waves, and ebb-tidal currents. 
The ebb currents cause a shortening of the distance 
between the incoming waves. This stacking pheno
menon produces steep waves, leading to breaking 
waves.

12.3.2 Ebb-tidal delta morphology
The general shape of an ebb-tidal delta and the dis
tribution of its sand bodies tells us about the relative 
magnitude of different sand transport processes 
operating at a tidal inlet (Fig. 12.9). Ebb-tidal deltas 
that are elongate, with a main ebb channel and 
channel margin linear bars that extend far offshore, 
are tide-dominated inlets. Wave-generated sand 
transport plays a secondary role in modifying delta 
shape at these inlets. Because most sand movement 
in the inlet is in the onshore-offshore direction, the 
ebb-tidal delta overlaps a relatively small length of 
inlet shoreline. As will be demonstrated, this has 
important implications for the extent to which the 
inlet shoreline undergoes erosional and depositional 
changes.

Wave-dominated inlets tend to be small relative 
to tide-dominated inlets. Their ebb-tidal deltas are 
pushed onshore, close to the inlet mouth, by the 
dominant wave processes. Commonly, the terminal 
lobe and/or swash bars form a small arc outlying the 
periphery of the delta. In many cases the ebb-tidal 
delta of these inlets is entirely subtidal. In other 
instances, sand bodies clog the entrance to the inlet, 
leading to the formation of several major and minor 
tidal channels.

At mixed energy tidal inlets the shape of the delta 
is the result of tidal and wave processes. These 
deltas have a well formed main ebb channel, which 
is a product of ebb-tidal currents. Their swash plat
form and sand bodies substantially overlap the inlet 
shoreline many times the width of the inlet throat 
due to wave processes and flood-tidal currents.

Ebb-tidal deltas may also be highly asymmetric 
such that the main ebb channel and its associated 
sand bodies are positioned primarily along one of the 
inlet shorelines. This configuration normally occurs 
when the major backbarrier channel approaches the 
inlet at an oblique angle or when a preferential accu
mulation of sand on the updrift side of the ebb delta 
causes a deflection of the main ebb channel along 
the downdrift barrier shoreline. Both conditions
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occur at Parker River Inlet along the North Shore of 
Massachusetts and thus its ebb-tidal delta signific
antly overlaps the downdrift shoreline of Castle 
Neck, whereas very little of the ebb delta overlaps 
the updrift shoreline of Plum Island.

12.4 Tidal inlet formation

The formation of a tidal inlet requires the presence 
of an embayment and the development of barriers. 
In coastal plain settings, the embayment or back- 
barrier was often created through the construction 
of the barriers themselves, like much of the east 
coast of the United States or the Friesian Island 
coast along the North Sea. In other instances, the 
embayment was formed due to rising sea level 
inundating an irregular shoreline during the late 
Holocene. The embayed or indented shoreline may 
have been a rocky coast, such as that of northern 
New England and California, or it may have been 
an irregular unconsolidated sediment coast, such as 
that of Cape Cod in Massachusetts or parts of the 
Oregon coast. The flooding of former river valleys 
has also produced embayments associated with tidal 
inlet development. The coastal processes respons
ible for the formation of tidal inlets are described 
below.

12.4.1 Breaching of a barrier
Rising sea level, exhausted sediment supplies, and 
human influences have led to erosion along much 
of the world’s coastlines, including its barrier island 
chains and barrier spit systems. This condition has 
caused a thinning of many barriers such that they 
are vulnerable to breaching during storms. Breach
ing occurs when a barrier is cut, forming a channel 
(Fig. 12.10). It is by far the most com m on  mechan
ism by which tidal inlets form today. The breaching 
process normally occurs during storms after waves 
have destroyed the foredune ridge and storm waves 
have overwashed the barrier, depositing sand aprons 
(washovers) along the backside of the barrier. Even 
though this process may produce a shallow over
wash channel, seldom are barriers cut from their

seaward side. In most instances, the breaching of a 
barrier is the result of the storm surge heightening 
waters in the backbarrier bay. When the level of the 
ocean tide falls, the elevated bay waters flow across 
the barrier toward the ocean, gradually incising 
the barrier and cutting a channel. If subsequent tidal 
exchange between the ocean and bay is able to 
maintain the channel, a tidal inlet is established.

The breaching process is enhanced when off
shore winds accompany the falling tide and if an 
overwash channel is present to facilitate drainage 
across the barrier. Along the Gulf Coast of the 
United States hurricanes have been responsible for 
the development of numerous tidal inlets (e.g. 
Hurricane Pass, Florida). Many of the tidal inlets 
that are formed through breaching are ephemeral 
and may exist for less than a year, especially if stable 
inlets are located nearby. Barriers that are most sus
ceptible to breaching are long and thin and wave- 
dominated. For example, although there are only 
four stable inlets along the Outer Banks of North 
Carolina today, historical records indicate that at 
least 26 former inlets have opened and closed at var
ious locations in the past. The reason why inlets 
close is discussed below.

12.4.2 Spit building across a bay
The development of a tidal inlet by spit construc
tion across an embayment usually occurs early in the 
evolution of a coast. The sediment to form these 
spits may have come from erosion of the nearby 
headlands, discharge from rivers, or the landward 
movement of sand from inner shelf deposits. As 
discussed in Chapter 8, most barriers along the 
coast of the United States and elsewhere in the 
world are less than 5000 years old, coinciding with 
a deceleration of rising sea level. It was then that 
spits began enclosing portions of the irregular rocky 
coast of New England, the US west coast, parts of 
Australia, and many other regions of the world.

As a spit builds across a bay, the opening to the 
bay gradually decreases in width and in cross- 
sectional area (Fig. 12.11). It may also deepen. 
Coincident with the decrease in size of the opening 
is a corresponding increase in tidal flow. The tidal
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Fig. 12.10 Generally the formation 
of a new tidal inlet is associated with 
the breaching of a barrier during a 
storm. The stages in this process involve 
a thinning of the barrier through long
term erosion, destruction of the foredune 
ridge, storm overwash, and finally a 
deepening of a channel through the 
barrier.

prism of the bay remains constant, so as the opening 
gets smaller, the current velocities must increase. 
Again, this is similar to gradually placing your 
thumb over an increasingly larger portion of the 
nozzle of a hose. For the flow out of the hose to 
remain constant, the velocity has to increase. The 
tidal inlet is formed as the bay reaches a stable 
configuration.

The equilibrium size of a tidal inlet can also be 
explained in terms of sediment transport. Waves 
and flood-tidal currents are responsible for deliver
ing sediment to the inlet and dumping a large

portion of the sand into the inlet channel. The inlet 
responds to this deposition and decrease in cross- 
sectional area by increasing the tidal flow, thereby 
increasing the transport capacity of the tidal cur
rents. Thus, the tidal inlet reaches an equilibrium 
state when the amount of sand dumped into the inlet 
equals the volume removed by the tidal currents.

In fact, there are some tidal inlets, such as Barnst
able Harbor Inlet in Cape Cod Bay, Massachusetts, 
that are still developing because Nauset Spit con
tinues to build across Barnstable Bay. As the width 
of the inlet decreases, the equilibrium throat cross
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(a) . Time 1 Spit growth across a bay

Longshore
sediment
transport

Time 2 Spit extension and inlet formation

Fig. 12.11 Spit construction across an embayment can create a 
tidal inlet, (a) Model o f inlet formation due to spit accretion.
(b) Aerial photograph o f spit building and inlet development in 
Slocum Embayment, Buzzards Bay, Massachusetts.

section is maintained by the inlet channel deepen
ing. This spit and inlet system has been evolving 
over the past 3500 years.

12.4.3 Drowned river valleys
In many locations tidal inlets are located at the sites 
of drowned river valleys. A drowned river valley is a 
valley that was enlarged when sea level was lower 
and rivers extended their pathways across the con
tinental shelf to shorelines that were many miles 
seaward of where they are today. Sea-level lowering 
was in response to the growth of continental glaciers 
during the Pleistocene Epoch. When the ice sheets 
retreated northward and water from the melting ice 
was returned back to ocean basins, rising sea level 
flooded the enlarged valleys, forming drowned river 
valleys. Due to the freshwater discharge and salt
water mixing at these locations, most drowned river 
valleys are estuaries.

Tidal inlets have formed at the entrance to 
drowned river valleys due to the growth of spits 
and the development of barrier islands, which have 
served to narrow the mouths of the estuaries (Fig. 
12.12). They are delineated as tidal inlets when the 
dimensions of the inlet throat and overall sediment 
transport trends are a consequence of the saltwater 
tidal prism and the reversing tidal currents. Thus, 
the entrance to Chesapeake Bay is not a tidal inlet 
because its mouth has not been constricted through 
barrier construction, whereas the entrances to Mobile 
Bay in Alabama and Grays Harbor in Washington 
are tidal inlets due to barrier development.

It has been shown through stratigraphic studies, 
particularly along the east coast of the United States, 
that in addition to drowned river valleys, many tidal 
inlets are positioned in paleo-river valleys in which 
there is no river leading to this site today. These are 
old river courses that were active during the Plei
stocene when sea level was lower and they were 
migrating across the exposed continental shelf. Tidal 
inlets become situated in these valleys because the 
sediment filling the valleys is easily removed by 
tidal currents. Once a tidal inlet migrates to one of 
these former valleys the inlet channel scours vertic
ally, excavating the former riverine sediments and
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Fig. 12.12 The location of tidal inlets commonly coincides with 
former river valleys. This situation is exemplified by the inlets 
that occupy drowned river valleys along the Merrimack barrier 
system in northern New England.

becoming anchored. Commonly, the sediment 
layers on either side of the paleo-valley are more 
resistant to erosion than are the valley-fill sediments. 
Therefore, after a tidal inlet occupies a paleo-valley 
further migration of the inlet is impeded. Drowned 
river valleys and paleo-river channels comprise at 
least 25% of tidal inlet locations today, especially 
deep inlets (depth > 8 m).

Fig. 12.13 Several ephemeral inlets were opened along the 
northeast coast of Dauphine Island, Mississippi, in 1979 as a 
result of Hurricane Frederick. Hurricane passes, as they are 
called in Gulf coast region, usually close shortly after they are 
formed because they are unable to capture a significant portion 
o f the bay tidal prism. (Photograph taken by Shea Penland, 
University of New Orleans.)

12.4.4 Ephemeral inlets
The most common type of ephemeral inlet is the one 
that is a product of hurricanes (Fig. 12.13). During 
Hurricane Alicia in 1983,185 km h-1 (115 m.p.h.) 
winds and a 3 m storm surge were responsible for 
cutting 80 tidal inlets along the Texas coast. None 
of these h u rric a n e  passes, as they are called, lasted 
for more than a month. The empheral inlets were 
filled with sediment that was transported onshore 
and along the coast by wave action.

A special case of tidal inlet formation occurs at 
welded barriers along glaciated coasts, such as sec
tions of Alaska, New England, and Canada. Welded 
barriers at these sites are usually short in length 
(<1 km), composed of sand and gravel, and are 
backed by small fresh- to brackish-water ponds and 
lakes. Freshwater inflow to the backbarrier is derived 
from small streams and precipitation. Under normal 
conditions the freshwater influx is insufficient to
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Fig. 12.14 Ephemeral tidal inlets form 
along sand and gravel welded barriers on 
glaciated coasts. Inlets develop when the 
inflow o f freshwater causes lake levels to 
overtop the barrier. As water drains 
across the barrier a channel is cut, 
forming an ephemeral tidal inlet, (a) 
Aerial photograph o f welded barriers 
along the southern coast of New 
England, (b) Map o f two ephemeral 
inlets illustrating how they close due 
spit accretion and the deposition of 
flood tidal deltas.

(a)

(b)

cause overtopping of the barriers because the sand 
and gravel comprising the barrier permit water to 
percolate through the barrier sediment and drain 
into the ocean. However, during intense rain storms 
and/or melting snow, stream discharge may increase 
substantially until water in the pond flows across 
the barrier, cutting a channel and forming a tidal 
inlet. These inlets are usually short-lived and last 
only a few months because spit accretion and the 
formation of flood-tidal deltas seal off the channel 
(Fig. 12.14).

12.5 Tidal inlet migration

Some tidal inlets have been stable since their forma
tion, whereas others have migrated long distances 
along the shore. In New England and along other 
glaciated coasts, stable inlets are commonly anchored 
next to bedrock outcrops or resistant glacial deposits. 
Along the California coast most tidal inlets have 
formed by spit construction across an embayment, 
with the inlet becoming stabilized adjacent to a
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are often entrenched in consolidated sediments that 
resistant erosion. The channels of shallow migrat
ing inlets are eroded into sand.

Tidal inlets migrate when the longshore trans
port of sand is added predominantly to one side 
of the inlet, causing a constriction of the flow area 
(Fig. 12.15). As the tidal currents scour the channel 
to remove this sand, the downdrift side of the inlet 
channel is eroded preferentially and the inlet migrates 
in that direction. Generally, the rate of inlet migra
tion tends to be high along wave-dominated coasts, 
where the inlet channel is scoured into sand and 
there is abundant sediment supply.

Although the vast majority of tidal inlets migrate 
in the direction of dominant longshore transport, 
there are some inlets that migrate updrift. In these 
cases the drainage of backbarrier tidal creeks controls 
flow through the inlet. When a major backbarrier 
tidal channel approaches the inlet at an oblique 
angle, the ebb-tidal currents coming from this 
channel are directed toward the margin of the inlet 
throat. If this is the updrift side of the main channel, 
then the inlet will migrate in that direction. This is 
similar to a river where strong currents are focused 
along the outside of a meander bend, causing ero
sion and channel migration. Inlets that migrate 
updrift are usually small to moderately sized and 
occur along coasts with small to moderate net sand 
longshore transport rates.

Fig. 12.15 Migrating tidal inlets generally occur along coasts 
having a dominant longshore sediment transport direction.
(a) Model o f a migrating inlet, (b) This inlet is migrating left 
to right. Flood-tidal deltas formed at former inlet positions are 
vegetated, whereas the flood-tidal delta immediately landward of 
the inlet is relatively immature and mostly intertidal to subtidal.

bedrock headland. As discussed above, in coastal 
plain settings stable inlets are commonly positioned 
in former river valleys. One factor that appears to 
separate migrating inlets from stable inlets is the 
depth to which the inlet throat has eroded. For 
example, along the South Carolina coast tidal inlets 
deeper than 8 m are stable, whereas inlets shallower 
than 3-4 m have histories of migration. Deeper inlets

12.6 Tidal inlet relationships

Tidal inlets throughout the world exhibit several 
consistent relationships that have allowed coastal 
engineers and marine geologists to formulate pre
dictive models. These models are effective tools 
for undertaking tidal inlet projects and are used by 
engineers and coastal managers to plan jetty con
struction, channel dredging, and the use of ebb-tidal 
deltas for beach nourishment material. The models 
are based on field data collected at many different 
tidal inlet locations. Through statistical analysis 
(regression analysis), whereby inlet parameters are 
plotted against one another, two important correla
tions have been discovered: (i) inlet throat cross



Tidal inlets 227

sectional area is closely related to tidal prism; and 
(ii) ebb-tidal delta volume is a function of tidal prism.

12.6.1 Inlet throat area-tidal prism 
relationship
It has long been recognized that the size of a tidal 
inlet is tied closely to the volume of water going 
through it. In 1931 Morrough O’Brien quantified 
this relationship for inlets on the US west coast 
(hence it is given the name the O’Brien relation
ship) by plotting the cross-sectional area of the inlet 
throat (measured at mean sea level) versus its tidal 
prism during spring tide conditions (Fig. 12.16). 
Because the data plot approximately along a line, he 
was able to derive a simple equation to represent 
this correlation. Later, in 1969, he showed that the 
relationship could be extended to inlets along the 
east and Gulf coasts and since that time other scien
tists have revealed that, with slight modification, 
the relationship exists for inlets all over the world.

Fig. 12.16 O’Brien’s relationship demonstrates that a strong 
correlation exists between an inlet’s spring tidal prism (P) and its 
throat cross-sectional area (A). (M. P. O’Brien, 1931, Estuary 
tidal prisms related to entrance areas. Civil Engineering, 1, 738; 
M. P. O’Brien, 1969, Equilibrium flow areas of inlets on sandy 
coasts. Journal o f  Waterways, Harbors. and Coastal Engineering.
ASCE, 95,43-55.)

Although it seems very reasonable that the opening 
of an inlet should be controlled by its tidal prism, 
the reason why this correspondence exists globally 
is that the filling and emptying of the backbarrier 
are governed by the rise and fall of the ocean tides. 
Most barrier coasts experience semi-diurnal tides 
(two tidal cycles daily) and therefore the ocean tidal 
forcing of the filling and emptying of backbarrier 
areas worldwide has the same duration, approx
imately 6 hours and 13 minutes. This concept is 
illustrated well by comparing two inlets along the 
Gulf Coast: Midnight Pass (now closed) in Florida, 
with a tidal prism of 7.4 million cubic meters; and 
the entrance to Mobile Bay in Mississippi, which 
has a much larger tidal prism of 960 million cubic 
meters. If both inlets are to discharge their tidal 
prisms over the same time interval, it is easily 
understood that the opening to Mobile Bay (29,280 
m2) has to be much larger (100 times) than the inlet 
to Midnight Pass (300 m2).

Although it has been stressed that inlet size is 
primarily a function of tidal prism, to a lesser degree 
inlet cross-sectional area is also affected by the 
delivery of sand to the inlet channel. For example, 
tidal inlets with jetties, which are stone or concrete 
structures built perpendicular to the entrance of an 
inlet, prevent the wave-generated transport of sand 
into the inlet. At these sites tidal currents can more 
effectively scour sand from the inlet channel and 
therefore they maintain a larger throat cross section 
than would be predicted by the O’Brien relation
ship for inlets with no jetties. Similarly, for a given 
tidal prism, Gulf coast inlets have larger throat cross 
sections than Pacific coast inlets. This is explained 
by the fact that wave energy is greater along the west 
coast and therefore the delivery of sand to these 
inlets is higher than at Gulf coast inlets.

Variability
It is important to understand that the dimensions of 
the inlet channel are not static: the inlet channel 
enlarges and contracts slighdy over relatively short 
time periods (<1 year) in response to changes in tidal 
prism, variations in wave energy, effects of storms, 
and other factors. For instance, the inlet tidal prism 
can vary by more than 30% from neap to spring
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tides due to increasing tidal ranges. Consequently, 
the size of the inlet varies as a function of tidal 
phases. Along the southern Atlantic coast of the 
United States water temperatures may fluctuate 
seasonally by 16°C (30°F). This causes the surface 
coastal waters to expand, raising mean sea level by 
30 cm or more. In the summer and fall, when mean 
sea level reaches its highest seasonal elevation, spring 
tides may flood backbarrier surfaces that normally 
are above tidal inundation. This produces larger 
tidal prisms, stronger tidal currents, increased 
channel scour, and larger inlet cross-sectional areas. 
At some Virginia inlets this condition increases 
the inlet throat by 5-15%. Longer-term (>1 year) 
changes in the cross section of inlets are related to 
inlet migration, sedimentation in the backbarrier, 
morphological changes of the ebb-tidal delta, and 
human influences.

Application
The O’Brien relationship is a very useful concept 
when designing modification projects for inlets. 
For example, when an inlet is to be jettied and 
dredged to provide a navigable waterway for large 
ships entering and leaving a port, the dimensions of 
the channel have to be planned (Fig. 12.17). If the 
channel is dredged to dimensions larger than what 
is in balance with the existing tidal prism, the chan
nel will fill with sediment until the cross section 
decreases to the equilibrium area. Remember that 
tidal prism is primarily a function of the open-water 
area and the tidal range in the backbarrier, and 
under most conditions will not change if the size 
of the inlet is enlarged. Therefore, if the improved 
inlet has an equilibrium cross-sectional area of 
12,000 m2 and navigational constraints require a 
12 m deep channel, then the jetties should be 
positioned approximately 1000 m apart.

12.6.2 Ebb-tidal delta volume-tidal prism 
relationship
In the mid-1970s Todd Walton and his graduate 
assistant William Adams did further statistical ana
lysis (regression analysis) of various inlet parameters 
and discovered that, like inlet cross-sectional area,

1 Natural channel configuration

2 Stabilized channel configuration

A = 1000 m x 12 m = 12,000 m2

Fig. 12.17 Application o f O’Brien’s relationship. Disregarding 
the effects of friction and possible changes in tidal prism, if  the 
jetties are positioned closer together, then tidal currents will 
scour the channel deeper.

the volume of sand contained in the ebb-tidal delta 
was closely related to the tidal prism. This relation
ship has come to be known as the Walton and 
Adams relationship (Fig. 12.18). As we have 
already discussed, the ebb-tidal delta constitutes the 
sand that is diverted from the longshore transport 
system and transported seaward by the ebb-tidal 
currents. The greater the ebb discharge, the more 
sand is contained in the ebb-tidal delta. Walton 
and Adams also showed that the relationship was 
improved slightly when wave energy was taken into 
account. This was accomplished by separating the 
data set into three inlet classes based on their wave 
energy: (i) high wave-energy coasts, such as inlets 
along Oregon and Washington; (ii) moderate wave- 
energy coasts, including Newjersey, the Outer Banks 
of North Carolina, and Delaware, and (iii) low 
wave-energy coasts such as the Gulf coast. Waves 
are responsible for transporting sand back onshore, 
thereby reducing the volume of the ebb-tidal delta.
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Fig. 12.18 The Walton and Adams relationship indicates that a 
strong correspondence exists between an inlet’s tidal prism (P) 
and the volume ofits ebb-tidal delta (V). (From T. L. Walton &  
W .D . Adams, 1976, Capacity ofinlet outer bars to store 
sand. In Proceedings o f  the 15th Coastal Engineering Conference. 
Honolulu, HI: ASCE, pp. 1919-37.)

Therefore, for a given tidal prism, ebb-tidal deltas 
along the west coast contain less sand than do equal 
sized inlets along the Gulf or east coasts.

Variability
The Walton and Adams relationship works well for 
inlets all over the world. Field studies have shown, 
however, that the volume of sand comprising ebb- 
tidal deltas changes through time due to the effects 
of storms, changes in tidal prism, or processes of 
inlet sediment bypassing. When sand is moved past 
a tidal inlet, it is commonly achieved by large bar 
complexes migrating from the ebb delta and attach
ing to the landward inlet shoreline. These large bars 
may contain more than 300,000 m3 of sand and 
represent more than 10% of the sediment volume 
of the ebb-tidal delta.

Application
Due to pervasive shoreline erosion, many barrier 
systems in the United States and elsewhere are 
being nourished with sand obtained from offshore 
sites, backbarrier and inlet dredging, and land sources.

As these borrow sites become depleted, ebb-tidal 
deltas are also being mined for their sand. The 
Walton and Adams relationship helps engineers to 
compute ebb-tidal delta volumes and the effects 
to adjacent beaches. The relationship is also used to 
determine how nearby beaches will respond when a 
tidal inlet is formed due to storm breaching or if an 
artificial cut is made through a barrier. Immediately 
following inlet formation, the ebb-tidal delta grows 
until it reaches an equilibrium volume as predicted 
by the Walton and Adams relationship. The sedi
ment that builds the ebb delta is sand that is 
removed from the longshore transport system, 
thereby causing erosion. The relationship helps 
coastal engineers to calculate rates of change.

12.7 Sand transport patterns

The movement of sand at a tidal inlet is complex 
due to reversing tidal currents, effects of storms, and 
interaction with the longshore transport system. 
The inlet contains short-term and long-term reser
voirs of sand, varying from the relatively small sand
waves flooring the inlet channel that migrate meters 
each tidal cycle to the large flood-tidal delta shoals 
where some sand is recirculated but the entire 
deposit may remain stable for hundreds or even 
thousands of years. Sand dispersal at tidal inlets 
is complicated because in addition to the onshore- 
offshore movement of sand produced by tidal and 
wave-generated currents, there is constant delivery 
of sand to the inlet and transport of sand away 
from the inlet produced by the longshore transport 
system. In the discussion below the patterns of 
sand movement at inlets are described, including 
how sand is moved past a tidal inlet.

12.7.1 General sand dispersal trends
The ebb-tidal delta has segregated areas of land
ward versus seaward sediment transport that are 
controlled primarily by the way water enters and 
discharges from the inlet, as well as the effects of 
wave-generated currents (Fig. 12.19). During the 
ebbing tidal cycle the tidal flow leaving the back-
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Fig. 12.19 Sand dispersal patterns at a tidal inlet reflect the 
dominance o f wave and tidal processes.

barrier is constricted at the inlet throat, causing the 
currents to accelerate in a seaward direction. Once 
out of the confines of the inlet, the ebb flow expands 
laterally and the velocity slows. Sediment in the 
main ebb channel is transported in a net seaward 
direction and eventually deposited on the terminal 
lobe due to this decrease in current velocity. One 
response to this seaward movement of sand is the 
formation of ebb-oriented sandwaves with heights 
of1-2 m.

In the beginning of the flood cycle, the ocean tide 
rises, while water in the main ebb channel continues 
to flow seaward as a result of momentum. Due to 
this phenomenon, water initially enters the inlet 
through the marginal flood channels, which are the 
pathways of least resistance. The flood channels are 
dominated by landward sediment transport and are 
floored by flood-oriented bedforms. On both sides 
of the main ebb channel, the swash platform is most 
affected by landward flow produced by the flood- 
tidal currents and breaking waves. As waves shoal 
and break, they generate landward flow, which aug
ments the flood-tidal currents but retards the ebb- 
tidal currents. The interaction of these forces acts 
to transport sediment in a net landward direction 
across the swash platform. In summary, at many

inlets there is a general trend of seaward sand trans
port in the main ebb channel, which is countered 
by landward sand transport in the marginal flood 
channels and across the swash platform.

12.7.2 Inlet sediment bypassing
Along most open coasts, particularly in coastal plain 
settings, angular wave approach causes a net move
ment of sediment along the shore. As we have 
learned in Chapter 7, the net volume of sand trans
ported along the east coast of the United States 
varies from 100,000 to 200,000 m2 yr-1. Thus, there 
are upward of200,000 m2 yr-1 of sand delivered to 
tidal inlets along this coast on a yearly basis. If, over 
the long term, the sand reservoirs of these inlets 
remain approximately constant, then there must be 
mechanisms whereby sand moves past tidal inlets 
and is transferred to the downdrift shoreline. This 
process is called inlet sediment bypassing. There 
are multiple ways in which inlets bypass sand, 
including: (i) stable inlet processes; (ii) ebb-tidal 
delta breaching; and (iii) inlet migration and spit 
breaching. One of the end products in all the dif
ferent mechanisms is the landward migration and 
attachment of large bar complexes to the inlet 
shoreline.

Stable inlet processes
This mechanism of sediment bypassing occurs at 
inlets that do not migrate and whose main ebb 
channels remain approximately in the same position 
(Fig. 12.20). Sand enters the inlet by: (i) wave 
action along the beach; (ii) flood-tidal and wave
generated currents through the marginal flood 
channel; and (iii) waves breaking across the channel 
margin linear bars. Most of the sand that is dumped 
into the main channel is transported seaward by 
the dominant ebb-tidal currents and deposited on 
the terminal lobe.

At lower tidal elevations waves breaking on the 
terminal lobe transport sand along the periphery of 
the delta toward the landward beaches in much the 
same way that sand is moved in the surf and breaker 
zones along beaches. At higher tidal elevations waves 
breaking over the terminal lobe create swash bars on
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Stage 1
Small ebb-tidal delta volume

Stage 2
Bar complex formation and 
ebb-tidal delta sand trapping

Stage 3
Bar complex welding and 
inlet sediment bypassing

(a)

Fig. 12.20 Inlet sediment bypassing at stable inlets.
(a) Model of stable inlet processes (from D. M. FitzGerald, 
1988, Shoreline erosional-depositional processes associated 
with tidal inlets. In D. G. Aubrey & L. Weishar (eds), 
Hydrodynamics and Sediment Dynamics o f  Tidal Inlets. Berlin: 
Springer, pp. 186-225). (b) North Inlet along the northern 
South Carolina coast is an example where sediment bypassing 
occurs through stable inlet processes. Note the large bars 
migrating onshore to the downdrift inlet shoreline. (b)

both sides of the main ebb channel. The swash bars 
(50-150 m long, 50 m wide) migrate onshore due 
to the dominance of landward flow across the swash 
platform. Eventually, they attach to channel margin 
linear bars forming large bar complexes. Bar com
plexes tend to parallel the beach and may be more 
than a kilometer in length. They are fronted by a 
steep face (25-33°) called a slipface, which may be 
up to 3 m in height. At midtide pleasure boaters 
often anchor behind the bars due to the quiet water 
and so that swimmers may dive off the bar slipface.

The stacking and coalescing of swash bars to 
form a bar complex is the result of the bars slow
ing their onshore migration as they move up the

nearshore ramp. As the bars gain a greater intertidal 
exposure, the wave bores that cause their migration 
onshore act over an increasingly shorter period of 
the tidal cycle. Thus, their rate of movement onshore 
decreases. The growth of the bar complex is similar 
to cars on a highway all stacking up when they 
approach a toll booth.

Eventually the entire bar complex migrates 
onshore and welds to the upper beach. When a bar 
complex attaches to the downdrift inlet shoreline, 
some of this newly accreted sand is then gradually 
transported by wave action to the downdrift beaches, 
thus completing the inlet sediment bypassing pro
cess. It should be noted that some sand bypasses the
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inlet independent of the bar complex. In addition, 
some of the sand comprising the bar re-enters the 
inlet via the marginal flood channel and along the 
inlet shoreline.

Ebb-tidal delta breaching
This means of sediment bypassing occurs at inlets 
with a stable throat position, but whose main ebb 
channels migrate through their ebb-tidal deltas like 
the wag of a dog’s tail (Fig. 12.21). Sand enters the 
inlet in the same manner as described above for 
“stable inlet processes.” However, at these inlets 
the delivery of sediment by longshore transport 
produces a preferential accumulation of sand on the 
updrift side of the ebb-tidal delta. The deposition 
of this sand causes a deflection of the main ebb 
channel until it nearly parallels the downdrift inlet 
shoreline. This circuitous configuration of the main 
channel results in inefficient tidal flow through the 
inlet, ultimately leading to a breaching of a new 
channel through the e^b-tidal delta. The process 
normally occurs during spring tides or periods of 
storm surge when the tidal prism is very large. In 
this state the ebb discharge piles up water at the 
entrance to the inlet, where the channel bends 
toward the downdrift inlet shoreline. This causes 
some of the tidal water to exit through the marginal 
flood channel or flow across low regions on the 
channel margin linear bar. Gradually over several 
weeks or convulsively during a single large storm, 
this process cuts a new channel through the ebb 
delta, thereby providing a more direct pathway for 
tidal exchange through the inlet. As more and more 
of the tidal prism is diverted through the new main 
ebb channel, tidal discharge through the former 
channel decreases, causing it to fill with sand.

The sand that was once on the updrift side of the 
ebb-tidal delta and that is now on the downdrift 
side of the new main channel is moved onshore by 
wave-generated and flood-tidal currents. Initially, 
some of this sand aids in filling the former channel, 
while the rest forms a large bar complex that 
eventually migrates onshore and attaches to the 
downdrift inlet shoreline. The ebb-tidal breaching 
process results in a large packet of sand bypassing 
the inlet. Similar to the stable inlets discussed above,

Fig. 12.21 Sediment bypassing at inlets whose main ebb 
channel migrates downdrift in response to wave energy and 
sand influx via the longshore transport system, (a) Model of 
inlet sediment bypassing by ebb-tidal delta breaching processes 
(from FitzGerald, 1988, details in Fig. 12.20). (b) View o f 
Murrells Inlet, South Carolina, showing two large bar 
complexes welding to the beach after a recent channel was 
breached through the updrift portion o f the ebb-tidal delta.
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some sand bypasses these inlets in a less dramatic 
fashion, grain by grain, on a continual basis.

It is noteworthy that at some tidal inlets the 
entire main ebb channel is involved in the ebb-tidal 
delta breaching process, whereas at others just the 
outer portion of main ebb channel is deflected. In 
both cases, the end product of the breaching process 
is a channel realignment that more efficiently con
veys water into and out of the inlet, with sand being 
bypassed in the form of a bar.

One of the largest scale ebb-tidal delta breaching 
processes takes place at Willapa Bay inlet on the 
Oregon coast. This inlet is 11 km wide and more 
than 12 m deep. Its outer channel is deflected 
south by a mostly submerged spit that builds 6 km 
southward from Cape Shoalwater. Every 8-27 years 
(16-year average) a new channel is breached back to 
the north, straightening the main entrance channel. 
The submerged shoal that is bypassed moves onshore, 
merging with inner bars. An additional interesting 
aspect of this cycle is that the breaching process cor
relates well with El Nino events, which cause water 
levels on the west coast to be elevated by 20-30 cm. 
Higher water levels cause areas within Willapa Bay 
that are normally above mean high water to be 
inundated, thereby increasing the tidal prism. In 
turn, larger tidal prisms lead to stronger tidal flow 
and a greater potential to cut a new channel through 
the ebb delta.

Inlet migration and spit breaching 
A final method of inlet sediment bypassing occurs 
at migrating inlets. In this situation an abundant 
sand supply and a dominant longshore transport 
direction cause spit building at the end of the barrier 
(Fig. 12.22). To accommodate spit construction, 
the inlet migrates by eroding the downdrift barrier 
shoreline. Along many coasts as the inlet is dis
placed further along the downdrift shoreline, the 
inlet channel to the backbarrier lengthens, retarding 
the exchange of water between the ocean and back
barrier. This condition leads to large water-level 
differences between the ocean and bay, making the 
barrier highly susceptible to breaching, particularly 
during storms. Ultimately, when the barrier spit is 
breached and a new inlet is formed in a hydraulically

Fig. 12.22 Breaching ofa spit allows a large quantity o f sand 
to bypass the tidal inlet, (a) Model of inlet migration and 
spit breaching processes (from FitzGerald, 1988, details in 
Fig. 12.20). (b) Small inlet near the mouth o f the Santee 
River, South Carolina, illustrating at least two episodes 
of spit breaching.

more favorable position, the tidal prism is diverted 
to the new inlet and the old inlet closes. When this 
happens, the sand comprising the ebb-tidal delta 
of the former inlet is transported onshore by wave 
action, commonly taking the form of a landward 
migrating bar complex. It should be noted that 
when the inlet shifts to a new position along the
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updrift shoreline a large quantity of sand has effect
ively bypassed the inlet. The frequency of this inlet 
sediment bypassing process is dependent on inlet 
size, rate of migration, storm history, and backbarrier 
dynamics. Nauset Spit along the outer coast of Cape 
Cod, Massachusetts, exhibits a cycle of spit accre
tion and inlet migration of 10-15 km, followed by 
multiple breachings occurring approximately every 
100 years. Kiawah River inlet along the central coast 
of South Carolina has had a similar history, with at 
least three periods of southwesterly migration of the 
inlet of up to 15 km followed by breachings of the 
spit updrift at about the same position each time 
during a 150-year period.

Bar complexes
Depending on the size of the inlet, the rate of sand 
delivery to the inlet, the effects of storms, and other 
factors, the entire process of bar formation, its land
ward migration, and its attachment to the down
drift: shoreline may talje from 6 to 10 years. The 
volume of sand bypassed can range from 100,000 to 
over 1,000,000 m3. The bulge in the shoreline that 
is formed by the attachment of a bar complex is 
gradually eroded and smoothed as sand is dispersed 
to the downdrift shoreline and transported back 
toward the inlet.

In some instances, a landward-migrating bar 
complex forms a saltwater pond as the tips of the 
arcuate bar weld to the beach, stabilizing its onshore 
movement. Although the general shape of the bar 
and pond may be modified by overwash and dune 
building activity, the overall shoreline morphology 
is frequendy preserved. Lenticular-shaped coastal 
ponds or marshy swales become diagnostic of bar 
migration processes and are common features at 
many inlets.

12.8 Tidal inlet effects on adjacent 
shorelines

Many people wish to live along waterways, particularly 
at tidal inlets, due to their scenic beauty, fishing 
opportunities, and boat access to backbarrier bays 
and the open ocean. For these reasons, property val-
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3 Sedimentation history 
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1 Shoreline configuration
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Fig. 12.23 Factors affecting the size and number of tidal inlets 
along a barrier shoreline. (From FitzGerald, 1988, details in 
Fig. 12.20.)

ues are unusually high in the vicinity of tidal inlets 
and frequently there is considerable demand by the 
private sector to develop these areas. In conflict with 
these pressures is the instability of inlet shorelines. 
In addition to the direct consequences of spit accre
tion and inlet migration are the effects of volume 
changes in the size of ebb-tidal deltas, sand losses to 
the backbarrier, processes of inlet sediment bypass
ing, and wave sheltering of the ebb-tidal delta 
shoals. The manner in which these processes affect 
tidal inlet shorelines is presented below.

12.8.1 Number and size of tidal inlets
The degree to which barrier shorelines are influenced 
by tidal inlet processes is dependent on their size 
and number. As the O’Brien relationship demon
strates, the size or cross-sectional area of an inlet 
is governed by its tidal prism. This concept can be 
expanded to include an entire barrier chain in which 
the size and number of inlets along a chain are prim
arily dependent on the area of open water behind 
the barrier and the tidal range of the region. In turn, 
these parameters are a function of other geological 
and physical oceanographic factors (Fig. 12.23). As 
demonstrated in Chapter 8, wave-dominated coasts 
tend to have long barrier islands and few tidal inlets 
and mixed energy coasts have short stubby barriers 
and numerous tidal inlets. Correspondingly, along 
the wave-dominated, microtidal coasts of Texas and

/
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Fig. 12.24 Along the transgressive coast of northwestern Buzzards Bay in Massachusetts barriers have built in front of flooded valleys. 
Rising sea level and a scarcity o f sediment have caused the barriers to migrate onshore, decreasing the size o f the bays. Reduced bay 
areas and decreasing tidal prisms have led to closure of several inlets along this coast. Westport River Inlet is the largest inlet in this 
region and contains the largest bay area. (From D. M. FitzGerald, 1996, Geomorphic variability and morphologic and sedimentologic 
controls on tidal inlets.Journal ofCoastal Research, special issue 23 ,47-71.)

eastern Florida tidal inlets occur every 40-50 km, 
whereas along the mixed energy, mesotidal coasts of 
Georgia, the East Friesian Islands of Germany, and 
the Copper River delta barriers of Alaska inlets are 
found every 10-20 km. Presumably, the mesotidal 
conditions produce larger tidal prisms than along 
microtidal coasts, which necessitate more holes in 
the barrier chain to let the water into and out of 
the backbarrier. Many coastlines follow this general 
trend but there are many exceptions due to the 
influence of sediment supply, large versus small bay 
areas, and other geological controls. For example, 
along the central Gulf coast of Florida the low wave 
energy of this region, limited sand resources, and large 
open water bays produce a coast containing numer
ous tidal inlets occurring about every 10-20 km.

Along the glaciated coast of southern

Massachusetts in Buzzards Bay the influence of 
bedrock controls on the size and number of tidal 
inlets is well illustrated (Fig. 12.24). The peninsula 
and deep embayments of this region are a product of 
river erosion during the Tertiary (geological time 
period lasting from 66.4 to 1.6 million years b p ) and 
repeated Pleistocene glaciations. As the valleys of 
this coast became flooded by rising sea level follow
ing deglaciation, erosion of the surrounding glacial 
deposits produced sediment for the construction 
of the barriers fronting the embayments. As the 
Holocene transgression proceeded along the shore
line, the barriers migrated landward at a faster 
rate than the bay shorelines were inundated. This 
resulted in increasingly smaller sized bays and the 
gradual closure of many tidal inlets due to decreas
ing tidal prisms.
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12.8.2 Tidal inlets as sediment traps
Tidal inlets not only trap sand temporarily on their 
ebb-tidal deltas, they are also responsible for the 
longer-term loss of sediment moved into the back
barrier. At inlets dominated by flood-tidal currents, 
sand is continuously transported landward, enlarg
ing flood-tidal deltas and building bars in the tidal 
creeks. Sand can also be transported into the back
barrier of ebb-dominated tidal inlets during severe 
storms (Fig. 12.25). During these periods increased 
wave energy produces greater sand transport to the 
inlet channel. At the same time the accompanying 
storm surge increases the water surface slope at the 
inlet, resulting in stronger than normal flood-tidal 
currents. The strength of the flood currents coupled 
with the high rate of sand delivery to the inlet results 
in landward sediment transport into the backbarrier. 
Along the Malpeque barrier system in the Gulf of 
Saint Lawrence in New Brunswick it has been 
determined that over 90% of the sand transfer to the 
backbarrier took place at tidal inlets and at former 
inlet locations along the barrier.

Sediment may also be lost at migrating inlets 
when sand is deposited as channel fill. If the channel 
scours below the base of the barrier sands, then the

beach sand that fills this channel will not be replaced 
entirely by the deposits excavated on the eroding 
portion of the channel. Because up to 40% of the 
length of barriers is underlain by tidal inlet fill 
deposits ranging in thickness from 2 to 10 m, this 
volume represents a large, long-term loss of sand 
from the coastal sediment budget. Another major 
process producing sand loss at migrating inlets is 
associated with the construction of recurved spits 
that build into the backbarrier. For example, along 
the East Friesian Islands recurved spit development 
has caused the lengthening of barriers along this 
chain by 3-11 km since 1650. During this stage 
of barrier evolution the large size of the tidal inlets 
permitted ocean waves to transport large quantities 
of sand around the end of the barrier, forming 
recurves that extend far into the backbarrier. Due to 
the size of the recurves and the length of barrier 
extension, this process has been one of the chief 
natural mechanisms of bay infilling.

12.8.3 Changes in ebb-tidal delta volume
Ebb-tidal deltas represent huge reservoirs of sand 
that may be comparable in volume to that of the 
adjacent barrier islands along mixed energy coasts

Fig. 12.25 Processes of sand addition to 
a flood-tidal delta during a storm. (From 
FitzGerald, 1988, details in Fig. 12.20.)
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(e.g. northern East and West Friesian Islands, 
Massachusetts, southern New Jersey, Virginia, South 
Carolina, and Georgia). For instance, the ebb-tidal 
delta volume of Stono and North Edisto Inlets in 
South Carolina is 197 x 106 m3 and the intervening 
Seabrook-Kiawah Island barrier complex con
tains 252 x 106 m3 of sand. In this case, the deltas 
comprise 44% of the sand in the combined inlet- 
barrier system. The magnitude of sand contained 
in ebb-tidal deltas suggests that small changes in 
their volume dramatically affect the sand supply 
to the landward shorelines.

To illustrate this concept consider the conse
quences of changing hydraulic conditions at a tidal 
inlet along the central coast of Maine. It has been 
theorized that if a planned hydroelectric power plant 
is constructed in the Bay of Fundy, tidal ranges in 
the Gulf of Maine would increase by approximately 
30 cm. At the Kennebec River inlet the larger tidal 
range would increase the tidal prism by a minimum 
of 5%. Using the Walton and Adams relationship, it 
is calculated that a potential 5% increase in tidal 
prism would ultimately add over 60 x 106 m3 of 
sand to the Kennebec ebb-tidal delta. Although 
some of this sand would come from scour of the 
inlet channel, most of the sand would be eroded 
from the adjacent beaches, resulting in over 100 m 
of shoreline recession.

A similar transfer of sand takes place when a new 
tidal inlet is opened, such as the formation of Ocean 
City Inlet when Assateague Island, Maryland, was 
breached during the 1933 hurricane. Initially, the 
inlet was only 3 m deep and 60 m across, but it 
quickly widened to 335 m when it was stabilized 
with jetties in 1935. Since the inlet formed, more 
than a million cubic meters of sand have been de
posited on the ebb-tidal delta (Fig. 12.26). Trapping 
of the southerly longshore movement of sand by the 
north jetty and growth of the ebb-tidal delta have 
led to serious erosion along the downdrift beaches. 
The northern end of Assateague Island has been 
retreating at an average rate of 11 m yr-1. The rate 
of erosion lessened when the ebb tidal delta reached 
an equilibrium volume and the inlet began to bypass 
sand.

In contrast to the cases discussed above, the his

torical decrease in the inlet tidal prisms along the 
East Friesian Islands has had a beneficial effect on 
this barrier coast. From 1650 to 1960 the reclama
tion of tidal flats and marshlands bordering the 
German mainland, as well as natural processes, such 
as the building and landward extension of recurved 
spits, decreased the size of the backbarrier by 25% 
(Fig. 12.27). In turn, the reduction in bay area 
decreased the inlet tidal prisms, which led to smaller 
inlets, longer barrier islands, and smaller ebb-tidal 
deltas. Wave action transported ebb-tidal delta 
sands onshore as tidal discharge decreased. This 
process increased the supply of sand to the beaches 
and aided in lengthening of the barriers.

12.8.4 Wave sheltering
The shallow character of ebb-tidal deltas provides 
a natural breakwater for the landward shorelines. 
This is especially true during lower tidal elevations, 
when most of the wave energy is dissipated along 
the terminal lobe. During higher tidal stages inter
tidal and subtidal bars cause waves to break off
shore, expending much of their energy before 
reaching the beaches onshore. The sheltering effect 
is most pronounced along mixed energy coasts, 
where tidal inlets have well developed ebb-tidal 
deltas.

The influence of ebb shoals is particularly well 
illustrated by the history of Morris Island, South 
Carolina, which forms the southern border of 
Charleston Harbor (Fig. 12.28). Before human 
modification, the entrance channel to the harbor 
paralleled Morris Island and was fronted by an 
extensive shoal system. The deflected southerly 
course of the main ebb channel was due to the 
preferential accumulation of sand on the updrift 
side (northeast side) of the harbor’s ebb-tidal 
delta caused by the dominant southerly long
shore transport of sediment. The shallow and con
stantly shifting position of the outer portion of 
the entrance channel made for treacherous naviga
tion into the harbor, resulting in numerous ship 
wrecks along the outer shoals. In the late nineteenth 
century jetties were constructed at the harbor 
entrance to straighten, deepen, and stabilize the
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(a) Time

Fig. 12.26 Ocean City Inlet was 
opened along northern Assateague 
Island, Maryland during the 1933 
hurricane, (a) The ensuing tidal exchange 
between the ocean and Isle of Wight 
Bay and Sinepuxent Bay produced a 
large tidal prism and led to sand trapping 
on the ebb-tidal delta (from S. P. 
Leatherman, 1984, Shoreline evolution 
of North Assateague Island, Maryland. 
Journal o f  Shore and Beach, 52(4), 3-10).
(b) Growth o f the ebb delta has starved 
the downdrift shoreline of sand, resulting 
in a landward migration of the northern 
end o f Assateague Island by more 
than several hundred meters (from 
D. K. Stauble, 1997, Ocean City Inlet, 
Maryland, and Vicinity Water Resources 
Study. Baltimore District, US Army, 
Corps o f Engineers).
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Fig. 12.27 Historical morphological changes to the East Friesian Islands along the German North Sea coast, (a) From 1650 to 1960 
widespread land reclamation along the backside of the barriers and on the mainland increased the size of the barriers, while drastically 
decreasing inlet drainage areas, (b) Smaller drainage areas led to significantly smaller inlet tidal prisms and reduced size of the tidal 
inlets and their associated ebb-tidal deltas. (From FitzGerald, 1988, details in Fig. 12.20.)

main channel; the project was completed in 1896. 
During the period prior to jetty construction 
(1849-80) Morris Island had been eroding at an 
average rate of 3.5 m yr"1. After the jetties were 
in place, the ebb-tidal delta shoals that bordered 
the old channel were cut off from their longshore 
sand supply. As the shoals eroded and gradually 
diminished in size, so did the protection they 
afforded Morris Island, especially during storms.

From 1900 to 1973 Morris Island receded 500 m 
at its northeast end, increasing to 1100 m at its 
southeast end, a rate three times what it had been 
prior to jetty construction. One dramatic response 
to this erosion was the detachment of a lighthouse 
from the southeast end of the island. In 1900 
the lighthouse was located 640 m onshore but by 
1970 it was sitting in 3 m of water 360 m from the 
shoreline.
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Fig. 12.28 Jetty construction at the 
entrance to Charleston Harbor, South 
Carolina, in the late nineteenth century 
significantly diminished the size and 
extent of sand shoals fronting the 
harbor, which in turn affected erosion 
and deposition along the landward 
shorelines. (From FitzGerald, 1988, 
details in Fig. 12.20.)

12.8.5 Effects of inlet sediment bypassing
Tidal inlets interrupt the wave-induced longshore 
transport of sediment along the coast, affecting 
both the supply of sand to the downdrift beaches 
and the position and mechanisms whereby sand is 
transferred to the downdrift shorelines. The effects 
of these processes are exhibited well along the 
Copper River delta barriers in the Gulf of Alaska. 
From east to west along the barrier chain the width 
of the tidal inlets increases, as does the size of the 
ebb-tidal deltas (Fig. 12.29). In this case the width 
of the inlet can be used as a proxy for the inlet’s 
cross-sectional area. These trends reflect an increase 
in tidal prism along the chain, which is caused by an 
increase in bay area from east to west, while tidal 
range remains constant. Also quite noticeable along 
this coast is the greater downdrift offset of the inlet 
shoreline in a westerly direction. This morphology 
is coincident with an increase in the degree of 
overlap of the ebb-tidal delta along the downdrift 
inlet shoreline. The offset of the inlet shoreline and 
bulbous shape of the barriers are produced by sand 
being trapped at the eastern, updrift end of the 
barrier. The amount of shoreline progradation is a 
function of inlet size and the extent of its ebb-tidal 
delta. What we learn from the sedimentation pro

cesses along the Copper River delta barriers is that 
tidal inlets can impart a very important signature on 
the form of the barriers.

In an investigation of barrier island shorelines in 
mixed energy settings throughout the world, Miles 
Hayes at the University of South Carolina noted 
that many barriers exhibit a similar shape. Numerous 
tidal inlets studied by Professor Hayes and his stud
ents allowed him to formulate his drumstick barrier 
island model (Fig. 12.30). In this model the meaty 
portion of the drumstick barrier is attributed to 
waves bending around the ebb-tidal delta, produc
ing a reversal in the longshore transport direction. 
This process reduces the rate at which sediment 
bypasses the inlet, resulting in a broad zone of sand 
accumulation along the updrift end of the barrier. 
The downdrift, or thin part of the drumstick, is 
formed through spit accretion. Later studies demon
strated that bar complexes migrating onshore from 
the ebb-tidal delta are an important factor dictating 
barrier island morphology and the overall erosional- 
depositional trends, particularly in mixed energy 
settings. The Copper River barriers conform well to 
the Hayes drumstick model.

Looking at the East Friesian Islands we see that, 
in addition to drumsticks, barriers can have many 
other shapes (Fig. 12.31). Inlet sediment bypassing
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Down drift offset

Fig. 12.29 The Copper River delta 
barrier chain in the Gulf of Alaska is a 
product of an abundant sand supply from 
the Copper River and high wave energy. 
(From Hayes, 1975, details in Fig. 12.8.)

along this barrier chain occurs, in part, through the 
landward migration of large swash bars (>1 km in 
length) that deliver up to 300,000 m3 of sand when 
they weld to the beach. In fact, it is the position 
where the bar complexes attach to the shoreline that 
dictates the form of the barrier along this coast. If 
the ebb-tidal delta greatly overlaps the downdrift 
barrier, then the bar complexes may build up the 
barrier shoreline some distance from the tidal inlet. 
In these cases, humpbacked barriers are developed, 
such as Norderney or Spiekeroog. If the downdrift 
barrier is short and the ebb-tidal delta fronts a large 
portion of the downdrift barrier, such as at the island 
of Baltrum, the bar complexes weld to the eastern end 
of the barrier, forming downdrift bulbous barriers. 
Thus, studies of the Friesian Islands demonstrate 
that inlet processes exert a strong influence on the 
dispersal of sand along mixed energy barrier island 
shorelines and in doing so dictate barrier shape.

12.8.6 Human influences
Dramatic changes to inlet beaches can also result 
from human influences, including the obvious con
sequences of jetty construction that reconfigures 
an inlet shoreline. By preventing or greatly reducing 
an inlet’s ability to bypass sand, the updrift beach 
progrades while the downdrift beach, whose sand 
supply has been diminished or completely cut off, 
erodes. There can also be more subde human impacts 
that can equally affect inlet shorelines, especially 
those associated with changes in inlet tidal prism, 
sediment supply, and the longshore transport sys
tem. Nowhere are these types of impacts better 
demonstrated than along the central Gulf coast of 
Florida, where development has resulted in the 
construction of causeways, extensive backbarrier 
filling and dredging projects, and the building of 
numerous engineering structures along the coast.
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Sediment transport: 
reversal

Fig. 12.30 Miles Hayes’s drumstick barrier island model 
explains barrier shape as a funStion of wave refraction around the 
ebb-tidal delta trapping sand along the downdrift inlet 
shoreline. (From M. O. Hayes & T. Kana, 1976, Terrigenous 
Clastic DepositionalEnvironments. Columbia: Department of 
Geology, University of South Carolina.)

Drumstick 
^  barrier island

Location where 
swash bars attach 

to the beach

/ '
Humpbacked 
barrier island

Downcli'ift bulbous 
barrier island

Fig. 12.31 The shape o f mixed-energy barriers along the 
East Friesian Islands is primarily a function of wave inlet 
sediment bypassing processes. (From FitzGerald, 1988, 
details in Fig. 12.20.)

