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Wonders of the National Parks:  
A Geology of North America

Scope:

Conversely, the national parks together tell a story of the origins, evolution, 
and present-day marvels of the North American continent. 

How did a river carve a mile-deep canyon hundreds of miles long across 
northern Arizona? What triggered the largest volcanic eruption of the 
20th century on the Alaska Peninsula southwest of Anchorage? Why does the 
longest cave on Earth lie beneath an unassuming plateau in central Kentucky? 
What created the majestic cliffs that encircle Yosemite Valley? How did desert 
dunes hundreds of feet high form at the foot of the Colorado Rockies, much 
less in northern Alaska? Why do rocks glide, untouched and unseen, across 

ground in central Arkansas? What blew a hole dozens of miles across through 
northwestern Wyoming, and why do we think it will happen again? 

national monuments, national seashores and lakeshores, national rivers, 
national marine sanctuaries, national historical trails, state parks, Canadian 

breakaway slice of the North American continent. 

national park, Yellowstone, where a hot spot deep beneath the surface 

more and where a series of massive volcanic eruptions over the last 2 
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million years has blasted away entire mountains. In neighboring Grand 

fault gives rise to one of the youngest and most beautiful mountain ranges on  
the continent. 

vanished glaciers polished the soaring granite cliffs, leaving waterfalls in 

thrive where they do.

plummet to the lowest, hottest, and driest place on the continent at Death 

collisions that built the supercontinent Pangaea at Acadia, Shenandoah, and 
Great Smoky Mountains National Parks. 

Hatteras north to Cape Cod and south to the Florida Keys; and follow rivers 

most conservation-minded U.S. President, to create and protect new parks. 
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stupendous canyons, such as Zion, the Grand Canyon, and the Black Canyon 
of the Gunnison, and sculpted wonderlands, such as Bryce, Arches, and 

turn at Mesa Verde and other early human settlements. 

Bend on the U.S.-Mexico border; and then cool off in caverns, from 

at Voyageurs and Isle Royale. Finally, the pieces will come together to 
assemble a geological story of the North American continent. 

better appreciation for why novelist and historian Wallace Stegner called the 
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1
Yellowstone: Microcosm  
of the National Parks

Amagma chamber beneath Yellowstone “cooks” the rocks above, and 
the water circulating through these hot rocks has created a multitude 
of geothermal features: travertine terraces, hot springs, steam 

vents, mud pots, and geysers. These dynamic features are ever changing. 

Yellowstone National Park
 Yellowstone National Park is one of the most extraordinary and 

dynamic places on our planet. Geologically, so much has happened 
here that this one park on a plateau high in the Central Rockies 

President Ulysses S. Grant signed legislation that declared this land 

 Native Americans who lived in and near what is today northwestern 
Wyoming certainly knew of the region that would become 
Yellowstone National Park and its wonders. Some tribes regarded 

 Like a kettle of water on a hot stove, much of Yellowstone sits atop 
a huge heat source. That heat source is a gigantic magma chamber 
several miles beneath much of the park. Magma is molten rock, the 

at the surface of the planet. 

 The magma chamber beneath Yellowstone resembles an oblong 

sticky, plus crystalline solids. Evidence suggests that this magma 
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Yellowstone National Park geyser.



6 Wonders of the National Parks: A Geology of North America

chamber might be more than 50 miles long and nearly 20 miles 
wide.

 
hotter than the rocks typically found at this depth beneath most of 
the continents. It radiates heat upward through adjacent rocks, and 

yet more heat. 

 

dome-like swelling of the land. 

 As hot groundwater beneath Yellowstone interacts with the 
surrounding rock over, in some cases, centuries underground, it 
dissolves substances it will later precipitate as it cools and evaporates 
at the surface. As it heats up, this groundwater also expands slightly, 

toward the surface.

 This process resembles what you see in a pot of water on a hot 
stove, where warm water over the burners rises and pushes water 
to the edges of the pot, where it cools, becomes more dense, sinks, 
warms at the bottom of the pot, and rises again. 

 

of heat directly through rocks, convection also brings a lot of heat 
to the surface. 

 
depends in part on the composition of the rocks it passes through 
as it travels underground, in part on the volume of water and its 
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system. 

Travertine Terraces
 Five major types of geothermal features occur at Yellowstone: 

travertine terraces (formed by hot springs whose waters pass 

hot spring into a geyser. 

 

this the largest set of springs of their kind anywhere on Earth. 

 
horizontally and grow vertically at an astonishing rate. The growth 

 
through limestone, formed from the shells of tiny creatures that 

many millions of years ago.

 

oversaturated with dissolved calcium and bicarbonate, so they 
precipitate to form a mix of calcium carbonate minerals: aragonite 
and calcite. Both have the composition CaCO , with crystals that 
differ slightly, and both can form travertine. 

 
over bumps, ridges, and terrace edges, accelerating deposition of 
travertine at these sites. 
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evaporating water is saturated with calcium and bicarbonate. 

 However, at Mammoth Hot Springs, growth happens much 
faster than it typically does in caves. This is because heat and 

dissolved calcium and bicarbonate to the surface. The warmth of 
the water as it emerges, and its rapid cooling at the surface, also 

travertine. 

Mammoth Hot Springs.
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 The same precipitation that builds the Mammoth terraces 

new outlet, one portion of the Mammoth terraces is abandoned, 
and a new terrace starts to grow. Dormant springs become active 
and active springs become dormant. Tremors can cause this to 
happen, as well. 

 Hot and active springs at Mammoth tend to produce brilliant white 
terraces, while older dry and abandoned ones turn a dull gray. The 

the presence of microorganisms, both algae and bacteria, that have 
adapted to survive in the extreme temperatures of the springs and 
the streams that drain them.

 These creatures, collectively called thermophiles because they 

life-forms. The thermophiles play an important role in concentrating 

other features. 

Hot Springs
 

than at the sprawling Grand Prismatic Spring in Midway Geyser 

 Processes similar to those that created the Mammoth terraces are at 
work here as well, but with one critical difference: Before arriving 
at the surface, the spring water passes not through limestone, but 
through silica-rich volcanic rocks, such as one formed from hot 
volcanic ash that is called rhyolite.

 The many connected pore spaces within a rhyolite make it easier for 

the rock. 
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 Silica that began in grains of loosely consolidated ash in a rhyolite 
can precipitate to form solid walls of impermeable sinter. This is 
called siliceous sinter, and it is this, not travertine, that precipitates to 
form the rims, bowls, and basins containing and surrounding Grand 

Steam Vents and Mud Pots
 What happens when the ground is so hot that water approaches the 

average boiling temperature for water at the high elevations found 
in the park? That is, what happens if all the water turns to steam 
below ground? This produces a hissing, simmering feature called 

 
Some wetter mud pots roil and churn like soup nearing a boil on a hot 

  
from deep underground and mixes with groundwater. Thermophilic 

sulfuric acid, making the water extremely acidic. 

 This acidic water then converts minerals in surrounding rock to 

the clays suspended in the water, they accumulate, and the spring 
becomes a mud pot. 

Geysers
 Old Faithful is certainly the best-known geyser in the United 

image of Yellowstone. It conjures and symbolizes the national 
parks for a majority of Americans. 
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 Old Faithful is usually not the most reliable geyser in the park. A 
smaller geyser, such as Bead Geyser, might erupt on a more regular 
schedule and for roughly the same length of time every eruption. 

 

 When water is under pressure, its boiling point goes up, so it can 

cavities beneath a geyser, the weight of all the water above exerts 
pressure on the water below. 

 

boiling point at the surface, and this superheated water, now 
buoyant, begins to rise.

 

might also form steam bubbles that burble up gently through the 
cooler water above.

 But if superheated water rises suddenly enough, or if the water 
pressure suddenly decreases because, for example, water at the 
surface sloshes out of a pool, a whole lot of water can transform 
abruptly into steam. This steam blasts water above it out of the 
geyser and into the air, reducing the pressure below, causing more 
superheated water to burst into steam, blasting more water from the 
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of reservoirs near the surface that feed them. Over minutes, days, 

some other triggering event takes place, and the geyser erupts again.

 

become dormant, dormant ones become active, and new ones 
appear. Pools drain away, and peaceful hot springs turn into geysers. 

Suggested Reading

Achenbach, “When Yellowstone Explodes.”

Alley, Geosciences 10.

Burns, The National Parks.

Dickas, 101 American Geo-Sites You’ve Gotta See.

Fritz and Thomas, Roadside Geology of Yellowstone Country.

Good and Pierce, Interpreting the Landscape.

Harris, Tuttle, and Tuttle, Geology of National Parks.

Heacox, The Making of the National Parks.

Hendrix, Geology Underfoot in Yellowstone Country.

Kiver and Harris, Geology of U.S. Parklands.

Lillie, Parks and Plates.

National Geographic, Guide to National Parks of the United States.

 Guide to the National Parks of Canada.

 Secrets of the National Parks.

 The Ten Best of Everything.

National Park Service, National Park Service.
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Parks Canada, http://www.pc.gc.ca/eng.

Quinn and Woodward, eds., Earth’s Landscape.

Smith and Siegel, Windows into the Earth.

U.S. Geological Survey, USGS Geology in the Parks.

Questions to Consider

1.
exceptional mix of geological wonders it contains. Have you visited a 

so, why?

2. Have you visited a cave and seen features resembling the travertine 
terraces at Mammoth Hot Springs? If so, how were they similar to and/
or different from the terraces at Yellowstone?
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Yellowstone’s Cataclysmic Origins  
and Future

Ycreated Yellowstone and will one day destroy it, the glaciers that 

the spectacular Grand Canyon of the Yellowstone. The hot spot deep beneath 
Yellowstone today has blazed a trail across the northwestern United States. 
In so doing, it has obliterated mountains and created geothermal wonders. In 

Volcanic Eruptions
 Much of what we encounter in Yellowstone resulted from a trio 

of caldera eruptions, staggering in scale, and a multitude of minor 
ones. They left their indelible signature on the landscape in and 
around Yellowstone. 

 A caldera eruption is one in which a large magma chamber empties 

 

the vast Huckleberry Ridge caldera that encircled much of the park 
and regions west of it, along with an associated layer of welded ash 
and other debris called the Huckleberry Ridge tuff. 

 
formed the Island Park caldera and created the Mesa Falls tuff. 

 

Creek caldera, the ash bed it scattered across much of the continent 
was the widest ranging of the three, reaching as far as southern 
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California, Louisiana, and beyond North Dakota. This caldera 
encompasses much of central Yellowstone National Park. 

 
glaciation have obscured the sharp outline of the third big caldera. 
But that high ridge along the Madison River is a surviving portion 
of its rim. 

 All three of these caldera eruptions were tremendously larger than 
any sort that has taken place during historical times. Wind carried 
ash from each around the globe, and it piled in drifts across most 
of what is now the western United States. Dust and other aerosols 
pumped into the stratosphere during the eruptions would have 
cooled the planet dramatically for years. 

 

magma chamber beneath Yellowstone as magma shifts about or is 
added from below causes the land above to rise and fall by up to 
about an inch per year over a number of years.

 Land in the park bulges upward at two large domes that were 
eruptive centers during the last caldera eruption, one called 
Mallard Lake near Old Faithful and one called Sour Creek north of 
Fishing Bridge near Yellowstone Lake. These two rise and fall, not 
concurrently, but on their own timetables.

 It seems likely that the magma chamber beneath Yellowstone has 
been similarly dynamic for much of its history. As the magma 

land above it. 

 

associated with motion in the magma chamber and on the faults 
helps create even more fractures in the stressed rocks. 
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 Occasionally in the past, pockets of magma reached up to the 
surface, or a fault from the surface reached down to the magma, 
resulting in an eruption on more modest, familiar scales. But when, 
for example, a rupture occurred on one or several of the concentric 
faults, reducing pressure across a large lobe of the magma chamber 
and causing gas bubbles to form within it, this would have triggered 
a catastrophic eruption. 

Yellowstone National Park.
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 As it blows up and apart, the magma transforms into hot gases, 
dust, ash, and chunks of pumice. Pumice forms when lot of gas gets 
trapped inside to form a type of soft rock and is so full of low-

pumice, hot gas, dust, and ash is called tephra.

 The trio of huge magma chambers at Yellowstone emptied 

like balloons. What land remained above collapsed into the 
calderas, falling as much as 2,000 feet by the time the eruption 
ended. Whole mountains vanished into these chasms or were ripped 
apart and scattered around them. 

 Then, ash and other hot ejected material inundated the surrounding 

material fused into so-called welded tuffs hundreds of feet thick all 
around the calderas. These are the Huckleberry Ridge, Mesa Falls, 

 After each of the major caldera eruptions in and near Yellowstone, a 
succession of additional, smaller eruptions released more material, 

 Another, more violent eruption blasted the West Thumb of 

Upper Geyser Basin, including Old Faithful, is nestled between 

 

caldera surrounding the Yellowstone Plateau and of the profound 
havoc it wreaked for dozens of miles in every direction.
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The Hot Spot
 Why did this trio of severe eruptions occur in and near Yellowstone, 

beneath the park today? 

 
that blazed a trail across the northwestern United States over most 
of the last 20 million years. It is this hot spot that feeds the magma 
chamber beneath the park and is the furnace of the Yellowstone 
supervolcano. 

 Earth has three main layers, from the standpoint of the strata where 
different elements predominate: a dense core comprised mostly 
of iron and nickel; a less-dense mantle surrounding the core and 
comprised primarily of silica, magnesium, and iron oxides; and an 
even less-dense, relatively thin crust with an even higher abundance 
of silica, less magnesium and iron than the mantle, and more 
aluminum, potassium, and other lightweight elements. 

 A cross section of the Earth deep beneath Yellowstone reveals a hot 
spot below. This is a massive heat source or conduit in the mantle 

magma chamber in the crust just below the park. 

 

scientists have used this fact to create three-dimensional images 
of the plume rising from the Yellowstone hot spot as well as the 
magma chamber. 

 For millions of years, the Atlantic Ocean has grown along a rift 
in its basin called the Mid-Atlantic Ridge, becoming wider as the 

growth, the North American Plate has crept southwestward at a rate 

the Yellowstone hot spot.
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border between Nevada and Oregon. Multiple caldera eruptions 
burst through the land, scorching it, scarring it, and creating the 

 The process repeated itself again and again, across northern 
Nevada and then into and across southern Idaho, tracing a path of 

across the northwest before reaching northwestern Wyoming a few 
million years ago.

 

continued its long, slow slide to the southwest and these blasted 
landscapes moved away from the hot spot, they typically would 
have descended more than a thousand feet in elevation, because the 
hot spot lifts up the land above it. 

 As this occurred, fracturing and faulting provided conduits up 
which a new sort of magma made its way to the surface. This lava 

and less viscous, so less explosive, than most of the lavas released 

 In its wake, the Yellowstone hot spot left the central and eastern 
portions of the Snake River Plain, a trail that leads straight to 
Yellowstone. Today, this plain, cleared of big mountains, acts as a 

This helps give both the Yellowstone Plateau and Grand Teton 
National Park just to the south of it more rain and snow than they 
would receive otherwise. 

Glaciers and Meltwater Floods
 About 22,000 years ago, at the height of the most recent glacial 
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also the summits of Mount Washburn and Mount Sheridan. Only 
the highest, jagged peaks of the Absarokas pierced the surface of 
the ice to peek out above it. What would become Yellowstone Lake 
lay buried beneath nearly a mile of ice. This ice scoured out the land 
below and depressed it as well, as some of the soft asthenosphere 

 

ice. The tremendous pressure of all the ice above causes some at the 

 
where the ice can melt or calve off into water and get carried away. 
Glaciers are massive conveyer belts for whatever they can pluck 
from the rocks they override, and as they drag rocks and grit across 
what lies below, they scratch, gouge, and grind them. 

 Ice has plowed and smoothed the Yellowstone landscape. In 
addition, glaciers have lifted and carried car-sized boulders from 
far-off locations and deposited them as so-called glacial erratics 
around the park. 

 As the ice cap over Yellowstone advanced and retreated, it created 
dams of both ice and earth that made large, temporary lakes. 

River carve the spectacular Grand Canyon of the Yellowstone 

the geothermally heated groundwater that altered these rocks and 
transformed them via reactions, called chemical weathering, into 
so many pastel hues. 
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Suggested Reading

Achenbach, “When Yellowstone Explodes.”

Fritz and Thomas, Roadside Geology of Yellowstone Country.

Good and Pierce, Interpreting the Landscape.

Hendrix, Geology Underfoot in Yellowstone Country.

Smith and Siegel, Windows into the Earth.

Questions to Consider

1. The caldera left by the most recent major eruption at Yellowstone 

imagine a caldera this size on a map with your home at the center of it. 
What cities or towns would the caldera enclose?

2.
been set aside as a national park?
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A
rocks. Yet this is the youngest range in the Rocky Mountains, one of the 
youngest on the continent. This is Grand Teton National Park.

Grand Teton National Park
 

Grand Teton look remarkably different from the lava beds, travertine 
terraces, geyser basins, and rainbow canyon of Yellowstone. This 

North America never crossed paths with the Tetons.

 The broad valley that runs the length of the Teton Range is called 

Hole, with the Tetons to the west. The Continental Divide is to the 
east. Unlike Yellowstone, Grand Teton National Park is entirely 
west of the Continental Divide, and unlike the Yellowstone River, 

 Teton Park Road, the main western road through Grand Teton 
National Park, takes you from Jackson Lake to Jenny Lake at the 
foot of the mountains. Directly across the lake, Cascade Canyon 
tumbles down from the highlands between Mount Saint John, 

summit of Grand Teton looms to the southwest. Just beyond the 
southern end of the park lie Moose Junction, the National Elk 
Refuge, and the town of Jackson.

 The Tetons are the youngest mountain range in the American 
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years. Compared to the Tetons, Signal Mountain is relatively 

from those that elevated the Teton Range. 

 
Ridge, covered the small fault-bound block of rock that would 

Yellowstone Ice Cap helped it along, carrying and dumping 

glacial till in conveyor-belt fashion, building Signal Mountain at its 
melting edge. 

 The Huckleberry Ridge Tuff, a layer of welded ash from the caldera 

horizontal; it tilts down toward the big mountains to the west at an 

 
like this 2 million years ago when tephra came spewing forth from 
the caldera to the north. There is no reason that ash should have 

landscape. 

 The continent is stretching and thinning in Grand Teton National 
Park, perhaps on its way to ripping itself in two. Across a great 
fracture in the crust called a fault, one edge rises as the adjacent 
edge falls. Motion along the fault has caused the mountains to rise 
to the west as the adjacent edge of the valley sinks to the east. 

 
sediments pivot. From large to small, boulders, cobbles, pebbles, 
sand, silt, and mud all eroded from the mountain heights and 
transported down into Jackson Hole. They were carried by streams, 
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Grand Teton National Park.
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glaciers, and landslides and have helped weigh down the edge of 
the valley and help it along. 

 But despite the large cumulative downward pivot of the western 
edge of Jackson Hole over the last few million years, the valley 

the void left by the descending bedrock below? 
 The prodigious volume of sediment shed from the slopes and 

 Loads more sediment carried into the valley from the north by 
the Snake River and deposited here have made a contribution. 

 Sediment transported by glaciers from the north when 
Yellowstone was glaciated topped the valley off. 

 Today, nearly a mile of sediment sits above the Huckleberry Ridge 
Tuff where it abuts the fault across which the Tetons have risen.

 The Teton fault is a normal fault. In general, faults are surfaces in 
solid rock, or sometimes in unconsolidated sediment, across which 
relative motion has taken place. A normal fault is an angled fault, 
typically steeply angled, in which rocks of the block above the 
fault have moved down and away relative to rocks of the block 
below the fault. 

Earthquakes
 Motion on active faults can occur gradually through an ongoing 

succession of small movements that generate comparably small 

years before getting released all at once in much more powerful and 

 A big one happened just north of the Tetons and west of Yellowstone 

more than two dozen people. 
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fault. This produced a rise of broken earth called a fault scarp. 

rocks of the crust and uppermost mantle, have thinned and stretched 

of crustal extension. 

 
a large-scale trend of crustal extension that continues to the south 
and west across the so-called Basin and Range Province of the 
United States. The Basin and Range is a large expanse of parallel 
ranges with deep intervening valleys, bounded by normal faults. 

 National Parks at Death Valley and Great Basin show this pattern. 
Both comprise deeply down-dropped, fault-bound blocks (the 

 The dip of the Huckleberry Ridge Tuff tells us how far the western 
edge of Jackson Hole has descended as it slides down the Teton 

 Geologists have determined that rocks of the central Teton Range 

across the fault beneath the western edge of Jackson Hole. As the 
Grand Tetons have ascended above the valley over the last several 
million years, miles of rock must have eroded off the top of them, 

mountains to the west. 

Glaciers
 Just as at Yellowstone, glaciers have played a critical role in shaping 

the landscapes of Grand Teton National Park. During the greatest 

Hole to a depth of a few thousand feet. 
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Tetons but scoured portions of them smooth midway up their 

Jackson Hole toward Yellowstone left a series of ridges and rises 
that ring and dam Jackson Lake. We can thank this glacier for the 
presence of the beautiful lake. 

The city of Jackson Hole.
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 Glaciers also have excavated the canyons between the mountains 
in the Teton Range. Snow and ice accumulated on the slopes of 
the mountains themselves and in the highlands of the mountain 
backcountry. 

 
these glaciers cleaned sediment from the canyons and plucked 
rocks from the walls and the base of the canyons. Water on canyon 

penetrated even the tiniest cracks in rocks.

 Water has the unusual property of expanding rather than contracting 
as it freezes. Ice lenses form in narrow fractures, wedging the rocks 
apart as they freeze and expand. The expanding ice sometimes forces 

on the water until those cracks begin to wedge open as well.

 The glaciers carry broken rock fragments away and renew the 
process on newly exposed rock. Glaciers strip soils from bedrock 
and drag large rocks across other rocks, gouging, grinding, and 
breaking bedrock. They abrade and sculpt the landscape, broadening 

 All this ice-driven action gave canyons such as Cascade and 
Avalanche in Grand Teton National Park their pronounced U-shaped 

left them and plucked out rocks downslope, leaving sharp ridges 
that waterfalls spill over today.

 
of Jackson Hole and melted, they also dropped the sediment they 
were carrying. Over time, this process created ridges of debris 

canyons below the Tetons account for the spectacular series of 
lakes along the western margin of Jackson Hole at the foot of the 
Teton Range.
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 Near the summits of the Tetons, smaller so-called alpine glaciers 
formed. Over time, alpine glaciers tend to produce the steep, 
concave slopes and sharp ridges that characterize peaks such as the 
pyramid summits of Grand Teton. 

Landslides
 As is true of so many of the most geologically compelling and 

unforgettable landscapes, the forces that make the Tetons so 
inviting sometimes cause trouble. In addition to the powerful and 

and around the park. 

 
Ventre River, creating a new lake that grew to become more than 

the debris dam produced by the landslide to break two years later, 

 The prominent bare swath of hillside left by the Gros Ventre slide is 

sometimes fail.

John D. Rockefeller Jr.
 Grand Teton National Park as we know it today exists due to the 

largesse of a single motivated patron, John D. Rockefeller Jr., for 
whom the road between Yellowstone and the Tetons was named. 

 Rockefeller bought thousands of acres of private land in Jackson 

Congress designated the mountains and a few small lakes Grand 

years to persuade the federal government to accept the land he had 
purchased over the objections of local cattlemen, who wanted to 
keep the valley open for grazing.
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Harold Ickes, commissioned Ansel Adams to create photographic 
murals of current and possible future parks. As with painter Thomas 

th

a critical role in building support for setting aside remarkable 
landscapes in national parks. 

 

National Park and the National Elk Refuge.

Suggested Reading

Alt and Hyndman, Roadside Geology of Montana.

Good and Pierce, Interpreting the Landscape.

Smith and Siegel, Windows into the Earth.

Questions to Consider

1. The summits of Grand Teton and the Matterhorn in the Alps both 
resemble horns. Why? By searching online, can you locate other 
glaciated mountains with horn-shaped summits?

2. John D. Rockefeller Jr. was instrumental in the creation or expansion 
of many of the U.S. national parks. Read about his commitment to 
conservation and public service and discover how he supported such parks 
as Acadia, Great Smoky Mountains, Shenandoah, Yosemite, and more.



Lecture 

4
Hawaii Volcanoes:  
Earth’s Largest Mountains

Hvolcanoes of Hawaii Volcanoes National Park. Volcanoes have 
grown the Big Island, and they continue to do so. Volcanoes also 

give rise to exotic landscapes and constantly reshape the land as they build it. 

together comprise the Big Island of Hawaii, the largest and youngest island 
in this most recent addition to the 50 United States. 

Hawaii Volcanoes National Park
 Why do Hawaii and its volcanoes exist, so far from any continent? 

 The answer is that even an oceanic plate can give rise to land. Flow 

successive eruptions of lava beneath the ocean, and then lava 

long time by human standards but not by geological ones.

 Perched against the southern shoulder of Mauna Loa, Kilauea is 

have started forming a little more than a million years ago.

 Just to the south of the island and not far from shore, a submerged 
volcano called Loihi rises thousands of feet above the surrounding 

will emerge at the surface to add its bulk and a sixth volcano to the 
Big Island, making it bigger still.

 Far below Hawaii Volcanoes National Park, the entire Big Island 
hides another secret: Hundreds of miles deep in the rocks of the 
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mantle, a hot spot of upwelling rock and magma similar to the one 

 Unlike the Yellowstone hot spot, however, the one below Hawaii 
currently resides beneath the dense oceanic crust that underlies the 

enriched rocks of the North American continent. And that has made 
all the difference. 

 Hawaii Volcanoes National Park contrasts in striking ways with 

mineralogy, landforms and landscape, or volcanic threat. But there 
are plenty of similarities, too. 

Hawaii Volcanoes National Park.
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 Yellowstone sits at the end of a string of buried volcanic 
calderas stretching away to the southwest beneath the Snake 

string of volcanic islands and seamounts that stretch away to 
the west-northwest to the Midway Islands and beyond. 

 The buried calderas that form a connect-the-dots line to 
Yellowstone become progressively older as you get farther 
away from Yellowstone. The volcanic islands and seamounts 
of the Hawaiian-Ridge chain also become progressively older 
as you get farther away from the Big Island.

 Ancient calderas formed by the Yellowstone hot spot have 
sunken or subsided as they moved away from the hot spot. 

 

magma beneath the ground at Yellowstone and the response 
of the stressed, brittle land above. The Big Island also 

 
Hawaiian hot spot in the mantle below, and as it does so, magma 

built the islands and seamounts of the chain. 

 Hawaii Volcanoes National Park and the Big Island around it are a 
work in progress, constantly under construction. They are home to 
some of the newest land on Earth, as nearly constant lava eruptions 

 But the similarities between Yellowstone and Hawaii do not tell 
the entire story. After all, unlike Yellowstone, geysers do not erupt 
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in the calderas on Kilauea and Mauna Loa, and their calderas are 

might blow themselves to bits once in awhile. 

Hawaiian Magma and Lava
 The Yellowstone hot spot sits beneath continental crust, which is 

enriched in silicon, aluminum, and potassium and is less dense 
than oceanic crust. Partial melting of continental crust by heat 
and magma rising through it enriches the magma further in these 
elements. The magma that results is viscous and highly explosive 
and creates mostly light-colored, lightweight rocks called rhyolites 
that are rich in silica and ash. 

 By contrast, the Hawaiian hot spot sits beneath oceanic crust, which 
is much thinner than continental crust but also denser. Compared 
with continental crust, it has less silica and more closely resembles 
the chemistry of rocks in the upper mantle. 

 

viscous than that rising beneath Yellowstone. When it erupts as 

basalt. Basalts are found everywhere in Hawaii Volcanoes National 
Park and on the larger Big Island. 

 New lava on both Mauna Loa and Kilauea has vented primarily at 
one of two locations: in and near the calderas at the summits of 
the volcanoes, and in long, linear rift zones where the volcanic 

the surface in great sheets. These rifts extend for dozens of miles 

 At Hawaii Volcanoes National Park, both summit eruptions and 
rift eruptions can sometimes result in dramatic fountaining, when 
brilliant orange lava spouts hundreds to a thousand or more feet into 
the air. These fountains can build cones of splattered lava and hot 
scoria cinders hundreds of feet tall, called cinder cones. Hawaiian 
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Big Island.
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lavas also often erupt along long, narrow vents, not as a single, 

 Whether erupted as fountains or sheets, Hawaiian lava can fall 

chunky cinders. It can freeze in the air as oblong volcanic bombs. 
It can disperse on the wind as ash, or even form gossamer golden 

 Once lava drains away and the surrounding rock cools, many 
subterranean conduits remain as lava-tube caves. Some have 
“lavacicles,” resembling the stalactites found in limestone caves, 
hanging from their ceilings, and spatter from splashing lava adorns 
their walls. The Thurston Lava Tube on Kilauea is one readily 
accessible lava-tube cave. 

Weather Zones
 

volcanoes create distinct zones of weather. The temperature 
decreases as you climb toward their summits. At these elevations, 

feet gained above sea level. 

 

 

eastern coast, is a lush garden with many overcast and rainy days. 
Rain forest covers much of the eastern slopes of the island. 
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one of the largest in the United States. And while they still get some 
rain, the beach resorts of the Kona Coast get just a fraction of what 
falls on Hilo.

 
just downwind of the Kilauea caldera. But a paucity of rainfall 

emerging from the caldera reacts with oxygen and moisture in the 
atmosphere to create tiny suspended droplets of sulfuric acid. The 
result is a sort of volcanic smog or fog that is dangerous to breathe 
and discourages plant growth as well. 

 
of years, form a mosaic across the landscape of Hawaii Volcanoes 

Volcano Observatory have led a decades-long effort to map and 

 
slopes of the windward, rainy side of Hawaii. Where more recent 

A Natural Laboratory
 The extraordinary variety and continuum of conditions on the Big 

great natural laboratories. To understand complex processes and 

age and type, temperature, or rainfall. They can look at differences 
in, for example, ecosystems or weathering rates as temperature 
or precipitation change while holding the age, the composition of 
underlying rocks, and other factors constant.

 Hawaii is also incredibly remote, and endemic species have 
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study, and monitor Hawaii Volcanoes National Park. 

 The clear air of the Mauna Kea summit, far above the clouds and 
remote from continental dust and industrial pollution sources, has 
lured astronomers to the Big Island from around the world. On 
the northern slope of Mauna Loa, adjacent to the national park, air 

Mauna Loa Observatory have provided an astonishing data set that 
documents important, ongoing changes on our planet.

Suggested Reading

Hazlett and Hyndman, Roadside Geology of Hawaii.

Holland, “Red Hot.”

Questions to Consider

1.
Yellowstone and Mount Saint Helens.

2. 
Hawaii Volcano Observatory website and read about the latest 
conditions on the island.



Lecture 

5 The Hawaiian Islands and Maui’s Haleakala

Above a hot spot deep within the Earth, volcanoes rise from the 

way to their own demise, for a time at least, they resemble, as much as any 
place on Earth, historical notions of a garden paradise. 

The Big Island
 

volcanic islands, yet no sooner are they formed than other natural 

down. Along the path to their inevitable destruction, these forces 
conspire to green the land and sculpt cliffs and chasms from 
the fresh, broad shields found at Mauna Loa, Mauna Kea, and 
Kilauea. 

 Life makes soils and digests the volcanic bedrock and ash below. 
Streams carve canyons and cascade as ribbonlike waterfalls. New 

off the hot spot and adjust to the weight of all the lava piled on top. 

 Landslides of epic magnitude take huge bites out of the islands, 
undoing in minutes the work of hundreds of millennia. This process, 
known as mass wasting, strews island material for miles across the 

Hawaiian Islands. 

 Working together, these fundamentally destructive processes have 

of the most intensely beautiful, intricately sculpted places on the 
planet.
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 The Big Island continues to grow at Mauna Loa and Kilauea, 
replenished by plumes of hot, partially melted rock from the Hawaiian 
hot spot far beneath the southeastern corner of this island. Yet, even 

 Brittle, glassy volcanic crusts fragment even as they cool. Surf 
pounds fresh lava deltas, undercutting them, causing some to 
tumble into the sea and slide down the long, steep, submerged 

one that in time the water will surely win. 

Big Island.
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 The disassembling of the Big Island is even more evident to the 
north on the oldest of its volcanoes, Kohala, beyond the borders of 
the park, where landslides and slumps have claimed huge chunks 
of the mountain, steepening slopes. Thick vegetation has covered 
the rocks, and below, plant roots secrete organic acids designed to 
digest them. 

 

Haleakala National Park and in more advanced stages on well-worn 
older islands, such as Kauai. 

 Beyond Kauai, remnants of older volcanic islands disappear 
beneath the waves, sometimes leaving behind a fringing reef that 
outlives the island it fringed to become an atoll, a halo of life near 
the surface of the dark blue water. 

 Nature carves the Hawaiian chain via the processes of weathering, 
erosion, and transport, with local deposition thrown in to round out 
the toolset before everything vanishes below the sea. 

 Weathering, the breakdown of material such as rock and ash, 
occurs by both chemical and physical means. 

 Erosion is simply the removal of material. Bits of rock and ash 
can dissolve or become suspended in water and carried off, 

 Deposition occurs when material that originated somewhere 
else gets transported to a location and left there. 

 One of the most dynamic, effective, and colorful weathering agents 

 The Hawaiian Islands are one of the most isolated archipelagos 
on the planet. Their extreme remoteness combined with their 
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separation from one another have made the islands hotbeds of 
speciation. 

 Plants and animals rafted or blown to Hawaii by chance across 
hundreds and hundreds of miles of open water have proliferated 
here and differentiated from one another and their ancestors, even 

 
since human settlement, out-competed by nonnative plants and 
animals brought from elsewhere. At least a dozen known species 
of birds went extinct on the Hawaiian Islands after Polynesian 

 More than 25 more bird species have vanished from the islands 
since. A number of insects, mollusks, and plants have met the same 

 

this biodiversity. And the organisms that have adapted to live on the 
islands transform them in turn. 

 Trees and shrubs might look innocuous, but given enough time, 
they can shatter rock, suck nutrients from it, and transform some 
of the hard minerals rocks contains into soft clays and dissolved 

to alter rock, to break it down. After all, they need to get nutrients 
somewhere.

Haleakala National Park
 From the northernmost tip of Kohala on the Big Island, a 26-mile 

trek brings us to Maui, the next oldest island in the Hawaiian chain 
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most recent to form. 

