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Coasts, Beaches, and Estuaries – Lecture Script 

The place where most humans spend most of their time interacting with the oceans is along the coastline. In these 
regions we see spectacular displays of marine life, reef development, sand migration, and coastal erosion. Let’s 
review these processes and the features they develop, by visiting a variety of coastlines all over the world. 
 
All landforms found along a shoreline can be classified as either erosional or depositional. Erosional features are 
landforms that are left behind when material is eroded (or removed). Depositional features are landforms 
formed when material is deposited (or dumped). This cartoon image shows a few key features formed through 
erosion – all are created by waves and gravity removing material and leaving these shapes behind in the solid 
rock. The wave-cut bench is created when waves reach shallow water and touch bottom. As the waves drag their 
wave base across the bottom of the seafloor, they erode the rock and create a flat surface atop which sand is 
pushed and pulled in and out and along the shoreline. Normally the wave-cut bench is covered by sand, but in 
some instances it is exposed as bare rock, as this image from Moss Beach, California shows. When the wave-cut 
bench is uplifted or when sea level drops, it can sit as a flat terrace above a new wave-cut bench. These older 
benches are called marine terraces. Marine terraces are common features of the California Coastline, because our 
coastline is continually lifting out of the water. The inset in this picture shows marine terraces across the Channel 
Islands off of Santa Barbara. And this image shows a well-developed marine terrace along the Sonoma Coast. In 
some places these marine terraces have been used to develop locations for shopping malls, golf courses, and 
lighthouses. The best place to see a marine terrace locally is at Fort Funston. It is the location of the parking lot 
and take-off point for the hang gliders. This image is looking south from the edge of the terrace where a massive 
landslide removed a significant amount of the local cliffs. You can see further down, where these houses appear 
atop the terrace. All of this cliff is prone to landslides and new ones are added yearly to this section of the 
coastline as waves undercut this softer less resistant rock material. Adding to the instability of this 100,000-year-
old marine terrace and cliff is the presence of the San Andreas Fault, which comes offshore right here at Mussel 
Rock. The shaking associated with movements along this fault add power to the erosional processes at work here. 
 
When a coastline is made of solid rock lifting up out of the water, the waves will attack any bits that stick out. 
This focused wave energy will do its best to undercut the solid rock, creating wave-cut notches below wave-cut 
cliffs. Only by undercutting the cliffs will the ocean succeed in its erosional task, as gravity causes the now 
unsupported rock to fail and fall into the ocean. Where undercutting has been extensive, and the cliff is yet to fail, 
we can get sea caves and sea arches. When the roof above a sea arch finally fails, an island is left offshore. We call 
these sea stacks. And where erosion in sea caves has carved holes to the surface, we get blowholes. Blowholes can 
be quite dangerous, because large waves will frequently push into the cave and out the blowhole taking coastal 
explorers unaware. 
 
This image from Northern British Columbia shows fjords, carved by glaciers during the last ice age as they 
entered the ocean. One of the spectacular features of fjords it that glaciers carve straight down, so the sides of this 
inlet are vertical cliffs that extend in some places a few hundred feet below the surface. Boats can drive right up to 
the side of the fjord, reach out and grab a tree to anchor. Erosional features are also found on large lakes, such as 
these cliffs on the edge of Lake Michigan. Because this rock is somewhat less resistant to erosion than the other 
examples we’ve seen, the cliffs are not as steep. These hills are susceptible to slumping on a more frequent basis. 
This image is taken from the Big Island of Hawaii, where the highly resistant basalt bedrock is undercut by high 
waves. There are extensive caves carved out under these cliffs. Standing on the edge of these cliffs is quite 
dangerous, as entire sections have been known to fail and carry unsuspecting tourists with them. You can feel the 
power of these waves when standing here, because with each crash of the waves below, the entire rock face 
shakes and resonates around you. This picture of the beaches of Big Sur in central California shows large rocky 
headlands left behind as waves erode the uplifting granites that dominate this region. The distant dome in this 
picture is also a large resistant granite that erodes somewhat differently and creates an extensive rounded 
headland, slowly being worn down by the wave action. Erosional features are dramatic sculptures found across 
many coastal landscapes. 
 