Of the 17 inlets that have closed along this coast 
since the late 1880s, more than half of the closures 
can be traced to human influences caused primarily 
by changes in inlet tidal prism. For example, access 
to several barriers has been achieved through the 
construction of causeways that extend from the 
mainland across the shallow bays. Along most of 
their lengths the causeways are dike-like structures 
that partition the bays, thereby changing bay areas 
and inlet tidal prisms. In some instances, tidal 
prisms were reduced to a critical value, causing inlet 
closure. At these sites the tidal currents were unable 
to remove the sand dumped into the inlet channel 
by wave action. Similarly, when the Intracoastal 
Waterway (protected inland canal built for barge 
and boat traffic) was constructed along the central 
Gulf coast of Florida in the early 1960s, the dredged 
waterway served to connect adjacent backbarrier 
bays, thereby changing the volume of water that 
was exchanged through the connecting inlets. The 
Intracoastal Waterway lessened the flow going 
through some inlets while at the same time increas
ing the tidal discharge of others. This resulted in the 
closure of some inlets and the enlargement of others. 
Improved access to the central Florida barriers led 
to their development, including the formation of 
marinas and finger canals along the backside of the 
barriers. These were formed by dredging small canals 
and then using the dredge spoil to build land penin
sulas where there was once just water. As seen in a 
comparison of historical and present day maps of 
Boca Ciega Bay, this process can drastically reduced 
the extent of open water area in backbarrier, leading 
to smaller tidal prisms and smaller equilibrium-sized 
tidal inlets (Fig. 12.32). These examples demon
strate that altering the natural system can produce 
undesired consequences, which emphasizes the 
need to assess the potential affects of developmental 
projects before they are undertaken.

12.9 Summary

As we have seen in this chapter, tidal inlets occur 
along barrier coasts in coastal plain settings and 
in other regions where there has been a sufficient
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Fi g. 12.32 Anthropogenic changes 
along the west-central coast of Florida 
as indicated by maps o f the region  in 
1883 and 1997. The construction of 
finger canals and solid causeways have 
decreased open water areas and reduced 
water circulation in the bays. This 
condition has led to smaller bay tidal 
prisms and reduced sized associated 
tidal inlets. (From P. L. Barnard &
R. A. Davis, 1999, Anthropogenic versus 
natural influences on inlet evolution: 
west-central Florida. InN. C. Kraus 
6c W . G. McDougal (eds), Coastal 
Sediments '99. Reston, VA: ASCE, 
p. 1495.)

supply of sand for barrier spit construction across 
embayments. Inlet formation today occurs prim
arily when narrow, low barriers are breached during 
severe storms. Tidal inlets are narrowest and deep
est at their throat section, where tidal currents 
and potential sediment transport reach their max- 
imums. Many inlets have stabilized next to bedrock 
outcrops, in former river channels, or in resistant 
sedimentary strata. Migrating inlets are usually 
shallow and positioned in easily eroded sands. Flood-

tidal deltas are horseshoe-shaped shoals situated on 
the landward side of an inlet and formed from sand 
entering the inlet channel and being transported 
into the backbarrier by flood-tidal currents. Sand 
transported seaward by ebb-tidal currents forms 
arcuate-shaped ebb-tidal deltas. The morphology 
of ebb deltas reflects the wave versus tidal energy 
that shapes them.

A direct correspondence exists between an inlet’s 
tidal prism and: (i) its throat cross-sectional area;
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and (ii) the volume of sand contained in its ebb- 
tidal delta. These concepts are very useful when 
planning jetty construction, channel dredging, and 
sourcing ebb-tidal deltas for beach nourishment pro
grams. There are various mechanisms whereby sand 
bypasses unmodified tidal inlets. Wave-dominated 
inlets bypass sand along the periphery of the delta 
by wave action. At mixed energy inlets one of the 
end products of sediment bypassing is the forma

tion of large bar complexes that migrate onshore 
and attach to the landward shoreline. Processes of 
inlet sediment bypassing, volumetric changes of the 
ebb-tidal delta, sand losses to the backbarrier, the 
sheltering effect of the ebb-tidal delta, and other 
inlet processes strongly influence the distribution 
of sand along inlet beaches. Along mixed energy 
coasts tidal inlets may dictate the shape of barrier 
islands.
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13.1 Introduction

Unvegetated intertidal environments that accumu
late sediment and are occupied by specially adapted 
organisms are located around the margins of most 
coastal embayments and some open coasts. These 
environments are called intertidal flats or, simply, 
tidal flats. The width and extent of tidal flats are 
directly related to tidal range and to the morphology 
of the bay or other environment in which they are 
located. This term is typically reserved for those 
intertidal environments that are not exposed to 
significant wave energy. For example, many beaches 
have extensive intertidal components that are not 
vegetated but they are not considered to be tidal 
flats.

In some embayments, especially those that experi
ence macrotidal conditions and are tide-dominated, 
much of the bay may be intertidal except for tidal 
channels that dissect the flats. The Wadden Sea 
along the Dutch and German coast of the North Sea 
is such a place, as are the Bay of Fundy in Canada 
and the Bay of Saint Malo on the north coast of 
France, the two places with the highest tidal ranges 
in the world. Each of these is discussed in a later 
section of this chapter.

Tidal flat surfaces and their associated tidal 
channels may be composed of mud, sand, or, more 
typically, a combination of both. Some channels 
may have high concentrations of shell debris on the 
floor. Most tidal flats and tidal channels have vari
ous types of bedforms, regular undulations, on their 
sediment surface. The nature and rigor of the tidal 
currents and waves tend to be the controlling factors 
in both the rate and nature of sediment accumula
tion and the types of bedforms that develop on the 
sediment surface.

In this chapter we discuss the morphology, sedi
ments, and processes that characterize the tidal flat 
complex. This environment is by far most common 
along mesotidal and macrotidal coasts where low 
gradients characterize the shore zone.

13.2 Morphology of tidal flats

The standard appearance of a tidal flat is a gently 
sloping and fairly broad surface of unconsolidated 
sediments that is alternately inundated and exposed 
as the tide floods and ebbs. Typically the width is 
directly related to the tidal range, but the underly
ing geology and regional geomorphology can cause 
variations. Along broad coastal plains or other flat- 
lying areas the tidal flats tend to be very gently 
sloping (Fig. 13.1), but along some coasts the tidal 
flat slope tends to be relatively steep (Fig. 13.2).

Another factor in the size of tidal flats is the 
extent to which the estuary has been filled with sedi
ment. Those that have not experienced significant 
infilling of sediment tend to have more narrow 
tidal flats and those that have much sediment have 
extensive tidal flats.

The most pronounced interruption of the nearly 
flat and featureless intertidal flat is the presence of 
tidal channels (Fig. 13.3), which dissect most tidal 
flats. These channels range from small and ephemeral 
ones that may be closely spaced to those that are 
large and deep. The latter commonly have water 
in them throughout the tidal cycle, even during 
spring tide conditions. These channels serve as

Fig. 13.1 Photograph of a wide, gently sloping tidal flat north 
of Adelaide, South Australia. The rough surface is produced by 
the mounds of burrowing organisms that are common on many 
tidal flats. A  small tidal channel winds through the 
environment.
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Fig. 13.2 Photograph of a narrow and steep tidal flat. 
Although the tidal range here in the Bay of Fundy, Canada, 
is very great, the shoreline area is quite steep, causing this 
narrow intertidal zone.

Fig. 13.3 Photograph of a typical tidal channel that cuts into 
the tidal flat. These channels serve as the main pathways for 
tidal flux into and out of intertidal areas. Some might be several 
meters deep and contain significant water even at low tide.

major conduits for sediment during both flood- and 
ebb-tidal cycles. Channel development on many 
tidal flat systems is quite similar in its pattern to a 
typical river system, with small tributary channels 
merging to serve a single major channel.

13.3 Sediments

Sand and mud with some scattered shells form 
the typical sediment package on tidal flats. There is 
generally a pattern of sediment distribution that is 
regular and predictable. This pattern is related to 
both the physical energy and the position within the 
intertidal flat. The highest energy occurs at the base 
of the intertidal zone, which is the lowest part of the 
tidal flat. Here there is typically a concentration of 
sand, with the specific grain size dependent on the 
spectrum of sizes available in the specific estuarine 
system. The grain size decreases landward and upward 
across the intertidal flat (Fig. 13.4), with the mud at 
the top or most landward portion of the intertidal 
environment. This is in contrast to most shoreline 
environments, where sediment grain size decreases 
away from the source, generally from the land area. 
Tidal flats receive their sediment from the ocean 
side and thus the grain size decreases toward land.

Generally, tidal flat sediments are quite well 
sorted at any specific location because they are sub
jected to similar conditions on a regular basis. The

Mean high tide Mean low tide

Fig. 13.4 Diagram showing the trend in grain size over a tidal 
flat. Although there is a continuum from coarse sediment near 
the low tide line to fine sediment at the high tide line, this 
diagram is subdivided into grain size bands. (After G. deV. 
Klein, 1972, Determination of paleotidal range in clastic 
sedimentary rocks. XXIVInternational Geological Congress,
6, 397-405.)
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only common exceptions to this generalization are 
the presence o f  shells that m aybe scattered over var
ious grain sizes because they are indigenous to the 
tidal flat environment, and mud that can settle from  
suspension during Stillwater conditions. Some tidal 
flat environments may be adjacent to bedrock expo
sures that, when eroded, will provide large rock 
fragments to adjacent tidal flats.

13.4 Organisms

Although tidal flats are a rather harsh environment 
because of the regular and continual exposure 
and inundation, there is a community of abundant 
organisms that inhabits this rigorous environment. 
This discussion is restricted to the benthic portion 
of the community because that is the only portion 
that is truly restricted to the tidal flats. There are 
two different living habits here: the vagrant benthos 
that move about and^the sessile benthos that are 
fixed in their position.

13.4.1 Vagrant organisms
There are various animals that move over the tidal 
flat surface, such as snails, worms, and amphipods. 
The small snails feed on detritus that accumulates 
on the sediment surface, and are important fecal 
pellet producers. They are especially abundant on the 
upper part of the intertidal zone (Fig. 13.5). Pellets 
can be an important constituent of sediments in 
intertidal and shallow marine environments.

Other vagrant types of snails are carnivorous and 
live on burrowing bivalves and oysters. These crea
tures have the ability to bore holes in the shells and 
then ingest the soft parts of the organism for food. 
So-called oyster drills may wipe out an entire oyster 
population.

13.4.2 Sessile organisms
Those creatures that cannot move about tend to be 
the most important and most abundant on the tidal 
flat overall. They include both epifaunal organisms 
that live on the sediment surface, such as oysters and

Fig. 13.5 Abundant detritus-feeding snails on the upper part of 
a tidal flat. These snails graze over the tidal flats and ingest fine 
sediment, then digest the organic material that it contains, and 
excrete the rest in the form of pellets.

cyanobacteria, and those that are burrowers, such 
as some worms and bivalves. Oysters and mussels 
(Fig. 13.6) are both intertidal and subtidal. They 
tend to occur in clusters of many individuals. As 
sessile filter feeders, they produce many pellets, 
which become part of the tidal flat sediment 
accumulation.

Cyanobacteria or blue-green algae exist as 
microscopic filamentous organisms that produce a 
mat-like coverage of the upper parts of intertidal 
flats in lower latitudes. These mats (Fig. 13.7) are 
important sediment stabilizers, in that they protect 
otherwise non-cohesive sediments from deflation 
by winds or from wave erosion under non-storm 
conditions.

Filter-feeding infaunal bivalves and worms pro
duce abundant fecal pellets on tidal flats. These 
pellets of mud commonly accumulate in troughs 
of ripples and produce flaser bedding when they 
become buried (Fig. 13.8). The worms are typically 
much more abundant than the bivalves and they 
cause the destruction of most laminations in the 
sediment due to their burrowing activities. The 
abundant worms may have tubes or they may not.

13.4.3 Limiting factors
Exposure to the atmosphere and subsequent desicca
tion is a problem, especially for soft-bodied organisms
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Fig. 13.6 (a) Oysters, which are filter feeders but may live in 
the intertidal zones, and (b) crabs, which are detritus feeders 
on tidal flats. Both are major producers of pellets.

like worms. Most can tolerate exposure for only a 
short period of time. The higher the position in the 
tidal flats, the fewer sessile organisms will be pre
sent, because this is where exposure can last for at 
least several hours during each tidal cycle. Most 
of the shelled invertebrates, such as oysters, clams, 
and snails, are able to seal their soft parts from the 
atmosphere and can withstand fairly long periods 
of exposure during each tidal cycle.

Another limiting factor to benthic organisms is a 
large concentration of suspended sediment particles 
in the water column. Most of the infaunal and some 
epifaunal organisms that live on the tidal flat obtain

Fig. 13.7 Algal or cyanobacteria! mats that are composed 
of a network of filamentous organisms. These microscopic 
organisms are woven in a thin mat that can stabilize the upper 
part of the intertidal zone.

their nourishment by filtering organic debris from 
the water column. These filter feeding organisms 
do not have the ability to select specific suspended 
particles for ingestion into their filtering system. 
As a consequence, when large concentrations of 
suspended sediment are present the organisms will 
ingest too much undigestible material, their siphons 
will become clogged, and they will die.

The other important limitation is a mobile 
sediment bed caused by waves and/or strong tidal 
currents. Many burrowing organisms, especially 
sedentary ones, need a reasonably stable sediment 
base in which to burrow and maintain an existence. 
It is obvious, therefore, that the problems confront
ing benthic organisms are numerous in estuaries. 
Waves may cause significant sediment mobility in 
the large estuaries and tidal currents can mobilize 
the bottom sediment in many locations. The floor 
of tidal channels is probably the most prohibitive 
environment for benthic organisms because sedi
ment is moving nearly throughout the tidal cycle. In 
many areas, the low portion of the intertidal flats 
can also be subjected to vigorous substrate mobility 
during most of the tidal cycle.

13.4.4 Bioturbation
Many of the numerous benthic organisms that 
live in estuaries are infaunal: they burrow into the
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Fig. 13.8 (a) Muddy sediments accumulating in the troughs of 
ripples, and (b) the small lenses o f mud within sand called flaser 
bedding that result from this association.

sediment both for protection and for feeding. It is 
these same animals that take in suspended particles 
and produce most of the pellets that accumulate in 
estuaries, but the activity of interest here is the actual 
burrowing process. As a bivalve or worm burrows 
into and through sediment it destroys the layering

Fig. 13.9 Sediments completely homogenized by bioturbation. 
This homogenization might be produced by worms, snails, 
crabs, or any other infauna.

by essentially homogenizing the sediment (Fig. 13.9). 
This churning of sediment by burrowers, which may 
number thousands of individuals per square meter, 
also destroys the ability to recognize the sediments 
as having been deposited in a tidal environment. 
Extensive tidal flats of the Georgia and South 
Carolina coasts fall into this category. In fact, in 
the German Wadden Sea the combination of both 
waves and bioturbation work to destroy the lamina
tions in tidal sediments.

It is only in places where there are few burrowing 
organisms that stratification is typically preserved. 
This lack of benthic infaunal organisms can result 
from a variety of conditions, such as: (i) exposure; 
(ii) too much suspended sediment; and (iii) sub
strate mobility.

13.5 Sedimentary structures

As might be expected, this special environment 
also contains some special types of sedimentary 
structures, and also some that are not so special. 
What is meant by the latter comment is that some
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(a)
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Fig. 13.11 The lugworm,Arenicola, which is a common 
burrowing worm on sandy tidal flats. These organisms may 
extend more than 30 cm into the sediment and their population 
can be more than 100 per square meter.

(b)

Fig. 13.10 (a) Ripples and (b) megaripples, which are 
typical o f tidal flats. These bedforms tend to migrate and 
change both orientation and direction with flooding and 
ebbing currents.

of the sedimentary structures that are present, some 
even common, on tidal flats are not unique to that 
environment. Included among these are ripples, 
megaripples, and sandwaves (Fig. 13.10).

Of most importance are those features of tidal 
flats that are indicative of the environment because 
they become key factors for geologists who interpret 
sedimentary depositional environments from the 
ancient stratigraphic record. Included among these 
are both physical structures and biogenic structures. 
The many burrowing organisms leave characteristic 
markings on and in the tidal flat sediments, especi
ally such examples as the lugworm, Arenicola, which 
is widespread on sandy tidal flats (Fig. 13.11). 
Mudcracks or desiccation features are important 
physical structures that occur on the upper, muddy

Fig. 13.12 Mudcracks formed from the desiccation of fine 
sediments in the upper elevations o f tidal flats where mud is 
common and exposure is up to several hours each tidal cycle.

portions of the intertidal zone. These develop as 
the result of significant exposure in high places on 
tidal flats, such as between neap and spring high 
tide (Fig. 13.12).
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Probably the most characteristic feature of tidal 
flats is a sedimentary structure called tidal bedding 
(Fig. 13.13). This is a special type of sediment accu
mulation that is developed as the result of tidal 
cycles. The alternating energy levels produced by 
the flooding and ebbing of the tides cause thin lay
ers of alternating sand and mud. These rhythmites, 
as they are called, record the rise and fall of the tides, 
along with slack tide conditions. They also preserve 
the neap and spring cycles, with neap conditions 
producing thinner layers than spring conditions 
(Fig. 13.14).

13.6 Tidal flat processes

Tide-generated processes tend to dominate most 
sediments that accumulate on tidal flats, although 
waves can be important at certain times and in 
certain places. The rise and fall o f  the tides as the 
tidal wave is forced into estuaries and then back 
creates significant tidal currents, particularly in the 
tidal channels. They may range from only a few  
centimeters per second near slack tides on the flats 
to about a meter per second in the channels. These
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Fij. 13.14 Tidal bedding from the Bay of Fundy showing 
neap and spring cycles. These tidal beds are generally fine 
sediment and they occur in the mouths o f tidal rivers at the 
east end of the bay.

currents distribute sediment throughout the tidal 
flats. For purposes of explanation, the tidal flat is 
best viewed as a smooth and gently sloping surface. 
Certain key horizons are noted on this surface based 
on the position of the water level at given tidal 
stages. Spring high tide is the highest position of 
regular and predictable inundation of the sediment 
surface by water and spring low tide is the lowest 
(Fig. 13.15). Wind tides may cause water to be 
pushed up to the supratidal environment or down 
below low tide depending upon the direction and 
strength of the wind. Neap tidal range may be only 
about half of the spring range, causing considerable 
variation in the intertidal zone depending upon the 
lunar condition.

13.6.1 Tides
The scheme of sediment transport on tidal flats has 
been best described from studies of the tidal flats on 
the Wadden Sea. The model produced shows a com
bination of the settling lag effect and the scour lag 
effect on the paths of sediment particles as they are 
transported up on to the tidal flat surface (Fig. 13.16), 
and also shows how, over a long time, sediment 
builds up and out into the estuary. The distance- 
velocity curves are asymmetrical and show where a 
given particle is entrained, transported, and deposited.

During flooding tides, the sediment particle at 
location 1 on curve A—A' is picked up at a tidal 
current velocity shown at point 2 and carried land
ward until that velocity is again reached at point 3 
on the curve. The particle then begins to fall and 
reaches the tidal flat surface at point 5 when the 
current velocity is at position 4. The difference in 
the velocity of entrainment, which is greater than 
at settling, is quite important. This provides the 
settling lag effect.

Ebbing tidal currents follow curve B-B', which 
represents a more landward water mass and achieves 
less of a maximum velocity at this position on the 
tidal flat. The same particle is picked up at location
5 when the velocity at point 6 on the curve is reached. 
It is carried until point 7, when it begins to fall 
and eventually settles to the bottom at point 9. This 
diagram shows that the net result is movement of 
a sediment particle from location 1 to location 9 
during a single tidal cycle. This is obviously an

M ean high-w ater spring (M H W S) 

Mean high w ater (M H W ) 

M ean high-w ater neap (M H W N )  

Mean tid e  level (M TL)

Fig. 13.15 Diagram showing the key 
horizons in the tidal range. The absolute 
values range widely depending upon the 
tidal range and the amount of variation 
from spring to neap tides.

M ean low-water neap (M LW N ) 

M ean low w ater (M LW ) 

Mean low-water spring (M LW S) 

Principal datum
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Fig. 13 .16  Diagram showing the classic interpretation of 
settling lag and scour lag. Although it appears to be complicated, 
the basic model shows that there is a net transport of sediment 
across the tidal flat from near the low tide position toward the 
high tide position. (From H. Postma, 1961, Transport and 
accumulation of suspended matter in the Dutch Wadden Sea. 
Netherlands Journal o f  Sea Research, 1,170.)

oversimplified model because there are many 
perturbations on the tidal flat that interfere with 
the processes. It does, however, serve to illustrate 
the basic mechanism by which sediment particles 
are transported up onto the tidal flats.

The size of the sediment particles is an important 
variable in the above scheme. Bigger particles will 
be transported a shorter distance over a given tidal 
cycle than smaller particles. The greater the time an 
area is covered and the deeper the water, the more 
tidal energy is expended on a given location on the 
tidal flat. As a consequence, there is a regular decrease 
in sediment particle size up the tidal flat toward the 
spring high tide level.

Conditions in some areas produce discontinuous

mud or sand layers due to some combination of sed
iment availability and tidal current strength. These 
can be formed through tidal processes and represent 
what is essentially discontinuous tidal bedding, or 
they may represent alternations in current energies 
that are not produced by flooding and ebbing tides. 
These are the conditions that produce flaser bedding 
(Fig. 13.8b), which commonly forms in the troughs 
of bedforms. Discontinuous sandy lenses within a 
mud sequence are referred to as lenticular bedding, 
a feature generally associated with limited sand 
availability, but one that may also reflect variations 
in tidal current velocities.

Another type of tidally produced stratification 
is tidal bundles, which are a type of stratification 
typically associated with tidal channels or relatively 
strong tidal currents and large bedforms. The alter
nation of flooding and ebbing tides is generally 
accompanied by significant differences in current 
velocity. This commonly produces pulses in the 
migration of large bedforms, which are character
ized by medium to large-scale cross-stratification. 
The dominant current moves the bedform and the 
recessive current commonly produces a mud drape 
over the bedform, producing a muddy seam between 
each sand cross-stratum. In many tide-dominated 
areas the sequence contains readily distinguishable 
sets of cross-strata that change in thickness and sand- 
mud ratio in packages of 14 bundles. These tidal

Box 13.1 
Germany.

Jade Bay is a tidal estuary along the German Friesian 
coast of the North Sea. It is located near the tide- . 
dominated “elbow” of this coast. This fan-shaped bay 
has been diked along its entire coast Much of its areal 
extent is intertidal mud flats that are dissected by tidal 
channels. The mud is.transported into the bay by 
flooding tidal currents and its cohesive character 
makes it difficult to remove once it settles from 
suspension. ^

The smallcity of Wilhelmshaven islocated on 
the west side of the bay. lt is of signifrean'Ge fortwo  
reasons (i) i f  is the hjstorrc location of the German ^
*___  > v

elm, and
(ii) itTslli?^ o'me "ofthe SenckenbetgtlnItitu)eJo£ ■” 
Marine Geology, one of the premier institutions d  "‘ 
its kind in Europe.

Scientists of the Senckenberg Institute have 
been conducting detanea research on tidal flat 
environments since the beginning of the twentieth 
century. They pioneered the study of the relationships 
between tidal flat sediments and the organisms that 
live there. Much of their work has been very important 
to geologists who study ancient rocks that originated 
as tidal flat sediments Several new techniques for 
investigating modern tidal flat environments were -  
also part of the contributions of these prominent 
scientists
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Fig. 13.17 Diagram of tidal bundles 
showing spring and neap cycles. These 
form in large bedforms and show thick 
accumulations during spring tide and 
thin ones during neap tide. (From C. S. 
Yang 8c S. D .  Nio, 1 985, The estimation 
of palaeohydrodynamic processes from 
subtidal deposits using time series 
analysis methods. Sedimentology, 32,42.)

Tidal bundle sequence

bundle packages (Fig. 13.17) represent a spring and 
neap tidal cycle, and when preserved, they are found 
on the floors and margins of tidal channels.

13.6.2 Waves
We typically associate tidal processes with tidal flats 
but there are some locations where waves play an 
important role in the dynamics of tidal flats; enough 
to destroy all of the signatures of tidal processes. In 
order for this to happen the energy imparted by 
waves onto the tidal flat must exceed that of tides. 
The most common conditions under which this can 
occur are in places where extensive shallow water 
covers the tidal flat for long portions of each tidal 
cycle. Waves formed in this shallow environment 
will move large quantities of sediment through the 
back and forth motion they produce, thereby 
destroying any tidal signature or preventing it from 
happening in the first place.

The Wadden Sea area on the German coast of 
the North Sea is a good example of such wave- 
influenced tidal flats. Here, broad, sandy intertidal 
flats cover most of the area between the barrier 
islands and the mainland, several kilometers wide. 
The muddy tidal flats are mostly near the mainland. 
The sandy flats are flooded for 4-6  hours of each 
tidal cycle and the fetch of several kilometers permits 
the commonly strong winds to generate modest 
sized waves. This combination of strong wave action 
coupled with modest tidal currents prevents tidal 
bedding from forming over much of the tidal flat 
environment. In contrast, the tidal channels that 
disect the tidal flats display tidal bundling, showing 
that tidal currents are dominant in this environment.

13.7 Tidal channels

Much like the flat upland plain environments of 
the Midwest or the high plains, tidal flats develop 
a drainage network that contains a range of small to 
relatively large channels. Unlike the upland environ
ments, however, these tidal channels carry water in 
two directions: the flood and ebb as the tide rises 
and falls. These channels are narrow and shallow in 
the upper reaches of the tidal flats, where muddy 
sediments are dominant or at least common, and 
extend to the lower elevations of the intertidal zone, 
where they might be large and have floors in the 
subtidal zone.

Slight and subtle undulations in the tidal flat 
surface cause water to be concentrated in the low 
areas after emergence of the tidal flat surface begins 
during the ebb phase of the tidal cycle. These small 
channels increase in size as each tidal cycle passes, 
until an equilibrium condition is established between 
the tidal flat/channels surface and the tidal flow. 
Where these channels are cutting through muddy 
and cohesive sediments, they tend to have relatively 
steep channel walls (Fig. 13.18), but where they cut 
through sand sediments the channels are broad, 
with more gently sloping walls.

The floors of these tidal channels are the sites of 
important sediment transport. This sub-environment 
is characterized by sand-sized sediment that lacks 
cohesion. This sediment is, therefore, susceptible to 
movement by both flood and ebb currents during 
each tidal cycle. As the tide floods over a tidal flat 
complex, the forced wave of the rising tide produces 
currents that may be strong enough to move the
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Fig. 13.18 Steep tidal channel walls in the Wash, southeastern 
England. These deep channels with steep banks are caused by 
the transport o f very large volumes o f water during the tidal cycle. 

%
sand on the channel floor. Once the water level has 
risen above the level of the channel margin, condi
tions are essentially like those of a flooding river. 
Water and suspended sediment spill over the channel 
walls onto the tidal flats, forming natural levees and 
causing tidal currents to slow.

During ebbing conditions of the tide there is 
a slow current as the water flows over the tidal flats 
in response to gravity. As soon as the tidal level is 
so low that part of the tidal flat surface becomes 
exposed, there is some channeling of the rest of 
the ebbing waters. These waters are fed into the 
tidal channels in large volumes, causing the ebbing 
currents to be rapid. It is typical for flow in tidal 
channels, like most main channels in tidal inlets, to 
be ebb-dominated.

The tidal currents that persist in these channels 
during the early parts of the flood cycle and the later 
parts of the ebb cycle transport considerable sedi
ment, and in doing so, they develop a spectrum of 
bedforms along the channel floor. The size of these 
bedforms is partly related to the grain size of the 
sediments but is mostly due to the flow strength of 
the currents. Most channels with sand floors display 
what are called megaripples or small subaqueous

FiQ. 13.19 Megaripples at low tide from the Bay of Fundy, 
Canada. These bedforms have a length or spacing o f about 
1.5-1.7  m. Their crests have been smoothed off by the ebbing 
tidal currents.

dunes. These are asymmetrical bedforms that have 
a wavelength of about 1-5 m and a wave height of 
20-50 cm (Fig. 13.19). The asymmetry of these 
bedforms is the result of the direction of current 
flow, such that we can tell the direction of the cur
rent that formed a particular group of bedforms by 
looking at them. Surveys of tidal channels show the 
nature of these bedforms: their wavelength and wave 
height as well as their orientation (Fig. 13.20).

Most channels display bedforms that show an 
orientation indicating that they were formed by 
ebbing tidal currents, further indication of the ebb- 
domination of the channels. In some instances 
these bedforms are modified by incoming flood 
currents but retain their ebb orientation. There are, 
however, some situations in which the bedforms 
reverse their orientation during each ebb and flood 
of the tides. Such a condition would be caused by 
nearly equal flood and ebb tidal currents.

13.8 Some examples

There are several places in the world where entire 
estuaries or even large portions of estuaries are 
intertidal. As might be expected, these tend to be 
macrotidal or at least high in the mesotidal range. 
In this section we take a look at some well known 
examples in order to demonstrate the profound 
influence tides have on estuaries and on tidal flats.
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Fig. 13.20 Fathometer record o f megaripples in channel 
floor of the German Wadden Sea. These diagrams demonstrate 
that although there are differences in the size and shape of 
these depending on lunar tidal cycle, they are present during 
all conditions. (From R. A. Davis and B. W . Flemming, 1991, 
Time-series study of mesoscale tidal bedforms, Martens 
Plate, Wadden Sea, Germany. InD. G. Smith, G. E.
Reinson, B. A. Zaitlin &  R. A. Rahmani (eds), Clastic Tidal 
Sedimentology. Canadian Society of Petroleum Geologists, 
Memoir 16, p. 278.)

13.8.1 German Wadden Sea and Jade Bay
The north coast of Germany includes some of the 
most studied tidal flat complexes in the world. This 
coast is a continuation of the north coast of the Neth
erlands and is comprised of short barrier islands 
with very large tidal inlets. The barrier system is 
separated from the mainland by the Wadden Sea, at 
the southern end of the North Sea (Fig. 13.21) near 
the apex of the German Bight, where the coast 
ranges from mixed energy to tide-dominated.

The Wadden Sea is essentially all intertidal flat 
except for subtidal channels that feed the tidal 
inlets. This extensive intertidal complex is subjected 
to spring tidal ranges of about 3 m. Drainage divides 
are located behind the middle of each of the barrier 
islands (Fig. 13.22) and represent locations of 
muddy sediments, as compared to the intermediate 
areas where sand dominates. There is also a fining 
of grain size toward the mainland, where a fringe 
of marsh borders the extensive tidal flats. Wadden 
Sea tidal flats actually tend to be dominated by 
wave action instead of tidal currents as might be 
expected. This is due to the fairly long fetch during 
high tide because the barrier islands are several kilo
meters from the mainland. Jade Bay is just around 
the corner from the Wadden Sea and is an enclosed 
tidal estuary that is largely intertidal (Fig. 13.23). 
Here mud-dominated tidal flats extend for several 
kilometers due to the combination of the low 
relief and the spring tidal range of nearly 4 m. The 
widespread tidal rhythmites are thinly laminated 
accumulations of fine sediments that are rather soft 
(Fig. 13.24). This tidal estuary was the location of 
some of the first detailed investigations into tidal 
flat sedimentology, particularly the interactions of 
organisms with sediments. The many burrowing 
species provided a wide range of these relationships.

13.8.2 The Wash
Although much of the coast of the British Isles has a 
fairly high tidal range, the embayment known as The 
Wash on the northern Norfolk coast (Fig. 13.25) 
has spring ranges of about 7 m. This primarily tidal 
estuary displays the typical transition from sand in
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Fig. 13.21 Map showing the location of 
the Wadden Sea and adjacent East 
Friesian Islands on the German coast of 
the North Sea. The Wadden Sea is the 
mostly intertidal area that separates the 
barrier islands from the mainland. It 
extends across the Dutch, German, and 
Danish North Sea coasts.

Fig. 13.22 Drainage divides in the German Wadden Sea.
These lines are the approximate location of where the 
flooding and ebbing tidal currents move to and from.
In reality, there is some water carried across these 
boundaries.

the outer parts to mud in the landward fringes. 
Marshes dominated by Salicornia extend across 
much of the upper and muddy levels of the Wash. 
These are dissected by tidal channels (Fig. 13.26) 
that carry mud clasts, which are eroded from the 
adjacent marsh areas.

As one proceeds in a seaward direction, there is 
an increase in the size of these tidal channels as they 
cut through the cohesive muds, and the bottom

Fig. 13.23 Jade Bay, an intertidal estuary on the German coast. 
W ith a tidal range of near 4  m, much of this tidal bay is exposed 
during low tide. It is dominated by muddy tidal flats, with some 
several kilometers wide.

sediments become sandy. Eventually the entire 
intertidal system becomes sand-dominated and 
channels lose their definition. Here the sand is 
reworked and mobilized by the strong tidal currents 
associated with the macrotidal conditions of this 
tidal estuaiy.
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Fig. 13.24 Muddy tidal flats with channels in Jade Bay. The 
soft and deep mud makes these almost impossible to traverse 
and study.

13.8.3 Bay of Saint Malo
The Bay of Saint Malo is a large embayment along 
the northern Brittany coast of France. This tidal 
estuary is one of the two areas in the world where 
spring tidal range is near 15 m. The inner portion of 
this huge estuary, called the Bay of Mont Saint 
Michel after the well known monastery and abbey 
that carries that name, is a major tourist attraction 
in northern France. Here, just down the coast from 
the area of the famous Normandy Invasion in the 
Second World War, the tides are so large that 
detailed study of the lower part of the tidal flat 
system has not yet been completed. Only the upper, 
muddy areas are accessible to investigation because

Fig. 13.25 Map of the Wash on the 
Norfolk and Lincolnshire coast of 
England. The tidal embayment has a 
maximum range of about 7 m on this 
North Sea coast.
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Fig. 13.26 Aerial photograph of tidal 
flats and channels on the Wash. As in 
most similar tide-dominated coastal bays, 
the channels are well defined and deep, 
and the sediment patterns mimic those 
shown in Fig. 13.4. (Courtesy o f G. 
Evans.)

Fig. 13.27 Mont Saint Michel in the Bay ofSaint Malo on the 
north coast of France, with extensive tidal flats. The island in 
the center is the one shown on many travel posters. It contains 
a small village that is built around a huge abbey.

the intertidal flats extend for tens of kilometers 
(Fig. 13.27).

Like most tidal estuaries there is a marsh fringe, 
and here it is dominated by succulent plants of the 
Salicornia type. The sediments under these plants 
and on the unvegetated tidal flats are typically muddy 
and show cyclic patterns of accumulation (Fig. 13.28). 
These rhythmites display neap and spring cycles, 
depending on the combination of the thickness of 
each lamination and the grain size of the sediments.

13.8.4 BayofFundy
The Bay of Fundy is a elongate coastal bay whose 
presence is the result of faulting in the lithosphere 
producing a structural basin called a graben. This 
bay is split into two tide-dominated, macrotidal
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Fig. 13.28 Fine rhythmites, also called tongues, from the Mont 
Saint Michel area of the French coast. These are a special type of 
tidal bedding that has veiy thin but well defined layers.

Fig. 13.29 Map o f the Bay of Fundy, Canada, the location of 
die largest tidal ranges on Earth.

basins at its landward end (Fig. 13.29), the Minas 
Basin and Chignecto Bay. Here huge tidal ranges 
prevail, with spring ranges above 15 m -  the highest 
in the world. These basins are largely intertidal, with 
shallow tidal channels. There is some fine sediment 
discharge from the rivers on the landward ends of

Fig. 13.30 Various sizes of bedforms in the Minas Basin, Bay of 
Fundy. This entire basin is exposed at low tide, showing this 
variety o f sizes and orientations of bedforms.

these two basins but most of the intertidal sediment 
is reworked from the basins themselves or from 
erosion of the shorelines.

As in the other examples, sediments show the 
typical trend of fine sediment at the distal end of 
the basins with an increase in grain size toward the 
lower or open portion of the basins. Some steep 
slopes along the basin have marsh fringes that are 
only tens of meters wide or less. Most of the tide- 
dominated basins is covered with various scales of 
bedforms that are developed in sand. These range in 
scale from small ripples, through megaripples, to 
sandwaves of different wavelengths (Fig. 13.30).

13.9 Summary

The tidal flat environment appears at first to be one 
of little variation; just a flat surface over which the 
tide rises and falls with predictable regularity. In 
fact, however, there is great variation, but it is grad
ual and subtle in many places. Unlike many coastal 
environments that derive their sediment from land, 
tidal flats rely on waves and currents to provide the 
sediments that slowly accumulate on the surface. 
The cyclic nature of the processes and the relatively 
low energy conditions produce thin layers arranged 
in a predictable and recognizeable fashion. Abundant 
burrowing organisms can destroy this layered record 
in many areas.
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14.1 Introduction

It is typical for a portion of the inner, protected 
margin of an estuary or a low-energy open coast to 
be covered by a vegetated intertidal environment. 
If covered with grasses or grasslike vegetation this 
environment is called a marsh. If covered with woody 
shrubs and trees typically called mangroves, this 
environment is a swamp or, more properly, a man- 
gal. These environments may be normal marine in 
salinity or they may range through brackish toward 
freshwater. This discussion does not include the 
freshwater marshes along the rivers that may grade 
into the estuary. The proportion of the estuary that 
supports the salt marsh environment ranges widely: 
from essentially all of the estuary except for tidal 
channels, to only a border a few meters wide. The 
proportion of the estuary that is covered by vegeta
tion tends to be an indication of the maturity of the 
estuary or the degree jto which it has been filled in 
with sediment. For example, some of the estuaries 
on the Georgia coast have little open water except 
near the inlet between the barrier islands. A  similar 
situation exists in coastal southwest Florida, where 
mangroves dominate. Only tidal creeks dissect the 
extensive vegetated environment in these sedimen- 
tologically mature estuaries (Fig. 14.1). By contrast, 
the German Wadden Sea is bordered by only a

Fig. 14.1 Aerial overview o f a marsh showing only tidal creeks 
interrupting the marsh vegetation. This condition of little open 
water landward of a barrier island is common where there is at 
least a modest tidal range.

Fig. 14.2 Narrow band of marsh vegetation along the margin of 
the Bay of Fundy in Canada. The steep sides of this bay result in 
a narrow marsh because of the limitations o f marsh growth 
within the neap to spring high tide zone.

narrow marsh and the Bay of Fundy supports a 
narrow and discontinuous marsh environment where 
the gradients are steep (Fig. 14.2).

Both salt marshes and mangrove forests are 
special, vegetated intertidal environments and are 
discussed in detail. Some comparisons are made to 
demonstrate important differences between them.

14.2 Salt marshes

14.2.1 Characteristics of a coastal marsh
A marsh is really the portion of only the higher 
part of the intertidal environment that is covered by 
vascular plants. Above about neap high tide there is 
little energy to disturb the sediment substrate and 
the sediment that accumulates there tends to be 
relatively fine-grained with a fairly stable sediment 
surface. These factors provide the type of environ
ment that supports vegetation: an undisturbed place 
of fine, organic-rich sediment. Various opportun
istic and tolerant grasses thrive in this environment.

The marsh environment is commonly divided 
into the low marsh, which is approximately from 
neap high tide to mean high tide or slightly above, 
and the high marsh, which is from that level up to 
spring high tide.
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14.2.2 Marsh plants
There are two genera that are particularly prone 
to establish dense stands on such substrates: Juncus 
(Fig. 14.3) and Spartina (Fig. 14.4). Although not 
the only marsh taxa, these are the most widely dis
tributed in North America.

The specific type of vegetation that develops in 
marshes depends upon the elevation within the 
intertidal zone and the latitude; in other words, 
there is a climatic control. In the middle and south
ern coasts of North America, Spartina altemiflora is 
the typical low marsh grass (Fig. 14.5), not because

Fig. 14.3 Marsh show ing Juncus, the primary high-marsh 
species in many North American marshes. These Juncus marshes 
may be several kilometers wide along the coasts o f north Florida, 
Georgia, and South Carolina.

Fig. 14.4 Channel margin along a tidal creek showing high 
growth form of Spartina altemiflora. This species colonizes near 
the neap high tide level and commonly lines the tidal creeks in 
Juncus marshes.

Fig. 14.5 Outer margin ofthe low marsh with scattered oyster 
accumulations, a common situation in the southeastern United 
States. The oysters do well when they are exposed for only about 
half of each tidal cycle.

of the height of the plants but because of its eleva
tion. It is typically found between neap and spring 
high tide. In most estuaries this zone has a narrow 
range in elevation of a few tens of centimeters, but 
this can be up to a meter or more in estuaries with 
very large tidal ranges. Spartina altemiflora is a 
coarse grass that grows in very dense populations. 
Individual plants are generally about knee-high but 
they display great variability, reaching up to more 
than 1 m in height depending upon the specific 
location within the marsh and the availability of 
nutrients. The highest plants tend to be on the 
highest elevations: the levees of the channel margins 
and near spring high tide. The S. altemiflora plants 
at the lowest part of the marsh may be quite small 
and discontinuous.

The high marsh in these areas is dominated by 
Spartina patens. This species is generally fine and 
small in contrast to S. altemiflora. It grows best on 
the upper flat surface of the marsh environment. 
Juncus is the high marsh grass in low to mid lati
tudes and is restricted to the elevation of about 
spring high tide. Juncus roemerianus is the species 
that is most common in southern North America 
and J. gerardii is most common north of Delaware 
and New Jersey. It is commonly called the needle
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Fig. 14.6 Salicomta, a fleshy and short plant that is common 
in the high-marsh environment along many coasts. It is shown 
here along the southeast coast of Australia. Trace elements may 
change the color of this photosynthetic plant. In Australia it is 
com m on ly very  red in color.

rush or black rush, it is as tall as a person, and it has a 
pointed end that has been known to penetrate 
shoes. This species attains its height throughout 
the extent of the spring tide position of the estuary 
margin. During the growing season the plant is a 
dark green color but it attains a silvery hue during 
the fall and winter.

Other high marsh plants include Distichlis and 
Salicornia. Salicomia (Fig. 14.6), also called a salt 
wort, is a fleshy plant that rises only 10-20 cm 
above the substrate. It is the only common marsh 
plant that does not look like a grass, although Juncus 
is not a grass either, but a rush. Distichlis looks very 
much like S. patens, and they may occupy the same 
part of the marsh.

Relief on the marsh is typically low, but there 
are numerous subtle variations in elevation, which 
cause distinct zonation of vegetation in the salt 
marsh environment because the plant species involved 
are quite susceptable to elevation differences. Quite 
subtle or local changes in relief or general morpho
logy are reflected in the zonation of plant species 
and in their growth forms.

The low boundary of the marsh is the unvege
tated tidal flat, or the margin of a tidal channel. The 
upper boundary can be a variety of environments, 
but is typically characterized by some type of upland 
vegetation.

14.2.3 Global distribution
The worldwide distribution of salt marshes can be 
organized into nine regions based on the vegetation 
communities (Fig. 14.7). In the northern high lati
tudes there is the Arctic region, which includes the 
northern portions of North America and Russia, 
along with Greenland, Iceland, and northernmost 
Scandinavia. Here marshes are fragmentary due to 
extreme weather conditions. Europe is divided into 
two regions: one along the north coast, including the 
Baltic and the coast of Ireland and Great Britain, 
and the other along the Mediterranean coast.

Another region extends along the Atlantic coast 
of North America from northeastern Canada through 
the United States, including the Gulf coast. It is this 
region that contains the most extensive marshes 
of North America and that is given the most con
sideration in this chapter. The south and east coast 
of South America is another region. The Pacific 
American region extends along the west coast of 
both North and South America. Australia and New 
Zealand comprise a region in the south Pacific. The 
eastern coast of Asia along'with Japan completes the 
region in the Pacific basin.

The final region is really a special marsh envir
onment that is restricted to high elevations in low- 
latitude areas that are otherwise dominated by 
mangroves. This situation exists in Florida and also 
in parts of Baja California.

14.2.4 Marsh characteristics
The physical environment of the marsh community 
is influenced by the degree to which it is protected 
from wave action, the tidal regime, the rate of sea- 
level rise, the topography of the coastal area, the 
sediment supply, and the nature of the substrate. 
The marsh environment is very similar to a river 
system (Fig. 14.8): (i) it is typically cut by meander
ing channels; (ii) the channels have point bars; (iii) 
there are natural levees along the channel banks; (iv) 
crevasse splays may form in breaches of the levees; 
and (v) there may be meander cutoffs and oxbow 
lakes. In addition, the marsh surface tends to be 
extremely flat and horizontal, just like a floodplain.
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Fig. 14.7 World map showing the distribution of mangroves. Because of their inability to cope with freezing conditions, the 
mangroves are limited to low to moderate latitudes.

Because the zonation of vegetation is so closely 
tied to the elevation within the intertidal zone, it is 
practical to zone the marsh in a similar fashion. The 
most commonly used approach is simply to sub
divide the marsh into the low marsh and the high 
marsh. The low marsh is that part of the marsh 
from the beginning of vegetation up to at least mean

Fig. 14.8 Overview o f a marsh showing the similarities with a 
river system. Included are (a) meandering channel, (b) point bar, 
(c) natural levee, and (d) crevasse splay.

high tide. This is generally dominated by Spartina 
alterniflora. The high marsh extends from about 
the mean high tide up to the limit of tidal activity. 
This portion of the marsh is dominated by Juncus 
roemerianis and/or Salicomia depending on the 
overall setting.

There are, however, differences in marsh zona
tion and profiles depending upon the geographic 
location. For example, in New England (Fig. 14.9) 
the lower marsh includes both Spartina alterniflora 
and S. patens, with the upper marsh being com
posed of Salicomia, Distichlis, and a fringe of Juncus. 
An upland scrub forest typically borders the marsh 
itself. Further to the south in Georgia and Florida, 
the typical zonation is a relatively narrow lower 
marsh of S. alterniflora and an extensive high marsh 
dominated by Juncus roemerianus (Fig. 14.10).

14.2.5 Marsh classification
A convenient way to consider marsh development is 
through its maturity. This can most easily be done 
by considering the relative distribution of the low



268 Chapter 14

Fig. 14.9 Diagrammatic representation 
of the zonation on a New England 
marsh. The combination of climate and 
slope of the upper intertidal zone results 
in four primary species across the marsh 
environment. (From C. J. Dawes, 1998, 
Marine Botany. New York: John Wiley 
and Sons, p. 257, Fig. 9.11.)

Fig. 14.10 Diagram showing typical zonation on a Georgia or 
Florida marsh. In a more mild climate there are different and 
fewer species across the salt marsh. (From Dawes, 1998, p. 258, 
Fig. 9.12; details in Fig. 14.9.)

and high marsh portions of the total vegetated envir
onment (Fig. 14.11). Without using absolute ages, 
we can consider young, intermediate, and old marshes 
to reflect the progressive development of the marsh 
system, assuming that sea level has not changed 
substantially.

A young marsh is one that has mostly low marsh 
vegetation -  that is, Spartina altemiflora — with per
haps only a fringe of high marsh around the outer 
edge (Fig. 14.11a). Tidal channels are abundant, 
providing good drainage and sediment supply. This 
stage of marsh development lasts until sufficient 
sediment has been delivered to the upper intertidal 
area to support a significant upper marsh community.

The intermediate stage of marsh development 
(Fig. 14.11b) has a near-equal distribution of high 
and low marsh. The tidal channels are fewer in 
number than in the young marsh. As the sediment 
continues to be delivered to the upper part of the 
intertidal zone, the marsh becomes more mature 
in its development. Much of the intertidal zone is 
covered by marsh vegetation, with only a few large 
tidal creeks interrupting an otherwise continuous 
marsh environment. Continued sediment accumu
lation will cause encroachment of land plants into 
the marsh as the estuary is reduced in overall size.

The end product of this scheme of succession 
of marsh development is complete infilling of the 
intertidal zone up to the level of near spring high 
tide. The marsh is essentially all high marsh, with 
only a fringe of low marsh, and tidal channels are 
widely spaced (Fig. 14.11c). Because marshes are 
sediment sinks, this is their eventual fate unless 
sea-level changes cause either enlargement of the 
estuary or abandonment at a high elevation. If 
this occurs, upland terrestrial vegetation will likely 
encroach into the highest part of the marsh.

14.2.6 Marsh sedimentation
W e have noted that a marsh develops above the 
neap high tide level of the tidal flat, and that as the 
estuary fills with sediment, the marsh increases in 
its extent. In addition, there is an increase in the 
amount of high marsh as the marsh matures through
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Regular intertidal areas 
restricted to tidal creeks

Fifl. 14.11 Diagrammatic depiction and photographs of the 
three stages of marsh development: (a) young, (b) mature, and 
(c) old. The difference between these is based on the ratio of 
high- and low-marsh species and the density o f tidal channels. 
(From R. W . Frey & P. B. Basan, 1978, Coastal salt marshes.
In R. A. Davis (ed.), Coastal Sedimentary Environments. 
Heidelberg: Springer-Verlag, p. 114, Fig. 6.)

sediment accumulation with time. How does the 
marsh grow in this manner and what are the 
mechanisms for delivering sediment to the marsh 
or potential marsh environment?

There are various ways for sediment to reach the 
marsh environment but two are most prominent.

One is the settling lag-scour lag mechanism for 
building up the tidal flat, discussed in Chapter 13. 
In this manner the aggradation and progradation 
of the tidal flat will result in the sediment surface 
increasing in elevation and thereby providing appro
priate conditions for marsh vegetation to colonize
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the tidal flat. This building up of the tidal flat 
includes both sand that is transported along the 
substrate as bedload, and mud that is transported 
by suspension. Each tidal cycle, especially those 
between mean tide range and spring tide range, 
brings sediment up to the level where marsh vegeta
tion can become established. This type of accumu
lation encourages marsh expansion in response to 
sediment accumulation.

Once marsh vegetation has been established, the 
primary mode of sediment delivery is via suspended 
sediment. This sediment is typically mud and is 
provided from normal high tide flooding of the 
marsh during near spring conditions and also during 
storm conditions. Most estuaries have some mud in 
suspension during each tidal cycle. Each of the high 
tide phases of the tidal cycles provides a small to 
modest supply of mud to the marsh. The longer the 
slack water period at high tide, the more sediment 
will setde out of suspension.

Storms provide the highest rate of sediment influx 
into the marsh environment. They do two primary 
things to help in this activity: (i) the waves and cur
rents generated during storms cause large amounts 
of fine sediment to be carried in suspension; and 
(ii) many storms create storm surge or storm tides 
in the estuaries where the marshes occur. As a con
sequence, there is a great deal of sediment made 
available to the marsh environment. This sediment 
is delivered in two primary ways: (i) through the 
simple flooding of the marsh by sediment-laden 
water; and (ii) by breaching of the natural levees and 
deposition of a crevasse splay type sediment deposit. 
Both of these mechanisms provide considerable 
sediment to the marsh surface and both may pro
duce enough sediment during a given storm to tem
porarily bury the marsh grass (Fig. 14.12). These 
storm layers may be several tens of centimeters 
thick. Because marsh grass is very resilient, it will 
not die when buried but will grow up through the 
storm layer in weeks to months. This type of high 
sedimentation rate on the marsh surface results 
in the eventual elevation of the marsh, rising up 
to above normal intertidal levels. The result is that 
the marsh environment disappears in favor of the 
upland environment.

Fig. 14.12 Overbank storm deposit (dashed line) covering marsh 
vegetation. Marshes must have sediment deposited on them to 
keep up with sea-level rise. Hurricanes and other severe storms 
flood the marsh with muddy water. The suspended mud is 
trapped by the marsh grass and some setdes to the marsh surface.

Fig. 14.13 Marsh vegetation showing mud adhering to the 
blades of the grass and giving an indication o f the high tide level. 
Rain will wash the mud off the grass and onto the underlying 
sediment surface.

Marsh vegetation tends to be quite dense and 
provides an excellent sediment trap in two ways. 
First, the grass slows the flow of tidal waters to per
mit settling out of fine suspended sediment particles 
to the floor of the marsh. Second, considerable 
amounts of fine sediment adhere to the marsh 
grasses (Fig. 14.13) as the sediment-laden water 
flows past. Both of these mechanisms provide for 
accumulation of generally muddy sediment on the 
marsh. Additional sediment accumulates on the 
marsh surface as the result of suspension feeders 
living within the marsh grass producing pellets
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that accumulate within the marsh and contribute to 
its aggradation. In high latitudes, ice can also be 
important in transporting sediment onto the marsh 
surface. This is very common in the New England 
area of the United States and along parts of the 
Wadden Sea on the North Sea coast of Europe.

14.2.7 Sediments
The general nature of salt marsh sediment is quite 
unlike that of other coastal environments, except for 
the upper part of the intertidal flats. It is commonly 
a subequal mixture of mud and plant debris, with 
small amounts of shell material, sand-size terrigen
ous particles, and large plant fragments. Overall, 
marshes typically contain the finest sediments of 
all coastal environments. This is not always true, 
especially for those marshes developed on washover 
deposits or flood-tidal deltas associated with barriers; 
most of these are dominated by sand-size sediments. 
It is also possible for the particular area to have litde 
mineral-mud sized sediment throughout, thereby 
making it impossible for mud to be a major com
ponent of marshes. The Florida peninsula falls into 
this category, because marshes there form on sand- 
dominated substrates.

The coastal marsh accumulates a distinctive 
combination of sediment, structures, geometry, 
and biogenic features. Alhough there is some nearly 
universal similarity among marsh deposits, there 
may be striking contrasts. Most marshes accumu
late much plant debris and typically develop peat. 
Numerous benthic invertebrates may live within the 
marsh. Foremost are infaunal organisms, such as 
various worms, burrowing crabs, and snails.

As a consequence of all of these burrowing 
organisms, together with the effects of the roots of 
the marsh vegetation, many marshes show consid
erable bioturbation in the substrate (Fig. 14.14). 
There are, however, many marshes that do accumu
late well bedded marsh sediments (Fig. 14.15).