 

Although these are late-stage eruptions, with the Hawaiian hot spot 

 The older, more heavily eroded West Maui Volcano forms a lobe of 

Mauna Loa. 

 The island of Maui has several close neighbors, separated from it 
by shallow straits: Kahoolawe, Lanai, and Molokai. At the greatest 
extent of continental glaciation during the last ice age roughly 

than today. 

 At that time, these islands and Maui were joined by now-submerged 
lowlands into a larger island, Maui Nui. This enlarged Maui was 

that abutted and buttressed one another as they formed. 

 Haleakala National Park on the island of Maui encompasses two 

summit, with its spectacular erosional basin and rim rising to an 

District to the southeast. 

 
Reserve, a part of the national park that shelters so many endangered 

service prohibits entry. Streams draining the wet, windward, eastern 
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Haleakala National Park, Maui, Hawaii.
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rapidly transporting away large volumes of igneous rock and ash. 

 
volcano has helped carry away the mountaintop, leaving the large 

crown. Streams might in fact have exploited rifts and fractures 
surrounding an ancient caldera, but the basin today is not technically 
a caldera.

 
hike the  Trail up the lower reaches of the valley to view 
spectacular Makahiku and Waimoku Falls, along with other 
cascades. These falls form where streams tumble over more 
resistant basalt ridges as they make their way down to the sea. In 

that double as swimming holes for visitors and homes for native 

 Contrasted with the dense forest and bamboo stands at Kipahulu, 

landscape of brown and black volcanic ridges and amphitheaters is 
dotted with cinder cones. 

 Here, landslides and stream erosion have carved a large, tilted basin 
seven miles long, two miles wide, and about half a mile deep into 

due to a late pulse of magma from below the island added the cinder 

of Haleakala. Some of the cones rise as high as 600 feet, and some 

The National Park of American Samoa
 Although part of a different chain thousands of miles south of 
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 They show all the geological hallmarks of sub-oceanic hot spot 

composed primarily of basaltic igneous rocks, weathering and 
erosion processes, and subsidence that steepen and sculpt the 
islands as they age.

 
years ago, and the islands would ultimately become a nexus for 

from Hawaii to the north, to New Zealand to the south, and Easter 
Island to the east.

 The national park here encompasses distinct units on three large 

The small island of Aunuu just off Tutuila also has been designated 
a National Natural Landmark. 

 
largest city. The harbor at Pago Pago is in fact the collapsed caldera 
of a shield volcano whose remnants now occupy much of the park. 

million years that together built the island of Tutuila. 

 At Ofu, the national park includes coral reefs and a coral-sand 

layers, and cinder cones. 

 At Tau, enormous landslides driven in part by ocean surf erosion 
have created some of the tallest sea cliffs anywhere in the world. 

the Tau portion of the national park lies underwater in protected 
coral reefs. And just as in Hawaii, with time, the islands of Samoa 
will continue to weather, erode, and evolve until they sink forever 
beneath the waves. 
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Suggested Reading

Hazlett and Hyndman, Roadside Geology of Hawaii.

Holland, “Red Hot.”

Questions to Consider

1.
discover others.

2. Islands of the Hawaiian chain become progressively older to the 
northwest. Compare landscapes of the Big Island, Maui, Oahu, and 
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6
Mount Saint Helens,  
Lassen Volcanic, Rainier

INorth American continent has created a line of ticking time bombs 

are aligned along a Transverse Axis running from north to south, while the 
volcanoes of Mexico are aligned along a Transverse Axis running from west 
to east. But what they have in common is the action of an offshore ocean 
plate that is colliding with North America, pushing up the volcanoes and 
providing them with new sources of fuel below the surface. 

The Cascade Range
 

line from British Columbia in Canada to northern California. 
In addition to what is now the Mount Saint Helens National 
Monument, the chain encompasses a number of U.S. national parks 

history and personality: Lassen Volcanic, Mount Rainier, Crater 
Lake, and North Cascades National Parks. 

 Katmai and Lake Clark National Parks in Alaska also derive from 

ways, despite their similarities.

 
and the Juan de Fuca and Gorda plates on the other are spreading in 
opposite directions along mid-ocean ridges. Closer to the coast, the 
Juan de Fuca and Gorda plates descend beneath the North American 

 
material scraped off by the overriding edge of the North American 
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plate to form an accretionary wedge. By the time the slab has 

about 50 miles. 

 At this depth, the pressure is roughly 20,000 times as great as the 
single atmosphere of pressure we typically experience at sea level on 

metamorphic transformation begins in earnest. Fluids released by the 
plate rise through overlying continental crust and burst forth at the 
surface in majestic volcanoes. 

Mount Saint Helens
 

the largest landslide anywhere during the span of recorded human 
history. Within moments, the abrupt reduction of pressure on 
magma inside the volcano caused gases within it to expand, and the 
magma exploded. The explosion blasted a mix of lava, rock, and 
hot gases horizontally from the throat of the volcano at a velocity of 

 A horizontal blast hugged the landscape, cresting over hills before 
plunging into valleys, leveling whole forests along the way. The 
eruption also propelled a roiling dark column of ash vertically, 

 

mudslides called lahars. They surged down stream and river 
valleys away from the mountain, following the topographic lows, 
ultimately traveling as far as the Columbia River 50 miles away. 
Clouds darkened the sky above and downwind of the volcano. 

 The clouds rained abrasive ash that inundated the landscape, 
burying communities across central and eastern Washington an 

lost their lives in this latest of many eruptions of Mount Saint 
Helens. 
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Mount Saint Helens.
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 Although eruptions of various sizes and kinds have taken place 

geologists believe that most of the mountain as it existed just before 

 
caldera in the decade after the eruption, an even newer dome arose 

 Conditions around the volcano, including the overall risk level 
for people walking the trails, change all the time. And the U.S. 
Geological Survey has declared Mount Saint Helens the most likely 
volcano in the Cascade Range to erupt again in the near future. But 

much of the summit already having slid and been blasted away. 

Lassen Peak
 Lassen Peak, located at the southern end of the Cascade Range 

and nearby Cinder Cone, hosted hot springs and other geothermal 

 At about one cubic mile in volume, Lassen Peak is a large example 
of a landform called a volcanic dome. Domes form when lava is 

builds upward rapidly. A rock called dacite predominates at Lassen. 
Between more and less silica-rich rhyolite and andesite, dacite 
tends to extrude like thick toothpaste from vents or to swell domes 
from within. 

 
much larger Cascade stratovolcano, called Brokeoff Volcano or 
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 The same goes for Pilot Pinnacle, Mount Diller, and Mount Conard. 

reduced it to the vestiges we see today.

 
common with Yellowstone: Heat generated by a near-surface magma 
chamber just below, an extensive fracture system, a silica-rich ash 
and rock substrate, and ample rain and snowmelt have given rise to 

 Lassen Volcanic National Park straddles two geologic provinces; 

reaches cross over into the western margin of the Basin and Range. 

 Here, just as far to the northeast at Grand Teton National Park, 
the continental crust has stretched and thinned. This has produced 
normal faults that double as highways to the surface for less silica-

found here. 

 The magma unleashed by these normal faults more closely 

volcanic islands, a product of partial melting of mantle rocks with 
less of a contribution from the rocks of the continental crust. 

 

of Hawaii-style volcanism than the explosive sort that created Mount 

 In the last few centuries, Cinder Cone formed in the northeast of 
the park through cinder and ash eruptions, capped by a basaltic 
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Fantastic Lava Beds. 

Mount Rainier
 About 500 miles to the north up the Cascade Range, Mount 

Seattle, and Puget Sound. The massive composite volcano rises 
above the surrounding landscape of jumbled hills and ridges, 

Mount Rainier.
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 As tall as Mount Rainier stands today, ancestors of the Northwest 

end of that span, brought down much of the mountain, produced 

caldera, and a new, smaller crater has opened to the east of it. 

 
Glaciers radiate from the mountaintop toward every point of the 
compass. Rainier is the most glaciated mountain in the United 
States south of Alaska. 

 
the largest surface area of any glacier in the United States south of 

within the national park. 

 

 Despite the dangers, the powerful beauty of Rainier beckons. 

 As with every landscape dominated by active volcanoes, this 

th century, the ongoing subduction of the Juan 
de Fuca plate, gliding beneath the mountain from the west, pretty 
much ensures that it will again. 
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much ice sits atop the mountain and so many people live near it. 

 

th century and has 
been assigned at least a single-digit probability of erupting again in 
the next several decades. 

The Volcanoes of Mexico
 Some of the volcanoes of Mexico are both taller and, in recent 

instead in a so-called Transverse Volcanic Axis stretching from 
west to east, right across central Mexico. 

 This line roughly parallels, and appears to be caused by, the Cocos 
tectonic plate to the south of North America. The Cocos Plate is a 

colliding with, and sliding under, the North American continent at 
what is called the Acapulco or Middle American trench. 

 

but dormant, Nevado de Colima. Both have been part of a national 

 Moving east, we pass Paricutin, the newest volcano in North 

Continuing east, just past Mexico City, we come to a national park 
nicknamed “Izta-Popo,” with a much taller pair of volcanoes, where 
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 Traveling even farther east across the Transverse Volcanic Axis, 

that its peak is covered year-round with glaciers and snow. It is 

most famous stratovolcanoes of other continents, such as Mount 
Kilimanjaro in Africa or Mount Fuji in Asia. 

Suggested Reading

Alt and Hyndman, Roadside Geology of Northern and Central California.

Roadside Geology of Washington.

Tucker, Geology Underfoot in Western Washington.

Questions to Consider

1. Big geological events make big news. What recollections do you have of 

2.

https://upload.wikimedia.org/wikipedia/commons/e/e6/St_helens_

region surrounding Mount Rainier and make a prediction of which areas 
would be most affected by a major eruption of Rainier. 
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7 Crater Lake, Olympic, North Cascades

M
only to obliterate it in a colossal eruption that left its dust settling on Crater 

into the imposing mountains of the Olympic Peninsula. Not far inland, the 

Crater Lake National Park
 

very large pool of water behind. In its prior incarnation, the lake 
was Mount Mazama, which obliterated itself during an enormous 

the Cascade Range. 

 Just as at Saint Helens, Rainier, and Lassen, what we see now was 
caused by the descent and partial melting of oceanic crust beneath 
the western edge of North America into the so-called Cascadia 

Mount Mazama to give us Crater Lake.

 The Mazama eruption was huge by almost any standard, smaller 
only than supervolcanoes such as those associated with the 
Yellowstone hot spot. The ash from the eruption surrounds Crater 

and western Canada.

 
rim, the depth of the caldera, and the volume of material ejected 
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Crater Lake National Park.
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mile of the mountain. Some of Mazama erupted skyward or slid 

magma chamber as it rapidly emptied itself.

 To the north of Crater Lake lies the Pumice Desert, a broad expanse 
of pumice and ash hundreds of feet thick that was ejected during 

dry, that all these thousands of years later, plants still struggle to 
gain a foothold. 

 Also north of the lake, Red Cone is another now-familiar feature 
from other volcanic parks, a cinder cone of scoria. This is the 

of Mount Mazama more than 20,000 years ago. Because it formed 
so long ago, Red Cone must have been part of an eruptive episode 

mountain rather than blasting it apart. 

 One of the most striking landforms in the park appears south of 
Crater Lake, at the Pinnacles. Accessible from the Godfrey Glen 
Trail, these peculiar thin gray spires rise above the landscape where 
a thick ash layer emerges along the walls of gorges. They are fossil 
steam vents, or fumaroles. Hot and acidic water and gases venting 

behind as the surrounding ash eroded away.

 The rocks of the surrounding cliffs at Crater Lake come in an 

that paint the Grand Canyon of the Yellowstone River: red, pink, 

ejected from the more silica-rich volcanoes that form the continents. 

 Wizard Island is another highlight of any visit to Crater Lake. In the 
millennia since the major eruption of Mount Mazama, this island 
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Crater Lake. 

 
feet below the surface, making it the deepest lake in the United 
States and the ninth deepest on Earth. Crater Lake also has some 
of the clearest water found in any natural lake on the planet. As 

grow to amazing depths.

 Much as we have John D. Rockefeller Jr. to thank for the creation 
of Grand Teton National Park as we know it today, we owe a debt 
of gratitude to William Gladstone Steel for the existence of Crater 
Lake National Park. Steel lobbied to see the lake protected from 

national park.

Olympic National Park 
 

scraped igneous rocks and marine sediments from the descending 
oceanic slab, causing them to pile up into the jagged, snow-capped 
mountains that form the core of Olympic National Park. 

 The Olympic mountain range is pushed where it is by collision with 
the North American continent. Together, sediments carried seaward 
from highlands on the continent and deposited on the continental 

and basaltic volcanic rocks scraped from the descending slab, make 
up the groceries. 

 Geologists call these piles of scraped-off and stuck-on rocks at 
the edge of a subduction zone an accretionary wedge. Rising from 
the timbered slopes of the Olympic Peninsula, that wedge is a 
remarkable sight to behold. 
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the mountains pack a tremendous punch. The Olympics rise in 
an ultra-sheer jumble so challenging to explorers that the interior 

than a century after navigators charted the surrounding waters 
and coast. 

 Collision, compression, erosion, and isostatic uplift here at 

sandstones and coarser conglomerates that formed near or below 
sea level to the jagged summits of some of the mountains on the 
Olympic massif. 

Olympic National Park.
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 A massif is a compact, self-contained, and often fault-bound 
mountain range or other highland. Erosion continuously carves 

leaving the more durable sandstones. 

 

appears in outcrops around the Olympic Peninsula. From east to 
west within the horseshoe, the rocks typically get younger, with the 

 Looking south from Hurricane Ridge in the park, the Olympic 
Mountains rise in a craggy line. Despite their relatively low 

the summits. 

 
side of Olympic National Park gets a lot of rain. The heavy snowfall 
higher up on the mountains helps sustain their icy cloaks. Lower 
down, heavy rain supports temperate old-growth rain forests with 
some of the highest biomass per acre found anywhere on Earth. 

 Some visitors to Olympic National Park enjoy basking in the natural 
mineral waters of the Sol Duc Hot Spring. Unlike the hot springs at 

due to a shallow magma chamber beneath the park. Instead, vertical 
fractures in faulted sandstones inside the Crescent Formation 
horseshoe provide conduits that allow groundwater to circulate 
deep enough to get heated before rising in the springs. 

 West of the peninsular mountains and forests, Olympic National 
Park also includes a coastal segment of wilderness shore more 

remnants of former coast eaten away by the violent surf. 
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North Cascades National Park
 As long as subduction continues, an accretionary wedge can grow 

wider at the prow of the continent, extending it. From time to 
time, volcanic islands or pieces sheared off other continents might 

When this happens, the collision can raise huge mountains and 
extend the continent still more. Regions that were once near shore 
become farther and farther inland, farther from the trench, closer 
to the zone where magma rises from below to form subduction-arc 
volcanoes.

 Such is the case with North Cascades National Park. Inland to the 
northeast of the Olympic Peninsula, the park features more than 

Goode Mountain. 

 Two active Cascade stratovolcanoes, Mount Baker and Glacier 
Peak, sit near but not within the boundaries of the park. North 

some formed as portions of volcanoes. 

 

basin sediments, slivers of ancient volcanic islands, and fractured 
slabs of broken continent. 

 
years. Pieces traveled with ocean crust, following convergent or 
laterally moving strike-slip faults on a collision course with North 

 Multiple collisions faulted the rocks and raised high mountains, 
since eroded. Granitic magma intruded metamorphic rocks deep 
underground, the Skagit Gneiss and the Cascade River Schist. The 
granite it became forms the Chilliwack Batholith, which has risen 
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fractures in the metamorphic rocks. They give a veined, marbled 
texture to many of the outcrops in road cuts along Highway 20, the 
main park road, as it passes through the mountain range near the 
middle of the park.

 A fault to the east created a zone of weakened rock that was later 
excavated by Pleistocene glaciers to create the basin for Ross Lake. 
Subduction of the Juan de Fuca Plate offshore to the west, still 
ongoing, lifted the roots of the old mountains into the imposing 

Mount Baker, North Cascades National Park.
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 The many glaciers of North Cascades have put a sharp edge on the 

knife-edged arêtes across the tallest of them. No U.S. national park 
outside Alaska hosts as many glaciers, but the ice is on the wane 
and has been for more than a century. 

 The glaciers of North Cascades are thinning, too. The reduction 

Suggested Reading

Alt and Hyndman, Roadside Geology of Washington.

Miller, Roadside Geology of Oregon.

Tucker, Geology Underfoot in Western Washington.

Questions to Consider

1.
parks. Begin in Sacramento, California, and visit Lassen Volcanic, 
Crater Lake, Mount Saint Helens, Mount Rainier, Olympic, the San 
Juan Islands, and North Cascades, ending in Seattle. How long would 
you need to complete the trip? What else could you see along the way?

2. The Sol Duc hot spring is only one of many hot springs in the national 

national parks contain hot springs?



Lecture 

8 Volcanoes of Alaska: Katmai and Lake Clark

Tparks give new meaning to a concept of wilderness for many of the 

national parks, Katmai and Lake Clark National Parks, lie along one of the 

of Fire,” which includes the Cascade volcanoes of northern California, 
Oregon, and Washington, as well as the Andes in South America and the 
volcanoes that dot the islands of Japan. 

Alaskan Volcanoes and Earthquakes
 

largest volcanic eruption anywhere on Earth during the 20th century. 
In addition, more than a dozen of the 50 or so volcanoes that 
have erupted in Alaska since Russians began arriving and started 

th century have been inside the current 
boundaries of Katmai National Park. 

 Fewer in number, but active much more recently, are the pair of 

 Both Katmai and Lake Clark National Parks contain active 
composite volcanoes, and both are similar to those found far to the 
south in the Cascades. Similar landscapes and geological features 

these parks. For each of these parks, volcanic activity has its source 

by continental crust.

 
deep waters of the Aleutian Trench mark a lengthy crescent along 
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upper mantle from which it once emerged at a mid-ocean ridge. 

of this so-called Aleutian megathrust fault, a vast line where the 
oceanic plate meets and slides below the continent of North America. 

 

southeast of the trench. Off Anchorage, Seward, Kodiak Island, and 

from the southeast to the northwest, so the Aleutian volcanoes in 
the region rise northwest of the trench.

 The average rate at which the colliding plates are coming together, 
or converging, is high. It varies from two inches per year in the 
east to three inches per year far out in the Aleutian Islands near 
Kamchatka. Measurements of seismic wave rates and locations of 

 Portions of the slab lock with the rock above as compressive 
pressure builds up over years. Both sides strain under the stress 
like tensing springs until the accumulated energy releases in 

 

with the Christian commemoration of Good Friday, the Friday 

and the second-highest recorded anywhere.

 Because of the intensity of the subduction occurring in this region, 
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In Kenai Fjords National Park, which lies north of the Good Friday 

that much of the former coastline was submerged. 

The Volcanic Eruption of Mount Katmai
 

the map for much of the world, with a blast heard 500 miles away 

southeast. That roar signaled the start of the largest eruption that 
would take place anywhere on our planet during the 20th century.

 Over the next few days, it buried the small village of Katmai Bay 
to the east under a thick layer of ash, rendering it uninhabitable. It 

nearby Kodiak Island, under a foot or more of ash and pumice. It 

they cooled temperatures across the Northern Hemisphere by about 
two degrees Fahrenheit for the next two years. 

 Strong tremors preceded the eruption for about a week, so people 
living in the region had time to evacuate, and there were no 
witnesses close by to record the details of what took place. Based 

of events.

 Ash vented into the air as if from a jet in huge volumes for the 

glowing avalanches of volcanic material and hot gases. Finally, 
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more ash covered all. Magmatic mixing produced a peculiar form 
of banded pumice with black and white stripes.

 People originally believed that the volcanic material vented directly 
from Mount Katmai. After all, the blast lowered the summit of 

deep. It seemed clear that a magma chamber beneath Katmai must 

 More than four decades later, however, geologists would determine 

traveled six miles underground to a new vent called Novarupta 

the surface. Geologists could see this because the ash layers from 
the time of the eruption reach their maximum depth in and around 

 National Geographic underwrote several research expeditions to 
the Katmai region after the blast to document its effects and, in 
particular, successive stages of plant recolonization in and around the 

 
observed tens of thousands of steam vents in the valley, some of 
which shot steam hundreds of feet into the air. Griggs named the 
remarkable steaming, sulfurous basin the “Valley of Ten Thousand 
Smokes.” The valley, incidentally, no longer smokes. 

 Unlike fumaroles at Yellowstone and Lassen Volcanic National 
Parks, which remain active due to the presence of extremely hot 
rock or magma at shallow depths underground, the heat of the 
newly erupted ash caused the Valley of Ten Thousand Smokes to 
smoke. As the ash cooled, the steam vents simmered down. By 

colleagues originally witnessed were still smoldering. 
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 Today, after more than a century, the ash has cooled enough that 
apart from isolated fumaroles, only mist and fog cloud the view of 
the valley. In addition to steam rising from the countless fumaroles, 
some of the wonders of the newly transformed landscape include 
thick layers of ash, already deeply eroded by streams and rivers, 
leaving tall cliffs; caves melted beneath ice by steam vents; vents 
hot enough that Griggs and his colleagues could cook meals over 
them; and pumice so light that person-sized chunks of it could be 
lifted and tossed around with little effort.

 
brought public attention. Griggs and National Geographic agreed 
to work for its preservation as a national park. But it was easier, 
from a political standpoint, to get the land protected as a national 
monument. 

 
proclamation setting aside an area half the size of Yellowstone as 
Katmai National Monument. The monument was later expanded 
several times to include vast tracts of bear habitat, salmon-
spawning grounds, and nearby islands in Shelikof Strait and 
Cook Inlet. 

 

wilderness, which makes Katmai larger than Yellowstone and 
Yosemite combined. Congress also set aside several hundred 
thousand additional acres in which subsistence and sport hunting are 
allowed in the adjacent Katmai National Preserve. 

Katmai National Park and Preserve
 

of the geological processes at work in the region, characterize the 
park from the waters of the Shelikof Strait southeast of the park into 
and across the Alaska Peninsula to the northwest. 
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carried down to the coast by lahars and huge volumes of 
glacial meltwater. 

 Moving inland to the northwest, the land rises abruptly into the 
Aleutian Mountains. 

 Progressing farther west across the park, the foothills of the 
Aleutians appear amid a series of long, parallel lakes. 

 Northwest, past the foothills, between and beyond the large 

lowland landscapes. 

Katmai National Park.
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interior travel by air from Anchorage to King Salmon, a town off 

River Camp on Lake Naknek. 

Lake Clark National Park and Preserve
 A few hundred miles to the northeast toward Anchorage, Lake Clark 

physiographic regions characterize the park from east to west. 
 A coastal strip adjoining Cook Inlet.

 
by active volcanoes and glaciers.

 Westward-descending foothills interspersed with lakes and 

 Lowlands that include patches of boreal forest and tundra plain. 

 The Neacola Mountains of the Alaska Range also lie in the northern 
part of the park. 

 No roads traverse this wilderness park, which visitors must access 

 Two massive, active composite volcanoes, Redoubt and Iliamna, 

the southeastern coast. Two more active volcanoes rise just outside 

an island in Cook Inlet south of the park. All of these have erupted 
violently during historical times, sometimes raining ash on nearby 
Anchorage and wreaking havoc there.
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Lake Clark National Park.
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 Although no roads traverse Lake Clark National Park, there is a 
way to appreciate it by car. From the Sterling Highway, along the 
west coast of the Kenai Peninsula, there are stunning views on a 
clear day of Mount Iliamna, Mount Redoubt, and lower peaks of 
the Chigmit Mountains, 50 miles away, across Cook Inlet. 

Suggested Reading

Connor, Roadside Geology of Alaska.

Riehle, The Geology of Katmai.

Questions to Consider

1. 

2.
passenger plane. What other volcanic eruptions have caused plane 
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9 Alaska’s Glacier Bay and Kenai Fjords

At the top of the Alaska panhandle, across the Gulf of Alaska from 
Katmai and Lake Clark National Parks, is a region of mountains, 
inlets, islands, and fjords that seems almost designed by nature for 

the purpose of manufacturing glaciers. Today, we know this place as Glacier 
Bay National Park and Preserve. On the western shore of the Gulf of Alaska 
is an icebound area known as Kenai Fjords National Park. Both Glacier Bay 

Glacier Bay National Park and Preserve
 

than is lost each year to places where the supply and the loss of 
ice balance. Four helpful factors contribute to the production of 
glaciers near Glacier Bay. 

 Abundant moisture: The prevailing westerly winds bring 
humid air from the Gulf of Alaska.

 Tall mountains: The Fairweather Range stands along the coast, 
with Mount Fairweather, the tallest, rising from sea level to an 

Bay lie the Takhinsha Mountains, and to the north lie the Saint 
Elias Mountains.

 Cool temperatures, even in summer: The relatively high 
northern latitude and coastal setting contributes to cool overall 
temperatures across the park year-round, and particularly on 
the high slopes of the mountains. 

 Many overcast days: Conditions along the Gulf of Alaska coast 

Park and help produce similar foggy and cloudy weather to 
shade ice and snow. 
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who inhabited the region, recalled a time when the then-glaciated 

within it. 

 
had melted from its mouth that his ships could enter. The retreating 
ice blocked further progress, but he named Mount Fairweather 
before sailing on. 

 When a team from the HMS Discovery, captained by George 

miles wide. 

 

most of Glacier Bay as open water.

 Muir had come to witness and study glaciers in their prime. Over 

Sierra Nevada, Muir had reached the conviction that glaciers had 

geological establishment dismissed the notion, so Muir came to 

 Muir would continue visiting and studying the glaciers in this 
location for the next 20 years. His dispatches to California 
newspapers about the marvels of Alaska and Glacier Bay helped 
spread the word that there were wonders to be seen. Muir lobbied 
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Glacier National Park.
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the northwest.

 In Glacier Bay National Park, the mountain ranges and waterways 
trend northwest to southeast, parallel to the Gulf of Alaska coast. 
Bands include the Saint Elias Mountains and Fairweather Range, 

Mountains and Chilkat Range to the east. 

 
around Glacier Bay has seen millions of years of subduction 
and accretion as it slid above descending oceanic crust. Over the 
millennia, several chunks of more buoyant crust have rafted in with 

of older continents that had split off as new ocean basins formed. 
And these rafting pieces of crust collided with the continent and 
slid along its edge. As these chunks slammed in, land on both sides 
of the collision zone crumpled. 

 High mountains formed. Erosion has carried rock off the summits 
and slopes of these mountains. As the weight has been removed, 
their deep igneous and metamorphic roots have been buoyed up by 
denser, ductile rock in the mantle below, so the roots now stand 
revealed as mountain peaks. 

 When blocks from one plate are piled up in this way against the 
plate of a continent, geologists call them terranes. From west to 
east, several named terranes underlie Glacier Bay National Park, 
including the Chugach, the Wrangellia, the Alexander, and the 
Yukon-Tanana. 

 
are marked by deep, parallel faults. This is why the topography of 
the land includes highlands and lowlands, mountains and glaciers, 
and waterways. Parallel valleys and Glacier Bay follow fault lines 
deepened by preferential stream and glacier erosion. 
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 More resistant rocks within the terranes form ridges and mountains, 
particularly where ongoing compression continues to cause ridges 

differ from its lower peaks: Alpine glaciers and frost wedging have 
hewn the highest peaks into sharp, jagged shapes. Lower peaks, by 
contrast, have been smoothed and rounded by the passage of thick, 
moving glaciers above them. 

The Mechanics of Glaciers
 

then sometimes to a thousand feet or more. As ice piles up, it exerts 
tremendous pressure on the ice below. 

 Eventually, the weight compresses irregularly shaped air pockets, 

Eventually, even the bubbles disappear, as molecules from the air 
become trapped within the molecular lattice of the ice.

 Ice near the surface of a glacier forms a brittle layer to a depth of 

fracturing, and that creates chasms, or crevasses, in the ice. Beneath 

and downward. 

 The weight of all the ice above also can cause a thin layer of ice in 
direct contact with rock below to melt. For pressures greater than 

melt at temperatures lower than those on the surface of Earth. This 
layer of water helps glaciers slide across rocks beneath them.

 Glaciers also can glide on a layer of moving soil. As they move, 
glaciers pluck and scour rocks, gravel, sand, and soil from their 
beds. They trap and carry rocks that fall on them from cliffs they 

the sky. 
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 Rocks and sand dragged along the base and the sides of glaciers 
scrape away soil. Rocks and sand gouge and polish the bedrock they 
pass over and the valley walls they pass beside, widening, deepening, 
and exploiting any erosive weakness in the underlying rock. 

 Glaciers lose ice in three primary ways.
 Melting. 

 Sublimation, which is the transformation of ice directly into 
water vapor in the air above a glacier. 

 Calving, which is when chunks of glacial ice break off into 
water to become icebergs. 

 

 Myriad glaciers feed into Glacier Bay and the Gulf of Alaska, 

is subjected to sometimes-large tidal changes. Others are terrestrial 
glaciers, which terminate on land. As they have receded over the 
last few centuries, many of the glaciers at Glacier Bay have evolved 
from tidewater to terrestrial. 

 
reveal fresh ice surfaces that appear a deep blue. Parallel, horizontal, 
or folded bands across the calving front of the glacier and visible 
in icebergs result from a combination of seasonal snow cycles that 
produce annual bands and volcanic eruptions or avalanches that can 
deposit thick, dark layers of ash or rock debris on the ice. 

 
is the opportunity to witness glaciers as they calve with a mighty 
splash. Icebergs as tall as skyscrapers routinely tumble from 
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calved glacial ice often makes a popping sound, like bacon sizzling, 
as compressed bubbles in the ice, which originally formed under 
great pressure, burst and release their air. 

 

while the rest lurks below. As they melt in contact with saltwater, 
icebergs can become top-heavy, and then tumble and roll and 
invert themselves with little warning, creating an endless variety of 
evocative shapes. 

Kenai Fjords National Park
 

tectonics and glacial change to shape the landscape, Kenai Fjords 
National Park remains an icebound kingdom on the western shore 

 Ice covers more than half of this national park. Much of the ice 

down to the sea. Tidewater glaciers calve directly into the sea in 
some of these embayments.

 Exit Glacier, one of the most popular destinations in Kenai Fjords 
National Park, is one of many outlet glaciers, or glacial tongues, 

 

Resurrection Bay. Small and perfectly transparent pieces of ice 
from the glacier wash ashore to form so-called ice diamonds that 
glitter like sculpted gems in the mud and sand. 
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 The Kenai Fjords coastline is strikingly crenulated, with islands 
dotting the water where ridges bend down to the sea. Glaciers 

of Alaska is rising relative to the coast. In part, this is due to 
rising sea levels, which is a larger global trend fed by melting 

is falling. 

 
and the region, stretches of the Kenai Fjords coastline dropped 

continental shelf. 

Kenai Fjords National Park.
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 So, along the coast, the park is actually sinking, and it would be 
even if sea level were to remain the same. Its mountains have grown 
too tall to sit as high as they do above the ductile mantle below, and 

coastline might shift inland, the land of Kenai Fjords National Park 
will exist for a long time to come. 

Suggested Reading

Connor, Roadside Geology of Alaska.

Questions to Consider

1. Explore Glacier Bay using the satellite imagery on Google Earth or 
Google Maps. Find all the tidewater glaciers that currently enter the 
bay. Count the valleys that end at the bay and estimate the number of 

Bay several centuries ago.

2.
National Park and identify as many of its outlet glaciers as you can.
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10 Yosemite: Nature’s Cathedral

Yosemite Valley might be the most beautiful valley anywhere on 
Earth. Iconic views of Yosemite Valley reveal the legacy of long-
vanished volcanoes, rivers and streams, and recently melted glaciers 

driven volcanism and glaciers unites Yosemite with other national parks 
of the western United States, from the Cascades to Alaska. The story of 

just waiting to be read and understood. 

Yosemite Valley
 It is one of the most inspiring vistas on Earth, east into the heart 

seven miles long and a mile wide, this is a place of incomparable 
beauty, of falling water and rising rock. 

 At the end of the Wawona Tunnel, millions of visitors every year 

more above a carpet of pines and meadows. The granite monoliths 
that surround the valley bear names that resonate with nature lovers 
everywhere, including El Capitan, Half Dome, Sentinel Rock, and 
the Three Brothers. For climbers, faces of these spires present a 
multitude of challenges and epitomize the term “big wall.”

 

with mist throughout the spring and early summer, when some fade 
away to a trickle until the next snowmelt. 

 It is a wonder, a masterpiece of landscape, where a range of geological 
forces has combined to create a place of inexpressible beauty.
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The Origins of Yosemite National Park
 

set aside Yosemite Valley and the nearby Mariposa Grove of giant 

in the United States designated by the federal government for 
eternal protection.

 
Yosemite, hiking in and around Yosemite and sharing his rapturous 

visitors he led up into the hills. 

 

grant to California and combined the valley with surrounding lands, 
including the Mariposa Grove, into a single national park. 

Granite
 

towers above the valley. Sometimes you might encounter granite 
that is rounded to a stream cobble. But in nature, most often, granite 
will be sparkling beautifully in an outcrop. Its color might vary 
from pink to orange to black and white.

 Granites typically have a grainy, speckled, salt-and-pepper 

the granite formed several miles or more underground. It had to, 
because it had to have time to cool slowly in order for the large-
grained crystals to form. 

 Large-grained igneous rocks, such as granite, are intrusive. By 
contrast, extrusive igneous rocks are small-grained, such as basalt, 
andesite, or rhyolite. 
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 The following is a list of minerals that can be found in granite, and 
all are silicates, or minerals formed within various frameworks of 
silicon and oxygen.

 Quartz is a translucent gray mineral with a glassy texture. 

 

the symbol for potassium on the periodic table of the 
elements is the letter “K,” geologists will sometimes refer to 
this mineral as K-spar.

El Capitan, Yosemite Park.
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appear on close inspection to have parallel grooves running 
along them. 

 
Granites can also have a lighter-colored mica called muscovite. 

 
cleavage surfaces. 

 

feldspar, and plagioclase. Granitic rocks found at Yosemite include 
true granites, which contain lots of potassium feldspar with less 

 
granodiorites, which contain more and still more plagioclase and 
less K-spar. These seemingly subtle variations are important to the 
landscape, because they help determine how well the rock resists 

such as El Capitan or narrow towers such as the Cathedral Spires. 