But what about the large white beach in the front? Is that erosional? Quite the opposite. Beaches are piles of 
sediment that were deposited or left behind by waves. These piles are in constant flux as old sand is removed and 
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new sand is added. We call this kind of feature a depositional feature. Beaches are the quintessential depositional 
feature. Others include deltas, where sediment is deposited as rivers enter the ocean, spits, where longshore 

current carries sand partially across the mouth of a harbor, baymouth bars or bay barriers, where the spits have 
completely crossed and cut off the embayments from the ocean, tombolos, where sand has collected behind an 
offshore island, and barrier islands, where sand piles up parallel but a distance offshore from the present 
coastline. These barrier islands are usually formed from spits that extend outwards along a coastline or from 
older beaches pushed up and inland as sea level rose after the last ice age. Hooks form when tidal currents push a 
spit into an embayment. 
 
The East Coast of the United States is dominated by depositional features, with long sandy beaches, like this one 
along the Atlantic Coast of Florida. This satellite image of Cape Cod in Massachusetts shows the long sandy 
beaches that surround the coastline and the offshore islands of Nantucket and Martha’s Vineyard. We can see a 
number of spits and hooks. And this close up shows baymouth bars closing off these inlets. Such features are 
found all along the East Coast between Massachusetts in the North and Florida in the South. This image of the 
coast of North Carolina shows an extensive barrier island system outlining the entire state. Many of these barrier 
islands are completely covered by cities or residential communities, like this one. Normally these barrier islands 
would be made entirely of shifting dunes with steeper slopes on the ocean side and gentler mud-filled lagoons on 
the inland side. These lagoons are filled with grassy marshes in temperate climates and mangrove swamps in 
tropical climates as shown in this image from a lagoon inside a Florida barrier island. When embayments get 
completely closed off or separated from the ocean, usually by dunes, we call them lagoons. This image shows a 
lagoon in Pescadero, just south of San Francisco. Although our coastline is mainly dominated by erosional 
features, there are a few locations where we see these salt-marsh-surrounded lagoons, such as here in Pescadero 
where the sand dunes have closed off and separated this low-lying wetland, and along the edges of the entire San 
Francisco Bay estuary. 
 
Deltas are some of the largest sediment piles and depositional features in the ocean including such large deltas as 
the Nile River delta, and the deltas of the Mississippi, Yangtze, and Pearl Rivers. You can see from these satellite 
images just how much mud these rivers carry. Because the mud particles are so small, they remain suspended in 
the water and are carried far offshore before settling to the bottom to create deep-sea muds. This satellite image of 
San Francisco Bay shows the sediment plume from the Sacramento River, which dumps its load way up near 
Sacramento. San Francisco Bay is an estuary surrounded by salt marshes, most of which have been filled in for 
development of residential neighborhoods, cities, and agricultural uses. This close up of the North Bay shows the 
dike-surrounded islands of the Sacramento Delta, where agricultural is extensive. San Francisco’s North Bay is an 
estuary because it is an embayment in which freshwater and saltwater mix. Its formation type is considered a  
drowned river valley because it formed as sea level rose after the last ice age and drowned or pushed inland the 
Sacramento River Delta. This image of the South Bay shows the salt ponds first developed for industrial purposes 
over a hundred years ago. San Francisco’s South Bay is a fault-bounded, tectonic estuary. It sits between the 
Hayward and San Andreas Faults and represents a down-dropped basin that filled with water. In fact, if you look 
closely at the Pacific Coastline of the San Francisco Bay Area, you see that it is dominated by rocky headlands and 
cliffs. The exception is Ocean Beach, covered with sand dunes. Why? Because it sits in the down-dropped area 
between the faults, land is sinking here and sediment collects. 
 
We can extend this comparison as whole to the general differences between the East and West coasts of the 
United States. Why is the East Coast of the United States dominated by depositional features while the West 
Coast is dominated by erosional features? The East Coast must be sinking, while the West Coast is uplifting. 
Why? If we return to our study of Plate Tectonics, we can find the answer. The East Coast is a passive margin in 
the middle of the North American Plate. All that happens to the coastline is the slow steady piling up of sediment 
eroded from the mountains and carried to the beaches. As this sediment collects and adds weight to the crust, the 
land isostatically sinks below the surface. Sediment piles up, and we get barrier islands, spits, and deltas. Along 
the west coast, the land is uplifting. In some places, such as Washington, Oregon, and Northern California, the 
coast is also a subduction zone, and that explains the uplift. But what about in the rest of California? Even though 
there’s no longer subduction here and hasn’t been for almost 60 million years, there is still uplift associated with 
small amounts of compression that still exist along the North American and Pacific plate boundary—a boundary 
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that is now primarily characterized by transform stresses. The uplift carries new, resistant rock above the waves 
to be eroded and sculpted leaving behind cliffs, terraces, and caves. 
 
