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Dedicated to the memory of Roderick “Rick” Hutchinson, geologist extraordinaire for the National
Park Service at Yellowstone National Park. Rick was deeply committed to studyingYellowstone’s geol-
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assisted in the preparation éft.h:'s book. In March 1997, Rick was killed by an avalanche while doing
what he loved: conducting fieldwork in the Yellowstone backcountry.
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Preface

Cao MG] €St1C mountains, dazzling arrays of geysers, and magnificent
wildlife—bison, bears, elk, and, recently, wolves—are among the world-famous
features of Yellowstone and Grand Teton national parks. Yet most visitors are un-
aware that the crown jewels of the ULS. national park system are the still-evolving
products of activity within the Earth—volcanism, earthquakes, movements of tec-
tonic plates, and other geological processes that are key clements in shaping the
planet’s landscape. Because the geology of Yellowstone and Grand Teton reveals
much about these processes, the two parks are truly windows into the Earth.

The forces that sculpted the Teton Range and Jackson Hole, Wyoming, also
stretched apart a broad arca of the U.S. West known as the Basin and Range Province.
Yellowstone, designated the nation’s first national park in 1872, was molded both by
those forces and by the Yellowstone hotspot, a source of heat and molten rock with
roots deep within the Earth. The hotspot produces volcanic activity ranging from hot
springs and geysers to cataclysmic eruptions. The beauty of the region helped inspire
the global environmental ethic, and its geology has revealed new ideas on velcanism,
active mountain building, earthquakes, and glaciation.

Grand Teton and Yellowstone parks together form a “geoecosystem,” an idea em-
bracing the concepts of how the ecology of plants and animals depends on their geo-

ix
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logic setting: volcanic soils, hydrothermal areas, and climate conditions resulting
from mountainous topography built by movements of Earth’s crust and the unseen
power of the Yellowstone hotspot.

This book looks inside the workings of the Yellowstone hotspot and other geologic
forces that have shaped—and continue to shape—the greater Yellowstone Teton
region. We begin with the Hebgen Lake earthquake of 1959 the most violent and
deadly geologic disaster in the region in modern time —and end with driving tour

guides to the area’s geologic wonders,

Salt Lake City, Utah R.B.S.
1999 A
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A Land qf Scener)/

and Violence

Anyone who has spent summers with pack-train in a place like Yellowstone comes to know
the land to be leaping. . . . The mountains are_faﬂing all the time and by millions (J'wns,

Somechfng underground is shoving them up.

I. A. Jaggar, Hawaiian Volcano Observatory, 1922

& It was the busy summer season in Yellowstone National Park, a beautiful
moonlit night with 18,000 people in the park’s campgrounds and hotels and thou-
sands more in surrounding towns and recreation areas. At 23 minutes before mid-
night, a talent contest was wrapping up at the Old Faithful recreation hall. A beauty
queen had just been crowned. As she walked down the aisle to the applause of several
hundred people, the log building creaked loudly and began to shake. Within seconds,
the earthquake sent people scurrying for the exits. A park ranger dropped the hand of
his date —a waitress from Old Faithful Inn-——and rushed to open the doors so no one
would be trampled. Nearby, frightened guests fled Old Faithful Inn, where a water-
line broke and an old stone chimney soon would collapse into a dining room, thank-
fully closed at that late hour.

Out in the darkness, in geyser basins along Yellowstone’s Firehole River, the Earth
began belching larger-than-usual volumes of hot water. About 160 geysers erupted,
some for the first time, others after decades-long dormant periods. Sapphire Pool,
once a gentle spring, became a violent geyser, hurling mineral deposits around Biscuit
Basin. Clepsydra, Fountain, and some other geysers in Lower Geyser Basin began

erupting more often than usual. Old Faithful’s eruptions became less frequent, al-
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though some observers thought it spouted with unusual vigor earlier that evening.
Hundreds of hot springs became muddy. Fountain Paint Pot spewed mud violently,
spattering tourist walkways.

Rocks and landslides tumbled into park highways in several places, blocking roads
between Old Faithful and Mammoth and closing the route to the park’s west entrance
at West Yellowstone, Montana. Within an hour, thousands of vehicles streamed out of
Yellowstone on roads that remained open—a serpentine parade of headlights flecing
the strongest earthquake yet recorded in the Rocky Mountains and the Intermoun-
tain West,

The panic and damage in Yellowstone were minimal compared with the unimagin-
able horror that would overtake a popular Montana recreation area just outside the
park’s northwest boundary.

Along the shores of 1g-mile-long Hebgen Lake, 1o miles northwest of West Yel-
lowstone, residents and vacationers were sleeping. The lake was impounded behind
the 87-foot-tall Hebgen Dam, built in 1915. Below the dam was the Madison River
Canyon, onc of America’s best trout ﬁshing areas. A few hundred people were
camped in the 9-mile-long canyon, either in turnouts along the highway or in camp-
grounds such as Rock Creck, about 7 miles below the dam.

Melvin Frederick of Elyria, Ohio, was sleeping at Rock Creck in a tent with his son
and nephew, both 1¢. His wife and 16-year-old daughter slept in the family's 1948
Plymouth station wagon. The shaking started suddenly. Frederick recalled: “At first, I
thought it was a bear tearing through the nearby trees. Someone shouted, ‘It's a tor-
nado or an earthquake!” There was a tremendous roar. Outside the tent and looking
upward, I saw the whole side of a mountain collapse. It looked like a huge waterfall.
There was a gush of air, followed by a wave of water from the Madison River.”

The wave hit, sweeping Frederick’s son, Paul, go feet and pinning the teenager be-
tween trees and a trailer. Water rose to Paul's chin, and it looked like he would
drown, but the rising water finally floated the trailer upward, allowing Paul’s father
and cousin to pull him free. Frederick’s wife and daughter screamed as their station
wagon rolled over in the water. They got out just as the car rolled again. Paul and his
cousin were badly hurt, but the family managed to reunite and climb to highcer ter-
rain. There, they knelt on the ground and prayed.