 In general, the true granites have a tightly woven grain. They tend 
to resist fracturing and erosion a bit better than the monzonites and 
granodiorites. However, Half Dome is composed predominantly of 
granodiorite, and it has managed to hold its own pretty well.

 Another remarkable feature of some of the granitic rocks at 

the very large grains of potassium feldspar crystals, which had 
longer to grow in the melt and therefore grew to larger sizes before 

call such large crystals in a matrix of smaller ones phenocrysts. 
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They call rocks that have a texture with two distinct grain sizes 
porphyritic or porphyries.

 Differential erosion has left potassium feldspar phenocrysts jutting 

formed. These are called pegmatites. 

Volcanoes and Mountains
 The stone grandeur that surrounds the Yosemite Valley is a 

suite of crystallized magma chambers that fed volcanoes just 

that erupted from Mount Saint Helens, Mount Rainier, Mount 
Mazama, and Mount Redoubt. Just like the composite volcanoes 

subduction off the western continental margin of what has become 
North America.

 
during a geologic time period called the Cretaceous, which was 

formed above the big rocks exposed in Yosemite Valley. At that 
time, the coast to the west was much nearer than it is today, 

 As oceanic crust and accreted sediment descended eastward 
beneath the overriding continent, it partially melted, partially 
melting the continental rocks above, as well. Fluid produced by 

miles underground. These magma chambers sent pulses of melted 
or partially crystallized rock to the surface, where they erupted 
as ash and lava and volcanic bombs in explosive composite 
volcanoes. 
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Yosemite Valley.
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 As residual magma cooled and crystallized in these magma 
chambers, they transformed into what geologists call plutons. 

“froze,” over tens of thousands of years, into bulbous masses of 
granitic rock. 

 Over millions of years, the consumption of an ocean west of the 

deep or immersed rock. The entire Sierra Nevada range, including 
the rocks that tower above Yosemite Valley today, is a cluster of 
plutons called, collectively, the Sierra Nevada batholith. 

 As weathering and erosion wore down the volcanoes and 
surrounding crumpled mountains over millions of years, the plutons 

and the plutons rose as soon as they could to their sky-high heights 
of today. 

 
along normal faults due to stretching of the continent near the 
California-Nevada border also has helped raise the Sierra Nevada 
batholith over the last several million years to form some of the 

 The fossilized magma chambers on display at Yosemite intruded 
into older sedimentary and metamorphic rocks, called country 
rock, which would prove far less resistant to erosion than the tough 
crystalline plutons. So, as the land rose, most of the country rock 
was eroded away near Yosemite Valley. 

 Chunks of it, however, fell from the walls and ceilings into the 
magma chambers and got preserved within them, while other 
chunks of older rock are preserved east and west of the national park 
or atop the plutons as so-called roof pendants, helping geologists 
piece together a picture of the full history of the region. 
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 One of the most fascinating projects undertaken by scientists 

geological maps of the cliffs that surround Yosemite Valley. Funded 
in part by a National Geographic Society/Waitt grant, this work 
involves high-resolution photography, laser mapping, and hands-on 
observations by climbers on the rock faces. 

Streams and Rivers
 Over tens of millions of years, as the Sierra Nevada batholith made 

its long, lumbering way to the surface from miles underground, the 
rocks within it experienced a multitude of stresses. Some involved 

within the rocks. The largest and most extensive of these joint 
systems is called master joints.

 The presence of master joints likely helps account for the existence 
and orientation of many of the sheer vertical cliffs at Yosemite, 

Sierra Nevada Batholith rose, and that in turn helped determine 
where valleys would form. 

 Two major watersheds, or drainage systems, dominate Yosemite: 
the watershed of the Merced River, which helped carve Yosemite 
Valley, and that of the Tuolumne, which did the same for the Grand 

headwater tributaries also helped carve the breathtakingly gorgeous 
basin surrounding Tuolumne Meadows. 

 
by large-scale joint systems. As the Sierra Nevada mountains rose, 
the block of land that includes Yosemite tilted to the west. This 
caused these west-running rivers to become steeper and swifter, 
giving them the power they needed to carve canyons along joints 
through the granitic bedrock.
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the weight of all the overlying rocks diminished, the rocks of the 
plutons expanded, and they began to fracture from the outside in 
concentric layers. 

 At their exposed surfaces, chips of rock began to spall off. The 

tends to round the corners and sharp edges of large granitic rocks 
into broad, gentle curves, leaving rounded cores behind. Exfoliation 
domes can be found all over the park. Exfoliation has even curved 
the corners and edges of El Capitan. 

Glaciers
 

of ice. Today, just a few remnant glaciers remain near the highest 
peaks in Yosemite National Park. 

 John Muir discovered one of these, the Lyell Glacier, on the 

surface area. 

 
dwindled remarkably since its discovery. It now covers less than 

 
Yosemite, because it helped demonstrate that glaciers had once 
descended from the tall slopes of the Sierra Nevada range to 
polish and sculpt the Yosemite and Hetch Hetchy Valleys and the 
incomparable granite promontories that surrounded them. 
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Suggested Reading

Alt and Hyndman, Roadside Geology of Northern and Central California.

Glazner and Stock, Geology Underfoot in Yosemite National Park.

Hill, Geology of the Sierra Nevada.

Questions to Consider

1. John Muir had a lot to say about Yosemite and the importance of 

2. While rocks in the granite family predominate at Yosemite, you might 
encounter many kinds of igneous rocks in the park, including granodiorite, 
tonalite, monzonite, diorite, and gabbro. Search for photographs of these 
rocks online to see some of the visual differences between them.



Lecture 

11
Redwoods, Sequoias,  
and the Sierra Nevada

Fmountains that exist are due to subduction of ocean crust beneath 
the western edge of North America. Subduction produced magma 

chambers, which cooled slowly into granites far underground before rising 
as the Sierra Nevada mountains. Glaciers shaped the risen plutons, leaving 
behind four treasures of the Sierra Nevada: landscapes with soaring granite, 
gold, freshwater, and accreted land along the northern California coast that 
has become a home to the tallest trees on Earth.

Yosemite’s Glacial History
 Over the last few million years, glaciers ground their way down to 

Yosemite Valley and retreated along the course of the Merced River 
in a series of successive pulses. As the glaciers ground through, they 
plucked jointed blocks of rock wholesale from the slopes to create 
the Giant Steps. The glaciers left behind the long, sheer downstream 
drops over which Nevada and Vernal Falls now tumble. 

 
around and past it. The mammoth rock is smooth, rounded, and 
more gently sloped on the side facing up the Little Yosemite 
Valley and ragged and steep on the opposite side. Liberty Cap is 

 Geologists believe that even the deepest and most extensive glacial 
ice never overtopped Half Dome. But glaciers still buffed some 

natural erosion process called exfoliation by removing loose layers 

 Glaciers wiped broad expanses of undulating Sierra Nevada granite 
clean of whatever soil might have accumulated on them, leaving a 



95Lecture 11—Redwoods, Sequoias, and the Sierra Nevada 

Half Dome, Sierra Nevada.
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sparkling, glittering landscape dotted with boulders dropped where 
they stand when the ice melted. These large and ice-displaced 
boulders are called glacial erratics. Glaciers had transported some 
of these erratics more than a dozen miles from the outcrops, where 
they originated near the crest of the Sierra Nevada range. 

 

which results when hard sand and silt dragged along the bottom of 
a glacier creates a polished rind on the surface of underlying rocks. 

glacial polish remains where exfoliation, rockfall, or other mass-

 th century, John Muir and other park visitors 
recognized that Yosemite had a complicated glacial history. 
Glaciers advanced and retreated across the high sierra and down 
into Yosemite and the Hetch Hetchy Valley many times over the last 
few million years. 

 Three distinct glacial episodes in Yosemite, with ice retreats 

 The last of these ice pulses probably retreated from the valleys 

Sherwin glaciation appears to have been the most extensive. It 

overtopped all but the highest of the surrounding summits.

 

fragile towers, such as Cathedral Spires. The snouts of these more 

and therefore left some of the older piles of rock from earlier 
rockfalls.
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glaciers. In fact, water and ice both played a part, along with the 

California’s Gold
 

Marshall discovered gold while building a sawmill for Captain 
John Sutter at Coloma in the foothills of the Sierra Nevada range 
west of Yosemite. 

 As word got out, prospectors drawn to the region in hopes of 
making their fortunes began hunting upstream and throughout the 
Sierra Nevada foothills for sources of gold. The sources were veins 

and subduction that ultimately created the batholiths of the Sierra 

the entire mountain belt. 

 The largest collection of gold-bearing veins, the so-called Mother 
Lode, formed in parallel fractures along a suture zone, where what 
was sutured to the old continent was what geologists call an exotic 

western margin of the continent. 

 Valuable metals, such as gold, silver, and copper, often get 
concentrated in such environments, because collision and 
compression produce steep vertical fractures in rock. The fractures 

gold. As pressure and temperature and saturation conditions change, 

precipitates out. The process collects and concentrates the metals. 

 
in the Sierra Nevada foothills contained rich seams of visible, 
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 California was initially built, in large part, on this mineral treasure 

million years ago. 

 

preservation of many of the parks: The same processes that make 
monumental landscapes worth preserving due to their scenic 
splendor often embed precious mineral resources in and around 
those very landscapes. The choice of whether to forego or exploit 

Yosemite’s Water
 Millions of people visit Yosemite Valley every year. Far fewer 

make time to visit its neighbor, the Hetch Hetchy Valley, also 

 

has been completely submerged beneath the reservoir. The choice 
more than a century ago to dam the Tuolumne River and drown 
Hetch Hetchy was the culmination of a decade-long political battle 

 
been designated for eternal preservation within Yosemite National 

popular opinion was to build a dam. 

 
who sought to preserve Hetch Hetchy, was drowned out in a tide 
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of support for the beleaguered city. The U.S. Congress opted to 

not incidentally, also provide water to the emerging agricultural 

 
outcome swelled what had been a nascent conservation movement. 

for scenic splendor. It still provides water, now if anything more in 
demand than ever by thirsty Californian agriculture and communities. 

Sequoia Trees
 

aside Yosemite Valley for conservation also set aside the Mariposa 

and recreation.” 

 

 

States. Fossil specimens of giant trees appear in Wyoming at 

Park, and at many other locations. 

 Over the last few million years, Pleistocene glaciers and associated 
climate shifts eradicated the last of the huge trees in all but a narrow 
strip, found in two places: along the western Sierra Nevada and 

coastal redwood include the tallest trees of all. 
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landscape provided nutrient-rich stream-and-glacier-fed soils from 

rise over which moist air that is blown as westerly winds from the 

The mountains also insulated the trees growing to the west from the 

which related species perished to the east.

 To the south of Yosemite in the Sierra Nevada lie several larger 

Canyon National Parks. Although nominally distinct because of 
the legislation that created them, the park service administers these 
adjacent parks together as if they were a single park.

Sequoia tree in Yosemite Park.
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 th century 

the smaller precursor to Kings Canyon, General Grant National Park. 

 

ancient groves to stumps. John Muir, who had worked in a small 
sawmill in Yosemite Valley, decried the loss.

 
halted the felling of at least some of the mammoth trees, including 

grove Muir named the Giant Forest. 

 

and Kings Canyon, most of which is only accessible by trail. 

Redwood National and State Park
 Redwood National and State Park on the northern California coast 

intended to bridge portions of the redwoods range left unprotected 

percent of the old-growth coastal redwoods had been logged. 

 
Redwoods League collaborated to make the case for the creation 
of the national park. The Geographic also funded a study on which 
sites should be included within the national park. 

 Geologically speaking, Redwood National and State Park has 
more in common with Olympic National Park than with Yosemite, 
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It sits atop another accretionary wedge, where the North American 
Plate has overridden the tiny Gorda Plate, a small chunk of the 

 Just as at the Olympic Peninsula in northwestern Washington 
State, the leading edge of the North American continent has 
scraped off sediments and surface rocks from the descending slab 
of oceanic crust. 

 

trees cool, moist, and growing. 

Suggested Reading

Alt and Hyndman, Roadside Geology of Northern and Central California.

Glazner and Stock, Geology Underfoot in Yosemite National Park.

Hill, Geology of the Sierra Nevada.

Questions to Consider

1.
sparked heated debates in and near a number of national parks. Find 
examples of national parks where this is the case.

2.

Illustrated map of the park. Contour lines will be spaced more closely 
on the steeper downstream sides of these rocks. Use this information to 
determine which direction glaciers moved over the rocks.



Lecture 

12 Pinnacles to Joshua Tree: The San Andreas

National parks along the length of the San Andreas Fault bear witness 
to the extraordinary transformations that occur along transform 
boundaries, where sideways relative motion of adjacent tectonic 

plates creates transform, or strike-slip, faults. From Point Reyes National 
Seashore, Golden Gate National Recreation Area, and Pinnacles National 
Park in the north to the Santa Monica Mountains National Recreation Area, 
Channel Islands National Park, and Joshua Tree National Park to the south, 
evidence of offset, shearing, and rotation of the land is everywhere. 

Point Reyes National Seashore and Golden Gate National Recreation Area
 

because the land on either side of it keeps moving right relative to 
land on the other side. Motion along this portion of the fault has 
not been continuous. Rocks on either side of the fault lock together 

 Then, tension mounts over dozens or hundreds of years. Eventually, 
the stress becomes so great that it overcomes friction and the 
strength of rocks straddling the fault, and some of the accumulated 

 Major transform faults such as the San Andreas typically consist 

motion occurs. The San Andreas Fault comprises a series of such 
parallel surfaces with sheared slivers of land between. 

 The slivers of intact rock tend to form parallel ridges and mountain 
ranges along the fault. Shattered and deformed, the fault surfaces 
themselves are usually much more prone to erosion than the intact 
bedrock on either side of them, so they erode. 

 Point Reyes National Seashore and the long, narrow strip of land 
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western side of the San Andreas Fault. Tomales Bay is underlain by 
the San Andreas. The bedrock in this location has been ground up 
between the plates, chewed up, and readily eroded away. So, today, 

 Apart from sitting right next door, land to the east of Point 
Reyes and the San Andreas, including the Golden Gate National 
Recreation Area, bears no geological kinship to Point Reyes, which 
is an exotic terrane. The bedrock at Point Reyes is granite formed 
from magma chambers similar to those that formed the Sierra 
Nevada batholith. The Sierra Nevada range sits inland, well to the 
west of San Francisco and the coast. 

Point Reyes National Seashore.
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 Geologists originally speculated that the chunk of plutonic rock 

west along the fault from a place of origin far to the southeast. 
Nuances in the chemical makeup of the granite lead many to believe 
now that Point Reyes originated instead near Monterey, California. 
In either case, the Point is a vagabond traveler from the south, and 
it is headed north. 

 By contrast, to the east of Tomales Bay and Point Reyes, an 
accretionary wedge formed along the leading, westward edge of 
the North American continent. Sedimentary and volcanic rocks 

otherwise deformed and in some cases metamorphosed. 

 Rocks in the Golden Gate National Recreation Area record the 
long millennia of subduction that occurred along what is now 

sandstones, mudstones, and cherts offshore, along with submarine 

Complex. Alcatraz is formed from Franciscan Complex rock. 

Pinnacles National Park
 Theodore Roosevelt originally set aside a little more than 2,500 

was to protect a peculiar and stunning landscape of rock towers, 
narrow gorges, and rock-pile caves. The monument was expanded 

national park, at a size of 26,000 acres.

 Pinnacles gets its name from the strangely eroded boulders, balconies, 

Reyes Point granites, the rhyolite has traveled a long, long way. 

 
San Andreas Fault. Right-lateral motion along the fault split the 
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miles northwest to its present location, at a pace of about one to two 
inches per year. 

 The chemical composition of the Pinnacles rhyolite resembles 
that of granites at Point Reyes and closer by in the Gabilan 

much more susceptible to weathering and erosion than the coarse-
grained granites. Fractures in and fault lines through the rhyolite 
have widened over time, with the help of wind and water, into 
countless narrow ravines between the rocks that crisscross the 
landscape. 

 Boulders shaken loose by the tremors that rock the region have 
tumbled down from above and wedged between ravine walls to 

small caves offer habitats for the several bat and frog species found 
in Pinnacles National Park. 

 To the north and the south, the San Andreas Fault tends to 
lock in place for years and relieve stress in bursts that can be 

coast near Pinnacles National Park, by contrast, the relative 

causes a gradual creeping motion across the fault. Tremors still 

enormous ones. 

Channel Islands National Park
 Continuing south along the San Andreas Fault, there is a point 

near Santa Barbara where the fault bends slightly to the east. Over 
millions of years, this kink in the fault has rotated and compressed 
blocks of land caught between the plates, producing a series of east-
west-running mountains called the Transverse Ranges. The ranges 

of Los Angeles in Channel Islands National Park.



107Lecture 12—Pinnacles to Joshua Tree: The San Andreas

 The islands cluster in two groups, north and south. All of the 

protected within the national park. The Santa Barbara Island, one of 
the southern Channel Islands, also is protected. 

 

American Plates, each of them tells a distinct geological story. 

 San Miguel, the westernmost island in the national park, rises 
about 500 feet to form a high, windswept plateau above the 

bedrock consists primarily of sedimentary rock layers that dip to 
th th 

centuries decimated native vegetation and transformed most of 
the island into dune-scape, but native vegetation has been making 

diversity of life.

 
larger than its neighbor San Miguel. The island rises higher than 
San Miguel, as well. An east-west-trending fault bisects the island, 
and a mountainous ridge follows the southern margin of the fault 

Deep stream canyons dissect the landscape to the north down to the 
coast. To the south, step bluffs rise from the sea. 

 Santa Cruz, the largest of the Channel Islands, presents a diversity 
of landscapes and biodiversity. Like Santa Rosa next door, the 
island is bisected by an east-west-running fault. Twin mountain 
ranges rise on both sides of the fault. Dramatic sea caves and arches 
fringe Santa Cruz Island. 

 Unlike the rest of the Northern Channel Islands, the three islets 
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Waves have eroded the islets into towering cliffs, sea caves, and 
natural bridges. 

 

by numerous small faults created by the millennia of shifting and 

Santa Monica Mountains National Recreation Area
 The mountainous peaks and ridges that are particularly prominent 

on Santa Rosa and Santa Cruz Islands are the westernmost 
extension of the Transverse Ranges that mark the passage of the 
San Andreas Fault into southern California. Back on shore, those 
mountains continue through the Santa Monica Mountains National 
Recreation Area north and west of Los Angeles. 

 The Santa Monica Mountains National Recreation Area is a 
complicated patchwork of national park, state park, private reserve, 
and other lands. The Santa Monica Mountains rise abruptly above 
the famous and beautiful Malibu coastline. 

 The bedrock is also a complicated patchwork. Several faults bound 
and cross the mix of marine sedimentary and volcanic rocks that 
form the hills. 

 Although Santa Monica geology is complicated, the underlying 
story is still the same: Just as with the Channel Islands, submarine 
deposition and accretionary processes resulting from the 

created the rocks that are found in this region. The crustal block 
that contains them was later rotated by shearing motion at the 

to rise. 
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Joshua Tree National Park
 

straddles two deserts. To the east lies the low-elevation Colorado 

dominated by the creosote bush. To the west lies the higher, cooler, 
and wetter Mojave Desert, home to the Joshua trees that give the 
park its name. 

 When tested, some of the banded metamorphic rocks in the park 

billion years. These rocks were fragmented and caught up in the 
subduction occurring along the west coast of the continent over the 
last few hundred million years and then became scattered amid the 
Transverse Ranges, and sizable blocks ended up in Joshua Tree.

 A succession of granitic plutons then intruded these ancient rocks. In 
general, a pluton is a magma chamber deep underground that feeds 
a volcano for a while, and then slowly crystallizes into solid rock. 

 The plutons at Joshua Tree might be viewed as a southern extension 
of the Sierra Nevada Batholith. The same long-lasting collision 
between continental and oceanic crust that would create the granites 

to the north also produced the granitic plutons that are found in 
Joshua Tree. 

 Just as at Yosemite, the rock formations at Joshua Tree draw 
climbers and many other visitors from all over the world. Joshua 

 
with granite. Just as up north, deep vertical fractures associated 
with faulting formed conduits along which gold and silver from the 
depths was concentrated and precipitated in a multitude of veins. 
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Joshua Tree National Park.
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The national park contains many old prospecting claims and about 

 Just as at Yosemite, water is also an important part of the Joshua Tree 

landscape. A combination of impermeable rock layers and faults to 
act as conduits through them has created several springs in Joshua 

 Being home to two deserts, Joshua Tree National Park naturally 
includes a number of the most common desert landforms. Features 
resembling river courses, but that only carry water several hours or 
days per year, cross the map of Joshua Tree: Big Wash, Pinto Wash, 
Fried Liver Wash, and more. These are arroyos, or dry washes. 
Shimmering dry lake beds, called playas, are also found in the park, 
as well as alluvial fans, which are fan-shaped piles of rock and 
sediment that develop at the base of mountains in arid regions. 

Suggested Reading

Lynch, Field Guide to the San Andreas Fault.

Sharp and Glazner, Geology Underfoot in Southern California.

Questions to Consider

1.
environment.nationalgeographic.com/environment/natural-disasters/

2. The San Andreas Fault and parallel transform faults, such as the 
Hayward Fault near San Francisco, make long, linear marks on the 
landscape that are striking from the air. Find aerial photos of these faults 
online as examples. Try to determine the direction of relative offset 
based on visual clues, such as offset roads.



Lecture 

13 Denali to Gates of the Arctic

LGates of the Arctic National Parks and Preserves are the largest in the 
U.S. national park system. Transverse faulting and crustal collisions 

raise the mountain ranges that span all three parks, along with Kluane 
National Park in Canada, the effects of the geotectonic train wreck that built 
the region. Glaciers scour the landscape and shroud it with ice. Copper, 
silver, and gold were concentrated in the hills. Lateral motion on transverse, 
or strike-slip, faults move crustal terranes, or microplates, far from their 
places of origin. The landscape of today juxtaposes radically different rocks, 
formed elsewhere, and at different times. 

Wrangell–Saint Elias National Park and Preserve
 

eastern panhandle, just a short distance up the coast from Glacier 

 
form one mountainous belt and span it from northwest to southeast: 
the Wrangell Mountains to the northwest and the Saint Elias 
Mountains to the southeast. 

 

miles. Mount Saint Elias is the second-highest mountain in the 

are found in the park. The Saint Elias Mountains continue down 
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portions of the same terranes that appear at Glacier Bay, it also 
has several others. 

 In the order of their arrival, from oldest to youngest and from 
north to south, these include the following: the Windy-McKinley 
Terrane, the Gravina-Nutzotin Belt, the Wrangellia and Alexander 
Terranes, the Chugach Terrane, the Prince William Terrane, and the 
Yakutat Terrane. 

 The subduction of ocean crust attached to the Yakutat Plate (or 

last 5 million years, this has created some of the volcanoes that 

Drum, Mount Wrangell, and Mount Blackburn. Mount Wrangell 
remains active. 

 But the jamming of land from the Yakutat Plate into the trench has 
mostly brought an end to subduction there and, therefore, to the 
partial melting that generates magma and volcanism to feed the 
volcanoes. The added crustal thickness as one chunk of buoyant 
continental crust got partially jammed under another helps account 
for the extreme elevation of the Saint Elias Mountains. 

 
adjacent to the humid Alaska coastline causes the high slopes of 

Elias National Park the largest collection of glaciers on the 
North American continent, with many superlatives, including 

 Just as in California and elsewhere in Alaska, subduction and 
terrane accretion created the right conditions to concentrate valuable 

deposits were mined north of the Wrangell Mountains. 
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 South of the Wrangell Mountains is the town of McCarthy, near 
which major copper lodes in the Nikolai Greenstone, which were 
laced with silver and some gold, led to the development of the 
Kennecott Mines. A century ago, though incredibly remote, this 
was the most productive copper mine anywhere on Earth, yielding 
more than 200 million dollars worth of ore. 

 

basalts and the metamorphically altered basalt called greenstone, 
the braided Chitina River, glacial moraines, a type of peat bog 
called a muskeg, limestone, marble, sandstone, and mudstone. A 

complicated geological history of the park. 

 

tallest mountains, including Mount Logan (which is second only 

a continuation of the Saint Elias range, which contains virtually 

which straddles the border between British Columbia and Glacier 
Bay National Park. 

 
Arctic, which contributes to exceptional biodiversity in this part 

longest glaciers: The Lowell Glacier is in Kluane, and Alaskan 
glaciers, including the Hubbard and the Logan, originate in part 

massif have the largest base circumference of any nonvolcanic 
mountain on Earth. 

Denali National Park and Preserve
 The tallest peak on the North American continent, which a 

prospector named on a whim for a new president, is Mount 
McKinley. The native Athabascan people knew it by another 
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Denali National Park.
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has the highest vertical relief of any mountain on Earth. 

 

too, with Denali the supreme example, the jewel of the Alaska Range. 

 The mountain is aided in its march skyward by being composed 

the headway on this relatively intact granite pluton that they could 
on more friable sedimentary and metamorphic rocks. 

 
relative to the sedimentary rocks that are hundreds of millions of 
years old and form many of the lower mountains surrounding it. At 
just 56 million years, Denali is a few million years younger than 
Mount Everest.

 
the fact that the mountain continues to rise. Although most of the 

these in turn can pose a serious hazard for climbers. 

 The overall geological story of Denali National Park resembles that 

and accreted scraps of islands, slivers of continents, slabs of 

rafted on descending ocean crust or slid along on transform faults. 
Too buoyant or thick to subduct, the chunks piled on. 

 Continued compression raises mountains. Major faults bounding 
the blocks have eroded to form lowlands, river and glacier courses, 
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than a million acres.

 The oldest terrane in the park, the Yukon-Tanana, joined the 
continent about 225 million years ago. The Yukon-Tanana and the 

the national park, with contributions from several smaller terranes. 

 Denali National Park and Preserve was originally established 
to protect the Dall sheep, grizzly bears, caribou, and other large 
mammals that live there today. But big wildlife is nothing new to 
the region: In the last decade, thousands of dinosaur tracks and 
other fossils have been discovered, documenting the thriving Late 

 While taiga forest, high alpine tundra, and ice prevail in the park 
today, the climate was warmer when dinosaurs prowled there, and 
park fossils record a diverse plant community of large trees. 

 As soils that have remained locked in ice for thousands of years 

formed by soil collapse. The amount of ice varies throughout the 

called thermokarst. 

 
thermokarst lakes. The same is occurring at the surface of some of 

round. The methane gas is created by microbes, which metabolize 
organic matter that is newly released from the permafrost by thawing. 

 The amount of potential methane bound up as carbon in permafrost 
is many times more than what is currently in the atmosphere, 
and methane is 25 times more potent than carbon dioxide as a 
greenhouse gas. 
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Gates of the Arctic National Park and Preserve
 

conservation corridor that protects the entire length of northern 

 The national park encompasses half a dozen designated wild rivers 
and the Endicott and Schwatka Mountains of the central Brooks 
Range. 

 Processes similar to those seen elsewhere in Alaska helped raise 
these mountains. But because the collisions happened longer ago, 
and because convergence is now happening farther away, near 

eroded. 

 The Arrigetch Peaks, among the most spectacular features in the 
range and the national park, have been eroded by ice into almost 
razor-sharp arêtes and pinnacles from dark granite. 

 Gates of the Arctic sits entirely above the Arctic Circle. This means 
that for a portion of the North American summer, the Sun never 

winter, the converse is true: The Sun never rises above the horizon, 

twilight in the hours near noon. 

 Being so far north, during the months when the park gets some 

the aurora borealis, or northern lights. Denali is far enough north to 
be another choice. 
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 The northern lights are caused by the interaction of the solar wind 

certain conditions, particles penetrate the atmosphere and produce 
fabulous displays of shimmering color. 

Endicott Mountains.
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Suggested Reading

Chadwick, “Denali.”

Connor, Roadside Geology of Alaska.

Questions to Consider

1. Denali has the highest summit in North America. What are the tallest 
mountains on the other continents, and how did they form?

2. Gates of the Arctic is the northernmost national park in the United 
States. What is the northernmost national park in the world? (HINT: 
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14 Death Valley and Great Basin: The Rift Zone

Stretching of the continental crust in a large rift zone causes huge 
blocks of land to sink between high mountain belts, producing 
Basin and Range topography and the lowest, hottest, driest place in 

North America. Crustal extension and continental rifting will continue on 
landscapes of the Basin and Range. Dry conditions prevail across the region 
today in the rain shadow cast by the Sierra Nevada range. But in the future, 

the rift zone, a process that has already begun in the Gulf of California. 

Death Valley National Park
 

Mojave Desert painted by mineralogy, evaporation, and extreme 
contrast. It surpasses Yellowstone in size as the largest national 
park in the contiguous United States.

 
Province, a land rifting apart, torn asunder, where giant blocks of 
continental crust are sinking between tall mountain belts. In the 

 
States and Mexico called the Basin and Range Province, or the 

 Over about the last 20 million years, a swath of North America 
between the Sierra Nevada mountains and the Colorado Plateau, as 
well as north into Oregon and Wyoming and south into Mexico, has 
stretched and thinned, nearly doubling in width from east to west. 

 As this has happened, the thinning of the crust above has reduced 
pressure on the upper mantle below, causing some of the rock within 
it to transform into magma and rise, buoying up the entire region 
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below have simply stretched and thinned. Downward motion of 
huge blocks of crust has created the deep basins, while the fault 

 Geologists use the German words “horst” and “graben” to describe 
the elevated and down-dropped blocks, respectively. Death Valley 
is a graben. The Panamint and Amargosa Ranges are neighboring 

of sediment that have come down from the Panamint mountains as 
they rise across the bounding fault. 

 

 The lowest place in North America is in the middle of Badwater 

rock salt, or simply halite.

 The lowest point in the valley is not the driest. The driest point is a 

Course. This is an expansive salt pan in which some of the halite 

appearance. These salt pans might look devoid of life, but in fact, 
microbes called extremophiles inhabit the salt pans.

 During times when the climate was more humid, some surface 

to a depth of hundreds of feet. Geologists have given this vanished 
lake the name Lake Manly. As the climate cycled between wet 
and dry, dissolved salts carried down in stream water repeatedly 
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Death Valley National Park.
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Chance Ranges in the north, sits Racetrack Valley, the site of one 

mystery that persisted for more than half a century: How do rocks 
move across the racetrack? 

 Three miles long and two miles wide, the valley is actually a 

small and large, tumble from the surrounding hills down onto the 
racetrack playa, onto the mud. And for years and years, unseen, 
they have moved across it. We know this because they leave tracks. 

 

Racetrack Valley, gliding across the mud and dragging along 
embedded rocks, making more tracks. The ice evidently makes the 
friction with the mud so slight that the sheets can glide across the 
mud with the slightest bit of wind, or in response to the slightest 
change in elevation. 

 One of the most spectacular and popular destinations in Death 
Valley is Zabriskie Point, located in the Amargosa Range, the 

colorful, and highly eroded landscape with tinted and sculpted 

 As with many of the other parks in the American West, mining 
played a crucial role in the history of Death Valley. Prospectors in 

triggered a rush and a boom in the so-called Bullfrog District. 
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nearby transformed Rhyolite, in just a few short years, into a mini-

 

 
the most noteworthy contributions to National Park Service history. 

the form of sodium-boric acid salts called borax. The money earned 
by borax mined in Death Valley helped create the National Park 
Service. 

 The Ubehebe Crater, 600 feet deep and half a mile wide, appears at 
the north end of the park. It is a maar volcano crater. Maar volcanoes 
form when underground magma comes into contact with a large 
pocket of groundwater, causing an explosion. It might have formed 

 More such craters dot the landscape south and west of Ubehebe. 
They mark the rise of magma along fractures through the thinning 
crust from the upper mantle below and might be a prelude to basaltic 
eruptions in the years ahead as extension and thinning continue. 

 
rifting elsewhere in the Basin and Range Province. To the far north, 

volume in the Cascade Range: Medicine Lake volcano, formed 

in abundance, along with cinder cones, spatter cones, and more than 
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 Newberry National Volcanic Monument in Oregon, Sunset Crater 
Volcano National Monument in Arizona, and Capulin Volcano 
National Monument in New Mexico all contain volcanoes associated 
with the spreading, stretching, and rifting that have created the Basin 
and Range topography in the western United States.

Great Basin National Park
 Geographers use the name “Great Basin” to describe the entire 

large region characterized by closed drainage basins within the 
Basin and Range Province. A portion of this region in northeastern 
Nevada has been set aside as Great Basin National Park, which 
encompasses Wheeler Peak, along with other peaks of the southern 

characterize the Basin and Range.

 On the high slopes of the Snake Range sit protected groves of 

contains few nutrients. 

 One of the ways in which these trees have adapted to survive in 
such a high and dry region is that they get little competition. Having 
the high slopes more or less to themselves, bristlecones can spread 

 

dense, resinous wood wards off insects and disease.

 Tree rings from core samples taken from bristlecone pines, which 
widen and narrow in response to annual weather trends, have given 
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scholars a detailed window into the climate of the region over 

 

salt would have accumulated during Pleistocene ice advances when 

 During some of these damper days, Spring Valley was an inundated 
arm of ancient Lake Bonneville. Nearly as large as one of the Great 

number of other neighboring basins in the now-arid west.

 
them, deposited in ancient oceans hundreds of millions of years ago 

the glacially sculpted summit of Wheeler Peak. 

 Carbonates such as limestone and its metamorphically altered 

carbonate rock units, called the Pole Canyon Limestone (in fact, 

National Park: Lehman Caves. 

 
President Warren Harding proclaimed the highly decorated Lehman 
Caves a national monument. Spelunkers have mapped more than 

to the park can schedule a guided tour through the cave. 

 
from Lexington Creek up to Lexington Arch. This natural arch, 

limestone. The arch might be a remnant of a large cave passage 
exposed by weathering and erosion. 
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Great Basin National Park.
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Suggested Reading

Cahill, “Death Valley.”

Sharp and Glazner, Geology Underfoot in Death Valley and Owens Valley.

Questions to Consider

1.
primates, is an extensional basin akin to the Great Basin and larger 
Basin and Range in the United States. Find this rift on a map and learn 
about its geological history.

2. Many of the most interesting and unusual minerals form as evaporites in 

of these minerals.