Let’s take a close-up tour along these two coastlines using Google Earth. This video shows us moving North 
along the California Coast. Notice the spectacular cliffs and headlands. This video shows us moving North along 
the Florida, Georgia, and South Carolina coasts. Notice the spectacular beaches and barrier islands. 
 
The East Coast beaches are especially vulnerable to seawater encroachment, not just because the land is sinking 
isostatically under the weight of all the sediment, but also because sea level is rising. Rising sea level has a much 
greater impact on flat lands with little vertical relief. Remember from past lectures that sea level changes globally 
due to three major processes. We call global changes to sea level, eustatic sea level change. Can you remember 
what processes cause sea level to rise? Melting glaciers. Warming ocean temperatures (due to expansion of 
warmer seawater). And decreasing the size of the ocean basins. The reverse of all three of these causes sea level to 
drop – expanding glaciers, cooling ocean temperatures, and increasing the size of ocean basins. This graph shows 
how sea level has changed over the last 542 million years of Earth’s history. We get some of these data from 
studying seafloor sediment – the rest we get from studying rocks and sediment on land. We see from this chart 
that sea level has been considerably higher through most of Earth’s history. How high? Up to 400 meters higher. 
And how much lower could it go? About 125 meters lower. This chart also indicates that most of Earth’s history 
has been much warmer than it is today. In fact, today we’re in a period known as the Pleistocene. It began only 2 
million years ago and is represented by alternating ice ages and interglacials. This close up of just the past 800,000 
years lets us see that pattern of rising and falling sea level. The highest sea level has been during this period of 
Earth’s history is about 10 meters higher than it is today. In fact, looking even closer, to just the last 24,000 years 
since the last ice age ended, we see a slow steady rise of sea level until about 8,000 years ago, after which it’s 
maintained a pretty flat level. This next image highlights just the last 8,000 years, and we can see there is still an 
increase, but it’s quite gradual. That is until the last 130 years. This close up demonstrates that at about 1900, sea 
level started rising faster than it had for thousands of years prior. This rise in sea level corresponds to a rise in 
global ocean temperatures. Scientists have calculated that sea level is currently rising at a rate of 3.4 mm/yr plus 
or minus 0.4 mm/yr. What would that mean for sea level in 2100? It would be 2 feet higher than it is today. That 
would mean the loss of many hundreds of miles of coastlines in areas of the world where coastal lands are flat 
and already near or under sea level. Ocean temperature increases of even a single degree Celsius can lead to a 
significant increase in sea level. This image shows what the East Coast of the United States looked like 15,000 
years ago during the height of the last ice age. Sea level was much lower, and the entire continental shelf – all 300 
miles thick of it – was exposed. The dotted lines tell us where sea level could be in the future if sea level were to 
rise the same amount again. Notice that in that scenario, we lose all of Florida and most of the Eastern Seaboard. 
85% of the world’s population lives within a few feet of sea level, and rising sea levels across the planet will have 
a huge impact on human civilizations and economies. 
 