Prayers could not help others at Rock Creek. Truck driver Purley Bennett, 43, and
his wife, Irene, 39, were sleeping in a trailer. Camped outside were the Cocur d’A-
lene, Idaho, couple’s four children: Phillip, 16; Carole, 17; Tom, 11; and Susan, j.
Soon after the quake, “There was a huge roar,” Phillip said later. “I looked up and saw

the mountain cascading down upon us.”
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His parents, stepping out of their trailer, were hit by wind so strong it ripped off
their clothing. Purley Bennett grabbed a tree. Then the wave of water hit the family,
blasting them away. Irene Bennett briefly lost consciousness, awakening to find herself
naked on the river bank and pinned beneath a downed tree. She dug herself out, and
called for her family all night. Phillip, in pain with a broken leg, had managed to crawl
to safety, digging a hole and covering himself with dirt for warmth. After daylight, he
crawled to his mother.

Lloyd Verlanic of Anaconda, Montana, was the first to reach Irene Bennett and her
son. “She was crawling on her hands and knees,” Verlanic recalled. “She looked up at
me, her face a mass of blood, and said, ‘Oh, thank God! I've been crawling and pray
ing all night. My children, oh my God, my children. I wish I could find my children.’”
Searchers soon found her husband’s body.

A day later, recovering in an Ennis, Montana, hospital, Irene Bennett told a radio
reporter she had been informed her other children were dead, “but I have not lost
faith in God. I know they will be found.” Out in the hallway, a nurse said searchers
that morning recovered the bodies of the three children. Only Irene and Phillip had
survived. “The poor woman; she just does not realize yet,” the nurse said.

In the terror and confusion, it was difficult for most people in Madison River
Canyon to rcalize what had happened.

At 11:37 p.M. Mountain Time on Monday, August 17, 1959, a magnitude-6.3 fore-
shock was followed within seconds by a major earthquake of magnitude 7.5. The
strong shaking lasted less than a minute. It sent an entire mountainside crashing down
at 1oo miles per hour on the lower end of the Rock Creek campground. The slide
flowed from south to north, falling more than 1,000 feet and plunging at a right angle
into Madison River Canyon, which ran from east to west. As the slide roared downbhill,
it pushed winds of nearly hurricane force in front of it. Then the landslide slammed
into the Madison River, slapping the river from its bed and hurling 30-foot waves up-
strcam and downstream. The waves tossed cars, trailers, and people like toys. The
slide filled the canyon bottom and raced more than 400 feet up the north side of the
canyon, dumping boulders as big as houses. The slide not only buried part of the camp-
ground, but covered a mile-long stretch of highway and river with 100 to oo feet of
boulders, rocks, and soil. After the slide halted and the waves subsided, the Madison
River started backing up behind the slide, forming a new lake that began inundating
what was left of the campground (Figure 1.1).

It took weeks for authorities to determine the toll: twenty-eight dead, dozens in-
jured, and $13 million in damage. Of the twenty-eight fatalities, nineteen were en-

tombed forever beneath the giant Madison landslide. Five bodies were recovered in
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1.1 o~ The giant Madison Canyon landslide was triggered by the Hebgen Lake earthquake.
Eighty million tons of rock plunged off the south side of Madison Canyon, 15 miles northwest of
West Yellowstone, Montana. Many of the quake’s victims were buried by the slide, which dammed the

Madison River to create Earthquake Lake. (U. S. Geological Survey.)

the slide area. Some had drowned. Two people, severely injured by the slide, died
later in a Bozeman, Montana, hospital. The other two victims died about 7 miles
southwest of the slide, crushed by a boulder while they slept.

The ecarthquake generated large waves in nearby Hebgen Lake and caused its north
shore to drop 19 feet, dumping a number of homes and several stretches of highway into
the lake. Buildings were damaged in West Yellowstone and more distant Montana towns.

The quake was felt through much of the West, including Wyoming, Montana, Idaho,



A Land cf Scenery and Violence

California, Nevada, Utah, Oregon, Washington, and British Columbia. Seismograph
needles were knocked off scale hundreds of miles away in Salt Lake City and Denver.
The seismic waves made water levels fluctuate in wells thousands of miles away in
Hawaii, New Jersey, Florida, and Puerto Rico.

A Hotspot for Disaster Rt i

The Hebgen Lake earthquake happened because huge blocks of rock, as much as 15
miles long, abruptly slumped and tilted beneath the lake and Madison River Canyon.
The ultimate reason these blocks moved was that Earth’s crust is being stretched
apart in a broad region of the West known as the Basin and Range Province. Such
stretching has created valleys, mountain ranges, and earthquake faults from eastern
California through Nevada and western Utah, and north into Oregon, Idaho, Mon-
tana, and western Wyoming,

However, the Hebgen Lake quake was unusual. Not only was it the strongest ever
recorded in the Intermountain West and the Rockies, but it produced extraordinary
ground movements. Two parallel segments of the Hebgen Lake fault broke the
ground surface north of Hebgen Lake and Madison Canyon. They were “normal”
faults. Quakes on normal faults occur when ground on one side of the fault drops
down and away from ground on the other side, which rises upward. Such vertical
movement creates small cliffs or embankments called scarps. In some places along the
faults broken during the Hebgen Lake quake, these abrupt cliffs were as high as 22
feet (Figure 1.2). So much vertical “offset” or “displacement” was unheard of for a
normal fault earthquake in the West. In prehistoric times, such quakes typically pro-
duced 6 to 10 feet of vertical movement.

The quake’s large ground movements suggest the disaster was not caused solely by
stretching of Earth’s crust in the West. Another great geological force may have con-
tributed to the quake’s power—a force recognized by volcanologist T. A. Jaggar
decades before modern knowledge about earthquakes. Jaggar was right. Something
underground is shoving Yellowstone upward and helping make the land leap and the
mountains fall during earthquakes.

That something is one of the Earth’s great unseen geological features: the Yellow-
stone hotspot—a huge, vertical plume of hot rock that extends upward from at least
125 miles beneath Yellowstone National Park and includes zones where rock is
molten or partly molten. Sitting atop the hotspot, the Yellowstone region is essen-
tially a giant, slumbering volcano that huffs upward and puffs downward over the
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1.2 o~ The Hebgen Lake fault broke vertically during the magnitude-7.5 Hebgen Lake, Montana, earthquake.
Ground on the right side of the fault dropped as much as 22 feet relative to land on the left. (Robert B. Smith.)

decades, like a breathing beast. The Hebgen Lake quake may have been powered in
part by the heat and molten rock within the hotspot lifting the region upward, thus
hastening the stretching of Earth’s crust in the area.