14.2.8 Sea level and marsh development
It should be apparent from the above discussions that 
the marsh environment is very delicately balanced

Fig. 14.14 Marsh sediment showing extensive bioturbation 
generally by crabs. The roots of marsh plants can also cause 
bioturbation.

Fig. 14.15 W ell bedded marsh sediment suggesting that the 
sediment accumulates rapidly in the absence of burrowing 
organisms. This is generally limited to high-latitude areas.

with sea level. The entire marsh environment exists 
within much less than a meter of relief near high 
tide, except in places with extremely high tidal 
ranges. The high marsh environment is within only 
about 10-15 cm of relief. As sediment accumulates 
on the marsh, the elevation can reach above spring 
high tide. But this is without considering sea-level 
change; especially sea-level rise.

In Chapter 4 we discussed the current situation 
regarding sea-level change and noted, that globally, 
there is an annual rise of 1.5-2.0 mm. This is modest, 
but there are indications that the rate is increasing. 
If we consider the current rate, that means that a 
coastal salt marsh must accumulate 1.5-2.0 mm of
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Fig. 14.16 Aerial view of typical marsh and interdistributary 
bay on the delta plain of the Mississippi Delta. These are 
probably the most extensive salt marshes in North America 
and they are in jeopardy because of the rapid rise in sea level 
in this area.

sediment each year in order to maintain its current 
elevation relative to sea level. The desired situation 
is at least a balance between sea-level rise and sedi
ment accumulation. In most coastal settings, this is 
not a significant problem: such a balance exists. How
ever, if  predictions of increased rates of sea-level rise 
come true, then we will have potential problems, 
with marshes being drowned by the rise in sea level. 
There is considerable concern about this scenario 
becoming a major problem for marsh stability. 
Because marshes are among the most productive 
environments of all, this situation could cause 
major problems for the coastal ecosystem.

Catastrophic conditions currently exist in the 
extensive marsh environment associated with the 
Mississippi River delta (Fig. 14.16) on the coast of 
Louisiana. W e can see from the chapters on sea 
level (Chapter 4) and on deltas (Chapter 16) that 
this area is experiencing a relative sea-level rise of 
almost 1 cm each year. While sea-level rise is not a 
major problem along many coastal environments, 
it is a very big problem for a marsh. Remember, 
most of the marsh exists within a very small range 
in elevation. On the Mississippi delta, an area of 
less than a meter spring tidal range, the range is 
only about 10-15 cm.

As a consequence, a sea-level rise of nearly a cen
timeter may cause much of the marsh to be drowned

Fig. 14.17 Badly deteriorated marsh as the result o f sea level 
rise along the Mississippi River Delta. (Courtesy o f Lynn 
Leonard.)

(Fig. 14.17). If the rate of sediment influx amounts 
to a centimeter per year, then there is a balance 
between the rate of sea-level rise and the rate of 
marsh accretion. In the case of the Mississippi delta 
area, human interference with the discharge of the 
river, coupled with the withdrawal of fluids under the 
delta in the extraction of petroleum has contributed 
significandy to the high rate of relative sea-level rise. 
As a consequence, the delta is subsiding and the 
amount of sediment supply from flooding of the 
river has been greatly reduced. The bottom line is 
that much of the coast of Louisiana is drowning. 
The state is currendy losing about 65 km2 each year 
to drowning of coastal salt marshes.

14.2.9 Marsh summary
Although marshes are very diverse in their char
acteristics and their dominant vegetation, they have 
many common factors. There are some generaliza
tions that can be made about marshes. Most of 
these are related to the position along the intertidal 
zone (Fig. 14.18). It cannot be stressed enough how 
important the elevation is within the marsh portion 
of the intertidal zone.

Marshes of all types are among the most import
ant and most productive of all modern environments. 
They have high concentrations of photosynthetic 
organisms and they serve as a nursery ground for 
many animals. Because of their delicate position
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I aiii m ̂  p"«r Pi High marsh

Fig. 14.18 Diagram showing the various 
specific environments across the coastal 
marsh. The primary zones are the high 
and the low marsh, characterized by 
different salt marsh plants.

MHW N: Mean high-water neap 
M SL: Mean sea level

(not to scale) f Usually admixed w ith  Spartina

within the intertidal zone, their existence is threat
ened both by human activity and by sea-level rise.

14.3 Mangrove coasts

Stands of mangroves, called mangals, are tidal 
forest ecosystems that exist in protected marine 
through brackish water to freshwater conditions, 
as long as there is some tidal influence. Although 
there are various environmental conditions that 
influence the nature and extent of mangrove de
velopment, the most critical is air temperature: 
mangroves cannot tolerate a hard freeze. This limits 
them to lower latitudes. Mangrove mangals are 
commonly considered as the low-latitude equiva
lent of coastal marshes. This comparison is not 
strictly correct in that there are two distinct dif
ferences between the two environments: (i) marshes 
are populated by grasses and mangrove mangals are 
dominated by trees and shrubs; and (ii) mangroves 
occupy different positions within the intertidal 
zone than do marshes. As mentioned in the previ
ous section, there are two areas where mangroves 
and salt marsh vegetation occur together: parts 
of Florida and the Baja California coast. In Florida, 
this is primarily because of temperature. It is warm 
enough along the shoreline for mangroves to survive 
because of the water temperature, but even a few 
hundred meters inland the temperatures are too 
cold and salt marshes replace them as the wedand 
vegetation.

In this discussion we consider how mangroves are 
distributed, both globally and within specific coastal 
systems. The zonation of mangroves and their 
influence on coastal processes, especially sediment 
transport and stability, is also covered.

14.3.1 Mangrove distribution
Global distribution
More than 80 species of mangroves are recognized 
globally. The vast majority of these species are found 
in Southeast Asia and Oceania, in the Pacific and 
Indian oceans. This global distribution is controlled 
by winter temperature: hard freezes are not toler
ated by these plants (Fig. 14.7). The Indo-Pacific 
Zone contains a tremendous variety of mangrove 
taxa, whereas the Atlantic Zone includes only ten 
species. As can be seen in the map of the mangrove 
regions, there is a distinct limitation to the low 
latitudes. In the United States, for example, only 
Florida, parts of the Gulf coast, and a little of south
ern California are home to mangroves.

Local distribution
Mangroves are restricted to protected waters where 
currents are sluggish and waves are small. These are 
typically associated with rather low-energy estu
aries, lagoons, and backbarrier environments. The 
primary factor in this distribution is the nature of 
mangrove propagation. Their seeds drop from the 
trees and float with the currents until they come to 
rest at the shoreline. It is here that the propagules
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Fig. 14.19 (a) Sketch of roots of Rhizofhora mangle, the red 
mangrove, and (b) photograph of the species. These prop roots 
provide outstanding stability for the trees.

root and develop into seedlings. In order for this to 
take place the seeds must maintain a position for 
some time. Swift currents and wave action would 
prohibit this from happening.

Zonation
There is a zonation of the prominent mangrove 
species that is related to their position within the 
intertidal zone, in a fashion similar to that of the 
grasses within the marsh environment. The most 
seaward species is the red mangrove, Rhizophora 
mangle (Fig. 14.19), which commonly extends to 
below the low tide mark within the low part of 
the intertidal zone. Above this in elevation but 
intermixed to some extent is the black mangrove, 
Avicennia germinans (Fig. 14.20). This species is 
within the intertidal zone. The third typical man
grove of North American mangals is Laguncularia 
racemosa, the white mangrove, which inhabits the 
highest part of the intertidal zone and may extend

Fig. 14.20 (a) Sketch of roots ofAvicenniagerminans, the black 
mangrove, and (b) photograph of the species. These root 
systems are pneumatophores and are thought to be primarily for 
respiration of the mangroves.

up to the supratidal area. The zonation across the 
intertidal zone in Florida is basically in this same 
order, with the red mangrove being lowest and the 
white the highest, just above spring tide (Fig. 14.21). 
Unlike in marshes, it is common for mangrove 
species to be somewhat intermixed. There is no 
sharp boundary between species as there is in the 
salt marshes.

Mangrove communities have been classified into 
five types depending on the morphology of the coast, 
tidal influence, and river influence (Fig. 14.22). 
This classification is built around three extremes, 
with river-dominated, tide-dominated, and interior 
mangals as end members. The differences are as 
follows. The river-dominated types are those where 
there is considerable runoff of sediment, nutrients, 
and organic matter. The tide-dominated mangals 
are those where bidirectional flux of tidal flow is 
prominent. The interior mangals are those that are 
organic-rich and in which sediment sinks.
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Fig. 14.21 Zonation o f mangrove 
species across the intertidal zone as it 
typically occurs in south Florida. All 
four species of this area are shown. 
(From Dawes, 1998, p. 292, Figure 
10.13; details in Fig. 14.10.)

Of the five types, the riverine, overwash, and fringe 
mangals are the most extensive. The fringing types 
occur along the protected open coasts of estuaries 
(Fig. 14.23) and other coastal bays. Overwash man
gals develop on the landward side of barrier islands, 
where the low-lying overwash deposits accumulate. 
The riverine mangals line the lower parts of rivers, 
where they merge with the brackish waters of 
estuaries.

Basin mangals are generally limited in size and 
are located in depressions or small basins behind 
riverine or fringing mangals. They may be served by 
small tidal creeks. The hammock mangals are in 
inland tropical locations, where they are isolated by 
freshwater. The last type, scrub mangals, are located 
in areas where there is stress due to low water ex
change, and therefore insufficient nutrient supply.

14.3.2 Mangroves and coastal processes
Mangroves have some influence on coastal processes 
because of their prominent size and dense network 
of root structures. Although most of their influence 
centers on physical processes, some biological pro
cesses may also be involved. Some of the mangrove 
species, especially those of the genus Rhizophora, 
have a significant influence on currents. The prim
ary reason for this influence is the presence of the 
numerous, closely spaced, and resistant root struc
tures that are possessed by nearly all mangrove species. 
In sites where open water currents maybe as high as 
100 cm s-1, the currents within the dense mangrove

root system may be as slow as 10% of those of the 
open water.

As the tide floods and ebbs, the prop roots and 
pneumatophores, along with substantial burrow
ing structures at the sediment surface, cause major 
increases in roughness and friction. This produces a 
significant decrease in the flow velocity of the tidal 
currents and thereby greatly affects sediment trans
port and accumulation. Additional roughness is 
caused by the algae, barnacles, oysters, and other 
organisms that may be growing on the root struc
tures (Fig. 14.24). All of these factors have an effect 
on waves as well. They tend to attenuate wave 
energy and thereby minimize the role of waves in 
erosion of the mangrove substrate.

Mangroves also have a significant influence on the 
effect of storms along coastal environments. Because 
of their location in low-latitude regions, tropical 
storms and hurricanes are likely to impinge on man
grove coasts. These storms bring intense winds, 
large waves, and storm surge. Mangroves are able to 
withstand these forces very well. The relatively low 
trees with very dense root systems are adapted to 
resist such intense conditions. They also help to 
protect the sediment substrate in the mangal.

A good example of this situation is the passage of 
Hurricane Andrew across south Florida in August 
1992 (Fig. 14.25). Many people are aware of the 
tremendous destruction that took place in the Miami 
area. Few people are aware of what happened on 
the other side of Florida, where mangrove mangals 
dominate the coastal zone. Here the mangroves
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Fig. 14.23 Photograph of typical fringing mangroves along the 
coast of an estuary. The mangroves will extend throughout 
coastal locations where there is a tidal influence.

Fig. 14.24 Oysters growing in association with prop roots of 
the red mangrove. The prop roots provide an excellent firm 
surface for these and other encrusting organisms, such as 
barnacles.

Fig. 14.22 Mangrove mangal classification that depends on the 
location and structure o f the mangrove community.

extend essentially to the open coast along this very 
low energy coast, where mean wave height is only 
about 15 cm. With large waves developing on a storm 
surge of 1.5-2.0 m and winds of about 150 km h-1 
it would be expected that there would be major 
erosion on this undeveloped coast. Instead, the 
shoreline change was minimal: mangrove trees were

broken off by the wind but the dense root systems 
prevented erosion. This is an excellent demonstra
tion of how mangroves are adapted to withstand 
intense storms and prevent erosion of the coastline.

Another relationship between coastal processes 
and mangroves involves the dense network of exposed 
p ro p  roots and p n e u m ato p h o res  that are associated 
with the red mangroves and the black mangroves 
respectively. These structures extend throughout 
the intertidal zone and below. Prop roots may be
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Fig. 14.25 View of mangrove mangal in southwest Florida after 
the passage of Hurricane Andrew. Note that there has been little 
erosion, although the mangroves are defoliated and most have 
been broken off by the wind.

meters high, generally related to tidal range. Pneum- 
atophores are typically 20-30 cm above the sedi
ment surface. The influence that they have on tidal 
currents has significant effects on sedimentation 
and erosion. The most obvious of these effects is the 
interference that the root structures present, causing 
a slowing of the currents. As a result, sediment that 
is entrained by these currents is allowed to come to 
rest due to the baffling effect of the roots. Addition
ally, the roots prevent sediment from being removed 
for the same reason. The net effect is that mangrove 
root systems are sediment traps.

Another aspect of the sediment trap effect of 
mangroves takes place primarily in the prop roots 
of the red mangroves. These structures are com
monly at least a few centimeters in diameter, and 
they physically block suspended sediment, which 
adheres to the surface of these roots. This pheno
menon can be important in muddy estuaries, especi
ally those where tidal range is high (Fig. 14.26).

Fig. 14.26 Mud sticking to the prop roots of mangroves along 
a tidal creek on the Queensland coast o f Australia. This type of 
sediment trapping can contribute to sediment accumulation on 
the mangal substrate.

14.4 Summary

Dense vegetation on the intertidal zone represents 
one of the most important of all coastal environments. 
These diverse environments provide a tremendous 
level of productivity in the form of photosynthesis 
and as a food supply to many types of herbivores. 
These highly productive environments also provide 
a home and a place for reproduction for many 
organisms.

Another major impact of these environments is 
in the form of coastal protection. Both marshes and 
mangals are helpfiil in stabilizing sediment sub
strates and slowing erosion by waves and currents. 
This is especially the case for the mangrove mangals, 
which can withstand direct attack from hurricanes 
and experience limited erosion. These vegetated 
environments are also important sediment traps 
and substrate stabilizers.

Suggested readino Chapman, V. J. (1976) Coastal Vegetation. Oxford: Pergamon Press.
Chapman, V. J. (ed.) (1977) Wet Coastal Ecosystems. Amsterdam: Elsevier.
Dawes, C. J. (1998) M arine Botany, 2nd edn. New York: John Wiley &  Sons.
Frey, R. W . &  Basan, P. B. (1985) Coastal salt marshes. In R. A. Davis (ed.), Coastal 

Sedimentary Environments. New York: Springer-Vedag.
Perillo, G. M. E. (ed.) (1995) Geomorphology and Sedimentology o f  Estuaries. Amsterdam: 

Elsevier (Chapters 10 and 11).
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15.1 Introduction

Most coasts have embayments of various sizes, 
shapes, and origins. The differences displayed by 
the morphologies of these embayments is the result 
of a wide range of origins, many of which are diectly 
or indirecdy related to plate tectonics. The embay
ments, or bays as they are most commonly called, 
that have been formed as a direct consequence of 
tectonic activity are generally located on leading edge 
margins like the west coast of the United States. 
Here faults and movement along these faults may 
produce bays that are typically long and narrow, 
such as Drakes Estero in California (Fig. 15.1), 
where the San Andreas Fault system provides the 
geologic setting for a coastal bay. Other bays may 
form as the result of rising sea level drowning drainage 
networks, producing branching systems such as 
Chesapeake Bay and Pamlico Sound on the central 
Atlantic coast of the USA. This common type of 
coastal bay is typical of trailing edge coasts with 
broad coastal plains and well developed river sys
tems. Other varieties (Fig. 15.2) include: (i) fjords, 
which are elongate embayments excavated by glaciers;

Fig. 15.1 Drakes Estero, California, an example of a fault- 
generated estuary in the San Andreas complex north o f the San 
Francisco area. This rectangular estuary has formed over one of 
the faultlines.

(ii) bays formed by barriers such as coral reefs and 
barrier islands; and (iii) embayments constructed by 
human activity, more commonly called harbors. 
This brief list provides some idea about the origins 
of coastal bays and the shapes that are related to 
those origins.

The definition for estuaries given in Chapter 10 
makes one wonder about the difference between

Fjord

~~S . . ;High relief —
Shallow’sill, constriction 1

Coasial plain type (tide-.dominated) 
funnel shape

Fig. 15.2 Schematic diagrams of several 
types of estuaries showing their general 
shapes. Some are the result of rising sea 
level, some are glacial in origin, some are 
related to plate tectonics, and others are 
either wave- or tide-dominated.
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these and river deltas, which also have important 
freshwater input and which experience tidal 
influence. The simple difference is that an estuary is 
a coastal embayment but a delta protrudes into the 
ocean or other adjacent water body. There are sev
eral factors common to these two coastal environ
ments: (i) both typically have tidal flats and marshes 
or mangrove swamps; (ii) both are influenced by 
rivers, waves, and tides; (iii) both are important sites 
of sediment accumulation; and (iv) both are geolog
ically young features.

Estuaries are sediment sinks; that is, places where 
sediment tends to accumulate and stay for long 
periods of time. It is this characteristic that limits 
the geologic lifetime of an estuary. The runoff from 
rivers as well as the tidal flux transports sediment 
from both the landward and seaward directions into 
the estuary. The embayment provides a local basin 
for sediments to come to rest. Estuaries tend, there
fore, to be filled in from the margins toward the 
middle in a manner t{jat is commonly referred to as 
progradation. If sea level rises during this infilling 
process then the space available for sediment con
tinues to increase. On the other hand, if  sea level 
falls, the estuary is drained and the river(s) flows 
across its prior location leaving the “basin” essen
tially “high and dry.”

15.2 Estuarine hydrology

In addition to the size, shape, and origin of these 
bays, their character also includes their hydrology. 
This is comprised of the characteristics of the water 
coming from both the land runoff and the marine 
environment, coupled with its circulation within the 
estuary. The hydrology controls the water chemistry, 
the biota, and the sediment that forms the substrate. 
It is the hydrologic characteristics that provide the 
best criteria for classifying coastal bays into broad 
categories.

The fact that both rivers and tides flow into the 
estuary means that both freshwater and seawater are 
being mixed in this environment. This interaction 
of different water types gives the estuary one of its 
most important characteristics along the coast:

brackish salinities. Runoff from a river is generally 
continuous but the discharge may vary greatly 
depending upon the season, the overall climate, and 
other factors, similar to the situation for deltas. In 
contrast, the tidal influence from the open marine 
environment to the estuary is typically regular and 
predictable. The range in tidal fluctuation changes 
with spring and neap conditions but the periodicity 
remains fairly constant.

The salinity of seawater is about 35 p.p.t. or 3.5%, 
whereas that of freshwater is essentially zero. This 
contrast in salinity produces a significant difference 
in the density of the two water types. Remember 
how much easier it is to float in saltwater as com
pared to a freshwater pool. The difference in density 
is small in absolute terms (1.000 g cm-1 for fresh
water and 1.026 g cm-1 for normal marine salt
water), but it is very important. In the absence of 
waves or strong currents, these different water types 
are layered, with the lighter freshwater “floating” on 
the heavier saltwater. This phenomenon demon
strates the potential complications that the merging 
of these water types present to the estuary in terms 
of circulation into and out of the embayment.

15.3 Classification ot estuaries

A common classification of estuaries is based on 
the way that freshwater and saltwater interact. In 
the 1950s, Donald Pritchard, a scientist at the 
Chesapeake Bay Institute, recognized three types 
of circulation conditions in estuaries: (i) stratified; 
(ii) partially mixed; and (iii) mixed (Fig. 15.3). In a 
stratified estuary there is essentially complete separ
ation between the fresh and saltwater masses due to 
a lack of mixing caused by waves or strong currents. 
Estuaries dominated by rivers may display stratified 
water masses, such as the Hudson River estuary in 
New York, where the saltwater wedge extends tens 
of kilometers up the river. In some estuaries some of 
the saltwater mixes with the freshwater to produce 
a transition zone of intermediate salinity between 
the fresh and saltwater. Places where tidal currents 
influence part, but not all, of the estuary, such as 
Chesapeake Bay, display this characteristic. Totally
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River

Fig. 15.3 Pritchard’s estuary classification, which includes (a) 
stratified, (b) partially mixed, and (c) totally mixed categories. 
There is actually a continuum of salinity, waves, river influence, 
and tides that forms these different types. (Modified from D. 
W . Pritchard, 1955, Estuarine circulation patterns. American 
Society o f  C ivil Engineers, Proceedings, 8 1 ,1—4.)

example, a large but shallow estuary such as Mobile 
Bay or Pamlico Sound is susceptible to waves mix
ing the water column, thereby destroying any layer
ing of water mass types. Waves tend to be absent or 
small during the summer, conditions that foster 
stratification. Near the other end of the spectrum, 
tidal currents in the Bay of Fundy are always strong 
enough to completely mix the water in this estuary.

15.4 Estuarine processes

Estuaries tend to be influenced primarily by river or 
tidal processes, with wave influence being depend
ent upon the size and depth of the estuarine basin. 
Freshwater and sediment are provided to the estu
ary by river discharge. The amount of both and the 
rate at which they are delivered is important to the 
character and longevity of the estuary. Some estuar
ies are supplied by a single river and therefore the 
sediment supply is essentially at one point. This sit
uation tends to form a bayhead delta where much 
of the sediment delivered by the river accumulates 
(Fig. 15.4). Some of the large estuaries on the Texas 
coast have this characteristic: San Antonio Bay is 
fed by the Guadalupe River, Corpus Christi Bay by 
the Nueces River, and Galveston Bay by the Trinity

mixed estuaries produce a vertically homogenized 
water column with a gradient of increasing salinity 
toward the ocean. This could be the result of waves 
in a shallow estuary, such as Pamlico Sound, North 
Carolina, or Mobile Bay, Alabama, or it could be due 
to strong tidal currents, such as in the Bay of Fundy, 
Canada, or Delaware Bay on the Atlantic coast of 
the United States. Large and complicated estuaries 
such as Chesapeake Bay or San Francisco Bay can 
experience different conditions in different locations.

Many estuaries move from one hydrologic type 
to another depending upon seasonal variations in 
runoff, changes in wave climate, topographic varia
tions of the estuary floor, or other phenomena that 
lead to variations in the amount of mixing. For

Fig. 15.4 Guadalupe River entering San Antonio Bay on the 
Gulf coast of Texas and forming a bayhead delta. As the river 
enters the estuary it drops its sediment load to form a delta much 
like deltas that form on the open coast.
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River. Another good example is Mobile Bay in 
Alabama, where the Tensaw River forms such a 
delta. These estuaries tend to be river-dominated 
because of the strong influence of the stream 
processes and the absence of strong tidal currents 
and/or large waves. The tidal influence in these 
Gulf coast estuaries is diminished by the presence 
of the barrier islands across the mouth of the bays. 
It is also limited by the small tidal range around the 
Gulf: less than 1 m spring tide for all of them.

Some estuaries have multiple rivers emptying into 
them, with little or no development of a bayhead 
delta. Probably the best example is Chesapeake Bay 
(Fig. 15.5), which receives input from numerous 
large rivers but which has no significant bayhead 
deltas. Here the digitate nature of the many river 
valleys leading to the estuary traps most of the relat
ively coarse sediment before it reaches the open 
portion of the estuary. Many of the small west coast 
estuaries have similar conditions but they generally 
have only a single stream feeding them. Although 
this type of estuary can develop any of the three 
hydrologic styles mentioned above, nearly all are 
stratified or partially mixed. In addition to the pres
ence of the bayhead deltas, terrigenous sediment 
accumulation in these river-dominated estuaries 
tends to be dominated by mud.

At the other end of the spectrum are tide- 
dominated estuaries. This type is typically funnel- 
shaped and has no barrier or other constriction at 
its mouth. Such a configuration not only eliminates 
the dampening effect that barriers have on tidal flux 
but commonly amplifies the progressing tidal wave 
during flooding, producing high tidal ranges. Both 
conditions result in maximization of the influence 
of tidal flux, and they create fully mixed hydrologic 
conditions in the estuary. The combination of high 
tidal range and strong tidal currents generally results 
in a sand-dominated estuary floor because the mud 
tends to be carried out to sea in suspension or to be 
trapped at the low-energy, landward limits of the 
estuary. Good examples of tide-dominated estuaries 
are the Bay of Fundy and the Gironde Estuary on 
the western coast of France (Fig. 15.6).

The strong tidal currents in these tide-dominated 
estuaries move much sediment into the estuary,

Fig. 15.5 Chesapeake Bay, an example of an estuaiy formed by 
the drowning of a complicated fluvial system producing a 
complex coastline.

and they also move sediment that is already in the 
estuary back and forth during each flood and ebb 
of the tide. Sand can be moved by currents of as low 
as 20-30 cm s-1 depending on the size of the sand 
particles. These conditions are typically achieved or 
exceeded for several hours during each flood and 
ebb tidal cycle. As a result, the tidal currents pro
duce numerous bedforms on the floor of the estuary; 
basically the same ones that we see exposed on tidal 
flats (Fig. 13.10). These bedforms are developed
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Fig. 15.6 The Gironde Estuary in France displays a funnel 
shape common among tide-dominated estuaries. Tidal 
influence extends beyond Bordeaux, more than 150 km 
from the ocean.

because of the shear between the bed (sediment) 
and the water column, thereby causing turbulence 
and producing these regular irregularities on the 
substrate. The bedforms range in size from ripples 
to sand waves. The size and shape of these features 
is controlled by both grain size and the velocity of 
the tidal currents.

15.5 Time-velocity relationships

The graphic record of the rise and fall of the tides 
shows the change in water level over each tidal cycle. 
This curve is essentially symmetrical. If we plot the 
velocity of tidal currents that are produced by this 
rise and fall of the tides we find that the curve has a 
very different shape. There is considerable asymme
try to the velocity data and the duration of flood and 
ebb may be different. This graph is called a time- 
velocity curve (Fig. 15.7) because it is a record of the

(a)

Fig. 15.7 Plots o f two examples o f time-velocity curves for 
different estuaries. These curves will have different shapes 
from one location to another, almost like fingerprints. (From 
H. Postma, 1961, Transport and accumulation of suspended 
matter in the Dutch Wadden Sea. Netherlands Journal o f  Sea 
Research, 1,170.)

velocity of the tidal current over time. The lack of 
symmetry is called time-velocity asymmetry.

Each location within an estuary displays its own 
characteristic time-velocity curve showing its own 
asymmetry. Changes in the asymmetry will occur 
within the lunar cycle from neap to spring con
ditions. If the estuary floor or tidal channels are 
changed, both of which strongly influence the flow
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Major river influence Estuary Major marine influence

River inflow

Tides

Waves.

Sediment supply

Fig. 15.8 General diagram o f an estuary including the major sections and sediment varieties. This shows in simplistic fashion how the 
rivers and the ocean interact to form complex estuarine systems. (After M. M. Nichols & R. B. Biggs, 1985, Estuaries. In R. A. Davis 
(ed.), Coastal Sedimentary Environments. New York: Springer, p. 158).

of tidal current, then time-velocity curves may show 
steep or more gradual slopes or they may show 
distinct differences in the duration of the flood and 
ebb portion of the tidal cycle. This time difference 
exceeds an hour in many cases. These conditions 
may produce either flood-dominated locations or 
ebb-dominated locations and these different condi
tions maybe adjacent to one another. It is common, 
for example, for a channel to be ebb-dominated but 
for the adjacent tidal flats to be flood-dominated.

15.6 Model estuary

A good way to conceptualize an estuary is through 
the use of a simple model. The estuary can be sub
divided into three main parts: (i) the landward area

of river influence; (ii) the middle, truly estuarine 
area; and (iii) the seaward area of marine influence 
(Fig. 15.8). The relative proportions of each vary 
with individual estuaries and with the influences of 
the major processes. Tides commonly diminish in 
their influence landward from near the mouth, but 
there are exceptions where the shape enhances tidal 
range, the Bay of Fundy being an example. Wave 
influence tends to be direcdy proportional to the size 
of the estuary or to the fetch of a particular portion 
of it. Riverine influence is likewise proportional to 
the amount and rate of river input relative to tidal flux.

There is nearly always significant overlap in the 
sediment supply from the river and from the marine 
sources, and the nature of the contribution is com
monly different between these sources. River sedi
ments are generally sand and mud, whereas marine
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Fig. 15.9 Map showing major environments within the James River estuary, a branch of Chesapeake Bay. Compare this map with the 
diagram in Fig. 15.8. (From M. M. Nichols, 1972, Effect of increasing depth on salinity in the James River Estuary. In B. W . Nelson 
(ed.), Environmental Framework o f  Estuaries. Geological Society of America, Memoir 133, p. 209.)

sediments tend to be dominated by sand with some 
shell gravel; mud is rare (Fig. 15.8). The estuarine 
transport of sediments includes both bed load and 
suspended load. The latter is particularly important 
in low-energy estuaries, where it forms the bulk of 
the sediment that accumulates; less is carried out into 
the open marine environment with ebbing tides.

The zone of freshwater and saltwater mixing has 
a strong influence on suspended sediments because 
it is a place where water density changes significandy. 
Flocculation of the fine clay mineral particles (<2 
|Xm  in diameter) takes place here and floe size may 
reach up to 30 (im. This is also the zone of the 
turbidity maximum in both partially and fully mixed 
estuaries. Here suspended sediment concentrations 
are highest. This phenomenon is controlled by 
the mixing of freshwater with the leading edge 
of the saltwater. Some of the particles suspended 
in the overlying freshwater mass settle as currents 
diminish and are then entrained by the lower, 
more dense saltwater and carried landward to the 
turbidity maximum. This process produces the high 
sediment accumulation rate associated with the 
turbidity maximum.

There is a third source of sediment in estuaries: 
the biogenic material that is produced or modified

in the estuary itself. This sediment tends to be most 
abundant and accumulates most rapidly in the mid
dle zone (Fig. 15.9). There are numerous organisms 
that thrive on the brackish salinities that character
ize the central portion of most estuaries. The typical 
salinity range here is from about 5 to 20 p.p.t. 
Ostracods, foraminifera, various mollusks, and worms 
are the most common animals. In addition, various 
types of algae are present and some subtidal grasses 
are found on the fringe where water clarity is suf
ficient. Water clarity strongly inhibits photosynthe
sis in most estuaries due to the abundance of fine 
sediment and the waves and currents that can cause 
it to become suspended. Skeletal carbonate material 
from many of these organisms makes an important 
contribution to the sediment of the estuary. Oyster 
reefs are particularly abundant and widespread in 
many of the low-energy, muddy estuaries. In some 
areas mussels are also common.

The other aspect of the contribution made by 
bottom-dwelling organisms is the pelletization of 
suspended sediments by filter feeders and to a lesser 
extent by grazers. The biggest contributors to pelli- 
tized muds are oysters, mussels, and worms, all of 
which filter their nourishment from suspended par
ticles provided by currents. Much of the suspended
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material is made up of fine mineral particles and 
other inorganic debris. The organisms pass these 
particles through their digestive tracts and excrete 
pelleted mud in large quantities. Much of the accu
mulated estuarine sediment is actually in the form 
of these pellets, which are sand-sized, cohesive 
aggregates of mud-sized particles. The filter feeders 
greatly increase the rate of benthic sediment accu
mulation by taking suspended sediment that might 
otherwise be carried to sea out of the water column 
and converting it to larger particles that settle to the 
floor of the estuary.

15.7 Estuary types

W e can place most estuaries into one of two general 
morphodynamic types: wave-dominated and tide- 
dominated. If we consider the general estuarine 
model shown in Fig. 15.8 as a general morphologic 
model, it is possible tg place it into each of these two 
types. The following discussion considers the dif
ferences and similarities, and gives various examples 
of each type.

15.7.1 Tide-dominated estuaries
The general configuration of the tide-dominated 
estuary is a funnel shape (Fig. 15.10), with tidal 
processes having a strong influence over most of the

Tide-dominated
estuary

f  t
Tidal currents

1 I

Fig. 15.10 Schematic diagram of a tide-dominated estuary. 
These funnel-shaped coastal bays are typically along coasts 
with little wave energy and high tidal ranges.

Fig. 15.11 Delaware Bay on the east coast of the United States, 
a good example of a tide-dominated estuary, although it does 
have a small barrier spit across part of its mouth.

estuary. This type of estuary develops along coasts 
that have some combination of high tidal range and 
large tidal prism with an absence of an energetic 
wave climate. As a consequence, we have an estuary 
that tends to be fully mixed throughout due to the 
influence of tidal currents. In addition, the sediments 
that accumulate in a tide-dominated estuary tend 
to be sand; most of the mud is swept away by the 
strong currents. This sandy estuary floor is charac
terized by linear sediment bodies that are aligned 
along the estuary by the flow of the tidal currents 
(Fig. 15.10). The mobility of the substrate caused 
by these currents tends to inhibit the colonization 
by benthic organisms.

The Gironde estuary along the west coast of 
France is a classic example of tide-dominated 
estuaries. Other examples include the Minas and 
Chignecto basins of the Bay of Fundy, the Wash 
on the Norfolk coast of England, and, to a lesser 
extent, Delaware Bay on the Atlantic coast of the 
United States (Fig. 15.11).

15.7.2 Wave-dominated estuaries
If we take the same funnel-shaped estuary as 
discussed above and greatly reduce the tidal flux,
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Fig. 15.12 Schematic diagram of a wave-dominated estuary, 
which is characterized by a barrier that limits tidal exchange 
between the open ocean and the estuary. These estuaries are 
characteristic of coasts with low tidal ranges and high wave energy.

while at the same time increasing the incident wave 
energy along the coast, the result is some type of 
barrier across the mouth of the estuary (Fig. 15.12). 
This is the general morphology of the wave- 
dominated estuary. In some the barrier is detached 
from the mainland, such as along the Texas coast, 
and in others it is attached to the mainland, gener
ally as some type of headland. This is typical of the 
estuaries along the west coast of the United States, 
especially in the states of Oregon and Washington.

Such estuaries develop along coasts where waves 
and wave-generated currents dominate over tidal 
processes. The barriers between the estuary and the 
open marine environment inhibit tidal flux but still 
permit enough marine influx to produce brackish 
conditions when combined with freshwater runoff 
via rivers. Sediments in wave-dominated estuaries 
tend to be dominated by mud or muddy sand. The 
absence of strong currents permits the fine sediment 
to settle to the bottom and remain there. In addi
tion, filter feeders are common on a relatively stable 
substrate, further contributing to the muddy sedi
ments through the production of pellets.

These estuaries can have any of the three main 
hydrologic characteristics discussed above (Fig. 15.3), 
but are likely to be in the layered or partially mixed 
types more than in the fully mixed category. They 
will, however, become fully mixed in the event

; ' n  - 
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Fig. 15.13 Map o f Pamlico Sound, a good example o f a 
wave-dominated estuary on the east coast of the United 
States. After the rising sea level drowned river systems to 
form a very complex shoreline, waves reworked and 
redistributed sediment across the estuary to form the 
Outer Banks o f North Carolina.

that waves are generated over extensive shallow 
estuarine water bodies. An example of this condition 
is Pamlico Sound, behind the Outer Banks of North 
Carolina (Fig. 15.13). Other examples of wave- 
dominated estuaries are found around the entire 
Gulf coast.

Some estuaries exhibit characteristics of both 
wave- and tide-dominated types. Typically these 
are estuaries that have a complex shoreline and an 
absence of a barrier across the mouth of the bay. 
Probably the best example of this type is Chesapeake 
Bay (Fig. 15.5) along the east coast of the United 
States. Most of this bay has low-energy conditions,
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with muddy sediments dominating. Near the mouth, 
however, there is strong tidal influence due to the 
large tidal prism that flows through it.

can be formed by a variety of different factors, but 
most are the result of sea-level rise over the past few 
thousand years. The rivers emptying into estuaries 
contribute both freshwater and sediments. The 
tidal flux from the marine environment contributes 
sediments and saltwater. The estuary represents the 
mixing of these elements into a transition between 
marine and freshwater conditions. Organisms tend 
to be controlled by the nature of the water and by 
the substrate conditions.

15.8 Summary

Estuaries are among the most complex of all coastal 
environments because of the wide range of hydro
logic, biotic, and sedimentologic conditions. They
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16.1 Introduction

The rock cycle shows us that most of the sediment 
that is eroded from land is carried by streams and 
rivers to a water body that receives the discharge of 
these streams and rivers -  both the water and the 
sediment that it carries. This is usually one of the 
oceans or a m e d ite rra n e an  associated with an ocean, 
such as the Gulf of Mexico or the Mediterranean 
Sea. In some situations large lakes may be the final 
destination of streams and rivers. The distance over 
which this sediment is carried by the river may 
be only a few kilometers, such as on much of the 
west coast of the United States, or it might extend 
thousands of kilometers, such as in the Amazon 
and Mississippi river systems. The reasons for these 
major differences in river length are related to the 
concept of global tectonics. The drainage system 
may be developed on a leading edge of a plate, such 
as the west coast of both North and South America, 
or on a trailing edge, such as the coastal plains of the 
United States and the stable crustal shield of Brazil.

Once the sediment is discharged at the mouth of 
the river along the coast, it might be carried out into 
deep water if  it is fine-grained and suspended, such 
as silt and clay, it might be sand that is transported 
along the coast to be included in various coastal fea
tures, such as the nearshore bars, beaches, or dunes, 
or it might come to rest at or near the mouth of the 
river in the form of a large and complex sediment 
accumulation called a river or fluvial delta (Fig. 16.1). 
In this chapter we discuss these river deltas, how 
they develop, their characteristics, and what causes 
them to change. A  delta is a coastal environment 
that is greatly influenced by human activities, which 
are also considered in this discussion.

Although we do not know how he recognized the 
shape of the Nile River delta, Herodotus is com
monly given credit for coining the term delta in the 
fifth century b c  in connection with this famous 
delta on the Mediterranean coast of Egypt. Given 
the date in history, it is a real puzzlement as to how 
he determined that the sediment accumulation at 
the mouth of the Nile was in the shape of the Greek 
capital letter delta. River deltas have historically

Fig. 16.1 Satellite photo of the Nile delta, showing the 
generally triangular shape. This is the first river delta to carry 
the name. It is presently experiencing extensive, severe erosion. 
(Courtesy of EROS Data Center.)

been the site of human settlement because of their 
proximity to the sea and their abundant food supply 
in the form of waterfowl, finfish, and shellfish. In 
the past century they have become a major source of 
petroleum. The latter is a major economic aspect of 
many deltas and has led to extensive research on a 
wide range of environmental topics in addition to 
the geology of deltas.

Our scientific knowledge of deltas as a geo
logic sedimentary environment has been virtually all 
acquired during the past century. G. K. Gilbert 
(1885), a famous geologist with the US Geological 
Survey, investigated much of northern Utah, in
cluding what is known as Lake Bonneville, a large 
lake of the Pleistocene Epoch from which the Great 
Salt Lake was evolved. He recognized thick deltaic 
accumulations from rivers that emptied into this 
large lake.

Modern river deltas did not attract the attention of 
geologists until after the beginning of the twentieth 
century. Joseph Barrel of Yale University is generally 
given credit for writing the first research paper on 
the Mississippi delta in 1914. Little was done on the 
research of river deltas until the extensive work of 
H. N. Fisk on the Mississippi delta, which began in 
the 1940s. His research, combined with the interest 
in deltas generated by the production of oil and gas,
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initiated an explosion of activity beginning in the 
1950s. This began on the Mississippi and then ex
panded to the Niger delta in Africa and the Orinoco 
delta in Venezuela; all are important oil producing 
deltas. Because of the extensive research and inter
est in the Mississippi delta, it became the primary 
model for interpretations of deltas throughout the 
world. In fact, however, the Mississippi delta is an 
extreme case, essentially one of a kind, and is a poor 
example with which to compare other river deltas.

16.2 How deltas develop

The presence of a river delta along any coast is an 
indication that the river is providing more sediment 
than can be removed and redistributed by coastal 
processes. This accumulation of sediments in river
ine deltas may be quite temporary or it may be 
permanent. Some small deltas may be seasonal, 
appearing only in the spring when water and sedi
ment discharge is at its highest. As the year pro
ceeds, coastal processes remove that sediment and 
the delta is gone by the next spring, when it is 
formed again. There is considerable interaction of 
the riverine processes of sedimentation with the 
open coastal marine processes -  especially waves, 
longshore currents, and tidal currents. The interac
tion of these processes, along with the sediment 
load of the river and the physical setting at and near 
the river mouth, determines the presence and the 
nature of the delta. The most important require
ment for the formation of a delta is the discharge of 
sufficient sediment to produce a net accumulation 
above the amount removed and redistributed by 
waves and currents. The amount required is quite 
different from one coastal location to another. River 
mouths where the wave climate is characterized by 
large waves and/or where strong tidal currents per
sist require considerably more sediment to produce 
a delta than those locations where waves and tidal 
flux are small. An equally important factor is the 
geologic and bathymetric setting on the continental 
margin adjacent to the coast: the sediments dis
charged at the coast must have a place to accumulate 
and form a delta.

Plate tectonic history, regional geologic setting, 
and sea-level change are quite important in the 
development of large river deltas, as shown by their 
global distribution (Fig. 16.2). Trailing edge or pas
sive margins foster the development of deltas but 
leading edges or active margins are difficult places 
for deltas to form. Extensive drainage basins typic
ally form in areas where there is little relief, with no 
mountain ranges or other high-relief landforms 
blocking the path of rivers to the coast. Two of the 
best examples are the Mississippi River drainage 
system in the United States and the Amazon River 
in South America. The Mississippi system drains 
most of the country between the Rocky Mountains 
and the Appalachian Mountains. It includes the 
Missouri and Ohio river systems and other rivers 
that empty directly into the Mississippi. Most of the 
terrain in this system is the stable mid-continent 
area, known geologically as a craton, and the coastal 
plain that begins near St Louis. The Amazon River 
system drains most of the northern part of South 
America, with the continental divide in the Andes 
as the western boundary of the system, from where 
many small tributaries flow toward the east. Both 
of these river systems drain huge, relatively stable 
continental regions and deliver their sediment 
load onto a stable, trailing edge continental margin 
with a broad, gently sloping shelf -  ideal geologic 
settings for the development of river deltas.

Marginal sea coasts are also good places for deltas 
to form. The marginal sea that receives the greatest 
volume of riverborne sediment is the South China 
Sea. Here the Yangtze and Wang Ho rivers of 
China form large muddy deltas. In this geologic 
setting the combination of huge volumes of sedi
ment with the protection of a fetch-limited basin 
provide good conditions for delta development. 
Other examples of marginal sea coasts where deltas 
have developed include the north coast of Alaska 
(McKenzie), and the north coast of the Mediterranean 
Sea (Rhone and Ebro), although these rivers and 
their sediment load pale in comparison with those 
of China.

On the other hand, leading edge coastal settings 
do not permit the development of even modest-sized 
river deltas, e.g. the Columbia River mouth. The
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Fig. 16.2 Map showing the global distribution o f major deltas. Note the distribution as compared to the various tectonic coastal types. 
Compare with Fig. 2.19. (From L. D. Wright, J. M. Coleman &.M. W . Erickson (1974), Analysis of major river systems and their 
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first reason for this is the absence of large drainage 
systems in this type of geologic setting. These lead
ing edge, active margins tend to be next to high 
relief, mountainous areas with drainage divides that 
are typically only tens of kilometers from the coast. 
While the gradients are steep and therefore there 
is significant erosion through downcutting of the 
flowing water, there is typically not much soil devel
opment that would produce sediment for transport 
by the rivers. A second major problem with delta 
development on leading edge coasts is the absence 
of a proper site for sediment accumulation. Typically 
the continental margin is narrow and steep; in some 
cases, it has multiple faults that create small basins. 
Further, this steep and narrow margin allows large 
oceanic waves to move very close to the coast with
out significant loss of energy because they do not 
feel bottom until almost at the shoreline. As a result,

sediment can readily be removed from the mouth of 
a river, thus prohibiting delta formation. In sum
mary, with rare exceptions, large deltas can only 
develop on trailing edge coasts because they provide 
abundant sediment, proper sites for accumulation, 
and appropriate physical conditions for their main
tenance. The global distribution of the major deltas 
shows this relationship with plate tectonics quite 
well (Fig. 16.2).

There are some exceptions to this generalization 
about delta formation and leading edge coasts. 
On the west coast of North America we have two 
pretty good examples: the Fraser River delta near 
Vancouver, Canada, and the Copper River delta 
on the south coast of Alaska. The Fraser River has 
its tributaries near the continental divide in the 
Canadian Rockies in the province of Alberta. It 
flows for a few hundred kilometers and empties into
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Table 161

River Land mass Receiving basin Size (km2) Annual sediment
discharge (tons x 1 0 6)

Amazon South America Atlantic 467 000 1200
Chao Pnraya j g p i ^ i l p | g Gulf ot Siam 25 000 w p j f a l
Danube Europe BUck Sea 2700
Ebro
Ganges

Europe Mediterranein Sea

Bnhmaputra Ba> of Bengal 106 000 1670
Huang YellouSei 36 000 1080
irrv  add B~v or Bengal 21 000 285
Mahakim Borneo Makassai Strait 5000 W H p f e
Mekong South China Se_ 94 000 160
M risstppi North Amer ca Gulf of Mexico 29000 469
Niger Africa Gulf of Guinea 19000
Nile Africa Mediterranean Sea 12 500
Orinoco South Amend Athntic 21 000 210

Europe Adriatic Sta 13400
Rio Grande North Americi Gulf of Mexco 8000
Sao Francisco South Amor ca Atlantic
Senegal Afric- Atlantic 4300 t t i a i p i
Y'ngtze

n a  not available

i M a j a p s i i i s g a East Chin- Sea 6 6 /0 0 478

somewhat protected waters on the coast of British 
Columbia, near Vancouver. Tides here are in the 
macrotidal range but the combination of sediment 
discharge and protection from the high wave energy 
of the Pacific Ocean has allowed a modest sized 
delta to develop despite the geologic setting.

The Copper River delta is located between 
Anchorage and Juneau on the south coast of Alaska. 
Special circumstances have permitted the develop
ment of a river delta along this coast even though 
it is one of very high wave energy and very severe 
winter storms. Most of the water and sediment 
discharge from the Copper River is derived from 
melting glaciers. This condition has produced a 
huge sediment discharge that has permitted the 
development of a significant delta. In addition to 
the unusual presence of a river delta on this coast, 
there are also several barrier islands. Both of these 
features are typical of trailing edge tectonic settings, 
but the huge volume of sediment has compensated 
for the high-energy conditions and other leading 
edge characteristics.

16.3 Deltas and sea level

Sea level is an important factor in the development 
and maintenance of river deltas. The deltas that we 
see around the world today are geologically quite 
young. Although these deltaic systems range from 
a few thousand to hundreds of thousands of years 
in age, the currently active delta lobe is typically at 
the young end of this spectrum. Deltas cannot exist 
without sediment supply from rivers. The sediment 
discharge of the river is partly a consequence of sea- 
level position and the rate of change of sea level.

At the time of widespread glaciers during the 
Pleistocene Epoch, sea level was much lower than it 
is at the present time. The large rivers flowed across 
what is now the continental shelf and discharged 
their sediment load near the edge of the continental 
shelf. The consequence of this was widespread and 
large density currents of suspended sediment called 
turbidity currents, along with other sediment grav
ity processes that transported most of the sediment
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discharge of the rivets directly to the continental 
rise, where it accumulated in thick wedge-shaped 
deposits.

Under these sea-level conditions deltas were not 
being formed and those deltas that existed from 
previous sea-level highstands were being bypassed 
as rivers flowed across the continental shelf. The 
great ice sheets began to melt about 20,000 years 
ago, causing a rapid rise of sea level across what is 
now the continental shelf. The river mouth was 
essentially retreating across the shelf so rapidly that 
there was not enough time for deltas to accumulate. 
As the rate of sea-level rise slowed about 6000- 
7000 years ago the rate of migration of the shoreline 
also slowed greatly. This permitted deltas to actively 
accumulate large quantities of sediment because 
the time was available without the sediment being 
dispersed by waves or tidal currents.

This is not to imply that all deltas are geologically 
very young: some have existed for millions of years. 
They have not, however, been continuously receiv
ing sediment from their associated rivers because 
they were abandoned by the shoreline as it moved in 
association with sea-level change. The Mississippi 
delta and the Niger delta in Africa are good examples 
among many old deltas. Both deltas are currently

Fig. 16.3 Holocene deltaic lobes in 
the Mississippi delta showing the large 
number of shifting positions o f sediment 
discharge into the Gulf of Mexico. All 
these lobes developed in only a few 
thousand years after sea level reached 
only a few meters below the present level. 
(From C. R. Kolb &.J. R. van Lopik,
1966, Depositional environments of 
Mississippi River deltaic plain, 
southeastern Louisiana. In M. L.
Shirley (ed.), Deltas and Their Geologic 
Framework. Houston, TX: Houston 
Geological Survey, p. 75.)

active and are underlain by deposits that are at least 
ten million years old.

The young portion of the Mississippi delta is 
5000-6000 years old, coincident with the slowing 
of sea-level rise. This part of the Mississippi delta 
consists of 16 recognizable lobes. Each of these lobes 
represents sediment accumulation at the mouth of a 
different geographic location of the river. These dif
ferent lobes are abandoned when the location of 
rivermouth deposition shifts due to channel switch
ing, avulsion, or other natural causes. Although 
16 lobes of sediment accumulation have been 
recognized, they can be combined into only a few 
(Fig. 16.3) based upon radiometric dating and 
location. The present lobe of the Mississippi delta 
began to form only about 600 years ago, not much 
before Columbus’s first voyage to the New World. 
Most of the active portion has developed since 
the settlement of New Orleans by Europeans. The 
rate of sediment accumulation at the mouth of the 
Mississippi has been so great that nearly one-half of 
the State of Louisiana has been formed by the river 
since sea-level rise slowed about 6000 years ago.

W e can see older deltaic deposits at the mouth of 
the Niger River too. As with the Mississippi delta, 
exploration for petroleum on the Niger has provided
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a wealth of information on the age and development 
of the delta. From these data it is possible to recog
nize sediment strata at least Miocene in age, i.e. up 
to 15 million years old. Differences of climate in 
western Africa over this extent of time have pro
vided great quantities of sediment as the result of 
more humid conditions and associated rainfall.

16.4 Delta environments

Deltas are a transitional coastal environment located 
between terrestrial and marine conditions. Distinct 
landward or seaward boundaries do not exist on 
deltas; they grade continuously in both directions. 
This gradual transition is primarily due to the change 
from freshwater to seawater, and to the differences 
in sediment accumulation from the river through 
the open marine environment. The discharge of the 
river is carried from the main channel through a 
series of smaller channels that split off from the river 
to distribute the discharge of water and sediment. 
This splits up of the main channel into multiple 
distributaries that actually distribute the discharge 
of the river, both water and sediment, across the 
delta and into the marine basin. The result is a 
condition of overall progradation of sediment accu
mulation into the basin of deposition, which could 
be a lake, estuary, lagoon, or other standing body of 
water, as well as the ocean itself.

As a consequence of this type of setting, the 
delta includes subaerial, intertidal, and subaqueous 
sedimentary environments, as well as freshwater, 
brackish, and marine conditions. For the purposes 
of discussing sedimentary environments and their 
processes, we can best subdivide the delta into three 
major parts, each of which has its own specific 
environments. From landward to seaward these 
are the delta plain, the delta front, and the pro
delta. This discussion emphasizes the first two; 
the prodelta is strictly subtidal and extends into 
fairly deep water of the outer continental shelf.

The delta plain is primarily influenced by the river 
and its processes, with tides and waves playing less 
of a role overall. There is, however, an increase in the 
influence of marine processes toward the seaward

Fig. 16.4 Oblique photograph of a typical delta plain 
environment showing distributaries, natural levees, splays, 
and interdistributary marshes and bays. The interdistributary 
marshes are the dominant environment of the delta plain.

portion of the delta plain. The delta front is domin
ated by marine processes and tends to be subtidal, 
with a small intertidal portion in some deltas.

16.4.1 Delta plain
W e can think of the delta plain (Fig. 16.4) as the 
coastal extension of a river system. The delta plain 
is dominated by channels and their deposits, and 
the associated overbank environments that receive 
sediment during flooding. This scenario is parallel 
to that of a typical meandering river system. In fact, 
all of the specific elements of a meandering river 
complex are typically present on many deltas. There 
are some deltas, however, that have only a portion of 
this spectrum of environments.

The distributary channels on a delta plain contain 
point bars formed as the channel migrates. In doing 
so, they form broad meander loops that may be 
cutoff leading to formation of oxbow lakes. As the 
channels migrate across the delta plain they produce 
scars of their former location that leave subtle but 
recognizable geomorphic and vegetation patterns, 
another parallel with the fluvial system. Adjacent 
to the channels are three major types of overbank 
or flooding deposits: natural levees, crevasse splays, 
and floodplains, in order away from the channel.

Natural levees (Fig. 16.5) are produced during 
flooding when the river overtops its banks and
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plain showing the fan shape and the cut in the natural levee 
Fig. 16.5 Natural levees along distributaries o f a delta plain. whkh ̂  sediment was ^ 0^ .
These levees form as sediment-laden water overtops the banks
during floods.

immediately deposits much of its sediment load. 
The confinement of the channel, coupled with high 
discharge volume and rate, causes the river to carry 
considerable sediment.^Sudden loss of this confining 
characteristic as overflow occurs results in a sudden 
loss of velocity and carrying capacity, causing much 
sediment to be deposited at the edge of the bank. 
This condition takes place each time a channel floods, 
and the levees build vertically. Although the natural 
levees may be only a meter or so high, they are im
portant features of the distributary channel system.