Let’s return to the beach and study further the surf zone and shoreline. This image breaks the coast into zones – 
offshore, nearshore, foreshore, and backshore. The surf zone is the point at which waves first feel bottom as they 
enter shallow waters. Notice the nearshore zone starts at the beginning of the surf zone, as does the outer limits 
of the wave-cut bench. As waves move across the surf zone, they push sand onto the shore in the summer, when 
wave energy is low, and remove it from the land, when wave energy is high during the winter, storing it offshore 
in a longshore bar. We call the area on the beach where the sand piles up at its highest, the berm. In this picture, 
the berm piles up at the base of the wave-cut cliff. The part of the berm that is alternately covered and uncovered 
by the high and low tides is called the foreshore. It is also known as the intertidal zone. This cartoon image of a 
beach shows the area behind the backshore is a wave-cut cliff with a terrace atop it. That means this is most likely 
an uplifting coastline with high rates of erosion. This image of Ocean Beach in Fall 2007 shows a very different 
type of coast, where the berm backs up into a sand dune system. This shoreline is sinking and is displaying 
depositional features. You can identify the intertidal zone in this image because you can see the high tide line at 
the base of the dunes and the low tide line where the current water level is. Along rocky shorelines, such as this 
picture of Rodeo Beach, the steeper cliff faces create a very different look to the intertidal zone. The solid rocks 
allow for organisms to attach and reef communities to develop. In the sandy shoreline, all the intertidal 
organisms live in or under the sand.  
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The main effect of waves hitting shore at an angle is the movement of sand and water along a beach. We call the 
movement of sand, longshore drift, the water, longshore current. What direction does the sand and water move? 
In the opposite direction from which the waves are coming. Remember from our lecture on waves, these waves 
are swell, coming from far-distant storms potentially thousands of miles away. Because these storms are 
concentrated at the polar front northward of California, the direction of longshore drift is usually southward. The 
same is true for the East Coast of the United States – most of its storms are to the north, so most of the longshore 
current is to the south. However, that can change locally due to the shape of the coastline or regionally due to 
seasonal storm changes. For example, during the Summer, hurricanes are a bigger issue in the Atlantic Ocean and 
Gulf Coast, so as this picture shows for a barrier island in Texas, the direction of longshore drift in summer 
months is northward, in winter months southward. This image of Cape Cod shows a spit moving southward on 
the southern half of the Cape, and a spit moving northward and hooking inward on the northern half of the cape. 
Why? The shape of the coastline means that waves will feel bottom first in the middle of the cape and then bend 
in different directions on either side. This close up satellite image of Point Reyes just north of San Francisco shows 
a similar phenomenon. The white sands displayed here are part of Limantour Spit, which forms from sand 
moving northward. Why? Waves coming from the north will migrate along this part of the coastline and then as 
they hit the headland they will bend around it, eventually spiraling inward so they push sand into the 
embayment from the southern side. This image shows the large piles of sand on Limantour spit. These partially 
close off the opening to Drake’s Estero and created a protected lagoon and salt marsh behind the spit. It’s a great 
place on a nice day to experience depositional features and lagoons first hand. 
 
Not only does sand move along the coast with the wave-produced longshore current, but it also moves on and 
offshore with the seasons as mentioned previously, due to the differences in energy of winter waves and summer 
waves. This image shows two different beach profiles – the solid blue line represents a beach with the highest 
berm, produced after many months of summer waves. The dashed red line shows what the beach looks like at the 
end of the winter season just before the winter storms end. Much of the sand has been pulled offshore and sits 
underwater in offshore bars. These offshore bars are not visible, but they are noticeable to those who swim or surf 
along the California Coastline in the Spring months, because a short paddle offshore through deeper water will 
eventually land you back in shallow water where you can stand up on the bar. Here is a picture from Southern 
California at the time of year when its berm is highest. When would that be? Just before the winter storm waves 
arrive and summer waves have had months to push sand up to the shore. October. Want to see what this same 
beach looks like 6 months later in May? Here’s a picture showing the beach with most of its sand removed. 
Clearly if you plan to spend time on a beach in Southern California, you better plan your excursions with the 
seasons. Fall is best for big beaches – Spring for rocky. Closer to home, here’s an all-winter-long-eroded March 
version of Ocean Beach and here it is in October after the summer waves have recovered it and piled up a large 
berm. A little further south at Fort Funston, we see a comparison between the cliff-base berm after months of 
sediment collection, and then the same beach after months of storm waves have eroded it. 
 
So sand moves along the shore by longshore current and is pushed on and off the shore with the seasons. Now 
let’s talk about where this sand actually comes from. All beach sand ultimately comes from two sources. Most, 
90%, comes from erosion of the backcountry, carried to the shorelines by rivers. The rest mostly comes from the 
erosion of local coastal rocks – cliffs, headlands, wave-cut benches, etc. What happens when coastal cliffs are 
covered by concrete in an attempt to diminish erosion? Beaches dwindle – waves can get closer to the shore – and 
the risk of cliff undercutting increases. The same is true when we dam rivers. Sediment destined for beaches 
remains trapped behind dams, and downshore beaches dwindle. How do we solve these problems? Import sand 
from elsewhere. During the summer months, sand and gravel companies mine the sands that were trapped 
behind dams in the mountains and carry that sand to the beaches, where local residents and cities pay to have the 
sand redistributed. Minor amounts of sand also come from local reef erosion. If you live in an area where there 
are extensive coral reefs, these can be a major source of beach sands. Most of the world’s coastlines, however, are 
not associated with coral reefs. And in California, we have none. Some small amounts of our sand might be 
composed of shells, but these will never be a major source for us.  
 
