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Coastal and Submarine Geomorphology

Introduction

Oceans cover 70 percent of Earth’s surface, and more than
half of Earth’s human population lives within 40 kilome-
ters of the marine shoreline. Coastal environments pro-
vide resource-rich estuaries, sheltered ports, and beaches
for recreation. Continental margins are economically
important because many oil and gas deposits form and are
found in modern and ancient marine environments. Today,
however, coastal areas are particularly vulnerable to
change in a warming, stormier world in which sea levels
are rising.

Much of Earth history is recorded in marine sediments.
Unlike upland terrestrial environments that erode over
time, depositional coastal and deep marine environments
accumulate sediment and thus have the potential to hold a
sedimentary record of terrestrial surface processes over
time. Only a portion of this record gets preserved over
geologic time because subduction recycles most oceanic
crust and the overlying sedimentary cover.

Only recently have the principles of geomorphology
been applied to understanding submarine landforms and
processes. Seafloor topography, the most widespread type
of topography on the planet, is hidden from direct obser-
vation by water. Thus, the study of seafloor topography,
bathymetry, uses geophysical images, depth soundings,
and seafloor sampling techniques. Geomorphologists
interpret seafloor topography using the same general prin-
ciples of regional context, conservation of mass and energy,

M. Miller

and definition of boundary conditions that guide their Incoming wave trains shoaling, breaking, and causing sea cliffs
interpretation of subaerial landforms. to erode between Santa Cruz and Moss Beach, California.
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Stream systems deliver sediment eroded from continental
landscapes to coastal environments, the transitional zone
between terrestrial and marine processes. A much smaller
but potentially hazardous supply of sediment comes from
wave erosion of the coastal margin. Unlike rivers, where
water flows only one way (downbhill), coastal and estuarine
environments are subject to multidirectional flows, the result
of rising and falling tides, storms, and wind-driven waves
washing back and forth. The interaction of waves, currents,
and tides results in coastal erosion, sediment transport along
shorelines, and local deposition, giving rise to coastal land-
forms. Sediment deposition and wave action over glacial-
interglacial cycles of rising and falling sea level have shaped
the continental shelves across which sediment is delivered to
the ultimate sink—the deep marine environment.

Sea-level changes greatly affect coastal sediment dynamics.
Estuaries, partly enclosed coastal water bodies fed by one
or more rivers or streams, may form and enlarge when sea
level rises, or they may diminish as when, for example, barrier
islands erode away. Human impacts are important in coastal
zones around the world where land use, river modifications,
and coastal engineering structures have substantially altered
coastal sediment supply. For example, dams have reduced
global sediment delivery to the oceans by roughly half.

This chapter explains the fundamental processes and
major landforms of coastal and offshore environments.
We consider a variety of coastal settings, their character-
istic landforms, and the drivers of geomorphic change in
these settings. We provide an overview of offshore geomor-
phology, using process-based understanding to explain
marine geomorphology and the development of submarine
landscapes.

Coastal Settings and Drivers

Coastal morphology is broadly determined by tectonic
setting, although over time changing sea level is an impor-
tant control on continental margin morphology and pro-
cess. Salinity, river inputs of water and sediment, tidal
range, and wave action all influence the dynamics of
coastal systems and the resulting landforms.

Tectonic Setting

The large-scale geomorphology of a continental margin
depends on whether it occurs in the middle or on the edge
of a tectonic plate [Figure 8.1]. Convergent and transform
margins are active margins, where the edge of the conti-
nent coincides with the boundary between two tectonic
plates. Subduction zones (where denser oceanic lithosphere
sinks beneath less dense continental lithosphere) typically
have a coastal mountain range hosting volcanoes and
affected by earthquakes, or a volcanic island arc (where
subduction involves oceanic lithosphere). Both types of
subduction zone typically have a narrow continental shelf
that leads out to a continental slope that drops steeply to a
deep submarine trench. Subduction zones surround much

of the Pacific Ocean. These collisional (convergent) margins
tend to have rocky coastlines that are dominated by erosional
landforms [Photograph 8.1a], though deltas and other
coastal depositional landforms develop near significant
sediment sources, such as large rivers.

In contrast, a passive margin (or trailing-edge margin)
is one where the continental margin does not coincide with
a plate margin. Consequently, the oceanic and continental
crust move in the same direction and speed. Most trailing-
edge margins have an exposed coastal plain, part of which
was continental shelf during periods of higher sea level.
Similarly, the modern continental shelf was the coastal
plain during lower sea-level stands, such as during the gla-
ciations that repeatedly punctuated the past 2.7 million
years. The eastern continental margins of North America,
South America, Australia, and the margins of Africa and
the Gulf of Mexico coast are examples of trailing-edge
margins. Trailing-edge margins typically have extensive
depositional landforms that are built by sediment trans-
port and storage along the coast [Photograph 8.1b].

Sea-Level Change

The volume of water in Earth’s interconnected oceans plays
a major role in coastal dynamics and evolution. Over the
past 35 million years, sea level has varied through glacial-
interglacial cycles and coastal processes have acted across
a wide zone that ranges from meters to tens of meters
above today’s sea level to the now-submerged edge of the
continental shelf.

Shoreline position reflects changes in sea level. When
sea level rises, the shoreline advances landward. Falling sea
level causes the shoreline to retreat seaward. Depending on
the slope of near-shore land, glacial-interglacial sea-level
changes can shift coastlines up to tens or even hundreds of
kilometers. Emergent coastlines are stretches of the coast
that have been exposed by relative sea-level fall. Submergent
coastlines are those that have been inundated by the sea
due to a relative rise in sea level.

The cause of changes in the relative elevation of land
and sea can be local or global. Local changes in relative
sea level are most often caused by uplift or subsidence,
driven either by tectonics or by isostatic response to load-
ing or unloading. Sea-level rise and fall can be driven by
changes in the volume and size of ice sheets on a millen-
nial timescale and by basin sedimentation and continen-
tal erosion on longer timescales. Worldwide sea-level
changes driven by changes in ocean volume are referred
to as eustatic. Such changes are caused by fluctuations in
global ice volume as well as steric changes (changes in volume)
caused by fluctuations in ocean temperature or salinity.