Flooding may also cause a natural levee to breach 
due to a weakness in the accumulated sediment, 
perhaps a low area in the levee or even a human- 
induced cut in the levee. Any of these conditions 
can permit river flood waters to flow through the 
levee, depositing sediment on the flood plain in the 
form of a crevasse splay (crevasse refers to the cut in 
the natural levee). These are fan-shaped deposits 
(Fig. 16.6) that can cover up to many square kilo
meters with a sediment thickness that is typically 
less that that of the adjacent natural levee. These 
splays may be reactivated multiple times during 
successive flooding conditions and thereby they can 
grow significantly in elevation and extent (Fig. 16.6).

The most widespread but the thinnest of the over
bank accumulations are the floodplain sediments. 
Even after losing sediment to natural levees and 
splay deposits, there is substantial fine sediment in

suspension during flooding conditions. The spread
ing of the floodwaters beyond the channel causes 
important loss of velocity and thereby of capacity, 
resulting in the deposition of fine and extensive 
floodplain deposits. Commonly such floodplain 
sediments are draped over vegetation or other mate
rials that occupy this environment. We have all seen 
many examples in the media of mud deposited by 
flooding, covering cars, carpets, and furniture in 
houses. The floodplain in the delta plain may 
take on a variety of characteristics. These include 
subtidal environments, such as interdistributary 
bays, intertidal marshes, swamps, and tidal flats, 
or, in the most landward areas, even subaerial 
environments of various types.

The upward and lateral growth of the delta plain 
portion of the delta is dependent upon flooding 
periods for sediment distribution to the overbank 
environments. The typical situation is that the 
channel and its associated levee extend seaward at 
the outer limit of the delta (Fig. 16.7). The levees 
may even be subaqueous at the most distal end of 
the channel. The initial subaerial portion of this 
distributary channel is the natural levee, followed 
by small splay deposits. Continued flooding will 
enlarge the splays until at least a portion is subaerial. 
Continued accumulation of these splays (Fig. 16.8), 
along with the slower but more extensive floodplain 
deposits, will eventually lead to the interdistributary
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Fig. 16.7 Diagram of the terminus of a distributary showing the 
nature of subaqueous levees that are natural extensions of the 
subaerial levees.

Fig. 16.8 Growth of the delta along a distributary channel 
through sequential building of the crevasse splay deposits.
The crevasse splays are commonly reactivated during successive 
floods and eventually reach an elevation that supports salt marsh 
vegetation. (Modified from J. M. Coleman &, S. W . Gagliano, 
1964, Cyclic sedimentation in the Mississippi River deltaic 
plain. Transactions o fth e Gulf Coast Association ofGeological 
Societies, 14, 75.)

area being filled, producing a continuous delta plain 
system.

16.4.2 Delta front
The seaward edge of the delta plain merges with the 
generally continuous subtidal portion of the delta 
called the delta front. It is this part of the delta that 
is most affected by marine processes, especially the 
waves. Sediment empties out of the mouth of the 
distributary channels as both suspended load and 
bed load. The finer suspended sediments tend to 
be carried away from the mouth of the channel by 
currents, whereas much of the coarser bed load 
tends to accumulate near the channel mouth. The 
vast majority of the coarse sediment is sand, which 
comprises the delta front system.

The nature of the sand accumulations in the delta 
front depends upon the volume of sand transported 
to the distributary mouth and the relative roles of 
the interacting river currents with the waves and 
tidal currents. A  common sand body is a distribut
ary mouth bar (Fig. 16.9), which accumulates just 
seaward of the channel mouth and typically causes 
the channel to bifurcate. The isolated distributary 
bar with little or no sand on either side is not gener
ally common because of the influence of waves, 
which spread the sand along the delta front on most

Fig. 16.9 Photograph of a distributary mouth bar during 
exceptionally low tide and offshore winds on the Mississippi 
delta. These present navigation hazards and are the result of 
waves reworking sand at the mouths o f the major distributaries 
o f the delta. (Compare with Fig. 16.7.)
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Fig. 16.10 Photograph of a beach on the wave-dominated 
portion of a delta. These are similar to beaches in other areas, 
except that they tend to have very low elevations and are 
typically fine-grained sand with some mud.

deltas. As the waves approach the shallow part of 
the delta they refract and generate longshore cur
rents, in the same fashion as they would along a 
beach. These currents carry the sand away from 
the mouth of the channel and distribute it along the 
outer delta plain, forming a nearly continuous delta 
front system. The degree to which this takes place is 
dependent upon the wave climate.

There is a wide range in the nature of the delta 
front sand bodies that comprise the outer part of the 
upper part of the delta. In some deltas where there 
are several distinct distributaries, as on the Mississippi 
delta, the delta front tends to be rather subtle, with 
distinct sand bars near the channels (Fig. 16.9). By 
contrast, on some river deltas there is considerable 
redistribution of the sand from the channel mouths 
across the outer delta plain margin. In these situa
tions there may be beaches (Fig. 16.10) and dunes 
on this part of the delta, due to an abundance of 
sand and the appropriate wave climate to redistri
bute it. The So Francisco River in southern Brazil 
is a good example of this type.

16.5 Delta processes

The interaction of riverine processes with the 
wave- and tidal-generated marine processes is quite

complicated and results in a wide variety of deltaic 
forms and features. River-generated processes 
include both confined flow in open channels and 
unconfined flow during flood conditions. Wave
generated processes include the waves themselves 
in a variety of scales, along with the currents devel
oped by wave refraction. Tides produce important 
currents that not only distribute sediment but 
also influence the discharge from the distributary 
channels of the delta.

16.5.1 River processes
The fundamental role of the river in the delta sys
tem is providing the sediment. In this role the river 
is at the mercy of climatic conditions and seasonal 
changes in discharge. More recently, humans have 
played an important role in many river systems and 
have caused many problems on the delta. The vari
ables that influence the nature, amount, and rate of 
sediment delivery include the geology, geomor
phology, and climate of the drainage basin. Also 
involved are human influences, such as agriculture, 
navigational structures, and dams.

The combination of rock type and climate is a 
major control on the sediment provided to the river. 
Rainfall and its distribution over time are the fun
damental factors of river discharge and therefore of 
sediment provided to the delta. Prolonged periods 
of drought place serious constraints on delta forma
tion or maintenance. The typical climatic influence 
is the seasonal distribution of temperature and pre
cipitation. There are at least two important aspects 
to these cycles, including the annual distribution 
of rainfall. In areas where monsoon conditions exist 
during the summer, such as in southeast Asia, there 
is tremendous discharge and typically devastating 
flooding during this two to three month period. The 
flooding in Bangladesh of the Ganges-Brahmaputra 
delta area is probably the most consistendy dramatic 
case of flooding in the world. Most rivers, how
ever, experience flooding during the rainy season 
(Fig. 16.11), and in some places this is especially 
problematic because the wet spring season coincides 
with the spring melting of snow. The Mississippi 
River provides an example. Most of the midwestern
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Fig. 16.11 Photograph of a flood event on a delta showing 
widespread submergence o f the delta plain. Only the higher 
parts of the natural levee area are visible above water level. 
This phenomenon occurs at least once each year and provides 
sediment to the marshes to help to compensate for the rapid 
rise in sea level in this area.

part of the United States has high rainfall in the 
spring during the same time that the snow in 
the Rocky Mountains and northern latitudes of 
the basin is melting. Flooding can be very severe 
for the people living along the river, as exemplified 
by the devastation of the 1993 floods (Fig. 16.12). 
Similar phenomena may take place in the delta 
area. On the other hand, these floods are highly 
beneficial to the delta, in that these conditions 
provide the highest rate of sediment delivery to the 
delta, a crucial source of mineral nutrients. Flood
ing also washes out soluble salts that have built up 
in delta sediments.

The annual distribution of sediment to a river 
delta varies greatly for each river because of the 
dependency on climatic conditions. Desert rivers 
tend to have little discharge of water and therefore 
transport little sediment. However, when there is 
rainfall, it typically is a large amount in a short time, 
a condition that delivers considerable sediment to 
the river; it is essentially a flood condition. Rivers 
like the Ganges-Brahmaputra discharge many 
times the normal rate during the monsoon season. 
Even the Amazon or Mississippi (Fig. 16.13) shows 
a marked difference in discharge during the wet 
season compared to the rest of the year.

Fig. 16.12 Photograph ofthe high water mark on a 
building as the result of the 1993 Mississippi River floods. 
This level is more than 3 m above normal river level. 
(Courtesy of O. H. Pilkey.)

Fig. 16.13 Aerial photograph ofthe Mississippi River delta 
mouth area showing the abundant suspended sediment in 
the water. (NASA photograph.)
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16.5.2 Human influence
As people began to populate the drainage basins 
of major rivers and the banks along the courses of 
these rivers, they profoundly influenced the delta in 
several ways. Most, but not all, of these influences 
have had detrimental effects on the deltas. In most 
countries, the earliest important human activities 
were agriculture and forestry. Both have tended to 
benefit the growth of the delta, although they have 
produced some important negative effects in the 
drainage basin. Cultivation and deforestation increase 
erosion of the soil and provide the river, and there
fore the delta, with a high rate of sediment dis
charge. This has resulted in the accelerated growth 
of many deltas, with the prime examples being the 
Mississippi delta in the nineteenth century and the 
present Amazon River delta. As the rapid diminu
tion of the rainforest in Brazil takes place, vast 
quantities of sediment are provided to the delta.

A  more widespread human influence has the 
reverse effect, i.e. reducing the sediment supply and 
thereby causing the delta to shrink in size. There 
are three important ways in which this occurs: (i) 
diverting water from the river; (ii) navigation con
trols on the river; and (iii) damming the river. All 
reduce the discharge of the river and the latter two 
physically trap sediment and keep it from moving 
down the river.

There are several major cities that take large 
percentages of the discharge of rivers to use in the 
municipal water supply. The southern California 
area is dependent on water from various rivers in 
the southwest for its water, both for irrigation and 
for domestic use, including the Colorado, which 
flows through the Grand Canyon. Both activities 
greatly decrease the water discharge of the river 
affected and thereby diminish the sediment pro
vided to maintain the river delta. They also decrease 
the frequency of flooding across the delta, causing 
delta sediments to become increasingly salty, which 
may affect the type of vegetation that grows there.

Locks for navigation on major rivers invariably 
have dams associated with them. On the naviga
tional portion of the Mississippi River that begins 
near Minneapolis, Minnesota, there are many such

Fig. 16.14 Aerial photograph of the Colorado River delta at 
the north end of the Gulf of California. Very little sediment 
and water is now being discharged here due to the effects of 
human activities.

structures. The small amount of water impounded 
is typically not a big problem, but the sediment that 
is trapped behind the dam is literally stolen from the 
system and, eventually, from the Mississippi Delta. 
More important, related impoundments are the 
huge dams built for reservoirs and/or hydroelectric 
power. They are extremely good sediment traps 
and some also serve as sources for water diversion. 
The bottom line is that the amount of water and 
sediment that the river has available and can trans
port is not being delivered to the delta.

Two good examples of this problem are the 
Colorado River, which empties into the Gulf of 
California (Fig. 16.14), and the Nile River in 
Egypt. The headwaters of the Colorado are in the 
Rocky Mountains in the state from which it is 
named. Along the course of over a thousand kilo
meters there are numerous dams and reservoirs, 
as well as places of diversion. The result is that 
virtually no water and sediment are being provided 
to the Colorado River delta and it is rapidly being 
eroded by strong tidal currents.

The case of the Nile River is similar. The Aswan 
Dam, which was constructed to make the desert 
fertile, has been quite successful in trapping
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Fig. 16 .15  Photograph o f erosion along the outer portion of 
the Nile delta as the result of the presence o f the Aswan Dam. 
(Photo courtesy of D. J. Stanley.)

virtually all of the sediment carried by the Nile 
that was destined for the delta. As a consequence, 
the outer margin of the delta is being eroded rapidly 
(Fig. 16.15) by waves produced in the eastern 
Mediterranean.

W e cannot continue to rob our rivers of their 
water and sediment load without experiencing the 
consequences that these circumstances produce for 
the deltas that they feed. At present the most viable 
alternative appears to be stopping development 
of any kind on deltas. The waves, tides, and their 
resulting currents interact with the riverine processes 
to prevent, mold, or destroy the deltas depending 
upon the specific local circumstances. At those river 
mouths where waves and tides carry all the sediment 
away there is no delta. At many places the delta is 
allowed to accumulate and prograde, but at some, 
such as the previously mentioned examples, the 
processes are now resulting in overall erosion. The 
relative role of the waves and the tides is also an 
important factor in the formation, maintenance, 
and overall morphology of deltas.

The primary direct marine processes are the waves, 
wave-generated currents, and tidal currents; the rise 
and fall of the tide has little direct effect on redis
tributing deltaic sediment. Waves impart energy 
along the delta and cause sediment to go into tem
porary suspension, whereas longshore and/or tidal 
currents transport it. During storms this distribution 
or removal of sediment reaches its maximum. The

overall influence of the waves ranges from mostly 
longshore transport along the delta front, providing 
sediment to various parts of the delta, to actual off
shore or alongshore removal of sediment from the 
delta proper. Waves and wave-generated processes 
work toward a smoothing of the outer delta shape.

Tidal currents usually have at least a shore- 
perpendicular component and move in and out of 
the delta complex as flooding and ebbing occurs. 
The stronger the current the more sediment is re
distributed in this shore-perpendicular fashion. Some 
deltas have developed on coasts with high tidal 
ranges, such as the Colorado in the USA (3.5 m), 
the Ganges-Brahmaputra in Bangladesh (4.0 m) 
and the Ord River delta in Australia (7.0 m). These 
and similar deltas experience sediment being carried 
inland and deposited by flooding currents, as well as 
large volumes of sediment being carried offshore 
even beyond the delta, such as on the Amazon delta.

16.6 Delta classification

Both wave and tidal processes on the delta are 
essentially competing with the riverine processes to 
leave their imprint on the delta morphology. These 
competing processes and the resulting configura
tion of the delta provide a framework for classifying 
deltas. The three major processes that influence 
deltas provide convenient end members for a com
prehensive organization of deltas by shape. This 
classification was first presented in published form 
by William Galloway of The University of Texas- 
Austin, and has become a standard.

The classification consists of a triangle-shaped 
diagram with riverine processes, waves, and tides at 
the three apices (Fig. 16.16). A delta that is clearly 
dominated by any one of the three processes is placed 
at the appropriate apex. The Mississippi delta is 
quite distinctly dominated by river processes in the 
form of sediment input due to the large volume of 
sediment discharge and little marine reworking. 
This gives it a so-called “bird’s foot” configuration. 
By contrast, the Fly delta in Papua New Guinea and 
the Ord delta in Cambridge Gulf on northwestern 
Australia are fine examples of domination by tidal
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Fig. 16.16 Classification of river deltas 
based upon the scheme presented by 
William Galloway. The many examples 
included are based on qualitative 
assessments of the relative influence 
of river, wave and tide processes.
(From W . E. Galloway, 1975,
Process framework for describing the 
morphologic and stratigraphic evolution 
of deltaic depositional systems. In 
M. L. Broussard (ed.), Deltas: Models 
f o r  Exploration. Houston, TX: Houston 
Geological Survey, p. 92.)

flux. At each of the sites sediment bodies of the delta 
are oriented essentially perpendicular to the trend of 
the coast. Lastly, the Sao Francisco delta in Brazil 
and the Senegal delta in Africa show distinct domin
ation by wave processes. Both contain smooth outer 
margins caused by the distribution of sediment 
along the coast as the result of wave-generated 
longshore currents.

Most deltas fall somewhere nearer the middle 
of the classification than these examples because 
all deltas experience some influence from all three 
types of processes. The morphology of each tends to 
reflect these influences. In general, river influence 
produces a finger-like morphology with a well 
developed delta plain that has several distributaries. 
Tide-dominated deltas display a strong shore- 
perpendicular trend and have extensive tidal flats 
with little mud. Wave-dominated deltas typically 
have well developed beach and dune systems at their 
outer limits, with few distributaries. Neither the

absolute values of the processes nor the size of the 
delta are important in determining the position of 
a given delta in the overall classification scheme. It 
is the relative influence of the interactive processes 
that gives the delta its character.

16.6.1 River-dominated deltas
Conditions that foster river-dominated deltas include 
high water and sediment discharge, with small waves 
and low tidal ranges in the receiving basin. A broad, 
gently sloping continental shelf provides the typical 
resting place for this large volume of sediments. 
These conditions are best fulfilled by trailing edge 
and marginal sea, tectonically stable coasts that are 
sheltered from large waves and have small tidal 
ranges. The Gulf of Mexico is a perfect setting, as it 
hosts the Mississippi delta (Fig. 16.17). Other sim
ilar settings and their example deltas are the Black 
Sea, with the Danube, the Adriatic Sea, with the
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Fig. 16.17 (a) General diagram and (b) Mississippi delta, a 
good example of a river-dominated delta. (From L. D. Wright 
&.J. M. Coleman, 1973, Variations in morphology of major 
river deltas as functions of ocean wave and river discharge 
regimes .American Association o f  Petroleum Geologists, 57,377.)

Po, and the Yellow Sea, with the Huang Ho. All 
have good sediment supplies and low tidal ranges, 
and all are sheltered from large waves. The Mississippi 
delta does experience exceptional wave energy when 
hurricanes pass through the area. Some of the most 
devastating of these storms have eroded large areas 
of the delta.

16.6.2 Tide-dominated deltas
Strong tidal currents in the absence of a substantial 
wave climate and strong river influence will produce

a delta that is tide-dominated. Large tidal channels 
with intervening tidal sediment bodies dominate 
the delta and are generally more numerous than 
the river distributaries. Intertidal environments are 
widespread and are commonly partly covered with 
vegetation such as salt marsh or mangroves.

The Ganges-Brahmaputra (Fig. 16.18) is the 
largest of the tide-dominated deltas and is an area of 
great interest because of the common and devastating 
floods it experiences. This is a large river system that 
supplies huge quantities of sediment to a coast where 
the tidal range exceeds 3 m and waves are modest. 
One of the major factors in the development of this 
delta is the annual variation in discharge. During 
the monsoon season the amount of sediment deliv
ered to the delta is orders of magnitude greater than 
during the rest of the year. Strong tidal currents 
redistribute the sediment in elongate bands that are 
separated by numerous large tidal channels.

16.6.3 Wave-dominated deltas
Some deltas don’t really look like deltas because of 
the strong influence of waves. They may mimic the 
appearance of barrier island systems, with beaches, 
dunes, and wetlands landward of them. These wave- 
dominated coasts are deltaic in nature because the 
sediment is supplied direcdy by the river and then 
reworked by the waves and wave-generated cur
rents. The distributary channels do not protrude 
into the basin, thus providing a smooth outer shore
line. Typically, wave-dominated deltas are small; in 
fact, they grade into conditions of no delta if wave 
processes are strong enough to carry away all of the 
sediment supplied by the river.

There are different styles taken by wave-dominated 
deltas depending upon the nature of the longshore 
current patterns. The Sao Francisco delta in Brazil 
and the Sabine delta at the Texas-Louisiana border 
(Fig. 16.19) are fairly symmetrical about a single 
large distributary with a smooth overall cuspate 
shape. This is due to the absence of a strong littoral 
drift in either direction caused by the wind patterns 
and related direction of wave approach. By contrast, 
the Senegal River in west Africa (Fig. 16.20) dis
plays a very strong change in direction of its course
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Fig. 16.18 (a) General diagram and (b) Ganges-Brahmaputra 
delta, a good example of a tidally dominated delta.

due to longshore currents and resulting littoral drift. 
The river course is shifted over 50 km by the long
shore currents. The mouth of the river is marked 
by a distinct spit that mimics a coastal barrier, and 
extensive wetlands cover the delta plain.

16.6.4 Intermediate deltas
Intermediate types of deltas display features of both 
river influence and marine processes. The Mahakam

(b)

Fig. 16.19 (a) General diagram and (b) Sabine delta on the 
Texas-Louisiana border, a good example of a symmetrical, 
cuspate wave-dominated delta.

delta on the coast of Borneo is small but has a shape 
that shows the important influence of the river and 
tidal currents. It has numerous distributaries and a 
well developed delta plain with distinct lobes that 
protrude into the receiving basin. Spring tides range 
up to 3 m and have currents of 100 cm s-1 that form 
distinct tidal channels between the distributary 
mouths.

The Nile delta is a good example of a delta that is 
intermediate between river- and wave-dominated 
deltas. Tides in the Mediterranean Sea are nominal 
and waves are modest. River input has historically 
been fairly high until the construction of the Aswan 
Dam in the 1960s. The delta plain is traversed by a 
modest number of well defined distributaries, each 
protruding into the sea. Between the distributary 
mouths the delta displays a relatively smooth outline, 
with beaches and other wave-dominated features.

Probably the best example of an intermediate 
delta is the Niger delta on the coast of Nigeria 
(Fig. 16.21). It falls in the middle of the classifica
tion, showing equal influence of the river, waves,
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Fig. 16.20 Senegal delta in Africa, a classic case of the river 
mouth being shifted many kilometers due to a high rate of 
littoral drift. (From L. D. Wright &.J. M. Coleman, 1973, 
Variations in morphology o f major river deltas as a function 
of ocean, wa.vemdtiver discharge, regimes. Amei. Assoc. 
Petroleum Geol. Bull., 57,377.)

Fig. 16.21 Niger delta, a delta that is about equally 
influenced by  river, wave, and tidal processes. (Modified 
from J. R. L. Allen, 1970, Sedimentation in the modern 
Niger delta: a summary and review. In J. P. Morgan 8c 
R. H. Shaver (eds), Deltaic Sedimentation: Modem and 
Ancient. Tulsa, OK: SEPM Special Publication 15, 
p. 140.)

and tides. It has a well developed delta plain with 
a complex network of distributaries and a spring 
tidal range of up to 2.8 m, and the delta is exposed 
to waves of the south Atlantic Ocean. The result is 
a delta that incorporates some features of each of 
the major processes that influence deltaic coasts.

16.7 Summary

In some ways river deltas may be considered as the 
most important of all coastal environments because 
they are the site of sediment introduction for most 
of the other parts of the coast. On the other hand, 
people rarely spend any time visiting a delta on 
vacation or going to and from places of work or play. 
Deltas tend to be remote, without traffic arteries, 
and are generally inhospitable due to insects. Because 
of their critical role in the overall scheme of the

coastal zone it is important that we have an under
standing of river deltas and their characteristics.

Deltas are among the most productive and valu
able environments in the world. They contain highly 
productive ecological niches where a wide variety of 
both plants and animals thrive. Their marshes are 
among the most extensive and productive environ
ments anywhere. Deltas represent very important 
nursery grounds for juvenile fish and marine inverte
brates. Their marshes are also important filters that 
trap contaminants and pollutants during flooding of 
distributaries.

The size and shape of the delta is a consequence 
of the interplay between the river and the sediment 
it provides, and the wave and tidal processes of the 
marine coast. Deltas have developed quite rapidly 
in the context of geologic time and they can be 
destroyed just as rapidly. As we influence our
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environment more and more, we need to make tion is critical to the maintenance of this coastal 
a better job of considering the long-term conse- environment, as evidenced by what has happened 
quences of our actions. The role of human interven- on the Nile and Colorado deltas, as well as others.
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17.1 Introduction

Glaciated coasts exhibit diversity in both types of 
features and a changing landscape that is unparal
leled in the world. The ability of continental glaciers 
(ice sheets) and valley glaciers to sculpture land sur
faces, transport large quantities of rock and sediment, 
and eventually deposit these materials in a number 
of glacial features accounts for this variability. For 
example, the northern New England coast is mosdy 
rocky, with small pocket beaches that range in com
position from sand to gravel and even to boulder-sized 
sediment over distances of less than a kilometer. 
Interrupting this trend in northern Massachusetts 
and southern Maine are several extensive barrier 
systems (5-30 km long) that occur at the mouths of 
estuaries within arcuate embayments. The existence 
of these barriers along an otherwise sediment-starved 
coast is due to the large volumes of sand brought to 
the coast by rivers follpwing deglaciation. Continu
ing northward, the central and northeast coast of 
Maine is rugged and highly irregular, with rocky 
peninsulas giving way to broader embayments and 
finally to bedrock cliffs. Here glaciers have stripped 
away most of the sediment overlying the bedrock. 
This morphology contrasts sharply with that of 
Cape Cod (Fig. 17.1), which has smooth coastlines 
consisting of mainland beaches, barrier spits, and 
barrier islands. Cape Cod is composed entirely of 
glacial sediment that was deposited during the 
deglaciation of this region approximately 17,000- 
lS ,000 years b p . Not only have the effects of glacia
tion produced very different sediment abundance 
along the New England coast, but glacial processes 
combined with the pre-existing bedrock geology of 
the region have also created a coast with numerous 
bays and sounds. In turn, this coastal morphology 
has resulted in highly varied physical settings, 
including wave-dominated, mixed energy, and tide- 
dominated coasts.

The glaciated coast along the tectonically active 
Gulf of Alaska is even more diverse and more spec
tacular than that of New England (Fig. 17.2). In 
some locations, such as the Kenai Peninsula, valley 
glaciers are still found a short distance from the

Fig. 17.1 Color infrared photograph of Cape Cod and the 
islands of Nantucket (right) and Martha’s Vineyard (left). 
These regions were built from sediment carried south by the 
glaciers and deposited as end moraines, outwash plains, and 
other sedimentary features.

Fig. 17.2 Aerial view of the northern Alaskan Peninsula. 
Meltwater from nearby glaciers transports sediment to the coast 
via a braided stream. A  large gravel and sand recurved spit has 
built from the abundant sediment supply.

coast, having retreated into the bordering mountain 
valleys. The deep fjords of this region are a testament 
to the ability of glaciers to carve coastal landscapes. 
Along the Alaskan Peninsula, glacial meltwater 
streams feed sediment into broad embayments, 
forming extensive tidal flats, marshes, and barriers
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spits. During the summer, these streams burgeon 
with salmon seeking spawning grounds, thereby 
providing a tasty meal for the waiting brown bears. 
In yet another site along this active coast, several 
glaciers east of Prince William Sound have pro
duced a wealth of sediment that has been carried 
to the coast via a myriad of meltwater streams. The 
deposition of these sediments and their reworking 
by waves and tides are responsible for forming the 
80 km long Copper River delta barrier chain and an 
expansive backbarrier tidal flat system.

This chapter describes how glacial processes have 
produced diverse and dramatic landscapes along 
many high-latitude coasts. The manner in which 
glaciers excavate bedrock, transport large quantities 
of sediment and rock, and deposit these materials 
is discussed. The effects of sea-level changes associ
ated with the enlargement and melting of continental 
ice sheets are also explained. Finally, the causes of 
repeated episodes of glaciation during the Ice Ages 
(past 2.2-2.4 million years) are explored.

17.2 The world’s glaciers

Glaciers exist on almost every continent of the 
world (Fig. 17.3), including Africa, where retreat
ing glaciers top portions of Mount Kilamanjaro and 
Mount Kenya. They are not present in Australia but 
are found in nearby New Zealand. Glaciers occur 
as narrow ribbons of flowing ice in high mountain 
regions or as thick ice sheets covering vast contin
ental areas. Presendy, glaciers cover about 10% of 
the continental landmass, but in the recent geologic 
past (several times during the past 2.2 million years) 
they extended over 30% of the land surface. This 
fact suggests that glacial processes have formed or 
strongly influenced a large portion of the world’s 
coastlines, a concept that generally is not fully 
appreciated.

17.2.1 Glacier formation
A glacier is defined broadly as a large mass of ice 
that flows internally. The oldest glacier ice on Earth 
is a stagnant ice mass in Beacon Valley in the Dry

Valleys region of Antarctica. This ice was part of 
an active glacier at least eight million years ago. 
The formation of glaciers is tied closely to certain 
climatic conditions, where cool temperatures and 
precipitation produce more snow accumulation 
during the colder months of the year than ablates 
during the warmer months (Fig. 17.4). Ablation is 
the term given to the collective processes of ice 
wastage, including melting, sublimation, and ice 
calving into water. Thus, glaciers tend to form in 
regions of high latitude or high elevation, and even 
in these regions slight changes in either temperature 
or precipitation can cause glaciers to advance or retreat.

The transformation of snow to ice and then to 
glacial ice is a progressive process in which air is 
gradually forced out, producing a dense mass of 
interlocking ice crystals (Fig. 17.5). Freshly fallen 
snow is commonly light and fluffy and may be 90% 
air, although those who live in northern regions and 
shovel snow during the winter might argue about 
this presumed weighdessness. As more and more 
snow accumulates, snow at the base is compacted 
by the overlying weight, changing the hexagonal 
snowflake crystals into smaller spherical structures 
called granular snow (the type of snow common 
during spring skiing). W ith greater weight added by 
more snowfall, along with some melting and freez
ing, the granular snow is transformed into a denser, 
recrystalized granular structure called fim. This is 
the type of ice comprising old snow banks along the 
sides of roadways during the close of winter. Under 
the pressure of more snowfalls and the development 
of thick fim layers, eventually all the air is expelled 
(except some minute air bubbles) and a mass of 
interlocking ice crystals is created. At a depth of 
about 50 m glacial ice is formed. This ice is highly 
compact and exhibits a vivid blue color, in sharp 
contrast with the surface ice, which is commonly 
whitish to gray in color due to the presence of air 
and sediment.

17.2.2 Glacier movement
Flow is a characteristic of all glaciers. Movement 
by glaciers is achieved by two major mechanisms: 
plastic flow and basal slip (Fig. 17.6). Most of our
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Fig. 17.3 Extent of glacial ice during 
maximum Pleistocene glaciation.
(a) Ice covered portions of North 
America, Europe, and Asia and 
the high mountains in other regions 
18,000-20,000 years ago. (b) In North 
America major ice sheets included the 
Laurentide, Greenland, and Cordilleran 
sheets.

Fig. 17.4 Cross-sectional view of a 
glacier showing the annual accumulation 
zone and the ablation zone, also called 
the zone of wastage.
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Snowflake Granular snow Firm

Fig. 17.5 Conversion from freshly fallen snow through several states to glacial ice.

Glacier ice

Fig. 17.6 Cross-section of a glacier, illustrating ice movement 
involving two methods. The first is by plastic flow below a depth 
of about 50 m. The second process is by sliding along the 
bottom, referred to as basal slip.

experience with ice leads us to believe that ice is 
brittle and will shatter when a force is applied to it, 
such as when we drop an ice cube on the floor and 
see it break into many pieces. However, at a thick
ness of 50 m or more ice behaves as a plastic mater
ial and can be deformed. Under these conditions the 
glacial ice below 50 m will flow downslope under 
the influence of gravity. Differential stresses in the 
overlying britde ice may produce deep cracks in the 
ice surface called crevasses.

Basal slip is an equally important means of pro
ducing movement in glaciers. In this process water 
acts as a lubricant and reduces the friction between 
the base of the ice and the underlying bedrock or 
sediment surface. Basal slip allows the entire glacier 
to slide downslope along a layer, or in some cases a 
thin film, of water. Formation of meltwater at the 
base of the glacier is caused by several different 
mechanisms, including frictional heating, which 
is produced when the flowing glacier comes into 
contact with the bedrock or sediment surface. Heat 
rising from within the Earth’s interior may also 
contribute to the warming and melting of ice at the 
base of the glacier. Additionally, meltwater is formed 
beneath the glacier due to the pressure exerted by 
the thickness and weight of the overlying ice.

17.2.3 Distribution and types of glaciers
Alpine glaciers
In mountainous regions where winters are long with 
abundant snowfall and summers are cool and short
lived, conditions are perfect for forming alpine 
glaciers, or valley glaciers, as they are also called 
(Fig. 17.7). Named from the Alps, where these 
glaciers are common, alpine glaciers occur through
out the world in all major mountain belts. They
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Fig. 17.7 Aerial view of an alpine glacier terminating in a 
proglacial lake.

originate in the highest parts of mountains and flow 
down former river valleys under the force of gravity. 
Alpine glaciers in Alaska cover an area equivalent to 
half the size of New England (75,000 km2). Most 
of these glaciers occur in southern Alaska, including 
many that have formed in mountain ranges along 
the Gulf of Alaska. Alpine glaciers are responsible 
for carving coastal landforms in some locations and 
for delivering large quantities of sediment to others.

Ice sheets
Unlike alpine glaciers, which are confined to moun
tain valleys, ice sheets stretch across millions of 
square kilometers and reach several kilometers in

Fig. 17.8 The Greenland and Antarctica ice sheets have a combined area o f almost 16 million square kilometers, which is slightly less 
than the area of South America. (From F. K. Lutgens &.E. J. Tarbuck, 1999, Earth: An Inroduction to Physical Geology, 6th edn. Upper 
Saddle River, NJ: Prentice Hall, p. 296, Fig. 12.3. Reproduced with permission.)
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thickness. Because of their great surface area, they 
are also called continental glaciers. Although ice 
sheets occupied vast regions of North America, 
Europe, and Asia as recently as 18,000 years ago, 
there are only two ice sheets left today, one in each 
of the two hemispheres. Ice covers over 80% of 
Greenland (1.7 million km2), the world’s largest 
island. The central portion of the ice sheet is 
3000 m thick and thins toward the coast, producing 
a lens-shaped ice mass (Fig. 17.8). The thicker ice 
sheet in the interior of the island causes the ice to 
radiate outward and flow toward the coast. Here 
it is met by rugged mountain systems that fringe 
much of the Greenland coast, interrupting its pas
sage to the sea. The coastal mountains act as dams, 
causing the ice to bulge and build pressure behind 
them. Ridge systems dissect the ice sheet while 
mountain passes allow individual lobes of ice to 
extend toward the sea. These glaciers are called o u t
le t  g lac iers  and are similar in appearance to alpine 
glaciers. Flow rates of the main ice sheet are on 
the order of 40-120 m yr_1, in contrast to outlet 
glaciers, which may speed along by as much as a 
meter a day.

The Antarctic ice sheet is many times larger 
than the one in Greenland, with an area of just over 
14 million km2, which is about 1.5 times the size 
of the contiguous United States. The ice attains 
a maximum thickness of about 4200 m and overlies 
a mosdy bedrock basement (Fig. 17.8). In several 
locations along the coast, the ice sheet extends across 
large embayments, forming ice  shelves. These are 
regions where the ice thins and is no longer in 
contact with the land surface, but floats above the 
sea floor. The ice shelves, of which the Ross and 
Filchner are the largest, are fed by ice flowing from 
the Antarctic interior.

17.3 Pleistocene glaciation

17.3.1 Introduction
The cycles of glaciation, which began approxim
ately 2.2-2.4 million years ago, marked one of the 
most dramatic periods of change in the Earth’s 
recent history. During this time, fluctuations in the

worldwide climate caused the periodic advance of 
huge ice sheets in high-latitude regions, followed by 
a general retreat of the glacial ice (Fig. 17.9). This 
period is commonly referred to as the Ice Ages. 
Through bedrock excavation and sediment deposi
tion, glaciers significantly altered the landscape of 
large sections of North America, northern Europe, 
and Siberia, and lesser areas in the southern hemi
sphere. The vacillating extent of the ice sheet and 
shifting climatic conditions led to widespread changes 
in patterns of vegetation and the types of animals 
dwelling in northern regions. Glaciers created the 
Great Lakes, as well as Lake Winnipeg, Great Slave 
Lake, Great Bear Lake, and numerous other large 
and small lakes. The advance and retreat of the ice 
sheets is tied very closely to sea-level changes. The 
precipitation that falls on ice sheets causing their 
growth ultimately originates from water that is 
evaporated from the ocean surface. Thus, when an 
ice sheet enlarges, more and more water from the 
ocean is being stored in the form of glacial ice and 
sea level will correspondingly drop. During the 
most recent glacial maxima, sea level was lowered by 
at least 120 m.

Drastic changes such as ice sheet movement and 
sea-level fluctuations had a major impact on many 
of the world’s coastal regions. In high latitudes, 
glacial action resulted in various types of erosional 
and depositional coastlines. In low latitudes, not 
affected by ice, the rise and fall of sea level produced 
numerous features that give clues to the timing and 
magnitude of the Ice Ages.

17.3.2 Defining the Pleistocene
The Ice Ages are intimately associated with the 
geologic time period known as the Pleistocene 
Epoch. Charles Lyell, a British geologist, originally 
defined the beginning of the Pleistocene. He based 
his designation on fossil-bearing sedimentary rocks 
in Italy, which have been dated at 1.65 million years 
old. During the past 700,000 years the glacial- 
interglacial cycles lasted approximately 100,000 years. 
Furthermore, analysis of fossils from deep sea sedi
ment cores reveals that the Earth has experienced as 
many as 20 episodes of glaciation. Consequently, it 
is now accepted that although the lower Pleistocene



Box 17.1 The fate of the Antarctic ice sheet

With all the warnings of increased global warmth, it is 
sometimes .4ifficult to remember that the Earth is still 

“'•held firrnly in the grips of a great ice age that began 
about 40 million years ago and intensified dramatically 
over the past three million year|\(3  M yr). Thirty million 

4 cubic kilometers of ice still resideln Antarctic^
XFjg B17.1). Visitors there see the world m'ffch as>, 
it was 20,000 years ago, when similar sheets t)f iqe? . 
up to 4 km thick, covered much of the-northerri" 
hemisphere. Over at-least the p a s t2 .5M yr, in c'oncert 
with changes'in the geometry of the Earth’s orbit, great 
ice sheets have expanded and contracted, reaching 
generally similar maximum dimensions every 100,000  
years or so. During each of these glacial maximums, 
eustafic sea level falls because of watertem porarily  
storedrin the great ice sheets -  only to be returned to 

"the-gceans, sometimes catastrophically, when thejce

sheets again return to their present dimensions. If all 
the ice on Antarctica today were to melt, global sea 
level would rise by 60 m (about 195 feet). Will this ice 
melt with future greenhouse warming? Or is the 
remaining ice on Antarctica stable and well positioned 
to endure the worst case scenario of greenhouse- 
induced global warmth? Researchers are divided on 
this question. One reason for this division is that the 
ice on Antarctica is not everywhere equally stable. The 
marine-based West Antarctic ice sheet, which holds an 

> ^equivalent of about 6 m of sea-level rise, is considered 
by many to be at riskto predicted global warming” " 
(abou't.3°C) with a doubling of atmospheric C 02. 
However, most consider the much larger East 

■■■ Antarctic ice sheet, which is grounded above sea 
level, to be relativelylmpervious to postulated 
greenhouse warmth. Noting that researchers still 
don’t  have enough data to predict the behavior of 
the W est Antarctic ice sheet, which leaves open the



Box 17.1 (c o n t ’d )

real possibility of up to 6 m of sea level rise with 
greenhousea/yarming, let us examine the possible 

' behavior of the East Antarctic ice sheet, for which at 
present there are-more data.

A key to unlocking the mystery of the future 
‘ behavior of the East Antarctic ice sheet comes from  
examination of the past behavior of this ice sheet 
during periods of prior global warmth -  particularly 
those that match or exceed predicted warming from  
greenhouse emissions.:,One such time interval is the 
early-to-mid-Pliocene, about 3 - 4  Myr bp. One  ̂
research group, the “dynamicists,” argues that most 
of the ice in East Antarctica melted during the Pliocene. 

; They envision marine seaways crossing the South Pole 
and sea level 3 0 - 4 0  m higher than today. Indeed, 
there is some evidence from the Atlantic coastal plain 
and in Alaska for such high-level shorelines The 
dynamicists base their arguments on the presence, 
of marine diatoms in glacial deposits in a mountain 
range thatjcrosses Antarctica (the Transantarctic 
Mountainsf."How were these diatoms deposited’
One idea is^that the'diatoms must have lived in'an 
ancient seaway In'interioi; East Antarctica’(at a time 
W l% i Aritarctica was largely deglaciated) and were ~ ’ 
s.ubseflde'ntly picked.up by glaciers that advanced ^  
across'this seaway and carried high up in the, 
mountains The manne djatoms can be dated based 
on“eyolutjonary lines, and itis  now known that such 
diatoms lived during.Pliocerie time Hence, the 
argument goes that East Antarctica was largely 
deglaciate^duringjhe Pliocene, succumbing to

Fig. B17.2 Hypothetical shoreline 
of North America 18,000 years ago, 

!?idffliS^;glaeial)m|ximumiand after ice: . 
sheets 'meli: (FromE .J. Tarbuck8c 

■. f i  K. l!fi3||er8^2002) Earth. New 
York-Prciitice Hall.),

modest warmth (about 3°C above present values) 
that existed then and, therefore, likely to succumb 
again to future greenhouse warming. But the stabilists 
disagree. They argue that the marine diatoms in glacial 
sediments in the Transantarctic Mountains could have 
been deposited by the wind. Winds sweeping across 
the ocean can entrain diatoms, and once airborne such 

‘ fine particles can be carried over great distances. In 
"fact, djatoms are found blowing across the South Pole 

. today.The stabilists argue that the East Antarctic ice 
\s h e e t  has been relatively impervious to periods of 

global warming over at least the past 10 Myr, and that ‘ 
it is unlikely to succumb to anticipated greenhouse -
warming In fact, models suggest that the East ..

- Antarctic ice sheet might actually expand with modest 
warm ing. The reason is that such warming will 
increase snowfalliover thexpntinent, but will fall far 
short of bringing atmosphericitemperatures above 
the,melting point of ice, 0°C. ^

\ So what will happen to EastAntarctica? The debate 
rages on For now, the stabjljstshave the edge, but that 
may change as scientists gather more information t 
from the far reache,s' of Antarctica. Wherever the truth 
lies, one thing is certain. Ice on Antarctica has the 
potential to completely change the world as we know, 
it Most of the w orld’s great cities would be lost if its ■ 
ice should melt (Fig. B17.2). It will melt sometime.
The question is when. ,

, David M. Marchant 
,,y ”r ■s.i-* Antarctic Scientist' 

Earth Science Department 
f  Boston University
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Mean ocean SlsO

Fig. 17.9 Cycles of glaciation coincide 
with long-term changes in the intensify 
of summer sunshine in northern 
latitudes, which are driven by variations 
in Earth’s orbital characteristics. (From 
W . S. Broeker 8cG. H. Denton, 1990, 
Scientific American, January, 48-56.)

boundary is dated at 1.65 million years, the Ice Ages 
began 2.2-2.4 million years ago.

17.3.3 Causes of the Ice Ages
In the mid-nineteenth century Louis Agassiz, a 
Swiss scientist, became a convert to the idea that 
large masses of glacial ice once covered much of 
Europe and extensive parts of North America. He 
eventually became the chief spokesman for the 
glaciation theory and through his studies and many 
lectures is credited with establishing glaciation as a 
major geological event. General acceptance of the 
glacial theory among scientists spawned numerous 
hypotheses to explain the cause of the Ice Ages. These 
ideas are still being debated today. Any satisfactory 
theory must account for the following:
1 Although glaciations have occurred in the geo
logic past, they have not been a common geological 
phenomenon.
2 During most of the Earth’s history the climate was 
warmer than it is today. Beginning about 65 million

years ago, global temperatures began cooling, eventu
ally leading to the Ice Ages that commenced about 
2.2-2.4 million years ago.
3 During the Ice Ages there was a repeated succes
sion of ice sheet growth followed by ice retreat, 
coinciding with variations in global temperatures 
of about 5°C.
4 Periods of glaciation and interglacial climates 
occurred at approximately the same times in both 
the northern and southern hemispheres.

Effects of plate tectonics
When climatic conditions are favorable, ice sheets 
form in polar regions and advance to the mid
latitudes. Of course, this process can only occur 
if landmasses are present in the high and mid
latitudes. This requirement may explain why per
iods of glaciation have been rare events in geological 
history. Extensive glaciation occurred approxim
ately 600 million and 250 million years ago. In the 
latter case, the landmasses had assembled over the 
South Pole in the super-continent of Pangaea (see
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Fig. 17 .10  Glaciations occur when 
climatic conditions are favorable and 
when continental landmasses are situated 
in polar regions, (a) View of Pangaea and 
the ice sheet that covered the Antarctic 
and surrounding region 300 million 
years ago. (b) Present day position of 
the continents and aerial extent of the 
former glaciated terrain.

Chapter 2). Glaciation ceased in these areas after 
the breakup of Pangaea as the continents moved 
to more equatorial regions. Thus, it is apparent 
that the rarity of glacial episodes throughout the 
Earth’s history is a result of there having been 
few instances in which the continents have been 
in polar positions when climatic conditions were 
conducive for snow accumulation and ice sheet 
formation (Fig. 17.10).

Carbon dioxide abundance
As already mentioned, the Earth was considerably 
warmer in the geologic past and has cooled by as 
much as 10-15°C during the past 65 million years. 
Coincident with this cooling trend has been a dra
matic decrease in the amount of carbon dioxide 
(C 02) in the atmosphere, falling to a quarter of 
its level since the Cretaceous. Because C 0 2 is an 
important greenhouse gas, a decrease in its abund
ance causes less trapping of solar radiation by the

atmosphere, resulting in cooler climates. Because 
the amount of C 0 2 in the oceans is many times 
greater than that found in the atmosphere (about 
60 times), it would appear that the oceans must play 
a strong role in controlling atmospheric C 0 2 and 
Earth temperature.

Milankovitch climatic cycles
Although plate tectonics explains well the long 
periods between glaciations (measured in hundreds 
of millions of years) that have characterized most 
of the Earth’s history, the repeated glacial and inter
glacial climates that have occurred during the Ice 
Ages require a different mechanism. Plates move 
too slowly to account for the waxing and waning of 
ice sheets over periods of 100,000 years and less. In 
the early twentieth century Milutin Milankovitch, a 
Serbian mathematician, calculated seasonal changes 
in radiation received at various latitudes during the 
past 600,000 years. He linked cyclic variations in the
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Precession 
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Fig. 17.11 Milankovitch cycles are a product of variations in the Earth’s orbital behavior, (a) Orbital elements include eccentricity, 
precession, and tilt (from F. Press & R. Siever, 1998, Understanding Earth. New York: Freeman), (b) The cyclicity of orbital variations 
is responsible for the intensity of the seasons and is linked to climatic changes (from T. E. Graedel8tP. F. Crutzen, 1993 , Atmospheric 
Change. NewYork: Freeman).

Earth’s orbital characteristics to changes in climatic 
conditions, principally the Earth’s surface tempera
ture. These variations are called Milankovitch cycles 
(Fig. 17.11) and are defined below:
1 Eccentricity. The Earth’s present orbit about 
the Sun is elliptical, but at other times it has been 
almost circular. The span of time for the orbit to 
cycle from elliptical to circular and back to ellipt
ical is approximately 96,000 years. The amount 
of eccentricity, which is a measure of how elliptical

the orbit is, dictates changes in the distance between 
the Earth and Sun over the course of a year. 
Presently, the Earth is closest to the Sun when the 
northern hemisphere is experiencing winter and the 
southern hemisphere has its summer. The Earth is 
presently furthest away from the Sun during sum
mer in the northern hemisphere. The opposite was 
true approximately 50,000 years ago.
2 Obliquity. The Earth’s axis of rotation is inclined 
23.5° with respect to a line drawn perpendicular to
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a plane containing the Earth’s orbit. This is com
monly referred to as the Earth’s tilt. Every 41,000 
years the Earth’s tilt cycles between a minimum 
value of 21.8° and a maximum of 24.4°. The greater 
the tilt the more pronounced are the seasons.
3 Precession. Presently, the Earth’s axis of rota
tion points toward the North Star. However, in 
11,500 years the axis will point to the star of Vega, 
and 11,500 years after that it will once again be 
directed toward the North Star. This 23,000-year 
cycle describes a circular precession of the axis of 
rotation. It is likened to a spinning top that slows 
down and begins to wobble. The wobble is the 
precession of the spin axis. In the present configura
tion, summer in the northern hemisphere occurs 
when the Earth is inclined toward the Sun. It is 
tilted away from the Sun during winter. In 11,500 
years the tilt will have precessed 180° such that in 
the northern hemisphere the present summer will 
become winter and vice versa.

Milankovitch showed that the interaction of 
these three cycles did not change the total amount 
of solar radiation reaching the Earth, but it did 
affect the contrast in the seasons. For example, 
if summers were cooler, then glaciers might be 
expected to enlarge due to less melting of ice, while 
at the same time slightly warmer winters might 
actually increase snowfall. This is an oversimplified 
scenario but it does demonstrate the type of clim
atic changes that are induced by the Milankovitch 
cycles. Present thought is that Milankovitch cycles 
are somehow propagated through changes in atmo
spheric and ocean circulation and these broad con
veyer belts of heat and cold control global climatic 
fluctuations.

17.3.4 The late Pleistocene
Waxing and waning of ice sheets characterized 
the Pleistocene Epoch throughout the world. In 
North America the last of these major glaciations is 
referred to as the Wisconsin Ice Age, named after 
the state in which the deposits left behind by the 
ice sheet are easily studied. During the beginning of 
the Wisconsinan (70,000-90,000 years b p )  the ice 
sheets began expanding, reaching their maximum

southern extent about 20,000-18,000 years b p . The 
margin of the ice sheets is defined in many regions 
by particular types of glacial deposits, providing an 
ideal means of mapping the limit of the ice. Ice 
sheets covered all of Canada and the mountainous 
areas of Alaska. In western Canada coalescing 
glaciers flowed to the Pacific. An expansive ice 
sheet, called the Laurentide Ice Sheet, was centered 
over Hudson Bay in eastern Canada and flowed 
outward in all directions. In Hudson Bay the ice 
was almost 4000 m thick and in New England 
it reached more than 2000 m in thickness. The 
Laurentide Ice Sheet extended eastward to the 
Atlantic Ocean and as far south as southern Illinois 
and Indiana. Ice sheets also covered much of north
ern Europe and parts of Siberia. The only vestige of 
the Laurentide Ice Sheet today is the Barnes ice cap 
on Baffin Island in northeastern Canada. The end 
of the Pleistocene coincided with a period of abrupt 
global warming and rapid retreat of ice sheets in 
the northern and southern hemispheres. It should 
be noted that this and other sudden shifts in the 
Earth’s climatic patterns are not easily explained by 
Milankovitch cycles and it is probable that other 
mechanisms are responsible, such as changes in 
ocean circulation. By definition, the Pleistocene 
ended 10,000 years ago, when the Holocene com
menced. The beginning of the Holocene marks a 
period of rapid warming in North America and 
Europe, as indicated by pollen records.

17.4 Glacial effects on coastlines

The growth and decay of ice sheets dramatically 
affects the morphology of coastlines due to the abil
ity of the glaciers to carve into bedrock, strip away 
loose materials overlying bedrock, deposit large 
quantities of sediment, and change the level of the 
world’s oceans. Direct effects of glaciation include 
those due to glacial erosional and depositional pro
cesses and those resulting from elevation changes of 
the coast associated with ice loading and unloading 
the land. Indirect effects of glaciation are linked to 
sea-level fluctuations produced by volume changes 
of the ice sheets.
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Fig. 17.12 Erosion by glaciers occurs through ice wedging and 
plucking and by abrasion.

17.4.1 General erosional processes
Erosional processes by glaciers have been responsi
ble for the formation of the Matterhorn in the 
Swiss Alps, Half Dome in Yosemite National Park 
in California, and the deepwater port of New York 
City. Erosion by glaciers occurs by several processes, 
the most important,of which are ice wedging, 
plucking, and abrasion (Fig. 17.12). Ice wedging 
occurs when meltwater flows into the cracks and 
crevices of the bedrock underlying the ice. As the 
meltwater refreezes, the expansion of water to ice 
causes appreciable pressure on the sides of the crack. 
As this process is repeated over and over again, 
pieces of the bedrock, large and small, are wedged 
free. The process is especially prevalent where the 
original bedrock surface is highly fractured and 
meltwater can readily penetrate numerous cracks. 
The excavation process (plucking) is completed when 
the pieces of rock are quarried from the bedrock and 
incorporated into the ice. This is achieved through 
material freezing to the base of the glacier. The 
plastic nature of glaciers at depth also allows the 
larger rocks and boulders to be enveloped by the ice. 
Once the material is incorporated within the ice, it 
flows with the glacier and is transported toward the 
ice margin. Along its journey, the rock fragments 
carried at the base of the ice abrade the underlying 
bedrock. Just as the sediment that is transported 
by the Colorado River accelerates the cutting of 
the Grand Canyon, the rock material carried by a 
glacier significantly increases the erosion process. 
The grooves and scratches cut into bedrock surfaces,

Fig. 17.13 View of glacial striations on bedrock along the coast 
of Maine. Striations are oriented left to right.

called stria tio n s , are evidence of glacial abrasion 
(Fig. 17.13). Scientists use the orientations of these 
and other linear features to determine the flow 
direction of the ice.

17.4.2 Fjords
Formation
The erosional coastal landscapes exposed by the 
retreating ice at the end of the Pleistocene exhibited 
considerable variability. Their form was dependent 
on the original topography and bedrock structure of 
the region. Along mountainous coastlines in high- 
latitude regions, alpine glaciers deepened exist
ing mountain valleys, producing U-shaped glacial 
troughs. In these settings the ends of the valleys 
were often eroded well below sea level. When the 
glaciers retreated from the valleys and sea level rose 
following deglaciation, the glacial troughs were 
flooded, creating fjords (Fig. 17.14). These features 
are found throughout the high-latitude coastlines 
of the world, including the Scandinavian countries, 
Iceland, Greenland, eastern and western Canada, 
Alaska, New Zealand, and Chile. Fjords are com
monly spectacular features with steep, cliff-like sides 
and winding valleys that follow the original sinuous 
mountain valleys from which they were formed. 
They can be hundreds of meters deep and some reach 
more than 1000 meters in depth, which means 
that the creation of the fjords is attributed to more 
than just rising sea level resulting from melting
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Fig. 17.14 Fjords are flooded coastal mountain valleys that 
are created when alpine glaciers excavate bedrock valleys below 
sea level.

ice sheets. In most instances, the depth of a fjord is 
chiefly a function of the amount of bedrock excava
tion that was accomplished by the alpine glaciers.