Where do beach sands end up? All beach sand ultimately ends up in two sinks. It’s either sucked down a 
submarine or it’s blown on land as a sand dune where it is later buried and turned to sandstone. When sand is 
carried down a submarine canyon by turbidity currents or gradual falling down the sides of the canyon walls, it 
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ends up in a pile at the base of the canyon on the deep see floor – now part of the continental rise or apron of 
sediments that collect at the base of the continental slope. In between source and sink, the longshore current 
distributes sand along the beaches. This cartoon image of the Southern California coastline shows a number of 
beach compartments in which sand enters the longshore current system via rivers, grows in size as it is carried 
down the shore, collecting more river sand as well as local coastal eroded sands, and then is pulled offshore into 
submarine canyons. You would expect to find the largest beaches just north of the canyons where the maximum 
amount of sand has collected. You would expect to find the smallest beaches just southwards, after its been 
removed by canyons and before new sands have been added by rivers. This sidescan sonar image of the same 
area shows the different offshore canyons that act as major sinks pulling the sands offshore and carrying them to 
the bottom of the seafloor. Let’s look more closely at the area between Santa Monica and San Pedro. Based on the 
compartments shown, we would expect this area to have little sand, as most of it would have been drawn off by 
the Redondo Canyon. This area is a rocky headland known as the Palos Verdes Peninsula. Going back to the 
sidescan sonar image, we can clearly see the very narrow shelf associated with this peninsula and the much larger 
shelves north and south. The Redondo Canyon clearly acts as a major sink preventing sand from migrating 
around the peninsula. 
 
So, based on all we’ve learned so far, what’s the source of sands to Ocean Beach, where sands are found in high 
abundance and sand dunes cover most of the region? Ocean Beach has little local rock to erode and has no 
upcurrent river to distribute sand to it. The Sacramento River, remember, dumps its sediment way up in 
Sacramento, and nothing but mud remains in the waters that ebb and flood daily under the Golden Gate Bridge. 
Longshore current cannot cross over the Golden Gate entrance, from North to South, because of deep channels 
carved by tidal currents. So where does Ocean Beach sand come from? It comes from offshore sand deposits, left 
during the last ice age, when the Sacramento River flowed all the way to the beach (15 miles west of its current 
location). The Sacramento River, during an ice age, would have contained large quantities of water and sand, 
making for a large sand delta at the Pacific Ocean. Winds blew this sand onshore, where it covered large expanses 
of continental shelf, including most of the San Francisco Peninsula. These sands formed a massive sand dune 
province. Since the ice age, sea level has risen. The current Sacramento River dumps its load in a delta far inland, 
in Sacramento, the drowned river valley we discussed earlier. Only muds stay suspended in this water as it 
mingles with the seawater entering San Francisco Bay. Ocean Beach’s only source of sand are the offshore dunes 
that are now underwater and are picked up daily by incoming waves and pushed onto Ocean Beach.  
 
In fact, most of San Francisco is built on these old sand dunes, now covered by concrete roads and foundations of 
houses. This image shows a concrete pad covering sands in the Mission District. These are ice age sands, which 
incidentally behave quite fluidly during an earthquake and contribute to much of the damage that occurs to 
property in San Francisco during our large quakes. This particular property was installing a new foundation, and 
the excavation provided an excellent opportunity to see the underlying sediment composition of the entire region 
more closely.  
 
This next image highlights the extent of sand coverage across San Francisco. Sand is shown in yellow. You can 
also see that it represents a moderate to high hazard for ground shaking in an earthquake, The only thing worse is 
the red, which is bay mud, slapped onto the outer edges of the peninsula in an attempt to extend the city’s 
boundaries into the bay.  
 
This Google Earth image of our offshore continental shelf shows a few important submarine canyons that siphon 
sand off our beaches. This double-headed canyon is known as the Pioneer Canyon and it is carved by sand 
avalanches (or turbidity currents) that are caused by sands pulled offshore by the rip currents that form off 
Devil’s Slide. You can imagine here the longshore current moving south and colliding with and deflecting 
offshore by this headland, then directing sand toward this canyon. Further south we see a few more canyons 
including one of the most well-studied canyons in the world – the Monterey Bay Canyon. 
 