If so, the Hebgen Lake earthquake would be only the latest in a long string of catas-
trophes triggered by the violent geology of the Yellowstone hotspot. During the past
16.5 million years, geological processes related to the hotspot have included gigantic
volcanic eruptions, mountain building, major earthquakes, geothermal activity, land-
slides, and even glaciers, floods, and forest fires. These disasters sculpted Yellow-
stone’s fantastic, high-altitude scenery and reshaped the landscape of about a quarter
of the northwestern United States, including parts of Idaho, Oregon, Nevada, Utah,
Wyoming, and Montana.

During roughly the same time, the stretching of Earth’s crust in the Basin and Range
Province shaped an even larger region of the West, including Grand Teton National
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Park, just south of Yellowstone. Crustal stretching repeatedly caused major earth-
quakes on the Teton fault during at least the past 13 million years, helping to build the
spectacular Teton Range.

The combination of geologic processes at work in the Yellowstone—Teton region is
seen nowhere clse on Earth on such a large scale and with such vivid manifestations.
In a sense, Yellowstone and Teton geology is a living entity. It belches violently during
volcanic eruptions, blowing away or swallowing whole mountain ranges, repaving val-
leys, dumping ash on half a continent, and changing global climate. It fractures the
ground and uplifts mountains with earthquakes. And it emits enormous thermal en-
ergy to produce the world’s greatest concentration of geysers and hot springs.

The multiple disasters that molded the landscape and environment of the Yellowstone—
Teton region reveal secrets of dynamic geological processes hidden within the Farth:
the volcanic power of the Yellowstone hotspot and the crustal movements ripping
apart the West. In that sense, Yellowstone and Grand Teton national parks—with
their scenic glories and natural disasters—serve as windows that let us peer into

Earth’s interior,

Yellowstone Hotspot Volcanoes Shaped the West

Hotspots help shape Earth’s surface as they release heat from the planet’s interior
through volcanic eruptions and hydrothermal activity, which is the activity of hot
water in geysers, hot springs, and steam vents. The Yellowstone hotspot is the largest
hotspot under a continent and among the largest of some thirty active hotspots on
Earth. Most hotspots are beneath the world’s ocean bottoms. Giant plates of Earth'’s
crust make up the seafloor, and these plates slowly drift over erupting hotspots, creat-
ing island chains such as Hawaii. Other hotspots lie beneath Iceland, the Galapagos Is-
lands, and the Azores.

The North American plate of Earth’s crust has drifted southwest over the Yellow-
stone hotspot at about t inch per year. About 16.5 million years ago, the hotspot was
beneath what is now northern Nevada near its border with Oregon and Idaho. As the
continent drifted southwest, the hotspot in effect moved northeast beneath Oregon’s
southeast corner, then across Idaho to Wyoming, It ended up beneath Yellowstone
about 2 million years ago.

The hotspot’s passage was far from peaceful. Roughly 100 times during the past
16.5 million years, huge volumes of magma, or molten rock, rose from the hotspot

and erupted catastrophically through a giant crater—known as a caldera— measur-
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ing as much as a few tens of miles wide. Because North America was drifting south-
west over the hotspot, the eruptions formed a chain of progressively younger calderas
stretching from the Idaho-Oregon—Nevada border soo miles northeast up Idaho'’s
Snake River Plain to Yellowstone in Wyoming (Figure 1.3). Many of these calderas
overlapped, so the approximately 100 caldera eruptions occurred in at least seven and
possibly thirteen “volcanic centers.”

Giant caldera cruptions happen so infrequently that none have occurred in
recorded history, but they are the largest volcanic eruptions on Earth. As caldera-
forming eruptions progressed across Idaho to Yellowstone during the past 16,5 mil-
lion years, they repeatedly dumped volcanic ash on half the United States while exist-
ing mountains cither were blown away or sank into the giant craters.

When the hotspot passed under an area, it created a 300-mile-wide, 1,700-foot-
tall bulge in Earth’s crust, like a rug being dragged over an object. So the old
calderas—essentially “Old Yellowstones™—now hidden beneath the Snake River
Plain once were at higher elevations. However, in the wake of the hotspot, the plain
sank as much as 2,000 feet and was llooded by a series of basalt lava flows, which cov-
ered the old calderas. What was left was a vast valley-—the eastern Snake River Plain.
Idaho’s famous potatoes grow in its fertile volcanic soils.

Yellowstone drifted over the hotspot sometime before 2 million years ago. Molten
rock rising from the hotspot produced three cataclysmic caldera eruptions morc pow-
erful than any in the world’s recorded history. First, the Yellowstone caldera ex-
ploded 2 million years ago. Then, the activity shifted several miles west into Idaho,
where the Island Park caldera—also called the Henry's Fork caldera—blew up 1.3
million years ago. Finally, activity moved cast again and another eruption 630,000

vears ago formed the modern Yellowstone caldera, which overlaps remnants of the 2-

mil[ioniyear-old caldera. The three cruptions, respectively, were 2,500, 280, and
1,000 times larger than the 1980 eruption of Mount St. Helens in Washington state.

The Yellowstone and Island Park calderas are considered a single voleanic center, To-
gether, their three catastrophic eruptions expelled enough ash and lava to fill the Grand
Canyon. They belched voleanic debris high into the atmosphere and covered much of
the West and Great Plains with volcanic ash. Aerosols and gases from the cruptions
likely cooled Earth’s climate for ycars, producing so-called “volcanic winters.”

Visitors expecting rugged Rocky Mountains often arc surprised by the undulating,
relatively flat, forested topography of the Yellowstone Plateau, much of which is
above 7,700 feet (Figure 1.4). The landscape is a legacy of the violent caldera erup-
tions. While the eruptions may have blown away some of the ancient mountains that

once crossed Yellowstone, it is more likely the mountains were swallowed by the
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mountains bigb above jaduon Hole’s Vaﬂey ﬂaor. Partial boundaries qf the calderas ﬁ;!med 2 and 1.3 million _years ago are marked
I and 11, respectively. (Computer image by E. V. Wingert.)