Over the past few million years, the timescale most rel-
evant to geomorphology, eustatic sea level has been closely
tied to the amount of glacial ice on land and to the ther-
mal expansion and contraction of ocean water that accom-
panies climate changes. Sea level falls when a glaciation
begins, ice volume at the poles grows, and the average
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FIGURE 8.1 Collisional Versus Passive Margin Coastlines. The geomorphology of active or collisional margins is very different from that

of passive or trailing-edge margins.

global ocean temperature cools, reducing ocean volume.
The storage of ocean water as glacial ice and the cooling
and contraction of the water left in the oceans leads to
marine regression; coastlines migrate seaward and fluvial
systems extend to reach the sea while cutting down into
the coastal plain to adjust to falling base level. Conversely,
when glaciers melt and transfer water back into the oceans
at the end of a glaciation, sea level rises and causes marine
transgression, during which shorelines move landward and
seawater inundates formerly coastal areas. At the height
of the last major glaciation, about 21,000 years ago, global
average sea level stood about 130 m below its present level.
It has been rising since then. During the most recent
deglaciation, sea level rose about 1 cm/yr until about 7000
years ago, then the pace slowed to less than 2 mm/yr a!l?out
5000 years ago. Global average sea level then stabilized

about 3000 years ago. Now, with climate warming and
the ocean warming as well as glaciers melting, sea level is
rising several millimeters per year.

The impact of postglacial sea-level rise on coastal geo-
morphology varies with time since deglaciation and with
sediment supply. During the period of rapid sea-level rise
from 18,000 to 7000 years ago, coastal valleys flooded
and most sediment transported by rivers to the sea was
trapped close to the coast. After sea-level rise slowed enough
that coastline locations stabilized, those estuaries and fjords
that receive little sediment remain unfilled, even though
they efficiently trap the sediment supplied to them. In con-
trast, estuaries that received a large amount of sediment
like that of the Columbia River in the Pacific Northwest, have
filled to the point that some sediment is carried seaward of
the estuary to feed along-coast transport and accumulate
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PHOTOGRAPH 8.1 Coastline Morphologies. Coastlines exhibit
a great variety of morphologies. (a) The rocky shoreline of a
collisional margin at Heceta Head, Oregon. The lighthouse sits
on an uplifted marine terrace remnant. (b) This sandy summer
beach in Old Lyme, Connecticut, has a small beach face, a wide,
flat berm, and a low coastal dune.

on the continental shelf. In areas with a very high sediment
supply, like the Nile River delta before the construction of
modern dams, the estuary filled to the point where sediment
extended the shoreline seaward.

Salinity

The salinity and temperature of seawater are fundamental
drivers of coastal and marine processes. Ocean water has
approximately 35 parts per thousand (ppt) of salt dissolved
in it. For comparison, fresh water in lakes and rivers typically
contains less than 0.5 ppt of dissolved mineral material.
Brackish water in estuarine environments can have vari-
able salinity but often is between 20 and 30 ppt. Lower
salinity translates to lower density, so plumes of river
water float on denser salt water where rivers enter coastal
and marine environments. In some cases, however, high
concentrations of suspended sediment at the mouths of
rivers draining steep, rapidly eroding drainage basins

increase the density of the water and create l:lotmm—hugging
density currents that cause erosion, displacement, and
deposition of sediments in deep marine environments well
below the depths affected by wave action. Gradients in
density, which reflect differences in water-mass temperatuyg
and salinity, drive ocean circulation and thus some ocean.
bottom sediment transport.

Substrate and Sediment Supply

Like terrestrial landscapes, coastal and marine landscapes
are composed of either consolidated bedrock or unconsol;-
dated materials. Many emergent coastlines and headlandg
are composed of rock outcrops with far greater erosiona]
resistance than submergent coastlines that are mostly made
of unconsolidated sediment. This variability in erosional
resistance and sediment supply creates strikingly different
coastal features and causes different dynamics on rocky,
erosional coasts than on depositional shorelines.

Various mechanisms bring sediment to coastal and
marine environments, and the particular mix of processes
that deliver, store, and remove sediment sets the sediment
budget for specific coastal and marine environments
[Figure 8.2]. At any site, sediment comes from rivers, coastal
erosion, sediment movement along the coast, in situ pro-
ductivity of biogenic carbonate, aeolian inputs and, at high
latitudes, glaciation. In most coastal settings, streams that
discharge into coastal and estuarine environments deliver
the majority of sediment, although there are exceptions.
For example, on volcanic islands such as Hawaii, wave
eroston of lava flows provides coastal sediment. Tropical
beaches in areas where the uplands are eroding slowly may
be made of biogenic coral sand, a product of coral eroded
and broken up by wave action.

Once sediment is introduced to a coastal setting, it is
generally transported parallel to the coast by the along-
shore component of currents generated by waves approach-
ing the shore at an oblique angle. In areas with limited
sediment input from rivers and streams, coastal sediment is
supplied mainly by cliff erosion that delivers sediment to
coastal settings, or by carbonate-producing organisms like
corals and shellfish that thrive in clear water away from
fluvial inputs of clastic sediment. In modern, high-latitude
environments, glaciers and icebergs that calve from tidewa-
ter glaciers deliver sediment directly to coastal and marine
environments, and have done so in many settings during past
periods of cooler climate. Coastal sediment sinks include
depositional environments like dunes and lagoons, as well
as deltas, marshes, and carbonate platforms. The dominant
sediment source in the deep ocean basins is a steady “rain”
of the bodies of single-celled marine plants and animals
that sink from the near-surface photic zone, and the slow
accumulation of wind-delivered dust. Coarse-grained,
clastic sediment from the continents occasionally makes
its way down the continental slope and into the abyssal
basins of the decp sea, usually transported by density-
driven flows.
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Sources of sediment to coastal environments include rivers, tidewater
glaciers, coastal erosion, and aeolian inputs. Sediment sinks in coastal
environments include deposits of material in coastal du.ne ﬁelds: beaches,
lagoons, and estuaries, and off-shore transport that dellvers'sedlment to
the coastal shelf and deeper-water environments. Coastal environments can
be either a net sediment source or a sink depending on the configuration
of the coast and the time scale of analysis. The relative irr?porFance 9f each
type of source and sink varies in different tectonic and climatic settings.