Since 85% of the world’s population lives within a few feet of sea level, and ocean-front property has the greatest 
value in our real estate markets, let’s explore deeper the interactions and consequences of building coastal 
structures within the longshore current system. This image highlights four different kinds of erosion-control 
structures that can be built along a shoreline. Let’s review each individually and see how the natural system 
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responds. In the top left, we have a concrete wall or pile of boulders (known as rip rap) that extends 
perpendicularly to the shoreline. We call this structure a groin. When there are two of them running parallel to 
each other and on opposite sides of an estuary opening, we call them jetties. When we build this structure 
parallel to the shore and just off the shore, we call it a breakwater. When the structure is built parallel to the shore 
and along the shore, we call it a seawall.  
 
Let’s look more closely at groins. They are purposefully placed to block sand movement in the longshore current 
system. This blockage allows a large beach to build on the upcurrent side, which is usually the intention. The 
result, however, is that waves that reach the beach downcurrent of the groin have no sand – they pick up and 
move the sand that’s there, but don’t replenish it. Sand is gradually eroded back and the coast retreats. Water gets 
deeper on this side of the groin which allows the waves here to be stronger. These waves have more erosive 
power and continue to erode inland and downward, undercutting the groin. Remember: anything that sticks out 
along a coast will cause waves to refract around and into it, focusing their energy. So this structure will have to be 
regularly maintained. This image shows groins off Cape May, New Jersey. Some areas have installed regularly 
placed groins, in the hopes of minimizing coastal erosion. These groins were placed to protect the road that runs 
along the edge of the coast here. You can see that the sand piles up on the upcurrent side and erosion is increased 
on the downcurrent side, which is really clear up here at the top of the image. Here erosion must be continually 
fought with beach nourishment to prevent erosion of the structures that sit just behind this groin. What’s most 
surprising about this picture is this structure here, which was clearly built after the groin installation and on the 
small beach that formed, demonstrating the constant pressure to add and provide more beachfront property at 
any expense. Groins are especially good at demonstrating the direction of longshore current, as they produce 
large beaches on the upcurrent side as this image from Southern California shows. Again, notice the large number 
of residence built on the berm at the base of the cliffs. These houses, as the ones in the previous picture, are built 
on a constantly moving river of sand.  
 
What about jetties? These are also built to get in the way of longshore current, but in this case it’s an attempt to 
prevent a spit closing off the mouth of a harbor or inlet. The results are similar to a groin’s – sand piles up on the 
upcurrent side, and erosion increases on the downcurrent side. This image of barrier islands on the East Coast 
shows what happened when jetties were built across the Ocean City Inlet. You see the large bulge on the north 
side of the top jetty and the thickening of that portion of the barrier island complex, while the south island, 
Assateague, has been completely migrated. It’s been thinned and, as all barrier islands behave, moved further 
inland by gradual sand migration. Communities to the north are maintained by dredging sand from the jetty 
build up and redistributing it northwards along the coast. Without this dredging, sand would enter the harbor 
and fill the inlet mouth and the Fenwick Island would keep migrating coastward as Assateague does – which is 
fine if nothing’s built upon it, but with extensive seafront property, migrating islands of sand present a problem. 
Meanwhile, the jetty on the south is being extended yearly inland to maintain its connection to Assateague. And 
you can imagine how deep it must be in the water south of this jetty. Maintaining this jetty is more and more 
difficult every year because it is being undercut and eroded. This image is of a similar jetty in Miami Beach, 
Florida, which is also built on a barrier island – you can just see the lagoon behind it as a thin blue strip up here. 
Notice the water color differences on both sides of the jetty – the sand piles up on the northern side and is 
regularly dredged. The south side of the jetty shows very deep water with no evidence of an island anymore. 
 
The biggest challenge with these structures is that they are used initially in lieu of dredging. But that activity is 
only delayed. Eventually dredging is necessary to maintain them. These are two dredging ships off Angel Island 
in San Francisco Bay. They are used on a regular basis to deepen the shipping channels between the Golden Gate 
Bridge and the Alameda Shipyards.  
 