Earth as the caldera floor sank downward during the explosive blasts. The central
portion of Yellowstone National Park—including the west half of Yellowstone
Lake—sits inside the 45-by-30-mile-wide caldera formed by the eruption 630,000
years ago. The crater rim is evident in some places, such as north of Madison Junc-
tion. However, almost thirty subsequent smaller lava eruptions, most recently 70,000
years ago, filled in the caldera and surrounding portions of the Yellowstone Plateau.
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The landscape also was smoothed by giant prehistoric glaciers and sediments de-
posited in ancient lakes.

With all these changes obscuring the complete outline of the Yellowstone caldera,
it is somewhat surprising the giant crater was accurately recognized by Ferdinand V.
Hayden, whose carly explorations prompted Congress to make Yellowstone the first
U.S. national park in 1872. A year earlier, Hayden stood atop Mount Washburn, a
10,243-foot peak just north of the caldera, and recognized he was looking into a giant

volcanic system:

This basin has been called by some travelers the vast crater of an ancient vol-
cano. It is probable that during the Pliocene period the entire [Yellowstone]
country . . . was the scene of as great volcanic activity as that of any portion of
the globe. It might be called one vast crater, made up of thousands of smaller
volcanic vents and fissures out of which the fluid interior of the earth, frag-

ments of rocks, and volcanic dust were poured in unlimited quantities.

Toda}', the ground at Yellowstone emits thirt)' to Fort}' times more heat than the av-
erage for North America. That heat powers Yellowstone’s hydrothermal attrac-
tions —the world’s greatest display of geysers, hot springs, mud pots, and steam
vents. The heat comes from the hotspot.

For years, the popular notion of a hotspot was of a continuous plume of molten
rock extending from deep within the Earth, perhaps even its molten core. Research
indicates this is true of most hotspots, but the Yellowstone hotspot may be more com-
plex. The best available evidence suggests the Yellowstone hotspot likely begins in
Earth’s upper mantle, about 125 miles beneath the surface, There, rising heat from
deeper within the Earth melts rock. The hotspot has a plume shape, but the plume is
not completely molten. Rather, it is a column of hot rock in which some molten rock
flows upward. The hotspot plume extends upward until it hits the colder, overlying
North American plate of Earth’s crust and uppermost mantle. There, at a depth of
about go miles, blobs of molten rock—iron-rich basaltic magma — periodically rise
through the rest of the upper mantle and into Earth’s crust. Heat from these blobs of
molten rock melts overlying, silica-rich rock to create a large, sponge-like chamber of
partly molten rhyolite. The magma chamber begins about § miles beneath the Yel-
lowstone caldera and extends down to 8 miles deep, but may be as shallow as 3 miles
in the northeast caldera.

This magma chamber heats overl)!ing salty water, which in turn heats shallower

groundwater to produce more than 1,000 geysers, hot springs (Figure 1.5), and mud
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1.5 o~ Aerial view of Grand Prismatic Spring in Midway Geyser Basin. This 200-foot-wide, vividly colored hot spring

exempi{'ﬁgs Yellowstone’s world-renowned geothermal _féazures. Mineral deposits next to the spring are colored by microbes that

thrive in hot water.

pots—Yellowstone’s main attractions. These hydrothermal features can become
clogged by mineral deposits within their plumbing systems, but earthquakes periodi-
cally shake the conduits to break up the clogging minerals. Many small earthquakes
are triggered by movement of molten rock and superheated water beneath Yellow-
stone. So the geysers owe their survival to ongoing earthquake activity that ultimately
is driven by the hotspot.

Magma and hot water beneath Yellowstone also make the floor of the caldera huff
upward and puff downward over the years. Using surveying instruments to measure
elevation changes, scientists determined much of central Yellowstone rose by more
than 3 feet from 1923 to 1984, then started sinking,

As the caldera floor dropped, thousands of small quakes rattled Yellowstone during
1985 and 1986. The pattern of epicenters from the quakes suggests hot water and
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perhaps molten rock drained from beneath the caldera, moving northwest through
faults that line up with the Hebgen Lake fault zone farther northwest. By 1995, the
caldera floor had dropped 8 inches. Then, in 1995 and 1996, it started rising again.
Such “breathing” is typical of calderas, which can huff and puft for tens or hundreds of
millennia without erupting,

The subterrancan movements of hot water and molten rock only occasionally burp
lava onto the surface and rarely explode in a violent caldera-forming eruption. It is
impossible to predict when more eruptions will strike Yellowstone. Another cata-
strophic caldera eruption appears likely within tens of thousands of ycars to hundreds
of thousands of years and thus is unlikely in our lifetimes. Smaller but significant
eruptions, like the 1980 explosion of Mount St. Helens, may occur within thousands
of years. Small steam and hot-water explosions would not be surprising within cen-

turies or cven decades.

Burn, Freeze, Shake, and Slide

Volcanism is far from the only disaster produced by the hotspot. Yellowstone already
sat high in the Rocky Mountains but was pushed to loftier heights—above 7,700
feet

atop the hotspot’s broad, upward bulge. The high elevation and resulting cli-
mate help determine the plants and wildlife that thrive in Yellowstone. For example,
the altitude and Yellowstone’s volcanic soils foster vast forests of lodgepole pine,
which undergo a natural 300-ycar cycle of growth, devastation by fire, and rebirth. In
1988, not quite three decades after the big quake, a major inferno burned more than a
third of Yellowstone National Park.

The lofty heights also helped a 3, 500-foot-thick icecap form atop the Yellowstone
Platcau during at least three global glacial episodes within the past 250,000 years to
2 million years. The Yellowstone ice field was so large it covered most of Yellow-
stone and Grand Teton national parks——an arca extending more than 1oo miles
north—south and 70 miles cast—west, Large glaciers flowed downhill from the plateau
and other mountains. After volcanism shaped Yellowstone’s landscape and the Teton
fault produced the terrain of the Teton Range and Jackson Hole, Wyoming, the Ice
Age glaciers left their own marks. They sharpened the spires of mountains. They
helped carve valleys such as those occupied by the Snake and Yellowstone rivers.
The glaciers also excavated smaller lakes at the base of the Teton Range and deep-
ened Yellowstone and Jackson lakes. Each time the glaciers receded—the last time

was about 14,000 years ago— their meltwaters produced mighty floods that accen-
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tuated the downcutting of valleys, including the breathtaking Grand Canyon of the
Yellowstone River.