FIGURE 8.2 Coastal Sources and Sinks. Sediment moves onto and away from coasts through a variety of different pathways.

Tides

The daily rhythm of the tides produces changes in sea level
that can be important geomorphically because they con-
trol the location at which wave energy is dissipated and
sediment deposited. Tidal changes are driven. by astro-
nomical factors, specifically, the gravitational interaction
of the Earth-moon system, which creates a bulge of ocean
water between Earth and the moon and a second antipo-
dal bulge on the other side of the planet [Figure 8.3]. The
Earth rotates through these bulges, causing two lunar

tides per day; in actuality, tidal cycles are about 1;.5 hours,
the time required for one Earth rotation relative to the
moon. The sun also exerts a much weaker gravitational
force on the ocean water, producing one tidal cycle per
day of lesser amplitude. The geometry of the cont.inents,
the bathymetry of the ocean basins and continental
margins, the latitude of the coastline, ocean currents,
and weather systems all interact with the astronoml.cal
factors to determine the water level over time on any specific

coastline.
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Tidal ranges (the height difference between low and high tide) vary and depend on location (due to the
interaction of the tidal bulge and ocean geometry) and the lunar (nearly monthly) cycle. Monthly tidal ranges are
greatest during a new and full moon (spring tides) due to alignment in the gravitational influence of the sun and
moon. Conversely, tidal ranges are smallest when the gravitational influence of the sun and moon are oriented
orthogonally at quarter and three-quarter moons (neap tides). The high water that accompanies spring tides,
especially when it is coincident with large storm waves, can dramatically reshape beaches and cause coastal

flooding.

FIGURE 8.3 Tides and Tidal Range. Tides are an important driver of coastal geomorphic processes. Tidal range changes cyclically

through time.

Tidal range, the difference between the elevation of
high and low tides, is geomorphically important. In the
open ocean, tidal ranges are low, usually less than a meter.
Along coastlines, tidal ranges can be much greater; thus,
the geomorphic effects of the tides as ocean levels rise and
fall can be significant. Tidal range is controlled by ocean
basin geometry and tends to be lower in basins with restricted
connection to the global ocean, such as the Mediterranean
Sea, and high where forced by local convergence of flow,
such as in the narrow inlet of eastern Canada’s Bay of
Fundy that has an extreme tidal range of 15 m. Macrotidal
coastlines experience tides greater than 4 m, mesotidal
coasts experience intermediate tidal ranges between 2 and
4 m (as is common on the West Coast of the United States),
and microtidal coasts like those around the Caribbean Sea
experience fluctuations of less than 2 m.

Tidal range is driven in part by astronomical forcing
(sun and moon position). Maximum tidal range occurs
when the gravitational fields of the sun and moon reinforce
each other to create a higher-than-average spring tide.
When the moon and sun are oriented at right angles, a neap
tide occurs and produces a low tidal range. Consequently,
tidal ranges vary over a 28-day period as the orientation of
the moon and sun change during the moon’s orbital cycle.
Spring tidal ranges are typically about 20 percent greater
than average, and neap tidal ranges are usually about
20 percent less than average. High spring tides accompany
the new and full moon each month, and low neap tides
accompany the waxing and waning quarter moons.

Spring tides are important geomorphologically because
they allow waves and wave energy to reach farther inland
and erode shoreline features. Combinations of high spring

tides and high storm surges from storm-generated waves
can produce unusually destructive high water and large
geomorphic effects. Neap tides are important in the coastal
zone because they allow fluvial processes to dominate; for
example, at neap tides, flow near deltas may become unidi-
rectional, moving water and sediment offshore.

Tide-generated currents generally flow perpendicular to
coastlines, in and out of bays and lagoons. Tidal flows have
enough energy to prevent sediment accumulation, maintain
tidal inlets, and force seawater into tidal channels in estuar-
ies. The geometry of the seabed along coastlines acts to
increase or decrease local tidal ranges, so the effect of tidal
flows varies from place to place. Incoming and outgoing tides
are often asymmetrical and uneven in strength, and they may
roll around a bay rather than moving directly in and out.
Rapidly advancing tidal fronts known as tidal bores push
breaking waves into estuaries and rivers, forcing salt water
inland. In the Amazon River, for example, the tide influences
river flow as much as 480 km inland.

Waves

Waves are the dominant driving mechanism for coastal
processes; they govern erosion and sediment transport in
coastal environments. Blowing winds impart energy to the
sea surface as the two fluids, air and water, drag on one
another sufficiently that kinetic energy is transferred to
the water from the air. Over time, that energy becomes
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focused into discrete water waves. The factors that affect
the formation of waves are (1) the duration of the wind
event, (2) the velocity of winds, and (3) the fetch, the distance
that the wind blows across the water surface. Long-duration,
high-velocity wind blowing across long distances produces
large, energetic waves that travel out from the area where
they were generated. Fetch is particularly important in
determining wave characteristics. Waves from large storms
often cause great changes in coastal environments, but the
smaller waves that arrive day and night are the primary
shapers of coastal landforms. Fair-weather waves and the
longshore currents they generate gradually reshape coast-
lines after storms.