Kenai Peninsula, Alaska
The Kenai Peninsula is a 250 km long landmass 
that juts southwestward from southern Alaska. It is 
separated from the Alaskan Peninsula by the long, 
narrow, macrotidal embayment of Cook Inlet; 
Anchorage is located in the upper reaches of Cook 
Inlet. The mountainous landscape of this region is 
a product of tectonic processes associated with 
the subduction of the Pacific Plate beneath North 
America. During numerous episodes of alpine 
glaciation, ice flowed southeastward from the Kenai 
Mountains and excavated a series of deep fjords 
along the open coast, many of them more than 
100 m deep (Fig. 17.15). Steep-walled bedrock 
slopes and cliffs that rise several hundred meters 
high characterize much of the seaward shoreline 
of the fjords. In contrast, the heads of many fjords 
contain outwash fans and fan deltas that are actively 
prograding into the deep water. Braided streams 
draining meltwater and sediment from retreating 
glaciers produce these sedimentary features and 
resulting low topography. During the 1964 Good 
Friday earthquake this region was downwarped a 
maximum of 2.3 m below sea level. One of the

Fig. 17.15 View of one on the many fjords found along the 
Kenai Peninsula o f Alaska.

major effects of this event was the formation of 
drowned forests at the heads of some of the fjords 
and in other embayments along the Kenai coast.

17.4.3 Rocky coasts
Formation
The effects of continental glaciers are strikingly dif
ferent from those of alpine glaciers. Whereas alpine 
glacial processes tend to erode and deepen mountain 
valleys, thereby accentuating the rugged terrain, 
continental glaciers tend to reduce the relief along a 
coast, although they may produce a highly irregular 
coast. Continental glaciers are too thick to be con
fined to valleys, and spread over entire landscapes, 
including low mountain systems. Along many high- 
latitude, glaciated coasts in North America, Europe, 
and elsewhere the major effect of the Pleistocene ice 
sheets was to strip away the sediment cover and 
excavate several meters of the underlying bedrock. 
Although the glaciers left behind a thin layer of 
undifferentiated sediment, called till, these coastal 
regions are normally very rocky, with numerous 
embayments, bedrock promontories, and islands. 
Beaches and barriers are uncommon along these 
types of coastlines and, where they do occur, their 
sediment supplies are close by.

Northern New England
The coast of northern New England illustrates well 
the general effects of the Pleistocene ice sheets.
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Fig. 17.16 Pocket beach located along a rocky sediment-starved 
coast. Sediment is derived from the reworking of local thin till 
deposits.

From northern Massachusetts to northeastern Maine 
the coast exhibits a wide range of morphologies that 
are a function of isolated sediment sources, a highly 
variable bedrock fabric, and a land area that has 
been inundated by tha sea during the past 11,000 
years. The bedrock imprint on this region is partic
ularly important, producing cliff coasts in extreme 
eastern Maine, broad deep embayments with num
erous islands and peninsulas in central Maine, 
and finally a straighter coast along southern Maine, 
New Hampshire, and northern Massachusetts that 
contains bedrock promontories separated by gently 
curved embayments. The rocky nature of this coast 
is a direct consequence of glacial erosion, includ
ing the removal of sediment that had once covered 
the bedrock basement. Along much of this coast 
the only depositional landforms are small pocket 
beaches and barriers in protected embayments that 
have developed from the reworking of local glacial 
deposits (Fig. 17.16). The numerous bedrock islands 
that characterize this coast also led to the develop
ment of tombolos and cuspate spits. The composition 
of these depositional features is usually sand and 
gravel, reflecting the mixed sediment of the glacial 
sources.

Exceptions to the general trends cited above 
occur in regions where inland deposits of sand 
have been delivered to the coast in large quantities. 
In the lowlands of Maine, as in many other areas 
of New England, there are immense sand and

Fig. 17.17 Along glaciated coasts tidal inlets are commonly 
anchored next to bedrock exposures or till headlands 
(Westport River Inlet, Massachusetts).

gravel deposits that were produced as the ice sheet 
retreated northward from this region (discussed 
below). During and following deglaciation, these 
deposits were excavated by tributaries and trunk 
streams of major river systems and brought to the 
coast. This movement of sand down rivers, although 
less active, continues to the present time. The sedi
ment deposited at the mouths of these rivers has 
been redistributed alongshore as well as onshore 
by wind, waves, and tides, forming sandy beaches 
and barriers chains, some of which reach 30 km in 
length. Most of these barrier systems are located 
within arcuate embayments and individual barriers 
are usually anchored to bedrock promontories or 
glacial headlands. Likewise, tidal inlets along these 
chains have stabilized next to bedrock outcrops or 
glacial deposits (Fig. 17.17). Depositional features 
in this region are usually isolated and directly linked 
to nearby sediment sources such as rivers.

17.4.4 General depositional processes
Glaciers not only carve mountain valleys and strip 
away the sediment cover from vast areas; they are 
also responsible for widespread sediment deposi
tion. The rock and sediment that are removed and 
transported away by glaciers from one location 
are eventually deposited by the ice at another site. 
The large boulders that are moved by glaciers and 
laid down far from their origin are called erratics
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Fig. 17.18 Large erratic along the Cape Cod shoreline.

(Fig. 17.18). They are commonly the size of a car, 
but the largest in North America, the Okotoks of 
southern Alberta, Canada, is larger than a two-story 
house. By matching the rock type of erratics to the 
bedrock from which they were derived, glacial geo
logists are able to determine the direction of ice flow 
and how far the erratics have traveled. For ice sheets, 
this distance maybe as little as a few kilometers or in 
some cases as much as 1000 km. Erratics litter the 
landscape of New England, portions of the Mid
west, and many areas within Canada and northern 
Europe. Louis Agassiz used these features as the 
primary evidence to advance his glaciation theory.

Glacial material comprises two major categories 
of sediment: (i) till, which is sediment deposited 
directly by the ice; and (ii) stratified sediment, 
which is layered sediment deposited by glacial 
meltwater (Fig. 17.19). Glaciers carry a variety of 
sediment sizes, from clay-sized material to large 
boulders. When a glacier retreats, the sediment it 
carries melts out from the ice and is deposited in an 
unsorted, chaotic mass called till. Anyone who has 
dug a hole in till to plant a bush or excavate a trench 
is familiar with its bouldery composition. In the 
farmlands that stretch across glaciated areas the 
boundaries of the fields are commonly outlined by

Fig. 17.19 Glacial sediment consists of: (a) till, undifferentiated 
sediment deposited by the glacier  ̂and (b) stratified drift, layered 
sand, and gravel deposited by meltwater. (From Miles Hayes.)

stone walls. The rocks making up these walls, large 
and small, were placed there by farmers who wished 
to rid their land of the boulders that obstructed the 
tilling of their fields.

Unlike till, stratified drift is deposited by flowing 
water derived from the melting ice. Because the 
energy needed to transport different sized sediment 
is directly related to the velocity of the flow, water- 
laid sediments tend to be sorted and are deposited 
in layers. In stratified drift these layers commonly 
consist of sand and fine gravel. However, if the cur
rent is very strong, coarse gravel layers can form, 
or if the current flows into a standing body of water, 
layers of silt and clay may develop.

17.4.5 Depositional landforms
Along glaciated coasts, there are numerous examples
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where glacial deposits formed the initial shoreline, 
and although coastal processes have subsequently 
modified these deposits, the original glacial features 
are still recognizable. These deposits may be large 
(>100 km) or small (<5 km) and may be composed 
of till or stratified drift, or, in the case of Cape Cod, 
Massachusetts, and Long Island, New York, they 
may consist of both types of deposits. The major 
types of glacial deposits along coasts include end 
moraines, outwash plains, and drumlins.

End moraines
As discussed above, ice sheets flow outward from 
interior regions of ice accumulation. Glaciers con
tinue to advance as long as more ice is formed dur
ing the winter than melts during the summer. For 
ice sheets, the distance separating the area of net 
ice formation from the region of ice melting along 
the margin of the glacier may be over 1000 km. If 
the amount of ice that forms in the interior of an ice 
sheet equals the amount that is lost through melting 
and sublimation (the process whereby ice moves 
directly from the solid to the gaseous state), then the 
ice marginal position will remain stationary. Under 
these conditions the ice sheet, acting like a conveyor 
belt, continuously transports sediment to the termi
nus of the glacier, where it melts out from the ice 
and is deposited. As this process continues through 
time, the accumulating sediment forms a ridge of 
till called an end moraine (Fig. 17.20). The longer 
the ice terminus remains in the same position, the 
greater the amount of sediment that is delivered to 
the ice front and the larger the end moraine becomes. 
Because the conditions forming end moraines are 
so variable, their size and extent range widely, from 
prominent ridges 20-50 m in height and 100 km 
long to those that are only few meters high and 
extend discontinuously along the former ice margin. 
End moraines are useful to scientists studying past 
glaciations because they mark the furthest advance 
of an ice sheet, as well as its recessional positions, 
where the ice front remained stationary for a short 
period of time before continuing its retreat. In the 
Midwest a series of end moraines, hundreds of 
kilometers long, outline the southern borders of 
the Great Lakes.

Fig. 17.20 End moraines are formed when the margin 
of a glacier remains in the same position for a period of time. 
Under these conditions the flowing ice piles sediment at its 
terminus, forming a ridge o f till called an end moraine. 
(From Miles Hayes.)

Outwash plains
As an end moraine is created at the terminus of 
a stationary ice sheet, the melting ice produces 
torrents of water choked with sediment. On warm 
summer days water flows everywhere from under- 
neath, over the surface, and through tunnels within 
the glacier. Meltwater discharging from the ice 
front forms a broad network of shallow streams 
whose channels regularly divide and rejoin in a 
braid-like pattern. Within a short distance of the 
ice, much of the bed load transported by these 
braided streams is deposited due to the gentle slope 
and resulting decrease in current velocity. Meltwater 
streams sort the glacial sediment, leaving behind 
the largest sized material near or within the ice 
front. Sand and gravel are deposited in layers beyond 
the ice terminus and in time build an expansive out- 
wash plain (Fig. 17.21). The finest sediment (clay 
and silt) is transported out of the system and often 
into the ocean or a lake. Thus, outwash plains are 
large sandy-gravel regions (some more than 100 km 
long with an area greater than 1000 km2) with low 
topography, consisting of stratified drift. Examples 
include most of Cape Cod and Long Island, as well 
as the Skiederarsandur in southeast Iceland. These 
features are also formed at the end of some valley 
glaciers.



Glaciated coasts 325

Stabilized ice front

Fig. 17.21 An outwash plain consists o f layers of sand and gravel (stratified drift). (a) They are formed through deposition by glacial 
meltwater streams (from A. N. Strahler, 1966, Geologist's View c f  Cafe Cod. Orleans, MA: Parnassus Imprints), (b) The braided 
streams in this photograph are most active during the summer when nearby glaciers discharge abundant meltwater (from Dave 
Marchant).

Drumlins
One of the most distinctive glacial depositional 
features is a drumlin. Drumlins are teardrop-shaped 
accumulations of till ranging from 15 to 50 m in 
height and 0.5 to 2 km in length (Fig. 17.22). In 
some instances they may also be composed of highly 
contorted stratified drift, while others may be cored 
by bedrock. The blunt, steep side of a drumlin faces 
the direction from which the glacier advanced, and 
the down-glacier end is streamlined, with a gentler 
slope. This geometry is reminiscent of a spoon turned 
upside down. Because drumlins are elongated paral

lel to the flow direction, they are use by glaciologists 
to study patterns of ice sheet movement. Drumlins 
usually occur in significant numbers. In upstate 
New York over 10,000 drumlins exist in an area of 
approximately 12,000 km2. A few hundred are located 
in the immediate vicinity of Boston, Massachusetts, 
including a drumlin where the famous Revolutionary 
War battle of Bunker Hill was fought in 1755. An 
interesting note of history is that while the Bunker 
Hill Monument commemorating the battle stands 
on the drumlin of Breeds Hill, the actual batde was 
fought on the adjacent drumlin of Bunker Hill. The
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(a)

Fig. 17.22 Drumlins are composed of till and usually 
occur in groups, (a) They are formed beneath the ice 
and have the form of an upside down spoon (from 
S. Chernicoff, 1995, Geology. New York: Woth).
(b) Erosion of a drumlin in Nova Scotia has left behind 
a boulder retreat lag, which can be used to trace the 
form er  extent o f the landform.

fact that drumlins always occur in clusters with 
similar geometry and orientations leads scientists 
to believe that they represent an equilibrium bed 
configuration in which the flowing ice molds the 
underlying till. Other drumlins may be a product 
of glacial erosion. In addition to the drumlin fields 
of New York and New England others are found 
in England, Ireland, eastern Canada, Wisconsin, 
Michigan, and western Washington.

17.5 Examples of glaciated coastlines

17.5.1 Cape Cod
Formation
During the summer, one of the most popular vacation 
spots in New England is Cape Cod, including the 
two islands of Martha’s Vineyard and Nantucket 
that lie directly off the Cape’s southern shore. Cape 
Cod is shaped like an extended bent arm with 
a curled-fingered hand pointing northward. The 
Cape and islands were formed during the retreat 
of the Laurentide Ice Sheet, which reached its 
maximum extent approximately 20,000-18,000 
years ago (Fig. 17.23). These landmasses consist 
almost entirely of unconsolidated glacial sediments 
(about 90% by area). Exceptions are the beaches, 
barriers, marshes, and tidal flats that outline the 
present cape, and even these features were formed 
from reworked glacial sediment. Although some 
large erratics exist on the cape, there are no bedrock 
exposures.

To discuss the glacial origin of Cape Cod and 
the islands we must go back to an interglacial period 
(between glaciations) when the climate was the same 
or slighdy warmer than it is today, about 130,000- 
100,000 years ago. At this time there was no Cape 
Cod. Following this period, temperatures cooled and 
the Laurentide Ice Sheet grew in size, expanding 
outward from the Hudson Bay region. It reached 
its maximum southern extent in the Great Lakes 
region about 18,000 years ago and in eastern United 
States perhaps a little earlier (about 20,000 years 
ago). In the vicinity of southeastern New England, 
the terminus of the ice sheet consisted of several large
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Fig. 17.23 Sequential diagrams depicting the formation o f Cape Cod and the Islands o f Martha’s Vineyard and Nantucket. They 
consist of sediment that was carried south and deposited by the Laurentide Ice Sheet in the form of moraines, outwash plains, and 
other glacial deposits. (From E. Uchupi, G. S. Giese, D. G. Aubrey 8cD. J. Kim, 1996, The Late Quaternary construction of Cape 
Cod, Massachusetts: a reconsideration of the W . M. Davis model. Boulder, CO: Geological Society of America, Special Paper 309.)
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lobes that coincide with the present-day locations 
of Nantucket, Martha’s Vineyard, Block Island off 
the Rhode Island coast, and Long Island in New 
York. It was the overall position, configuration, and 
dynamics of these ice lobes that determined the 
shape and location of the cape and islands to the 
south and west.

Cape Cod and the islands developed during at 
least two periods when the margin of the Laurentide 
Ice Sheet stabilized and large quantities of sediment 
were deposited at these ice terminuses. At the ice 
sheet’s southernmost position, an end moraine 
formed, corresponding to the northern third of 
Martha’s Vineyard. This is a hilly, bouldery region 
and is relatively elevated compared with the rest 
of the island. A similar but less extensive moraine 
exists on Nantucket. During the same time that the 
moraines were formed, broad, sandy outwash plains 
were deposited by meltwater streams draining water 
and sediment from the ice terminus. These sand 
plains define the southern border of both islands. 
Following this period of ice-front stability, the ice 
sheet retreated 50 km northward and stabilized 
again. In this position, the Sandwich and Buzzards 
Bay moraines and a number of outwash plains were 
formed that together constitute the southern extent 
of Cape Cod. The forearm of the cape developed 
next after the ice sheet withdrew further northward. 
At this time, the lobate nature of the ice front left 
a large low area between the Cape Cod Bay lobe, 
filling much of Cape Cod Bay, and the South 
Channel lobe, which was located east of the present 
cape. This low area was filled with stratified drift 
(outwash) produced by meltwater braided streams 
that flowed westward from the South Channel Ice 
Sheet. With this final stage of glacial deposition 
completed, the general form of Cape Cod and the 
islands was achieved.

Modification
Cape Cod and the islands have undergone many 
important modifications during and after the ice 
withdrawal from New England. During the period 
of ice retreat, at least two large glacial lakes occupied 
what is now Nantucket Sound and Cape Cod Bay. 
The first of these lakes to develop, Lake Nantucket

Sound, was dammed by the glacial deposits to the 
west and south, including Martha’s Vineyard and 
Nantucket, and by ice to the north and east. 
Meltwater discharging from the ice terminus filled 
the lake. The unconsolidated, porous nature of 
the deposits that make up Martha’s Vineyard and 
Nantucket led to water from the glacial lake being 
piped southward through these sediments, where 
it eventually flowed out along the surface. This pro
cess gradually formed channels that ate their way 
northward across the sand plains as sand and fine 
gravel were eroded at the heads of these channels 
and transported southward. These channels are called 
groundwater-sapping channels and can be seen on 
a small scale on a beach at low tide where ground
water leaks out along the beachface (Fig. 17.24). 
Along Nantucket and Martha’s Vineyard ground- 
water-sapping processes have formed a series of semi
parallel channels that have since been inundated 
with seawater due to rising sea level. The exact same 
process was responsible for groundwater-sapping 
channel development along the southern shore of 
Cape Cod when a large glacial lake occupied Cape 
Cod Bay. Many of these elongated lagoons, as they 
have become, are important harbors along this part 
of the cape.

The other major modification of Cape Cod and 
the islands has been a general smoothing of the 
shorelines through erosional and depositional pro
cesses. The initial form of Cape Cod left by the 
retreating ice sheet was very different from how it 
appears today. Immediately following deglaciation 
sea level was as much as 120 m lower than the pre
sent position and thus the deposits comprising 
Cape Cod and the islands were simply regions of 
somewhat higher elevation. It wasn’t until eustatic 
sea level rose to within 7—8 m of where it is today 
that the general configuration of Cape Cod became 
recognizable. The initial outline of the cape was 
very irregular, with numerous promontories, embay
ments, and islands (Fig. 17.25). However, wave 
action gradually eroded headlands and small islands, 
liberating sediment that was transported along
shore, eventually building spits across embayments. 
Examples of this process are seen in Cape Cod 
Bay, where Sandy Neck has accreted in front of
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Fig. 17.24 Following the deglaciation of this region 
groundwater-sapping channels developed in the outwash plains 
of Cape Cod and Marthas Vineyard. When sea level rose to its 
present position, the channels were flooded, forming the highly 
indented lagoons along the southern shore o f Cape Cod and the 
islands.

Barnstable Bay, and along the outer cape, where 
Nauset Spit has formed in front of Pleasant Bay. 
The widespread glacial cliffs that occur along Cape 
Cod and the islands are evidence of the erosional 
process that has smoothed the coast. Some of the

Fig. 17.25 The present smooth outline of Cape Cod is a 
product ofwave erosion and the construction of spits in front 
of embayments. (From Strahler 1966, details in Fig. 17.21.)

cliffs are more than 30 m high, such as those along 
the open-ocean coast of northeastern Cape Cod. 
Much of the sediment that has been eroded from 
these cliffs has been transported northward, form
ing the extensive spit of the Provincelands.

17.5.2 Dru ml in coasts
In some glaciated terrains, notably the eastern shore 
of Nova Scotia, Clew Bay on the central west coast 
of Ireland, and Massachusetts Bay, drumlins and 
accretionary landforms that have developed from 
reworked glacial sediment dominate the coast. In 
Massachusetts Bay, for example, drumlins exert a 
strong imprint on the entire landscape. All the 
islands, save a few bedrock ledges, are drumlins and
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Fig. 17.26 Evolutionary model of Nantasket Beach, Massachusetts, as envisioned by D. W . Johnson, 1925, The New 
England-Acadian Shoreline. NewYork: John Wiley StSons.
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the northeast and southeast borders of Boston 
Harbor consist of drumlins and reworked drumlin 
deposits. D. W. Johnson, one of the first marine 
geologists to study glaciated coasts, presented an 
evolutionary model for this shoreline in 1910 
(Fig. 17.26). Similar to the scheme presented for 
the eastern shore of Nova Scotia (see Chapter 7), 
the outer coastline of Boston Harbor represents the 
end product of sand and gravel eroded from off
shore drumlins and moved onshore, where it 
formed beaches and barriers. Additional sediment 
was derived from the erosion of onshore drumlins 
and transported alongshore. When sediment is 
abundant, drumlins form pinning points for barrier 
and spit development. As sediment supplies begin 
to wane and the shoreline recedes, perhaps in 
response to sea-level rise, the drumlin anchor points 
erode and contribute new sediment to the system. 
With continued sea-level rise, eventually the entire 
barrier complex may narrow and become low 
enough for it to migrate onshore through rollover 
processes, until stabilizing next to landward drum
lins. Alternatively, the sediment is moved onshore 
in the form of a subtidal sand sheet, feeding sedi
ment to spit systems that build from nearby drum
lins. Intertidal and subtidal boulder pavements 
identify offshore drumlins that have been exhausted 
of their sediment sources. These boulder accumula
tions are lag deposits and represent the sediment 
that was too coarse to be transported by storm waves. 
In some instances, the boulder pavements may be 
large enough to influence the distribution of wave 
energy and create shadow zones landward of the 
former drumlins. It is not uncommon to find gravel 
tombolos or subtidal bars developing in these types 
of regions.

17.5.3 Sand and gravel beaches
Beaches along glaciated coasts come in every size, 
shape, and composition. This diversity is unique to 
glaciated coasts and is attributed to the isolated 
nature and highly variable composition of the sedi
mentary deposits that occur along these coasts. 
The deposits left behind by glaciers may consist of 
stratified sands, stratified gravel and sand, boulder

Fig. 17.27 Gravel beaches are common along glaciated coasts 
due to the prevalence of till deposits along these shores.

tills, sandy tills, and other types of sediment. It 
is customary to find glacial deposits with very dif
ferent compositions occurring in close proximity. 
When waves and currents rework these deposits, 
they form very different kinds of beaches. In addi
tion, because glaciated coasts are usually irregular, 
containing headlands and embayments, there is lit
tle exchange of sediment between embayments and 
therefore little mixing of sediment. Thus, it is not 
uncommon to find a pocket sandy beach or barrier 
within a kilometer of a boulder or cobble beach.

Sandy-gravel beaches are common along glaciated 
coasts, particularly where the beach material comes 
from erosion of nearby till deposits such as drumlins 
or moraines (Fig. 17.27). The exact make-up of these 
beaches is dependent on the composition of the 
glacial deposit. Gravel beaches often have multiple 
ridges or berms and their number tends to increase 
with increasing supply of gravel, tidal range, and 
exposure to storm waves. Each ridge is related to 
a particular magnitude storm and tide level. The 
highest ridge is formed by the highest elevation 
storm wave event and usually coincides with spring 
tide conditions. Each successively lower ridge cor
responds to an increasingly lower magnitude storm 
and/or tide level.

Individual clasts making up gravel beaches have 
a variety of shapes and forms; however, they can 
be grouped into four general form classes. Using 
the Zingg diagram, which is based on ratios of the
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short, intermediate, and long axes of a clast, the 
gravel forms can be separated into rollers (shaped 
like a rolling pin), disks (the best type of “skipping 
stone”), spheres, and finally blades, which have 
three different dimensions and look like “bricks” 
(Fig. 17.28). It is common to find disks high along 
the elevated portions of gravel beaches. Because of 
their form, they are relatively light for their size and 
are easily transported to the upper beach by storm 
waves.

17.5.4 Uplifted coasts
During the maximum extent of the Wisconsin 
glaciation (late Pleistocene), the Laurentide Ice 
Sheet varied from 1 to more than 3 km in thickness. 
Remember from the discussion on plate tectonics 
in Chapter 2 that lithospheric plates are floating 
on the semi-plastic region of the mantle called the 
asthenosphere. Thus, as the ice sheet grew in size and 
volume, the weight of the ice gradually depressed the 
lithosphere and the land surface sank. Depression 
of the lithosphere was accomplished by the semi
plastic asthenosphere flowing outward from under
neath the portion of the continent that was covered 
by the ice sheet. Conversely, when the Laurentide 
Ice Sheet melted away and the weight of the ice 
was removed from the lithosphere, the land surface 
rebounded. This re-equilibration process that pro
duces uplift is called glacial rebound.

The effects of glacial rebound are readily seen 
along the Hudson Bay and Baltic Sea shorelines, 
as both these areas were the centers of large ice 
sheets during the late Pleistocene. The Laurentide 
ice sheet was almost 3000 m thick in the Hudson 
Bay region, and since its disappearance the shore
line rimming the bay has rebounded almost 300 m. 
Scientists estimate that another 100 m of uplift is 
likely, with the highest rebound occurring where 
the ice was thickest (Fig. 17.29). The effect of this 
uplift has been the formation of over a hundred 
raised shorelines that are arranged in stair-step 
fashion, extending from the present bay shoreline 
to several kilometers inland. These features consist 
of sand and gravel beach ridges and intervening 
swales with a relief of 1-3 m. The beach ridges are a
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Fig. 17.29 Isostatic rebound in northeast North America resulting from retreat of the Laurentide ice sheet. (From P. B. King, 1965, 
Tectonics of Quaternary time in middle North America. InH. E. Wright 8cD. G. Frey (eds), The Quaternary o f  the United States. 
Princeton, NJ: Princeton University Press.)

product of storm waves reworking glacial and beach 
sediments, piling up gravel and sand along the rear 
of the beach. Glacial rebound eventually lifts the 
ridge, displacing it vertically and horizontally away 
from the shoreline. Thus, it is preserved from any 
further modification by storm waves. Similar pro
cesses of glacial rebound and the formation of raised 
shorelines have occurred along the Scandinavian 
Baltic coast. Present rates of uplift in this region are 
on the order of 6 -9  mm yr"1.

17.5.5 Drowned river valleys
In addition to the direct effects of glaciers, the

waxing and waning of ice sheets caused the world’s 
ocean levels to fall and rise numerous times during 
the Pleistocene Epoch. For example, during the last 
glaciation (Wisconsin glaciation) sea level dropped 
about 120 m and then rose back again to its present 
level. When sea level falls, rivers extend their courses 
across the exposed continental shelves to the new, 
seaward shoreline. During this process the ori
ginal mouth of the river deepens and widens as the 
channel seeks to establish a new equilibrium with 
the lowered sea level. When the ice sheets melts 
and water is returned to the ocean basin, rising sea 
level floods these enlarged valleys, forming drowned 
river valleys (Fig. 17.30).
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Fig. 17.30 Model of drowned river 
valley formation.

17.6 Summary

This chapter has emphasized the diversity of glaciated 
coasts and the wide range of glacial processes that 
produce these varied coastlines. The deep fjords of 
Alaska, Scandinavia, and many other high-latitude 
regions demonstrate the ability of alpine glaciers to 
sculpt and excavate coastal mountain valleys. The 
erosional effects of ice sheets are more subdued than 
alpine glaciers but far more reaching due to their 
size, which can extend across entire continents. The 
rocky coastlines of New England, northern Europe, 
and elsewhere attest to the ability of ice sheets to

strip away sediment covers, exposing the underlying 
bedrock. While glaciers are impressive eroding 
agents, they also are important vehicles of sediment 
delivery to coasts. Long Island, Cape Cod, and sev
eral regions in Alaska are examples where glacial 
processes have essentially built the coastline. These 
deposits consist of end moraines that are composed 
of till, and outwash plains that are made up of 
stratified drift. Drumlins are a special type of glacial 
deposit, forming till headlands and intervening 
spits such as those along the eastern shore of Nova 
Scotia and in the Boston Harbor region. Beaches 
and barriers along glaciated coasts tend to be 
discontinuous, with a wide range of compositions,
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due to highly variable and often isolated glacial 
sediment supplies. Sand and gravel beaches are 
common.

The growth and decay of ice sheets have also pro
duced changes in sea level and the position of the 
shoreline. During the most recent glaciation water 
removed from ocean basins and stored in huge 
ice sheets lowered sea level by 120 m. Through 
this process of sea-level lowering and rising back 
again, which occurred many times throughout the 
Pleistocene, drowned river valleys were formed 
along many coastal plain settings of the world. The 
enlargement and retreat of ice sheets were also 
responsible for loading and unloading the Earth’s 
crust. In the Hudson Bay region of Canada and 
in the Scandinavian Baltic Sea, which were sites of 
thick ice accumulation during maximum glaciation, 
melting of the ice sheet and rebound of these coasts

have produced an extensive set of raised beaches 
rimming the shoreline.

Formation of ice sheets occurs only when plate 
tectonics have arranged the continents in such 
way that landmasses are situated in polar regions. 
The onset of the Ice Ages began after the Earth 
underwent long-term cooling during the Cenozoic 
(past 65 million years), when average temperature 
decreased by about 5°C. The periodicity of glacia
tions during the past two million years appears to be 
linked to Milankovitch cycles, which are produced 
by variations in the Earth’s orbital characteristics. 
These in turn affect the temperature contrast of the 
seasons. Present thought is that Milankovitch cycles 
are somehow linked to changes in atmospheric and 
oceanic circulation and these broad conveyer belts 
of heat and cold control global climatic fluctuations 
and the waxing and waning of ice sheets.
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18.1 Introduction

Rocky coasts offer some of the most striking ocean 
vistas in the world due to the exquisite beauty pro
duced by waves crashing against their jagged shores 
(Fig. 18.1). These coasts are typically associated with 
cliffs and other erosional landforms, such as stacks, 
arches, and caves. Along many active continental 
margins, rocky coasts are bordered by majestic 
mountainous hinterlands. In contrast, low plains or 
hilly regions border the rocky shores of some mid
ocean islands. Despite the high wave energy and 
apparently harsh environment of rocky coasts, their 
intertidal zones commonly teem with life and are far 
more productive biologically than sandy shorelines.

Most people are unaware of the extent of rocky 
shorelines because many coastal cities, major coastal 
population centers, and even vacation sites are located 
in coastal plain settings, at the mouths of estuaries, 
and in other lowland areas. It is estimated that 75% 
of the world’s shorelines are rocky, which includes 
beaches that are backed by bedrock cliffs or rocky 
uplands. Although rocky coasts are not confined to 
a single type of geological setting, they are more

Fig. 18.1 Indian Ocean coast o f South Africa, where wave 
heights are frequently in excess of 3 m.

common along tectonically active coasts than they 
are on passive margins. For example, rocky coasts 
comprise much of the west coasts of North and 
South America, whereas beaches and barriers char
acterize most of the non-glaciated east coast of 
North America. Still, there are many sites through
out the world where rocky and rugged coasts are 
found along passive margins, such as South Africa, 
parts of Argentina and Brazil, eastern Canada, 
southern Australia, and sections of northwest Europe.

Rocky coasts display a wide range of morpholo
gies because they are composed of different types 
of rocks and have formed in a variety of geologic 
settings. For example, the Bahamian coast consists 
mostly of limestone that is derived from coral, 
shells, and coralline algae. In southern California 
and Victoria, Australia, cliff coasts have developed 
from the recession of relatively weak sedimentary 
rocks, including sandstones, siltstone, and mud
stones. Marine erosion of volcanic rocks along the 
south coast of the island of Hawaii has produced 
dramatic cliffs. Differential weathering of folded 
metamorphic rocks intruded by granitic batholiths 
has formed the indented/island coast of central 
Maine. Tectonic processes control the rugged 
mountainous coasts of Alaska and Chile. Although 
erosional processes dominate most rocky coasts, 
depositional landforms, including pocket beaches 
situated between bedrock headlands and even bar
rier spits downdrift of river mouths and estuaries, 
are common in these regions.

This chapter explores the extent and variability of 
rocky coasts around the world. It will be shown that 
the morphology of these coasts is a function of the 
structure and type of bedrock, as well as the physical, 
chemical, and biological processes operating on 
the coast. The many different erosional features 
common to these coasts are discussed in terms of 
the processes by which they have formed.

18.2 Types and distribution

Three-quarters of the world’s coasts are rocky and 
exhibit a lack of sediment accumulating along the 
coast. They also occur where the original sediment
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Fig. 18.2 Subduction of the Pacific Plate beneath North 
America has produced the rugged mountainous coastline of 
Alaska, where earthquakes and volcanic eruptions are common 
geologic processes.

cover has been eroded away or where the sediment 
has been turned to rock through cementation. The 
most extensive rocky coasts are associated with 
mountainous regions and glaciated areas. Other 
shorter and/or discontinuous sections of rocky 
coasts occur in volcanic regions and in a variety of 
other geological settings.

18.2.1 Tectonic settings
The tectonic setting of the continental margin has 
an overriding influence on whether a coast is rocky 
or whether it contains beaches, barriers, tidal flats, 
river deltas, or other types of sediment accumula
tion forms. As we learned in Chapter 2, the con
vergence of oceanic and continental plates produces 
high-relief, continental borderlands such as the 
Andes Mountains along Peru and Chile or the 
North America Cordillera.1 The rocky and rugged 
landscape of these mountains usually extends to 
the sea, giving the coast a rugged appearance as 
well (Fig. 18.2). In addition, the mountain chains of 
these continental margins act as dams and prevent 
rivers from delivering sediment from continental 
interiors to the coast. The rivers draining mountains 
along collision margins are typically short and usually

transport coarse-grained sediment to the coast. 
However, due to their small drainage areas, these 
rivers discharge relatively small quantities of sand 
and mud, particularly in comparison to rivers along 
trailing-edge coasts. Waves tend to be large along 
collision coasts because the steep continental shelves 
of these margins dampen little of the deepwater 
wave energy. During storms, high-energy waves 
remove large quantities of sand from beaches and 
transport it alongshore and offshore. Along the 
California coast beach sands are permanently lost 
to the deep ocean basin due to the proximity of sub
marine canyons to the shoreline (<1 km) resulting 
from the narrow continental shelf (see Fig. 2.17). 
These canyons capture the longshore transport of 
sand at their heads and carry it to the deep ocean out 
of the coastal system. For all these reasons, collision 
coasts tend to be rocky, containing few depositional 
features. Because of their relative youth, neo- 
trailing edge coasts such as the Arabian coast along 
the Red Sea are also rugged and mostly rocky. 
There has been insufficient time to develop a 
mature continental margin with a wide shallow 
shelf to dissipate waves.

18.2.2 Glaciated regions
During the Pleistocene Epoch, continental ice 
sheets covered approximately 30% of the world’s 
land surface. This means that the morphology of 
much of the world’s coastline has been strongly 
imprinted by glacial processes. Although there are 
large sections of coastline that consist entirely of 
glacial sediment or reworked glacial deposits, such 
as Cape Cod, Massachusetts, Long Island, New 
York, extensive areas along the Great Lakes, and 
portions of the eastern shore of Nova Scotia (see 
Chapter 17), most glaciated coasts have widespread 
bedrock exposures. In mountainous regions, coast
lines take the form of bedrock headlands, with 
intervening deep flooded valleys. The fjords of 
Scandinavia, Iceland, Chile, and western Canada 
are examples of where alpine glaciers carved and

1 The North American Cordillera is a mountain system comprising the west coast of the United States, Canada, and Alaska.



Fig. 18.3 Glaciated coasts exhibit a wide diversity, but 
are dominated by a rocky landscape. Repeated Pleistocene 
glaciations have stripped much of the sediment from the 
Maine coast, leaving it rocky and irregular, with numerous 
bedrock islands but few beaches.

deepened existing mountain valleys. At the heads of 
fjords in the Kenai Peninsula of Alaska and along 
much of Greenland, vestiges of the valley glaciers 
that formed these twisting water-filled valleys are 
still present. Repeated advancements and retreat of 
great ice sheets stripped away the sediment cover 
from the land, exposing the underlying bedrock 
along many other glaciated coasts. These coast
lines are commonly embayed to deeply indented 
and contain numerous islands and bedrock ledges 
(Fig. 18.3). Beaches and barriers along these coasts 
are usually scarce and, where they do exist, they are 
adjacent to rivers, estuaries, or nearby isolated 
glacial deposits.

18.2.3 Other bedrock coasts
Volcanic coasts occur where hot spot activity in the 
mantle has produced island chains such as those 
found in the Pacific Ocean, including the Hawaiian 
and Marshall islands (Fig. 18.4). Outpourings of 
lava and welded tuff have also formed portions of 
rocky coasts along island arcs in the Caribbean, 
and the northern and western Pacific. In tropical 
regions, the seaward extension of these volcanic 
coasts forms the platforms upon which luxuriant 
coral reefs have developed. In some places, sinking 
volcanic islands have become coral atolls.

Rocky coasts 339

Fig. 18.4 Volcanic island chains, such as the Hawaiian Islands, 
form extensive rocky coasts in the Pacific Ocean and other parts 
of the world. Rapid physical and chemical breakdown of 
volcanic rock and nearby coral reefs produces sediment that 
forms pocket beaches.

Another variety of rocky coast is formed from the 
shells of dead marine organisms. This type of coast 
is most common in low-latitude regions, including 
the Caribbean and Mediterranean seas, where cal
cium carbonate skeletal material is produced in high 
abundance in coastal waters. High rates of shell 
production may also occur in cooler, higher-latitude 
regions, such as the south coast of Australia and 
South Africa, where inputs of other types of land- 
derived sediment are absent. Many of these rocky 
carbonate coasts were created during the Pleistocene 
when sea level fell and onshore winds blew carbon
ate sand onshore, building dunes and beaches. This 
sediment was turned to rock by a process called 
lithification. Individual grains of sand are cemented 
together when ocean spray, rainwater, and ground
water percolate through the sand, partially dis
solving the calcium carbonate and precipitating it 
as cement. The high temperatures of these coasts 
produce rapid evaporation of wetted surfaces, which 
accelerates the lithification process. Dunes that 
are converted to rock are called eolianites. Wide
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Fig. 18.5 Differential weathering of lithified carbonate dunes 
along sections of the Bermuda coast results in the formation of 
caves and embayments.

Fig. 18.6 View of beachrock that has formed along the 
shoreline of Kubbar, an island off the coast of Kuwait in the 
Arabian Gulf. In this region both terrigenous and biogenic 
sands are lithified by carbonate cement.

exposures of this rock with well developed dune 
layering can be seen throughout Bermuda (Fig. 18.5), 
in several Caribbean islands, along the Yucatan 
coast of Mexico, and in southeastern Australia.

Similar chemical processes in tropical settings 
produce rocky outcrops along the shore called 
beachrock (Fig. 18.6). In regions with high evapo
ration rates elevated concentrations of various salts 
occur in the seawater. Salt spray and tidal inunda
tion constantly bathe the beach with this high 
salinity water. Partial evaporation of the water and 
interaction with groundwater cause the precipita
tion of calcium carbonate. This process cements sand

grains, producing beachrock. The rapidity with which 
the process operates often creates beachrock con
taining modern day trash, including such articles as 
beer cans and soda bottles.

18.3 Erosional processes

Unlike on sandy shorelines, where the effects of a 
winter storm or the passage of a hurricane are read
ily visible, changes along a rocky coast occur very 
slowly and may be imperceptible over human lifes
pans. The present day appearance of rocky coasts 
is the product of physical, chemical, and biological 
processes that have been operating over thousands 
of years. The rate at which these processes act to 
weather the shoreline is a function of rock type and 
its structure, wave intensity, vegetation, climate, 
and numerous other factors. In most cases, physical 
processes operate over a larger scale and at a faster 
rate than do either chemical or biological agents.

18.3.1 Physical processes
Wave-induced, erosion
The processes involved in eroding bedrock shore
lines are numerous, but the most visible and import
ant agent is wave action. Breaking and shoaling waves 
are responsible for several interactive processes, 
including wave hammer, air compression, quarrying, 
and abrasion. The first of these, wave or water 
hammer, occurs when a wave directiy impacts a cliff 
face or sloping rock exposure, exerting a tremen
dous hydraulic force against the rock, particularly 
if the waves are large. As reported in numerous 
storm accounts, waves have been responsible for 
tearing the tops of seawalls and throwing huge 5 ton 
granite blocks tens of meters across roadways. 
However, in most cases it is not a single wave that 
finally causes a rock face to fail, but the accumulated 
effects of tens to hundreds or even thousands of 
years of wave action.

In some instances, breaking waves trap air between 
the water and the cliff face. As the wave collapses, 
extremely high pressures are instantaneously pro
duced as the air is compressed on the rock surface
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Air pocket

Fig. 18.7 Air is instantaneously compressed against a cliff 
when waves break. This compression of air can lead to 
the enlargement of cracks and failure of the rock face.

(Fig. 18.7). This process is particularly important 
when air pockets are compressed into the crevices of 
rocks, leading to the enlargement of the crack and 
ultimately to a shattering of the rock. Quarrying is 
the removal from a cliff face or bedrock exposure of 
pieces of rock, ranging from small grains to large 
blocks, that have been loosened or separated from 
the parent rock by biological, chemical, or other 
physical processes.

One of the most important mechanisms of 
physical erosion takes place when sand, granules, 
and larger-sized gravel are entrained by waves and 
washed, rolled, and scraped across the rock surface. 
Abrasion also includes the more violent process of 
large waves picking up pebbles, cobbles, and boul
ders and propelling them against the rock surface. 
The widespread cliffs along the British Isles and 
along the Alaska Peninsula are believed to have 
formed due to abrasion by gravel (Fig. 18.8). How
ever, there are numerous other coastal sites around 
the world, including parts of New Zealand, much of 
Tasmania in Australia, and the Bay of Fundy in 
Eastern Canada, where cliff shorelines are fronted 
by sandy beaches. Thus, we can conclude that sea 
cliffs can be produced when the rock face is abraded 
by sand or any other available hard particles in con
junction with other wave processes.

Fig. 18.8 Vertical sea cliffs along the southwestern coast of 
Victoria, Australia.

The rate at which abrasion takes place is related 
to wave energy, the composition of the rock, and 
the type and abundance of abrading agents (gravel, 
sand, or other particles). The process of abrasion 
tends to produce a smoother rock surface than does 
quarrying. Exceptions occur when there are variable 
weaknesses in the bedrock caused by nonuniform 
rock type (mafic dike cutting through a metamor
phic rock) or structure (presence of cracks or joints), 
resulting in differential abrasion rates. In these 
settings, abrasion locally produces grooves, ridges, 
and other surface irregularities (Fig. 18.9). Under 
special circumstances potholes measuring tens of 
centimeters deep and wide are formed. These 
rounded depressions are the result of pebbles and 
cobbles being swirled in the slight concavities of 
the rock by passing waves. With time, the gravel 
tools abrade and enlarge some of the depressions 
to become potholes.

Effect of freeze and thaw
There is another less visible physical process that 
contributes to erosion along rocky coasts in north
ern latitudes. This process involves the expansion 
and contraction of water as it changes from a liquid 
to a solid state. During moderate winter days melt
ing snow may flow into the cracks, crevices, and 
joints of rocks, only to freeze at night as tempera
tures fall. Because water expands by 9% when it 
freezes, ice formation can exert great pressures in
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Fig. 18.9 Potholes are the result o f wave action swirling gravel 
in a depression. The hole deepens and widens as the rock is 
preferentially abraded. This one is approximately 0.5 m in diameter.

Fig. 18.10 Frost wedging occurs when water freezes in the 
cracks and joints of rocks. The expansion caused by ice 
formation dislodges rock from the cliff face.

confined spaces (Fig. 18.10). In high latitudes, 
freeze and thaw cycles can occur on a daily basis, 
especially in the intertidal zone, where temperatures 
are governed by the rise and fall of the tide. In addi
tion to melting ice and snow, water can come from

rain and groundwater. Although seawater may also 
freeze, the ice that forms from seawater is relatively 
soft and therefore is less capable of causing frost- 
wedging than freshwater ice. It should be empha
sized that it is the repeated cycles of expanding 
ice applying force on the walls of the rock, and the 
subsequent release of this pressure when the ice 
melts, that eventually cause the rock to fail and 
break. The effectiveness of freeze and thaw on the 
erosion process is dependent on how well the rock is 
fractured (number and size of cracks) and its poros
ity. Rocks that are thinly layered, such as schists, or 
highly porous, such as sandstones, are much more 
susceptible to freeze and thaw weathering than 
are massive rocks such as granite or basalt. Another 
important weathering process contributing to rock 
failure is the growth of other substances in the 
cracks of rocks, including calcite, halite (rock salt), 
and clays. Calcite and halite expand and contract 
due to temperature changes, and some clay minerals 
do likewise when exposed to water. That latter 
process can be particularly effective in the upper 
intertidal zone, where these minerals are continu
ously being wetted and dried during the tidal cycle.

18.3.2 Biological processes
Bioerosion is a more subtle process than the 
mechanical wearing away of rocks, but in tropical 
regions where carbonate rocks commonly dominate, 
it is an important means of sculpturing the coastal 
landscape. There are numerous plants and animals 
that remove the substrate in search of food or shelter 
or both. The most effective bio-eroders of calcium 
carbonate rock are the microscopic blue-green algae 
that penetrate into the rock by as much as 1 mm. 
A microscope would reveal that as many as a mil
lion algae may colonize a square centimeter of rock 
surface. These organisms are able to bore into the 
rock by dissolving away the calcium carbonate. The 
algae break down the structure of the rock, causing 
individual grains to wash away by wave action. 
Other rock borers include certain sponges, worms, 
bivalves, and echinoderms.

The presence of algae as well as fungi and lichens 
in the intertidal and supratidal zones promotes
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Fig. 18.11 Sandstone and siltstone outcrops along the shore of 
San Nicholas Island off the California coast are home to sea 
urchins, abalon'e and other intertidal fauna. These organisms 
bore into the rock, finding shelter from the high wave energy 
and protection from predators. The circular holes, formed by sea 
urchins, are approximately 10 cm in diameter.

additional erosion by larger grazing organisms, 
which seek out algae, bacteria, and other encrusting 
organisms as a source of food. Marine invertebrates, 
including snails, limpets, sea urchins, and chitons, 
abrade the rock surface as they feed on microflora. 
This process is not restricted to carbonate environ
ments alone; the Channel Islands off the southern 
California coast are a good example. Along the shores 
of San Nicholas Island, located 160 km west of Los 
Angeles, mudstones and sandstones are home to 
a large community of sea urchins and abalone 
(Fig. 18.11). These organisms have fashioned homes 
by boring into the intertidal sedimentary rocks, 
accelerating the physical and chemical erosion of 
this rocky coast. The end result of the bioerosion is 
a honeycombed outcrop consisting of hollows and 
ridges.

18.3.3 Chemical processes
The chemical breakdown of rock in the coastal zone 
is a very slow process due to the slow rate at which 
rocks react chemically with water. The effects are 
difficult to notice over human life spans. However, 
it is a pervasive process that affects all rocky coasts 
from the subtidal to supratidal zones. Climate and 
rock type are the primary factors controlling the rate

of chemical weathering. Because chemical reactions 
involve water and usually proceed more rapidly 
as temperature increases, hot and humid tropical 
climates experience much greater chemical weath
ering than arid temperate coasts or hot desert regions. 
Similarly, limestone is relatively soluble and those 
coasts may erode at a rate of 1 mm yr_1, whereas coasts 
composed of quartzite are essentially stable because 
quartz is almost inert under surface conditions.

Chemical weathering of rocks encompasses many 
different chemical reactions, including solution, 
which is the dissolution of different minerals into 
water. Hydrolysis is another important reaction 
that converts feldspars to clays. Because feldspar is 
a major constituent of many igneous (granite), 
metamorphic (gneiss), and sedimentary (sandstone) 
rocks, hydrolysis is a significant chemical weather
ing process that accounts for much world’s mud. 
Oxidation is a chemical reaction between iron and 
the oxygen in water whereby “rust” is formed. These 
reactions take from tens of thousands of years for 
limestone to be dissolved to millions of years for 
feldspar to be transformed to clay. Because of these 
slow rates, physical erosion processes usually obscure 
the effects of chemical weathering.

18.4 Factors affecting rates of erosion

Rocky coasts look pretty much the same visit after 
visit because the processes that change them work 
very slowly. Characteristics such as rock type and 
degree of fracturing, exposure to wave energy, tidal 
range, climate, relative sea-level changes, and other 
factors affect the rate of erosion and, ultimately, the 
morphology of the coast.

18.4.1 Rock type
The influence of rock type and structure is particu
larly well illustrated by comparing parts of the west 
and east coasts of the United States. In southern 
California waves have cut into relatively soft sand
stones, mudstones, and other flat-lying sedimentary 
rocks, producing sea cliffs along much of the coast. 
In contrast, the metamorphic rocks and igneous
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Fig. 18.12 False-color infrared photograph of the central 
peninsular coast of Maine. The highly indented nature of this 
coast is a product of differential erosion. The ridge and valley 
morphology has been accentuated by several episodes of 
Pleistocene glaciation.

intrusives (granites) of the central Maine coast are 
tough rocks that have resisted erosion. Here the 
coastline reflects the structure of the rocks and pat
terns of differential erosion. The folded metamor
phic rocks are turned on  end, producing an overall 
jagged, indented shoreline. Interrupting this coastal 
landscape are granite outcrops that, due to their size 
and resistance to erosion, have formed headlands 
and islands (Fig. 18.12).

18.4.2 Degree of fracturing
Fractures include the cracks, joints, and faults of a 
rock outcrop. Their number and trend are signific
ant because erosion is usually concentrated at these 
sites. Fractures increase the area exposed to various 
weathering agents. Joints and faults can be indi
rectly responsible for the dissection of some rocky 
coasts and the formation of stacks, arches, and other 
features. Preferential weathering at joints and faults 
may also produce deep crevasses and the develop
ment of narrow embayments.

18.4.3 Wave energy
Wave energy is important because it controls the 
intensity of physical erosion and the removal of 
debris that is produced during the weathering pro
cess. Researchers have shown that waves exert their 
greatest force at a position just above mean high 
water. This is because water levels have a maximum 
duration at mean high tide and waves break for an 
extended period at this elevation. Second, waves are 
larger at high tide than at mid or low tide due to the 
deeper water and lower frictional resistance gener
ated by the rocky intertidal zone. This condition is 
apparent when looking at seawalls and seeing that 
the greatest abrasion to the wall occurs near the 
high tide line. This level is also where chemical 
weathering processes are at a maximum. Although 
waves are even larger and reach higher elevations 
during storms, they have less effect due to their 
infrequent nature.

Waves and their attendant processes will con
tinue to erode a rocky shore as long as the sedi
ment that is produced during the weathering 
process is removed. For example, if a cliff erodes 
and produces enough sediment to form a wide 
beach, then the cliff effectively becomes protected 
from further wave action and erosion (Fig. 18.13). 
Also, if the rocky coast is barren of sediment, there 
is no material to provide for abrading the rock 
surface.

Fig. 18.13 Retreat o f this d iif has produced a talus slope that 
protects the d iff face from storm wave erosion.
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18.4.4 Tidal range
Rocky coasts are found in a wide range of tidal set
tings from the microtidal coasts in the Mediterranean 
(tidal range about 1 m) to some of the highest tidal 
range coasts of the world (tidal range greater than 
10 m), including the Bay of Fundy and the eastern 
coast of the Bay of Saint Malo in France. Along 
most rocky shores the direct influence of tidal forces 
is minimal. However, tides do control the amount 
of time that waves erode different elevations along 
a rocky coast. Along steep or vertical cliffs wave 
action is focused in a relatively narrow zone, partic
ularly along microtidal coasts. In contrast, along 
macrotidal settings the large excursion of the tide 
disperses wave energy over a relatively wide zone.

18.4.5 Climate
Climate influences the rate and type of weathering 
processes. Tropical areas tend to undergo greater 
chemical weathering, whereas temperate and polar 
regions experience more frost weathering. Climate 
also controls the patterns of storms and prevailing 
winds and therefore the deepwater wave energy 
along a coast. Generally, temperate regions have 
greater wave energy and physical processes operate 
more energetically than in tropical areas, where 
average wave energies are lower.

18.4.6 Relative sea level
This factor has an obvious effect on the develop
ment of marine terraces as they are a product of 
relative sea-level changes. They form when a coast 
rises tectonically and marine platforms are lifted 
from the water. They may also develop when 
eustatic sea level drops.

18.5 Morphology

Rocky coasts exhibit a wide variety of morpholo
gies because there are so many factors that have 
influenced their development. One characteristic 
that they share is an overall scarcity of sediment. 
Thus, they are associated with tectonically active

coasts and are also common in former glaciated 
settings where the sediment cover was removed by 
the ice. In addition, low rocky coasts occur in tro
pical areas where sediment has become lithified by 
chemical processes. There are too many types of 
rocky coasts to fully treat their range of morpholo
gies. Instead, the major classes of rocky coasts are 
presented below, as well as some of the striking 
features of these coasts.

18.5.1 Sea cliffs
Cliffs have many different profiles and heights, 
reflecting their composition, structure, and weath
ering processes. There are the spectacular vertical 
cliffs at the entrance to Resurrection Bay leading to 
the deepwater port of Seward, Alaska (Fig. 18.14). 
These cliffs rise 200 m vertically from a deep glacially 
cut trough before ascending more gradually into 
mountains with elevations in excess of a kilometer. 
Other substantial vertical cliffs (height > 100 m) 
include the .White Cliffs of Dover in England 
(Fig. 18.15), the Cliffs of Moher and the Giant’s 
Causeway in Ireland, and the extensive cliffs along 
the Nullabor Plain of South Australia. The fact 
that these cliffs have similar morphologies despite

Fig. 18.14 The vertical sheeted dike complex in Resurrection 
Bay near Seward, Alaska, has produced a spectacular cliff face, 
which rises over 800 m above the water surface. These rocks 
were formed at a mid-ocean ridge system during production 
of oceanic crust. The ocean crust was subsequently raised to the 
surface by tectonism involved in the subduction of the Pacific 
Plate beneath North America. (Photograph from Tim Kusky, 
St Louis University.)
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Fig. 18.15 The White Cliffs of Dover, England, are composed 
chiefly of coccolithophores, a planktonic alga with a calcium 
carbonate exoskeleton.

differing compositions and structure indicates that 
their development has been dominated by the same 
efficacy of erosional processes.