Of all the geological processes fostered by the hotspot, earthquakes are the most
dominant on a human timescale. Although earthquakes happen throughout the Basin
and Range region, they are more frequent above and around the Yellowstone hotspot.
During geological time, major earthquakes rocked the Yellowstone—Teton region re-
peatedly. Today in the conterminous United States, only faults in California produce
more earthquakes than the broad area encompassing Yellowstone National Park.
With the hotspot beneath Yellowstone, and the West still stretching apart, more
strong earthquakes are likely in the future—both near Yellowstone and along the
Teton fault to the south.

The hotspot influences the pattern of seismic activity through a broad arca of Utah,
Wyoming, Idaho, and Montana. When a boat moves through water, it creates an arc-
or parabola-shaped bow wave extending from the front of the boat backward along
both sides. In a similar manner, as the Yellowstone hotspot moved across Idaho to Yel-
lowstone, it left in its wake an arc-shaped belt of mountains and earthquake epicen-
ters bordering both sides of the Snake River Plain lowlands. (The epicenter of an
earthquake is the location on Earth’s surface directly above the part of a fault where
the quake began to rupture the fault.) Few earthquakes occur on the plain itself. The
mountains flanking the Snake River Plain are made of cold, brittle crust conducive to
rupturing during earthquakes.

The wake of earthquake epicenters flanking the Snake River Plain includes the re-
gion’s two strongest historic earthquakes: the 1959 Hebgen Lake quake and the 1983
magnitude-7.3 Borah Peak, Idaho, quake, which killed two people in Challis, Idaho. It
also includes the Teton fault, one of several faults in or near the Yellowstone—Teton
region that could generate major quakes in the future. Although an ancestral Teton
fault may have existed as long as 34 million years ago, the fault became active in its
present form about 13 million years ago, and perhaps more recently. Since then, per-
haps a few thousand major earthquakes lifted the Teton Range into its towering set-
ting while simultaneously making the valley of Jackson Hole sink.

No major quake has happened on the Teton fault in historic time. Yet smaller
quakes have spelled disaster. Decades before the Hebgen Lake quake and the Madison
Canyon landslide, a much bigger landslide likely was triggered by a small quake in or
near Jackson Hole. One night in 1925, the valley was rattled by a jolt of about magni-
tude 4. (Magnitude is a measure of energy released by an earthquake.) The next day, a
waterlogged mountainside collapsed into Gros Ventre Canyon on the east edge of
Grand Teton National Park. The slide was one-third larger than the Madison slide. No
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one was killed by the slide itself. However, the slide dammed the Gros Ventre River
to form a lake. Two years later, in 1927, the natural dam burst, flooding downstream
towns and killing six people.

Today, the Teton fault and Utah’s Wasatch fault are the most widely recognized
seismic hazards in the Intermountain Seismic Belt, a band of quake activity extending
from Montana through Idaho, Wyoming, and Utah to southern Nevada. Most Utah
residents live atop the Wasatch fault, many in vulnerable unreinforced brick homes.
The Teton fault threatens eventual disaster to thousands of people visiting Grand
Teton National Park and the resort town of Jackson, Wyoming, The Wasatch and
Teton faults are believed capable of major quakes of about magnitude 7.5, and both
faults may be due or overdue for such a disaster.

Although humans cannot prevent carthquakes, volcanic eruptions, most landslides,
or other natural disasters, their death toll and destruction can be reduced by judicious
land use, monitoring seismic and volcanic activity, alerting the public to these poten-
tial catastrophes, and planning to cope with the disaster. In planning for major quakes
on the Teton, Wasatch, and other faults in the region, emergency management offi-
cials usc the 1959 Hebgen Lake earthquake as the worst-case or “maximum credible
earthquake” possible in the region, both because of its large magnitude and the extra-
ordinarily large fault movements it produced. Of the disasters that have struck the
Yellowstone-Teton region in historic time, none remind us of the immense power
and unpredictability of Earth’s geologic forces more than the Hebgen Lake quake and
Madison Canyon landslide.

A Night qf Terror

The size of the Madison slide is difficult to fathom. Its volume totaled 37 million cubic
yards and it weighed 8o million tons—enough to pave a two-lane highway 3 feet
deep from Montana to New York City. No statistics, however, can capture the terror
felt by those trapped in Madison River Canyon that August night in 1959.

Mrs. Clarence Scott, 57, of Fresno, California, was sleeping with her husband in
their trailer at Rock Creek campground when the landslide hurled the Madison River
from its bed. The waves hit the trailer, ripping it open and throwing out Mrs. Scott.
“It was horrible,” she said. “Children were screaming and crying for their mothers.
And husbands were begging for their wives to answer.”

Henry Bennett and his family had traveled from Arizona to Rock Creek, where
they befriended Sydney and Margaret Ballard and their disabled son, Christopher.

17
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Bennett said later: “When the quake hit, we heard them scream and watched as they
tried to get out, but water swept them away. They’re surely dead.”

Grover Mault and his 68-year-old wife had been camped at Rock Creck for a
week. The California couple awoke when their trailer was knocked cnd-over-end,
then hurled into the water. Mault and his wife, clad in nightclothes, managed to get
out and climb atop the trailer as it floated in ever-dcepening water. They grabbed tree
limbs as the trailer sank away. The limbs kept breaking as the Maults clutched at
higher branches. They screamed for help. Mault’s wife went under repcatedly. “She
wanted me to let her go, but I told her that if she went, I'd go too,” Mault recalled. As
he kept fishing his wife out, he saw more landslides tumble down the mountainside. “I
thought the world had come to an end.” The Maults stayed in the trec all night as the
water rose. Tuesday morning, they were rescued.

Some 150 survivors, fearing Hebgen Dam would collapse, climbed to a flat arca
above the river now known as Refuge Point. By 2 a.m. Tuesday, less then 3 hours after
the quake, some of them formed a rescue party, went to the landslide, and returned
with twenty people, several with serious injuries.