Waves are described by several basic characteristics
[Figure 8.4]. Wavelength (N} is the distance between
successive wave crests, Wave period (T) is the time it takes
for two wave crests to pass the same point. Wave velocity
(V) is given by the ratio of wavelength to wave period:

V =NT eq. 8.1

Wave height (H), or amplitude, is the vertical distance
between a wave crest and its low point or trough and thus
equals the amplitude of the water surface rise and fall as a
wave moves past a point on the sea surface.

Variable winds blowing across an area of the deep-
ocean surface create waves with a wide range of wave-
lengths and different travel directions. In deep water,
waves with longer periods and wavelengths travel more

Wavelength (\)

Sea level
when calm

Wave height (H)
or amplitude

Wave base

The wave height (H), or amplitude is the elevation difference between the trough (low point)
and crest (high point) of a wave, The wavelength (\) is the distance between the two succes-

sive wave crests, and the wave period is the time it takes for the wave crest to move through
the wavelength. As waves move across the surface of the sea, individual water molecules
follow a roughly circular orbit that results in little net motion, advancing with the wave crest
and retreating with the wave trough. Wave base, below which wave passage has no influence

on the sea bed, is generally one-half the wavelength.

FIZURE 8.4 Wave Definition. Waves are described in terms of wavelength and amplitude.
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quickly than smaller waves, so waves sort out by size as
they travel. This process, known as wave dispersion, cre-
ates a pattern of well-defined waves that travel outward
from the area where they were generated. Wave velocity
can be calculated since it is related to the wave period,

V = (gT)2w eq. 8.2

where g is gravitational acceleration. The longest wave-
lengths create swell, regularly spaced waves with low, gently
rounded crests that can travel thousands of kilometers
across the open ocean with little loss of their original energy,

Deep-water
wavelength

until they approach land. As water depth shallows, pointed
wave crests develop and then break to produce surf.

The water in a wave moves back and forth, but has
little net motion in the deep ocean and does not move with
the wave. The propagation of energy imparted to the wave-
form causes the rhythmic rise and fall of the sea surface in
which the wave moves forward, but the water does not.
In deep water, the water molecules near the sea surface
oscillate and move in circular orbits as a wave passes their
location [Figure 8.5]. The diameter of the orbit decreases
with depth below the water surface and drops off to produce
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In deep water, waves cause little sediment transport because the water depth, D, exceeds the wave
base and is above the ocean floor. In shallower water, the wave base intersects the bed. As waves
break in shallow water, bed friction becomes important and wave-induced sediment transport

becomes asymmetrical.

FIGURE 8.5 Sediment-Wave Asymmetry, Waves behave differently in shallow and deep water. In shallow water, waves break and move

sediment shoreward.

no motion at a water depth greater than one-half the wave-
length, a depth referred to as the wave base. Below this
depth, water molecules are undisturbed as waves pass over
the surface. This is why the calmest place to ride out a
storm at sea is in a submarine and why waves have little
geomorphic effect outside the coastal zone.

As a wave approaches the shore and enters water shal-
lower than half its wavelength, the wave shoals as it begins
to interact with the seabed. As a wave shoals, the orbital
paths of water molecules in the wave flatten and become
elliptical, with the water and sediment at the seabed mov-
ing back and forth. This interaction exerts drag on the
water near the bed and the water exerts a force on the bed
that can move sediment. Deeper shoreward flow under the
wave crest moves more sediment than the shallower sea-
ward flow under the wave trough, producing an asymmetry
that causes net sediment transport toward shore. This is the
process by which waves build up beaches.

When a wave enters shallow water and begins to shoal,
wave speed decreases due to bottom friction, wave height
increases, and wavelength decreases. This causes the wave
crest to progressively steepen, and increases the ratio of
wave height to wavelength (H/\). When H/\ exceeds 1/7
(i.e., when wave height exceeds 0.14 times the wave-
length), the wave crest loses support, becomes unstable,
and breaks, producing surf that dissipates potential energy
as kinetic energy in the near-shore environment. The
velocity of these shallow-water or translational waves,
where D is the depth of water, can be expressed as:

V = (gD)%’ eq. 8.3

Differences in the water velocity, specifically the
asymmetry beneath steep and gentle waves, create different
types of breaking waves. Beach steepness, which is largely
determined by beach sediment grain sizes, affects the type
of breakers that develop on a particular beach; those
breakers, in turn, affect the grain size of material left on
the beach. Gently sloping, fine-sand beaches typically
produce spilling breakers, through which one can casually
wade out into the sea [Photograph 8.2a]. The crest of a
spilling breaker becomes unstable first and gradually cas-
cades down the advancing wave front as irregular foam.
Spilling breakers characterize beaches along the south-
castern Atlantic and Gulf of Mexico coasts of the United
States.

In contrast, plunging and surging breakers that are
More attractive to surfers are generally found along steeper
beaches composed of coarse sand and gravel. Plunging
breakers curl over the front of the advancing wave and fall
onto the base of the wave over a short distance, producing
a turbulent mass of water that churns up and suspends bot-
tom sediment. Surfers call the tunnels of air under the curl-
'ng crests of plunging breakers pipelines [Photograph 8.2b).
Surging breakers maintain unbroken wave crests as they
fun up the shore [Photograph 8.2¢|. They typically develop
Where waves approach steeply sloping beaches and shoal
very close to the shoreline.
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PHOTOGRAPH 8.2 Types of Breakers. (a) Spilling breakers move
gently ashore at Charleston Beach, Rhode Island. (b) Plunging
breaker, Cape Ann, Massachusetts. (c) Surging breakers wash over
a marine platform at Cape St. Francis, South Africa.

The surf zone extends from the seaward limit of break-
ers to the landward extent of waves that run up the beach
face. The swash zonme is the area covered by swash that
runs up the beach face. It is exposed after backwash flows
back down the beach face. This oscillatory action sorts
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pHOTOGRAPH 8.3 Wave Refraction. (a) Wave refraction into
Lulworth Cove, on the southern coast of England. The dissipation

shallower water [Photograph 8.3]. Wave refraction along
irregular coastlines concentrates erosive energy on headlands
that project out into the sea and promotes deposition in
protected embayments. Promontorics become the focus of
erosion, and protected coves become the focus of sedimenta-
tion. Thus, wave energy acts to straighten coastlines over time.