Let’s move on to breakwaters, such as this one in Santa Barbara Harbor. Northern California has similar ones 
across the mouth of Half Moon Bay and other harbors. These walls are made to break the energy of the waves 
and create a calm harbor behind them. However, other results include a buildup of sand around and into the 
harbor and a loss of sand and increase of erosion on the down current side. This increased erosion can threaten 
coastal structures down current such as roads and buildings. Such a problem is faced locally in Half Moon Bay, 
where Highway 1 was significantly eroded after the breakwater installation and had to be moved inland. In Santa 
Barbara, they chose to have dredging ships work 24 hours a day, 7 days a week – there are now two of them, to 
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dredge the sand that piles up in the harbor and move it back down the coast to return it to the longshore current 
system. This picture shows what happened in Santa Monica after a breakwater was built there. Sand piled up on 
the shore inland of the breakwater, because no waves arrived to remove it. That made the pier no longer as 
useful. And the waves that hit the outside of the breakwater erode the sand from under the breakwater, because 
that’s where their energy is deflected. That means the water just off the breakwater is deeper – waves have higher 
energy because they make it closer to the shore before losing it – and the waters here can be quite dangerous. 
These waves can be so large that they crash over the breakwater with huge force and can cause damage to the 
boats on the other side. And, of course, the breakwater must be regularly maintained as it’s being undercut. In 
addition, dredging has to happen on the shore side of the breakwater in order to allow boats to continue to moor 
here. 
 
Seawalls are the structure of last resort used to prevent erosion of parking lots, cliffs, and homes built right along 
the edge of the water. However, remember that erosion of the coastline rock is one source for sands along a beach. 
If this erosion is prevented, beaches shrink. Wave energy will instead erode downward. Slopes get steeper and 
steeper in front of the walls – beaches completely disappear – and eventually the walls get undercut. 
Unfortunately when they fail with a heightened slope in front, the consequent landslide and associated damage is 
much more intense as shown in this cartoon of a barrier island with a sea wall. If rip rap is used instead of a 
seawall, when the underlying sand is carved out, the rip rap will sink down and more can be added on top. It’s an 
easier structure, therefore, to maintain, but it still creates very steep beach fronts with high wave energy attacking 
the structure. This image of rip rap at Moss Beach shows that due to rip rap installation along some of these 
hillsides, the normal erosion rates are increased on the unprotected slopes in between.  
 
What to do? The Coastal Commission of New York State has enacted policies that now prevent the building of 
any new permanent structures along a coastline. As old structures fall apart, they cannot be maintained. 
Eventually the shoreline will return to its natural state, and those who choose to live along the coast will have to 
be prepared to handle the constant shifting of sands and the gradual erosion of headlands and cliffs. The 
alternative is for some areas to be protected at a large cost to the communities that finance the maintenance of the 
structures and with large erosional consequences elsewhere. Wave energy won’t disappear. It can only be 
deflected. If you plan to build a coastal structure, at the very least you should understand what these 
consequences and long-term costs will be. 
 
Two of the largest coastal issues we face along the Pacific Coast of San Francisco is coastal erosion by waves and 
landslides. This image of an active landslide just south of San Francisco in Daly City shows a pile of rip rap at the 
base in an attempt to prevent the slide from continuing to move seaward. The waves come in daily and hit the 
base of the wall, removing sand, and the land behind it slides down, as the earlier image of the Fort Funston 
landslide showed. This entire strip of beach is in constant landslide motion at various points. Unfortunately 
homes and structures are lost on a regular basis.  
 
This image shows erosion along the Great Highway at the southern end of Ocean Beach after a high-energy storm 
removed the sand from under the highway. Remember: this entire area is a sand dune province, and we built 
these structures atop the sand. This sand is easily carved out and erosion is continually battled. This image shows 
coastal erosion from the same storm system in the Pacifica, a community just south of San Francisco. In this case 
the entire apartment complex is in jeopardy and millions of dollars are being spent to try to slow down this 
erosion. However, it’s a constant battle that is delaying only the inevitable. 
 
Now let’s move inside San Francisco Bay estuary and observe some of the processes at work in this embayment 
where salt water and fresh water mix – our earlier definition of an estuary. Estuaries can be classified by how they 
form, as discussed earlier – the North Bay is a downed river mouth, and the South Bay is a fault-bounded tectonic 
estuary. Estuaries can also be classified by how the fresh water and saltwater mix. These simplified cross-sections 
provide some basic guidelines for various mixing models. In all these images, the fresh river water is shown on 
the right as a shallower area of the estuary, with the saltwater, average salinity 34 ppt, and deeper depths on the 
left. In the top image, we have a high volume river that overpowers the local tidal system. The freshwater pushes 
out and over the much denser saltwater and creates a freshwater wedge on top of a saltwater wedge below. We 
call this a salt wedge estuary, and as you can see it has a strong halocline, as the surface water and deep water 
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don’t mix. The opposite of that is a well-mixed estuary, where weak, low-volume rivers enter the ocean and the 
tides overwhelm and simply absorb that water in increasing amounts as ocean water approaches the river’s 
mouth. The surface water and deep water is the same, so there is no halocline. In between the two, we have a 