As death and destruction crashed on Madison Canyon, it also touched a camp-
ground at Cliff Lake, roughly 7 miles southwest of the landslide. The Stryker family of
San Mateo, California, had visited Cliff Lake for years. When the quake hit, the three
Stryker boys— Martin, rg; John, 13; and Morgan, 8-—were asleep in their tent.
Their parents slept in another tent nearby. “We could hear trees cracking,” one of the
boys said. “When we got out of the tent, two trees had fallen across our car and an-
other crushed our boat.” Their parents were dcad, crushed by a large boulder. “They
couldn’t have known what hit them,” Martin said.

In the mountains above Madison Canyon and Hebgen Lake, the earthquake cracked
the ground along two long segments of the Hebgen Lake fault. Along cach scgment,
ground on one side of the fault rose up while ground on the other side dropped
down, creating a cliff-like embankment, or scarp, as high as 22 feet. One crack,
known as the Hebgen fault scarp, ran for 8 miles along the north shorc of Hebgen
Lake and down into Madison Canyon. The Hebgen scarp ran smack through the
Cabin Creek campground below Hebgen Dam. Vehicles were trapped when the exit
road was cut off by the scarp. The other fault scarp, known as the Red Canyon seg-
ment, started near the east end of Hebgen Lake and stretched north and then west
through the mountains for about 14 milcs.

It was not the fault scarps, but the tilting of huge blocks of crustal rock along those
faults that caused destruction and panic along the shores of Hebgen Lake. The ground
bencath the lake dropped downward along the Hebgen Lake fault and also tilted
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northward toward the fault lines and the mountains. The tilting made ground on the
lake’s north shore drop as much as 19 feet, permancntly inundating homes, cabins,
docks, and other facilitics. Meanwhile, the lake’s south shore tilted upward several
feet, leaving docks and boats high and dry.

Shaking from the quake triggered relatively small landslides that dumped sections
of Highway 287 into the lake. Madison Canyon was cut off by the highway damage up-
strcam and the slide downstream. Along Hcbgen Lake, shaking damaged many
homes, knocking down chimneys and throwing buildings off their foundations. At
Hilgard Lodge, a mile above Hebgen Dam, resort owner Grace Miller was shocked
awake as her cabin started sliding into the lake as large fissures opened in the slumping
ground. She made it to safety with her dog.

The shaking and tilting of the ground made water in the lake slosh back and forth in
what is called a seiche - the lake equivalent of a quake-triggered tsunami or “tidal
wave” in the ocean. Every 17 minutes, the water washed high on one shore, withdrew,
then surged again. The initial waves were 20 feet high. At Hebgen Dam, caretakers
George Hungerford and Lester Caraway feared the quake might have weakened the 44-
year-old earth-filled, concrete-cored structure. From a vantage point below the dam,
they saw a 4-foot-tall wave come toward them and fled for high ground, fearing the dam
was collapsing, Instead, the seiche wave reached the dam, then rose 3 or 4 feet above the
top. Hungerford and Caraway watched the wave pour over the dam for § to 1o minutes,
then recede. The seiche sloshed back and forth for more than 11 hours, but only the
first several sloshes were tall enough to send water over the dam. The dam’s concrete
core and spillway were cracked, and some fill settled several feet, but the dam held.

Six hundred residents of Ennis, Montana, more than 40 miles below the Madison
landslide, awoke to the sound of a wailing siren and sought high ground in the dark-
ness, waiting for a flood that never came.

Behind the dam, the seiche waves smashed through lakeshore cabins and homes al-
rcady ravaged by the shaking, then inundated by lake water when the ground
dropped. Some trailers were carried into the lake, their occupants narrowly escaping,
In homes on higher ground, chimneys, stoves, and refrigerators toppled. Large fis-
sures opened in the ground.

Near the cast end of the lake, a panicked guest fled the Duck Creek Cabins. He
sped away in a Cadillac, but in the darkness failed to see that the fault had ripped the
highway apart, creating a 12-foot-high embankment. The car plunged over it and
flipped upside-down. The man smashed a window to escape.

Ten miles south, in West Yellowstone, Los Angeles resident Laura Schauer was
walking out of the Wagon Wheel Cafe when suddenly, “Ifelt like I was on waves. I had
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no control. The lights swung. Glass was flying everywhere. I picked myself up off the
ground several feet from the steps.” Elsewhere in town, chimneys toppled. Large win-
dows shattered. Goods were thrown from store shelves. Chimney stones collapsed at
the Union Pacific depot, and 250 windows broke. Phone service and electricity were
knocked out. Leonard Kelly, who ran the Hitchin’ Post Motel, was bashed back and
forth in his doorway as he tried to run outside, dishes crashing and furniture jumping
behind him. Within hours, most of his guests were gone. “They didn’t check out.
They just left,” Kelly’s wife said.

In and near Yellowstone, the quake led many people to belicve bears were attack-
ing, Some stonework collapsed at Mammoth Hot Springs, the park headquarters. Old
Faithful Inn was shut down. Yellowstone’s west entrance was closed,

The quake broke windows and toppled chimney bricks in Butte, Dillon, and Vir-
ginia City, Montana. In Deer Lodge, the Montana Prison’s original cellblock was dam-
aged so badly it was evacuated and later demolished. In Billings, Montana, downtown
buildings swayed and residents were jarred awake. In a few homes, plaster cracked.
One tavern patron declared, “That’s the last time I'll ever touch the stuff.” Another
demanded a refill.

“There Is Nothing More to Find”

Soon after daylight on Tuesday, planes and helicopters were dispatched to the disaster
zone from bases in Utah, Idaho, California, Nevada, and Montana. Forest Service
smokejumpers parachuted to Refuge Point in Madison Canyon, preparing the injured
for evacuation. Helicopters later swooped down, picked up the injured, and ferried
them to West Yellowstone, which was nearly a ghost town. From there, the seriously
injured were flown to hospitals in Bozeman, where two died.

Rescue workers and friends and relatives of the missing searched Madison Canyon.
Bulldozers plowed roads to allow stranded campers to leave. Divers plunged into the
new lake forming behind the slide. By late Tuesday, less than 24 hours after the quake,
Madison County Sheriff Don Brooks said: “We airlifted between 100 and 140
stranded campers and brought five bodies out of the area.”