Engineered structures built in coastal environments to
protect harbors and structures often have profound effects
on longshore sediment transport by waves. Groins project
from a shoreline into the sea [Photograph 8.4a]. Because
they intercept sediment moving along the coast, sediment
accumulates on the upcurrent sides of groins while long-
shore transport continues to move sediment away from
their downcurrent sides. Jetties (barriers that project far-
ther out into the ocean than groins) produce a similar
effect, leading to a zone of sediment accretion on their
upcurrent side and a zone of erosion on their sediment-
starved, downcurrent side |Photograph 8.4b]. Breakwaters

(a)

S, Willlams/USGS

M. Miller
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of wave energy in the cove favors beach development. (b) Wave
refraction around a headland in northern California favors erosion.

that armor a shoreline or deflect longshore currents also
change local patterns of erosion and deposition. Progressive
beach erosion because of sediment starvation that results
from shutting off or intercepting longshore transport is a
major problem in many coastal areas.

Very large, impulse-generated waves known as tsunamis
wreak havoc on coastlines and can episodically but signifi-
cantly change coastal morphology. Tsunamis are extremely
long-wavelength (typically 100 to 200 km), low-amplitude
(< several m) waves that are generated by sudden shifting
of the seafloor due to impulses such as earthquakes,
submarine landslides, or undersea volcanic eruptions. A
tsunami can travel across an ocean and produce geomor-
phic effects on coastlines far from its source. With wave-
Jengths that exceed the depth of the ocean, tsunamis
behave as shallow water or translational waves. Even in
water depths of kilometers, they can travel at remarkable
velocities (=500 km/hr) and catastrophically inundate

e ——
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sand is moving? (b) Channel Islands Harbor breakwater and jetties,

PHOTOGRAPH 8.4 Coastal Engineering Structures. (a) Series
southern California.

of groins interrupt the natural transport of sand by longshore
currents at Norfolk, Virginia. Can you determine which way the ‘ ‘
|

:::URE 8.6 Lo.ngshore Drift. Longshore drift moves large
ounts of sediment along beaches, due to a fundamental

asymmetry of sediment trans i i
A port by wind-driven waves and
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coastal areas with little to no warning. Because tsunamis
are often less than a meter high in open water, they pass
unnoticed at sea. Arriving at a coastline, they shoal and
can grow to produce waves more than 20 meters tall.
Some tsunamis arrive as a la rge wave trough that produces
what appears to be an anomalously low tide before the
wave crest sweeps inland at devastating speeds (>10 m/s).
Coastal configuration and the direction from which a tsu-
nami strikes the coast affect the geometry of the waves
and the pattern of coastal inundation at particular loca-
tions along a coastline. Like other types of waves, tsuna-
mis interact with the coastal geometry as they approach
land and produce wave-refraction and shoaling effects
similar to those that result from normal wave action, only
at a much larger scale.

Another source of anomalously high waves is storm
surge, which is produced by strong storm winds that push
water shoreward into the coast, in combination with a
bulge in the sea surface under the area of lowest atmo-
spheric pressure. Storm su rges can raise local sea level 2 to
5 m during hurricanes and push water far inland in low-
relief terrain, The additional temporary rise in local sea
level because of storm surge amplifies the geomorphic
impacts of coastal storms. For example, a storm surge of
up to ~8 m during Hurricane Katrina was a key factor in
the catastrophic levee breaks that flooded the city of New
Orleans in 2005. Along the east coast of North America,
storm surges cause major coastal erosion during long-lived
nor’easters (very large extratropical storms) because the
unusually high water continues over several tidal cycles,

Coastal Processes and Landforms

Coastal landforms reflect erosional and depositional pro-
cesses as well as the grain size and volume of sediment
available for transport in different environments, High-
relief, rocky erosional shorelines typically develop on tec-
tonically active continental margins, where erosion of
bedrock by wave action creates most coastal landforms,
and beaches are small and isolated. Low-relief and drowned,
depositional shorelines, in contrast, typically develop on
passive margins adjacent to extensive coastal plains com-
posed of unconsolidated, clastic sediment derived from
the continental interior. Coastal landforms in such set-
tings typically consist of depositional features produced
by longshore transport and deposition of sand by wave
action. Beaches are the primary coastal landforms most
people know and love, but there are many other distinc-
tive landforms along sandy and rocky coastlines, including
tidal flats, estuaries, and deltas [Figure 8.7].

There are large differences in rates of coastal retreat
and advance between sandy and rocky coasts due to dif-
ferences in sediment supply, wave action, and resistance to
erosion, Sandy coasts can advance if supplied with enough
sediment. A falling sea level will also result in coastal
advance (forming emergent coastlines), whereas a rising

sea level pushes coastal processes and landforms inlang
(forming submergent coastlines). On eroding shoreling,

B ( i
coastal retreat may be very episodic; a coast retreating ar 5,

average rate of a meter per century may retreat 10 Meterg
during a single large storm. Consequently, estimating
long-term average rates of coastal retreat is best done using
techniques that integrate over decades to millennia, such a5 air
photo analysis and the dating of shoreline platforms.

Rocky Coasts

Sea cliffs that are produced by landward retreat of bed.
rock slopes undercut by wave action are the most com-
mon and striking feature of rocky coasts [Photograph 8.5]
as well as coasts where well-consolidated glacial deposits
dominate the shoreline, such as those of eastern Eng-
land and parts of Alaska. Active sea cliffs rise steeply
from the shoreline at a sharp angle, the steepness of which
is maintained by wave erosion at their bases. Inactive sea
cliffs that have been raised above the zone of wave attack
by tectonic uplift or isostatic rebound typically have 3
smoothly curving cliff base that has been shaped by sub-
aerial weathering, erosion, and mass wasting, In places where
sea-cliff bedrock is resistant, a wave-cut notch may develop
at the base of the cliff [Photograph 8.6]. Relict wave-cut
notches at the bases of inactive sea cliffs record former
shoreline positions on tectonically active, uplifting coasts.