Lecture 

15
Shenandoah: The Collision  
of Old Continents

The collisions of ancestral Africa and Eurasia with what would become 
North America built mountains on the scale of the Himalayas, and 
their eroded vestiges can be found in Appalachia. In the middle of the 

Appalachian Mountains is Shenandoah National Park in Virginia. The Blue 
Ridge that comprises most of Shenandoah National Park and the Ridge and 
Valley landscape that unfolds beyond it present two responses to the same 
titanic compressional forces, two solutions to the same problem: How do 
you shorten a continent? 

The Origins of Shenandoah National Park
 

collisions. The most recent such collision in this region built a 
mountain range on the scale of the Himalaya where the Blue Ridge 
stands today. 

 The oldest rocks exposed on ridge crests in the range bear witness 
to an earlier collision, twice as long ago. Ancient and gnarled, 
fractured and metamorphosed, metagranites and gneisses sparkling 
in the sunlight whisper of cycles of continent formation and rifting 
that date back well over a billion years. 

 
the Iapetus Ocean, began to close, as ocean basins do, via subduction. 

continents overran it, and the waters narrowed. Across the sea, 

 So, too, were volcanic island arcs called the Taconic and Avalonia, 
akin to New Zealand or Japan, that would become much of 
northeastern North America. Ancestral Europe also came grinding 
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 Earth scientists have another name for the core of North America 
back then: Laurentia. The Laurentian coastline, traced by the 
Appalachian Mountains today, had an appointment with destiny. 

 As they arrived in a succession of collision events over more than 

into Laurentia. The incoming plates pushed sediments on what 

the Taconic and Avalonian island arcs, up and over rocks farther 
west, making a double thickness of folded and faulted continental 

particular, the Taconic, Acadian, and Alleghenian orogenies. 

 
continent-to-continent collisions of long ago, we need to look no 
further than the Himalaya, the Hindu Kush, and the Alps. From 

mountain range today. 

 
range back then, along with their extensions, now an ocean away in 

 
the highest place in Shenandoah National Park now. But when these 
old mountains were new, their tallest summits might have stood 

 Because continental crust is too buoyant to subduct into the upper 

the landmass it collides with. The result of all this colliding and 
obducting and mountain building as the Iapetus Ocean closed was 
a megacontinent called Pangaea. The Appalachian Mountains we 
trace through Shenandoah National Park are the enduring vestiges 
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Shenandoah National Park.
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Pangaea began to rift apart. As Africa and Europe departed for the 

basins, and unburdened mantle rocks began to rise and convect and 
spread, creating the Mid-Atlantic Ridge. Africa left behind a slice 
of what had once been Gondwana, now Florida, along with parts of 
southern Georgia and Alabama. 

Old Rag Mountain
 One of the most popular hiking destinations in Shenandoah National 

Park, and a great spot to examine its geology up close, is Old Rag 
Mountain. Old Rag stands tall, a resilient outlier, to the east off the 
main axis of the Blue Ridge and Skyline Drive. 

 Unlike much of the rest of the park, which is mantled by soils, 
plenty of bedrock is well exposed on Old Rag. A steep and rugged 
challenge, a hike up Old Rag will give you ample opportunity to 
study the Old Rag granite, which dates back to a mountain-building 
event more than a billion years ago called the Grenville orogeny. 
This event occurred during the construction of a supercontinent 
called Rodinia, which predated Pangaea. 

 These granites are some of the oldest rocks exposed anywhere in 
Shenandoah National Park. They resulted from the closure of an 
ocean that predates even the Iapetus Ocean. This was a collision 
and mountain-building event more than twice as old as the creation 
of the Appalachians, from a time called the Mesoproterozoic, part 
of what is more loosely called the Precambrian.

 Like all granites, the Old Rag granite crystallized very slowly 

rocks exposed at the surface across the region, in fact. As a result, it 
is called basement rock.

 Long after the granites crystallized underground, when Gondwana 
rammed Laurentia, compressive forces from the collision pushed 
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these old basement rocks up and over younger rocks. The basement 
rocks slid for tens of miles along low-angle faults called thrust 
faults, stacking them up above the younger rocks they rode over. 

 The result was a shortening and thickening of the continental crust. 
Thrust faulting, then, is one of the two means by which the crust 
was shortened during the formation of the Appalachian Mountains. 

what formed the Blue Ridge highlands.

 
When weight is removed from the crust, a buoyant adjustment 
causes the rocks below to rise. And that is what has brought the 

Old Rag Mountain.
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ancient basement rocks to the surface in the crests and summits of 

 
Rag, as well as elsewhere along the Blue Ridge, are basalt and 
an igneous rock called diabase. Even though diabase is darker 
than basalt, is most often coarser grained, and has more iron 
and magnesium, the two rocks share the same chemical and 
mineralogical composition.

 
oriented fractures in the surrounding granite. These are feeder 

the rifting and breakup of Rodinia. 

 

exceeded temperatures of 2,000 degrees Fahrenheit when it coursed 
through these narrow channels. Today, parts of the trail pass through 
the fractures where the diabase has preferentially eroded away. 

The Geology of Shenandoah 
 

happening today in the volcanoes that fringe the widening Basin 
and Range Province, such as Medicine Lake at Lava Beds National 
Monument in California. 

 
every low place. As the rift continued to widen, more basalts poured 

Iapetus Ocean. 

 

Appalachian Mountains subjected the basalts to elevated pressures 
and temperatures, transforming them into a rock called greenstone. 
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Today, we call this thick stack of metamorphically altered lava the 
Catoctin Formation. 

 One of the most fabulously decorated caves in the eastern United 
States, Luray Caverns, lies under Page Valley. The south fork of 

rises a set of closely spaced parallel ridges collectively called 
Massanutten Mountain. 

 Limestones, dolomites, and their metamorphic product, marbles, 

grained sedimentary rock called shale. Both the limestones and the 
dolomites of the Shenandoah Valley formed in long reef banks. The 

the Iapetus Ocean during the millions of years after it opened and 
before the suturing together of Pangaea destroyed it. 

 Carbonate rocks, such as limestones and dolomites, will either 
resist weathering and erosion or not depending on how much 
moisture happens to be around. In arid climates, such as those of the 
American Southwest, carbonates form steep cliffs. In and around 
Shenandoah, by contrast, carbonate rocks simply dissolve, creating 
caverns. The carbonates in the vicinity of Shenandoah form valley 

Caverns, and Shenandoah Caverns. 

 Materials that cap the tall ridges of the Ridge and Valley must be 
more resistant to physical and chemical weathering, so sandstones 
and conglomerates cap the tall ridges of the Ridge and Valley. The 
long, narrow ridges of the province with rocky outcrops along their 
high spines are called hogback ridges, which evoke the bristly back 
hairs and crested backs of wild boars, or razorbacks. 

 As you look anywhere on the Blue Ridge in Shenandoah National 
Park, you survey mostly sedimentary rocks of the Ridge and Valley 
province. These rocks have been compressed and folded like a 
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shortening. Just as thrust faulting led to crustal shortening in the 
Blue Ridge province, intense folding in response to the Appalachian 
collision has led to crustal shortening in the Ridge and Valley province. 

Gros Morne National Park
 Following Appalachia north to Atlantic Canada, to the island of 

Long Range Mountains are an eastern extension of the Appalachian 
Range. Granites and metamorphic gneisses core the Long Range 
Mountains. Just like the Old Rag granites, they date back more than 
a billion years to the late Proterozoic, the Grenville orogeny, and the 
formation of Rodinia. Then, Rodinia came to an end with the rifting 
of the continent and the opening of the Iapetus Ocean, the proto-
Atlantic.

 As the Iapetus Ocean got subducted into nonexistence, a slice of 

The slice includes both basalts and coarser-grained gabbros, which 
come from deeper in the oceanic crust. But this slice also includes 
the contact between the gabbros and even deeper, denser rocks of the 
upper mantle. 

 

they crossed from crust into mantle. Whatever rock type existed 

the denser rocks that lie below.

 
discontinuity, or the Moho for short. Gros Morne National Park is 
one of the best places on Earth to see and touch a slice of what was 
once the Moho. This is where you can see the Appalachian range 
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Suggested Reading

Bryson, A Walk in the Woods.

Frye, Roadside Geology of Virginia.

Questions to Consider

1. The Appalachian Trail is just one of several national scenic trails 
administered by the National Park Service. Find maps of the others to 
see where they go.

2. Geology played a decisive role in the outcome of the Battle of 
Gettysburg. In what other North American battles has geology 



Lecture 

16 Great Smoky Mountains and Hot Springs

The collision of continents that created Pangaea raised mighty 

Smoky Mountains in the heart of Appalachia. The line of continental collision 

national park: Great Smoky Mountains National Park. Intercontinental 
collision built another mountain belt in Arkansas and Oklahoma, the 
Ouachita Mountains, and created the plumbing for the hot springs found in 
Hot Springs National Park. 

The Blue Ridge Parkway
 When you take the Blue Ridge Parkway south, your journey 

culminates in the Great Smoky Mountains. This is where the 

built a swollen bulge in the Blue Ridge whose highest summits 
scale the sky to more than 6,000 feet. 

 One window into the geologic story of this part of the United States 
is along the Blue Ridge Parkway at Grandfather Mountain in North 
Carolina, where erosion has opened a window through the pushed-
up rocks of the Blue Ridge into the younger rocks below.

 The overlying rocks are primarily a banded metamorphic rock 
type called gneiss, which forms when pressures and temperatures 
get so high that minerals recrystallize, segregating and aligning 
themselves in alternate dark-and-light-colored bands. Along the 
Blue Ridge Parkway near Grandfather Mountain, some of the 
gneiss is more than a billion years old. 

 
rocks were created from even older rocks during the mountain-
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Blue Ridge Parkway.
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resurrected them and placed them where they sit by the road and trail. 

 Perched high atop Grandfather Mountain are conglomerates, 
sedimentary rocks full of cobbles shed down into a rift basin that 
might have resembled Death Valley the better part of a billion years 
ago as Rodinia began to split open. 

 
deposited on the margin of the Iapetus Ocean after Rodinia had 
rifted apart. Hundreds of millions of years later, Gondwana 
collided and drove the old gneisses up and over the sedimentary 
rocks exposed in and around Grandfather Mountain on the 

gneisses along this stretch of road, opening a window to the 
younger rocks below.

 Near Grandfather Mountain on the Blue Ridge Parkway, Linville 
Falls tumbles through narrow, vertical slots in the surrounding rock. 
These slots follow stress fractures called joints, which cause the rock 
to break into rectangular blocks, opening chasms within the rock. 

Great Smoky Mountains National Park
 Continuing south along the Blue Ridge Parkway, we arrive 

per year.

 Cades Cove ranks high on the list of must-see destinations for 

annually. The park service preserves Cades Cove as a meadow, 

a way of life that came to an end in these hills when the land for 

many of the more modern homes were removed after the park 
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 Cades Cove is another geological window as well as a historical 

dolomite, carbonate rocks laid down hundreds of millions of years 
after the billion-year-old Thunderhead Sandstone and other resistant 
rocks that form the peaks of the surrounding Great Smoky Mountains. 

 As with Grandfather Mountain, the continent-to-continent collision 
that created Pangaea had pushed the older rocks along a low-angled 
thrust fault up and over the carbonate rocks below. Geologists 
named this major fault the Great Smoky Fault. 

 Cades Cove is a window, à la the rocks exposed at Grandfather 
Mountain, where erosion has worn completely through the 
displaced older rocks above. Near Cades Cove but just outside the 
national park, Tuckaleechee and Wear Coves originated in precisely 
the same way. 

 

is the deepest known cave in Tennessee. 

 Atop Clingmans Dome, the tallest mountain in the park, you can 
walk a spiraling path to an observation deck for a breathtaking 
panoramic view of the Great Smoky Mountains. Ridges and balds 
stretch to the horizon in all directions. 

 
resemble those typically found at much higher latitudes. As a 

rather than the southeastern United States. The intermediate plant 
and animal communities found at other elevations throughout the 
park, along with the relatively high annual rainfall, make the Great 

 Thunderhead Sandstone forms some of Great Smoky Mountains 
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rises above Cades Cove and gives the sandstone its name. The 
Thunderhead Sandstone is part of a collection of rock beds, or 
strata, called the Ocoee Supergroup that collectively accounts for 
most of the rocks exposed along the crest of the Smoky Mountains. 

 Another noteworthy rock formation caps a spectacular high ridge 
on the eastern slope of Sugarland Mountain called Chimney Tops. 

aligned clay minerals. 

 

can suspend pebbles, even cobbles, and transport them along, 
careening into one another, breaking off sharp edges and rounding 

 The folded, faulted, and fractured nature of the bedrock in the Great 
Smoky Mountains, along with all of the rainfall the park receives, 
also make the Smoky Mountains particularly prone to landslides. 

LeConte and Anakeesta Ridge. 

Hot Springs National Park
 Far to the west of the Great Smoky Mountains National Park, in 

surface from a line of geothermal springs at the base of Hot Springs 
Mountain. 

 The Ouachita Mountains surrounding Hot Springs National 
Park are not technically a part of the Appalachian chain, but they 
formed during the same wave of continental collisions that created 
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formed the mountains. That mountain-building episode is called the 
Ouachita orogeny. 

 The collision of the continents helpfully laid the groundwork for 
the plumbing system that feeds the springs, too. The springs are a 
fortuitous by-product of the arrangement of dipped beds and faults 
in and near the park.

 

more than a century: What is the source of the water that rises in the 
springs at Hot Springs? 

 

Why is the water hot? What heats the water? And what causes the 

simply remaining underground? 

 

below the surface cooks the ground above. The magma in these 
settings heats groundwater as well, producing hot springs, 
fumaroles, and other geothermal features.

 This is not what is happening at Hot Springs. Rather, Hot 

to something called the natural geothermal gradient. As you go 
deeper underground, there is a lot of heat, primarily because of the 
decay of radioactive isotopes within our planet. This heat radiates 

underground, the hotter it generally gets, although the rate at which 
the temperature climbs varies. 
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 The spring water at Hot Springs has made its way far enough 

measured when it emerges from the springs. These vary from more 

warm water, so cold rainwater sinks into the ground where it falls 

not fully saturated. As the water gets heated at depth, it expands, 
becomes more buoyant, and begins to rise back toward the surface. 

 

its subterranean journey.

Grandfather Mountain, North Carolina.
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that is pushing the spring water out. And this is what occurs at Hot 
Springs National Park. 

 The springs recharge through higher-elevation rock units called 
the Bigfork Chert and the Arkansas Novaculite. Groundwater in 

interstices, forming a water table that sits higher than the springs. 
This elevated water creates something called a hydrostatic head, and 
its weight pushes water down through the groundwater plumbing 
system and out through the springs. 

 Continent-to-continent collision created the Ouachita Mountains 
and set the stage for all the warm baths at Hot Springs. The 

the Gondwana-Laurentia collision that created the Appalachian 
Mountains in Shenandoah and Great Smoky Mountains National 
Parks. 

 The gentle mountains at Hot Springs National Park rise to between 

 Still, the convergence of the continents was intense enough to 
crumple, fold, and fault the layers of sedimentary strata that underlie 
the park. The beds had formed as layers hundreds of millions of 

 Some of these folds have had one side overturned, so that older 
rocks lie above younger ones. The faults are so-called reverse faults, 
with their upper, or “hanging,” walls pushed up over their lower, or 
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supercontinent. 

Suggested Reading

Clark, Birth of the Mountains.

Questions to Consider

1.
the Great Smoky Mountains. Search online to determine how this 
geological feature was made and how it got its name.

2. People often have attributed healing properties to hot spring waters. 
How does the chemistry of water from springs in Hot Springs National 
Park, or in other natural springs at famous spa resorts, differ from that 
of distilled water?



Lecture 

17
National Rivers: Gorges, Falls,  
and Meanders

River parks expose and celebrate the many ways that rivers transform 
the landscape and enrich our lives. Along the Eastern Seaboard fall 
line, cascades and rapids due to underlying geology dictated the 

locations of great cities. Watersheds separated by the Continental Divide 
proved a challenge to exploration, but not an insurmountable one. Across 
North America, streams and rivers drain the highlands surrounding mountain 

ranges, pulling the mountains down, one grain of sand at a time. 

Rivers of America’s Eastern Seaboard
 Rocky runs and waterfalls are the centerpiece of a story that 

in port city after port city. In an era before railroads, airports, and 
semitrucks, rivers were highways, the easiest ways to get people 
and goods into the continent. The limit of upstream navigation on 
the river was a natural place to put a port. 

 
two great geographic provinces: the Piedmont and the Atlantic 
Coastal Plain. From the falls west to the Appalachian Blue Ridge 
Mountains is a plateau called the Piedmont, where bedrock is a 
mix of ancient metamorphic and volcanic rocks sutured onto the 
continent during the formation of Pangaea. Below the falls and east 
of the fall line is the Coastal Plain, a wedge of sediments shed from 
the western mountains and deposited eastward, toward the coast. 

 Rivers running east to the Atlantic east of the Blue Ridge make 
their way across the dense, erosion-resistant rocks of the Piedmont 
and then tumble across the fall line onto the more readily eroded 
sediments and sedimentary rocks of the Atlantic Coastal Plain. 

 The rocks of Mather Gorge and those underlying the Great Falls 
of the Potomac River are metamorphically altered sandstones and 



149Lecture 17—National Rivers: Gorges, Falls, and Meanders 

mudstones that formed more than half a billion years ago, along 
with igneous intrusions that are nearly as old. 

 The Potomac follows fractures through the rocks that were created 
by faulting. It deepened its channel to create Mather Gorge during 
colder times of the Pleistocene, when higher precipitation and 
spring snowmelt surges made the river run extra high.

The Missouri River
 The Missouri River shaped the course of one of the great voyages of 

discovery across the North American continent, as commemorated 
in the Lewis and Clark National Historic Trail. 

 After the Louisiana Purchase, President Thomas Jefferson wanted 

discover, if possible, the mythic Northwest Passage, an all-water 
route across the North American continent. 

 No such water route was found; in fact, a watershed boundary 
known as the Continental Divide presents huge obstacles to any 
body of water realizing the dream of a Northwest Passage across 
the United States. 

 At the Upper Missouri River Breaks National Monument, the upper 
Missouri River is also designated a National Wild and Scenic River. 
The best way to access this stretch of the river is by canoe or kayak 
on a multi-day trip. 

 

ago, during the Cretaceous Period. Muds and clays settled out to be 
transformed into shales. Sands were carried to the sea by rivers and 
were deposited along the shore in deltas and beaches. 

 Together, the shales and sandstones form the thick stratigraphic 
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sedimentary rocks, and they have eroded into peculiar and 
astonishing forms. 

 Vertical fractures in the sandstone have been exploited by 
weathering processes. Volcanic dikes also crossed some of the 
sedimentary rocks after they had formed. These dark dikes have 
remained after the sedimentary rocks surrounding them eroded 
away to create memorable features such as the Grand Natural Wall.

 Glaciers also helped shape the current course of the upper Missouri 
River, whose original path was north, to Hudson Bay and on to the 
Arctic Ocean. Glacial ice intervened and changed that. With a wall 
of thick ice barring the route north, the Missouri altered its course 

Missouri River.
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Mexico and the Atlantic. 

New River Gorge National River
 The New River Gorge National River in West Virginia is a dramatic 

example of a river that has carved a deep, steep-walled canyon for 

cuts into and through the Appalachian Plateau, into and across 

 The New River and its gorge began to take shape 500 million 

the Appalachian Mountains rose. Those mountains invigorated 
the Teays River, increasing its gradient and pouring more water 

landscape. 

 As the mountains continued to rise and the land beyond began to 
buckle, the Teays River stayed its course, incising itself into the 
landscape. Today, the New River follows the canyon begun when it 
was the Teays, making the New River one of the oldest rivers on the 
North American continent.

 
best and most dramatic vantage points in the national park. From 
the bridge or one of the adjacent viewpoints, you can view the 
classic V-shape of this mature, river-carved canyon. 

 Another popular destination is Sandstone Falls, which marks the 

with the Gauley River. 
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to the Gulf. 

 

Falls drop. As the river water dismantles the conglomerate and 
transports it away, it undercuts the rim of the falls. Eventually, 
chunks of undercut sandstone collapse. So, Sandstone Falls will 
gradually migrate upstream. Sandstone also forms cliffs along 
portions of the New River Gorge. 

 The Nuttall Sandstone exposed in the lower gorge is extraordinarily 

of this sandstone have fallen into the river, where they create 
interesting rapids and eddies for white-water enthusiasts. This 
sandstone is also extraordinarily popular with rock climbers.

Cuyahoga River
 

Valley National Park. Nestled between Cleveland and Akron and 
traversed by interstate highways, the park bridges the distinct 
terrains of the Appalachian Plateau and the Central Lowlands of the 

mark the end of the plateau, the last vestige of rocks elevated 
and folded by the continent-to-continent collision that raised the 
Appalachian Mountains. 

 
the American Midwest. These Central Lowlands are underlain by 
sediments laid down in an interior seaway or along the coast, where 
rivers brought sand, silt, and mud from eastern mountains formed 
during the Taconic and Acadian mountain-building events. 
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 The Cuyahoga follows the general course of a valley carved 
before Pleistocene glaciers reworked the landscape. This river fed 
the now-vanished Erigan River that would have run the length 
of Lake Erie before glaciers depressed the land, leaving the lake 
in their wake. After the last glacial retreat, the Cuyahoga began 

Lake Erie. 

Cuyahoga River, Cleveland.
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lose much elevation as it travels to Lake Erie. The river carries 
an ample load of sediment, but it is not in a hurry, so it wanders 
around, tracing a sinuous pattern of tight curves called meanders 
along the valley. 

 Over time, water in a meander loop can erode its outer bank so 
much that it overtakes the next loop. Water spills across the new 
shortcut. When this happens, the river abandons its old channel to 
follow a more direct path downstream. But it also leaves behind 
a teardrop-shaped lake called an oxbow lake. Over time, the river 
continues to evolve, with meanders meandering, the channel 
evolving, and some river banks eroding and collapsing as new 
banks form. 

Niagara Falls and River
 

renowned falls and the Niagara River that spills over them sit on 
the border between the United States and Canada. Technically, the 

side of the falls, but it provides oversight and funding for the 
Niagara Falls National Heritage Area. 

 Like so much of what we encounter across the northern United 
States, the Niagara River formed in the aftermath of the glaciers. As 
the two-mile-thick ice sheet melted away, it left behind the water-

to carry water north from Lake Erie to Lake Ontario. 

 Once the river had cleared out glacial drift, it began incising its 

carbonates resist erosion by the river better than the siltstones and 
sandstones below them. 
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Niagara Falls.
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 As the river scooped out the underlying rocks, it began undercutting 

Through ongoing erosion, Niagara Falls has migrated about seven 

 The Niagara River divides around Goat Island to form the 
American and Canadian Falls. Huge boulders at the base of the falls 
underscore the fact that they continue to migrate upstream toward 
Lake Erie. 

 

Niagara River takes an abrupt right turn, exploiting a chasm carved 
by an older river. The vortex created as water enters, then tries to 
escape this L-junction, produces huge standing waves. 

 
there, it continues on northeast toward the Atlantic via the Saint 

Islands National Park along the way. 

Suggested Reading

National Wild and Scenic Rivers System, http://rivers.gov.

Van Diver, Roadside Geology of New York.

Questions to Consider

1. The Mississippi River delivers an immense amount of sediment to the 
Gulf of Mexico. Research the evolution of the Mississippi Delta.

2. In addition to the national rivers administered by the National Park 
Service, more than 200 rivers across the United States are designated 
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18 Great Dune Fields of North America

Desert dunes come in many shapes and sizes, and they can form 

mountain-ringed holding pen at Great Sand Dunes and Kobuk Valley or a 

wind one grain at a time. Supply some moisture and shelter, and vegetation 
can stabilize dunes and transform them into rolling green hills. But dry them 
out, or disturb the vegetation, and dunes will begin to march downwind again.

Great Sand Dunes National Park and Preserve
 In south-central Colorado, beneath the tall peaks of the Sangre de 

Cristo Mountains, lies an ocean of sand. Vast dunes rise abruptly 

in North America. 

 Like waves on the surface of the sea, some of the dunes rise 

the opposite side. Some migrate, like waves approaching shore, 
gradually but inexorably across the landscape. 

 But this is no ocean. The San Luis Valley is a sheltered desert, 
parched and arid. It sees fewer than a dozen inches of rain in a 
typical year. 

 

gigantic scale, there are some essential things you need as well as 
additional factors that might be helpful. 

 
Cristo Mountains rose in the east and the volcanic San Juan 
Mountains grew in the west, they created the enclosed San 
Luis Valley. Thick layers of sand accumulated in the now-
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now forms the dunes. 

 You also need wind to pile up the sand. A southwesterly, a 
wind that blows from southwest to northeast, is the kind of 
wind that is most prevalent at Great Sand Dunes National Park, 
and particularly during the spring. Strong, steady winds from 

up into the dunes. 

 It helps to have something that will slow or stop the wind, 
or make it more turbulent. This allows the sand to pile up in 
place rather than migrating downwind. At Great Sand Dunes 
National Park, summits of seven Sangre de Cristo Mountain 

that three passes in the mountains funnel winds coming across 
the valley into a narrow pocket, helping to concentrate the sand 
in this compact corner. 

 It also helps to have something that will carry any stray stand 
that gets away downwind back to its starting point upwind of 

 
naturally begin to form. Over time, sand grains slide along the 
surface or bounce up the face of the dune facing the wind, the 
windward side. When the grains slide, geologists call their motion 
surface creep or traction. When they bounce along on the wind, 
they call their motion saltation. 

 Geologists call windswept dune environments eolian. Because of 
saltation, sand grains in eolian dune environments tend to become 
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helpful clue as to whether rock beds were originally created on land 
or underwater.

 Over time, saltation tends to reinforce surface irregularities such as 
bumps and small sand ridges. This results in the development of 
natural, undulating ridges on the windward slopes of dunes, as well 

 Beyond the dune crest on the leeward side, sand avalanches give 
the dune a steeper slope. This downwind side is referred to as the 
slip face of the dune. Avalanches occur when the slip face becomes 
steeper than a threshold angle. For dry sand dunes, this angle is 

with steep faces downwind.

Sand Dunes National Park.
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gently sloped windward face and a more steeply sloped leeward 
face transverse dunes. At Great Sand Dunes National Park, we 
encounter transverse dunes primarily toward the southern and 

 Most of the dunes in the park, however, are a variety called 
reverse dunes, or reversing dunes. Reverse dunes have relatively 
symmetrical slopes, or sometimes have one side gently sloped, but 
have what look like small dunes along their crests with their gentle 

Reverse dunes, with or without counterdunes, form where winds 

 Where winds blow across dunes from several different directions, 

from above. Conditions are right for star dune formation in the 

 
dunes, which run parallel to the prevailing breezes instead of 
perpendicular to them. 

 
barchan dunes, which are crescent- or boomerang-shaped dunes 
with arms pointing in the direction toward which the prevailing 
winds blow. 

 Parabolic dunes assume U shapes resembling horseshoes. Unlike 
barchan dunes, with their arms pointing downwind, the arms of 
parabolic dunes point upwind. Parabolic dunes occur in a region 

Sand Dunes.

 Nebkha or coppice dunes form as hills of sand around clumps of 
vegetation. 
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 Sand avalanches get started on the steep leeward slopes of the 
dunes, either naturally or because people walk or jump on the dunes 
and get a slide started. As the sand gathers momentum along with 

the phenomenon singing or booming sands. 

Kobuk Valley National Park
 

of the Arctic Circle. The Baird Mountains, a western arm of the 
Brooks Range, cross the northern portion of the park. 

 Streams and rivers descend from the Baird Mountains, forming 

Kobuk River. This drainage pattern suggests that the metamorphic 
bedrock north of the river is relatively uniform across the park, 

erosion-resistant or erosion-prone strata. 

 
hike of a few miles brings you to the Great Kobuk Sand Dunes, the 

Kobuk Sand Dunes, occupies the southeastern corner of the park. 

 
and a source of sand. The Great Kobuk Sand Dunes have all of 

National Park. Dry polar easterly winds blow with intensity for most 
of the year, from September into May, and get channeled straight 
through the park by the east-west running valley of the Kobuk River. 
And glaciers helped to create plenty of sand to form the dunes.

 As with the Great Sand Dunes, which pile up toward the Sangre de 
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the southern margin of the national park. 

 Parabolic dunes characterize the windward sides of the Great 

the move, and they can migrate downwind several miles per year. 

 

degrees Fahrenheit. 

 Dune sands can derive from almost any source of sand-sized grains, 

Dunes, or glacially-scoured metamorphic rocks, as at Kobuk Valley. 

White Sands National Monument
 In the Tularosa Basin in New Mexico, at the northern end of the 

Chihuahuan Desert, sits one of the strangest wonders on Earth: 
White Sands National Monument. The park encloses much of 

 The dunes at White Sands National Monument reach heights of 

per year. The gypsum that forms the white sands precipitates to 

Lake Lucero. 

 Rain and snowmelt dissolve calcium and sulfate while descending 
to the basin from surrounding mountains. Once the water arrives 

precipitating out gypsum crystals in the form of a soft mineral 
called selenite. Wind breaks off tiny fragments of selenite, which 
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Death Valley National Park
 The largest national park in the contiguous United States, Death 

the fact that they cover less than one percent of the desert land 
within the national park. 

 

Stovepipe Wells.

 Remote Saline Valley in the park is home to the low, undulating 
Saline Valley Dunes.

 The Panamint Dunes are star dunes perched on a slope above the 

Sand Dunes National Park.
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Death Valley National Park.
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 Near Saratoga Springs, the Ibex Dunes are home to the Mojave 
fringe-toed lizard. 

 
three miles long by a mile wide in the isolated Eureka Valley. 

The Altar Desert
 At the top of the Gulf of California, just across the Arizona border 

in Mexico, lies the Altar Desert, part of the El Pinacate y Gran 
Desierto de Altar, a biosphere reserve and world heritage site. The 
desert is a part of the larger Sonoran Desert that encompasses much 
of the southwestern United States and northwestern Mexico. 

 The Colorado River, which has its delta immediately to the west 
and just upwind of the Altar Desert, supplied abundant sand for the 

sediment load. 

 
considered the largest and most active in North America. Tectonic 
rifting occurs in the Altar Desert as the Gulf of California continues 
to open. Evidence of volcanic activity in the desert, as at Death 

The Nebraska Sand Hills
 

Park Service designation that recognizes and encourages the 
conservation of outstanding examples of the natural history of the 
United States. 

 

windblown dunes. 
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 Today, grasses have stabilized these former dunes. The underlying 

Hills wetlands. Nebraskans have used their Sand Hills, too sandy 
for cultivation, as prime cattle-grazing land for generations. 

Suggested Reading

Connor, Roadside Geology of Alaska.

Hopkins and Hopkins, Hiking Colorado’s Geology.

Williams and Chronic, Roadside Geology of Colorado.

Questions to Consider

1. For a sense of scale, compare the size of the Kobuk Valley and Great 

Sahara Desert.

2.
Large ergs exist on Mars, and dunes cover an area about the size of the 
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19 National Seashores and Lakeshores

A discontinuous, 2,000-mile ribbon of long, thin, low-lying islands 
traces the Atlantic Coast of the United States from New England 
to the bottom of the Florida Keys. Another traces the Gulf Coast 

west from the Florida panhandle to the Mexican border and beyond. Behind 
these so-called barrier islands sit protected bays and sounds, along with salt 
marshes and sometimes mangrove forests. The islands evolve and change 

near the San Andreas Fault. 

Cape Hatteras National Seashore
 Located in the Outer Banks of North Carolina, Cape Hatteras is 

several zones that are characteristic of these areas. 
 The region from the spot where waves begin to break to the 

suspends sand-sized mineral grains and shell fragments here 
and transports them along the shore, creating a sort of river of 
sand that hugs the coast. 

 The foreshore, also known as the beach face, faces the ocean 
and is the sloping portion of the beach between the limits of 

 The berm, or backshore, is the sandy terrace that sits beyond 

boundary between the foreshore and the berm. 

 A dune ridge rises beyond the berm. Dunes are often stabilized 
by pioneering grasses that have adapted to the extreme 
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drying, high salt due to sea spray, high winds, sand blasting, 
and occasional burial. 

 Beyond the dunes lie overwash terraces, where sand gets 
deposited during particularly large storms. Small shrubs as 
well as grasses populate the overwash terraces. 

 
to settle down in the area known as the salt marsh, because 
waters on this side of the barrier islands are sheltered from the 
ocean surf. The salt marsh is a muddy environment, unlike the 
higher-energy ocean beach. Healthy salt marshes are one of our 

Cape Hatteras Lighthouse.
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 Beyond the salt marsh lie the protected waters of the sound. 
Without strong, ocean-wave-driven longshore currents to 
smooth the shoreline, the sound or bay side of barrier islands 
is typically ragged, with lobes of land extending out into the 
water wherever overwashing storm waves happened to drop 
sediment. 

 One of the iconic attractions of the Cape Hatteras National Seashore 
is its black-and-white-spiraled lighthouse rising above the trees 

United States. 

 

warned ships that they were drawing close to the infamous Diamond 
Shoals. The shoals, a collection of constantly shifting submerged 

near the coastal bend at Cape Hatteras. 

 Situated as they are, where the Gulf Stream traveling up from the 
south encounters the Labrador Current from the north, the Diamond 
Shoals present an extraordinary hazard to maritime navigation. 

 Over the century after the lighthouse was built, strong storm-surge 
tides repeatedly swept over Hatteras Island, eroding sand from the 
ocean side and redepositing it on the Pamlico Sound side. Slowly, 
the island has migrated west, and it continues to do so. 

 This process of shoreward migration of the barrier islands has been 
ongoing for thousands of years. The pace of migration has averaged 
more than a foot per year toward land for more than a century. If 
it continues, eventually Pamlico Sound will close, and the Outer 

mainland Carolina coast. 

 Cape Hatteras and the adjacent Cape Lookout National Seashore 
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sound from the mainland, in some cases? 

 As the most recent of the Pleistocene glaciers retreated over the last 

ago, a long zone of dunes had formed along the coast where the 
Cape Hatteras and Cape Lookout barrier islands lie today. As sea 
level continued to rise, the broad lowlands behind the coastline 

interior waterways. 

 Incremental changes occur daily throughout the outer banks, as 

along the shoreline. But decades worth of change can occur in hours 
when a hurricane or other strong tropical storm makes landfall.

Assateague Island National Seashore
 

breached what had been a continuous barrier island in two places, 
separating Ocean City, Maryland, from Fenwick Island to the north 
and Assateague Island to the south. 