The bodies, found downstream from the slide, were those of Purley Bennett, three
of his children, and Thomas Mark Stowe from Sandy, Utah. Scarchers ncver found
nineteen other victims, including Stowe’s wife. Her father came to the disaster scene

and dug into the slide until his hands bled.
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By the weekend, the search ended, although most of the dead—the number wasn't
known at the time—remained buried under the massive slide. Montana Civil De-
fense Director Hugh Potter said: “There is nothing more to find.”

Aftershocks rattled the area daily. The 7.5 quake was followed within 1o hours by
five aftershocks between .5 and 6.3 in magnitude. By Friday morning, the fourth day
after the quake, 370 aftershocks had been recorded. Five years later, on October 21 "
1964, the arca was slapped by a magnitude- 5.8 aftershock.

Army Corps of Engineers officials began surveying the landslide to determine how
to prevent the rising waters of newborn Earthquake Lake from cutting through the
natural dam and flooding the Madison River Valley and the town of Ennis below. Nine
days after the quake, the Corps began bulldozing a spillway through the landslide.
Two weeks after the quake, the lake was § miles long and 150 feet deep, rising as
much as ¢ feet daily. The Corps worked feverishly to excavate the mile-long spillway.
They finished in time. Late September 9, the waters of Earthquake Lake reached the
top of the slide and began flowing safcly over the spillway.

The American Red Cross took thousands of calls from people who feared that rela-
tives were among the dead. Most turned up safely. Some never did.

Roger Provost, his wife, and their two sons were among those buricd beneath the
slide. Their deaths were not confirmed until three wecks after the earthquake, when
Provost failed to return to work in California. The last word from the family was a
postcard dated August 16, the day before the quake. Provost had written to his
mother that he and his family were camped along the Madison River.
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In the Wake \of the

Yellowstone Hotspot 2

Cao AI] OI1€ who drives through southern Idaho on Interstates 84 or 15
must endure hours and hundreds of miles of monotonous scenery: the vast, flat land-
scape of the Snake River Plain. In many areas, sagebrush and solidified basalt lava
flows extend toward distant mountain ranges, while in other places, farmers have cul-
tivated large expanses of volcanic soil to grow Idaho’s famous potatoes.

Southern Idaho’s topography was not always so dull. Mountain ranges once ran
through the region. Thanks to the Yellowstone hotspot, however, the pre-existing
scenery was destroyed by several dozen of the largest kind of volcanic eruption on
Earth—eruptions that formed gigantic craters, known as calderas, measuring a few
tens of miles wide.

Some 16.5 million years ago, the hotspot was beneath the area where Oregon,
Nevada, and Idaho meet. It produced its first big caldera-forming eruptions there. As
the North American plate of Earth’s surface drifted southwest over the hotspot,
about 100 giant eruptions punched through the drifting plate, forming a chain of
giant calderas stretching almost goo miles from the Oregon—Nevada—Idaho border,
northeast across Idaho to Yellowstone National Park in northwest Wyoming. Yellow-
stone has been perched atop the hotspot for the past 2 million years, and a 45-by-30-
mile-wide caldera now forms the heart of the national park. el
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After the ancient landscape of southern and eastern Idaho was obliterated by the
eruptions, the swath of calderas in the hotspot’s wake formed the castern two-thirds
of the vast, go-mile-wide valley now known as the Snake River Plain. The calderas
eventually were buried by basalt lava flows and sediments from the Snake River and its
tributarics, concealing the incredibly violent volcanic history of the Yellowstone
hotspot. Yet we now know that the hotspot created much of the flat expanse of the
Snake River Plain. Like a boat specding through water and creating an arc-shaped
wave in its wake, the hotspot also left in its wake a parabola-shaped pattern of high
mountains and earthquake activity flanking both sides of the Snake River Plain.

What Are Hotspots?

Earth is composed of layers of rock. The uppermost layer, known as the crust, is rel-
atively thin beneath the oceans, sometimes only 6 miles thick. Under continents,
however, the crust can range from 15 to 30 miles thick. The mantle is the layer be-
necath the crust, and is made of iron-rich rock that is more dense than the crust. The
mantle extends to depths of about 1,800 miles. Beneath the mantle is Earth’s molten
outer core.

The lithosphere is the Earth’s upper 5o to 8o miles, including the crust and upper-
most mantle. The lithosphere is relatively brittle, and is broken into huge “plates” of
rock, such as the North American plate and plates bencath the other continents and
oceans. The widely accepted theory of plate tectonics says these plates slowly drift an
inch or more each year. During Earth’s 4.6-billion-year history, the lithospheric plates
(often imprecisely referred to as crustal plates) drift and slide around the planet’s sur-
face, with continental plates sometimes joining to form giant supercontinents, some-
times breaking apart to form separate continents and intervening occans.

Collisions of Earth’s plates produce violent geological processes. The Pacific plate
beneath much of the Pacific Ocean slides northwest past the North American plate
about two inches a year. The boundary between these two plates is California’s San
Andreas fault zone, famed for producing destructive earthquakes. Farther north, the
much smaller Juan de Fuca plate—located bencath the ocean offshore from Oregon,
Washington, and British Columbia—is diving at an angle or “subducting” eastward
beneath the North American plate. This occasionally produces gigantic carthquakes
in the Pacific Northwest (the last one in 1700) and also is responsible for the forma-
tion of the Cascade Range and eruptions from its volcanoes, including Mount St. Hel-

ens, Mount Rainier, and Lassen Peak.
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Tectonic plates are able to drift or slide because they float atop the asthenosphere, a
part of the mantle in which warm rock acts like hot plastic and can slowly boil up-
ward, flow horizontally, then sink downward again—a process called convection.
This conveyor belt-like or trecadmill-like flow of hot, malleable rock within the as-
thenosphere makes the overlying plates move. In a sense, Earth’s plates are like the
pieces of scum floating in pot of tomato soup, driven by the bubbling and boiling of
the liquid underneath.

In the Earth, huge volumes of hot and molten rock rise upward in hotspots and be-
ncath mid-ocean ridges, which extend thousands of miles along the seafloor. The rock
rising from mid-ocean ridges and, to a lesser extent, from hotspots, drives the move-
ment of tectonic plates. And much of what we know about the motions of Earth’s
plates was learned by studying the tracks left on them as they passed above hotspots.