In some regions cliffs are not vertical, such as in 
sections of southern California, portions of south
western Wales, and much of the Alaskan Peninsula. 
Regional geology and intensity of various weather
ing processes control the steepness and profile of 
cliffs. When sea cliffs consist of relatively unfractured, 
massive rocks such as basalt, granite, or quartzite 
(metamorphosed sandstone), erosion proceeds in a 
uniform manner. However, when sea cliffs are formed 
through the erosion of horizontally layered sedi
mentary rocks, there are commonly large differences 
in how individual layers react to weathering processes. 
Under these conditions the cliff erodes unevenly, 
producing steps, notches, and other irregularities. 
Various patterns of joints, faults, and folds may also 
result in jagged slopes. Vertical sea cliffs and very 
steep slopes are created when the rocks are homo
geneous and marine weathering processes clearly 
dominate subaerial erosion. In these situations marine 
agents cut the slope back at a faster rate than the 
upland can be eroded to form an incline. When wave 
abrasion undercuts the base of the sea cliff, causing 
eventual failure of the upper slope, a steep or vertical 
face is usually produced. Conversely, as erosion of 
the surface of the slope increases relative to marine 
erosion, sea cliffs become more gently inclined.

Surface processes coupled with marine erosion

Fig. 18.16 Hanging valleys along the coast ofHawaii are the 
sites of waterfalls more than 200 m high. The cliff is probably 
the result of a huge landslide in which a massive block of 
volcanic rock slid into the abyss. The valleys were cut by 
groundwater sapping processes.

have created a spectacular coastal landscape along 
the southern shore of the island of Hawaii. Here 
surface and groundwater flows have cut large V- 
shaped channels into lava flows. Deep chasms have 
developed where large amounts of water have flowed 
to the coast. Along other sections of these sea cliffs, 
smaller drainage systems have formed dramatic 
hanging valleys, some with 300 m high waterfalls 
(Fig. 18.16).

The height of sea cliffs appears to be controlled 
by wave energy. On a worldwide basis there is a 
correspondence between cliff height and latitude. 
Most high-relief cliffs occur in mid-latitudes, where 
waves are relatively large. Modest and low cliffs are 
found in low- and high-latitude regions, where 
waves tend to be small. In polar regions, coasts are 
protected by sea ice during part of the year. Because 
wave energy is proportional to the square of the 
height, large waves exert a much greater force on the 
face of a cliff than do small waves. Abrasion rates are 
also greater in regimes of high wave energy due to 
the large amounts of sediment entrained by large 
waves. The greatest rates of abrasion coincide with 
regions of high waves and the presence of pebble, 
cobble, and small boulder abrading agents. In low 
latitudes, rock cliffs are limited in height because 
they have eroded into beach rock and lithified 
dunes. The complexities of coastal geology around
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the world, and the highly varied marine erosional 
processes that operate along these coasts, have pro
duced many exceptions to the generalized trends 
presented here.

18.5.2 Horizontal erosional landforms
Platforms and benches
Wave erosion along rocky coasts not only creates 
vertical to steeply inclined landforms; horizontal 
features such as platforms (also called benches by 
early researchers) are also formed during the process 
(Fig. 18.17). Shore platforms are the flat bedrock 
ledges that border the base of sea cliffs. They vary in 
width from a-few meters to more than a kilometer. 
Where platforms have formed on flat-lying sedi
mentary rocks their surfaces are relatively smooth. 
When they develop in regions of variable geology, 
such as highly jointed igneous rocks or dipping 
metamorphic or sedimentary rocks, they commonly 
exhibit irregular surfaces with relief up to a meter. 
Differences in resistance to weathering processes 
produce grooves, gullies, knobs, and other features.

Platforms may be almost horizontal to seaward 
dipping, with slopes ranging from a few degrees to 
more than 30°. In some areas, particularly where 
abrasion is the dominant erosion process, a cor
relation exists between tidal range and gradient of 
the platform, with increasing tidal range producing 
steeper slopes. Tidal range controls the distribution 
of wave energy over the platform and, to some 
extent, the wave erosional processes. Throughout 
the tidal cycle, waves shoal and break along the 
seaward edge of the platform. However, only at near 
high tide levels do waves directly affect the land
ward, highest portion of the platform. Thus, the 
greatest rates of vertical erosion occur at high tide, 
when wave processes are most effective.

Slightly elevated platforms are created in weak 
sections of rock cliff that erode at a faster rate than 
the rock below it. These benches are most common 
in areas of horizontally layered sedimentary rock, 
such as bedded limestones, sandstone, and mudstone, 
and occur at elevations above mean high water. 
They are usually fairly narrow and are connected to 
platforms by a step.

Fig. 18.17 (a) This shore platform extends for several 
kilometers along the shore in Alinchak Bay on the Alaskan 
Peninsula, (b) Close-up view of the retreating cliff, illustrating 
that the upper beach contains thin beach deposits. Note the 
brown bear for scale.

There are platforms in southern California and 
elsewhere in the world that extend to depths greater 
than 10 m. Because it has been shown that wave 
erosion here is essentially inactive below 10 m, the 
deeper portions of these platforms are viewed as 
relict and likely were drowned by rising sea level. 
Cliff retreat is slow and rates are measured in terms 
of centimeters per year along most rocky coasts, 
meaning that platforms were created very slowly as 
well. This suggests that platform development requires 
a stable or near stable sea-level position over an
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extended period of time. The widest shore platforms 
occur in regions of moderate to high wave energy 
where rock cliffs are highly susceptible to erosion, 
such as those that are composed of weakly cemented 
sedimentary rocks. Resistant rocks, such as quartzites, 
are commonly associated with narrow, steep platforms.

The formation of platforms involves wave pro
cesses and a type of chemical weathering called 
water-layer weathering. Wave-eroded platforms are 
closely related to sites of cliff retreat and encompass 
wave abrasion and quarrying. These processes are 
most energetic in areas of moderate to high wave 
energy where abrading tools are abundant. Wave 
energy must be sufficient to remove the debris that 
is produced during the erosion process, as other
wise the platform becomes insulated from further 
weathering processes.

Water-layer weathering includes all processes 
resulting from the wetting and drying of the 
bedrock, including salt ciystalization. The process 
is most operative in areas of horizontally bedded, 
highly permeable rocks in tropical or subtropical 
regions with low tidal ranges, such as Hawaii, 
Australia, the Caribbean, or the Mediterranean 
coasts. High temperatures favor evaporation and 
chemical weathering. This type of platform is com
mon along carbonate coasts and can be identified by 
small shallow-water pools that occur near mean 
high water. Granitic rocks along the coast of Maine 
may exhibit these same shallow pools of water at 
elevations from one to several meters above mean 
high water. These pools contain granules of quartz 
and feldspar that have weathered directiy from the 
granite during the water-layer erosion process.

Marine terraces
Marine terraces are platforms that have been dis
placed from their original position by tectonic 
forces, sea-level changes, or both. They are located 
above sea level where the land is rising and below 
sea level where it is sinking (Fig. 18.18). Along the 
coast of southern California there are at least six 
marine terraces in the Palos Verdes region and as 
many as ten on the islands of San Clemente and 
Santa Cruz. Extensive terrace development also 
exists along the tectonic coasts of New Zealand,

Fig. 18.18 (a) Marine terrace development along the 
southwestern coast of Victoria, Australia, and (b) in Bodega Bay 
along the central California coast (photograph taken by Rahm). 
Note that the marine stacks in Bodega Bay are morphologically 
similar to the rock outcrops atop the marine terrace. Indeed, the 
rock outcrops were marine stacks when the shore platform was 
developing.

New Guinea, the Alaska Peninsula, and the Pacific 
side of Central and South America. Steep slopes 
separate individual terraces. Elevation difference 
between successive terraces is a function of the 
uplift rate along the coast. Marine terraces are best 
developed in areas of moderate to high wave energy 
along rising coasts that are composed of easily 
eroded, horizontally stratified, sedimentary rocks. 
It should be noted that marine terraces also form 
along unconsolidated sediment coasts.
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Fig. 18.19 Marine terraces form along 
coasts undergoing uplift. Time 1, terrace 
development begins during a sea-level 
highstand, with the formation of a 
marine platform produced by wave 
abrasion. Time 2, the marine platform is 
subsequently abandoned when sea level 
falls at the onset of a global glaciation 
event. Time 3, during the period of time 
in which sea level falls to a lowstand and 
then rises back to a highstand position, 
the marine platform is uplifted above the 
highstand position, becoming a marine 
terrace. The idealized sea-level curve 
shows the timing of marine terrace 
development.

The formation of marine terraces requires periods 
of sea-level stability in an overall regime of tectonic 
uplift (Fig. 18.19). Most scientists now agree that 
terraces represent platforms raised from the water 
during the Pleistocene Epoch. Remember from 
Chapter 17 that during the Pleistocene the advance 
and retreat of continental ice sheets produced coin
cident changes in sea level of as much as 120 m. It is 
believed that most platforms were formed while sea 
level stood at a highstand position (approximately 
present day sea level) that lasted for perhaps thou
sands of years. They were raised during the interval 
of time after the highstand when sea level fell to a 
lowstand position and then rose back to approx
imately the present sea level. This process was re
peated during each period of glaciation, producing

a series of increasingly higher marine terraces that 
record the times of Pleistocene highstands. Knowing 
the elevation difference between successive terraces 
and determining their age of formation by using 
various dating techniques provides a means of cal
culating the rate of tectonic uplift for that particular 
coast.

18.5.3 Sea stacks, arches, and erosional 
features
One of the striking features of rocky coasts is the 
erosional remnants that are left behind as cliffs 
retreat. Through differential weathering of bed
rock, landforms such as sea stacks and arches are 
left sitting atop shore platforms. In other regions
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Fig. 18.20 The Twelve Apostles are sea stacks that have formed 
from flat-lying limestone rock (Miocene age) in Port Campbell 
National Park along the coast of Victoria, Australia.

preferential erosion along cliffs produces notches 
and caves. The Twelve Apostles along southwest
ern Victoria in Australia are one of the most famous 
set of stacks in the world and are used widely to 
depict rocky coasts (Fiĝ . 18.20). Some stacks, such 
as those along the Bay of Fundy shoreline of New 
Brunswick, Canada, are large and tall enough to 
have trees growing on top of them. Stacks exhibit 
many different forms but commonly are taller than 
they are wide, and are generally lower in elevation 
than the adjacent cliffs. Arches are equally impres
sive due to their unusual likeness to bridges that go 
nowhere.

The formation of these features is the result of 
differential marine erosion superimposed on specific 
types of bedrock geology. The development of a 
single stack is illustrated well where waves have 
eroded ash, welded tuff, and other rocks comprising 
the exterior of a volcano while its neck remains as a 
pinnacle. This is because the neck is composed of 
relatively strong basalt that resists erosion. Multiple 
stacks are generally related to horizontally layered 
sedimentary rocks, such as sandstones, limestones, 
and conglomerates that are highly jointed. These 
giant cracks are weaknesses in the rock that promote 
erosion due to increased surface area and greater 
exposure to marine weathering processes. As erosion 
proceeds, joints become indentations, then deep 
chasms, and with further wave attack finally embay
ments. Eventually, the headland is detached from

the mainland and a stack is formed. Thus, stacks 
can be created if they are composed of rock that is 
more resistant than the cliff rock. Alternatively, 
stacks can form due to structural weaknesses of the 
cliff rock, which makes them more susceptible to 
differential erosion and retreat.

Arches are commonly found near sea stacks and 
are usually associated with horizontally layered sed
imentary rocks. They develop after the cliff rock has 
been dissected and narrow headlands or elongated 
stacks have formed. The next stage in development 
occurs when wave action preferentially erodes the 
middle or lower section of the headland or stack. 
The “tunnel” that develops is a product of wave 
abrasion and other processes that concentrate their 
erosion at the high water line and attack both sides 
of the landform. As the tunnel widens, a sea arch 
is created. Eventually, continued erosion causes the 
bridge to collapse into the sea and two stacks are 
produced. London Bridge was the name given to 
well known sea arch located along the southwestern 
coast of Victoria in Australia (Fig. 18.21). In Feb
ruary 1989 the arch suddenly collapsed while two 
tourists were investigating its seaward end. Luckily 
for them they were not in the middle when the 
rocks gave way; they were later rescued by a heli
copter and taken to shore. All in all they had a 
memorable day.

Along many rocky coasts the pounding of waves 
at the base of sea cliffs undercuts the rock, produc
ing a notch (Fig. 18.22). In addition to abrasion and 
other wave processes, erosion is also attributed to 
freeze and thaw cycles in northern latitudes and salt 
crystal formation and other chemical and biological 
processes in tropical regions. Notches occur pre
dominantly just below the mean high water line but 
may be found at lower elevations, particularly along 
coasts with large tidal ranges such as in the Bay of 
Fundy. Notches rarely extend more than several 
meters deep into the cliff face because as the over
hang increases, there is less support of the overlying 
rock. Eventually, this leads to failure of the cliff and 
the production of debris on the shore platform. 
Stacks can also become notched, giving them a 
mushroom appearance.

Notches can be transformed into caves under
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Fig. 18.21 (a) London Bridge was a famous sea arch along 
the southwestern coast o f Victoria, Australia, (b) It collapsed 
suddenly in 1989, stranding two tourists, who were later rescued 
by helicopter.

special geological conditions. This usually occurs 
where the bedrock is locally weak and susceptible to 
erosion. One of the authors will not forget walking 
along the shoreline of Puale Bay on the Alaska Pen
insula and coming to a small headland that jutted 
into the bay, preventing further travel. We climbed 
several meters up the rock face, finding a 5 m wide 
cave that had been excavated into a conglomerate. 
The stronger, more resistant sandstones and mud
stones formed the boundaries of the opening. The 
cave, which extended about 15 m into the cliff, 
broadened toward the rear and seemed to be lit by 
sunlight. Sure enough, there was a second passage
way to the cave that opened to the other side of the 
headland. As we approached this opening a water
fall that rained down from the overhead cliff top 
obscured our view of the bay (Fig. 18.23). In fact,

Fig. 18.23 Waterfalls are common features along tectonic 
coasts where the rate of uplift is greater than the rate at which 
the stream can downcut.

this was one of many spectacular landforms along 
this rocky coast, which features shore platforms and 
marine terraces, numerous waterfalls cascading to 
beaches below, and a wide variety of stacks, arches, 
and notches (Fig. 18.24). The stacks of this coast 
are favorite nesting sites of bald eagles due the pro
tection afforded by the isolation of the stacks and 
the proximity to food sources.
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Fig. 18.24 A  sea arch created in layered rocks due to jointing 
patterns and a slight difference in rock type.

18.6 Summary

Rocky coasts exist in a wide variety of settings, but 
are most common along collision coasts due to the 
high relief and low sediment supplies. They also 
occur in glaciated regions where sediment has been 
stripped from the bedrock. In tropical regions rocky

shores are found where sand has been lithified by 
calcium carbonate cement. Rocky coasts are resist
ant to erosion and retreat imperceptibly. They 
are slowly modified by a combination of physical, 
chemical, and biological processes. In areas of 
moderate to high wave energy where gravel and/or 
other sediments are present, wave abrasion is the 
dominant eroding agent. High-latitude coasts are 
affected by freeze and thaw, whereas in tropical 
areas chemical weathering and bioerosion tend to 
be important erosional processes.

Cliffs are common features of retreating coasts 
and are often fronted by shore platforms. These are 
best developed in regions where the bedrock con
sists of horizontally layered, easily eroded sediment
ary rocks. Along tectonic coasts undergoing uplift, 
shore platforms have been raised, forming marine 
terraces. Downwarped coasts may have subtidal 
terraces. Erosional remnants, including stacks and 
arches, as well as notches and caves, are found along 
coasts that experience differential erosion of the 
retreating cliffs. This can be a product of differences 
in bedrock composition or structural weaknesses.
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19.1 Introduction

Reefs are many things to many people, depending 
upon the situation. Regardless of the specifics, reefs 
are a type of positive feature on the sea floor, gen
erally in shallow water. A ship captain considers 
any abrupt shallow navigation hazard to be a reef, 
regardless of composition or origin. Many people, 
especially fishermen, apply the term reef to rock 
outcrops that rise above the bottom and are home to 
a wealth of fish and other marine life. In some areas, 
artificial reefs are constructed of concrete rubble 
and other waste, such as blocks, pipes, and other 
concrete construction elements. They provide an 
excellent substrate for benthic organisms and attract 
many fish. Coastal engineers construct underwater 
breakwaters that are commonly called reefs.

Most reefs are organic in nature and are com
posed, at least in part, of living communities. The 
preferred definition of an organic reef is a “wave- 
resistant, organic framework.” Notice that there is 
no type of organism specified. Whereas most people 
typically associate the term reef with corals, many 
different organisms actually form reefal structures. 
The common edible oyster, Crassostrea virginica, 
some types of tube-secreting worms, and red 
coralline algae are all reef formers. A special type 
of gastropod, called vermitids, also may form a reef.

19.2 General reef characteristics

As mentioned above, reefs rise above the adjacent 
substrate, which provides at least the potential for 
being subjected to wave action. This represents the 
wave-resistant aspect of the reef. It is formed by the 
colonial or articulated nature of the skeletal part of 
the reef. Corals, algae, worms, and so on all grow in 
such a way that the individual organisms combine in 
a structure to form a framework much like the frame 
of a house prior to adding the siding. This frame
work is the wave-resistant part of the reef and only 
a part of the total community. Many organisms 
encrust on the framework and attach to it. There is 
also a large bottom community that is not part of

the framework. The non-framework organisms 
may be attached or mobile, and they may live under 
the surface (infauna) or on it (epifauna). Many 
species of fish and other swimming animals are also 
included in most reef communities.

The size and shape of a reef range widely depend
ing upon the nature, level, and distribution of phys
ical energy. The framework organisms dictate the 
environment in which the reef can develop. Because 
of their attached nature all framework organisms 
are filter feeders that rely on waves and currents to 
carry suspended organic matter to them for nour
ishment. Some are present in low-energy estuaries 
or along low-energy open coasts where currents are 
sluggish and waves are small. Others thrive in very 
high wave energy areas, such as the coral reefs asso
ciated with Pacific islands.

Oyster reefs provide a good example of how the 
reef shape is controlled by physical energy. The ten
dency is for the oyster framework to extend itself 
across the tidal current (Fig. 19.1). This provides for 
the most efficient arrangement of the filter-feeding 
organisms, so that the maximum number of indi
viduals can take advantage of the tidal currents that 
bring their food. Where currents are sluggish, such 
as in low-energy estuaries, there is no apparent 
elongation of the framework. Similar shapes are 
displayed by coral reefs. Those along the exposed 
coast where waves attack tend to be elongate and 
parallel to the shoreline. Reefs that are protected 
from wave action, such as in lagoons, tend to be

Fig. 19.1 An oyster reef at low tide near Beaufort, South 
Carolina, showing a typical amount of relief and size.
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| Box 19.1 Australian Great Barrier Reef

Not only is the Great Barrier Reef of Australia the most 
famous reef.complex in the world, it is also the largest.
It is probably the largest of all time because none of 

j the known reefs systems from the geologic record 
| are as extensive. We must note, however, that the 
: Great Barrier Reef is really a complex of thousands 
I of small and u n c o n n e ||d  reefs across the outer 
j part of the continental stielf adjacent to Queensland,
I the northeastern state o fthe Australian continent.
; The reef complex extends from near the Tropic of
...Capricorn northward for a distance of about 2000 km

beyond the tip of Cape York 
U jilike/nost barrier reefs, the coralgal reefs of the

-  Great Barrier complex'are situated a long distance 
„ from  the mainjand pM ost are 5 0 -1 0 0  km out on the t '  

continental sheJfvTfiisH' due largely to the fact that ̂
'  there is significant terrigenqus sediment that is earned 

from the streafris of ttieijiainland across the inner 
poftio'rrpf the shelf'Turbidity caused by this influx 
of land-derivtfd sediment woiilcl pfohrbitcoraireef 
development As a consequence, the reefsarew  Ml 
seaward of this influence 

MosJ otthe;Great Barrier Reef js  pristine, in fact . 
most o fthe 2000 reefs have.never been visited by

humans. This js a major benefit of their distant location 
from land. Some ofthe reefs have islands associated 
with them, and a few of these have seen significant 
development, especially those fairly close to the 
mainland. Tourist areas for sightseeing and fishing, 
and small research laboratories, comprise most of the 
facilities that have been constructed on these small 
islands.

The reef is not, however, without its problems. In : 
the 1970s there was a m ajor scare for the long-term - 
health ofthe reef because of an infestation ofthe  
crown-of-thorns starfish, a large and voracious ^ 
species that feasts on the tissues ofthe living coral 
polyps. These starfish were proliferating and 
destroying the corals, without any natural predators.
A varietyjaf-ideas to curb their spreadjncluded 
bringing-yarrauf organisms from  otherjparts of the 
world to prey on them, or introducing viruses that 
might elim m atethem . Fortunately, cool heads 
prevailedand after a few years they were reduced in 
their numbers and in their influence through natural 
conditions

At the present tim e the Great Barrier Reef is in 
good shape due largely to the manyirestrictions on 
visitations, pollution control from  the mainland,and 
good overall conservation practices

subcircular in shape. Water depth may also influ
ence reef shape, such as around islands that rise 
from deep water.

The area1 extent of reefs depends in part on the 
type of framework organism and in part on the envir
onmental parameters at the site. Oysters, worms, 
and vermitid gastropods do not produce large reefs; 
most are less than 0.005 km2 in area. By contrast, 
individual coral and algal reefs may extend for many 
tens of kilometers. The longest reef complex, the 
Great Barrier Reef in Australia, extends for about 
2000 km.

The height and thickness of reefs is generally 
directly related to the area: the smaller reefs tend 
also to be the lowest in relief. Typically they are only 
a meter or two above the substrate. Coral reefs may 
be hundreds of meters thick overall and rise way 
above the surrounding sea floor, but the living por
tion is limited to the upper few meters.

19.2.1 Zonation of reefs
Regardless of the size or of the framework organ
isms, there is a common general zonation in reefs, 
which may be shown both areally and vertically. 
This pattern is the result of the response of the 
framework community to the distribution and 
amount of physical energy and nutrients through
out the reef. Typically there is a high-energy side 
of the reef and a low-energy side. The high-energy- 
side is commonly produced by wave action and is on 
the windward side of the reef. It is the most rapidly 
growing and massive part of the reef and tends to 
develop a smooth outer boundary. By contrast, the 
opposite side receives little wave energy and tends 
to be narrower and have an irregular outer margin. 
In most reefs there is an inner part that is poorly 
developed, or that might even lack framework and 
have a lagoon instead.
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Vertically there may also be a zonation that is 
related to both depth and energy. For estuarine 
and shallow reefs composed of oysters, worms, etc., 
there is no vertical zonation because they are thin 
and rise only a meter or two above the surrounding 
area. Coral reefs do display a significant zonation 
of growth forms and taxa.

19.3 Algal stromatolite reefs

Large colonies of cyanobacteria, also called filament
ous blue-green algae, have the ability to construct 
small, wave-resistant structures called stromatolites. 
These structures are produced by the cementation 
of particles of calcium carbonate, carried by currents, 
that are attached to a sticky coating on the surface of 
the algae. As the sediment particles form a layer 
covering the algal filaments, the algae extend up to 
the surface in their effort to continue to stay exposed 
to light for purposes o£photosynthesis.

The combination of the current energy and the 
upward growth of the algal layers produces mound
shaped reefal structures that become hard quickly 
because of the rapid cementation of the carbonate 
sediment grains. Individual structures well over a 
meter high and in diameter have been found in the

Fig. 19.2 Modem intertidal algal stromatolites in Shark Bay, 
Western Australia. These are mound-shaped versions of 
cyanobacteria colonies. (Photograph courtesy of M. A. H. 
Marsden.)

ancient stratigraphic record extending back in geo
logic time to the Precambrian. Modern examples 
are typically less than about 0.5 m high and about 
the same in diameter. Most modern examples are in 
intertidal settings but some have been found in the 
shallow waters of the Bahamas. The best place to 
see widespread stromatolite development in various 
shapes is at Shark Bay (Fig. 19.2) on the western 
coast of Australia about 1000 km north of Perth.

19.4 Oyster reefs

The common edible oyster requires a firm sub
strate on which to establish its spat (the larvae). 
This may be a rock outcrop or it might even be dead 
shells. The oysters grow in clusters of individuals 
that attach to each other and eventually produce 
a mound-shaped reef structure. In some locations 
the individual oysters attach directly to bedrock and 
form very wave-resistant reef communities.

Oysters prefer lower than normal marine salinity 
and consequently are most common in estuaries, 
where they may occupy intertidal margins or various 
sites within the shallow subtidal areas. Regardless of 
their position, the oysters must be situated so- that 
tidal currents will carry suspended detritus to them 
for nourishment. In some estuaries, the reef might 
be elongate and oriented perpendicular to the tidal 
flux to maximize its food capture.

Some oyster reefs develop in open water where 
salinities are low. Such environments are found along 
the low-energy coast of Florida, where open Gulf of 
Mexico environments are essentially estuaries in the 
hydrodynamic sense. Numerous freshwater springs 
with huge discharges empty into the open Gulf. 
This is also an area of significant tidal flux. The 
result of these interacting processes is a series of very 
long, narrow oyster reefs. These reefs are essentially 
parallel with the coast and may extend for kilo
meters (Fig. 19.3). Some of the reefs have small 
tidal channels cutting through the reef, with shell 
debris on both ends giving the general appearance 
of a tidal inlet with its associated tidal deltas.

Another important aspect of oyster reefs is the 
sediment that is typically associated with them. A
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Fig. 19.3 Aerial photograph taken near Crystal River, Florida, 
showing elongate oyster reefs aligned perpendicular to the flow 
of tidal currents that provide food for the oysters.

look at one of these reefs shows that there are oyster 
shells and mud. The origin of the shells is obvious, 
but what about the mud? Remember that oysters 
are filter feeders. They ingest suspended debris 
without any ability to separate the digestible organic 
material from the fine detrital sediment particles. 
As a consequence, they pass considerable sediment 
through their digestive system and produce fecal 
pellets. These pellets are equivalent in size to fine 
sand and are soft. It is the mass of these pellets that 
we see as the mud component of oyster reefs.

19.5 Worm reefs

Although we typically think of worms as soft- 
bodied animals, there are many that produce tubes, 
some of which are hard. The hard tubes are com
posed of calcium carbonate that is secreted by the 
organism itself. The most common reef-forming 
worms of this type are the serpulid worms (family 
Serpulidae), which are a type of polychaete annelid. 
These tube worms construct massive colonies that 
rise as much as a meter above the adjacent substrate.

In contrast to oysters, serpulids prefer elevated 
salinities. They are typically found in lagoons and 
other areas of restricted tidal flux and freshwater input. 
Examples are in Baffin Bay, in the arid climate of 
south Texas landward of Laguna Madre, and along 
the Ten Thousand Island coast of southwest Florida.

Fig. 19.4 M apofa serpulid worm reef from Alacran Bay in 
south Texas. These small reefoid structures develop in 
hupersaline bays.

Baffin Bay salinities may reach the high forties in 
parts per thousand and southwest Florida is only a 
few parts per thousand above normal salinity.

These worms produce tubes that are about 0.5 cm 
in diameter and up to tens of centimeters long. The 
colonies of tubes are the framework for the small 
reefs that develop, usually over a few hundred square 
meters (Fig. 19.4). Serpulids also react to physical 
energy, especially currents. Those that live in areas 
of slow currents display a random organization of 
the worm tubes, much like a bowl of spaghetti. 
By contrast, the tubes that occupy places of strong 
currents show a distinct orientation, with all tubes 
lined up essentially parallel (Fig. 19.5). Worm reefs 
also tend to accumulate pelleted mud for the same 
reasons as in the oyster reefs.

19.6 Vermitid gastropod reefs

A certain type of gastropod looks much like a worm 
tube. These calcium carbonate shells are not coiled 
like a typical snail but are stretched out, almost 
straight. The shells are nearly a centimeter in
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Fig. 19.5 W ell aligned worm tubes that developed under 
strong currents. This kind of organization is not common. 
(Photograph courtesy of W . H. Behrens.)

Fig. 19.6 Vermitid gastropods that can form small reef 
structures. These snails lack the typical spiral coiling and 
may provide a small and local wave-resistant structure.

diameter at the open end and are typically 10-15 
cm long (Fig. 19.6). They grow in clusters that form 
small, wave-resistant framework structures that 
qualify as reefs. Such reefs are small and uncommon 
in their distribution: They are typically found in 
low-energy coastal areas such as the present coast of 
southwest Florida, where mangroves are extensive.

19.7 Coral-algal reefs

By far the most important and widespread type of 
reef has a framework built by hermatypic corals and 
red coralline algae. Hermatypic corals are those that

Fig. 19.7 (a) Acropora cervicomis, a fairly delicate branching 
complex that is a good example of a framework builder on 
coral-algal reefs, (b) Acroporapalmata, a more robust framework 
coral. (Photographs by E. A. Shinn.)

contain zooxanthallae, a symbiotic brown algae, and 
are therefore restricted to the photosynthetic zone; 
that is, fairly shallow water. The coralline algae are 
limited to the same zone and are major contributors 
to the wave-resistant framework.

Hermatypic corals may be massive, branching, 
or encrusting. Some are rather fragile, such as the 
relatively delicate branching staghorn coral (Acropora 
cervicomis) (Fig. 19.7), whereas others may form 
large masses such as the typical brain corals, Monastrea 
and Diploria (Fig. 19.8). The algae can also occur 
as delicate branching varieties, such as Goniolithon 
(Fig. 19.9) and the encrusting red alga Lithothamnion 
(Fig. 19.10). This combination produces the rigid
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Fig. 19.8 Massive or “brain” corals that are part of the reef 
framework. These coral structures are very resistant to wave 
action but may be “uprooted” during severe storms.

Fig. 19.9 The delicately branching red alga, Goniolithon, one of 
the framework contributors that tends to develop in the small 
open areas between framework corals.

Fig. 19.10 The massive encrusting red alga, Litbotbamnion, 
which provides much of the strength of the reef framework.

framework that supports the entire reef. This frame
work continues to persist and enlarge as new growth 
develops on the surface and the older part underneath 
dies off. This situation is found on all coral-algal reefs 
regardless of the general shape, location, and size of 
the reef.

The organisms that construct this reef frame
work are restricted in their distribution to shallow, 
clear water and warm temperatures. Reef-building 
corals are restricted to waters with temperatures 
of greater than 18°C, which limits their distribution 
to less than about 30° latitude in both hemispheres 
(Fig. 19.11). Water clarity is important because of 
the need for the zooxanthallae and other reef organ
isms to photosynthesize. Nourishment is provided 
to the filter-feeding framework of the reef via waves 
and currents. It should be noted, however, that 
although reefs themselves are among the most 
productive environments in the ocean, they cannot 
tolerate high levels of nutrients themselves. Recent 
research has shown that reefs will die with excessive 
levels of nutrients.

19.7.1 Reef classification
Although the basic composition and zonation of 
the coral-algal reef is similar regardless of size, loca
tion, age, and so on, there are various shapes that 
reefs achieve depending on environmental condi
tions. One of the first and best approaches to reef 
classification was that developed by Charles Darwin 
from data collected on his famous research cruise 
around the world on the Beagle during the mid
nineteenth century. He took profuse notes on a 
wide spectrum of reefs and then formulated a three- 
stage evolutionary approach to reef classification. 
These stages are: (i) fringing reef; (ii) barrier reef; 
and (iii) atolls. It should be noted that Darwin’s 
observations were made in the south Pacific and 
were essentially confined to reefs associated with 
islands.

Fringing reefs are, as the name suggests, adjacent 
to the land (Fig. 19.12). The reef framework de
velops along the shore and may extend seaward for 
hundreds of meters. There is no lagoon or open 
water environment between the reef and the land. 
Such a reef is very good protection for the adjacent



Fig. 19.11 World map showing the distribution o f coral-algal reefs, which are controlled by water temperature; essentially the 
20°C isotherm.
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land in that it presents a rigid and wave-resistant 
structure that will absorb wave energy and prevent 
or at least reduce erosion of the shoreline behind it. 
Reefs that are essentially parallel to the coast but 
separated from it by an open water lagoon are called 
barrier reefs (Fig. 19.13) because they act much like 
barrier islands (see Chapter 8). Most barrier reefs 
have open passes that act like tidal inlets and permit 
exchange of water between the lagoon and the open 
sea. Typically these reefs are at least a few kilometers

in length but may extend to hundreds of kilometers. 
Surprisingly, the most famous reef complex in the 
world, the Great Barrier Reef, is not really a barrier 
reef at all. It is tens to hundreds of kilometers from 
land.

Atolls are associated with small islands or con
tinental shelves as opposed to being adjacent to 
sizable land masses (Fig. 19.14). Darwin noted that 
there are many subcircular reefs in the Pacific that 
have no apparent land associated with them. He
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*
Atoll I acrn n n Fig. 19.15 The three-stage development 

of atolls as proposed by Charles Darwin. 
The development sequence is a 
continuum that takes place as volcanic 
islands subside over the oceanic crust.

reasoned that these reefs were the result of island 
subsidence and sea-level rise, with reef growth 
keeping pace with sea level. Darwin placed all three 
of the reef types in an evolutionary order, from 
fringing through barrier reef to atoll (Fig. 19.15). 
His ideas were challenged because people did not 
believe that oceanic islands would subside enough 
and sea level would rise enough to cause the island 
to be completely below present sea level as in the 
case of an atoll. Many years later atolls were drilled 
and cored to show that indeed Darwin was correct. 
The atolls were underlain by volcanic material that 
was part of the submerged island.

Although not part of any formal classification, 
there are other reef names that are widely used. These 
include pinnacle reefs, patch reefs, and table reefs. 
They are small reef structures that are associated 
with the other types mentioned above, generally 
in the lagoons of atolls or behind barrier reefs.

Another classification has been proposed much 
more recently, which incorporates Darwin’s oceanic 
classification and combines it with a classification of 
shelf reefs. Oceanic reefs rise at least 100 m above

the sea floor and shelf reefs develop on the con
tinental shelf. Both major categories display a series 
of evolutionary stages, with atolls as the eventual 
morphology (Fig. 19.16). In oceanic reefs aland mass 
is surrounded by reef, whereas in the shelf reef types, 
wave refraction and bidirectional wave approach 
cause the reef to form atoll shapes, but they are 
noticeably asymmetrical.

19.7.2 Sea level and reef development
An important component of Darwin’s evolutionary 
development of atolls is rising sea level. Oceanic 
islands of volcanic origin are composed of a large 
mass that causes significant subsidence. During the 
past 12,000 years eustatic sea level has risen about 
130 m. This combination has necessitated that reefs 
must be able to grow upward to keep pace with such 
large changes in sea level and maintain optimum 
water depth for the reef to survive.

There are three styles of reef to sea level relation
ship, depending on the comparative rates of growth 
and sea-level change. One researcher, A. C. Neumann



Reefcoasts 363

Oceanic reefs

Reef^
Island-

Shelf reefs

Symmetrical
elongation

1 Embyo lie colony

Lagoon

Island

Submergence,
2 Fringing

vertical growth, 1
expansion of 
lagoon

Lagoon

Total
submergence 
of island: 
lagoonal reef 
growth

100 fa thom s-

4  Atoll 12 Closed mesh

Fig. 19.16 Reef classification as proposed by Maxwell, based largely on Australian and Pacific reefs. This is a dual system of 
classification, which includes both oceanic reefs that rise from the ocean floor and the shelf reefs that develop on the shallow water of 
the continental shelf.

of the University of North Carolina, has referred to 
this combination as “catch up, keep up, and give 
up.” Some reefs grow upward at rates greater than 
the rate of sea-level rise; they are catching up. 
Others keep pace with sea-level rise, so maintaining 
the equilibrium condition; this is the keep up situa
tion. In some circumstances the reef growth cannot 
keep up with sea-level rise and the reef deteriorates 
and eventually dies; it gives up (Fig. 19.17).

During the past few thousand years there has 
been little change in sea level -  only a few meters 
(see Chapter 4). In most places where reefs are pre
sent there has been a slow rise, but one with which 
reefs have generally been able to keep up. That is 
not to say that reefs are thriving globally, because 
that is not true. This topic is considered below.

19.7.3 Reef environments
The reef can be zoned into a series of rather discrete 
environments, each characterized by certain species 
and/or growth forms as a response to physical con
ditions (Fig. 19.18). Regardless of the size, shape, 
or basic type of reef, there tends to be a predictable 
organization to coral-algal reefs. The typical situa
tion is one of three major zones: (i) reef slope; (ii) 
reef surface; and (iii) lagoon. In fringing reefs, the 
lagoon is absent.

R eef slope
This environment is partly a transition between the 
adjacent non-reef and the shallow reef environment. 
It is commonly quite steep, generally at least 30°,
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Catch up
▲ Sea level 4 .

Fig. 19 .17  The three stages in the sea level and reef 
relationship: catch up, keep up, and give up. A ll of this is 
aimed as describing the relationship between a reef and rising 
sea level. (After A. C. Neumann.)

and may be essentially vertical. Much of the reef 
slope consists of organic framework, although at 
least the lower part is not living. The lower part 
of the slope is generally more gently inclined than 
the upper part because it tends to be reef debris. 
This debris is the result of breakdown of the upper 
framework during storms and it forms a debris slope 
below the exposed upper framework. This material 
is angular and poorly sorted, with individual part
icles up to boulder size.

At depths greater than about 50 m there are few 
living reef corals and the slope is a mixture of debris 
and in situ dead framework. The living corals down 
here are small and delicate compared to those in 
shallow water. Commonly, reefs in high wave energy 
areas such as the Pacific develop a terrace at a depth 
10-15 m, about where normal wave action extends. 
This surface is typically dominated by encrusting 
red algae such as Lithothamnion, and is generally 
swept free of sediment. Above this zone is the upper 
reef slope. It is characterized by typical reef corals, 
including branching and fan-shaped types such as 
the stinging coral (Millipora), staghorn coral (Acro
pora ceruicornis), and moosehorn coral (A. palmata) 
(Fig. 19.19). A. palmata shows various growth forms 
depending upon wave energy. Where energy is low,

(Vertical exaggeration 20x)

Fij. 19 .18  Profile diagram across a shelf reef showing its various environmental zones. Note the similarities between the zonation 
across the windward and leeward portions, with the main difference being their width.
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Fig. 19 .19  Upper slope o f the reef showing the common 
branching coral type Acropora palmata (moosehorn coral).

this coral develops broad, flat, and long branches 
that look a bit like a moose horn. Under high- 
energy conditions the same species has short and 
more massive branches. Light penetration is good 
and food is usually abundant, resulting in a diverse 
and dense population. Algae, biyozoans, encrusting 
sponges, and other sessile invertebrates are also 
abundant, in addition to corals.

The upper slope shows a large-scale morphology 
that is related to wave activity. The most prominent 
feature of this part of the reef is the spur and groove 
structures (Fig. 19.20) that are a response to wave 
action. The spurs, also called buttresses because of 
their appearance, are the positive reef ridges that 
extend essentially perpendicular to the reef trend. 
They are typically 2 or 3 m  higher than the inter
vening grooves and are spaced a few meters apart. 
The spurs are dominated by coral-algal growth, 
whereas the grooves tend to be floored in reef 
debris. These spur and groove features are prevalent 
on the windward reef and much less developed on 
the leeward side.

Another aspect of the upper slope is the variety 
of growth form exhibited by the branching corals. 
This is especially shown by moosehorn coral and 
staghorn coral. In more protected areas or in areas 
near wave base, the growth forms show long branches 
(Fig. 19.21a), whereas in areas of high wave energy 
they are short or broad (Fig. 19.21b) to withstand 
the rigor of the environment.

Back reef

Reef flat

Acropora zone

Millipora zone

Rubble zone

Fig. 19 .20 Photograph and diagram o f the spur and groove 
structures on the forereef slope. The spur is the living reef and 
the groove is the largely erosional trench between spurs. 
(Courtesy o f E. A. Shinn.)

R ee f surface
The upper surface of the reef tends to have as many 
as three fairly distinct zones: the Lithothamnion 
ridge, the boulder rampart, and any reef islands or 
cays that might be present. At the crest of the reef 
at many locations there is a relatively smooth and 
very wave-resistant zone formed by the encrusting 
coralline algae, Lithothamnion. This taxon covers 
the surface of the framework and provides the
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Fig. 19.21 (a) Delicately branching corals in a low to modest 
wave energy environment, and (b) short and strong branching 
corals in a high wave energy environment.

strongest part of the windward reef. In some areas 
where tidal range is at least mesotidal, this ridge 
may be intertidal. It can be almost as smooth as 
a paved road (Fig. 19.22) and provides excellent 
protection for the rest of the reef.

The windward reef receives the highest wave 
energy during storms and these large waves deliver 
enough power to the reef to break off pieces of 
the framework. Coralgal cobbles and boulders 
are thrown onto the Lithothamnion ridge, where 
they are concentrated into a linear accumulation 
(Fig. 19.23), the boulder rampart. This accumula
tion of very coarse sediment particles may display 
a certain level of sorting, and it fines away from 
the open water. The large clasts are quite angular 
because they are not agitated for any significant 
period of time but are broken and thrown up on the

Fig. 19.22 The Lithothamnion ridge on the windward side 
of the reef, displaying the flat and smooth pavement that 
forms in this high wave energy environment on the coast 
of a Fijian island.

Fig. 19.23 Storm-generated reef debris on the Lithothamnion 
ridge. Most of this is derived from the upper portion of the 
windward portion of the reef.

surface by storm conditions. Under normal wave 
conditions they are not moved.

Reef islands are common on many shelf atolls 
where debris is accumulated in small areas, generally 
just in from the boulder rampart on the windward 
reef. Sorted, biogenic sand comprises essentially 
the entire island. Depending on elevation, there 
may be small dunes, upland vegetation, and beach 
environments. It is very common for the islands 
to be somewhat stabilized by beachrock that forms 
in the intertidal beaches (Fig. 19.24). The calcium
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Fig. 19.24 Beachrock forming on a dominandy carbonate 
beach in the low latitudes. Beachrock is very important in 
protecting small reef islands from erosion.

Fig. 19.26 Parrotfish feeding on coral. These fish are commonly 
about 30-40 cm long and have massive jaws for scraping and 
chewing on the coral, from which it obtains its nutrients.

carbonate beach sediments become lithified very 
quickly in tropical climates where there is salt spray, 
to form what is called beachrock. On some islands 
there is evidence of multiple stages of beachrock 
development. Human artifacts such as bottles and 
cans have been found in this rock, testifying to its 
rapid lithification.

R eef lagoon
The protected area behind a barrier reef or in the 
central part of an atoll (Fig. 19.25) is the lowest 
energy part of the reef. Unlike the coastal lagoons 
that are a type of coastal bay, reef lagoons are pro-

Fig. 19.25 Underwater photograph of a reef lagoon, showing 
the delicate, generally low energy forms of sea fans and sea whips 
that persist in that environment.

tected low-energy water bodies, but they do not 
generally have elevated salinities. Tidal flux is com
mon through breaks in the reef surface. This lagoon 
typically contains pinnacle reefs that rise from its 
floor to near sea level. The depth of the lagoon in 
some atolls may be so great that photosynthesis 
cannot take place on the floor, but the more typical 
depth is less than 10 m. The community present in 
a reefal lagoon includes many of the same species 
that are on the outer reef but in low-energy growth 
forms. There will also be some organisms in the 
lagoon that are restricted to the low-energy con
ditions found there.

The absence of strong tidal currents and signific
ant waves gives rise to very poorly sorted sediments 
that include mud and shells. The sediments here are 
the result of expiration of various algae and inverte
brates. They also include a range of fecal pellets 
and disaggregated pellets that are produced by sea 
urchins, parrot fish (Fig. 19.26), worms, clams, and 
other animals that live on the lagoon floor. The 
urchins and especially the parrot fish actually eat 
the corals. A diver on a reef can hear the continual 
crunching of the parrot fish as they use their large, 
massive jaws to feast on the reef. Other reef organ
isms are filter feeders that rely on currents to bring 
their food and detritus feeders that ingest sediment 
on the floor of the lagoon. Many of the vagrant bot
tom dwellers that live in the lagoon cannot live on
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the outer reef because of its rigorous environment, 
but they are well adapted to the protection afforded 
by the lagoon. Delicate versions of various corals, 
both hard and soft, are a common constituent of 
reef lagoons. Sea whips, sea fans, and other soft 
alcynarian corals are examples.

Pinnacle reefs or patch reefs are small framework 
structures that rise from the lagoon floor. They are 
in many ways like miniature versions of the reef 
itself, except that they do not have a windward side 
or a coralline algal ridge.

19.8 Coral reef deterioration from 
human activities

Reefs are fragile environments that cannot tolerate 
a wide range in conditions. Turbidity, temperature, 
and water depth have already been mentioned as 
variables that must be tightly controlled in order to 
support healthy reefs.. Other potential problems 
can be attributed to human activity. These include 
chemical and organic pollution, thermal pollution, 
turbidity, and physical destruction. The general 
trend is that reefs tend to be most protected along 
the coasts of developed countries and are in serious 
jeopardy in developing countries. One might ask 
about the value of coral reefs. The first things that 
come to mind are: (i) their protection of adjacent 
coastal areas much like that afforded by barrier 
islands; (ii) the abundant fishery that they support 
for both sport and commercial fishing; (iii) their 
tourist or recreational value; and (iv) their position 
as one of the most prolific and diverse biotic systems 
in the marine environment and as such deserving of 
protection.

Fringing and barrier reefs tend to be most vulner
able to human impact because of their proximity 
to land. Atolls typically have little or no population 
on or near them. There are, however, human
generated problems on atolls. One of the most well 
known is the nuclear bomb tests in the southwest 
Pacific by France and the United States. French tests 
have continued in the face of widespread protests 
from other countries and various environmental 
groups. Military activities in general have been a

severe problem for atoll reefs because of the wide
spread operations on them. A recent accident in 
the Florida Keys caused severe damage to a reef 
as a research vessel ran aground.

Mining activities have also been conducted on 
reefs. The coral, sand, and gravel have been taken for 
various uses, especially for construction. The blasting 
that is frequently used also kills many of the fish. In 
some of the island reef areas dynamite is actually 
used as a means of fishing. As with the nuclear 
testing activities, French Polynesia has been the 
primary focus of these activities, although they have 
also taken place in the Caribbean. A somewhat 
related activity is the collection of corals for sale to 
tourists.

The biggest problems for reefs come from the 
water and its contents. Because reefs require warm, 
clear, pure seawater, any deviation from this high 
quality may cause problems. Suspended sediment 
can be a problem for all filter feeders on the reef and 
can reduce light penetration for photosynthesizers. 
This may be caused by dredging nearby, such as in 
borrow areas for beach nourishment. One of the 
most important considerations for dredging in low 
latitudes is the potential effect on reefs. Another 
source of turbid waters that might influence -reef 
environments is runoff from the adjacent mainland. 
Rainfall in the tropics is generally high and summer 
or monsoonal rains can cause tremendous amounts 
of runoff that carries large quantities of sediment. 
Much of this sediment will be in suspension as it 
moves into the shallow marine environment and 
will cause serious problems for reefs. One place 
where such conditions occur is on the Gulf of 
Mexico coast of Belize in Central America. Here 
the reef location is controlled, at least partially, by 
the distribution of suspended sediment.

Chemical pollutants can be a major limiting 
factor in reef distribution or can kill existing reefs. 
Nutrients, typically thought of as aiding in reef 
development and growth, can be a limiting factor 
if present in large quantities. Recent work in the 
Caribbean has shown that overloading a reef with 
nutrients will actually kill the reef; a bit like overeat
ing. There is currently concern about reefs in the 
Florida Keys because of the ever-increasing domes-
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Box 19.2 Grounding of a research vessel 
on the Florida Reef tract at Looe Key

The largest living reef in the continental United States 
is the Florida Reef tract, which parallels the Florida 
Keys a few kilometers offshore. This reef systems 
extends for about 200 km from just south of Miami to 
the Key West area. The reef system is under severe 
stress from the combi&tion of huge numbers of 
visitors throughout theyear and pollution from the 
den >ely populated nearby Florida Keys.

On August 10,1994, disaster struck the reef near 
the Looe Ke^Nation a lp lariWe Sanctuary, injthe form 
ofthe uA^ersilildfl^lam i research vessel Columbus^/

foot (47 4 m)ship ran over the *
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bed Thpse out*/ of thib an nlent>va« iiiripnb^rt ill**

following monjh when Hurricane George passed , ■ 
over the same area, causing failure of some reef 
structure due to the weakness from the collision 
with the ship.

A large arid comprehensive reconstruction was 
completed in 1999 in an attempt to return the reef 
to its pre-collision state by Coastal Fanning and 
Engineering of Boca Raton, an engineering consulting 
firm. The habitat and reef topographic configuration 
have been fully restored using new techniques. The 
damaged spurs have been reconstructed to their 
original topography using large limestone boulders 
bourtflogether by fibregla§s reinforcing rods and a 
special type of pofifed concrete. Harold Hudson, a 
b io lo g is t ,vi/ith the Florida Keys National Marine 
Sancfuary t^pAA), has^developed especial marine 
cemenUhjifwill^bind various %nthib ^ganlsm sto  
thisarttfrdial Idbsttate Lar;ge c o % j^ ¥ d iffe E e n t  
taxa of corals^fea whips,"sea fans, and sponges 
have been tiansplanted onto the reconstructed reef 

tough these techniques have been successful in 
past, this is t h ^ o s t  extensg|rfraqsRta[J project 
Undertaken It was cop  
li’b e ife w  yearsbefore 

yrately assessed.
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tic sewage causing nutrients to be dumped into the 
marine environment. The same situation exists on 
some heavily developed areas of islands such as Tahiti. 
Other types of chemical pollution include various 
types of industrial waste that is accidentally or pur
posely released into the nearshore environment where 
reefs are present. Along the southern coast of St 
Croix in the US Virgin Islands there is permanent 
effluent from a rum distillery. Reefs cannot exist in 
the vicinity of this point source discharge.

19.9 Summary

Although there are many types of organisms that

build reefs, we typically think only of coralgal reefs 
when the word is mentioned. These spectacular 
living systems are a very important aspect of the 
marine environment. They provide protection to 
the coast and abundant resources for the people 
who live near them.

Coral reefs are quite delicate systems, in that they 
must have very high water quality, high tempera
tures, and clear water for photosynthesis, and many 
environmental factors can lead to their demise. 
Some of the byproducts of the increase in coastal 
development are having negative impacts on coral 
reefs. Pollution from the atmosphere, human waste 
disposal, and other natural hazards are all causing 
problems for these reefs.
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20.1 Introduction

The erosion of the coast is a topic that is of concern 
throughout the world. Estimates of the proportion 
of coasts that are currently eroding range up to 70%. 
When combined with the increasing pressure to 
develop and populate the coast, this becomes a 
serious problem. For a variety of reasons, there are 
few areas or environments that are spared from 
this problem.

In this chapter, we consider the various causes 
of erosion and the specific environments where 
erosion tends to be most severe, and then give some 
case history examples. Some suggestions for mitiga
tion and restoration are also presented, although 
these are not the focus of this chapter.

Before we go further on this topic, it is important 
to define our terms. You might think that erosion is 
pretty straightforward; everyone has seen wind blow 
sand on a beach or dust from a field, we are familiar 
with erosion of channel banks on a stream, or waves 
attacking the bluffs of sediment or rock along a 
coastal area. In all cases, sediment is taken from one 
place by some process and moved to another, typic
ally to another environment. Therefore, we should 
be able to say that erosion is the removal of material 
from one place and its transport away to another 
location or another environment. There is a net loss 
of sediment or rock.

In general, this is a workable definition, but 
when we are dealing with the coast there are some 
situations where this definition is not applicable. 
The most discussed situation deals with storm
generated washover, where during storms large 
waves and elevated water levels cause sediment to be 
carried from the surf zone, beach, or even dunes, 
across to the back or landward side of the island. 
This is the mechanism whereby barrier islands 
migrate landward. Is this also erosion, because sedi
ment is removed from one place and carried to 
another? Most coastal scientists would say it is not. 
The sediment is not really lost because it stays 
within the barrier island. Here it would be more 
appropriate to consider the shoreline as retreating 
but to avoid using the term “erosion.” On the other

hand, if sediment is removed from the beach during 
a storm and carried offshore or transported a sig
nificant distance along the shoreline, this would 
be considered as erosion.

20.2 Causes of erosion

A wide variety of processes and features can con
tribute to erosion in the coastal zone. The obvious 
ones are storms and their associated waves, strong 
currents, wind, and gravity. Commonly these factors 
act in combination. Important but small in scale is 
bioerosion, where organisms direcdy cause erosion. 
Some other factors in erosion are rising sea level and 
the presence of various human modifications, such 
as structures, along the coast. The rise of sea level 
makes it possible for processes such as waves and 
currents to continually attack sediments and rocks 
along the advancing shoreline. Structures of rock, 
steel, and concrete that are built along the coast 
can be a major factor in erosion, both direcdy and 
indirectly.