 Jetties were built to make the southern breach, Ocean City Inlet, a 
permanent channel so that boats could pass between the Atlantic 
and the Isle of Wight Bay. This prevented sand from migrating 
south with longshore currents to replenish beaches on the northern 
portion of Assateague Island, now a national seashore.

 Over the rest of the 20th century, while Ocean City held its ground, 

the mainland. Its beaches thinned, and its dunes grew lower with 
every major storm. 

 At the start of the new millennium, the U.S. Army Corps of 
Engineers was called in to design the North End Restoration 
Project, intended to shore up northern Assateague Island before 
its dunes and beaches eroded away entirely. Their efforts helped 
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Assateague Island National Seashore.
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efforts appear to be mere holding actions. 

 

 The management team for Assateague Island National Seashore 
has embraced the inevitability of change and has begun replacing 
permanent structures with mobile ones that can migrate with the 
island and be carted to safety before destructive storms pass 

protect against the waves. 

Canaveral National Seashore
 Like Assateague and the Outer Banks, Canaveral National Seashore 

the Intracoastal Waterway lies on the landward side of the island. 

 This park encompasses the important transition zone from salt 
marsh ecosystems at its north end to subtropical mangrove forests 
to the south. Both play a similar role in harboring life, cleaning 
water, and helping buffer the mainland beyond from the storm 
surge associated with hurricanes and other big tropical storms. 

Cape Cod National Seashore
 Along the Atlantic Coast of Massachusetts, the Cape Cod National 

Seashore stretches the length of the Cape Cod peninsula from 
Nantucket Sound to Provincetown. Where the peninsula ends in Cape 
Cod Bay, sandspits trace a tightening spiral around Provincetown 

 Although Cape Cod has its share of sandy beach strands and dune 

differ from those of the barrier island systems to the south. 
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 During the last major Pleistocene glacial advance, the Laurentide 

interior, transporting it to the fringe of the ice sheet and dropping it 
where the ice melted. 

 
silts, and sands to coarse gravels and boulders. Where unsorted by 
later transport in water, we call this material glacial till. The islands 
were born as glacial till left as moraines by ice age glaciers, plus 

 As the climate warmed and the ice retreated, it paused for years and 
built Cape Cod in the same manner. After several cycles of advance 
and retreat during which some moraines were overridden, by about 

Today, steep bluffs at Cape Cod erode to reveal the mix of grain 

 Dunes cover about one-third of the Cape Cod National Seashore. 
Two other features of the Cape Cod National Seashore are kettle 
ponds and cranberry bogs. Kettle ponds form where large blocks 
of ice got buried amid glacial sediments and melted slowly, leaving 

they intersect the water table and form enclosed ponds. Low 

colonized by wild cranberries. 

Indiana Dunes National Lakeshore
 Ice age glaciers also played a critical role in the creation of our 

Dunes on Lake Michigan as well as Pictured Rocks and Apostle 
Islands on Lake Superior. 

 
dune complexes marking four different shorelines as we head 
inland from the beach. Sandy dunes along the current lakeshore 
are still active. 
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 The tallest of these modern dunes crest at heights of nearly 200 feet. 
Mount Baldy, the tallest moving sand dune in the park, has half-
buried trees along its southern slopes and continues to march inland. 

 Grass-covered ridges mark early stages of dune stabilization, while 
blowouts occur where vegetation has been disrupted, allowing an 
erosive gap to open in a line of dunes. Landward lie the Tolleston 
dunes, then the Calumet dunes, and then the Glenwood dunes. A 

Sleeping Bear Dunes National Lakeshore
 

 These perched dunes formed atop headlands that are in fact glacial 
moraines. As erosion has undercut the moraines, boulders and 

sand up to the headland crests and dropped it there, forming the tall 
perched dunes.

 Dunes in the park are still on the go: The Sleeping Bear Point Life-
Saving Station had to be moved from the point to Glen Haven in 

part of the U.S. Coast Guard Maritime Museum. 

Pictured Rocks National Lakeshore
 Pictured Rocks National Lakeshore rims Lake Superior, the largest, 

coldest, and deepest of the Great Lakes. Like at Sleeping Bear 
Dunes, the park encompasses dramatic perched dunes, the so-called 
Grand Sable Dunes, visible from the Log Slide Overlook. 

 Stony till left behind by retreating glaciers formed the Grand Sable 

cliff face and freed up sand. Winds blew the sand atop the banks to 
form the perched dunes.
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multicolored sandstone cliffs that extend along its shoreline. 
Towering from 50 to 200 feet above Lake Superior, the sands that 
form the cliffs were deposited in a shallow inland sea that covered 
what is now northern Michigan more than 500 million years ago. 

Apostle Islands National Lakeshore
 

Lake Superior, form the centerpiece of Apostle Islands National 
Lakeshore. Like the sandstone cliffs at Pictured Rocks, the islands 
are composed of ancient sandstone bedrock, here about a billion 
years old. Erosion due to centuries of both wave action and freeze-
thaw cycles has carved steep cliffs, some containing sea caves, 
around the margins of some of the islands. 

Apostle Islands National Lakeshore.
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 Sea caves develop particularly well in sandstone of the so-called 
Devils Island Formation. These sandstones were deposited in 

grained sediment in thin beds. The thin-bedded rock that resulted is 
particularly susceptible to wave erosion at the base of cliffs. 

Suggested Reading

Alt and Hyndman, Roadside Geology of Northern and Central California.

Frye, Roadside Geology of Virginia.

National Park Service, “Coastal Geology in Our National Parks.”

Questions to Consider

1. Dunes can form along beaches and in deserts. How might geologists 
looking at a cross-bedded sandstone formed by ancient dunes distinguish 
between these two settings?

2. Beaches along the eastern coast of the United States are vulnerable to 
hurricanes and other tropical storms. Pick a stretch of the coast and 

nearby. Based on the average interval between storms, how long will it 
be before the next big storm is due?
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20 Reefs: Virgin Islands, Florida, Texas

In Virgin Islands, Biscayne, and Dry Tortugas National Parks, corals 

limestones and dolomites geologists of the future will map and explore. 

ecosystems, harboring biodiversity, and helping shelter the communities 
behind them from the brunt of calamitous forces such as tsunamis and 
hurricanes. Each park differs from the other, and each has natural wonders 
besides reefs. In addition, Guadalupe Mountains National Park is home to 

Virgin Islands National Park
 The U.S. Virgin Islands sit atop the Caribbean Plate, not far south 

with the North American Plate. Subduction of ocean crust beneath 
more ocean crust at the trench has created volcanic islands, such as 
Saint Thomas and Saint John.

 Between them, Virgin Islands National Park and the adjacent Virgin 
Islands Coral Reef National Monument encompass more than half 

miles of surrounding territory. The park also includes most of 
Hassel Island off Saint Thomas and several small historical parcels 
on other islands. 

 Corals helped build the terrain we walk over when we visit the 

order for reef-building corals to thrive.
 

photosynthesis by algae called zooxanthellae to produce the 
organic material and energy sources such as glucose that they 
use to sustain themselves. In return, the coral shelters the 
zooxanthellae. 
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long stretches of time. 

 Reef-building corals need relatively warm water in order to 

 Reef-building corals grow in saltwater, rather than freshwater 

lakes or estuaries, even if the water is slightly salty. 

 Corals need clean water to thrive. Water that is enriched in 
agricultural runoff and organic waste can cause certain kinds 
of seaweed and other destructive colonizing algae to cover, 
displace, and destroy corals. 

 We encounter beautiful coral reefs in the national park waters 

these conditions have been met. 

 The park on land is a beautiful collection of steep-sloped forested 

have added to Saint John throughout the last few million years, 
volcanic eruptions, not corals, forged this and most of the other 
Virgin Islands.

 All of the volcanism that occurred accompanied the opening of 
a seaway and formation of a spreading ridge between North and 
South America. The complex dance of the continents has continued 
to shape the entire Caribbean Basin. 

 Quiet periods during which the Virgin Islands were submerged 
and accumulated limestone were followed by renewed volcanic 
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erupted across the Virgin Islands seascape. During the glacial 
advance and retreats of the last few million years, the Pleistocene, 
corals took hold and began building reefs in earnest. 

 Reefs come in several varieties, including barrier reefs, fringing 
reefs, atolls, and patch reefs. Fringing reefs predominate in the 
Virgin Islands, and they can be found in the waters surrounding 
Saint John. 

 Fringing reefs resemble barrier reefs in that they parallel the 

shallow lagoons behind them. 

 Barrier reefs parallel the coastline. But the distance can vary: 
Some lie many miles offshore across a deep, wide lagoon. 

 Atolls form when fringing reefs encircle islands that either 

beneath the reefs is sinking, if it happens gradually enough, 
reef creatures can keep building up their reefs to stay close 

reefs surrounding an enclosed lagoon. Atolls often develop 
around marine volcanic islands as they subside on their way to 
becoming seamounts. 

 
water environments such as lagoons and sheltered bays.

 
of them threatened, in the reefs off Saint John. In a forest on land, 
different species are adapted to widely varying conditions in the 

with complex coral-reef ecosystems, some of the forests of the sea.

 At spots such as Coral Bay and Denis Bay, durable elkhorn and 
brain corals predominate along the reef crest, the portion of the reef 
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that experiences the highest wave energy. These corals have denser 
structures that can withstand the churn. 

 Less brawny staghorn corals become prevalent as you move away 
from the crest. On the seaward, or fore reef, and landward, or back 

whips, sea fans, possibly lobsters, and more marine life. 

 Reef corals are a colonial species, with individual genetic clones 
staking places on the reef as polyps and precipitating hard calcium 

with limestone muds and fragments, that coalesce to form the solid 
foundations of reefs. 

 But carbonates can precipitate out of clean, shallow waters 
inorganically, as well. Such inorganic precipitation can create 

burial, ooids get cemented together to form oolitic limestones. Some 

are comprised of ooids that weathered out of oolitic limestones on 
the island. 

Biscayne National Park
 Biscayne National Park begins just south of Miami and includes 

Sands and Elliott Keys, the northernmost of the line that forms 
the Florida Keys. The park extends west across Biscayne Bay 
to encompass a thin stretch of the mainland along the shore and 
extends east to include a line of offshore reefs: Triumph, Long, 

 Unlike the Virgin Islands, with their volcanic origins, everything 

the North American continental shelf during times of glacial retreat, 
when sea level was higher than it is today. 
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 The highest point in any of the keys now stands fewer than 20 feet 
above sea level, so another substantial glacial retreat could put the 
entire chain underwater. 

 Many of the same coral species encountered in the Virgin Islands 

populate the patch reefs within Biscayne Bay. They are better suited 
than other species to withstand the rapid swings in temperature and 

changing seasons. 

 In addition to the reefs, another important ecosystem that is 

mangrove swamps. Red, white, and black mangroves, along with 
buttonwood trees, are adapted to survive in saline water. 

Biscayne National Park.
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 Hurricanes inevitably blow in along this stretch of coastline. When 
they do, the mangrove swamps at Biscayne and elsewhere in the 
Keys help blunt the erosional force of the storms and mitigate the 

winds. 

Dry Tortugas National Park
 

these remote islands, which occupy less than one percent of Dry 
Tortugas National Park. The rest of the park lies underwater. 

Fort Jefferson, Dry Tortugas National Park.
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 The iconic image of the Dry Tortugas is of the massive Fort 

th century to guard the entrance to the Gulf of Mexico. The brick 
and other materials used to build the fort were all imported from 
far-off places on the mainland. No sooner did construction begin 

 Three large submerged carbonate mounds underlain by fossil reefs 

these three large mounds. Reef-building coral communities cover 

grass and soft coral communities much more extensive. 

Guadalupe Mountains National Park
 Just as reefs form today in warm, shallow waters of the Atlantic 

during a time called the Permian Period. In what would become the 
eastern United States, the collision with Gondwana had recently 
built the Appalachians. But across the continent, an embayment 

Delaware Basin. 

 Nowhere near the state of Delaware, the basin straddles southeastern 
New Mexico and western Texas today. It connected to several 

Capitan Reef encircled most of the ancient Delaware embayment. 

Delaware Basin just south of the line. 

 
in the middle of the Chihuahuan Desert and transformed it into the 
limestone mountains exposed to spectacular effect at Guadalupe 
Mountains National Park.
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Guadalupe Mountains National Park.
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 Long ago, the Capitan Reef grew upward thousands of feet and 
outward away from shore, chasing shallow-water sunlight as the 
surrounding landscape slowly sank. 

 
main park visitor center, the sheer limestone cliffs of El Capitan and 

suggest the immense scale of the reef. 

 A network of marine-creature skeletons, cemented in place where 
they grew, form the bulk of the Capitan formation limestones 
exposed in these imposing buttes. 

 Unlike what we witness today in the waters off Florida and in the 

Rather, calcareous sponges and algae constructed the framework of 
the reef, with help from a diverse mix of marine creatures, including 
small colonial organisms called bryozoans. 

 

that thrived in the Capitan Reef exposed at Guadalupe Mountains 
National Park would vanish forever in this singular extinction event. 

the Permian extinction.

 
appeared during the Triassic but only came to dominate reefs much 
more recently after successive waves of evolution and extinction. 
While the dominant members of the reef-building community have 
come and gone over hundreds of millions of years, reefs have 
remained an important marine ecosystem.
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Suggested Reading

Alt and Hyndman, Roadside Geology of Montana.

Bryan, Scott, and Means, Roadside Geology of Florida.

Frye, Roadside Geology of Virginia.

Van Diver, Roadside Geology of New York.

Questions to Consider

1. 
relatively pristine marine environments protected. Search online for the 

2. List the many threats to reef environments discussed in the lecture. Given 
these threats, what signs might suggest that a reef is in fact healthy?
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21
National Marine Sanctuaries  
and Monuments

ASanctuaries comprise more than a dozen locations up and down both 

and cultural treasures. National Marine Monuments include some of the 
largest and most extraordinary protected spaces anywhere on Earth. The 
National Oceanic and Atmospheric Administration manages these marine 
protected areas. Like National Park Service sites, these are protected areas 
that welcome visitors. 

Thunder Bay National Marine Sanctuary
 In a bay in the middle of North America, beneath the waters of Lake 

Huron off the mitt of Michigan, the Thunder Bay National Marine 

 
natural basin and depressed the underlying continental crust to 

 
them, created by the irregular retreat of the glaciers. With its long 
shoreline and all those islands, it has plenty of shallows, where 
most of the lost ships foundered. 

Stellwagen Bank National Marine Sanctuary
 

mouth of Massachusetts Bay, sits the Gerry E. Studds Stellwagen 
Bank National Marine Sanctuary. 

 As at Thunder Bay, Pleistocene glaciers laid the foundation for 
Stellwagen Bank and for Cape Cod just to the south. The glaciers 
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brought enormous loads of sand, gravel, and larger rocks to their 
margins and dumped them on the continental shelf at Stellwagen. 
The pile accumulated over thousands of years to form the banks. 

Monitor National Marine Sanctuary
 

diameter column of water in the Atlantic off Cape Hatteras above 
the wreck of the Civil War Union ironclad USS Monitor. 

 While portions of the ship have been salvaged and are on display 
at the Mariners Museum in Newport News, Virginia, the bulk of 

severely corroded by saltwater and colonized by sea creatures to 
form a small reef. 

Florida Keys National Marine Sanctuary
 The Florida Keys National Marine Sanctuary includes the waters 

surrounding all the keys except those contained within the 
adjoining national parks. In this sprawling protected area lies North 

third largest in the world.

 Fossil reefs created by corals when sea level was higher than today 
now form the islands that we call the keys. Amid the shallow 

Keys reefs.

Gray’s Reef National Marine Sanctuary
 

Georgia, encompasses an entirely different kind of reef community 
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ledges rise from the surrounding loose sand to depths of about 60 
feet. Marine invertebrates attach themselves to the rocky ledges, 
covering them in a dense profusion of life. 

Flower Garden Banks National Marine Sanctuary
 Off the Texas and Louisiana coasts in the Gulf of Mexico, corals 

and other marine creatures have constructed lush reefs atop the 
East and West Flower Garden Banks and Stetson Bank. Together, 
these occupy the Flower Garden Banks National Marine Sanctuary. 
Loggerhead turtles, whale sharks, manta rays, and many other reef 
animals make their homes in the protected area.

 

Florida Keys National Marine Sanctuary.
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has collected in expanding pockets underground. The structures 
the rock salt forms are called diapirs, or simply salt domes. Salt 

Mexico. 

Olympic Coast National Marine Sanctuary
 

 This sanctuary, which is the submerged counterpart to Olympic 
National Park, also encompasses miles of pristine, undeveloped 

Cordell Bank National Marine Sanctuary
 

of the Cordell Bank National Marine Sanctuary. A little more 
than four miles wide by nine miles long, the submerged mountain 

continental shelf. 

 Dolphins, sea lions, endangered humpback and blue whales, fur 

the rich waters of Cordell Bank. Seabirds throng above the bank, 

Gulf of the Farallones National Marine Sanctuary
 Adjacent to Cordell Bank, the Gulf of the Farallones National 

Marine Sanctuary encompasses the gulf itself, which stretches 
from the California coast to the Farallon Islands, as well as deeper 
waters above the Farallon Escarpment on the continental slope. It 
also includes the familiar waters near the Golden Gate Bridge at the 
mouth of San Francisco Bay. 



191Lecture 21—National Marine Sanctuaries and Monuments 

 
of the Farallones sanctuary now completely embraces Cordell Bank 
to the north, east, and south. 

Monterey Bay National Marine Sanctuary
 Just to the south, the Monterey Bay National Marine Sanctuary 

diverse ecosystems include a dense kelp forest in Monterey Bay 

with some of the kelp plants rising as tall as trees. 

 

canyon anywhere off the coast of North America is here, the 
spectacular submarine canyon of Monterey Bay. 

Channel Islands National Marine Sanctuary
 Continuing down the California coast, Channel Islands National 

Marine Sanctuary. The sanctuary includes the encircling rings 
of water from mean high tide to six nautical miles offshore of 
Santa Barbara, Anacapa, Santa Cruz, Santa Rosa, and San Miguel 
islands. 

 Here, the islands sit on a sheared block of continental crust along 
the California coast, where lateral motion of plates has rotated the 
block of crust like a cog, extending a line of mountains and hills 
westward into the sea. 

Hawaiian Islands Humpback Whale National Marine Sanctuary
 

California, we arrive at the Hawaiian Islands Humpback Whale 
National Marine Sanctuary. It protects critical habitat for the 
thousands of humpback whales that visit the islands from late 
December to May of each year during their 6,000-mile annual 
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migrations. They breed, give birth, and nurture calves here before 
returning to the colder waters of Alaska for the summer. 

 Hawaiian monk seals, spinner dolphins, sea turtles, sea grasses, 
both shallow and deep corals, sea birds, and more also make a 
home in these waters. 

 Continuing westward along the Northwestern Hawaiian Island 

American parks on land, including the Grand Canyon. 

Monterey Bay National Marine Sanctuary.
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 This one “monument” is larger than all the national marine 
sanctuaries combined. This enormous preserve includes nearly 

and shoals atop seamounts. 

National Marine Sanctuary of American Samoa
 

Sanctuary of American Samoa, which has the only true tropical reef in 

across parts of four islands, a seamount, and an atoll to become the 

 It occupies Fagatele and an adjacent bay at the southernmost tip 
of the island of Tutuila. The sanctuary extends to Rose Atoll, also 

 

located between American Samoa and Hawaii and straddles the 

 National Geographic Explorer and marine conservationist Enric 
Sala led an expedition here to document the rare, pristine coral 
environments found at places such as Kingman Reef and to raise 
awareness of the need for protection. The effort helped prompt 
declaration of the national monument by President Bush in January of 

 
miles, making it larger than all the land-based national parks 
combined. It encompasses seven islands and atolls, plus all the 
territory in between, and includes Wake Atoll, which might be the 
oldest living coral reef in the world. 
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Marianas Trench Marine National Monument
 The Marianas Trench Marine National Monument, the deepest 

marine reserve in the world, encompasses portions of the Marianas 
Trench, some of the deepest waters on the planet. The sanctuary also 
protects volcanic islands, undersea volcanoes, and thermal vents.

 
Earth where life based on thermal vents coexists with life based on 
photosynthesis. 

 Just outside the park, in territorial waters of the Federated States of 

Suggested Reading

Chadwick, “Blue Refuges.”

National Oceanic and Atmospheric Administration, National Marine 
Sanctuaries.

Questions to Consider

1.
lower than it is today during the last Pleistocene glacial maximum. Find 

continent was exposed at that time.

2.  Marine National Monument protects nearly 

of the U.S. national parks combined. Based on the areas of U.S. states, 

monument?



Lecture 

22 Acadia’s Highlands and Islands

When the Sun rises on the continental United States, you can see it 

largest island on the Eastern Seaboard of the United States. The 
rocks of coastal Maine reveal a gripping legacy of lost oceans, harrowing 
collisions, epic mountains, furious volcanoes, and icy glaciers. Evidence 
of all this and more is etched into the storied and storytelling islands and 
highlands of Acadia. 

Acadia’s Volcanic and Sedimentary Rocks
 

archipelago that comprises much of Acadia. Seven summits in the 

 What made these mountains are the same continent-on-continent 
collisional forces that built all the Appalachian Mountains, 
including Shenandoah and the Great Smoky Mountains. The same 
forces built mountains an ocean away, too, across the Atlantic in 
Ireland, Britain, and Scandinavia, before the Atlantic had opened to 
divide them. 

 
pluton: an igneous intrusion that cooled slowly deep underground. 

of similar processes, a common history offset by a few hundred 
million years.

 

plutons. The oldest of these, which can be found along the North 
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Ellsworth Schist. 

 
rocks, along with volcanic ashes and tuffs. The rocks then got buried, 
heated, and subjected to high pressures. The experience transformed 

apart along parallel planes; the second type is denser gneisses. 

 
that predate the plutons at Acadia include the Bar Harbor formation 
of gravels, sandstones, and siltstones and the Cranberry Island series. 

 Another group predating the plutons is the Cranberry Island 
series of volcanic and sedimentary rocks. These record an era of 

Acadia National Park.
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the Gulf of Alaska. 

 All of these various older rock units accumulated ahead of a 
microcontinent called Avalonia, which might have split off from the 
proto-African continent of Gondwana and was driving northeast on 

 Avalonia was an exotic terrane that got sutured onto proto-North 
America. As Avalonia came driving into and onto Laurentia, its 
rocks were folded, some of them got buried, and very tall mountains 
rose. This Acadian mountain-building event, or orogeny, was the 

Chain and built the global supercontinent of Pangaea. 

 The convergence and ultimate collision of the microcontinent of 
Avalonia with the macrocontinent of Laurentia also created the 

country rock fragmented, broke off, and fell into the molten magma. 

 The result was, and is, a bulls-eye ring called the shatter zone that 
is exposed in the southern and eastern portions of Mount Desert 
Island. Up to a mile wide, the zone forms a boundary between 

metamorphic, sedimentary, and volcanic rocks. 

The Rocks of the Schoodic Peninsula
 The Schoodic Peninsula is located up the Maine coast to the east of 

Mount Desert Island, a short hop across Frenchman Bay. The rocks 
of this peninsula also form an integral part of Acadia National Park 

 

bedrock. Where the incessant ocean surf has had an opportunity 
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to chisel away at the rocks along Frenchman Bay, the diabase has 
preferentially worn away to leave yawning slots in the granite. 

 Like on Mount Desert Island, the granites of Schoodic Point 

ocean and piled up and over the edge of the Laurentian continent. 
Rocks at and below the contact between the plates, subjected to 
intense frictional heating, partially melted to generate magmas that 
rose to become granite plutons. 

 These granites, exposed now at Schoodic Point, shrank and fractured 
as they cooled underground, creating conduits called joints. Basaltic 
magmas poured into these joints from below as they opened. 

 

diabase dikes, that is, crossing the granite terrain. And this 
happened multiple times as the granites continued to cool and shift 
and shrink, causing new dikes to cut across earlier dikes and to be 
crossed in turn by later ones. 

 Near the margins of the dikes, intense heat from the intruding 
magma led to a phenomenon called contact metamorphism. When 
searing-hot magma pours through a crack in another rock, it 
essentially blisters the rock it touches. And it can happen fast.

 

forms along a narrow band on either side of the dikes, altering the 

dike, the more severe the alteration, while a short distance away we 

 Even as the intruding magma altered the country rock by heating it 
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right next to the granite, where the magma chilled most rapidly, and 
somewhat coarser textures toward the middle of the dikes. 

 After all the tectonic mountain-building and intrusive igneous activity 

exotic Avalonian terrane remained on the western shore of the brand 
new Atlantic Ocean. Some of it traveled east with Ireland, England 
and Wales, the Iberian Peninsula, and northern Africa. 

 For the next 200 million years, the mighty mountains that loomed 
above Acadia weathered and eroded. As they did, the buoyant roots 
of the mountains rose. It took ages, but the plutons and metamorphic 

Pleistocene Glaciers
 North Bubble and South Bubble sit side by side in Mount Desert 

that have been completely overridden by large glaciers. 

 As the Pleistocene glacier ice made its way along the upstream, 

 This was not the case on their downstream surfaces: In the ice eddy 

that penetrated tiny fractures, or joints, in the rock. As it refroze 
within them, it wedged the joints open, prying and loosening pieces 
of granite on this down-ice, or leeward, slope. Ice froze around 
these pieces and plucked them away from the Bubbles as it kept 
traveling south. 

 During successive Pleistocene glacial advances, glacial ice 
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 Atop South Bubble, we also come across one of the most striking 
glacial features at Acadia: Bubble Rock. This huge, rounded granite 
boulder sits precariously at the edge of a sheer cliff. Bubble Rock is 
a glacial erratic, one of many large boulders strewn about Acadia. 
The glacier plucked it from whatever pluton Bubble Rock rode in 
on, dragged or carried it along to its improbable perch, and then 
melted away and left it here. 

 Another distinguished roche moutonnée that has become a must-

north of Sand Beach. 

 Glaciers have altered the entire landscape of Acadia National 
Park. Tectonics transported the Avalonian terrane to the coast of 
Maine and collision created the granite plutons, but ice sculpted 
the raw rocks into the beautiful forms we see. Ice cleared away 
pesky soils, exposing bare rock for our geological contemplation 

highest domes, helping transform these rugged, bald tops into 
textbook mathematical arcs. 

 Grinding glaciers hollowed out U-shaped basins for a series of 
parallel ponds, running north-south: Seal Cove Pond, Long Pond, 
Echo Lake, Jordon Pond, and Eagle Lake. Where glaciers left tall 

 What cleaves Mount Desert Island practically in two, dividing it 
into its eastern and western lobes, is the trough of Somes Sound. 

the sea, the sound resembles a fjord in many ways and was once 
mistaken for a fjord. 

 

striations and the bite-like indentations called chatter marks. Similar 
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grooves and gouges are in the Yosemite highlands. At roughly the 
same times in both places, during Pleistocene glacial advances, the 
granite was etched as glaciers dragged rocks across the underlying 

The Acadia Shoreline
 

retreat of the last of the Pleistocene glaciers over the last 20,000 
years caused sea level to rise, inundating the Acadia shoreline. 

 Rising water transformed what had been a number of connected 
pieces of land near the coast into a multitude of separate islands. It 
made a harbor at what is now Bar Harbor. It brought in the surf so 
that it could continue its work of hammering away on the rugged 
and rocky coast. 

 The Maine coast continues to rise as well, rebounding from its 

old, abandoned shorelines perched above the current coast, where 

 
shoreline. Granites weather and break to make beaches of spherical 
cobblestone. Where the shatter zone intersects the shore, we 
typically encounter jumbles of large, angular rocks. Elsewhere, 

 

stonier shores. 

 
reach Cape Breton Highlands National Park in northern Nova 
Scotia. Almost three times the size of Long Island, Cape Breton 
Island is the easternmost point of what French colonists meant by 
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Harbor, Acadia National Park.
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“Acadia.” Here, steep cliffs plunge from a forested and canyon-
carved plateau to the blue waters of the Atlantic. 

 Three or four ancient continents contributed to the creation of this 
single island. The island, like all of Nova Scotia, came together with 
Pangaea. But when Pangaea later broke apart, Cape Breton stayed 
in one piece, a hybrid island with an intercontinental pedigree.

 
covers more than two-thirds of the national park. It is yet more of 
the Appalachians, the seam along which Europe, North America, 

years ago. 

Suggested Reading

Caldwell, Roadside Geology of Maine.

Mitchell, “Autumn in Acadia National Park.”

Questions to Consider

1. John D. Rockefeller Jr. underwrote the construction of carriage roads and 
bridges made from local materials at Acadia National Park. What are the 
bridge facings made from, and why is this appropriate to the park?

2. Describe the similarities and differences between the granitic terrains at 
Acadia and Yosemite National Parks.



Lecture 

23 The Dakota Badlands

In the badlands of North and South Dakota, erosion in a relatively dry 

forms. This is the landscape that helped transform Theodore Roosevelt 
into an ardent conservationist of wild places and a crusader for the national 
parks. As President, Roosevelt would personally create or sign into law 5 

Service that manages them. 

Theodore Roosevelt National Park
 

landscape that helped inspire Theodore Roosevelt to conserve 

Badlands are the product of deposition, uplift, and erosion in the 

the ancient craton. 

 In Theodore Roosevelt National Park, only the stone foundation 

Roosevelt himself experienced it. The contours of these weirdly 

26th president and inspire his love for natural places.

 
Lakota people, who spoke of mako sica
lack of water and extreme temperatures. But this landscape also 

sense: They are exposed, incised, and horizontally bedded, and the 
exposed rock layers are primarily sedimentary.

 The earliest sedimentary layers we see date from the last years of 
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level was high, and the interior of the continent east of the Rocky 

to the Gulf of Mexico. Intermittent deposition continued until about 
25 million years ago.

 By contrast, the erosion in the Badlands has been underway for only 
about half a million years. Traveling about the park, we encounter 
a number of amazing features associated with the many geological 
processes at work here. 

 
noteworthy exceptions. We can view one of these from the north 

slopes has caused a large block of rock to begin rotating as it 
slides downslope. There are numerous examples of such slumping 
throughout Theodore Roosevelt National Park.

 From the overlook at Cannonball Concretions Pullout, we can view 
several large, spherical examples of the concretions that are common 

within the park, called the Fort Union Group. These rocks were 
originally deposited by streams carrying sediment from the Rocky 
Mountains as they rose to the west of the Dakotas. They also include 
layers of ash from volcanoes associated with the rise of the mountains. 
As the softer matrix of these rocks weathers and erodes away, resistant 
concretions emerge and collect at the bottom of the bluffs. 

 
concretions also infused the limbs and trunks of trees growing on 

limbs and trunks became infused with silica after they were buried 

now weather out of the rock as it erodes away. 

 
particularly strange-looking hoodoos. These are eroded rock and 
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sediment towers topped by a resistant caprock, which is often a 
dense sandstone concretion. Softer rocks below have weathered out 
to leave strange spires, pinnacles, and toadstool-like hoodoos. 

 The environments in which many of the sedimentary rocks that form 

than the park today. Organic material accumulated in forests and peat 
bogs. Burial, compression, and time have transformed this organic 
matter into a low-grade coal called lignite. You can see outcropping 
brown and black bands of lignite throughout the national park. 

 The Bentonitic Clay Overlook highlights blue beds derived 
from volcanic ash that contain a mixture of clay minerals called 
bentonite. One of the most important features of bentonite is that it 
swells to many times its original volume when it comes in contact 
with water. The expansion and contraction of this mineral helps 
pry rocks apart and contributes to the exceptionally fast rate at 
which the badlands erode. 

Theodore Roosevelt National Park.
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 From the Edge of Glacier Pullout in the north unit of the park, you 

from Canada before they were dropped where they lie by continental 
glaciers. These boulders are glacial erratics. The course of the Little 

 Water eroding and reworking the land is the dominant geological 
force at Theodore Roosevelt National Park. Beneath the Oxbow 
Overlook, the Little Missouri River has created a meander loop on 

the Oxbow Overlook. When it does, it will abandon the loop, 
leaving it to become an oxbow lake. 

Badlands National Park
 

grass prairie landscapes that typify this part of the Great Plains. One 

visitors encounter is the erosional escarpment, or cliff, known as 
the Wall, which is a few hundred feet tall and runs for scores of 

 Atop the wall and extending to the north of it is the Upper Prairie, 

erosion of the badlands is eating into the Upper Prairie, causing the 
Wall to migrate to the north over time. 

 
pediment, or slope, interrupted by the channels of intermittent 
streams and so-called sod tables. The sod tables are isolated remnants 
of the strata that underlie the Upper Prairie. These were left behind as 
the Wall cut its way northward and will eventually erode away.

 Differential erosion rates contribute to the countless strange forms 
that the badlands take in the park. Loose volcanic ash layers can 
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erode up to six inches per year, and mudstones about an inch. 
The resistant sandstones and concretions that cap many of the 
formations, by contrast, might erode at only about one inch every 
500 years. They resist weathering and persist, while the ash and 
rock beneath them get eaten away. Finally, inevitably, chunks of 
the caprock fall, and the process continues. 

 The stratigraphy exposed at Badlands National Park dictates 
many of the features of the current landscape. It also records 
a geological story of the evolution of this portion of the North 

to volcanically ashen. From oldest to youngest, the base of the 

 
years of the Western Interior Seaway, which was called the 
Pierre Seaway during that time. 

 Yellow Mounds is a thick layer of old soil created after the 
Pierre Sea was gone, exposing the marine muds to weathering 
and erosion. 

 

draining the Black Hills. 

 The tan Brule Formation forms the bulk of the Wall. 

 

bottom-most layer of the Sharps Formation is a thick, white 
volcanic ash layer called the Rockyford Ash, which marks the 
divide between Brule below and Sharps above. 

 The most rugged of the fantastic eroded hillsides and buttes in 
Badlands National Park are etched into the upper layers in this 
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Badlands National Park.



210 Wonders of the National Parks: A Geology of North America

Brule and the Sharps Formations. 

 These contain examples of many of the fabulous badlands features 
at Theodore Roosevelt National Park: deeply gullied and colorful 
slopes; hoodoos and toadstool rocks; pinnacles; and bentonite 
clay layers that expand and contract with the weather, accelerating 
erosion. 

 
progressively older ones as you descend deeper and deeper 
through it, illustrates one of the most fundamental rules of 
geology: the law or principle of superposition, which states that 

appear on top.