Landward sea-cliff retreat occurs where wave erosion,
undercutting the cliff base, leads to mass failure of the cliff
face. If wave action and longshore currents are sufficient
to remove the debris, the process repeats and drives the
cliff landward. The erosional resistance of the rock or sed-
iment forming the sea cliff, the weathering processes act-
ing to weaken the cliff face, and the energy and height of
the waves striking the cliff base together determine the
pace of cliff retreat. Sea-cliff erosion rates of several meters
per’year can occur in unconsolidated material, but rates as
low as a millimeter per year are more typical in erosion-
resistant rocks like granite.

Modern sea-cliff retreat is driven, in general, by an
ongoing response to postglacial rise in global sea level. An
additional 0.5 to 1.5 m of sea-level rise that is projected to
result from melting of polar ice over the twenty-first century
will cause a general acceleration of sea-cliff retreat, but the
effect will vary locally depending on lithology, shoreline relief,
sediment supply, beach slope, wave energy, and tidal range.

Cliff retreat on rocky coasts also produces a wave-cut
platform that is beveled off just below the high-tide level
(see Photograph 8.6). Wave-cut platforms typically slope
seaward at a gentle angle of no more than several degrees
and serve as breakwaters that dissipate wave energy and
slow sea-cliff erosion. Wave-cut platforms are maintained
by a number of processes, including erosion from wave
action, the abrasive effect of suspended and bed sediment
on the bedrock, and waves sweeping away the weathering
products that result from mechanical and chemical
disintegration of coastal bedrock that has been exposed
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PHOTOGRAPH 8.5 Sea Cliff. This limestone sea cliff (70 m high)
is on the coast of the north Bulgarian Black Sea, at Cape Kaliakra.

Beaches and Bars

Beaches are deposits of sand, gravel, or cobbles that form
along shorelines directly affected by wave action. Local
variations in the grain size and volume of sediment impart
variability to beach morphology. Some beaches, such as
those on Puget Sound in Washington State or along Cape
Cod in Massachusetts, have adjacent stretches of sand,
gravcl, and cobble beach that result from local differences
in the grain size and erosional resistance of glacial sedi-
ments exposed in active sea cliffs. Beaches reflect the inter-
play of sediment transport and sediment supply over a
variety of timescales that range from individual storm
events to millennia.

Beaches consist of several distinct, shore-parallel zones
between mean lower low water (the average elevation of
the lower of the two low-water heights of each tidal day)
e_and coastal dunes, a sea cliff, or permanent vegeration
[Figure 8.8]. The offshore zone extends seaward from the
breakers, and a beach can be divided into the inshore

Wave-cut notch

PHOTOGRAPH 8.6 Wave-cut Notch and Platform, This wave-
cut notch and wave-cut platform are in Gros Morne National Park,
Newfoundland.

P. Bierman

M. Miller

PHOTOGRAPH 8.7 Sea Stack. Sea stack at Myers Beach on the
Oregon coast.

zone, which consists of the breaker (surf) zone, extending
from the base of the swash zone on the beach face to the
beach trough and longshore bar; and the foreshore, the
seaward-sloping beach face exposed at low tide in which
swash rushes up and backwash runs down the beach face.
The relatively flat backshore is often separated from the
beach face by a distinct ridge, or berm. On a broad coast
lacking a sea cliff, winds may deposit dunes inland of the
berm (see Chapter 10).

PHOTOGRAPH 8.8 Pocket Beach. Sandy pocket beach between
rocky outcrops in Noosa, northeastern Australia.
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and steepening the beach profile. Material eroded
during storms from the fair-weather berm is stored in
offshore bars.

FIGURE 8.8 Beach in Cross Section (Storm Versus Fair-Weather
Profiles). Beaches change their cross-sectional shape with the
seasons as fair-weather waves move sediment shoreward onto

Beaches are dynamic. They are made up of readily
transportable granular debris—sand, gravel, or cobbles—
subject to movement by regular wave attack, longshore
currents, and tidal flows. The fundamental asymmetry in
sediment transport during swash and backwash in fair-
weather conditions builds up beach berms over time.
Waves rush onshore and come to a stop before flow
reverses and the water runs back offshore. Because some
seawater infiltrates into the permeable beach surface when
swash flows up the foreshore, backwash has less transport
capacity than swash. Less sediment flows back down the
beach surface than moves up the beach. During rising and
falling cycles of the tides, arriving waves build the beach
up to create the berm. The elevation of the berm surface
depends on how far swash moves up the beach face at

Storm berm
Fairweather berm s )

torm beach profile
1 Fair-weather beach profile

Lower wave energy typically builds a large gently
sloping fair-weather berm by slowly transporting
material from offshore bars back onto shore,
resulting in a seasonal cycle of beach profile
change.

berms and then higher-energy storm waves move sediment
offshore into bars.

high tide, a distance that scales with the energy (height) of
incoming waves.

The slope of the beach face depends on the wave
energy striking the coast as well as on the grain size and
supply of sediment. Specifically, it is the interaction of
swash and backwash processes that governs beach slope.
The greater the difference between the ability of swash
and backwash to transport sediment, the steeper the beach
profile that develops. Backwash rapidly drains down into
beaches composed of coarse pebbles or cobbles such that
little of the material carried up the beach face is trans-
ported back down, building a steep beach face. In con-
trast, fine-grained beaches stay saturated in the short
interval between waves due to their low permeability,
limiting backwash infiltration into the beach face and
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resulting in greater seaward transport and flatter beach
slopes. Cobble beaches commonly have slopes that exceed
20°, pebbly beaches have slopes of 10° to 15°, and sandy
beaches have slopes of 3° or less.