20.3 Coastal erosion factors

In this section we discuss the major factors that result 
in erosion along the coast. We should remember 
that erosion takes place along interior shorelines as 
well as along the open marine coast. Large estuaries 
and lakes may also experience removal of sediment 
from a shoreline and subsequent transport to other 
places. This is particularly common along the shore
lines of the Great Lakes and also such large estuaries 
as Chesapeake Bay, the Bay of Fundy, and Pamlico 
Sound in North Carolina. The discussion here is 
organized around the individual factors that result 
in coastal erosion.

20.3.1 Waves
Chapter 6 on waves showed how waves interact 
with sediment and cause it to move; typically to 
cause temporary suspension of the sediment. The 
larger the waves, the more sediment will be moved.
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Large waves are the result of strong winds. Such 
strong winds also cause the water level along the 
shoreline to rise in the form of a storm surge or 
storm tide. In addition, the waves typically approach 
the shoreline at an angle, producing longshore 
currents. The larger the waves, the faster the long
shore currents. These are the conditions along the 
shoreline during a storm: large waves, elevated water 
level, and strong longshore currents.

Such highly energetic conditions will cause sig
nificant removal of sediment or rock depending 
on the nature of the coastal material. The materials 
removed may be transported to two or three dif
ferent places depending upon the composition and 
morphology of the coast. A low-lying sandy coast 
will experience sediment being: (i) washed over the 
beach in a landward direction; (ii) carried offshore 
by return surge of the waves; and (iii) transported 
along the coast by longshore currents. If there are 
cliffs of sediment or rock, or if there are large dunes, 
then sediment will not washover the beach.

These are the typical erosional conditions that 
occur during storms along all coasts. The end prod
uct of such storm conditions is typically some type 
of erosional scarp on or just landward of the beach 
(Fig. 20.1), with the magnitude of the scarp being 
proportional to the strength of the storm. The post
storm beach is generally narrower and steeper than 
it was before the storm. Low-lying coasts may 
exhibit a smooth beach profile, with large washover

Fig. 20.1 Photograph of a small erosional scarp on a beach after 
a storm. These features are temporary and generally last only 
days or weeks before swash processes smooth them out.

Fig. 20.2 Storm-generated washover fan landward of the 
beach. The processes that produce these features transport large 
volumes of sediment to the landward side of the island or even 
into the water behind the back barrier.

fans deposited landward of the beach and, perhaps, 
the entire barrier island (Fig. 20.2).

Even under conditions of shoreline retreat and 
washover of sediment, there might be significant 
loss of sediment offshore or alongshore, resulting in 
net erosion. This can be confirmed by comparing 
surveys of the beach and nearshore after the storm 
with those measured before the storm. A quantitat
ive determination of the loss and gain when the 
two profiles are compared will show the net change 
produced by the storm (Fig. 20.3).

31-

D is ta n c e  (m )

Fig. 20.3 Comparison of pre- and post-storm beach and 
nearshore profiles showing places where erosion took place 
as the result of the large waves during Tropical Storm 
Josephine.
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J Fig. 20.5 Blowout in a large coastal dune. This feature is
Fig. 20.4 Landward migration of dunes burying the landward caused by # smafl unvegetated part of a dune being a site of
forest. This phenomenon is essentially a wind-generated version continued SCOUr by the wind. Eventually a large amphitheater
of a washover. Instead of taking only hours or a day or so, this ^  deve]oped; the b]owout 
may take years.

20.3.2 Wind
Removal and transport of sand by the wind may 
take place during nonstorm as well as storm condi
tions. Some coastal areas experience wind of suffici
ent strength to move dry sand most of the time. If 
sufficient sand is available, these are generally places 
where coastal dunes are well developed. During 
storms, the rate of sediment movement is acceler
ated. The absence or removal of vegetation along 
the coast can lead to extensive wind erosion.

There are two common types of wind erosion 
along a coast with well developed dunes. In one case 
the absence of vegetation causes dune sand to be 
blown landward and the entire dune or dune sys
tem migrates landward, commonly burying forests 
(Fig. 20.4). This is not erosion in the sense that we 
defined the term above. In a way, this type of sedi
ment transport by wind is comparable to washover 
by waves. Dune migration, or blowover as it is 
sometimes called, takes place over years, whereas 
washover takes place in just hours.

The other type of wind erosion along a coastal 
dune complex is associated with local removal of 
vegetation and subsequent removal of the dune sand. 
This typically forms a large amphitheater-shaped 
scar called a blowout (Fig. 20.5).

20.3.3 Currents
Strong currents are also important agents of coastal 
erosion. In some cases these currents carry sediment 
that is removed from its resting place by waves. The 
waves cause the sediment to become temporarily 
suspended and the currents move it. This situation 
is common in the nearshore zone during storm'con
ditions. The strong longshore currents may move 
at a meter per second, a velocity that is capable of 
transporting large volumes of sand.

Currents may also be the agent of both removal 
and transport in some coastal environments. This 
is common where the currents are confined to 
channels, in tidal inlets, in estuaries, or on tidal flats. 
As the channel migrates or increases in size, erosion 
will take place, with sediment removed and trans
ported to another location. One of the most common 
situations where this phenomenon is displayed is 
in a migrating tidal inlet. Such an unstable inlet is 
eroded on one side of the inlet channel, with accu
mulation on the other side (Fig. 20.6). The sedi
ment removed from the channel wall is carried into 
or out of the inlet (erosion), while the other side is 
accumulating sediment from littoral drift caused by 
longshore currents. If such an unstable inlet is used 
for navigation or if its migration is threatening pro
perty, it is stabilized by the construction of jetties.
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Fig. 20.6 Diagram of an inlet cross 
section showing how the inlet channel 
moves as the result of erosion on the 
downdrift side, while sediment 
accumulates on the updrift side.

20.3.4 Sea-level rise
Sea level has been rising at an accelerated rate over 
about the past century. This increase in sea level also 
results in the landward migration of the shoreline. 
As the shoreline is displaced landward, there is 
an increased opportunity for erosion by waves and 
currents. This condition is the single most import
ant factor in the widespread erosion of our present 
shoreline throughout the world.

Although the annual rate of global sea-level rise 
is about 2.5 mm, there are indications that this will 
increase over the next century. More importantly 
for this discussion, there are some locations where 
sea-level rise is much higher -  up to 10 mm yr-1 in 
some locations. This rate leads to disastrous results.

We now consider two different coastal environ
ments to demonstrate what a 10 mm yr-1 sea-level 
rise can do. First, consider a typical beach. A com
mon slope for a beach and the adjacent surf zone 
area is about 1:50. That is, there is a 1 m vertical 
change over a horizontal distance of 50 m. If 
we consider a 10 mm yr-1 (0.01 m) sea-level rise, 
it would rise a meter per century. All other things 
being equal, this would displace the shoreline 50 m 
landward. Think about the open coastal areas with 
which you are familiar. How close to the shoreline 
are the houses, commercial buildings, even the roads? 
Along most developed coasts, many of these would 
be gone under the scenario used above.

Another environment where sea-level rise has a 
major impact is coastal wetlands, especially marshes. 
As we learned in Chapter 14, coastal marshes accu
mulate sediment vertically as the result of being 
supplied by spring tides or floods caused by storms. 
The vegetation of these marshes is delicately bal
anced in position relative to sea level. At the present

Fig. 20.7 Marshes experiencing drowning due to sea-level rise 
along the coast of Louisiana. As drowning takes place the marsh 
grass dies and makes these areas vulnerable to erosion.

global rate of rise of about 2.5 mm, it is possible for 
many marshes to keep up with sea-level rise because 
they are only required to accumulate a like amount 
of sediment per year. If, on the other hand, the rate 
of sea level rise was four times greater (10 mm yr-1) 
there is no way that the marshes could keep up; they 
would literally drown and erode. This is the situa
tion that is currently taking place along the coast of 
Louisiana (Fig. 20.7) because of its abnormally high 
rate of sea-level rise.

20.3.5 Human modification of the coast
Because of erosion problems and other types of 
coastal instability, we have built various structures 
to “protect” and stabilize the coast. Most prevalent 
among these structures are sea walls that are built to 
keep the shoreline from moving landward and to 
keep property from being eroded.

Unfortunately, these structures also cause erosion. 
Waves that eventually hit direcdy on the seawalls
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f(a

Fig. 20.8 Waves hitting directly on a seawall due to the absence 
of any beach protection. Eventually the seawall will fatigue and 
fail from continued pounding by waves. After failure and 
removal of the seawall, erosion will take place.

(Fig. 20.8) cause scouring at the base of the structure. 
This scour is a form of erosion because sediment is 
removed and transported away. In some situations 
this condition can also lead to the destruction of the 
sea wall itself.

Another example of structures that cause erosion 
is jetties at inlets. They stabilize the inlets but they 
cause erosion to the beaches adjacent to them. 
The presence of the jetties prevents sediment from 
moving across the inlet to the beaches down
drift. As a result, there is erosion at this location 
(Fig. 20.9), and it can be severe.

20.3.6 Bioerosion
Some organisms themselves can cause erosion. Al
though the erosion caused by an individual organism 
is very small, the cumulative effect of thousands of 
individuals can be significant. Some organisms have 
the ability to physically erode surfaces by boring 
into them for protection or by scraping across them 
in search for food. Other organisms have chemical 
secretions that will react with rock surfaces to cause 
erosion. Algae, sponges, and bivalves are among the 
most common bioeroders. The most common place 
for this activity to take place is where the water level 
meets the rocky coast. Here notches (Fig. 20.10) are 
a common product of bioerosion.

Fig. 20.9 (a) Sketch and (b) photograph showing the downdrift 
erosion associated with a structured tidal inlet. The jetties 
prohibit the longshore transport of sediment across the inlet.

Fig. 20.10 Notch formed by bioerosion in limestone cliff at sea 
level. Although these notches are at sea level they are not the 
result of physical processes.

20.4 Example scenarios of coastal 
erosion

This section considers only a few examples of 
situations where various processes interact to pro
duce coastal erosion. Note that the combination
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of coastal composition and morphology is an 
important consideration, along with the various 
direct and indirect processes that operate on a given
coast.

20.4.1 Leading edge coastal cells
A complicated set of circumstances exists along 
leading edge coasts that leads to removal of much of 
the coastal sediment that is available. One of the 
best places to see how this happens is along the 
California coast of the United States, where this 
phenomenon was first recognized by Douglas Inman 
of the Scripps Institute of Oceanography.

Here there are two primary sources of sediment 
for the open coast: from rivers that drain to the coast 
and direcdy from erosion of the bluffs along the 
coast. The sediment is moved along the coast by 
longshore currents, typically with a net transport 
from north to south. The unusual situation pres
ented by leading edge^coasts is one of a very narrow 
continental margin and the presence of the heads 
of submarine canyons almost at the shoreline. 
This allows the submarine canyons to capture the 
sediment being transported in the littoral drift 
(Fig. 20.11) and carry it to great depths by gravity. 
As a result the sediment is lost from the coast 
and cannot return.

Budget of sediments

Longshore
sand

transport

exchange w ith  
con tinen ta l she lf

♦  S o d iT o n t add ition  
^  Sed m e 'it removal

Fig. 20.11 Diagram by P. D. Komar showing the elements and 
direction of sediment transport along the California coast. This 
is essentially a sediment budget diagram. A similar pattern 
would take place on the Atlantic and Gulf coasts but with the 
absence of the submarine canyon element.

Fig. 20.12 Erosion of high cliffs by wave attack at the base. 
When waves scour the base of these cliffs the friable or soft 
strata fail and tumble to the base of the cliff. This situation is 
very common along the west coast of the United States.

20.4.2 Undercutting high cliffs
Some high-energy coasts have storm waves crash
ing directly on the base of rocky cliffs. This can lead 
to extensive erosion, especially if the rocks are not 
very resistant (Fig. 20.12). A good example of this is 
present along the southwestern coast of Victoria in 
Australia. Here near-vertical cliffs about 30-50 m 
high rise above the shoreline. The strata that'form 
the cliffs are composed of friable sandstone and 
limestone. As large waves developed by storms in 
the Southern Ocean crash against the base of these 
bluffs, the rocks are eroded. The erosion of the base 
of the bluffs leads to collapse of the entire bluff in 
sporadic but spectacular events.

20.4.3 Storm erosion of beaches
The most widespread and commonly the most 
spectacular type of coastal erosion is associated with 
beaches. There are two general scenarios here: 
one involves a combination of beach erosion and 
washover, and the other involves only the erosion 
of the beach and adjacent foredune.

In places where dunes are small or absent, storms 
typically cause a combination of erosion of the beach 
and washover of the beach, whereby a significant 
amount of sediment is transported landward. The 
post-storm beach tends to be narrow and steep,
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Fig. 20.13 Small beach scarp and washover sediment due 
to a tropical storm at Egmont Key, Florida. This is a good 
example of how a storm can effect a low barrier island through 
both beach erosion and landward sediment transport across 
the island.

Fig. 20.14 Scarp in the large dunes produced by a hurricane on 
the east coast of Florida. This contrasts to Fig. 20.13 in that the 
high elevations along this coast prevent washover but scarping of 
the dunes is common.

with a small scarp. This scarp was formed by waves 
after the formation of the washover fan landward of 
the beach as the storm surge subsided. These con
ditions are quite common along the Gulf Coast of 
the Florida peninsula (Fig. 20.13).

Some coasts have well developed dunes that pro
hibit washover even during severe storms, such as 
hurricanes. As a consequence, the front of the dune 
is severely scarped, as well as the beach being eroded 
(Fig. 20.14). Such post-storm profiles are common 
along the panhandle and east coasts of Florida and 
the Texas coast after hurricanes.

20.5 Summary

Coastal erosion is a huge problem, in that most of 
the world is experiencing this phenomenon. Per
manent or near-permanent removal of sediment

and rock from the shoreline areas of the globe are 
the result of many processes; some that are slow and 
small in scale, and others that are very short and 
intense. The most important global problem is the 
increase in sea-level rise over the past century or 
so. Hurricanes and other severe storms are a major 
problem in some areas and vary with both time and 
location. Such storms can cause as much damage in 
a day as may take place over centuries under so-called 
normal conditions.

Human activities have also contributed to our 
erosion problems as the result of the building of 
various structures along the coastal zone. Most of 
these structures are designed to control erosion but 
in many cases they also cause erosion. Dams on 
rivers may be far removed from the coast, but they 
can have a significant effect by prohibiting sediment 
from reaching the coast.

Suggested reading E- C. F. (1985) Coastline Changes. Chichester: W iley Interscience.
Pethick,J. (1984) An Introduction to Coastal Geomorphology. London: Edward Arnold. 
Pilkey, O. H. (ed.) L iv in gw ith  the . . . Shore. Durham, NC: Duke University Press. (Several 
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21.1 Introduction

This book has described a number of aspects of a 
broad variety of coastal environments. These dis
cussions have emphasized primarily the natural 
state of the environments and have demonstrated 
their fragile nature. We have also noted that most of 
the world’s population lives along or near the coast. 
This is probably more true in the United States than 
in any other developed country. The combination of 
fragile environments and dense population has pro
duced many problems that are growing in number 
and becoming more severe with time. Domestic, 
industrial, and even recreational use of the coast tends 
to produce extensive unnatural alterations that have 
long-term deleterious effects.

The majority of the problems associated with 
human occupation of the coast are direcdy or indi- 
recdy associated with construction of some kind 
(Fig. 21.1). Other major types of problems concern 
water and sediment quality, loss of habitat, and 
changes in hydrodynamics. In some circumstances 
more than one of these problems are related in a 
cause and effect fashion. The following discussion 
concentrates on our interaction with the natural 
coastal system. An effort is made to consider both 
the developed countries of North America and 
Europe and the developing countries. Most of the

afSsF’S1** * *

Fifl. 21.1 Example of construction activities along the coast, 
in this case Sydney, Australia, a large city built on an estuary. 
Such cities have bridges, seawalls, harbors, and other major 
construction.

critical problems rest with the former, however, 
because of their long-term industrialization.

21.2 Construction on the coast

The original coastal settlements came into being 
in order to take advantage of various attributes of a 
particular location. Perhaps it was a natural harbor, 
protection from adversaries, a desirable food supply, 
or some other benefit to the population that attracted 
the first residents to a particular coastal location. 
These coastal setdements utilized natural conditions 
without any significant modification, even in those 
areas that were densely populated. Eventually the 
pressures of increasing populations, larger vessels, 
industrialization, and other factors resulted in human 
modification of the coastal environment to better 
suit our needs. Initially most of these modifications 
were undertaken without regard for their impact on 
the natural coastal system. Surprisingly, this atti
tude continued into the twentieth century and only 
since the 1970s has our approach to coastal con
struction experienced major changes in philosophy. 
It is important that we understand how various 
types of construction will interfere with coastal 
dynamics and, as a result, how the problems are 
generated. We also need to know about alternative 
methods of coastal construction. This understand
ing permits us to make proper coastal management 
decisions in the future, whether it be as a private 
citizen or as a representative of a governmental unit.

21.2.1 History of coastal construction
Construction along all the environments of the 
coastal zone has essentially been the domain of the 
engineering community, specifically coastal engi
neering, which is commonly treated as a specializa
tion within civil engineering. The practice of this 
specialty has covered three periods of unequal dura
tion: (i) exploitation and utilization of the coast, 
which lasted the longest; (ii) the development of 
protection from coastal hazards, such as hurricanes 
or erosion, which is next in duration; and (iii) 
preservation and attempts to achieve harmony
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between nature and coastal utilization, the stage 
that we have only recently entered. Most of the 
developing countries are still in the first stage and, 
unfortunately, do not show many signs of having 
learned from the mistakes of North America, 
Europe, and Japan.

21.2.2 Materials
Attempts to protect or stabilize the coast have 
utilized nearly any type of material that one could 
imagine. Some are successful and some are not, and 
some are legally permitted and others are not. 
Regardless of material, it is generally the design of 
the structure(s), the materials used, and the location 
that determines success or failure. As might be 
expected, cost is a major factor in the design, scale, 
and materials used for this type of construction.

Poured concrete, metal sheet piling, and wood 
(Fig. 21.2) are all utilized in various ways to provide 
impermeable types o£ construction. This approach 
is termed hard construction and is generally for 
wave protection from erosion or channel stability. 
Concrete is utilized in much the same fashion in 
coastal protection as it is in buildings or  other large 
structures. Reinforcing rods and tie-downs are 
added for both strength and stability. Major factors 
in this type of construction are the thickness of 
the structure, the depth to which the footings are 
placed, and the upper elevation of the structure. 
Sheet piling can be utilized in a similar fashion 
but has an advantage of being able to be driven or 
jetted many meters beneath the sediment surface, 
thereby preventing undermining by wave action. 
Wood is the least expensive and can also be driven 
or jetted into the sediment, but it has a low strength.

Concrete is also fabricated into large elements 
called dolos or tetrapods (Fig. 21.3), which are 
composed of four appendages with a common 
origin. They range in size and are placed in inter
locking positions to provide the greatest stability 
for protection. Probably the largest in the world 
are used in Japan, where individual tetrapods are 
over 10 m in diameter and weigh many tons each. 
R ip -ra p  is a term applied to various sizes of boul
ders (Fig. 21.4) that are commonly used in different

Fig. 21.2 Construction materials commonly used: (a) poured 
concrete seawall; (b) sheet piling for a seawall around a marina; 
and (c) wood being used for a seawall. Cost is typically the 
controlling factor in which material is used for seawalls.
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Fig. 21.3 Large concrete dolos, which are commonly used to 
build large, wave-resistant coastal structures. These are used 
along harbor e'ntrances where waves are typically large. The 
combination of their mass and the very irregular surface they 
provide dissipates wave energy. (Courtesy of O. H. Pilkey.)

Fig. 21.4 Boulder rip-rap used for coastal protection. This was 
a common type of protection throughout most of the twentieth 
century but is less common now. The irregular surface absorbs 
wave energy and stabilizes the shoreline, although this is not an 
aesthetically pleasing method.

arrangements along or in combination with other 
structural material to provide protection. The basic 
approach is to build structures of blocks of various 
types of rock. Generally each one is cube shaped but 
they may have irregular shapes too. The rock may be 
limestone, granite, or generally whatever is environ
mentally acceptable, available, and has reasonable 
strength. Cost is also generally a factor. Typically 
the design of the structure will call for blocks of

Fig. 21.5 Gabions, wire baskets filled with rocks, used to 
protect dunes from coastal erosion. Here the main protection 
is provided by the large mass of these baskets.

specific sizes placed in designated parts of the struc
ture. Properly done, this is a sophisticated type of 
construction, with each piece of rock placed indi
vidually. Some types of coastal construction utilize 
smaller rock pieces, generally large cobbles or small 
boulders that are placed in large wire baskets called 
gabions (Fig. 21.5). These rectangular containers 
are then placed in various configurations and loca
tions so as to protect the coast from wave attack.

All of the above described materials have been 
used in coastal construction for over a century. 
More recently the development of synthetic fabrics 
has provided additional materials for this purpose. 
One of the most widely used is in the form of large, 
somewhat sausage-shaped, slightly porous plastic 
bags (Fig. 21.6) called longard tubes. These are 
filled with sand and placed strategically for protec
tion in somewhat the same way as gabions. Other 
bags have been filled with a mixture of cement and 
aggregate and placed along the shore. The water 
mixes naturally with the dry contents of the bag, 
which hardens to form a concrete mass to protect 
the coast.

The least expensive type of protection is also the 
most aesthetically unpleasing, and typically is inef
fective. This is the dumping of scrap debris from 
construction in areas where erosion is a problem. 
Broken concrete, asphalt, bricks, and other similar 
rubble have been used. Old car bodies (Fig. 21.7)
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Fig. 21.6 Longard tubes of plastic filled with sand to protect 
the beach from further erosion and to act as groins. Sand is 
pumped into the bags, which are porous enough to permit 
water to escape.

Fig.21.7 Car bodies dumped along an eroding bluff to retard 
the rate of coastal erosion. Although it is fairly effective, this 
ugly and environmentally bad approach to shoreline protection 
is typically carried out illegally.

have also been a popular material for protection in 
some areas. This casual and environmentally unac
ceptable approach to coastal protection is illegal in 
the USA and has all but ceased.

Fencing is also used in coastal stabilization, prim
arily to prevent or retard the movement of wind
blown sediment in much the same fashion in which 
fences are used to keep snow from roads in the 
winter. In fact, the original approach to the problem 
used the same type of wooden lath fence that is used 
for snow (Fig. 21.8). Now it is more common for 
a plastic mesh or even biodegradable material to be

Fig. 21.8 Snow fences placed along the back part of the beach 
to trap sand and help to form dunes. The fence filters wind and 
allows sand to accumulate in much the same way that it does 
along highways during winter in the high latitudes.

used for the fencing. The posts are still metal or 
preferably wood, which will biodegrade.

Some other synthetic materials that provide a soft 
or indirect approach to coastal stabilization have 
also been tried. A rubberized material that is sprayed 
on the sediment surface has been used for dune 
stabilization, with the intent that it will hold the 
sediment until vegetation can become established. 
It is a similar approach to that used along roadways 
and other areas where erosion or construction has 
exposed the soil to potential mass wasting. Another 
material that has been tried is a synthetic sea grass 
that is designed to dissipate wave energy and 
thereby permit sediment to accumulate. Although 
installed at a number of locations, it has yet to be 
demonstrated as effective.

Many types of material are still in use and are 
approved for coastal protection. In nearly all cases, 
it is not the type of material used but the design 
and location of the construction that determines its 
success. Cost is generally the limiting factor in these 
considerations, and that is certainly applicable to 
the materials chosen.
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21.2.3 Hard coastal protection
Probably the most common types of protection for 
property along the coast are within the spectrum of 
structures that are designed to protect and stabilize 
the coast. This general procedure is typically referred 
to as hardening the coast. The construction itself 
maybe poured concrete, metal sheet piling, wooden 
timbers, various sizes of boulders, or anything else 
that someone believes will stabilize a threatened 
shoreline. All of these approaches are attempts at 
keeping waves and currents from moving sediment 
or eroding rock from its present location at or near 
the shoreline. Various types of structures have been 
designed and constructed, including seawalls, groins, 
jetties, and breakwaters.

Seawalls
The landward movement of the shoreline is a 
normal and natural process along many coasts. 
Limited sediment supply, rising sea level, or simply 
the washing over of a barrier during storms may all 
cause shoreline retreat. These processes only become 
a problem when there are obstacles in the path of 
the moving shoreline. When these obstacles are 
expensive buildings or roads, they need protection 
and, in most situations, they get it. In most cases, 
this protection has been some type of hard structure 
until about the 1980s.

Anyone who has been to the shore has seen some 
type of seaw all. These vertical or sloping structures 
are generally placed parallel to the shoreline in order 
to attempt to stop, or at least retard, erosion and the 
landward displacement of the shoreline. The need 
for seawalls is the presence of buildings, roads, or 
other man-made structures that are deemed to 
require protection from this shoreline movement. 
Seawalls maybe constructed of virtually any type of 
material, ranging from plastic bags filled with sand 
to poured concrete armored with large rip-rap boul
ders. They are one of the most controversial of all 
coastal structures but are still being built in many 
areas. The problems caused by seawalls include 
scour from wave attack and eventual loss of beach, 
reflection of wave energy that may cause problems 
elsewhere, and their generally unsightly appearance.

Fig. 21.9 A vertical concrete seawall, a typical approach to 
shoreline erosion. All incident wave energy is reflected but the 
wall is stressed and may fail under constant wave attack.

Seawalls are typically limited in their extent. Even if 
the structure is successful in holding the shoreline 
position, the adjacent shoreline beyond the seawall 
will continue to retreat. This dislocation in the coast 
can also cause problems, especially with the con
tinual longshore supply of beach sediment.

Vertical and impermeable seawalls (Fig. 21.9) 
cause the greatest problems along a coast because 
they must withstand the full impact of waves. 
Permeable structures such as slotted walls or rip-rap 
walls permit some wave energy to be absorbed 
through the structure, and sloping walls will dissip
ate some of the wave energy. The problem is that 
while these structures are in place, waves scour at 
their base, eventually resulting in failure of the 
structure (Fig. 21.10). A good example of this scour 
is a seawall constructed in front of a high-rise con
dominium along the central Gulf Coast of Florida. 
After less than 10 years the water was nearly 3 m 
deep at the seawall, where there was a beach prior to 
construction a few years previously. Extreme storm 
conditions will produce similar results and will also 
overtop the walls, causing erosion behind or landward 
of them. Modern poured seawalls have tie-downs 
(Fig. 21.11) that anchor them at an angle to the 
shore, but they commonly fail. Seawalls are very 
expensive, they are typically temporary, they are 
aesthetically unpleasing, and they seem to cause as 
many problems as they solve. There are places 
where seawalls are required, however, because there
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Fig. 21.10 A  failed seawall after a storm. Sometimes the wall 
itself fails and is disrupted by waves, but in other cases waves 
scour under the seawall, which also causes it to fail.

Fig. 21.11 A vertical concrete seawall with tie-downs on the 
landward side. Excavation by storms has removed the material 
from the back of the wall, exposing the tie-downs, which are 
metal rods anchored by concrete.

Box 21.1 Galveston seawall

Many coastal engineers consider the Galveston 
seawall to be one o fthe engineering wonders of the 
world. It is, without a doubt, the most imposing 
seawall of its kind in the United States. But why is it 
there? There is nothing else even remotely like it along 
the entire Gulf of Mexico coast.

In 1900 there was a tremendous hurricane that had 
landfall near Galveston, Texas, a thriving coastal city of 
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Fig. 21.12 Galveston seawall, one of the oldest and most 
successful coastal protection projects, showing a close-up of the 
design and construction. This structure has a stone platform at 
the base and a curved face to absorb some of the wave energy 
during severe storms.

Fig. 21.13 The end effect of Galveston seawall, showing 
shoreward movement of the adjacent unprotected coast, where 
erosion is rapid. This downdrift erosion is a major problem of 
all seawalls. (Courtesy of University of T exas, Bureau of 
Economic Geology.)

is expensive property such as hotels in jeopardy. 
That being the case, the structures need to be 
designed and located properly.

Large and expensive or historical buildings, even 
entire towns, may require protection. One of the 
best examples of a qualified success in this type of 
construction is the famous Galveston seawall in 
Texas (Fig. 21.12). This structure was initially built 
after a severe hurricane in 1900 killed over 5000 
people and nearly destroyed the town. The wall was 
constructed in sections with an upper elevation of 
5.2 m above mean low water. The basic construc
tion included wooden pilings, sheet piling and rip
rap, with the bulk of the wall being a curved poured 
concrete surface. It is impermeable, but rip-rap at 
the base and the curved face absorb some of the 
wave energy. In one of the most remarkable engi
neering and construction projects of its time much 
of the town was raised up to the surface of the crest 
of the wall. Thousands of buildings, including large 
stone churches, were raised an average of over 2 m 
to accommodate it. Although the Galveston seawall 
experienced significant damage from a hurricane in 
1915 with a storm surge of 3.96 m, there have been 
no subsequent major problems during numerous 
hurricanes. The structure supports a six-lane high
way and is also the focal point for waterfront activi

ties in the community. It is limited in its length, 
however, and has caused a large offset in the coast 
(Fig. 21.13) because of shoreline retreat at the end 
where there is no stabilization. This is a typical con
dition where seawalls end and a soft shoreline exists.

Breakwaters
Some structures that are similar in configuration 
to seawalls are placed beyond the shoreline itself. 
These are called breakw aters  because they are 
designed to break up the wave energy and prevent it 
from reaching the shoreline and eroding it. These 
offshore structures may have a variety of configura
tions and locations depending upon the need. The 
simplest design is a linear and shore-parallel struc
ture (Fig. 21.14a) that is designed to protect a beach 
or other coastal feature from wave attack. This type 
of breakwater is used to try to build up beaches 
for both recreation and coastal protection. It is fairly 
widespread in Japan but until recently was uncom
mon in the United States. In recent years these 
structures have been used extensively in Louisiana 
in attempts to protect this rapidly eroding coast.

Some breakwaters are attached to the shore (Fig. 
21.14b) and may be designed to form a protective 
harbor for mooring vessels. This type of construc
tion is fairly common in southern California and
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Fig. 21.14 Examples of (a) a shore-parallel, offshore breakwater 
and (b) an attached breakwater. Both are designed to protect the 
coast, although the parallel type is for beach protection from 
wave attack and the attached type is typically to protect 
moorings for boats.

also along the Great Lakes, such as the waterfronts 
of Chicago, Cleveland, and Toronto, where natural 
harbors are absent. Because of their position in at 
least moderately deep water, breakwaters must be 
large to withstand attack by waves. They generally 
have vertical walls of poured concrete but some also 
have large rip-rap or dolos. Unlike seawalls, most 
breakwaters withstand the rigors of intense storms.

There are problems associated with breakwaters, 
especially concerning the littoral transport system of 
sediment along the coast. Virtually all breakwaters 
interfere with this system and limit or prevent sedi
ment movement along the shoreline. In the case of 
detached breakwaters that are more or less parallel 
to the coast the result is the “breakwater effect.” By

Fig. 21.15 Sediment accumulation on the mainland behind the 
breakwater. This accumulation is called a salient.

design, the breakwater limits wave energy from 
reaching the shoreline. Away from the breakwater 
at either end there is no influence and waves 
approach the shore without hindrance. They pro
duce longshore currents that carry sediment along 
the surf zone depending upon the direction of wave 
approach. Landward of the breakwater this phe
nomenon is absent or limited. The result is that 
the littoral transport system carries sediment to the 
sheltered area landward of the breakwater but 
cannot carry it beyond. This produces a large bulge 
of sediment or salient in the shoreline behind the 
breakwater (Fig. 21.15). Accumulation of sedi
ment is, of course, the objective of the structure in 
many cases, especially if the protected shoreline is 
a recreational beach. Problems can arise because 
the trapping of sediment commonly causes erosion 
downdrift from the breakwater by failing to keep 
the littoral drift system operating without interrup
tion. Additional problems result from the shoreline 
prograding all the way to the breakwater, thereby 
creating a safety hazard for beachgoers. If multiple 
breakwaters are present, deep holes can develop 
from wave action between them.

Attached breakwaters produce similar but typic
ally more severe problems. The attachment of a 
structure to the shore is essentially like building a 
dam along the shoreline. It interferes with the lit
toral system and causes large volumes of sediment 
to accumulate updrift from the “dam” (breakwater)
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Original
shoreline

Fig. 21.16 (a) Diagram and (b) photograph of a groin field 
along a beach. Notice that there is an accumulation on the 
updrift side and erosion on the downdrift side of each groin.

(Fig. 21.14b). The biggest problem is downdrift 
of the structure, where sediment is prevented from 
accumulating, thereby causing erosion. Attached 
breakwaters are generally associated with some type 
of harbor and the harbor itself commonly receives 
much of the sediment that would be transported in 
the littoral system. This sediment accumulation in 
the harbor causes navigatonal problems and moor
ing problems. In the past few decades this problem 
has been somewhat alleviated by installing sediment 
bypassing systems where attached breakwaters are 
located. The bypassing systems may be a perman
ently installed dredge and pump operation or simply 
a regular program of dredging. These systems are 
logistically difficult to keep operational due to both 
the stress of operating pumps in a saltwater environ
ment and legal challenges from adjacent landowners 
affected by the sand bypassing activity. They are 
also very cosdy.

Groins and jetties
Along with seawalls, groins are the most utilized type 
of construction in attempts to stabilize the coast. 
These are typically short structures that are attached 
perpendicular to the shoreline. They commonly 
extend across at least part of the beach and out into 
the surf zone. Construction can be of essentially 
the same variety of materials that are used seawalls. 
Groins are typically grouped along the coast in what 
are termed “groin fields” (Fig. 21.16).

The basic idea is that the groins will trap sedi
ment that moves through the littoral transport 
system and thereby maintain a beach in areas that 
would otherwise experience erosion. In theory this 
scheme makes some sense, but in practice it rarely 
accomplishes the goal. The typical result of groin 
installation includes a small-scale version of the 
attached breakwater problem: updrift accumulation 
and downdrift erosion. In some situations, erosion
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proceeds and the groins become detached from the 
beach, where they have no positive effect.

The problem with groins is primarily with the 
design. At any given location there is a proper 
design length, elevation, and spacing that will per
mit sediment to accumulate and eventually bypass 
the buried groin without causing significant down
drift erosion. The ideal groin field becomes buried 
and out of sight, except perhaps after a major storm 
that causes some temporary erosion. In reality, this 
condition is rarely achieved because of the lack of 
detailed localized data on wave climate and long
shore transport rates.

The best examples of apparently proper design 
and construction of groins tend to be along the 
North Sea coasts of the Netherlands and Germany, 
where coastal protection has been ongoing for many 
centuries. Here the severe winter storms and the 
fairly high rate of littoral drift require the groins 
to be large. Many are hundreds of meters long and 
stand several meters high. Testimony to their suc
cess is the fact that many have become buried, there 
is little asymmetry to the sediment accumulation 
on each side (Fig. 21.17), and many have lasted 
for nearly a century without major maintenance.

Jetties (Fig. 21.18) are much like groins in all 
respects, except that they are typically larger and are 
located at tidal inlets. They are built for the purpose

Fig. 21.17 A large groin in the North Sea showing burial and a 
symmetrical sand accumulation on both sides. These large 
groins work well, allow for downdrift sediment transport, and 
last for many decades without the need for major repairs.

Fig .21.18 Jettied inlet to prevent movement and infilling 
of the inlet. These structures are primarily designed to 
stabilize the inlets and permit navigation.

of stabilizing one or both sides of the inlet from 
shifting its position and preventing large volumes 
of sediment from filling in the inlet. Jetties are con
structed in order to stabilize the inlet and permit its 
continued navigation. In some cases, deepening of 
the inlet accompanies jetty construction to accom
modate the passage of deep draft vessels.

Like groins, jetties cause problems of interruption 
of the littoral drift system. Sediment accumulates on 
the updrift side and is prevented from reaching the 
downdrift side of the inlet, thus inducing erosion 
(Fig. 21.19) -  the same pattern as in groins. Because

Fig. 21.19 Inlet jetties showing extensive accumulation of 
littoral sand on the updrift side and erosion on the downdrift 
side where no sand is being supplied because of failure of 
sediment to bypass the inlet.
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jetties tend to be quite long, up to a kilometer or 
more, the amount of longshore transported sedi
ment accumulating on the updrift side of an inlet 
may be tremendous. In some cases the accumula
tion becomes so large that it extends into the inlet 
through the seaward end of the jetties as sediment 
tries to bypass the inlet. Intentional sediment 
bypassing by mechanical means is becoming a part 
of many jettied inlet maintenance programs. A 
good example of this problem is illustrated by the 
inlet south of Ocean City in Maryland, which was 
cut by a hurricane in 1933. Jetties were constructed 
shortly thereafter to stabilize the inlet in light of 
a littoral drift rate of about 140,000 m3 per year. 
No bypass system was installed and as a result the 
shoreline on Assateague Island, the downdrift part 
of the system, has retreated about a kilometer 
through washover and blowover of the barrier island 
(Fig. 21.20).

Another type of inlet problem requiring con
struction of a jetty to prevent spit growth into the 
inlet occurred at Clearwater Pass (Fig. 21.21) on 
the central Gulf coast of Florida, where the barrier 
island, Sand Key, was being extended northward 
into the inlet, causing it to narrow. In this situation 
the encroachment of the barrier spit on the inlet did 
not produce navigational problems but it did cause 
problems for an existing drawbridge over the inlet.

Fig. 21.20 Looking north across Assateague Inlet just south of 
Ocean City, Maryland. The north, developed side has been 
stabilized and the south side has not. The shoreline has moved 
hundreds of meters in less than a century. (Photograph by O. H. 
Pilkey.)

Fig. 21.21 Photographs showing Clearwater Pass, Florida,
(a) before jetty construction (1974) and (b) a few years after 
construction (1979). Arrows indicate the same buildings on 
both photographs.

The amount of water moving through Clearwater 
Pass during the tidal cycle remained fairly consistent 
over a few decades up to the early 1970s, meaning 
that the inlet cross section should remain constant. 
If extension of the barrier spit is causing the inlet to 
narrow, then it must also deepen in order to main
tain a constant cross-sectional area. Such deepening 
occurred and caused the pilings that support the 
bridge to be undermined. A long jetty was con
structed to stabilize the inlet width and keep the 
bridge from collapsing. Unfortunately, although the 
jetty has stabilized the inlet and the accumulation 
on the updrift side has provided an excellent park, 
the bridge stability problem was not resolved and a 
new bridge was constructed in 1996.
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21.2.4 Soft coastal protection
During the past few decades there has been a grow
ing trend away from hard construction and toward 
so-called soft means of coastal protection. This 
approach tries to avoid any use of foreign material in 
the coastal environment that is being protected, and 
it does not incorporate any of the traditional types 
of hard construction. The advantages are the aes
thetic appearance of the natural materials used and 
their compatibility with natural coastal processes. In 
many cases the cost is below hard construction, but 
longevity is sometimes a problem. We consider a 
few of the increasing variety of options for this 
approach to coastal protection using some of the 
more successful examples.

Beaches
One of the first approaches to soft construction was 
placement of nourishment sand on eroding beaches 
(Fig. 21.22). This practice of beach n o u ris h m e n t  
has been used since about the beginning of the 
twentieth century but has only become widespread 
and involved sophisticated design since the 1970s. 
The first nourishment efforts were typically local 
and without real planning. Generally, an eroding 
beach was supplied with the clo sest available sand. 
It might come from an adjacent dune, from just 
offshore, or from a nearby shoaling inlet. Generally, 
little attention was paid to damage to the environ
ment, to the texture of the nourishment material, or 
to design of the nourished beach area. The common 
result was environmental damage, rapid removal 
of the nourishment sand, and a overall waste of 
money. This led to a general lack of confidence in 
this approach to beach protection.

More recently there has been an increase in 
the sophistication of beach nourishment and the 
environmental damage during the process is being 
minimized. Engineers design the size and shape 
of the beach to be compatible with the adjacent 
bathymetry and wave conditions. Borrow material 
is selected to be the same size as or larger than 
ambient beach material and without mud, and the 
borrow site must be located where removal will 
cause minimal damage to benthic environments.

Fig. 21.22 Construction of a beach nourishment project 
includes (a) pumping sand onto the beach in a slurry and (b) 
grading it to the design specifications.

This approach has greatly increased the cost of 
beach nourishment but has also provided a better 
product, one that has more longevity and that has 
a good appearance. There have, however, been 
several nourishment projects that have not lasted 
very long. In some cases nearly all of the sand placed 
on the beach was removed in only a couple of years, 
while the design called for a lifetime of about 10 
years. An example is nourishment of the beaches 
south of Port Canaveral on the east coast of Florida, 
where the nourishment material was too fine 
grained and most was eroded away in less than two 
years. Another situation of early removal of much 
nourishment material took place at Myrtle Beach, 
South Carolina, as the result of Hurricane Hugo 
in 1989. This was just a matter of bad timing 
shortening the project lifetime. Though occasional 
hurricanes are expected along this coast, it is not
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Fig. 21.23 Oblique aerial photos of 
Miami Beach: (a) before nourishment 
and (b) several years after nourishment. 
This is one of the largest and most 
successful beach nourishment projects 
in the world. (Courtesy of US Army, 
Corps of Engineers.)

possible to predict when hurricanes will pass a par
ticular coast. Obviously, nourishment projects will 
experience significant sediment loss from this type 
of storm.

On the other hand, some projects have been quite 
successful and cost-effective. Probably the best 
example is Miami Beach (Fig. 21.23) in Florida, 
where for several years there was essentially no 
beach in fron t of the many luxury hotels along this 
famous tourist coast. A multiyear project of nour
ishing over 15 km of beach with millions of cubic 
meters of sand at a cost of $65 million was com
pleted in 1980. The borrow area was the shallow 
offshore area where the sediment was extracted by 
a suction dredge and pumped onshore. Here the 
sediment was placed carefully by earthmovers and 
bulldozers to conform to the design criteria. Today 
the beach is still almost as wide as after completion 
of the project, with stabilizing vegetation now 
present on the backbeach area. It is without doubt 
one of the most successful of all such projects. Other 
smaller but similar projects on Captiva Island 
(Fig. 21.24) and Sand Key on the Gulf coast of 
Florida have performed in a similar fashion. This 
approach to beach protection has almost totally 
replaced seawalls and other hard measures of pro
tection, partly because of legislation but also because 
of their cost-effective nature.

Fig. 21.24 Beach at Captiva Island, Florida, 10 years after 
nourishment. Although beach nourishment has a finite lifetime 
and renourishment is commonly necessary after 5 -7  years, this 
project has lasted more than 20 years with only minor 
renourishment.

A major problem associated with beach nourish
ment is the characteristics of the source material: its 
texture, location, and cost. The sediment must be 
essentially free of mud and organic matter in order 
to avoid problems of turbidity and fine sediment 
blanketing benthic communities. It must be coarse 
grained enough to be stable under the existing wave 
climate but not dominated by coarse shell, which 
limits the recreational value of the beach. This has 
been a problem at Mullet Key near the mouth of
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Tampa Bay and at Marco Island in Florida. Proximity 
to the nourishment site is always a consideration, 
due to its effect on cost. One of the best sources of 
borrow material is from the ebb tidal deltas of tidal 
inlets. These sediment bodies contain large mud- 
free accumulations of sand and shell. The dynamic 
nature of their surface is typically unvegetated and 
contains few types of benthic organisms, thereby 
making it possible to acquire a dredging permit and 
minimizing the environmental damage.

Current costs for beach nourishment projects 
including all aspects of design and construction 
range from about $3 to $13 per cubic meter. 
Depending upon the volume of sediment required 
per linear meter of beach, the cost ranges from 
about $0.5 to $3.0 million per kilometer of beach.

Dunes
Dunes themselves are a form of natural coastal 
protection, but they are also commonly protected 
by soft means. WincL activity causes migration and 
wave attack produces erosion of the seaward side. 
Protection and stabilization of dunes (Fig. 21.25) 
can reduce erosion and prevent their landward 
movement or destruction. Various active measures 
to solve these problems have been used at least back 
to the 1960s. Since that time there has been an evo
lution in techniques and environmental compatibil
ity that has proven to be successful.

Dunes have always been recognized as a critical

Fig. 21.25 Example of dunes that have been stabilized by 
plantings and burial of brush fences in a checkerboard patterns. 
This approach has been successful and inexpensive.

Fig. 21.26 Eolian sand being trapped by fencing. Eventually 
the fences will be buried if  the project is successful. Many of 
these fences have biodegradable plastic between the posts.

factor in protection of the coast. Maintaining them 
and facilitating their growth is a primary objective 
of coastal management. This is made difficult because 
of the extremely fragile nature of dunes, especially 
their stability. A look at a well worn foot path or a 
blowout shows how unvegetated dune sand can be 
mobilized, even in a small space.

The twofold objective of the dune management 
effort is simple: build dunes and protect them from 
destruction. Initial efforts at dune building were to 
use various types of fence to trap wind-blown sand 
(Fig. 21.26). The type and placement of fence var
ied, with the simplest configuration being one line 
of fencing at the back of the beach just in front of 
the dune. Many other more complicated arrange
ments, including boxwork fences, have also been 
used. If successful, the dune grows and is at least 
partially held in place by the fencing, which in some 
cases is buried, with a second level of fence being 
installed to try to increase the dune height. This 
activity is not without problems even though it does 
produce important dunes. The anchoring provided 
by the fences prevents any dune migration during 
washover and the result may cause accelerated ero
sion and removal of the sediment on the seaward 
side of the dune by wave attack.

Vegetation by itself and in concert with fencing 
has proven to be the best dune stabilizer and is also 
a means of producing the dunes. The combination 
of root structures, which hold sediment, and the
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leaves, grass blades, and other structures of the plants, 
which baffle winds to trap sediment and hold it in 
place, provides an effective means for keeping dunes 
from eroding except in very severe storms. Well 
planned dune building has become widespread 
along many coastal areas. One of the most simple 
but effective techniques is practiced along the Texas 
coast, where residents take their old Christmas trees 
to the beach after the holidays to be used as sand 
trapping agents in front of the existing dunes. This 
approach is very low cost, it is apparently effective, 
and the trees are biodegradable.

Another effective and inexpensive approach to 
dune stabilization is practiced along the European 
coast of the North Sea, especially in the Netherlands. 
Here, where coastal protection and control has been 
practiced for many centuries, the Dutch are using 
an important natural resource, retired people, to 
help to protect and build dunes. Extensive dune 
protection is carried out by placing small fence-like 
structures of shrub twigs and branches in shallow 
ditches (Fig. 21.27) that are dug in various patterns 
at the base of and throughout the foredunes. Retired 
coastal residents provide the bulk of the labor force 
and for it they receive a supplement to their pen
sions -  everyone gains! The short fences are quite 
effective at trapping sand and also at stabilizing 
existing dunes.

There is also some important prevention and 
maintenance that need to be incorporated into dune

Fig. 21.27 Use of brush rows along the Netherlands coast to 
trap wind-blown sand. Retirees are commonly employed to 
construct these as a supplement to their pensions.

Fig. 21.28 Boardwalk over fragile, vegetated coastal dunes.
Such structures are typically required over vegetated portions of 
the nourished backbeach.

stabilization. It is one thing to build dunes and 
stabilize them with vegetation. We must also be 
concerned with maintaining that stability. Included 
in this scheme is the construction of walkovers 
(Fig. 21.28) to prevent the destruction of vegeta
tion. Where walkovers are impractical, the use of 
wooden planking along the footpath protects the 
surface from wind erosion even in the absence of 
plants. As the dunes are being built, the paths for 
people should be oriented at an angle to the domin
ant wind direction to prevent erosion, not just per
pendicular to the beach as is so often the case. After 
the dunes reach a desired size and are stabilized with 
vegetation, the walkovers are constructed.

21.2.5 Backbarrier and estuarine 
construction
The coastal environments that are protected from 
open marine conditions tend to experience only 
small waves and tidal currents. These backbarrier and 
estuarine environments tend to be characterized by 
low physical energy, except for those such as the Bay 
of Fundy where tidal currents are very strong. In 
general, such environments are at or near equilibr
ium; any changes in their sediment distribution or 
physical size and shape that take place tend to be 
modest in scope and at a slow rate. Construction 
in backbarrier or estuarine areas tends to be for 
either of two purposes: to provide transportation or
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to provide buildings and related structures. Both 
of these can cause tremendous problems for the 
natural coast, but both can take place in harmony 
with the environment if done properly.

Causeways
Most coastal metropolitan areas include the need 
to transport large numbers of people across coastal 
bays or tidal wetlands for purposes of commuting 
to work or accessing recreational areas on barrier 
islands. Whether it be road or railway, the thor
oughfare is typically in the form of a causeway over 
the water surface. Tunnels are very expensive and 
are only used where the bay is too deep to make 
causeways cost-effective.

The easiest and least expensive construction 
approach is by building a roadbed through the 
placement of fill on the shallow coastal aquatic 
environment. Bridges for boat traffic and short 
overpasses for circulation are commonly provided 
as breaks in the otherjvise solid construction (Fig. 
21.29). Additional bridges maybe built in the event 
of a local area that is too deep for fill-type construc
tion. This approach to causeway construction is 
replete with problems. It direcdy affects bottom 
communities by burying some organisms and by 
destroying others through the dredging required 
to obtain the fill material for the causeway.

Fig. 21.29 Fill-type causeway with a bridge that permits boat 
traffic and some circulation. This type of causeway is not 
permitted any more because of its negative influence on tidal 
flux. Current causeways must be on pilings to allow for full 
circulation across their paths.

These effects are actually minor compared to the 
problems the causeway causes to tidal circulation. 
The causeway itself acts much like a dam and gready 
inhibits tidal flushing. This limitation generates two 
major problems for the coastal bay: (i) the restricted 
circulation produces problems of water quality, and 
(ii) there is a reduction in the volume of tidal ex
change, which can cause inlets to become unstable.

Most coastal bays are quite productive and are 
high in nutrients. They also commonly receive con
siderable chemical pollution from the adjacent pop
ulated areas through surface runoff and, in some 
areas, industrial waste. Restrictions in circulation 
caused by a fill-type causeway cutting across such 
a bay produce important deleterious changes in 
water quality. Eutrophication takes place due to an 
inability to remove decaying organic material and 
replace oxygen deficient water with well oxygenated 
water. The inability to disperse pollutants results 
in a decrease in the habitat’s quality, causing death, 
inability to reproduce, or stunting of various species 
in the bay.

The above effects of causeway construction are 
direct and obvious. Changes in tidal flux caused by 
the partitioning of the bay by the causeway may 
cause indirect responses to the inlets served by the 
tidal flow into and out of the bay. A reduction in 
tidal flow upsets the equilibrium condition that 
controls inlet cross section and stability. The conse
quence is commonly a decrease in inlet size, migra
tion of the inlet, and, in extreme cases, inlet closure.

This scenario has taken place at multiple sites 
on the Gulf coast of Florida, where both inlets and 
fill causeways that con n ec t  th e mainland to barrier 
islands are abundant. Dunedin Pass deteriorated 
from a width of over 500 m and a maximum depth 
of 6 m to instability and near closure during a 60- 
year period. The beginning of the problem followed 
the completion in 1922 of the Clearwater Causeway 
south of the inlet, after which the inlet cross section 
decreased greatly. After the construction of another 
causeway on the other side of the inlet about 15 km 
north of the first causeway, there was an increase in 
the rate of inlet instability and a decrease in cross 
section (Fig. 21.30). Similar conditions have arisen 
at other Florida locations and in New Jersey, Texas,
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Year

Fig. 21.30 Graph showing the influence of the construction of 
two fill-type causeways on the Dunedin Pass on the Florida Gulf 
coast. After a time lag there was a decrease in the inlet cross 
section after construction of a fill causeway. (Modified from 
M. A. Lynch-Blosse 8c R. A. Davis, 1977, Stability of Dunedin 
and Hurricane Passes, Florida. In Coastal Sediments '77. Reston, 
VA: American Society of Civil Engineers.)

and other northern Gulf coast locations. Most of 
the potentially affected inlets in these areas have 
been stabilized by jetties, thus making the response 
subde: typically an increase in sediment accumula
tion in the affected inlet. Placing causeways on 
pilings, which is now required construction prac
tice, or cutting additional tidal relief channels in fill 
causeways may reduce or eliminate the negative 
impacts of these common structures.

21.2.6 Dredging
There are many places around the coast that are 
dredged (Fig. 21.31) as part of our attempt to 
modify the environment to better suit our needs. 
Most dredging is related to the need to deepen 
or construct channels to permit boat traffic or an 
increase in the draft of boats. This is nearly always 
associated with estuaries and tidal inlets, and in 
some cases with coastal lagoons. Other dredging 
is associated with harbor and marine construction 
and maintenance, the mining of shell or sand for 
construction or nourishment, and increasing the 
area of upland properties for development. Some of 
these dredging activities have only modest effects 
on the coastal environment in which they occur, but

Fig. 21.31 Photographs showing (a) a dredge in operation 
and (b) a close-up of the rotating cutter head that cuts through 
the sediment and sucks it up to the dredge or onto a barge for 
transport. These huge dredges cost millions of dollars each and 
are now operated by computerized global positioning system to 
maintain their position and take only the appropriate sediment.

others cause some serious problems. We consider 
some of each category.