Mount Rushmore
 Theodore Roosevelt presides at Mount Rushmore, along with 

George Washington, Thomas Jefferson, and Abraham Lincoln. At 
Mount Rushmore, the sedimentary layers found at the Badlands are 
gone, exposing Black Hills rocks that are more than a billion years 

give their faces a time-weathered appearance are dikes. 

 The Black Hills is an elliptical-shaped region centered on very old 
metamorphic and igneous rock. Uplift of the hills, which are in 

Laramide orogeny that raised the entire Rocky Mountain range. 

 Outward from the old rock is a ring of limestone, which along its 
southern end is home to Wind Cave National Park. A thin outer 
ring of the Black Hills is a soft and eroded shale known as the Red 
Valley, which runs all the way around the Black Hills.

 Near the center of the old rock, not far from Mount Rushmore, 

mountains are capped by tough Harney Peak granite. 
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molten blob into even older sedimentary rocks. Contact led to 
metamorphism, as nearby rocks were scorched to forge an aureole 

 Fractures opened within the granite as it cooled and after. Those 

crystallized into light-colored dikes. These ancient rocks rose to the 
surface over millions of years as overlying rocks were eroded away, 
and then they were reburied under thousands of feet of sedimentary 
rock during Paleozoic and Mesozoic time. 

 The Laramide mountain-building event that raised the Rocky 

years ago also elevated an oblong bulge that would become the 
Black Hills. As the overlying cover of sedimentary rock eroded 
away once more from the interior of the bulge, the Harney Peak 

including Mount Rushmore. 

Mount Rushmore.
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Suggested Reading

Eliot, “Reefs in a Prairie Sea.”

Gries, Roadside Geology of South Dakota.

Questions to Consider

1. Gullies and eroded hillsides and other sites where rapid erosion is 
occurring often resemble badlands, albeit on a smaller scale. Have you 
encountered locations near your home that bear a resemblance to the 
Dakota Badlands?

2.

condemned town of Centralia, Pennsylvania, where an underground 

more than 50 years.



Lecture 

24
The Grand Canyon’s  
2-Billion-Year Staircase

From the rim of the Grand Canyon, we behold rock layers in a Grand 

landscape, the rocks and the fossils they contain paint pictures of bygone 

in time, at least, if not in space. 

The Grand Canyon
 

Canyon, carved by the Colorado River, might be the most 
celebrated geological feature in the United States and among the 
most celebrated on Earth.

 The Colorado River and its tributaries are the drainage system for 

Grand Canyon is in the southwest corner of this vast Plateau, which 
has provided a remarkably stable home to the Canyon for more than 
600 million years.

 However, as we survey the canyon, we view deep patterns in its 
supremely chiseled intricacy. Like at Badlands and Theodore 
Roosevelt National Parks, though on a much more enormous scale, 

exposed within the canyon. 

 We can follow imposing cliffs and gently sloped platforms called 

overall impression created by these cliffs and gentle benches as 

and mesas (larger table hills and table-shaped mountains, typically 
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The Kaibab Limestone
 The story of how the rocks of the Colorado Plateau came to the 

might have provided glimpses into hundreds of millions of years 

 
in the Permian Period, a time of early biodiversity that created all 

 The giant mountains that would erode to become Shenandoah and 
Great Smoky Mountains National Parks were still rising. Looking 
out across the canyon, we can trace the gray, layered cliffs of the 
Kaibab on both near and far walls. It underlies the far North Rim as 
well as the South Rim. 

 The outcrop of the Kaibab Limestone near the rim has a rough, 
knobby texture due to numerous hard nodules within it. The nodules 
are made of chert, a microcrystalline form of silica with a chemical 

 Chert has a biological origin, and most of the chert nodules contain 
fossils, although some of the fossils are so completely encased that 

called crinoids, small treelike and netlike fossils of bryozoans, and 
fossil sponges. 

 
most of the other fossils were made of softer calcium carbonate, 
the sponges contained a framework of small interconnected rods 
made of opaline silica. Shortly after the sediments were deposited, 
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The Grand Canyon.
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the opaline silica dissolved and then reprecipitated as chert, which 
formed the hard nodules. 

 The presence of these nodules near the top of the Kaibab Limestone 
also has played an important role in the development of the Grand 

resistant to erosion. 

 Younger rocks deposited atop the Kaibab have eroded away on both 
sides of the canyon, but this erosion stopped when it reached the 
hardened, knobby surface of the Kaibab Limestone. So, this rock 

 The marine creatures in the Kaibab Limestone grew together in a 
warm, shallow sea during the geological period called the Permian. 

Grand Canyon, we would have been offshore, underwater, at the 

Pangaea. 

The South Kaibab Trail
 The deeper we descend into the canyon along the popular South 

Kaibab Trail, the farther back we travel in time. We begin by 
traversing a series of switchbacks, which had to be cut into steep 

make the trail. 

 There is also the Bright Angel Trail to the west, which descends 
through the Kaibab Limestone and onto the bottom of the canyon. 
Bright Angel is a natural trail that follows the line of the Bright Angel 
Fault, which had disrupted the cliff enough to create a natural trail. 

 The South Kaibab trail opens up when we reach the gentler slopes 
of the Toroweap Formation. Mudstones and salt layers called 
evaporites predominate in the Toroweap, along with a few limestone 
layers. These were deposited before the Kaibab Limestone, about 
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 The gypsum in the evaporite layers is less dense than most of the 
minerals that form the mudstones and limestone bands. As a result, 

through the overlying layers. You can see the migrating salt bursting 
its way up through overlying rock layers in some of the exposures 
beside the trail.

 The mudstones and evaporites mixed together suggest that 

the sea level rose or the land sank beneath the sea here to create the 
Kaibab Limestone, we would have been right at about sea level on 

 We continue out the broad slope of the Toroweap, making our 
way back in time another few million years. Finally, we come 
to Ooh-Aah Point, a spectacular view of the Grand Canyon, and 
switchbacks that lead down a sheer sandstone cliff called the 
Coconino Sandstone, which forms a wall that is visible all around 
the canyon. 

 

one another across the bright cliff face. These are called cross-beds. 

those farther north at the national parks of Great Sand Dunes and 
Kobuk Valley. 

 The scale of this desert was much larger, too; it spanned much of the 
region now occupied by the Colorado Plateau. Had we been on hand 

ago, we would have been deep in the midst of a Sahara-style desert. 

 At the base of the Coconino, the trail traverses a broad, red, muddy 

bench go by the name Hermit formation, or simply the Hermit 
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Kaibab Trail.
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in their channels.

 Continuing down the South Kaibab Trail, we segue from the Hermit 
shale into the Supai Group. Unlike the rocks above, which tell a 

million years ago. 

 As we work our way farther down through the Supai and back 
in time, we see cross-bedded sandstones, sandy limestones, and 
siltstones mixed with limestones. Abundant iron oxide distributed 
through these rocks colors them mostly a rusty red. 

 At Skeleton Point, the trail leaves the Supai Group and begins its 
steep descent of the thick Redwall Limestone, which formed on 

fossils of numerous marine creatures, many of them preserved in 
cherty nodules. 

 At the base of the Redwall Limestone, we pass through another 
limestone, the Temple Butte Limestone. Despite both being 
limestones, as we step across the boundary from Redwall to 
Temple Butte, there is an unconformity: We step back perhaps 50 
million years. 

 
years ago, and then it elevated and eroded, and then deposition 
resumed with the Redwall tens of millions of years later.

 At the base of the Temple Butte Limestone, we cross another 
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million years. Whatever rocks were deposited during this time are 

the underlying Tonto Group before deposition began again. 

 From top to bottom, the Tonto Group includes three formations: 
the Muav Limestone, the Bright Angel Shale, and the Tapeats 
Sandstone. Together, they record a process called marine 

its way up onto the land from the west. 

 
canyon, we pass from calcium carbonate muds deposited on the 

nearer to shore, to sands deposited along the coast. Throughout the 

oceans. 

 

Shale has weathered back to form the broad Tonto Platform. Below 
the Tonto Platform lie the Lower Canyons and the Inner Gorge 

 Here, within this innermost sanctum of the Grand Canyon, we 
encounter its primordial basement, the Vishnu Schist, where we 
cross the biggest unconformity of all. These rocks were originally 
deposited as sands, silts, muds, and ash almost 2 billion years ago. 

 
those that created the Sierra Nevada, perhaps, or the Appalachians, 
these old sedimentary rocks were buried miles deep and 

the Vishnu Schist was intruded by granitic magmas that formed the 
Zoroaster Granite. 
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 Long ago, all those miles of material overlying the Vishnu Schist 
eroded away, and the basement rocks rose to the surface, only to 
be buried again beneath rocks of the so-called Grand Canyon 

 Grand Canyon Supergroup rocks were laid down intermittently 

million years ago. The setting was in and around a shallow sea 
that covered interior portions of Laurentia. A failed rift zone had 
depressed portions of the continent that stretch from the present-
day Grand Canyon and Uinta Mountains to Lake Superior and the 
northern Rockies. 

 Sandstones, shales, mudstones, conglomerates, limestones, and 
other sorts of sedimentary rocks collected in the interior sea and 
on beaches and other lowlands near its shores. Then, all these rocks 
were tilted, beveled by erosion, and the Tonto Group rocks got 
deposited atop them. 

 The boundary between the Tonto Group rocks at the base of 

igneous, and metamorphic rocks below is called the Great 
Unconformity. 

 Unlike the sedimentary rocks above, the crystalline rocks of the 

weathering. This innermost portion of the canyon is therefore 
steep walled and narrow, a deep notch into the basement rocks of 
the Colorado Plateau. 
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Suggested Reading

Abbott and Cook, Geology Underfoot in Northern Arizona.

Chronic, Roadside Geology of Arizona.
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Hopkins, Hiking the Southwest’s Geology.

Morrell, “The Unexpected Canyon.”

Questions to Consider

1.

geological strata get. But named rock formations exist everywhere. Find 
a geological map of the place where you live and learn the names and 
histories of bedrock strata in the region.

2. Look closely at trails on a shaded relief topographic map of the Grand 

more closely spaced the contour lines along a trail are, the steeper the 
trail is. Take a few imaginary hikes on Grand Canyon trails and try to 
visualize the landforms you pass along the way.
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25 Carving the Grand Canyon

Viewed from the rim of the Grand Canyon, the Colorado River far 
below resembles a small green ribbon in the distance, mostly hidden 

industrious river managed to remove all the vanished rock of the canyon. 
Even more remarkable, it appears to have done much or all of this work 

rocks, this seems the blink of a geological eye.

The Rise of the Colorado Plateau
 The stage needed to be set in order for the river to accomplish so 

much in so little time. This is conjectured to have taken place in 
three steps: the elevation of the Colorado Plateau, the rifting of the 

steps, the region was prepped so that the river could sculpt out a 
monumental canyon. 

 Before any river could carve the Grand Canyon, it needed 

the truckload. 

 
rise. And rise it did. Remarkably, it did so with only a little bit of 

and undisrupted. 

 One of the fascinating mysteries that has challenged North 
American geologists for decades is how the Colorado Plateau 
could rise so high without becoming wildly crumpled and 
deformed. 
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build high mountain chains through continent-ocean or continent-

volcanoes, thrust faults, accretionary wedges, or intensely folded 
sedimentary layers. In all these cases, preexisting rocks get pierced 
and baked, or folded, twisted and faulted in remarkable ways by the 
processes that ended up elevating the rocks. 

 

damage? One way to buoy up a slice of continent is with crustal 
thinning, the sort that occurs with crustal extension and rifting. 

 
thins, the warm asthenosphere below can rise to buoy up the 
overlying land. This appears to explain in part why the ranges of the 
Basin and Range Province immediately to the west and north of the 
Colorado Plateau rise so high. 

 Conversely, thickening the continental crust can also cause it to 

gravitational maps reveal that the Colorado Plateau is underlain by 
an unusual thickness of continental crust. 

 
that the rise of the Colorado Plateau began shortly after the Rocky 

National Parks.

 One compelling and widely adopted model holds that as the edge of 

was forming, the ocean plate became warmer and less dense. 
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Rather than plunging down steeply into the mantle, therefore, the 
plate began sliding along shallowly beneath the continental crust. 

 Some of the upper surface of the Farallon Plate remained behind 
to buoy up the Colorado Plateau. Farther inland, to the east, the 
Farallon Plate also pushed up wedges of continental crust along 
thrust faults and other reverse faults. These would become the 
Colorado Rockies.

 How did the Plateau avoid becoming another region of mountain 
building? The Colorado Plateau remained intact while the crust 
surrounding it absorbed most of the force of the collision, buckling 
and crumpling accordingly. 

 
consumed the Farallon Plate, and active uplift would have come 
to an end. Erosion then became the dominant force, removing 
thousands of feet of strata from the top of the high plateau and 

exhumation. This is what occurs as mountain belts erode away and 
their buoyant roots rise, ultimately exposing deep rocks. 

The Formation of the Colorado River
 

that would be forthcoming. 

 Basin and Range extension and rifting began to chew away at the 
western margin of the high tableland, creating lowlands to the west 
and causing rocks to tilt that direction and to the north. Deep rocks 

and fractures at the surface.

 The bending down to the west gave extra erosive power to 

the south and southwest toward the northeast. 
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 But now a river running west began to carve its way through 

of California began to open, this river became a buzz saw.

 

coarser sediment, such as sand, gravel, and even boulders. The 

rapidly it can erode its channel, deepening it. As they scour out 
their channels, rivers extend themselves upstream through a process 
called headward erosion. 

 The Lower Colorado River could have experienced just such rapid 
headward erosion as it downcut its channel into the rock layers of 

Colorado River.



227Lecture 25—Carving the Grand Canyon

the Colorado Plateau. Eventually, the river might have captured 
what are now the headwaters of the Colorado River and its tributary 
streams by extending its channel upstream until it intersected them. 

 Scientists have proposed a few other possible explanations for the 
integration of rivers that formed the Colorado River. Perhaps a lake 

way through the barrier, connecting the two rivers. 

 

dissolved their way through to form a single river. One way or 

 
about 6 million years ago. A few tantalizing lines of evidence 

might date back as far as the initial uplift of the Colorado Plateau 
during the rise of the Rocky Mountains. 

The Development of the Grand Canyon
 

development of the canyon. To the north, the Kaibab Plateau slopes 
gently toward the North Rim and into the canyon. To the south, the 
Coconino Plateau slopes away from the South Rim and away from 
the canyon. 

 Much of the runoff from the Kaibab Plateau therefore makes its way 

and nearly 500 ephemeral streams that travel to the river within the 

 The North Rim sits at higher elevation than the South Rim, gets 
more precipitation, and gets more of its precipitation in the form 
of snow that accumulates through much of the winter and melts 
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off in the spring. In fact, the Grand Canyon north of the river is, 

 This is why the North Rim sits so much farther away from the 
Colorado River than the South Rim, and this is why the stratigraphic 
staircase to the north has more gradual steps up from river to rim. 
With more water to do the work of erosion, the benches are broader 
and the tributary canyons are longer to the north. 

 
this in the sinuous forms of slot canyons leading down to the river 
and in the dry washes and gulches of ephemeral streams. But we 
feel the presence of the water that made this enormous canyon in 
the sheltered green oases below the North Rim. 

 
gorgeous side canyons. One of the most remarkable of the 

land on the Havasupai Indian Reservation before entering the 
national park from the south. Havasu Creek joins the Colorado 
River east of Great Thumb Mesa and northeast of Grand Canyon 
Village. 

 

inviting beach. The creek then cascades over a series of ornate 
terraces, each forming its own gemlike pool. 

 
can experience dramatic changes, even on a human timescale, with 

The Past, Present, and Future of the Colorado River
 

men led by one-armed Civil War veteran, geologist, and National 
Geographic cofounder John Wesley Powell. While the Colorado 
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regularly reshape it, adding new rapids. The river Powell explored 
continues to change. 

 
River above the Grand Canyon into a reservoir, named Lake Powell. 

Grand Canyon. 

 The dam also has greatly reduced the sediment carried by the river. 
Because sediment stabilizes features such as beaches along the 
river, many of the beaches and backwater sandbars were carried 

North Rim, Grand Canyon.
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them. Fish and other animals and plants that had used these settings 
as habitat began disappearing from the canyon. 

 The Colorado River just beyond the Grand Canyon was transformed 

called Boulder Dam, this created another reservoir immediately 
below the canyon, called Lake Mead, which has the largest capacity 

reservoir downstream, Lake Mohave, in the Lake Mead National 
Recreation Area. 

 
miles of the Grand Canyon, turning this portion of the Colorado 

due to droughts and increasing demands for water from the lake. 

the Gulf of California. This had a devastating effect on natural 

 

to the Gulf of California. Time will tell if this solution helps reverse 

Suggested Reading

Abbott and Cook, Geology Underfoot in Northern Arizona.
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Morrell, “The Unexpected Canyon.”
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Questions to Consider

1. The Glen Canyon Dam created the Lake Powell reservoir and submerged 

River and its tributaries. Find photographs online of landscapes that 

2. Together, we took a river trip on the Colorado through the Grand Canyon 
in this lecture. Cataract Canyon in Canyonlands National Park and 
the Glen Canyon National Recreation Area is another popular stretch 
of whitewater on the Colorado River upstream of the Grand Canyon. 
Consulting maps and videos, take an imaginary trip down Cataract 

exhilarating and challenging stretch of whitewater.
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Fnational parks, and a number of national parks and monuments have 

they contain. Parks created primarily to preserve, protect, and celebrate 
fossils enable us to travel through time, exploring conditions in the parks at 
the time fossils formed. They make it abundantly clear that the communities 

are as varied and as marvelous as anything a person could possibly imagine.

 

Grand Canyon at the southern edge of the Colorado Plateau. 

 Logs and limbs that have turned to stone now lie scattered across 

and other fossils associated with them provide us with one of the 
most detailed glimpses we have into the fascinating time when they 
lived: the Triassic Period. 

 The tropical forests in which this fossilized wood once grew shaded 

the bones of some of them in the national park. 

 
surround the Giant Logs Trail near the southern entrance to the park. 
Pieces of trunk dozens of feet long lie alongside broken fragments 
and cylindrical slabs. They weather out of layers of reddish 

 
Member contains even more fossilized wood. The technicolor 
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buried in the Sonsela Member amid a conglomerate of pebbles, 
cobbles, and sandstones. 

 
of braided stream channels and bars. Sonsela Member beds cap the 
mesa north of the Rainbow Forest, and they also cap the Blue Mesa 
and Agate Mesa.

 

removal of its fossil timber. Although it became a national park in 

Park Service continues to wage.
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Fossil Cycad National Monument 
 

within little more than a decade, illicit collectors had removed 
virtually every visible fossil from the park. 

 With nothing left for the public to see, Congress abolished the park 

to extinction.

Florissant Fossil Beds National Monument
 

Monument west of Colorado Springs and Pikes Peak preserves 

geologists, this is at the transition from the late Eocene Epoch to 
the Oligocene, the time when a relatively large-scale extinction 
took place. 

 

 Nearby volcanoes helped to create the right mix of conditions, or 
paleoenvironment, for fossil preservation at the Florissant Fossil 
Beds. 

Agate Fossil Beds National Monument
 

of exotic mammals that thrived 20 million years ago, during what 
geologists call the Miocene Epoch.
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 Two hills, named Carnegie and University for the institution that 
mounted research expeditions here, have yielded remarkable 
specimens. 

 Daeodons, which were originally named Dinohyus, meaning 
“terrible pig.” (Although not in fact closely related to modern 

 A type of small, North American rhinoceros named Menoceras. 

 Daphoenodon, meaning “blood-reeking tooth,” representative 
of a family of extinct carnivores known as bear dogs. 

 Palaeocastor, a beaver that lived on land and dug tight, spiral-
shaped burrows in the ground. 

 When these Miocene monsters prowled the region, the climate had 
dried, causing grasslands to proliferate, as they do today on the 
Great Plains.

John Day Fossil Beds National Monument
 

National Monument, a park that illuminates life across the middle 
two-thirds of the Age of Mammals, otherwise known as the Cenozoic. 

 The Cenozoic began 65 million years ago, with the extinction 

 

preserve thousands of species of plants and animals, including more 

 
of the John Day River, a tributary of the Columbia.

 The Painted Hills Unit consists of volcanic ash layers that 
have weathered and eroded into colorful pink and red and tan 
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National Park.

 

 The Sheep Rock Unit surrounding Sheep Rock Peak includes 

claystone. As the ash weathers away, bones continue to emerge 
from the beds here.

Hagerman Fossil Beds National Monument
 

Equus simplicidens, 
or the Hagerman Horse. 

John Day Fossil Beds.
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 The fossil beds hail from the Pliocene Epoch, which lasted from 

numerous bones of this transitional fossil. 

 The fossil beds at Hagerman also include specimens of many of 

and extinct Pliocene mammals include the mastodon, the ground 
sloth, and the sabertooth cat. The bones of an extinct genus of 
camel called Camelops, long vanished from the continent, also turn 
up in the fossil beds. 

 

Fossil Butte National Monument
 A little farther to the east, a more ancient lake was the basis for 

Here, Fossil Lake was one of three great inland lakes that were 
present in Wyoming, Colorado, and Utah about 50 million years 
ago during the Eocene Epoch. 

 

paleontologists, the Green River Formation. 

 
freshwater fossils exhibit alternating light and dark layers that are 

th of an inch thick on average. These alternating bands 
go by the name “varves.” 

 Each pair, or varve, represents a single year of sedimentation in the 
lake. The dark layers correspond to the growing season, when organic 
material accumulated in the lake. The light layers include inorganic 
sediment that continued to settle in the lake through the winters. 
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 Green River Formation deposits provide a continuous, high-

history.

Dinosaur National Monument
 Also on the Green River but to the south on the Colorado Plateau, 

Dinosaur National Monument takes us much further back in time. It 

Rivers in Utah and Colorado. 

 Dinosaur fossil beds are the centerpieces of the park. The beds 

Mountains, which were raised during the Laramide mountain-
building event that also lifted the Rocky Mountains. 

 

we know today as the Morrison Formation. 

 
them. Thrust-faulting that occurred as the Uinta Mountains rose 

revealing their trove of dinosaur bones. 

 The National Park Service has enclosed a long stretch of the 

dinosaur bones emerge from the rock face on display within 

ferns and conifers, rather than the grassy savannahs we know today.

Yoho National Park
 

Wapta Mountain and Mount Field, lies one of the most rich, bizarre, 
and important records of early life ever discovered. This famous 
site along Fossil Ridge bears the name of the rocks that contain the 
specimens: the Burgess Shale.
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Yoho National Park.



240 Wonders of the National Parks: A Geology of North America

 Most fossil sites preserve hard parts, such as bones or shells, or 
trace fossils, such as burrows, of long-dead creatures. The Burgess 

left by rarely preserved soft-bodied marine organisms that lived 
more than half a billion years ago. 

 This was the Cambrian Period. The Burgess Shale offers us a 
window into this explosive period, during which life on Earth 
evolved into a multitude of new and complex forms. We call this 

 
Cambrian community was made up of soft-bodied creatures that 
would never have been preserved in a more typical fossil setting. 

 Some taxa found here later perished. Interestingly, even here where 
soft bodies are preserved, animals dominate over plants, in both 
their fraction of the biota and the number of distinct species. The 
bulk of the community was comprised of arthropods and sponges. 

 These, and many other species preserved in the shale, harken 

ancestors in the Burgess Shale date from more than 500 million 
years ago. 
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Questions to Consider

1. Fossils in the national parks give us windows into the past. Are fossils 
common in the bedrock or sediments near your home, and if so, do you 
know which fossils are most common and when they were formed?

2. To get the big picture of the evolution of life on Earth, do some online 
reading about life during the Paleozoic, Mesozoic, and Cenozoic Eras. 

which would you choose?
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At Bryce Canyon, Arches, and Canyonlands National Parks, and 

in a cold, high desert has produced some of the most remarkable 
geological features on display anywhere on Earth. Mysterious, forbidding, 
strange, and comical hoodoos survey the landscape. Rock arches and water-
carved natural bridges span the sky. Pedestal rocks perch precariously, 
improbably, in the air. Deep canyons divide the land. Most of these features 
will come and go in the blink of a geological eye, but as nature destroys old 
ones, it gives birth to new ones. 

Bryce Canyon National Park
 

nothing as intricately wrought as what we observe at Bryce 
Canyon. 

 Below the canyon rim, badlands carved deep into the variously 
resistant rocks of the Claron Formation have produced this singular 

Valley, about 2,000 feet below the rim. 

 Bryce Canyon is the result of a just-right combination of bedrock, 
tectonic history to raise and expose the rock, and climate, which has 

geologist and surveyor Clarence Dutton named the Pink Cliffs. 

Staircase, the youngest rocks of the bunch. 

 

would become Colorado, Wyoming, and Utah. One of these lakes, 
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of Lake Erie today.

 Sediment deposited in and near this lake. Calcareous algae lived 
in the lake. When the algae died, their skeletons settled to the lake 

shore and muddy limes nearer shore. 

 Sands accumulated near the shore while silts and muds accumulated 
in swampy areas just inland. When the lake dried up, as it did 
periodically, soils formed and streams crossed the former lake bed, 
leaving sands and gravels in their channels.

Bryce Canyon National Park.
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 All these sediments would become the sedimentary rocks that 
comprise the Claron Formation. As the lakes expanded and 
contracted, and as more sediment pulsed down due to uplift driven 
by the ongoing Laramide orogeny that raised the Rockies, the layers 
graded between limes and muds, muds and sands, in repeating 

to-muddy limestones, siltstones, sandstones, and conglomerates.

 
million years ago, east-west extension warped the land, riddling it 
with joints along which weathering could occur and causing Basin 

 A horst rose to the east of Bryce across the Paunsaugunt Fault. 
Motion of the fault made an upended Titanic of the block of tilted 
strata called the Sinking Ship, which is visible from numerous 
vantages around the park and up close on the Fairyland Loop 
Trail. Motion across the fault is why, if you look east across Bryce 
Amphitheater from the rim, the pink Claron Formation appears as 
bluffs in the distance 2,000 feet above their location in Bryce. 

 Within the vertiginous badlands of the Claron Formation at Bryce 

goblins. Differential erosion of limestone layers containing various 
amounts of silt or mud, along with other rock types, gives the 

others, often with caprocks precariously balanced atop them. 

 Oxides and hydrated oxides of iron, manganese, and other elements 

yellow, and purple, while clean limestone paints some layers a bold 
white. 
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continues to take, a just-right combination of warmth and chill, wet 
and dry, to produce the hoodoos. 

 Not far to the west, across the Sevier Fault on the neighboring 
Markagunt Plateau, erosion has carved into the Claron Formation 

Breaks National Monument. 

 Because the crustal block on which Cedar Breaks is perched has risen 
across the fault and along the Hurricane Fault to the west, the rim of 

have shaped both Cedar Breaks and Bryce Canyon, so hoodoos and 

Arches National Park
 Northeast of Bryce Canyon and Cedar Breaks, on the Colorado 

River upstream of Glen Canyon and the Grand Canyon, we come 

climbers, kayakers, and whitewater rafters. Just across the river to 
the north of Moab stretch more than 2,000 stone arches in Arches 
National Park. 

 

largest collection by far of natural stone arches. They occupy a 

rain does fall, it falls in torrents. Temperatures can span an annual 

 
stone arches in Arches National Park, when similar stratigraphic 
rock units underlie much of the region nearby on the Colorado 
Plateau? Part of the resolution to this apparent paradox is found in a 
sedimentary unit called the Paradox Formation. 
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 During Pennsylvanian time, a portion of the Carboniferous Period 

formed over portions of what would become the four-corners states: 
Utah, Colorado, New Mexico, and Arizona. 

 Like the Great Salt Lake today and larger Lake Bonneville in 

basin. With nowhere to go, this lake evaporated repeatedly over its 

halite or rock salt, and other salts. Near what would become Arches 
National Park, the Uncompahgre Highlands rose along a fault, 
shedding more sediment into the Paradox Basin.

 As at the salt domes beneath the Gulf of Mexico at the Flower 
Garden Banks National Marine Sanctuary, evaporite layers become 

down in and above the thick layers of salt, the salt layers began 

Arches National Park.
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bowed upward to form structural anticlines. 

 Dissolution of salts along the axis of some of these anticlines caused 
the land between their limbs to drop, creating long, straight, narrow 
valleys bounded by parallel cliffs. The arches at Arches National 
Park would form primarily on these cliffs above two of the valleys, 
named Salt and Cache.

 
a broad arc across the sky. One end of the span looks so thin that 

similar that they look almost like a mirror image. Double Arch has 
a narrow window within a hefty arch. Delicate Arch bestrides an 

 Balanced rocks in the park form by a process similar to arch 
creation. Also known as balancing rocks, or pedestal rocks, these 
are remnants of less readily eroded rock perched atop a narrow 

 Another feature of the Arches National Park landscape is the 
biological soil crust that binds fragments of sand, silt, and clay 

Arches are called cryptogamic soils and can survive and thrive in the 
harsh summer heat, winter cold, and desiccation they experience here. 

 Arches National Park has thousands of natural arches but lacks natural 
bridges, formed by running streams or rivers. By contrast, two nearby 
national monuments have remarkable natural bridges. Two national 
monuments, Rainbow Bridge and Natural Bridges, span tributaries of 
the Colorado River with massive cross-bedded sandstones. 

 
water plays only a minor supporting role in the development of the 
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arches, streams actively carved the canyons below the bridges at 
Rainbow Bridge and Natural Bridges. 

Canyonlands National Park
 In contrast to Bryce Canyon and Arches National Parks, Canyonlands 

National Park is a vast and much more varied assemblage, with lots 
of every kind of geological wonder the Colorado Plateau has to 
offer: deep canyons, oxbow meanders or goosenecks, rock arches, 

 

Cataract Canyon of the Colorado, some of the best whitewater on 
the planet. The rivers naturally divide the park into districts, each 
with its own character.

 To the north and between the rivers sits Island in the Sky, 
the most accessible and visited part of the park. The White 
Rim Trail traces a broad bench atop the resistant White Rim 
Sandstone, which forms steep cliffs above the rivers far below. 
Upheaval Dome, near the northwest corner of the Island in the 
Sky district, is a remarkable crater.

 East of the Colorado, the Needles district features a multitude of 
tributary canyons and arches, including Angel, Fortress, Castle, 
Gothic, Wedding Ring, and Wooden Shoe Arches, among 
others. The district is named for the towering spires, or needles, 
of Cedar Mesa Sandstone that rise above the canyons here.

 To the west of the Green and Colorado Rivers lies a district 
called the Maze, the least-accessible portion of the park. A 
number of balanced rocks give the Land of Standing Rocks its 
name in the Maze portion of Canyonlands.

 A separate district, Horseshoe Canyon, protects spectacular 
images painted on rock, known as pictographs, or petrograms. 

rock varnish. 
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Questions to Consider

1. Some of the hoodoos at Bryce National Park have so much character 

and E.T. Look at photographs of hoodoos from Bruce or Cedar Breaks 
National Monument and give names to some of the hoodoos based on 
what they resemble or evoke for you.

2. Canyonlands National Park includes virtually every type of geological 
wonder the Colorado Plateau has to offer: deep canyons, oxbow 

rapids, buttes, mesas, and more. On maps or in photographs of the park, 
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Zion, Gunnison’s Black Canyon,  
Capitol Reef

The Colorado Plateau offers various wonders of canyon erosion. At 
Capitol Reef National Park, a bend in layer-cake beds called the 
Waterpocket Fold has produced a marvelous landscape that evoked 

the Washington, DC, skyline for those who gave the region its name. At Zion 
Canyon of the Virgin River at Zion National Park, what we see resembles a 
Yosemite carved in red and tan stone. And the Black Canyon of the Gunnison 
River is a shaded chasm that is very deep and astonishingly narrow. 

Capitol Reef National Park
 

the Kaibab Arch perches the 

the South Rim. 

 The extra elevation and tilt of the Kaibab Plateau toward the canyon 
to the north in turn accounts for increased precipitation and surface 
runoff into the canyon. That extra water leads to more extensive 
erosion and gives a lusher feel to tributary canyons north of the 
Colorado River.

 

of the United States. We know the protected lands that enshrine this 
fold as Capitol Reef National Park. 

 Capitol Reef is no ordinary reef. In fact, many of the rocks from 

Sandstones, took shape on land, not underwater. The reef in this 
park has nothing to do with the familiar coral reefs at Biscayne 
and Dry Tortugas National Parks, nor the fossil reef in Guadalupe 
Mountains National Park.
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 What put the reef in Capitol Reef is its westward-facing escarpment, 
or steep wall, that posed as effective an obstacle to crossing the 
region as a barrier reef might to reaching an island it surrounds. 

obstacle posed by the Capitol Reef escarpment, or cliff. 

 Capitol Reef has its origins in a fault hidden deep below the ground, 
lurking in bedrock far beneath the rock layers from which the 
“reef” is formed. It was a compressional, reverse fault, and it was 

American Plate that raised the Rocky Mountains. 

 Convergence also compressed and lifted without faulting the rock 
layers above in a geological structure called a monocline, which is a 
bend or kink that raises beds like the edge of a towel draped over a 
book. That monocline is the Waterpocket Fold. 

 The rise of the elevated limb of the Waterpocket Fold triggered a 
cascade of geological events.

 Streams, intermittent or otherwise, cut impressive gorges 
through the elevated rocks of the fold. 

 

of a meander loop, to form the Hickman Natural Bridge. 

 Streams carved narrow gorges through the toughest strata, 
massive cross-bedded desert sandstones such as the Wingate 
and the Navajo. 

 Once the streams broke through to less-durable strata below, 
they undercut the resistant sandstone, causing it to fall and 
widening the canyons.

 As water cleared out weaker strata, it left remnant mesas and 
buttes beneath intact vestiges of caprock. 
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 With someplace downhill to go, volcanic boulders that had 
stood on the caprock got washed down gullies by occasional 

 
and abraded streambeds, creating potholes. 

 

 This is how a long fold in the rocks at Capitol Reef became the 
Waterpocket Fold. 

 Erosion has shaped the Navajo Sandstone across the Waterpocket 
Fold into gleaming white domes and cliffs, shapes that evoked the 
dome of the U.S. Capitol and other monuments in Washington, DC. 

Capitol Reef National Park.
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 Within Capitol Reef National Park, a traverse along the up-tilted 

time. We get glimpses of ancestral life throughout the park.