Wave energy in part controls the flux of sediment on
and off beaches and thus beach steepness. High-energy
wave attack tends to increase the slope of a beach by erod-
ing the beach face and moving sediment offshore. Thus,
the beach slope changes seasonally in regions subject to
erosion by large breaking waves accompanying seasonal
storminess. Lower-energy waves that strike the coast as
swell result in greater net transport of sediment onto the
beach face. During calm periods between storms, low-energy
waves move beach-forming material shoreward.

Waves build up a fair-weather berm during periods
between significant storms. Because storms erode the lower-
elevation, fair-weather berm and redistribute the sand sea-
ward, they alter beach profiles by steepening the beach face
and moving substantial amounts of sediment to offshore
bars. Wave attack during very large storms can even erode
a notch in the berm, creating temporary sand cliffs along a
beach profile. Larger waves from higher-energy storms also
may build a higher storm berm at the upper limit of wave
action, just seaward of dunes. Between storms, beach faces
gradually recover and flatten as fair-weather waves move
sediment landward again and wave-cut smooth notches.

Storm patterns affect the degree to which beach mop-
phology exhibits regular seasonal change. Years without major
storms produce little seasonal change in beach profiles, and
anomalous storm events dramatically alter beach profiles
regardless of the seasonal pattern along a coastline. In the
southeastern United States and eastern Australia, tropical
depressions including hurricanes and typhoons are summer
and fall events that periodically reform beach profiles. In New
England, the most geomorphically effective storms are long-
lasting nor’easters, which are most common in the late fall
and early spring. In the northwestern United States, winters
are stormy and summers are calm. At far northern latitudes,
sea ice precludes near-shore winter waves, and there is little
seasonal change in beach morphology.

Submerged, near-shore bars commonly form beneath
breakers, and the interplay of wave action and sediment
transport creates a feedback loop in which breaking waves
build bars that, in turn, promote shoaling and thus more
breakers. Consequently, bars commonly form at the sea-
ward limit of the surf zone, where waves begin to break,
and an associated trough grows between the bar and the
beach. The complexity of the relationship between incom-
ing waves and near-shore sediment transport is expressed
in the variety of bar types that result from specific coastal
currents and configurations. Multiple, shore-parallel bars
may reflect the positions of breaking waves of different
sizes, breaker positions du ring high and low tides, or
development of breakers that form and break up again
and again before reaching shore on low-gradient beaches.
Deep bars that form beneath unusually large storm waves
sometimes remain stable for long periods because they lie

PHOTOGRAPH 8.9 Beach Cusps. These beach cusps are on a
gravel beach with steep backing slope in Baja, Mexico.

beneath the wave base for fair weather and even average
storm waves. Offshore bars serve as natural breakwaters
that reduce the wave energy affecting the beach.

Many beaches exhibit crescent-shaped and cuspate
forms with axes perpendicular to the coast that range in
size from wavelengths of a few meters to major capes and
embayments hundreds of kilometers long. Beach cusps
commonly develop on the upper beach face and have wave-
lengths of less than 30 m [Photograph 8.9]. Cusps form in
any size of beach sediment, from fine sand to large cob-
bles. Sediment in the seaward projections, or horns, of
cusps is typically coarser than in the intervening embay-
ments. Although their origin remains debated, there is a
consensus that cusp spacing depends on wave height and
direction and that higher waves generally produce greater
cusp wavelengths. Some believe cusps result from standing
waves that set up offshore; others believe they are a self-
organized feature similar to river meanders. Cusps are
typically destroyed by large storms and can reform within
a day after storms. In some regions, like the Atlantic coast
of the southeastern United States, the periodic spacing of
very large shoreline crenulations, called capes, may reflect
the spacing of rivers or variations in ocean currents.

Spits, Tidal Deltas, and Barrier Islands

Constructional coastal features are formed by sediment
deposition in coastal environments. Spits are shore-parallel
sediment deposits that are connected to the mainland at
one end. Spits are found on many coastlines, including on
large inland lakes. Longshore transport builds spits by
delivering sediment to the end, or tip, of the spit where the
sand is deposited, allowing the spit to build out into deeper
water. A spit may grow across an existing embayment or
extend from a headland to enclose a lagoon that fills with
fine sediment once it is protected from wave action. Where
tidal flux cuts through spits, it creates inlets through
which tidal flow moves in and out of the embayment,
Tidal currents often reshape the ends of spits into curved

M. Miller

PHOTOGRAPH 8.10 Spit. Dungeness Spit, Strait of Juan de Fuca,
Washington; the Olympic Mountains are in the distance.

forms, or hooks [Photograph 8.10]. Storm surges may fill in
existing tidal inlets with sediment and cut new passages
h spits.
thr(;'l;(%od-liide deltas form where sand carried b_y lor.lg—
shore currents reaches a tidal inlet and the incpmmg _tlde
pushes it landward through the inlet. The ﬂoodl.ng (rising)
tide carries sand into the lagoon, where it rapidly settles
out in the sheltered waters where the waves are Wf':ak.
Sand transported out of a lagoon by an ebbing (falling)
tide sometimes forms an ebb-tide delta on the' seaward
side of a barrier island [Photograph 8.11]. Ebb-tide deltas
are generally small compared to flood-tide de_ltas bec'ause
they are reworked by waves in the open marine environ-
ment and because the outgoing tide usually ha.s a lower
sediment-transport capacity than the incoming tide.
Barrier islands are similar to spits but are disconnected
from the mainland by tidal inlets at both ends [Photograph
8.12]. They are typically shore-parallel islands located a
short distance from the mainland across a lagoon or bay.

|. Buynevich

PHOTOGRAPH 8.11 Ebb-tide Delta. The Midway Inlet in South
Carolina is a tidal inlet with an ebb-tide delta.