There are three primary concerns with channel 
dredging, especially in coastal bays such as estuaries: 
(i) the impact on bottom-dwelling organisms; (ii) 
turbidity and suspended sediment caused by the 
dredging; and (iii) disposal of the dredged material. 
Prior to the late 1960s and early 1970s there was 
little or nothing done to address these problems. 
Dredging destroys some of the benthic community 
and changes its environment, as well as severely 
disturbing an area equivalent to that covered by the 
channel or the part of the channel that is being 
dredged. Most coastal bays support a diverse and 
abundant bottom community that can be disturbed
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Fig. 21.32 Aerial photograph showing a plume of sediment 
turbidity due to dredging. Because dredging tends to be 
confined to sandy bottoms, this plume of suspended 
sediment only lasts for hours to a day or so.

or destroyed by the dredging process. Some recent 
studies have demonstrated the resilience of these 
organisms, which recover quite rapidly from the 
initial destruction of the community. In less than a 
year the environment returns to its original character; 
in fact some species become more dense than they 
were prior to dredging, suggesting that the habitat 
has been improved.

The second major problem with dredging is the 
turbidity and suspended sediments that are produced 
during the dredging process in estuaries or harbors 
that have significant mud content in the bottom 
sediment (Fig. 21.32). This is a twofold problem. 
First, turbidity reduces sunlight to photosynthetic 
organisms in the water column and on the bottom. 
This is often a temporary problem lasting only as long 
as the dredging activity: typically weeks or months. 
The eventual settling of the suspended sediment 
that produced the turbidity is another matter. This 
fine clay- and silt-sized sediment will accumulate 
on  the floor of the estuary or other locations near 
the dredging process. It may bury some organisms 
and it may clog the filtering system of others.

Another aspect of the dredging process is the 
disturbance of sediments that may contain material 
harmful to the environment. In industrial areas it 
may include various toxic pollutants that have accu
mulated with the sediment on the floor of the bay. 
Disturbance by dredging may o x id ize  and mobilize

certain pollutants that were stabilized or bound 
to clays during their undisturbed re d u c ed  state. 
More commonly, the problem is that the disturbed 
sediments will contain abundant organic matter. 
Releasing this organic matter into the water column 
places high oxygen demand on the environment in 
order to oxidize the organics. This process causes 
depletion of oxygen in the water and can lead to the 
death of animals, including fish. Fortunately, all of 
these kinds of problems associated with dredging tend 
to be short in duration, typically weeks to months.

The third and most problematic negative aspect 
of dredging is the disposal of the dredged material. 
It is common for millions of cubic meters of material 
to be removed during a single project. This material 
must be placed somewhere and it cannot have a 
negative impact on the environment. In times prior 
to environmental awareness and restrictions, the 
dredge spoil was placed in upland areas or on low 
wetland areas for land reclamation, thereby causing 
pollution and destroying wetland environments 
(Fig. 21.33). Now dredge spoil may be used to 
create islands within the bay or dumped offshore 
in deep water. The offshore dumping option can 
present problems for benthic communities and it is 
costly because of the transport distances involved. 
The creation of islands may be a viable alternative. 
Dikes are constructed and filled with the dredged 
spoil, which creates another wetland area and

Fig. 21.33 Placing dredge spoil in an environmentally sensitive 
location such as a salt marsh on the north island of New 
Zealand. Such practices are not allowed and this construction 
company was fined for their efforts.
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attracts abundant wildlife, especially birds. These 
impoundment islands can become important new 
habitats and recreational areas for picnics, fishing, 
and beach activities. However, drainage of the tur
bid water from these impoundment sites and wave 
erosion of containment dikes can reintroduce easily 
suspended mud to a coastal bay. Such sediment pollu
tion can be a chronic problem, as is the case along 
the Intracoastal Waterway in Laguna Madre, Texas.

21.2.7 Dredge and fill construction
Waterfront property along coastal bays is scarce and 
very expensive. For many years it was common 
practice t£> dredge from intertidal or shallow bay 
environments and dispose of the material nearby to 
create upland areas that could be used for the devel
opment of residential (Fig. 21.34) or even industrial 
property. Many industrial complexes near metropo
litan harbors have been constructed on this type of 
fill material. Included are the metropolitan areas of 
San Francisco, Long Beach/Los Angeles, Miami, 
and Boston. Residential areas constructed in this 
scenario are generally characterized by narrow, filled 
areas separated by finger canals. These not only

Fig. 21.34 Dredge and fill construction producing finger canals 
for residential development. Also no longer permitted, this 
practice reduced tidal prism through inlets and caused severe 
water quality problems because of the lack of circulation.

destroy considerable natural bay environment but 
they also create problems of pollution of bays because 
of poor circulation, accompanied by an increased 
influx of products from human occupation.

An additional problem associated with the dredge  
a n d  f i l l  practice of construction is that it reduces the 
area of the coastal bay and therefore reduces the 
tidal flux through inlets serving the bay. Such a con
dition of reduced tidal prism causes tidal inlets to 
become unstable and may even lead to their closure. 
At the least, the inlet instability has required struc
tures to stabilize its migration and maintain a tidal 
flow. This has happened in a number of locations 
along the Florida Gulf coast. Fortunately, these 
practices of dredging and construction are no longer 
permitted, but there are many coastal areas that 
retain extensive areas of finger canals.

Within these canals poor water quality commonly 
develops, in part, because most such construction is 
in coastal bay settings where tidal range is low, caus
ing circulation to also be low. Virtually all the canals 
have a single opening, providing no opportunity 
for through-flowing tidal circulation. The problem 
is compounded by a high rate of nutrient and pollu
tion influx from lawns, gardens, storm-water runoff, 
and other products of human occupation. These 
conditions lead to anoxic conditions and greatly 
reduce the number of fish, crabs, clams, and other 
animals that can live in the canal environment. In 
some cases, phytoplankton blooms flourish in these 
canals due to the stagnant, nutrient-rich water. 
Attempts to alleviate the problem have included 
aeration pumps to help add oxygen to the water and 
large diameter pipes to connect adjacent canals 
through the fingers. Although the practice of finger 
canal construction has essentially been stopped in 
most states in the United States, it is still practiced 
in other parts of the world, such as Australia and 
New Zealand.

21.3 Mining the coast

The term mining generally calls to mind gold mines, 
open pit coal mines, or other large-scale removal 
of valuable earth resources. The definition of the
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Fig. 21.35 Mining the beach for sand on a Caribbean island. 
The beach may be the only source of sand for construction 
purposes, although the removal of sand from the beach is illegal. 
(Photograph by D. Bush.)

term indudes removal of any earth material for 
consumption while making a profit. Some of the 
materials and rocks of the coastal zone are currently 
being mined, a few ou a large scale. The products 
that are or have been taken include sand, gravel, 
heavy minerals, shell, beach rock, and salt.

Sand is the most important commodity currently 
being mined on the coast (Fig. 21.35). It is taken for 
a wide range of uses, especially for beach nourish
ment and for construction. Initially, nourishment 
material was taken from any close place where high- 
quality sand was available, typically dunes and 
nearby beaches. Due to increasing recognition that 
dunes protect coastal development from storm 
damage, coastal dunes are tightly protected from 
alteration. Thus, virtually all beach nourishment 
sand now comes from one of three sources: offshore 
beyond the zone of regular wave action, ebb-tidal 
deltas off inlets, and upland sources away from the 
active coastal zone.

Glass and foundry sand for industry is taken 
from dunes in many parts of the world. These uses 
require very pure quartz sand, especially for the glass 
industry. There are still many locations where sand 
is taken direcdy from the foredunes but most min
ing is restricted to the landward inactive dunes. Less 
and less of this activity is taking place as coastal 
management regulations are adopted and enforced, 
although some mining is still being conducted on

the active beach. This is generally limited in volume 
and is still permitted because of old long-term 
agreements. Most common sites are at fillets of 
sand near structures or headlands and at the end 
of prograding spits. These locations minimize the 
problems to the beach area but the result is removal 
of a valuable resource from that environment.

Sand is very scarce in some areas, causing great 
problems for construction. This is particularly the 
case in some developing island countries that lack a 
major river system that can provide a sand source. 
This situation has led to mining of the active beach 
or any other available and accessible sand source. 
One bizarre example is on the north coast of 
Puerto Rico, where sand is scarce and construction 
is booming. The beaches are having their sand 
“rusded” in the dark of night by end loaders 
working in tandem with trucks to remove sand. 
Authorities are now patrolling the beach to pre
vent this illegal mining operation.

Heavy minerals are those that have a high density 
as compared to quartz, calcium carbonate, or other 
minerals. They commonly accumulate as placer 
deposits or concentrations in backbeach areas as 
erosion occurs on the beach and adjacent dunes. 
Many of these minerals are valuable commodities, 
such as ilmenite, rutile, zircon, garnet, and magnetite. 
Concentrations of only 1 or 2% by volume can be 
economic and typically are found in old backbeach 
and beach ridge deposits along the coast. These 
deposits are currently being mined using dredges, 
with the desirable minerals separated by hydraulic 
processes, a mining activity that produces tempor
ary damage to the environments involved in the 
form of long shallow pits. Typically less than 3% of 
the sand volume is removed, permitting backfilling 
with no significant loss of sediment. Strict reclama
tion regulations require the companies to return the 
mined area to its condition prior to excavation. The 
most extensive accumulations of heavy minerals 
are along the west coast of the North Island of New 
Zealand, where black sand (Fig. 21.36) of nearly 
90% magnetite (iron oxide) comprises beaches and 
dunes. Dredges separate the economic commodity, 
which is pumped in a slurry onto ships for transport 
to Japan, where it is processed in the steel industry.
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Fig. 21.36 Black iron-rich sand on the west coast of the North 
Island of New Zealand. This sand is mined and shipped to Japan
for use in the steel industry.

s

Here the large volumes of sand removed create lakes 
along the coast.

Salt has been an important commodity since the 
beginning of civilization. It is typically produced in 
various evaporite areas, in interior desert environ
ments, and also in coastal environments. Conditions 
necessary for the formation of halite, common salt, 
include a high rate of evaporation as compared to 
precipitation, and a source of sodium and chlorine. 
Both elements are abundant in seawater and many 
coastal lagoons provide an evaporitic environment.

Economic deposits of halite occur in natural set
tings and also in evaporite ponds constructed along 
the coast (Fig. 21.37). Most of these halite-forming

Fig. 21.37 Salt ponds for producing commercial products on 
the southern coast of Spain. Evaporation under arid conditions 
produces precipitation of halite.

areas are in low latitudes; for example, along coastal 
areas of the Persian Gulf and the southern Mediter
ranean Sea. Some of the constructed ponds are also 
located in the mid-latitudes, such as along the 
southern part of San Francisco Bay in California.

Some of the rocky coasts provide important 
materials for quarrying. Uses range from crushed 
stone for aggregate or road metal to dimension 
stone that is used in various types of construction. 
In most cases, the use of coastal sources of rock is 
uneconomic because of logistics or distances to the 
area of use. Typically this type of quarrying is done 
only where no other source is available, such as on 
small islands. Probably the most extensive quarry
ing of the coast was carried out in the Caribbean 
during the early Spanish occupation. Many of these 
islands and the east coast of Florida have abundant 
beachrock and eolianite as the only available rock. 
Many of the original fortifications on these islands 
were built from this type of limestone. The fort at 
St Augustine, Florida, the oldest city in the United 
States, is made from local beachrock.

21.4 Water quality

Throughout time, the human attitude to aquatic 
environments has been that rivers, lakes, and the 
ocean are places where waste can be disposed with
out problems; “out of sight, out of mind” or “dilu
tion is the solution” approaches. Unfortunately, 
these practices have been quite prevalent in coastal 
waters and in the ocean as a whole. Problems of 
water quality caused by these attitudes are not new, 
they have been around at least since the industrial 
revolution. With increasing human populations 
and waste production, coastal waters have been less 
able to diluting the loads of human and industrial 
waste. Also, some waste simply accumulates, reach
ing toxic levels after years of input. Environmental 
awareness, along with the new ordinances and 
regulations that have followed, have changed our 
attitudes toward the water environment. Unfortun
ately, we are still overcoming some of the attitudes 
and practices of the past, but progress has been 
made.
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21.4.1 Nutrient loading
Coastal waters tend to be shallow, especially in bays. 
Most of these coastal waters are naturally product
ive because of the high amount of nutrients that is 
present. These nutrients encourage phytosynthesis 
by diatoms, various algae, and seagrasses. Animals 
that feed on this plant matter are thus also abund
ant. Nutrients come from the chemical weathering 
of rocks and soil and are carried by streams to estu
aries, where they support a dense and generally 
diverse community of organisms. This is a primary 
reason for estuaries being nurseries for the open 
marine environment.

As humans began to occupy the coast, especially 
the margins of coastal bays, the natural system 
changed and water quality deteriorated. Domestic 
waste has always been a problem in coastal waters 
because of nutrient loading and also because of 
coliform bacteria and other potentially dangerous 
pollutants. As agricultural development of the land 
began to utilize fertilizers, the runoff contributed 
considerable amounts of nutrients (nitrogen and 
phosphorus) to the coast. The same is true for runoff 
from residential areas around coastal bays.

Around many highly populated coastal areas 
the adjacent waters are overloaded with nutrient 
materials, causing extreme rates of productivity 
and algal blooms. The shallow bays become choked 
with vegetation that dies and decays, causing high 
oxygen demand and thus threatening fish and other 
animals that take their oxygen from the water. The 
process keeps getting worse because the decay makes 
more and more nutrients available as raw materials 
for photosynthesis. This snowballing effect even
tually stifles all life in the estuary except for huge 
quantities of plant material.

The only solution to this condition is to restrict 
use of nutrient-bearing compounds and materials, 
and to better control the runoff discharge into 
coastal waters. Regulation of use is a difficult prob
lem unless fertilizers are restricted in availability. 
The better way to solve the problem is by discontin
uing the practice of discharging runoff via storm 
drains into coastal bays. Retention ponds can cap
ture the nutrients, and the retention waters can be

put to good use as irrigation material. This prac
tice also helps to recharge the groundwater supply. 
These approaches are being followed in scattered 
coastal areas, especially in Florida, but costs are 
high. Future infrastructure plans will include some 
portions of this scheme but it will be some time 
before it is a widespread method of dealing with 
storm water runoff.

The other primary type of nutrient loading has 
been a problem for much longer. Sewage discharge, 
ranging from untreated to tertiary treated, is cur
rently entering coastal waters in varying amounts. 
In less developed parts of the world, like Southeast 
Asia, raw sewage enters coastal waters on a regular 
and large-scale basis. In most developed countries 
only tertiary treated waters are discharged unless 
there are problems with the volume of sewage 
being directed to the treatment plants. As coastal 
development continues to grow, overloading of 
these facilities is becoming a regular occurrence.

Industrial pollution is another major source of 
coastal pollution, although present regulations have 
stopped blatant dumping. Many industries use toxic 
chemicals, which until recently were simply dumped 
into storm sewers or buried without regard to their 
ultimate destination. Various heavy metals, acids, 
organic compounds, and other pollutants may be 
dumped in this fashion (Fig. 21.38). These chemicals 
may find their way into sediments, be concentrated 
in certain organisms, or be distributed to other areas 
by tidal currents. Although the presence of such 
pollutants in any coastal environment is harmful to 
the environment, it is a temporary condition that 
can be corrected, sometimes surprisingly quickly.

The shallow coastal waters of the western end 
of Lake Erie are about midway between Detroit, 
Michigan, and Toledo, Ohio, two cities dominated 
by heavy industry. Tremendous pollution from the 
auto and glass industries among others resulted in 
this coast becoming essentially a biological desert 
during the 1960s. Strict regulations on waste disposal 
caused the coastal waters of the lake to gradually 
clean up and various organisms, including game 
fish returned. After a period of less than ten years, 
the environment returned to its pre-industrial 
quality.
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Fig. 21.38 Water colored by chemical pollutants as the 
result of industrial waste eminating from a paper mill along 
the coast of Spain.

Fig. 21.39 Sedimentary fluorite on the floor of intertidal 
Tampa Bay from the effluent of a phosphate beneficiation plant. 
This chemical pollution has been eliminated by prohibiting the 
discharge of waste from acidization processes into the estuary.

Another example occurred in Tampa Bay, one of 
the largest estuaries in Florida. A phosphate plant 
was disposing of considerable sulfuric acid in the 
bay, resulting in water quality deteriorating to a 
pH of less than 2, with virtually all life gone. Even 
exotic minerals such as fluorite were precipitating 
on the estuary floor (Fig. 21.39). After the acid 
discharge was stopped the water quality began to 
improve and within three years the affected area had 
returned to its natural state, with a typical estuarine 
community. There is presently litde evidence of the 
acidic condition of this part of T ampa Bay.

21.5 Summary

The coastal zone comprises numerous environments, 
many of which are fragile. It is been occupied by 
humans for millennia, generally with litde or no 
major modifications other than harbors and ports. 
Exceptions like Venice in Italy or the nearly com
pletely engineered coast of the Netherlands can be 
found but generally people lived in harmony with

the coast until the nineteenth century. This changed 
dramatically in two distinctly different times, for 
somewhat related reasons. First, the industrial 
revolution led to a great expansion of population, 
industrialization, and shipping, all utilizing the 
coast. Much more recently, essentially after the 
Second World War, an explosive increase in use 
of the coast for residences and recreation took 
place. Some of these activities have been in har
mony with the dynamics of the coast but others 
have not.

Dense populations with numerous large build
ings and protective structures have interfered with 
many natural processes, such as littoral drift and 
tidal flow, and we have dumped numerous unnat
ural materials in coastal waters. Fortunately, the 
coast and its natural systems are quite resilient. Cor
recting our mistakes can return much of the natural 
environments to near their original condition. At 
this stage, we have reached the level of recognizing 
the problems that have been created; the future 
must include not only stopping them but also cor
recting past mistakes.
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Glossary

ablation Term given to the collective processes of ice 
wastage, including melting, sublimation, and ice 
calving into water, 

abrasion Mechanical removal of rock through grind
ing, scraping, and other physical processes, 

accretionary beach A beach where the dominant con
dition is deposition of sediment or stability; erosion is 
absent or quite limited, 

active margin Type of continental margin coinciding 
with the edge of a lithospheric plate where two plates 
are colliding. Because these margins are largely con
fined to the rim of the Pacific, this type of margin is 
also termed a Pacific margin.

Afro-trailing edge coasts Coast defining the passive 
margin of a continent in which the opposite side of the 
continent is also a passive margin (e.g. east and west 
coasts of Africa). The lack of a collision zone means 
that there are no major mountain systems to supply 
large quantities of sediment to the coast, as compared 
to Amero-trailing edges, 

aggradation Vertical building process due to the depo
sition of sediment, 

aggrading barriers Barriers that build vertically in a 
regime of rising sea level and generate the same 
approximate arrangement of environments as they 
did following their formation and stabilization, 

air compression Air trapped by breaking waves between 
the water and a cliff face becomes extremely highly 
pressurized, and when compressed into the crevices 
of rocks leads to enlargement of cracks and ultimately 
to shattering of the rocks, 

alpine glacier Glacier occupying a mountain valley.
Also called a valley glacier.

Amero-trailing edge coasts Coast defining the passive 
margin of a continent in which the opposite side of

the continent is a collision margin (e.g. east coast of 
North and South America). This coast is typically 
low-lying and depositional, and receives large quant
ities of sediment, 

amphidromic point Nodal point at the center of an 
amphidromic system around which the tidal wave 
rotates. At the amphidromic point the tidal range is 
zero.

amphidromic system Portion of an ocean basin or 
coastal sea within which a tidal wave rotates, 

anticyclones Dome of high-pressure air producing a 
clockwise-circulating air mass, 

aphelion Position of the Earth’s orbit when it is far
thest from the sun. 

apogee Position of the Earth’s orbit when it is closest to 
the sun.

asthenosphere Semi-plastic layer in the upper mande 
extending from the base of the lithosphere to a depth of 
several hundred kilometers. The plastic nature of this 
layer is due to partial melting.

Atlantic margin Type of continental margin coincid
ing with the middle of a lithospheric plate. Because of 
the lack of tectonism, it is also termed a passive margin. 
Atlantic margins are wide and gently sloping due to 
long-term sediment deposition and subsidence, 

atoll Ring-shaped chain of coral reefs and islands that 
surround a lagoon in the open ocean. Atolls, commonly 
formed over sinking volcanoes, have no landmass. 

avulsion Change in the course of a river or stream that 
steepens its gradient and shortens its length, 

backshore Landward portion of the beach, extending 
from the high-water line to the base of the dunes or 
cliff face. This region of the beach is covered by water 
only during storms and exceptionally high spring tides. 
Also called a backbeach.
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bar migration The landward movement of a subtidal or 
intertidal sandbar toward the shoreline. The onshore 
migration is due to the action of breaking and shoaling 
waves as well as wave-generated currents. On ebb-tidal 
deltas flood-tidal currents augment the landward 
migration ofbars. 

barrier interior Middle of the barrier extending land
ward from the foredune ridge through the secondary 
dune system to the rear of the barrier. This region 
commonly consists of one or more of these elements: 
isolated dunes, sand sheets, washovers, blowouts, ridge 
and swales, ponds, and salt marsh, 

barrier reef Coral reef surrounding an island or off
shore of a landmass. The reef is commonly cut by surge 
channels and separated from the land by a lagoon, 

banier rollover The landward migration of a barrier, 
accomplished primarily through the process of storm 
overwash.

barrier spit Elongated, wave-built accumulation of 
sand that builds through longshore sediment transport. 
Attached to the mainland or a larger sediment accumu
lation at the updrift end. 

barrier stratigraphy The sequence and composition of 
the layers of sediment comprising the barrier, 

baiycenter Center of mass of the Earth-Moon system. 
The barycenter is within the Earth due to the much 
greater mass of the Earth compared to that of the Moon, 

basal slip Type of glacier movement facilitated by water 
acting as a lubricant that reduces the friction between 
the base of the ice and the underlying bedrock or sedi
ment surface.

basalt Dark-colored, fined-grained igneous rock com
prising the oceanic crust, 

bayhead delta Delta formed at the head of an estuary 
or embayment due to sediment deposition by a river 
entering the estuary, 

beach Deposit of unconsolidated sediment, ranging 
from boulders to sand, formed by wave and wind pro
cesses along the coast. The beach extends from the base 
of the dunes, cliff face, or change in physiography 
seaward to the low-tide line, 

beach ridges Vegetated former foredune ridges mark
ing previous beach positions. Low areas between ridges 
are called swales, 

beachrock Lithified beach sediment, dominated by 
carbonate sediment, that forms in low latitudes due 
to cementation, 

bedform Sediment accumulation form with a system
atic morphological pattern, which is related to the flow 
conditions between the fluid and sediment interface.

benches See platforms.
berm The flat upper surfaces of the steplike features 

that may occupy the backshore. See backshore. 
bioturbation Disturbance of the sediment or substrate 

by organisms through burrowing, boring, or grazing, 
brackish Water with intermediate salinity between 

freshwater and saltwater, 
capillary wave The first wave to develop when the wind 

begins to blow over a water surface. The wavelength is 
less than 1.7 cm and the restoring force is primarily 
surface tension, 

carbonate minerals Minerals formed by the bonding 
between the carbonate ion (C 0 3)-2 and positive ions 
such as calcium (Ca C 0 3). 

centrifugal force Apparent force acting outward on an 
object moving in a curved pathway, such as the Moon 
traveling around the Earth, 

coast Zone extending from the ocean inland across the 
region directly influenced by marine processes, 

collision coasts Coastline coinciding with the conver
gence of two lithospheric plates (e.g. the west coast of 
North and South America), 

continental drainage Pattern in which rivers drain a 
continent.

continental drift Movement of continents across the 
Earth’s surface by plate tectonic processes, 

continental glaciers glacial ice of considerable thick
ness covering a large portion of a continent (see ice 
sheet).

continental margin The underwater edge of a contin
ent including the continental shelf, continental slope, 
and continental rise, 

continental rise Wedge of sediment deposited at the 
base of the continental slope mostly by sediment grav
ity flows.

continental shelf Shallow, seaward-sloping platform 
that is part of the continent, extending from the shore
line to the continental slope, 

continental slope Relatively steeply dipping portion 
of the continental margin seaward of the continental 
shelf and extending to the continental rise, 

convergent boundary Zone along which two litho
spheric plates converge, 

coppice mounds Small accumulation of wind-blown 
sand around a plant, 

coral reef Calcareous organic reef that is resistant to 
wave action. The surface of the reef consists of living 
coral, calcareous algae, and other attached organisms. 
The reef framework is composed of living and dead 
coral, lithified coral debris, and carbonate sand.
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co-range lines Lines on a map of an amphidromic 
system connecting points of equal tidal range, 

co-tidal lines Synoptic lines on a map of an amph
idromic system showing locations where the tidal wave 
progresses around the amphidromic point, 

core The innermost region of the Earth beginning 
at the base of the mantle. Thought to be composed 
primarily of iron and nickel.

Coriolis effect Apparent deflection of moving particles 
on a rotating Earth. In the northern hemisphere mov
ing particles are deflected to the right, whereas in the 
southern hemisphere they are deflected to the left. 
There is no apparent deflection at the equator, 

crevasse splay Fan-shaped deposit associated with a 
delta or river floodplain. Commonly formed when 
floodwaters breach a levee, allowing sediment to flow 
from the river into the adjacent lowland, 

crust Outermost shell of the Earth, which ranges in 
thickness from 5 to 7 km under ocean basins and up to 
35 km beneath continents, 

cuspate foreland A broad triangular projection of the 
shoreline commonly referred to as a cape (e.g. Cape 
Hatteras). It maybe more than 25 km across and asso
ciated with converging longshore transport systems 
and/or former river deltas, 

cuspate spit Triangular accumulation of sand that ex
tends from a barrier or mainland shoreline into a bay or 
lagoon. Characterized by converging sand transport cells, 

cyanobacteria Microscopic blue-green algae, 
cyclogenesis Process of cyclone development (low- 

pressure system). Cyclonic circulation is formed along 
an advancing frontal system in which the two air masses 
have a slight component of differential movement, 

cyclone Weather system characterized by central low 
pressure compared to the surrounding airmass. Cir
culation is counterclockwise, 

delta Accumulation of sediment that is deposited at 
the mouth of a river, 

delta front Subaqueous, high-energy portion of the 
delta beyond the delta plain that is characterized by 
active sand deposition grading seaward into deeper 
prodelta mud.

delta plain The landward part of a delta that consists 
of subaqueous and subaerial environments, including 
distributary channels, levees, crevasse splays, and 
interdistributary bays, 

desert pavement Thin lag deposit consisting of closely 
packed pebbles and larger gravel that protects the 
underlying surface from deflation, 

detritus feeders Organisms that feed on organic debris.

dissipative beach Beach with a flat to low gradient 
profile such that wave energy is expended over a wide 
area.

distributaries System of secondary channels near the 
mouth of a river that distribute its sediment and water 
discharge.

diurnal tides Tides consisting of one high tide and one 
low tide each tidal day of approximately 24 hours and 
25 minutes.

divergent boundary Zone along which two litho- 
spheric plates diverge (e.g. mid-ocean ridges), 

drowned river valley The flooded mouth of a river. 
Caused by valley enlargement during sea-level lower
ing and subsequent drowning of the valley during the 
Holocene transgression, 

drumlin A teardrop-shaped accumulation of glacial 
sediment ranging from 15 to 50 m in height and 
0.5 to 2 km in length. It represents an equilibrium 
bed configuration in which the flowing ice molded 
the underlying water-saturated till into large mounds. 
Some may be erosional remnants, 

dunes see sand dunes.
easterlies Planetary-scale surface winds that blow from 

the northeast in the Tropics. Also referred to as the 
“trade winds.”

ebb-tidal current Tidal current associated with the 
falling tide and usually flowing in a seaward direction 
out of a bay or tidal inlet, 

ebb-tidal delta Arcuate to elongate-shaped shoal on the 
seaward side of a tidal inlet. Formed by ebb-tidal cur
rents and modified by waves and flood-tidal currents, 

eccentricity One of the variations in the Earth’s orbital 
characteristics. It is a measure of the degree to which 
the Earth’s orbit around the Sun is circular versus 
elliptical.

end moraine Ridge of glacial sediment marking the 
former front of a glacier. It forms during periods of ice 
sheet stabilization. The glacier continuously transports 
sediment toward the terminus, where it melts out and 
is deposited. As this process continues through time, 
the accumulating sediment forms an end moraine, 

eolianites Lithified dune sand. Usually the sand is of 
Quaternary age and composed of calcium carbonate, 
as is the cementing agent, 

eolian Having to do with the wind, 
epifauna Animals that live on the ocean bottom, as con

trasted with infauna, which live within the substrate, 
equilibrium fide Theoretical tide based on the Earth’s 

surface being completely enveloped by water, with no 
intervening continents or other landmasses. The oceans
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are extremely deep and uniform, and the two tidal 
bulges remain fixed toward and away from the Moon, 

erratics Large boulders that are moved by glaciers and 
transported far from their origin, 

estuary Semi-enclosed coastal body of water that has a 
free connection to the open ocean and within which 
seawater is measurably diluted by freshwater derived 
from land drainage, 

eustatic sea-level change Worldwide change in sea 
level resulting from a change in the volume of the 
oceans or the size of the ocean basins, 

evaporite minerals Minerals that precipitate from 
water during evaporation, 

failed third arm Relic feature of the rifting process in 
which a spreading mantle plume beneath a land mass 
breaks apart a continent, producing a failed rift valley. 
It extends from the coast toward the interior of a con
tinent. Failed third arms may evolve into sites of 
continental drainage, 

fecal pellets Aggregates of sedimentary particles result
ing from excretion by organisms.

Feirel cell Atmospheric convection cell existing between 
30 and 60° latitude. This cell is formed due to sinking 
air at 30° latitude and rising air at 60° latitude, 

fetch Distance over which the wind blows, 
fim Granular ice formed by the recrystalization of 

melting snow. Composition is intermediate between 
snow and glacial ice. 

fjord A long and narrow U-shaped flooded valley con
nected to the ocean or sea. Sometimes described as an 
arm of the sea that extends into a coastal mountain 
range. Formed by alpine glaciers that deepened exist
ing mountain valleys below sea level, 

flaser bedding Type of stratification consisting of ripple- 
cross strata alternating with discontinuous mud drapes, 

floodplain Broad flat land bordering a stream or river. 
It is covered by sediment deposited during periods of 
floods.

flood-tidal current Tidal current associated with the 
rising tide and usually flowing in a landward direction 
into a bay or tidal inlet, 

flood-tidal delta Horseshoe to multilobate shaped sand 
shoal located landward of a tidal inlet, formed by flood- 
tidal currents and modified by ebb-tidal currents. Some 
flood deltas are a product of storm processes, 

fluvial delta See delta.
flying spit Type of spit that occurs along straight to 

slightly irregular shorelines and extends at an acute 
angle to the beach. They are found along semi
protected shorelines and may contain recurved ridges.

foredunes Vegetated coastal dune system that forms 
the landward border to the beach. Also called the fore 
dune ridge or primary dune, 

foreshore The intertidal portion of the beach, extend
ing to the landward change in slope. Also called the 
forebeach or beach face. Includes the swash zone, the 
part of the foreshore over which the waves uprush and 
backwash as each one meets the shore, 

fringing reef Coral reef that is contiguous with the 
adjacent shoreline, 

funnel-shaped embayment Deeply embayed coastline 
(100 km wide) associated with macrotides. Commonly 
a river discharges at the head of the embayment, such 
as the Bay of Bengal, India, Gulf of Cambay, India, 
and Cook Inlet, Alaska, 

glacial rebound Uplift of land following deglaciation 
due to the mass of the ice being removed from the land 
surface; an isostatic response of the lithosphere. 

Gondwanaland Southern part of Pangaea comprising 
South America, Africa, India, Australia, and Antarctica, 

gravity waves Waves whose velocity of propagation is 
controlled primarily by gravity. Most wind-generated 
waves are gravity waves.

Hadley cell Atmospheric convection cell existing 
between the equator and 30° latitude. This cell is 
formed due to rising air in the equatorial region and 
descending air at 30° latitude, 

heavy minerals Minerals with a specific gravity greater 
than 2.85. They include garnet, ilmenite, magnetite, 
sphene, and zircon, 

hermatypic corals Reef-building corals that have a sym
biotic relationship with a blue-green alga, Zooxanthallae. 

high marsh Portion of a salt marsh above mean high 
water.

horse latitudes High-pressure region occurring at 30° 
latitude. Formed by a descending airmass that com
presses, producing high pressure, dry air, and variable 
winds. So named due to early sailing ships being 
becalmed in these latitudes and having to throw horses 
and livestock overboard when the ship ran out of water, 

hurricane Tropical cyclonic storm with wind velocities 
exceeding 117 km h-1. The term is used for storms 
occurring in the North Atlantic, 

ice age Cycle of glaciation, which began approximately 
2.4 million years ago, when fluctuations in the world
wide climate caused the periodic advance of huge ice 
sheets in high latitudes, followed by a general retreat of 
the glacial ice. Coincident with the waxing and waning 
of ice sheets was the fall and rise of sea level, by as much 
as 100 m.
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ice sheets Glacial ice covering millions of square kilo
meters and reaching several kilometers in thickness. 
Because of their great surface area, they are also called 
continental glaciers, 

ice wedging Physical weathering process whereby the 
expansion of water freezing in the cracks and crevices 
of rock wedges the rock apart, 

igneous rocks Rock formed from the ciystalization of 
magma.

infauna Organisms that live within the sediment bottom 
(see also epifauna). 

intertropical convergence zone (ITCZ) Zone of con
verging northeast trade winds and southeast trade winds. 
This zone occurs at about 5° north of the equator, 

island arc Group of volcanic islands that have a 
curvilinear arrangement and are associated with the 
subduction of an oceanic plate beneath an oceanic plate 
(e.g. Aleutian Islands), 

isobars Line connecting points of equal barometric 
pressure on a weather map. 

isostasy Equilibrium condition whereby portions of the 
Earth’s crust are compensated (floating) by denser 
material below, 

isotopes Atoms with the same number of protons but 
different numbers of neutrons, 

lagoon Shallow coastal body of seawater that is separ
ated from the open ocean by a barrier or coral reef. 
The term is commonly used to define the shore-parallel 
body of water behind a barrier island or barrier spit, 

land breeze Breeze that blows offshore due to the cool
ing of the landmass during the evening and night, 

landward margin The back side of a barrier, which 
might abut an intertidal sand or mud flat, a salt marsh, 
or an open water area associated with a lagoon, bay, or 
tidal creek.

Laurasia Northern part of Pangaea, comprising most 
of North America, Eurasia, and Greenland, 

leeward reef Leeward side of a coral reef that receives 
relatively low wave energy, 

lenticular bedding Type of stratification consisting 
of discontinuous lens-shaped sand beds within a mud 
sequence.

lithosphere Outer shell of the Earth, consisting of ocean 
crust, continental crust, and the rigid upper portion of 
the mantle.

lithospheric plates The outer sheE of the Earth is broken 
into eight major and several minor lithospheric plates, 

littoral drift Sediment that has been transported in 
the nearshore zone by the longshore current. It is the 
material that has been moved, not the process of

movement. The term describing the process is called 
longshore sediment transport, 

longshore bar Shore-parallel sand bar in the nearshore 
zone that is formed by wave processes, 

longshore current Current in the nearshore zone that 
is produced by angular wave approach, 

longshore sediment transport Movement of sediment 
along the coast in the surf and breaker zones by wave 
suspension and the longshore current, 

low marsh Portion of salt marsh extending from mid
tide to just below high water, 

magma Hot molten rock capable of flow, 
mangal A swamp covered with woody shrubs and trees 

typically called mangroves, 
mantle Portion of the Earth between the crust and 

core.
mantle plumes Hot columns of mantle rock that rise 

toward the surface through the mantle. The top of the 
plume maybe mushroom-shaped, 

marginal sea coasts Continental coastline landward 
of an island-arc system, 

marine terraces Wave cut platforms that have been 
elevated by a drop in sea level or tectonic uplift, 

marsh Low-lying vegetated wetlands occurring in the 
upper intertidal to supratidal zone. Salt marshes occur 
in protected environments, such as behind barriers. In 
these regions salt grasses and succulents colonize them, 

mean sea level Average water level position measured 
over a period of 19 years, which takes into account 
natural tidal oscillations, 

mean tide Average tidal conditions between spring tide 
and neap tide.

megaripples Bedform with a wavelength greater than 
0.6 m.

mesotidal Tidal range between 2 and 4 m. 
metamorphic rock Rock that has been transformed as a 

result of heat and pressure without melting, 
microtidal range Tidal range less than 2 m. 
Milankovitch cycles Cyclical changes in the Earth’s 

orbital characteristics. The additive result of these 
cycles was shown by Milutin Milankovitch to be linked 
to climatic changes on the Earth, 

mixed energy coast Coast in which the morphology 
has developed through a combination of wave and 
tidal processes, 

mixed estuary An estuary that produces a vertically 
homogenized water column with a gradient of 
increasing salinity toward the ocean, 

mixed tides Semi-diurnal tide with unequal successive 
high and low tides.
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monsoon Seasonal winds in low latitudes that produce 
intense rainfall. These zones usually have wet summers 
and dry winters, 

mudcracks Desiccation cracks in mud, usually with a 
polygonal structure, 

natural levee Ridge of sediment that parallels both 
banks of a river or distributary. It forms during flood 
events when water and sediment flow beyond the 
banks of the river and sediment is deposited, 

neap tide Smallest tidal range during a lunar cycle. 
Occurs when the Earth, Moon, and Sun are at right 
angles to one another (quadratic position) during the 
first and third quarters, 

nearshore bar Sand bars occurring in the nearshore 
zone (see also longshore bar), 

nearshore zone Zone from the shoreline seaward to a 
point just beyond the breakers, 

neo-trailing edge coasts Coastlines along linear seas 
that have been created by spreading zones. These 
coasts are geologically young, such as the Red Sea. 

northeasters Type of extratropical cyclone that travels 
northward along the east coast of the United States and 
Canada, producing strong winds and waves from the 
northeast.

obliquity The Earth’s axis of rotation is inclined 23.5° 
with respect to a line drawn perpendicular to a plane 
containing the Earth’s orbit. This is commonly referred 
to as the Earth’s tilt, 

oceanic reef Coral reefs associated with volcanic islands 
in ocean basins, 

ocean trenches The deepest part of the oceans. Nar
row deep troughs that parallel a continent or island 
arc and are formed by the subduction of an oceanic 
plate.

overwash Sediment that is transported from the beach 
across a barrier, and is deposited in an apron-like accu
mulation along the backside of the barrier. Overwash 
usually occurs during storms when waves break through 
the frontal dune ridge and flow toward the marsh or 
lagoon.

outwash plains Braided stream deposit beyond the 
margin of a glacier. It is formed from meltwater flowing 
away from the glacier, depositing mosdy sand and fine 
gravel in a broad plain, 

oxbow lake Lake formed when a river cuts through a 
meander bend. The river eventually abandons the 
curved-channel region, producing an arcuate lake. 

Pangaea Single continent that existed about 200 mil
lion years ago prior to the breakup and drifting of the 
continents to their present position.

Panthalassa Name given to the ocean that surrounded 
Pangaea.

passive margin Type of continental margin coinciding 
with the middle of a lithospheric plate, and hence with 
no tectonic plate interaction and litde tectonic activity. 
Because these margins are found rimming the Atlantic 
Ocean, this type of margin is also termed an Atlantic 
margin.

perigee The position of the moon’s orbit when it is 
closest to the Earth, 

perihelion The position of the Earth’s orbit when it is 
closest to the sun. 

photosynthesis An organic process whereby organisms 
containing chlorophyll convert water and carbon diox
ide into carbohydrates in the presence of sunlight, 

plastic flow Movement within a glacier in which the ice 
behaves in aplastic-like manner and is not fractured, 

plate tectonics Theory concerning the dynamics of the 
Earth’s surface. The lithosphere is broken into several 
large plates that move due to convection within the 
mantle. The theory accounts for earthquake activity, 
mid-ocean ridges, deep-sea trenches, mountain build
ing, volcanism, and the distribution of landmasses. 

platforms Wave-cut flat or gendy sloping surfaces along 
a coast.

Pleistocene Epoch A time during the Quaternary 
extending from 1.65 million to 10,000 years ago, when 
ice sheets advanced and receded through much of the 
mid and high latitudes, 

plucking A glacial excavation process whereby ice 
wedging loosens pieces of rock from the bedrock and 
they are incorporated into the ice and transported with 
the glacier.

plunging breaker Curled-shaped breaking wave that 
breaks all at once. The classic wave for surfers due to 
the elliptical-shaped pocket of air beneath the crest, 

point bar Arcuate accumulation of sand or sand and 
gravel forming on the inside of channel meanders, 

polar cell W eak circulation cell that occurs between 60 
and 90° latitude. It results from upper air masses mov
ing northward and descending at the poles, while at the 
same time surface air flows south, 

polar easterlies Part of the global air circulation pattern 
where winds blow from the polar high toward the sub
polar low.

polar front At about 50-60° latitude the polar easter
lies meet the westerlies, establishing the polar front. 
This convergent zone produces a near permanent 
boundary separating the cold dense polar air from the 
warm tropical air mass.
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pneumatophores Root system of a mangrove that 
actively respires. Much of the root system is above 
water level.

precession Wobble of the Earth’s spin axis, like a spin
ning top slowing down. The Earth’s axis of rotation is 
presently oriented at the North Star, and in approx
imately 10,000 years (half of its precession orbit) it will 
be pointing to the star Vegas, 

prevailing winds Winds that blow most of the time 
and are associated with global air flow patterns, 

prodelta Seawardmost portion of the delta, which is 
commonly the thickest unit of the delta. It contains 
fine sediments, 

progradation Seaward accretion of the shoreline 
caused by the deposition of sediment, 

prograding barriers Type of barrier that builds seaward 
during its evolution due to an abundant sediment supply, 

quarrying Hydraulic plucking process whereby pieces of 
rock are removed from a cliff face or bedrock exposure, 
having been loosened or separated from the parent rock 
by biological, chemical, or physical processes, 

recurved spit Hook-shaped spit that builds into a bay 
or along the coast through the addition of curved beach 
ridges.

reef Shallow offshore ridge or mound that is built by 
organisms and resistant to wave action, 

reflective beach Beach containing a relatively steep 
beachface on which little of the wave energy is dissi
pated before it breaks on the beachface. 

retrograding barriers Topographically low barrier that 
migrates onshore primarily through overwash activity 
during storms. Barrier sands are underlain by marsh, 
lagoonal, and mainland sediments, 

ridge and runnel Inshore bar that migrates onshore and 
repairs a beach following storm-induced erosion. Com
monly they are less than 1 m in height and are fronted 
by a steep face (slipface) along their landward margin, 

rip current Seaward-directed current that flows through 
the breaker zone, almost perpendicular to the beach, 
and quickly dissipates. The current is fed by the long
shore current and may reach velocities up to several 
kilometers per hour, 

river-dominated delta A delta that develops an elon
gate, digitate shape due to the overwhelming power of 
the river depositing sediment, with relatively litde of 
the sediment being reworked by wave action or tidal 
currents.

roundness Smoothness versus number of sharp corners 
exhibited by a grain. Its value can be expressed math
ematically by the ratio of the average radius of the

grain’s corners or edges to that of the maximum 
inscribed circle.

Safifir-Simpson scale The strength of a hurricane is 
formally classified using the Safifir-Simpson scale and 
is based on the maximum wind velocity, barometric 
pressure, storm surge level, and expected damage, 

salinity Measure of the dissolved solids in seawater, 
sand Grains with a size range between 0.0625 and 

2.0 mm.
sand dunes Mounds or ridges of sand. They are formed 

from sand that is transported and deposited by the wind, 
sand shadows Small accumulation of sand that is 

deposited in the sheltered area behind an obstruction, 
such as a rock, shell, or piece of debris, 

scarp Steep erosional face of a sedimentary deposit, 
such as the dune scarp that is formed during storm- 
induced erosion of the foredune, 

sea arch A rock arch found offshore of a rocky coast. 
Formed due to differential erosion of layered rocks 
or jointed bedrock, 

seabreeze Breeze that blows onshore due to the warm
ing of the landmass during the day. 

sea level The height of the sea surface above a certain 
datum point.

sea-level highstand For the Quaternary Period, the 
position of sea level during interglacials, when ice 
sheets had a minimum size and sea level reached its 
highest elevation, 

sea-level lowstand For the Quaternary Period, the 
position of sea level during times of maximum glacia
tion when ice sheets had their greatest extent and sea 
level reached its lowest elevation, 

sea stack Pinnacle of rock rising above the sea floor that 
sits offshore of a rocky coast. The stack is separated 
from the adjacent shoreline due to differential erosion, 

sea waves Waves formed at the generated site under the 
influence of local winds, 

sediment core Vertical core taken through a sediment
ary deposit. Cores are used to study the stratigraphy 
and depositional history of the accumulation sequence, 

sediment gravity flow Down-slope movement of sedi
ment and water under the influence of gravity (e.g. 
turbidity current), 

sedimentary rock Rock that consists of the weathered 
particles of pre-existing rocks or minerals that have 
been precipitated from water. The sedimentary part
icles are transported, deposited, and lithified into rock, 

seiche A standing wave in a coastal or semi-enclosed 
body of water. The wave sloshes back and forth with a 
period of minutes to hours.
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semi-diurnal tidal inequality Tides consisting of two 
high tides and two low tides each lunar day that reach 
unequal heights, 

semi-diurnal tides Two high and two low tides during 
a tidal day.

setup A rise in water elevation above still water in the 
surf zone due to breaking waves piling up water, 

shelf reef Reefs that rise from the floor of the con
tinental shelf, as contrasted to oceanic reefs, which are 
associated with volcanic islands and rise from the ocean 
floor.

significant wave height The average height of the 
highest one-third of waves in a given area, 

silicate minerals Minerals that have a silicon-oxygen 
tetrahedron as their basic structure. These minerals 
include quartz, feldspar, and mica, which are common 
constituents of beach sand, 

sorting Standard deviation of the size distribution. 
Essentially, how many size classes define the majority 
of the population. The fewer the size classes the better 
the sorted sediment, and vice versa, 

sphericity The tendency of a particle to be equidimen- 
sional along all axes. » 

spilling breakers A type of breaking wave in which the 
crest peaks and then water cascades down the front of 
the wave. This wave continues to break along a wide 
section of the nearshore zone, 

spring tide The tide that is produced when the Earth, 
Moon, and Sun are aligned, coinciding with new 
and full moon conditions. Astronomic tides are at a 
maximum.

standing wave A wave in which the water surface 
oscillates vertically between fixed points where there 
is no movement. They commonly occur in a bay or a 
semi-enclosed coastal body of water, 

storm beach A flat featureless beach that is produced 
by storm erosion, 

stratified estuary An estuary in which there exists a 
distinct gradient between the overlying freshwater 
and the underlying saltwater, 

stratified sediment Layered sediments that are pro
duced by a flowing fluid (e.g. water, air), 

stratigraphy The study of the composition and rela
tionship of layered sediments or rocks, 

stromatolites Thinly laminated, organically formed 
structures that usually consist of carbonate particles. 
They form due to sand particles adhering to blue-green 
algae.

subduction Tectonic process involving the descension 
of a lithospheric plate into the mantle.

submarine canyons Large-scale, V-shaped valleys 
formed by the erosion caused by sedimentary gravity 
flows. They extend from the edge of the continental 
shelf to the base of the continental slope, 

surf zone The zone landward of the breaker zone where 
breaking waves create a turbulent flow of water toward 
the beach.

swell waves Waves that have moved away from the 
generation zone and have similar periods, lengths, 
and heights. These are the waves that break along a 
beach when the wind isn’t blowing, 

tectonic plates The outer shell of the Earth, which is 
broken into distinct irregular lithospheric plates that 
converge, diverge, and slip past one another.

Tethys Sea The ocean that separated Laurasia from 
Gondwanaland prior to the breakup of Pangaea during 
the Mesozoic Era. 

tidal bore Rapid rise of the tide that propagates up 
an estuary, commonly in the form of a breaking 
wave.

tidal bundles Repetitive depositional sequences that 
are related to lunar cycles, and in which tidal energy 
varies with changes in tidal range, 

tidal channel A channel dominated by reversing tidal 
flow caused by the rise and fall of the tides, 

tidal cycle Periodic rise and fall of the tide, 
tidal delta See ebb- and flood-tidal delta, 
tidal flat Relatively flat-lying, low-energy intertidal 

environment that may be incised by tidal channels. It is 
composed of mud to sand sized sediment, 

tidal inlet An opening in the shoreline through which 
water penetrates the land, thereby providing a connec
tion between the ocean and bays, lagoons, and marsh 
and tidal creek systems. The main channel of a tidal 
inlet is maintained by tidal currents, 

tidal wave A wave associated with tidal propagation 
within an amphidromic system, e.g. the counterclock
wise rotation of the tidal wave in the north Atlantic 
Ocean. The term should not be confused with tsunami, 

tide-dominated coast Coast where the morphology is 
primarily a product of tidal processes, 

tide-dominated delta A river delta that occurs 
primarily in funnel-shaped macrotidal embayments. 
Characteristically, sand bodies are oriented parallel to 
the strong tidal currents that flow into and out of the 
embayment.

tide-dominated estuary A funnel-shaped estuary 
dominated by tidal flow, 

till Unsorted, unlayered sediment that is deposited 
directly by the ice.
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time-velocity asymmetry Condition in which max
imum ebb- and flood-tidal currents do not occur at 
midtide and are of unequal velocity, 

tombolos Intertidal or supratidal accumulation of 
sediment connecting the beach to an island. The 
sediment builds from the beach toward the island 
due to wave sheltering and convergence of longshore 
currents.

trailing edge coasts Coast coinciding with the middle 
of a tectonic plate and facing a spreading zone (ocean 
ridge). A type of passive margin, 

transform boundary A boundary between two litho- 
spheric plates that are shearing past one another, 

transform fault A fault separating two lithospheric 
plates that are sliding past one another. The crest of an 
oceanic ridge is offset by a transform fault, 

tropical storm A tropical cyclone with a maximum 
wind velocity between 61 and 115 km h-1. 

tsunami A long-period, high-velocity wave produced 
by a disturbance of the sea floor, volcanic eruption, or 
meteor impact, 

turbidity current A type of sedimentary gravity flow 
in which the sediment is kept in suspension by turbu
lence. Sediment and water move down-slope under the 
influence of gravity, 

undertow Water from the swash zone returning sea
ward at the bottom of the water column, 

upwelling The process of cold, deep, nutrient-rich 
water rising toward the surface as a result of coastal 
currents flowing offshore or alongshore, 

valley glaciers See alpine glaciers, 
wave base The depth to which sediment is disturbed by 

surface waves. This depth is usually defined as equal to 
half the wavelength, 

wave diffraction Lateral transfer of energy along the 
wave crest. Most noticeable where wave crests gradu
ally develop behind wave-sheltered areas, 

wave-dominated coast Coast where the morphology is 
primarily a product of wave processes, 

wave-dominated delta A cuspate river delta in which 
promontories are smoothed by wave action.

wave-dominated estuary An estuary in which wave 
processes dominate over tide-induced sediment trans
port. This type of estuary is commonly fronted by a 
barrier system, 

wave hammer The force of a wave breaking directly on 
a rock cliff.

wave height The vertical difference between the wave 
crest and the adjacent trough, 

wavelength The horizontal distance between succes
sive wave crests, 

wave period The time interval between the passage of 
two successive wave crests, 

wave reflection This phenomenon occurs when a 
wave breaks against a vertical structure and its energy 
is reflected off the face of the cliff, seawall, or other 
structure. Waves approaching a vertical structure at an 
angle will be reflected off the wall at the same angle 
(Snell’s law).

wave refraction Bending of the wave crest due to 
changes in celerity along the crest, caused by the wave 
moving into shallow water, 

weather front Narrow transition zone (25-250 km 
wide) between two large air masses that have different 
densities.

weathering The collection of processes involved in the 
breakdown of rock at the Earth’s surface, 

welded barrier A barrier that is attached to the main
land at both ends, 

westerlies A belt of prevailing winds in the mid
latitudes (30-60°) that flow from west to east, 

wind Air in motion relative to the Earth’s surface, 
windward reef Coral reef on the windward side of an 

island or coast.
Wisconsinan Ice Age Last of the major glaciations in 

North America, spanning the period from about 
70,000-90,000 up to 10,000 years before present, 

wrack lines A debris line found along the upper shore, 
marking the greatest excursion of the wave up the 
beachface or berm during the previous spring high tide 
or storm high tide. The wrack commonly consists of 
seaweed, eelgrass, marsh grass, or driftwood.
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Coastlines of the world are as diverse as any geologic setting on Earth. Beaches and Coasts 
is an exciting and unique new textbook which provides an exhaustive treatment of the world’s 

different coasts and details the highly varied processes that have shaped them.

Having conducted research on coastlines throughout the world, the authors draw on a wealth 

of experience that broadens the content of chapters and provides for numerous and varied 

examples. The book furnishes a basic understanding of the tectonic framework, hydrographic 

regime, climatic setting, and geologic materials that determine the morphology of a coast. 

Individual chapters are devoted to major coastal environments, such as barriers, tidal inlets, 

marshes, estuaries, lagoons, deltas, glaciated coasts, rocky coasts, and many others.

Beaches and Coasts provides the necessary content for teaching a broad coastal geology 

course. Though it is designed for introductory students, its comprehensive treatment of coastal 

topics will make it appropriate for many upper level courses.

Richard A. Davis )r is Distinguished University Professor Emeritus at the University of South 

Florida. He has spent the past 40 years studying coasts throughout the world. He specializes 

in beach/inlet/barrier island morphodynamics and the Holocene history of coasts. Dr Davis 

is the author/editor of twelve previous volumes, most of which are on coastal topics.

Duncan M. FitzGerald is an Associate Professor in the Earth Science Department at Boston 

University. During the past 25 years he has studied the morphodynamics and hydraulics of 

tidal inlets, the stratigraphy and evolution of barrier systems, and secim en: transport in 

estuaries. This research has taken him to coasts throughout the world, resulting in numerous 

professional publications.
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