Zion National Park
 Southwest of Capitol Reef across the Colorado Plateau, beyond 

Bryce Canyon National Park, the Virgin River has carved a 
canyon of its own, known as Zion. Intimate and sheer-walled, of 
spectacular scale, it could almost be mistaken for Yosemite Valley. 

gleaming pink and gray. For sheer grandeur, though, this canyon 
most certainly rivals Yosemite. 

 The rocks exposed at Zion begin where those at the Grand Canyon 
end, in terms of geologic time. Over the almost mile of relief within 
the park, the rock strata at Zion span nearly the entire Mesozoic, 

 
sands that comprise the Navajo Sandstone soar in the imposing 
cliffs and hulking stone temples found across the park. One of these 

 
on brilliant display. 

 Right-angled vertical fractures or joint sets create a tilted, 

Compression, rifting, and exhumation from the depths through 
erosion have put compressive and tensional stresses on the rock, 
resulting in the development of the joint sets and general rounding 
of the slopes of the mesa. 

 
provides ready access to the park for drivers hailing from Bryce 
Canyon and the Grand Canyon. Just beyond the tunnel, the Great 
Arch of Zion looms over the switchbacks in the road that take 
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 This is a blind arch, formed by erosional undercutting of the 
sandstone above that has created the form of a recessed arch as 
blocks of unsupported rock have fallen away but not yet entirely 
penetrated the rock to make a freestanding arch.

 Elsewhere in the park, erosion has completed the work of arch 
formation. The 
history museum. 

 In the remote Kolob Canyons district of Zion National Park, Kolob 

nearly inaccessible side canyon.

 Deeper within Zion canyon, a hanging garden at Weeping Rock 
clings on a sheer cliff face beneath another blind arch. The gardens 
sit at the boundary between porous Navajo Sandstone above and 
impermeable Kayenta Formation clays and silts below. 

 Water falling high above on the canyon rim percolates down into 
and through the Navajo Sandstone, eventually arriving at the 

emerges at a spring, watering the garden with a perennial stream of 
Weeping Rock tears. 

 One of the most rewarding and challenging hikes in any of 

point for an even more challenging destination: the red-rock summit 

 For a comparably thrilling view without the risk, although it still 

from the Valley Floor to Observation Point. From the vantage of the 
point, you look out from the 
down the length of Zion Canyon. 



256 Wonders of the National Parks: A Geology of North America

Zion National Park.
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Black Canyon of the Gunnison National Park
 

Gunnison River has made for itself, deep into the heart of the 

as Black Canyon of the Gunnison National Park. 

 Walk the North Vista Trail to Exclamation Point and gaze deep 
into the inner canyon. Enclosed by steep cliffs that abruptly rise 
thousands of feet from the river below, the bottom-most reaches 
of the canyon remain shrouded in shadow much of the time. 
Sometimes they receive only half an hour of direct sunlight on even 
a brilliant day. 

 

feet. The dark rock is primarily a metamorphic gneiss, formed from 
preexisting sedimentary and volcanic rocks that had been part of an 
island arc nearly 2 billion years ago. 

 A collision brought the arc here and sutured it to what geologists 

that collision, the rocks were buried for tens of millions of years 

experienced the high pressures and temperatures that triggered their 
metamorphic transformation.

 A few hundred million years later, these dark rocks fractured 

resulted. That magma hardened into the light pegmatites whose 
veins appear in the Painted Wall, giving it the look of marbled 
paper.
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 The pegmatites originated with plutons, akin to those exposed 
at Sierra Nevada parks such as Yosemite and at Acadia. Plutons 

volcanism. 

 You can view these plutons at Black Canyon of the Gunnison 

 Vernal Mesa 
Quartz Monzonite, a rock type related to granite. 

 Pegmatites also originated with plutons of Curecanti Quartz 
Monzonite, emplaced approximately 60 million years after the 
Vernal Mesa plutons. This rock forms the Curecanti Needle, a spire 
many hundreds of feet tall at the mouth of Curecanti Creek.

 The exceptionally ancient metamorphic gneisses and schists of the 
Precambrian basement reach from river to rim above much of the 
southwest bank of the Black Canyon. But a relatively thin, light 

rocks along the northeast rim. 

 This is the Entrada Sandstone, only about one-tenth as old as 
the rocks immediately below. The boundary between marks an 

geological history.

 

Highlands directly onto the eroded Precambrian gneisses and 
schists in a basin below bordering an inland sea. The rise 
of the Rocky Mountains during the Laramide orogeny and 
associated motion along faults elevated the rocks through which 
the Gunnison River would one day carve its canyon as the  
Gunnison Uplift.



259Lecture 28—Zion, Gunnison’s Black Canyon, Capitol Reef 

Black Canyon of the Gunnison National Park.
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Suggested Reading

Chronic and Chronic, Pages of Stone.

Hopkins, Hiking the Southwest’s Geology.

Orndorff, Wieder, and Futey, Geology Underfoot in Southern Utah.

Williams and Chronic, Roadside Geology of Colorado.

Questions to Consider

1.
factors, including the degree of susceptibility or resistance to erosion of 
the wall rocks, the gradient or steepness of the river carving the canyon, 

conditions in each park.

2. Antelope Canyon in the Lake Powell Navajo Tribal Park might be 
the most photographed slot canyon anywhere. Explain how Antelope 
Canyon and similar slot canyons formed.



Lecture 

29 Mesa Verde and Ancient Settlements

Ncaves of the southwestern United States, the Anasazi and other 
so-called Pueblo peoples built some of the most elaborate structures in 
ancient North America. On and near the Yucatán Peninsula, Maya builders 
constructed soaring step-pyramid temples and enduring cities. The Bering 
Land Bridge connected Asia to Europe when sea levels were at their lowest, 

undiscovered continent that would become their home. 

Mesa Verde National Park
 On the eastern Colorado Plateau in the state of Colorado, geology 

helped meet the needs for both shelter and water of an Anasazi 
community that thrived here more than a thousand years ago. They 
built some of the most remarkable human dwellings on the North 
American continent in cliff alcoves now protected at Mesa Verde 
National Park. 

 Mesa Verde is Spanish for “Green Table,” and it was on top of this 
apparent table where the Anasazi primarily lived for hundreds of 
years before they began constructing the cliff dwellings we see today. 

 Mesa Verde encompasses nearly 600 cliff dwellings, and a total 
of almost 5,000 archeological sites, up on the Mesa as well as 

 The Upper Cliff House Sandstone forms the roof on this impressive 
stone ruin. Black desert varnish, a mix of iron and manganese oxides, 
coats the surface of the sandstone where water has coursed down it 
or been drawn from it and evaporated above the Cliff Palace. 
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 The Mancos Shale was deposited in the Western Interior Seaway, 

Ocean to the Gulf of Mexico during Late Cretaceous time, roughly 

in response to changes in climate and the elevation of the land, 
the muds and silts of the Mancos Shale eventually became buried 
beneath sand deposits nearer the coast.

 These marine sands would become the Point Lookout Sandstone, 
which is named for one of the highest locations in the national 

 
Mesaverde Group. This sandstone forms the rim of an escarpment 
above the entrance to Mesa Verde. 

 
like mountain; rather, it is a cuesta, which is a ridge with one steep 
face, or escarpment, similar to the escarpment that completely 
encircles a mesa, but also one gently sloping face. 

 Above the Point Lookout Sandstone, the Menefee Formation 

the Menefee Formation sit the Lower and Upper Cliff House 
Sandstone, formed from more coastal sands. 

 

within the Cliff House above the contact between sandstones and 
more readily eroded shales below.

 
toward the Rio Grande, where they became likely ancestors 

abandoned by the Anasazi, and they might have left in response 
to a drought. 



263Lecture 29—Mesa Verde and Ancient Settlements

Mesa Verde National Park.
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 The earliest settlement atop the cuesta dates to 550 with a people 
called the Basketmakers. The community expanded in three 

culminated in construction of the great cliff dwellings and then 

Chaco Culture National Historical Park
 As at Mesa Verde, the geological story at Chaco Culture National 

Historical Park, in current-day New Mexico, relies heavily on the 
Menefee Formation and Cliff House Sandstones of the Mesaverde 
Group. One of the most striking landmarks within the park, Fajada 

slopes that are topped by Cliff House Sandstones in the shape of 
steep cliffs. 

 Chaco Canyon was a more southerly home to Anasazi pueblo 

their Colorado brethren. Chaco Canyon was also home to expert 
astronomy, as indicated by the Sun Dagger, a famous rock carving 
that charts the movements of the Sun. 

 
traditional, multistory pueblos that endure as fascinating ruins. They 
used the local sandstone to form walls, cementing stones in place 

and to brace them. 

  Pueblo 

 The Chacoans built Pueblo 
Bonito directly adjacent to a tall sandstone slab later dubbed 
“Braced-Up Cliff” by the Navajo and “Threatening Rock” by 
National Park Service staff. 

Gila Cliff Dwellings National Monument
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Mogollon region built homes in caves at Gila Cliff Dwellings 
National Monument. The region would later become the 
homeland of the Chiricahua Apache, including the well-known 
Apache chief Geronimo. 

 The geology that set the stage for the Gila Cliff Dwellings is 
unlike that at Chaco Canyon or Mesa Verde, although some of the 

 The monument occupies the Southern Rocky Mountains volcanic 

the southwest. Here, numerous volcanoes erupted between about 

crystallize into plutons were emplaced underground. 

Chaco Culture National Historical Park.
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 Although the uppermost portions of these plutons are exposed in 
a few places, most of the evidence for the existence of the plutons 
comes from gravitational maps, which chart how gravitational 
attraction varies from place to place on the surface of the Earth. 

 Cliff Dweller Canyon along the West Fork of the Gila River sits 
at the eastern edge of a large collapse caldera, where an eruption 

form a rock called tuff. 

 
about 25 million years ago. Rocks forming the lavas include both 
dark basalts and lighter-colored andesites. 

 Finally, above these lie beds of the Gila Conglomerate, which include 
sedimentary conglomerates, sandstones, and siltstones derived from 
the surrounding volcanic highlands. The caves formed in the Gila 
Conglomerate perhaps about 260,000 years ago, when Cliff Dweller 

 
caves, hollowed them out from the soft Gila Conglomerate. Later, 
the Pueblo of the Mogollon area found the caves and put them to use. 

Montezuma Castle National Monument
 In central Arizona just south of Sedona, the remarkable cliff 

dwellings at Montezuma Castle National Monument demonstrate 
another kind of alcove. Both Montezuma Castle and its larger but 
less well-preserved neighbor, Castle A, occupy the mouths of caves 
developed in young Verde Formation freshwater limestone.

 
 did not 

build the cliff dwellings; rather, local Sinagua farmers built them 
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 “Sinagua” (sin agua
But that name is misleading: The people who built the castles likely 

Hog Hill. The hill is part of the Mogollon Rim, which demarks the 
southwestern boundary of the Colorado Plateau. 

 

rifting caused a block of land to sink, creating a basin called the 
Verde Valley. 

 
with some brown mudstones precipitated out to form the Verde 

opted to live the high life in order to escape potentially destructive 

Casa Grande National Monument
 The Casa Grande National Monument in southern Arizona was 

national park system. 

 Located on the Gila River between Phoenix and Tucson, the Casa 
Grande was the creation of another of the four main peoples of the 
American Southwest, the Hohokam. These were the only ancient 
North Americans to construct irrigation works that rivaled those of 
ancient Egypt or Asia. 

 The Casa Grande is located at the end of an irrigation canal and 

area. The structure we see now was part of a compound that was 
one of the largest in ancient North America.
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Montezuma Castle National Monument.
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Palenque National Park
 In the land that is culturally called Mesoamerica, the Mayans built 

UNESCO World Heritage site in the Mexican state of Chiapas. 

 
pyramid temples, a palace with an observation tower, a ceremonial 

 
Peninsula, such as Chichen Itza, Tikal, and Copán.

 

wave of rebuilding after attacks by the neighboring city of Calakmul 

the Late Classic Period. Within just a few hundreds years, in or just 

 As with similarly substantial and elaborate Mayan ruins elsewhere 

Burning rock transforms crushed carbonate rocks into the lime used 
in plaster for construction. 

Bering Land Bridge National Preserve
 

Americas might lie not in the shelter and building materials it 
provided, but along and beneath the waters of the Bering Strait. 
Here, during times when vast Pleistocene ice sheets stored enough 

walked east from Russia into the New World. 

  Bering Land Bridge National Preserve encompasses some 
of the lands they would have traveled on their intercontinental 

Siberia at the Bering Strait, but 20,000 years ago, with large ice 



270 Wonders of the National Parks: A Geology of North America

regions were connected. 

 
continental shelf today, would have separated the Bering Sea from 
the Arctic Ocean at that time. Both climate models and geological 
evidence suggest that much of this bridge remained free of ice. 

 The Pleistocene fossil record reveals that a number of animals 
migrated between Eurasia and the Americas via the Bering Land 

when sea level was at its lowest, the bridge appears to have been 
large enough and hospitable enough that people might have settled 
and lived for many generations on it.

Suggested Reading

Chronic, Roadside Geology of Arizona.

Hopkins, Hiking the Southwest’s Geology.

Hopkins and Hopkins, Hiking Colorado’s Geology.

Williams and Chronic, Roadside Geology of Colorado.

Questions to Consider

1. From the cliff dwellings of Mesa Verde and elsewhere on the Colorado 
Plateau to the homes hewn in soft rock at Cappadocia in Turkey and 

been building homes in or around natural rock formations for centuries. 
If you could build a home into any cliff or other rock formation, where 
would you choose to build it?

2. The latest genetic evidence suggests that people descended from 
Siberians were isolated on the Bering Land Bridge for perhaps thousands 
of years before retreating ice allowed them to enter northwestern North 
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that you would have been eager to journey into the new continent, 
trepidatious about leaving home, or both? 



Lecture 

30 The Colorado Rocky Mountains

The Colorado Rocky Mountains owe their existence to subduction of 

to traversing such a vast distance was a shallow subduction. This is 

of plate tectonics, as well as the soaring peaks that can be created almost a 
thousand miles away from the initial point of collision. 

The Rocky Mountains 
 

and a special kind of sandstone called arkose. Arkose, combined 
with cements made of hematite or iron oxide, gives many of these 
Colorado rocks their colors of pink and rust-red.

 Fountain Formation rocks were shed as sediment from a precursor 
to the Rockies called the Ancestral Rocky Mountains, which rose 

collided with North America to form Pangaea. 

 

a billion years, to yet earlier episodes of collision, volcanism, 
mountain building, and burial. The Fountain Formation accumulated 
adjacent to the Ancestral Rockies as a sandstone skirt. 

 The rocks below bowed downward, in part perhaps due to 
compression, in part due to the weight of all the accumulating 
sediment getting shed off the mountains. The resulting basin in 
which the sediment collected is what geologists call a forearc 
basin. 
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 Winds whipped more sands above the Fountain Formation into 
large dunes, and that desert later created a newer layer of pink 

million years ago, was a layer of red shale, siltstone, and sandstone 
called the Lykins Formation. 

 Upheaval followed: A few hundred million years after the 

Mountains warped and lifted and upended these sandy red sheets, 

Rockies opened up the sandstones and other sedimentary strata like 
a trap door as they poked through, leaving them upended. 

 At Garden of the Gods, a National Natural Landmark near Colorado 
Springs, the upended sandstones assume uncanny and fanciful 

such as the Kissing Camels, atop which erosion through the Lyons 
Sandstone has left a window beneath two precariously balanced 
rocks that resemble the heads of two kissing camels. There are also 

 To the west of Garden of the Gods, visible in the distance, rises 

“fourteeners” in the state of Colorado. The pink granite that forms 
the bulk of the mountain, the Pikes Peak Granite, crystallized deep 
underground more than a billion years ago. In much more recent 
times, the forces that raised the rest of the Rockies in Colorado also 
hoisted the much older granite of Pikes Peak.

 The colorful claystones and shales of the Morrison Formation formed 

thrived. The transition upward to the South Platte Formation and so-
called Dakota Sandstones marks the arrival of the Western Interior 

inland sea stretched from the Arctic to the Gulf of Mexico and 

here, grading from sands to silts to muds and back again.
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Garden of the Gods.
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 When the Rocky Mountains rose, they displaced the seaway as they 

the sedimentary rock cover. The arch rises here to the east of the 
mountains in the Dakota Hogback, and it descends with the same 

Grand Hogback near New Castle, Colorado. 

 Between, the sedimentary beds have eroded away entirely, 
supplanted by the risen Precambrian basement rocks of the Front 
Range. Those ancient basement rocks form the lofty heart of Rocky 
Mountain National Park.

 Between Loveland and Estes Park just east of the park boundary, 
the Dakota Sandstone and other sedimentary strata have been 
folded and faulted by east-west compression, rising, plunging, 

domed granites and jagged metamorphic rocks of the mountain 

 Pleistocene glaciers have shaped the Rocky Mountains above about 

moraines near the park entrance station to create Horseshoe Park on 

 

which is crossed today by the meandering Fall River. 

 Like Horseshoe Park, the neighboring Moraine Park formed beneath 
a glacier moving to the west from the higher mountains down into 

 
feet, making it the highest paved road in the United States. The 
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raised crustal basement complex that became the Rocky Mountains 
in the park. These are some of the oldest rocks to be found in any 
American national park.

 

challenges continue to draw climbers to Longs Peak, which boasts 

largest, highest, and steepest wall in the Southern Rockies.

The Laramide Orogeny
 What raised Longs Peak and the rest of the Rockies between 

orogeny? Geologists generally concur that the culprit was 
subduction of the last remnants of the Farallon Plate along with the 
mid-ocean ridge from which it had emanated far to the west, near 

 But this time, the subduction was different. In many national parks 

beneath continental crust causes partial melting of the descending 
slab and sediments carried down with it. That in turn creates a 

more than a few hundred miles, most often. 

 At the time of the Laramide orogeny that built the Rockies, the 
western edge of North America approached and began to override 

enormous Farallon Plate. 

 
crust forming along the rise was brand new, relatively warm, still 

readily into the deep mantle as older, colder oceanic crust does. The 
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Plates might also have increased at this time.

 The net result was that the oceanic crust of the Farallon Plate 
stopped descending at the typical, relatively steep angle that 
forms Cascade- or Aleutian-style stratovolcanoes close to the 

descending toward the mantle at only a shallow angle, possibly less 

bumping along just below the rigid lithosphere of continental crust 
and upper mantle. It had the buoyant rift zone, what had been the 

 As the last vestigial crust from the Farrallon Plate slid beneath 
North America, it raised the Colorado Plateau without doing 
much to warp it. But as it continued even farther eastward, friction 
developed between it and the rocks above, which it compressed and 
crumpled and pushed eastward and upward to form the Southern 
Rocky Mountain Range. 

 
angle thrust faults. What seems to have happened was that overlying 
sedimentary rocks detached from old, underlying metamorphic and 
volcanic basement rocks and were pushed east. 

 Farther east, basement blocks of ancient metamorphic and igneous 

reverse faults. The old rocks began ascending skyward with their 
drapes of overlying sedimentary strata more or less dripping off on 
either side. 

 At their tallest, the Rockies probably rose to more than 20,000 
feet. Atop the elevated blocks, the sedimentary strata eroded off 
to expose the basement rocks below. The rise of these basement 
blocks into imposing ranges is what we call the Laramide orogeny. 
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 This is how many geologists believe the Rockies in Rocky Mountain 

just below the surface, wreaking marvelous havoc topside. 

 Laramide uplift elevated the entire region, so that even the local 

Mountains and their foothills, is still the “Mile High City.” The 
same goes for Boulder and Colorado Springs.

The Colorado River
 The Continental Divide is in Rocky Mountain National Park, separating 

traces an angled path across the park from the Neota Wilderness in the 
northwest to the Indian Peaks Wilderness in the south, crossing Trail 

Summer Mountains edge the northwestern margin of the park. 

 
western slopes surrounding La Poudre Pass. The pass is located on 
the Continental Divide at a spot where it joins the northern boundary 

headwaters as a small stream rippling through alpine meadows. 

 Thanks to elevation and the addition of tributaries, this same trickle 
became a mighty force downstream that carved Cataract Canyon 
at Canyonlands National Park, Glen Canyon in the Glen Canyon 
National Recreation Area, and the Grand Canyon of the Colorado 

millions of years, it has all begun here, in Rocky Mountain National 
Park, as nothing more than an unassuming mountain stream.

 Yet not far from its source and within the park, the Colorado proves 
itself an inexorable force, having carved a three-mile stretch called 
Little Yellowstone Canyon. Resembling its more famous namesake 
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in Yellowstone National Park, this deep and narrow canyon was 
carved through soft tuffs and volcanic breccias from the Oligocene 
eruptions that swelled the Never Summer Mountains. 

Suggested Reading

Abbott and Cook, Geology Underfoot along Colorado’s Front Range. 

Hopkins and Hopkins, Hiking Colorado’s Geology.

Williams and Chronic, Roadside Geology of Colorado.

Questions to Consider

1.
Mountain National Park. Mount Whitney in the Sierra Nevada range 

and what is its elevation?

2. In addition to the mining heritage preserved in Rocky Mountain 
National Park, the state of Colorado has hundreds of abandoned mines 

Denver in backdrop of Rocky Mountains. 



Lecture 

31
Montana’s Glacier  
and the Canadian Rockies

A thrust block of ancient sedimentary rock slid dozens of miles before 
coming to rest atop Glacier National Park. The glaciers that buried 
much of northern North America beneath rivers of ice shaped and 

sculpted this stratigraphic wayfarer, leaving the spectacular mountains, 
valleys, and lakes we visit and witness in the park today. Although only 
shrinking vestiges of the glaciers remain, the Northern Rockies landscape 
they shaped will persist, even if Glacier National Park might lose the last of 
its glaciers. Meanwhile, the world of active glaciers, while vanishing from 
Glacier National Park, continues to the north, in the national parks of the 
Canadian Rockies. 

Glacier National Park 
 

glaciers might be gone in a span of just several to a few dozen 
years. Whatever their fate, ice has left an indelible mark on this 

 
summits, ridges, lakes, and valleys share much in common with their 

yet there are stark differences between the Northern and Southern 
Rockies that give a distinctive character to Glacier National Park. 

 Metamorphic and igneous basement rock has surfaced to crown 
the Front Range of the Southern Rockies. In the Northern Rockies, 
the basement remains buried. Exceptionally old, Precambrian 

banding their facades. 

 

park, the Waterton-Glacier International Peace Park. Although 
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the two national parks continue to be administered separately, 

the long friendship between the United States and Canada and in 
recognition of the fact that the mountains, wildlife, and ecosystems 
of the two parks know no political frontiers. 

 

year-old sedimentary rocks that runs from west to east. These rocks 

different from the one we know. 

 During the Laramide orogeny, or mountain-building event, 

dislodging the slab of sedimentary rocks that form Glacier 

 The cause of this compression might have been the presence of a 
subduction zone in what is now eastern Washington state before 

miles to the east, up and over much younger Cretaceous rocks less 
than a tenth their age. 

 When a slab of rock is pushed long distances over a thrust fault, 
geologists call that a thrust sheet, or nappe. The low-angled surface 

the Lewis Overthrust Fault. 

 The Belt Supergroup rocks on display in the park accumulated in 
the Belt Sea, which formed when the platform that would become 
much of Siberia separated from the core of the North American 

 Several distinctive layers of Belt Supergroup rocks are on display, 
including the Altyn Formation, the Appekunny Formation, the 
Grinnell Formation, and the Helena Formation. A dark band 
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formed of a rock appears near the top of Helena Formation rocks 
throughout the national park. This band is called the Purcell Sill, 

is coarser grained. 

 You can view all these geological layers on the popular drive from 
West Glacier to Saint Mary on the Going-to-the-Sun Road, which 
traverses the entire slab of displaced Belt Supergroup rocks from 
west to east. 

 The road takes travelers up and across the Continental Divide 
at Logan Pass. At the outset, the road traces the shore of Lake 

Glacier National Park.
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McDonald, Saint Mary Lake, Lake Sherbourne, and Upper 

that rise beyond them. 

 
ridges, and summits of the mountain strongholds above them is no 
accident. The natural amphitheaters that tower above the lakes were 
the source of the vanished glaciers that straightened and depressed 
stream valleys to form their basins. 

 A mixture of red and green pebbles gives a brilliant play of color 
to the shallow near-shore waters of Lake McDonald. The rocks 
originate with the mudstones of the Appekunny and Grinnell 
Formations. These green and red rocks line the bed of McDonald 

 Continuing on from the lake, the road climbs the Helena Formation 
limestones to the west of a high, thin rock ridge: the Garden Wall. 
This barrier is an arête, a divide sharpened by adjacent glaciers. It 
coincides with the Continental Divide, which traverses the park 
from north to south. 

 
pass was formed where glaciers grinding away on both sides of 
the Continental Divide formed an arête similar to the Garden Wall, 

 A high-mountain saddle formed when the walls came tumbling 
down goes by the name col. Other passes in the park also formed 
as cols between glaciers, including Marias, Piegan, and Gunsight. 

 During the height of Pleistocene glaciations, ice covered the 
passes, smoothing the rocks high above the road, leaving a ragged 

tallest summits.
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 A trail departs the parking lot at Logan Pass for an area called 
Granite Park. The Purcell Sill, formed of a basaltic rock called 
diabase, is visible in roadcuts on either side of Logan Pass. 

 Descending from Logan Pass to the east, the Jackson Glacier 
Overlook offers a view of Blackfoot and Jackson Glaciers. Like 
other glaciers in the park, these small alpine glaciers perched high 
on mountain slopes are mere vestiges of what they once were. 

 

2000, the Grinnell Glacier northeast of the Garden Wall lost more 

 At the head of Saint Mary Lake, a short trail leads to the narrow, 
steep-walled Sunrift Gorge. This striking slot between the rocks 

detached and slid a few feet downslope, opening the gap.

 Chief Mountain in the northeastern corner of Glacier National Park 

an eastern erosional remnant of the Belt Supergroup rocks that got 
thrust eastward, an isolated portion of the leading edge of the thrust 
block, or nappe, that remained after surrounding rocks eroded away. 

The Canadian Rockies
 

looked like centuries ago, before it lost most of its glaciers, you can 

Canadian national parks, Banff and Jasper.

 
traditional “Big Four” national parks, the heart of the Canadian 
Rockies. The country has its own Glacier National Park as well, 

national park. 
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Banff National Park to Jasper National Park along the Continental 
Divide and astride the border of Alberta and British Columbia. 

travelers on the parkway. 

 Like the Northern and Southern Rockies to the south of them, the 
Canadian Rockies were formed by tectonic convergence that was 

as terrane collision and accretion. 

 Together, these forces compressed the region and elevated it via a 
mix of low-angle faulting and block faulting, like in other parts of 

Rockies led the Northern and Southern Rockies. 

 
rock were thrust along thrust faults toward the east, like at Glacier 
National Park. But in the process, many of the layers were intensely 
wrinkled and folded. 

 No less mesmerizing are the many lakes of the Canadian Rockies. 
Basins depressed by the glaciers have moraine debris piles that dam 

Park is Lake Louise. Another is Moraine Lake. 

 Banff and Kootenay National Parks both feature hot springs. At 
Kootenay, those include Radium Hot Springs. Water from this spring 
contains trace amounts of radon gas, produced by the decay of small 
amounts of radium in rocks through which the spring water travels. 

 Water from the Kootenay River enters a major extensional rift 
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park. Like the relatively recent-vintage Basin and Range basins 
to the south, this Rocky Mountain Trench opened in response 
to extensional forces that have come to bear since the rise of the 
Canadian Rockies.

 
glaciers, Jasper National Park boasts Maligne Lake, the largest 
among many in the park. A valley glacier scoured and depressed the 

 Yoho, the smallest of the “Big Four” Canadian Rockies parks, 
makes up for its tiny proportions with its extraordinarily interesting 

Banff National Park.
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and important Burgess Shale fossil beds. Like the other parks, it 
also boasts spectacular mountains, lakes, and waterfalls. 

 Meltwater from the ice of still-abundant glaciers makes the 
Canadian Rockies an ideal destination for viewing uplifted 
and uplifting landscapes through a prism of striking blue-green 
waters. The intensity of the natural colors owes much to glaciers, 

that makes lake colors in the Canadian Rockies so famous around 
the world.

Suggested Reading

Alt and Hyndman, Roadside Geology of Montana.

Roadside Geology of Washington.

National Geographic, Guide to the National Parks of Canada.

Parks Canada, http://www.pc.gc.ca/eng.

Questions to Consider

1.

observe in the images, if the trend continues at the same average rate, 
how soon will the glaciers be entirely gone?

2. Although glaciers are currently retreating and thinning rapidly 
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32 Big Bend on the Rio Grande and Saguaro

In Big Bend National Park, the southernmost extension of the American 
Rockies meets the westernmost outpost of mountains built hundreds 
of millions of years earlier by the birth of the supercontinent Pangaea. 

At this spot in the Chihuahuan Desert, volcanic eruptions and Basin and 
Range rifting have created a marvelous comingling of geological features. 
Northwest of Big Bend in another desert, the Sonoran, mountains with two 
different origin stories sandwich the city of Tucson, Arizona. Separate, 
federally protected areas within each range comprise Saguaro National 
Park. In addition to their desert landscapes and ecosystems, the complexity 
of the histories inscribed in their rocks and landforms spins a common 
thread that unites Big Bend and Saguaro. 

Big Bend National Park
 

view at other national parks, including continent-to-continent 
collisions that also built the Appalachian and Ouachita Mountains 
and forged the supercontinent Pangaea, the Laramide crustal 
shortening event that pushed up the Rocky Mountains, volcanic 
landscapes scorched by lava and buried beneath ash, erosional 
features carved into strata deposited in the Western Interior Seaway, 
and Basin and Range crustal extension. 

 
The generally sparse vegetation and thin soils across much of 
the park, combined with the intensely varied geology exposed 

 Big Bend National Park and the larger area that encompasses it, 
the Big Bend region, owe their names to the broad and abrupt bend 
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changing course from southeast to northeast along the border of the 

 Within the park, the Rio Grande has carved its path through 

associated with a north-south-trending mountain range or ridge that 
straddles the border. 

 The oldest rocks in Big Bend National Park appear at Persimmon 
Gap, which is accessible via a trail that begins near the visitor 

 For hundreds of millions of years during the Paleozoic, from at 

that ultimately became these rocks were shed off mountains to the 

American, or Laurentian, continent. With burial and time, they 
become garden-variety sandstones and shales. 

 But the formation of Pangaea would transform these Paleozoic 

and admire them. The transformational trigger was the collision of 

Ouachita orogeny. This same event of mountain building and crustal 
shortening gave rise to the mountains at Hot Springs National Park 
in Arkansas, well to the east.

 The Ouachita Mountains were in fact part of a continuous range 
that stretched on to the east and northeast as the Appalachian belt 
clear to New England, Canada, and departed lands now attached to 
portions of Europe and North Africa. 

 The distorted rocks of the range lie mostly buried between 
Oklahoma and west Texas, but they emerge in northeast-trending 
ridges at the core of a structure called the Marathon Uplift and at 
Persimmon Gap in Big Bend National Park. 
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 After the marriage of continents that created Pangaea and their 

the Western Interior Seaway. 

 Within the shallow waters of this expansive sea, marine creatures 

sediments settled and became limestone.

 We encounter these limestones in the park today in rock units such 

Rio Grande river, Big Bend National Park.
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Muddy shales, gritty silts, and occasional sandstones also 

the waters to transgress and regress across the land.

 The popular Ernst Tinaja Trail at Big Bend provides an up-close 
scramble over and past several remarkable geological features 
carved through stones laid down in the Western Interior Seaway. 

 

features. 

 The trail through Tuff Canyon takes us into layers of basalt topped 

 

more explosive kind of magma had erupted nearby, inundating 
the surrounding landscape. The eruption vented lava and ash that 
created rhyolites, a volcanic rock type that forms from a magma 
with the same composition as granite. 

 Elsewhere in Tuff Canyon, water percolating through the frothy 
rock formed from volcanic glass called pumice has dissolved silica 
and then reprecipitated it as a mantle of rock draperies adorning the 
canyon walls.

 Visible to the southwest of Tuff Canyon and from other locations 
in the park is the landmark known as Cerro Castellan. This butte 
is capped by a lava dome, which was fed by a feeder dyke visible 

the same eruption that created most of the walls of Tuff Canyon sit 
beneath the dome, which acts as a hard caprock and inhibits the 
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surrounding tuff and chilled remained after the tuff it pierced 
eroded away. This 20-foot-tall rhyolite tower goes by the name of 

 Casa Grande, another volcanic butte and Big Bend landmark, 

tuff and lava below. And the Elephant Tusk formed, like the 

as surrounding tuffs eroded away. The Elephant Tusk is much 
larger, however.

 The Grapevine Hills within the park include so-called plutonic 
rocks, the granitic roots of eroded volcanoes that cooled deep 
enough underground to permit sizable crystals to form within the 

plutonic rocks, including Balanced Rock, perched precariously 
between two toothlike stone pillars. 

 
Mountains, is also the most southerly mountain range in the 
contiguous United States and the only range contained entirely in a 
U.S. national park. 

 
range is the highest point in Big Bend. The Chisos Mountains 
enclose an elevated trough between two volcanic calderas called 
the Basin. Water that collects in the Basin during heavy rains can 

high rocks on either side of the canyon form a natural frame called 
the Window, which offers an exceptional view down to the desert 
lowlands and rolling hills thousands of feet below. 

 Like at Death Valley and across the Basin and Range Province, the 
extension of western North America that followed the Laramide 
orogeny, and that continues today, caused normal faults to develop 
across the Big Bend region. The faults bound large blocks of 
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continental crust, some of which have slid down to form basins and 
others of which rose as linear mountains or ranges. Most of Big 
Bend National Park lies within a fault-bound basin. 

 

paintings, on limestone bluffs along the trail to the hot springs, 
suggesting that they might have enjoyed taking the waters, too. 

 
to the marine creatures that inhabited the Western Interior Seaway, 
fossil species found at Big Bend include a mix of terrestrial dinosaurs 

 Together with the protected areas across the border in Mexico, Big 
Bend forms part of a vast trans-boundary conservation corridor. 
Big Bend remains to be joined someday with Maderas del Carmen, 
Cañon de Santa Elena, Ocampo, and Río Bravo del Norte just 
across the border. 

Saguaro National Park
 From Big Bend, a long drive across western Texas, southwestern 

New Mexico, and eastern Arizona brings us to the Sonoran Desert 

districts protect prize forests of the immense Saguaro cactus. 