USGS
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Barrier island

PHOTOGRAPH 8.12 Barrier Island. Ocracoke Island is a barrier
island, southwest of Cape Hatteras. This photograph, taken after
Hurricane Isabel (2003) passed within 30 km, shows sand washed

over the island into the lagoon.

Barrier islands are typically several hundred meters to sev-
eral kilometers across and from 10 to up to 100 km long.
Windblown sand dunes on the landward side often form
the spine of a barrier island, and tidal ﬂat§ and marshes
fringe the lagoon. The elevation of a barrier island depends
on the available sand supply and the.strength of dur_le—
forming winds. Most barrier islands, like those.that‘lme
the coast of South Carolina, are less than 10 m in height.
Low barrier islands experience overwash by storm surges,
which can carve new inlets and deliver sand to interior
and back-barrier locations. Inlets migrate in 'Ehe direction (?f
longshore transport by accumulation of sedlmen.t on their
upcurrent side and erosion of the downcurrent side of the
inlet. Conditions on low-energy to moderate-energy coasts
with limited tidal ranges favor development and mainte-
nance of barrier islands. _
Barrier islands form by three primary processes: spit
elongation, bar submergence, and bar emergence. When a
spit becomes long enough to slow transport of water between
the ocean and lagoon, a new inlet forms as water levels
rise over a spit during storms and splits off the end .of
the spit into an island. Bar submergence creates ban?ler
islands when an old dune or other topographic coastal high
point becomes isolated as sea level rises. Bar emergence
occurs either during falling sea level or when a strong storm
creates a large offshore bar that becomes e_xposed'as a low
island after the storm surge subsides and winds build dupes
that raise the bar farther above sea level. Wave refraction
sometimes focuses deposition and builds tombolos, sand or
gravel bars that are inundated at high tide but connect an
island with the mainland or another island at low tide. _
Coastal barriers migrate seaward or landward in
response to changes in sea level, sediment supply? or coastal
erosion. Landward migration of coastal barriers is common
because of enhanced coastal erosion (due to wave action)
driven by recent global sea-level rise. The_mam processes
that move coastal barriers landward are wind transport to
and through coastal dunes, washover during large storms,
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and tidal transport through inlets to lagoons and flood-
tide deltas. Seaward growth of coastal barriers does occur
close to large sediment sources. Sets of distinctive, pro-
grading beach ridges typically accompany seaward move-
ment of the shoreline in regions where rivers deliver abun-
dant sediment to coastal environments or where uplift is
occurring.

Offshore barrier islands are common on passive mar-
gins, with little tectonic uplift or subsidence—for example,
the mid-Atlantic and Gulf of Mexico coasts of the United
States. Barrier islands are much less common on active
margins, but they can occur near substantial sediment inputs
such as river mouths.

Lagoons, Tidal Flats, and Marshes

Lagoons are partially enclosed coastal water bodies on the
landward side of spits, barrier islands, and reefs [Photo-
graph 8.13]. The quiet waters of lagoons accumulate sedi-
ment that gradually fills in the lagoon embayment unless
it is subsiding tectonically. Fill material includes sediment
delivered from fluvial sources, marine sediment washed over
spits and barrier islands, and biogenic material from high
biologic productivity due to quiet water and high nutrient
loads.

Tidal flats [Photograph 8.14] are depositional areas
within the intertidal zone, the landscape between mean
low-tide and mean high-tide levels. In coastal areas that
are protected from direct wave attack, fine-grained mud
(clay) transported as suspended load in the incoming tidal
flux accumulates on a flat surface just below high-tide
level. Coarser sand, transported as bedload, accumulates
lower on tidal flats, closer to the mean low-tide level, or in
intertidal creeks. If sea level is steady, then the rate of sed-
iment supply controls the speed at which tidal flats aggrade
or erode. If sea level falls, then tidal flats are more likely to
transition from intertidal to terrestrial areas. If sea level rises,
tidal flats require a substantial supply of sediment in order
to aggrade rapidly enough to keep up with the rising water.

Barrier island

PHOTOGRAPH 8.13 Lagoon. The body of water in the right side
of the image is a lagoon sheltered by a well-vegetated barrier
island on the eastern shore of Virginia.

M. Miller
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PHOTOGRAPH 8.14 Tidal Flat. Aerial view of branching tidal
channels on a tidal flat in Coos Bay, Oregon. Trees in the distance
provide scale.

Tidal flats are best developed in macrotidal environ-
ments with large tidal ranges because the sediments that
would otherwise form beaches, spits, and barriers are
instead distributed throughout the coastal zone by waves
attacking at a variety of different elevations. Waves die out
as they cross broad tidal flats, and tidal currents come and
go slowly at their outer, landward reaches, creating a low-
energy zone where mud accumulates during slack water at
high tides. Salt marshes form in the intertidal zone where
salt-tolerant vegetation promotes sediment deposition by
introducing roughness that dissipates wave energy and
reduces tidal current velocity. Marshes are made up of S to
25 percent organic matter; thus, biologic productivity is
important as a marsh sediment source, including below-
ground productivity. In tropical regions, extensive man-
grove vegetation protects coastal environments from erosion
and promotes marsh growth by dissipating wave energy
[Photograph 8.15].

Recent research suggests that many coastal marshes
are recent additions to the landscape, the result of large

Mangroves

PHOTOGRAPH 8.15 Mangrove Coast. Mangroves line a beach
at the base of a steep coastal slope in Queensland, Australia, near
Cape Tribulation.

jumes of sediment filling shallow areas of estuaries when
w| Ind deforestation increased sediment yields. Examples
up Jdiment infilled tidal flats and emergent salt marshes
that expanded greatly during the past several hundred
rs in estuaries include San Francisco Bay an.d the coast
ca:h of Boston, Massachusetts. Although afforestation
ﬂn.rj better land management practices have reduced sed‘l-
. yields over the past century, the marshes _remain
the vegetation changes water-flow d.ynamws_, effi-
and produces organic matter that

of s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>