partially mixed estuary. This happens when the river’s volume is moderate and more matched by tidal currents. 
There is a bit of a wedge and bit of mixing. Surface waters are fresher than deep waters but not by the same 
amount as a salt-wedge estuary. A halocline exists, but it’s weaker. What happens when the tides move into a 
river that dries up in the summer and leaves behind evaporite minerals? The waters pick up and dissolve the salts 
and get saltier as they move inland. These are called reverse estuaries. Let’s review some examples. 
 
Starting with San Francisco’s North Bay, we have a medium-volume river, the Sacramento River which mixes 
with moderate tides. The result is a partially mixed estuary. We have a weak halocline here, and the deep water is 
always a bit saltier than the surface water. In the South Bay we have two things going on. The freshwater input 
here is extremely low, so it’s primarily a well-mixed estuary. In fact, the salinity of the South Bay is typically 
around 30 ppt, very close to that of seawater, which is why whales are occasionally spotted here during Spring 
and Fall plankton blooms. As the seawater migrates into the mouths of the small rivers in these areas, the salinity 
will decrease over a short area with no haloclines and a well-mixed profile. However, these colored ponds were 
developed to increase evaporation and produce a variety of salts. Some of these ponds are still active – others are 
not. As waters mix around these ponds, salinity actually increases, and we have a reverse estuary. In addition, 
there is a seasonal change that happens to the mixing in the South San Francisco Bay estuary. During Spring, after 
months of rain and at the height of snowmelt in the mountains, the rivers in this area will be at their highest. The 
increased river volume leads to a partially mixed estuary, with a weak halocline. This type of mixing is short 
lived, however, and disappears as the river volumes shrink again during Summer. 
 
This image of Laguna Madre behind barrier islands in the Gulf of Mexico shows another reverse estuary. 
Evaporation rates in this lagoon are so high that seawater gets progressively saltier and saltier as it moves in ans 
mixes with the lagoon waters. This image of the mouth of the Columbia River – a high-volume river – 
demonstrates the salt-wedge estuary. You can see that the freshwater wedge extends almost 100 km offshore. 
Imagine being in a boat in these waters and not even being able to see land, but having freshwater at the surface, 
and on the seafloor beneath, you are fishing for saltwater fish. 
 
Estuaries are an important part of coastal habitats, and when humans live in these estuaries, they bring with them 
many changes. As this image shows, about 95% of the wetlands that originally surrounded the San Francisco Bay 
estuary have been filled in with sediment to extend the boundaries of the land and build outward. All the red 
areas in this image represent Bay Muds – old wetlands, now mostly covered by residential communities, 
buildings, airports, and shipyards. Here’s a close up showing the area just around San Francisco. As mentioned 
earlier in this lecture, these areas are highly unstable during earthquakes as the mud greatly amplifies ground 
shaking. Structures built on bay mud suffer much worse damage than those built on bedrock. Sand is better, but 
only slightly. As this image shows, most of the city of San Francisco is built atop sands and bay mud – sediments 
that have come from the coastal waters – highly unstable ground – and thus requiring the most critical 
earthquake engineering efforts. Other changes that have been wrought on our estuary include reduced water 
quality, increased pollutants, diversion of freshwater to agriculture, and the addition of invasive or exotic species, 
which are changing our ecosystem. These issues were addressed in more detail in last week’s lecture on the 
environment. 
 
7million people live in the San Francisco Bay Area, and all of them depend on structures built within and along 
our coastlines – such as airports, bridges, and major highways. Our ports bring in supplies that are distributed 
throughout California and further inland. Understanding the challenges, impacts, and long-term costs associated 
with these structures will help us make more informed decisions, for ourselves and our communities. Coastal 
California is a beautiful landscape. Be sure to get out and enjoy it – it is a public resource – that we all must 
protect for current and future generations. And here’s an important bit of knowledge to take with you – the 
intertidal zone is open on all shorelines in California to all people. So get out at the next low tide and explore! 