 Saguaro National Park, along with the surrounding region, 
occupies the southern Basin and Range Province, characterized 
by crustal extension and the movement of fault blocks along 
normal faults. 

 The rise and tilting of a classic Basin and Range fault block lifted 

upward doming of the land, faulting, and the resultant unveiling of 
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Saguaro National Park.
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Mountain highlands. 

 In Saguaro West, the Tucson Mountain district, crustal extension 

during the Paleozoic and Mesozoic Eras, along with volcanic layers 
that hail from eruptions during the Jurassic and Cretaceous Periods 
of the Mesozoic. 

 
dolostones and limestones and produce lime for construction and 
other uses. The ruins of their kilns are here, as well as numerous 
prospecting holes and small abandoned mines in this district, where 
prospectors sought what turned out to be small deposits of silver 
and copper near the contacts between igneous intrusions and the 

 
in Saguaro East tend to be crowned by a strongly banded, coarse-
grained type of gneiss called mylonite. This gneiss, named the 
Catalina gneiss, dates back to Precambrian time.

 The geological structure on display in this part of Saguaro National 

the structure is so exceptionally well displayed.

 Traversing Cactus Forest Drive, a popular loop road in Saguaro 

layers: the fault itself, along with the folded limestones above and 
the banded Catalina gneiss below. 
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Suggested Reading

Chronic, Roadside Geology of Arizona.

MacLeod, Big Bend Vistas.

Spearing, Roadside Geology of Texas.

Questions to Consider

1.
past Big Bend National Park. Name, describe, and contrast each of these 
canyons.

2. How do the east and west units of Saguaro National Park resemble and 
differ from one another? 
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Mammoth Cave, Wind Cave,  
Carlsbad Caverns

Mammoth Cave, Carlsbad Caverns, and Wind Cave National Parks 
invite us into a world of unfamiliar wonders. Their most spectacular 
wonders lie underground, with soaring domes, yawning pits, giant 

geology. Wherever the continent was formerly submerged by an ancient sea, 

other caps, for the process of cave formation to begin. 

Mammoth Cave National Park
 At Mammoth Cave, beneath the gentle hills and bluffs of west-

central Kentucky, lurks a labyrinth hidden in darkness that has no 

Mammoth Cave System has more than twice as many mapped 
miles as any other cave. In addition, dozens of disconnected caves, 
separate from the primary cave network, also occupy the park. 

 
did. Geologically, the term “karst” offers a clue that limestone is 

limestones, dolomites, dolostones, and marbles. These are key raw 
materials for karst landscapes. 

 

rock to spare. 

 

Formation, Ste. Genevieve Limestone, and Saint Louis Limestone. 
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halfway into the third. 

 
and karst landscapes the world over, including numerous ponds, 
sinking streams, closed basins, and big springs. They are none-
too-subtle hints that chasms lie below, that the solid rock we stand 
on could be the thinnest of ceilings separating us from dozens or 
hundreds of feet of open air. 

 

as it has for centuries, with a mix of spectacular cave formations 
and sheer, audacious scale. 

Mammoth Cave National Park.
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thick limestone, and relative stability in the region. Together, these 

space to get large. 

 
as water moves underground through fractures and other voids, 

called vadose zone, where both air and water are present.

 
the pore spaces and saturates the rock. This saturated rock is called 
the phreatic zone. The intersection between the unsaturated vadose 

 Water above the water table seeks out vertical cracks, which it can 
widen, sometimes dissolving out long shafts. Water might also 
move horizontally to form subterranean stream channels, whether 
by following fractures or by moving through more soluble rock 
layers. Over time, horizontal water can create canyon passages. 

 

downward while undercutting the walls and also promoted collapse 
of portions of the ceilings. 

 
level,” the lowest level of the water table in and around the caves 
at Mammoth Cave National Park. As the river has eroded its way 

different levels, allowing major cave passage development at each. 

 
viewed in three dimensions, resembles a succession of different 
interconnected caves stacked one atop another, connected by shafts 
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and spots where one passage has broken through the ceiling of 
another below to create a connection. 

 Like at any decorated limestone cave, formations such as stalactites 

attractions. The general term for these secondary formations is 
“speleothems,” which is Greek for “cave deposits.” 

 There are several kinds, but they all have to do with water droplets, 
or small sheets of slow-moving water, which collect and begin 
to evaporate and leave their carbon dioxide behind. As droplets 
evaporate, the remaining water becomes saturated with calcite, 
causing calcite to precipitate out. 

 The most familiar speleothems are formed by dripping water, such 

descending from the ceiling and a stalagmite rising from below 

saturated with calcite, it can instead cut a shaft or deepen a shaft 

 

sometimes descend from the ceiling along damp cracks. Calcite 
precipitates as undulating sheets of rock. In addition, rimstone dams 
can create terraced travertine pools, where water evaporates around 
the edges of ponds, causing small dams of calcite to precipitate. 

 Other secondary deposits form with little or no movement of the 
water. Helictites form irregular branching shapes that appear to 
defy gravity. Cave pearls are spherical calcite crystals that form in 

 
evaporite layers above can precipitate gypsum via the process that 
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curl like fern fronds. 

 The perennial darkness of the cave has given rise to several species 

their entire lives underground. Troglobites include the Kentucky 

 Humans have used the cave since prehistoric times, beginning 

as petroglyphs on the walls, baskets, and pottery, all surprisingly far 
from the nearest natural entrances. They also scraped minerals from 

and enduring asset. 

Wind Cave National Park
 While Mammoth might be the longest cave system on Earth, South 

become a U.S. national park. Theodore Roosevelt signed this park 

 By any but Mammoth standards, Wind Cave is enormous, with 

miles of mapped and surveyed passage to date. 

 Even more than Mammoth, Wind Cave is a three-dimensional 

looping above and below one another. The entire cave is so tightly 

 Like at Mammoth Cave, the carbonate strata that host Wind Cave 

years ago. The rocks are Pahasapa Limestone, a local name for 
rocks of the more widespread Madison Formation.



302 Wonders of the National Parks: A Geology of North America

 The Laramide mountain-building event, or orogeny, lifted the Black 
Hills and raised the beds that would host Wind Cave. Northwest-
southeast-trending joints, or fractures, in the rock formed, and 

joints at times when the water table was higher and the rock was 

passages, sediment and breakdown material accumulated within the 
cave.

 
gypsum that, over time, turned into calcite as the sulfates in the 
gypsum were replaced by carbonate ions. Sulfates liberated by the 

probably helping carve the passages that make up the cave. As the 

proved more durable and therefore remains as a rare and distinctive 
feature called boxwork. 

Wind Cave National Park.
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 Wind Cave includes several other fascinating speleothems, including 
popcorn, which is small rounded nodules on tiny stalks; frostwork, 
which results when popcorn nodules also have needles of a mineral 
called aragonite attached; cave ice, or thin rafts of calcite one to 
three inches across that form on and glide atop the surface of water 
in subterranean pools; dogtooth spar, or crystals of calcite that are 
well formed; and helictites, which are surface-tension formations 
similar to those at Mammoth Cave.

 The surface landscape in Wind Cave National Park deserves 
mention, too. Two ecosystems come together here, with Western 
prairie mixed grass meeting Eastern ponderosa pine forest in what 
is an exceptional sanctuary for bird and mammal watching. 

Carlsbad Caverns National Park
 Where Mammoth, Wind, and Jewel Caves score bragging rights 

brings the depth. This cave, developed on three major levels, spans 
more than a thousand vertical feet from its entrance at the top to the 
bottom of the caverns at Lake of the Clouds. 

 

 
255 feet high. Most memorable, however, are the abundant and 
unbelievably wrought speleothems that make Carlsbad one of the 
most- and best-decorated caves anywhere in the world. 

  within Carlsbad Caverns National Park 

complex that gave us the Capitan Reef at Guadalupe Mountains 

formed in several distinct reef environments. 
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Carlsbad Caverns National Park.
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 Like at Guadalupe Mountains, fossils in the limestones that form 

 

migrated to the site of the future cave, where they mixed with 
oxygen-rich rainwater to create aggressive sulfuric acid. The acid 
accelerated the dissolution of the limestone, creating Carlsbad. 

 Iceberg Rock in the park is a superb example of a collapse, or 
breakdown, block. Stalagmites, stalactites, and helictites appear 

The Big Room contains a number of the most impressive ones. 

general public. 

Suggested Reading

Brucker and Watson, The Longest Cave.

Cahill, “Charting the Splendors of Lechuguilla Cave.”

Questions to Consider

1. Just as at Mammoth Cave, exploration and mapping of new cave 
passages continues at both Wind Cave and Carlsbad Caverns National 
Parks. Search online for updates on the latest discoveries. Would you 
ever want to explore natural caves? 

2. Both Wind Cave and nearby Jewel Cave (protected in Jewel Cave 

these two caves resemble and differ from one another? 
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The Everglades  
and the Congaree Bottomland

At the southern end of mainland Florida, a river of grass stretches from 
horizon to horizon above the slow-moving water that spreads life 
across the peninsula. Small clumps of pines, mahogany, and cypress 

mangrove fringes the coast, giving way to shallow estuaries such as Florida 
Bay. This wetland wilderness is Everglades National Park. Meanwhile, 

woodland of huge bald cypress, pines, and more. Here, in Congaree National 
Park, we see the swampy lowlands and primeval forests that once covered 
much of the southeastern United States. 

Everglades National Park
 

Florida peninsula, a land rejuvenated each year by seasonal rains 

Today, development, agriculture, and a teeming population of 
thirsty neighbors threaten the sprawling land of grasses, mangroves, 
islands, and water that we know as Everglades National Park.

 The Everglades and adjacent Big Cypress National Preserve sit atop 

extension of the North American continent. The peninsula itself is 
only the non-submerged portion of the Florida Platform, more than 
half of which lies beneath the shallow waters of the Gulf of Mexico. 

 The Florida Platform got stuck to the North American continent 
during the collision with proto-Africa (then a portion of the larger 

Later, when the Atlantic Ocean rifted open, the Florida Platform 
got left behind. 

 At the height of the Pleistocene glaciations, ice sheets bound up 
enough water on the continents to lower the ocean surface about 
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of the peninsula.

 Older sedimentary rocks of the Florida Platform include 
limestones formed when shallow seas covered the low-lying 
edges of Gondwana. There are also sediments shed from the 
eroding Appalachian Mountains to the northeast. But we only 

exposed at the surface on the Lower Peninsula, in and near the 
Everglades. 

 Much of the limestone bedrock of the Everglades was deposited as 

of the Florida peninsula during the last interglacial period, roughly 

inundation episode: Repeatedly during the Pleistocene, and earlier 
during the Pliocene, shallow water covered the platform.

 The Tamiami Formation of sandy limestones and marine-fossil-
bearing sands and clays forms the bedrock directly below much 
of the national park. More than 200 species of bivalve mollusks 

the Tamiami.

 Shark and stingray teeth and stingray barbs also proliferate in 

Gulf of Mexico and up the lower portion of the shallow Eastern 
Seaboard. And they still live there.

 Seasonal rains at the Everglades come mostly in torrential storms 
between May and October, while dry conditions predominate the 
rest of the year. This annual pulse of water is the lifeblood of the 
park, sustaining the delicate balance that supports the plants and 
animals of its ecosystems. 
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 Developers and the state began digging ditches and canals to 
drain the Everglades, build communities and orchards on them, 
and provide irrigation water for large-scale agriculture early in the 
20th century. This upstream disruption had, and continues to have, 

 They began to shrink and dry, displacing birds, critically endangered 
American crocodiles, and other wildlife, killing plants and exposing 
shallow peat soils that had developed atop the limestone platform. 
These vulnerable soils readily desiccate and blow away on the wind. 

 
that spans much of the Florida peninsula, Everglades National Park 

Everglades National Park.
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least the heart of the sprawling wetland. 

 In tandem with the adjacent Big Cypress National Preserve, 
the Everglades encompasses a mosaic of distinct ecosystems, 
distinguished in large part by differences in local elevation, geology, 
and hydrology. The following is a list of eight key environments 
within the park.

 Freshwater sloughs: The Shark River and Taylor Sloughs 
comprise a network of ponds, swamps, open-water courses, and 
grassy glades. 

 The marl prairie: This ecosystem is dominated by saw-grass 
sedge that looks like grass but grows to heights of up to a 
dozen feet. Marl prairie stretches from horizon to horizon and 
covers most of the park.

 The pinelands: Stands of south Florida slash pine dot the 
southern end of the Atlantic Coastal Ridge where it divides 
Shark River Slough from Taylor Slough. 

 Hardwood hammocks: Hardwood tree species occupy the 
teardrop-shaped hammocks, or “tree islands,” found in the 
freshwater sloughs and on the marl prairie. 

 Cypress groves: Pond cypress and the smaller dwarf cypress 
colonize the wet but earthy spots where muds and marls have 

 Coastal prairie: This ecosystem is near the southernmost 
extremity of the Everglades, on lower Cape Sable and the 
bottom of the Taylor Slough. 

 Mangrove swamp: Salt-tolerant red mangroves line coastal 
estuaries such as Florida Bay and the Ten Thousand Islands 
area at the northwestern end of the park. 
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 Marine and estuarine zones: Along much of its western margin, 
Everglades National Park encloses marine waters of the Gulf of 
Mexico. 

 
Everglades remains a priority for residents of southern Florida, 

 
of the freshwater for greater Miami and the Florida Keys. This 
subterranean reservoir gets replenished as some of the water that 
travels across the Everglades sinks into the porous limestones below. 

 The combination of rising sea levels, reduced recharge, and a 
growing population of thirsty residents has drawn down the surface 

spoils wells and threatens water supplies for the populous region. 

 
have the highest concentration anywhere on the planet. This 

distribution of limestone across the Florida Platform and its 
development through dissolution into karst. 

Congaree National Park
 Congaree Swamp National Monument in central South Carolina 

The name “Congaree” commemorates a Native America tribe that 
th 

century. The national park encloses a dense forest, and a wet one, 

hardwoods.

 Despite its prior name, Congaree lacks standing water throughout 
most of the year, so technically, most of the park is not a swamp. 
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Congaree National Park.
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 Congaree National Park sits a few dozen miles downstream of 
Columbia, South Carolina, as well as the fall line demarking the 
transition from crystalline bedrock of the Piedmont province to 

a depositional environment, one in which sediments are currently 
accumulating.

 
at the surface in the park is unconsolidated sediment, not yet 
transformed into sedimentary rock, that heralds from the relatively 
recent time span since the Pleistocene. 

 Deep below the sediments and underlying sedimentary rocks lies 

style rift basin when Pangaea stretched, and then split apart, and the 
Atlantic began to open hundreds of millions of years ago. 

 
maximum inland reach of high Pliocene seas about 2.5 million 

middle Coastal Plain. 

 Congaree National Park lies seaward of the scarp and therefore 
would have been entirely submerged beneath the ocean on the 
continental shelf during the Pliocene. 

 Congaree National Park encompasses six distinct geological 
environments.

 
border of Congaree National Park. Its channel displays typical 
features of a meandering stream. 

 

sediments are deposited and reworked each time the river rises 
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 River valley terraces: Three distinct terraces within the national 
park mark prior and higher levels of the river before it eroded 
its way down to its current level. 

 
Cedar Creek are all tributaries to the Congaree River. The 
tributaries have formed alluvial fans of sandy, well-drained soil 
brought down from the terraces above the Congaree. 

 
center is an example of a rimswamp, formed where surface 
sediment near the top of the water table comes close to the 

 Oxbow lakes: Weston Lake, the largest example of an oxbow 
lake in the park, formed when a meander loop of the Congaree 
River got bypassed and left behind. 

 In the shade of its canopy, under the Spanish moss, Congaree 
evokes a completely different feel from the open, sunlit vistas of 
the Everglades. Yet Congaree, too, includes wetlands, ecosystems 
in which water regularly or permanently holds sway. 

Suggested Reading

Bryan, Scott, and Means, Roadside Geology of Florida.

Mairson, “The Everglades.”
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Questions to Consider

1.
appreciation for the value of wetlands. The public view has evolved 
dramatically from what was perceived as a nuisance to U.S. military 

a healthy Everglades supports birds, marine life, and other wildlife and 
that it helps blunt the impact of hurricanes and other large storms. Are 
there wetlands near your home or in places you like to travel to, and if 
so, how are they protected and managed?

2. According to the Eastern Native Tree Society, the tallest known 

What other national parks are home to particularly large trees, and what 
factors make those parks so conducive to the growth of large trees?
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35 Voyageurs, Isle Royale, the Canadian Shield

Espanning bedrock dating from the Archean eon, more than 2.5 billion 

both sides of the U.S.-Canada border to the Arctic Circle. Everything from 

Canadian Shield portion of the North American craton. This is the buffed, 
beveled, and largely leveled core of the continent.

Voyageurs National Park
 With much of Voyageurs National Park accessible only by boat 

today exactly as the historical voyageurs once did: in an open boat, 

 
while four large lakes dominate its watercourses: Kabetogama 
Lake is fully enclosed within the United States. The other three 

the international border, separating Minnesota to the south from 
Ontario to the north and east. 

 Voyageurs sits at the southern end of the large physiographic 
province called the Canadian Shield, which is the exposed portion 
of a stable platform of basement rock in the deep interior of the 
continent, known as a craton. All of the continents have cratons, 
which are regions that have been spared mountain-building events 
and any accompanying deformations for upward of a billion years.

 Voyageurs National Park, along with Isle Royale, occupies a portion 
of the Canadian Shield called the Superior Province. Geologic 
provinces of the Canadian Shield accreted and collided, much like 
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the newer physiographic provinces and accreted terranes of Alaska 

the core of the continent. 

 Precambrian basement rock prevails throughout Voyageurs National 
Park, with exceptions only in places where shallow, recent-vintage, 
unconsolidated sediments have collected over the bedrock. Across 
the northwestern portion of the park, the dominant rock type is 
a dark green metamorphic rock called greenstone. Greenstone 
appears in other national parks, such as Shenandoah. 

 The greenstone at Voyageurs formed primarily from the 
compression and alteration of lavas, at least some of which formed 
as pillow basalts. This metamorphosis of volcanic rocks can 

Voyageurs National Park.
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occur during tectonic collisions, making greenstone important for 
understanding when and how ancient proto-continents collided. 

 The oldest rocks at Voyageurs National Park are but the deepest 
mountain roots, exhumed to their present elevations and low relief 
after more than 2 billion years of erosion. They once stood as tall 
as the Rockies or the Sierra Nevada, or perhaps the Himalaya. This 
beautiful but subdued, watery landscape is the legacy, recorded in 
stone, of those tall mountains. 

 

gold and other precious minerals. This is the case at Voyageurs, and 
elsewhere in the Superior Province.

 

glaciation: the Wisconsinan. Some of the handiwork of the glaciers 
includes glacial erratics, large boulders transported a long way 
from their places of origin to spots where melting ice abandoned 
them. There are erratics scattered about within the park and far 
beyond its borders.

 Long, linear grooves called striations carved into the bedrock reveal 
the southward and southwestward motion of the overriding glacial 
ice, along with the sharp debris it dragged along with it. Rocks also 
were buffed to a high gloss, called glacial polish. Glaciers dumped 
poorly sorted debris called till to form ridges of loose material 
called moraines. 

Isle Royale National Park
 The Canadian Shield is on view not only in Minnesota but in other 

border states, too, notably in nearby Michigan, where Isle Royale 

a year than Yellowstone gets in a day. 
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 For thousands of years, the Native Americans who inhabited Isle 

worked the copper into arrowheads, knives, and jewelry. After 
natives ceded the island to the United States government in a treaty 

pits across the island. Along with many smaller specimens, they 
unearthed a few monstrous chunks of copper.

 Ridges of greenstone are evident when you view maps or aerial 
photos of Isle Royale. These greenstone ridges are layers of 
Precambrian basalt lava, metamorphically altered to greenstone. 
Here, they tilt to the southeast. 

 The ridges are the outcrops of lava beds and run parallel to the 
long axis of the island. These ridges include Minong, Greenstone, 
Stanley, and Red Oak Ridges. Rocks formed from sediments 

 Isle Royale National Park includes glacial features similar to those 
at Voyageurs: till and moraines, striations, glacial polish, and an 
overall landscape that has had deep soils stripped from the bedrock. 
As the ice sheet overriding the island surged repeatedly from east 
to west, it smoothed the rock and left till behind. As a result, ridges 
called drumlins appear near the western end of the island. 

Pukaskwa National Park
 

tumble through dramatic intrusions of granite and gneiss in a landscape 
where a more rocky view of the Canadian Shield is clearly visible. 
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Wapusk National Park
 Travel 600 miles directly north from Voyageurs National Park and 

park contains the transition zone into Arctic tundra, from the boreal 
forest stretching as far south as Voyageurs and Isle Royale.

 This is also the realm of the polar bear. The park protects what is 

 
territory, a mix of lakes and the peatlands or grassy bogs known 
across the region as muskegs, the largest muskeg landscape in 
North America. 

Isle Royale National Park.
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water from draining. Peat formed from dead vegetation and thick 
mats of sphagnum moss sometimes overlie standing water, forming 
a hazardous tangle. 

Auyuittuq and Sirmilik National Parks
 The Canadian Shield continues northeast across Hudson Bay 

Kingdom and home to portions of two remote national parks: 

 

mountain ranges along their northeast called the Arctic Cordillera.

Wapusk National Park.
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never melts.”

 The park encompasses tall peaks formed of rocks that date back 

the Weasel River and Maktak Fjord. 

 

 The park name “Sirmilik” means “the place of the glaciers.” The 

Borden Peninsula, Bylot Island, and the waters of a long, narrow 
fjord called Oliver Sound and Baillarge Bay.

 
glaciers cover the interior of Bylot Island, which is among the 

Martin Range extend from east to west across the width of Bylot 

Islands before ending on the Labrador Peninsula. 

Quttinirpaaq National Park
 Even farther north, at the top of neighboring Ellesmere Island and 
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 Primordial ice caps dating back to the Wisconsinan glacial advance 

them in all directions. 

Northeast Greenland National Park
 

yet continues to travel along with the North American Plate. This 

scale island of Greenland, the largest island on Earth. Here, the 
Northeast Greenland National Park, administered by the Kingdom 

the largest national park in the world. 

 

 
region, portions of which, ironically, have had no glaciers or 

 Incidentally, although the name “Greenland” seems strange for 

Greenland might have been the suture zone with the North 
American craton, making the greenstone of Greenland a window 
into primordial North America. 
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Suggested Reading

National Geographic, Guide to the National Parks of Canada.

Ojakangas, Roadside Geology of Minnesota.

Parks Canada, http://www.pc.gc.ca/eng.

Questions to Consider

1. Given the presence of greenstones, along with granites intruded during 
the Algoman orogeny more than 2.5 billion years ago, at Voyageurs 
National Park, what other national parks might Voyageurs have 
resembled in the past? 

2. Isle Royale, the islands of Cape Hatteras National Seashore, Nantucket, 

Park are all islands, but they all formed in different ways. Describe the 
different geological processes that created these islands.



Lecture 

36 Assembling North America, Park by Park

North America is a story of mountains raised by the collisions of 
earlier continents, oceans that drowned the lowlands, volcanoes 

to the lowlands and toward the sea. All this marvelous mayhem has shaped 
the national parks, and it continues to shape them. 

The Craton and the Canadian Shield
 With public lands roughly as large as Yellowstone, New York 

portion of the Canadian Shield, the largest exposed portion of the 
North American craton. 

 Ongoing bulging of the local strata has raised the summit of Mount 
Marcy to an elevation of more than a mile and the elevation of more 

The peaks are billion-year-old igneous intrusions dominated by 
plagioclase and gnarly metamorphic gneisses.

 These billion-year-old rocks date from the time when the 
supercontinent of Rodinia formed, long before Pangaea. The 
collisions that built Rodinia crumpled rocks in an event called 
the Grenville orogeny. Deeply buried mountain roots deformed 
during this collision later surfaced as crests we see in Adirondack 
State Park. 

 A continental ice sheet scoured the soil off a patch of these ancient 
rocks and left behind Voyageurs National Park. Later outpourings 
of basaltic lava associated with crustal extension emerged from 
Lake Superior to give us Isle Royale National Park. 
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The Appalachian, Ouachita, and Marathon Mountains
 Just to the south of where the Appalachian Trail terminates at Mount 

what might become a national park named for the Maine Woods or 
the Katahdin Woods and Waters.

 Over hundreds of millions of years, tectonic pileups crushed the 

mountain belt. The long series of collisions emplaced granitic magma 
chambers that cooled and crystallized as plutons far underground and 
then rose to form the bald summits of Acadia National Park. 

 With Pangaea, the Appalachian mountain chain we visit today was 
also born, from the ridge of Skyline Drive in Shenandoah National 
Park and the Great Smoky Mountains to their southwestern 
extensions, the Ouachita and Marathon Mountains. 

Skyline Drive in Shenandoah National Park.
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The Atlantic and Gulf Coastal Plains
 During the ice advances of the Pleistocene, glaciers covered what 

would become the state of New York all the way to the coast. They 

in New York Harbor. 

 
Taconic orogeny and much younger sediments of the Coastal Plain. 
The mound formed here is a moraine, perhaps the most famous 
moraine in the world, thanks to the French, whose gift of a giant, 
torch-bearing statue commemorating U.S. independence was 

National Monument.

 Ancient sediments are common throughout the Coastal Plain. As 
the Appalachian and Ouachita Mountains rose, streams, rivers, and 

surrounding lowlands. 

 
the thickening wedge that extends across the coastal plains of the 
eastern and southeastern United States, along both the Atlantic and 
Gulf Coasts. 

The Appalachian Plateau and Interior Lowlands
 On the Appalachian Plateau, in what is now northeastern Alabama, 

underground dissolved limestone to create a large cave passage 
called Russell Cave. This cave sits in rocks of the Cumberland 
Plateau, just beyond the folds of Ridge and Valley rocks warped 
and pushed west by a collision of continents.

 
archaeological excavations, and then donated the land to the 
American people. President John F. Kennedy proclaimed Russell 
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 Shallow inland seas have repeatedly covered lowlands of the North 
American interior that today lie west of the Appalachian Mountains. 
Here, too, sediments shed from the repeated rise of mountains along 
the Appalachian Chain got distributed, westward in this case, across 
the lowlands and in the shallow seas. 

 To the north in Ohio, the Cuyahoga River etched its way down 
through rocks at the edge of the Appalachian Plateau and out across 
the lowlands. 

The Great Plains
 On the Great Plains, westward migrants encountered unmistakable 

landmarks, beckoning onward via the Oregon and Mormon Trails. 
The National Park Service protects these ancient billboards in what 

Monument. 

 Almost everywhere east of the Rockies, a shallow “epicratonic” 
sea repeatedly covered the craton, burying it with sediments, and 
then withdrawing. Limestones appeared and mixed with layers of 
sediments brought down from the rising mountains. It was after the 
last of the seas withdrew that this land of sedimentary layers atop 

The Rocky Mountains
 The disappearance of relatively warm, buoyant oceanic crust 

below the evolving western margin of North America triggered the 
rise of the Rocky Mountains far east of the subduction zone. The 
mountains rose in discrete ranges from north to south, from western 
Canada to New Mexico. Shoved inland, thick slabs of sedimentary 
strata slid to the east along low-angle faults, producing some of the 
jaw-dropping mountains of the Canadian Rockies and lofty peaks 
of Glacier National Park. 

 Compression crumpled much of the landscape surrounding 
Yellowstone in the Middle Rockies and reactivated old faults at 
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Rocky Mountain National Park, causing deeply buried basement 
rocks to shoot up from the ground. 

 Pleistocene glaciers took a mighty chisel to Yellowstone and Rocky 
Mountain, polishing their bedrock, sculpting out their valleys, and 
giving the sharp edge to their high ridges and summits. Meanwhile, 
erosion of a mountain belt west of the Southern Rockies yielded 
mountains of sand, piled up by the wind at Great Sand Dunes 
National Park and Preserve. 

The Colorado Plateau 
 Before there was a Colorado Plateau, a Sahara-scale desert of 

windblown dunes covered much of what is now western Colorado, 
250 to 200 million years ago. In time, some of these dunes were 

rise of the Colorado Plateau, the sands were resurrected and 
revealed once more in the sheer red canyon walls of Colorado 
National Monument.

 The Colorado River carved the mighty Grand Canyon here. The 
Virgin River chiseled a more intimate, but stunning, chasm for 
itself through sheer cliffs of cross-bedded Navajo Sandstone at 
Zion National Park. And a delicate balance between what erosion 
claimed and what it left gave birth to fragile wonders at Bryce 
Canyon, Arches, and Canyonlands. 

 The Gunnison River sliced an almost impossibly narrow gorge 
through rocks of the risen plateau to form its Black Canyon. And 
the natural alcoves of Mesa Verde National Park offered early 
Americans the chance to build some of the most elaborate cliff 
dwellings in the world. 

The Basin and Range
 The Rio Grande Rift Basin neighbors the Colorado Plateau, with 

conserved in the El Malpais National Monument.



329Lecture 36—Assembling North America, Park by Park

 

 Thick layers of volcanic rocks rise more than a mile. Extensional 
rifting of the crust, the hallmark of the Basin and Range, opens the 
Gulf of California to the west, energizing rivers that produce a series 
of canyons, called barrancas. The rivers eat away at their canyons 
until some are longer and deeper than even the Grand Canyon of 
the Colorado River. Collectively, the region is often known by the 

Yellowstone National Park. 
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Occidental and Oriental enclose the Central Mexican Plateau, or 
Mexican Altiplano. The Trans-Mexican Volcanic Belt borders 

subduction, collision, shearing, and volcanism built these 
mountains called Sierra and lifted the plateau that underlies 
Mexico City.

The Sierra Nevada and the Coastal Ranges
 

the entire length of California. Redwoods formerly growing in 
places where the trail now passes were prized by lumbermen, who 

early 20th century.

 A U.S. Congressman from California, William Kent, and his wife 
Elizabeth responded to these losses by purchasing a grove thriving 

so-called Franciscan Complex. They donated their purchase to 
the federal government for conservation as Muir Woods National 
Monument. 

 
it dragged water and sediments down with it. Together they warmed, 
causing the sediments and overlying rocks to partially melt and then 

rock deep underground, magma chambers that fed volcanoes high 

batholith. Faulting and tilting caused the batholith to rise, forming 
the Sierra Nevada mountains.

Cascadia
 The collision of the Wrangellia Terrane with North America about 

with parts of Alaska. Old rocks at the western edge of the North 
American continent slid over the incoming edge of Wrangellia on 
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low-angled faults. Glaciers scoured these transported and deformed 
rocks. What the glaciers left is an enticing and popular archipelago 
called the San Juan Islands. 

 San Juan Island National Historical Park protects a portion of the 
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the islands into San Juan Islands National Monument. The San Juan 
Islands are just a corner of the region we call Cascadia. 

 
through the entire region, including North Cascades, Crater Lake, 
and Lassen. 

Alaska
 At the southern end of the Alaska panhandle, Misty Fjords 

National Monument encompasses landscapes that John Muir 
likened to his own Yosemite Valley. Alaska seems greedy for even 
more of the tectonic terrane pileup that has refolded Alaska and 
built the state. 

 Over the last million years or so, ice has shrouded much of this 
northern landscape and then melted back to uncover some of it. 
The glacial ice ground, scoured, and depressed the land, which, 
irrepressibly, rebounds with vigor whenever the ice retreats. 

 

 
atop what is now Glacier Bay National Park just a few centuries 

national park white, but the recent waning of almost every glacier 
across Alaska suggests that larger changes are afoot. 

Hawaii
 

year, making it one of the wettest spots on Earth. Rain coursing down 

carve Waimea Canyon into layered ash and lavas. 
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Plate above. Time and again, this magma has broken through the 

surface to form the volcanic islands of the Hawaiian-Emperor chain.

 

mountains in Hawaii Volcanoes National Park, although most of 
their bulk lies hidden beneath the waves. 

The Columbia Plateau and Yellowstone
 

 Floods generated by the failure of dams on huge glacial Lake Missoula 
would help the Columbia carve a spectacular canyon through these 

and Oregon State Parks preserve portions of the gorge. 

 More volcanic vents opened to the east, paving the landscape across 
much of southern Washington, northern Nevada, and southern 
Idaho. They painted a dark arrow across the map of North America, 
an arrow we can follow to Yellowstone National Park. 

 The conjectured mantle hot spot that unleashed the Columbia and 

supervolcano that erupted in and around Yellowstone. It left the 

and surreal landscapes brimming with natural wonders.
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Questions to Consider

1. After learning the geological stories behind all of the U.S. national parks 

yet would you most like to visit and explore? 

2. What geological stories are told by the parks and other places that are 
dearest to you, and how will you share those stories?
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12. Captain John Smith Chesapeake National Historic Trail, Virginia to 

13. 
14. 
15. 

16. Channel Islands National Marine Sanctuary, California, 2000 

17. 
18. Columbia River Gorge National Scenic Area, Oregon and Washington, 

19. 

20. 
21. 
22. 
23. 

24. 
25. 
26. 
27. 
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28. Flower Garden Banks National Marine Sanctuary, Texas and Louisiana, 

29. 
30. 

31. Gerry E. Studds Stellwagen Bank National Marine Sanctuary, 

32. 
33. 
34. 

35. 

36. 
37. 
38. Gulf of the Farallones National Marine Sanctuary, Golden Gate, 

39. 
40. Hawaiian Islands Humpback Whale National Marine Sanctuary, 

41. 
42. 
43. 

44. 

45. 
46. 

47. Marianas Trench Marine National Monument, Northern Marianas 

48. 
49. 
50. 
51. 

52. 
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53. 

54. 
55. 
56. National Marine Sanctuary of American Samoa, American Samoa, 

57. 
58. 

59. 
60. 
61. 
62. 

63. 

64. 

65. 
66. 

67. 
68. 
69. 
70. 
71. 
72. 
73. 

74. 
75. 
76. 
77. 
78. 
79. 
80. 
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81. 
82. 
83. 
84. 

Canada 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 

13. 
14. 
15. 
16. 
17. 
18. 

Greenland

1. 
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Mexico 

1. Basaseachic Falls National Park, Barrancas del Cobre (“Copper 

2. Cañon de Santa Elena Flora and Fauna Protection Area, Chihuahua, 

3. 
4. 
5. 

6. 

7.  

8. 
9. 
10. 

11. 

Belize

1. 
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