Hotspots also are known as “mantle plumes.” The traditional theory of hotspots is
that they are columns or plumes of hot and molten rock that begin 1,800 miles un-
derground at the boundary between Earth’s core and lower mantle, then flow slowly
upward through the entire mantle and crust. This theory is probably true for most
hotspots. It also ultimately may prove correct for the Yellowstone hotspot. However,
research in recent years suggests the Yellowstonc hotspot may not have its roots at the
core-mantle boundary, but instead originates at a shallower depth.

Medical CT scans bounce X rays through the human body to make three-dimen-
sional pictures of internal tissues, In a similar manner, a method called scismic tomog-
raphy uses hundreds of seismographs to measure the speed of seismic waves from
quakes and small, intentional dynamite explosions—data that allow geophysicists to
make three-dimensional pictures of structures within the Earth. The method works
because seismic waves travel more quickly through cold, dense, solid rock than
through hot, less dense molten or partly molten rock. Seismic tomography has been
used to look at the geology of the crust and upper mantle beneath the Snake River
Plain and Yellowstone National Park.

Such studies suggest the partly molten plume of the Yellowstone hotspot forms in
the upper mantle, only about 12 5 miles beneath Earth’s surface, and might not extend
deeper. The seismic studies find no evidence of molten or partly molten rock below
the Yellowstone hotspot at depths greater than 12 miles.

What makes rock melt in the upper mantle to form the roots of the Yellowstone
hotspot? Some heat does rise from the core. However, radioactive decay and “decom-
pressional melting” are likely sources of heat that melts rock at the roots of the Yel-
lowstone hotspot. Concentrations of uranium and other radioactive elements in

Earth’s mantle produce large amounts of heat through radioactive decay, melting

£
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iron-rich basalt rock, which then rises buoyantly within the mantle. Other, less dense
rock is left behind, and the pressure on that rock is reduced because the overlying
basalt is moving upward. This reduces the melting point of the less densc rock, so it
too begins to melt.

Hot and molten rock rises because it is less dense than cooler, surrounding rock.
Beneath the sea, the iron-rich basalt often erupts from mid-ocean ridges, undersea
boundaries between tectonic plates where new seafloor crust is produced. Eruptions
from these “spreading centers” push the seafloor’s tectonic plates away from the ridges
in both directions, and the plates also are carried along by horizontal movement of the
underlying mantle—truly a conveyor belt producing new seafloor. Indeed, North
America drifts southwest over the Yellowstone hotspot because the entire continent
is moving away from the mid-Atlantic ridge, located more than §,000 miles east of
Yellowstone.

Molten basalt also can rise in hotspots and erupt through overlying tectonic plates,
producing undersea volcanoes that become islands if they are tall enough. As a seafloor
plate moves, the underlying hotspot periodically erupts through weak zones within it,
creating island chains like Hawaii noted for flowing eruptions of basaltic lava.

The process is somewhat different for the Yellowstone hotspot, which, unlike most
other active hotspots, is located far from a plate boundary and beneath a continent in-
stead of beneath the seafloor. The roughly go-mile-wide plume of the Yellowstone
hotspot slowly rises from its point of origin about 124 miles deep until it reaches a
depth of about go miles, where it encounters the overlying North American tectonic
plate (the uppermost mantle and crust), which is colder rock (Figure 2.1). There, the
molten rock forms a pool perhaps 300 miles wide from side to side. The plume is
even wider in the wake of the hotspot because it is dragged in the direction that the
plate is moving, sort of like what would happen to honey if you poured it onto a table
while somcone was moving the table.

As the iron-rich basaltic magma pools at the base of the plate, big blobs of the
molten rock periodically rise from the top of the hotspot plume and move upward
through the rest of the upper mantle and into Earth’s crust. The molten blobs of
basalt heat overlying crustal rock, creating a “magma chamber” in which silica-rich
crustal granite partially melts, forming a molten rock known as rhyolite when it
erupts. (Silica, or silicon dioxide, is a glassy mineral that can take many forms, includ-
ing sand, quartz, and opal. It is a common constituent of rocks in Earth’s crust.) Be-
cause molten rhyolite is thick and viscous, major eruptions from the Yellowstone
hotspot have been explosive, unlike the basalt that erupts more gently from oceanic
hotspots.
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2.1 o~ Cross section showing relationship of Yellowstone and the Snake River Plain to the Yellowstone hotspot and sur-
rounding mountains. Molten or partly molten rocks called magmas (red) rise from the hotspot and are sheared off by the overly-
ing North American plate, which moves southwest at 1 inch per year. Some molten rock rises upward, through the Moho, or
crust-mantle boundary, melting overlying rock to create a magma chamber that fed Yellowstone’s volcanic eruptions. Granite
batholiths and iron-rich rocks beneath the Snake River Plain are remnants of old magma chambers left in the wake of the
hotspot. Later basalt eruptions covered the Snake River Plain.
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The magma chamber beneath Yellowstone today is not a pool of completely molten
rock. Instcad, it is like a big, flattened, pancake-shaped sponge in which much rock is
hot but solid and other rock is molten. The magma chamber is probably ¢ to 8 miles
beneath Yellowstone National Park. This magma chamber was responsible not only for
prehistoric catastrophic volcanic eruptions at Ycllowstone, but for smaller lava and ash
eruptions as well. It also provides heat to power the park’s geyscrs and hot springs.

A hotspot releascs a large amount of heat from Earth’s interior, altering the surface

with extensive volcanic and geothermal activity.

Hotspots c_'f the Solar System

Of the roughly thirty active hotspots on Earth, almost all except Yellowstone arc be-
neath oceans or near coastlines or other boundaries between tectonic plates (Figure
2.2). The best known of the other hotspots arc those that produced Iceland, the
Hawaiian Islands, and the Galapagos Islands.

If you slowly move your hand over a candle flame, you will suffer a nasty burn
along the path of the flame. As plates of Earth’s surfacc slowly drift over hotspots, the
overlying landscape is marked by eruptions of molten rock from below.

About 8o million years ago, the Hawaiian hotspot crupted through the Pacific
plate, and periodically has done so ever since as the plate moved northwest at more
than 3 inches a ycar. The cruptions of basalt lava built a 3,600-milc-long chain of
atolls and undersea volcanoes, called the Empéror-Hawaiian scamount chain, stretch-
ing from Kamchatka in easternmost Russia south and east through Midway Island to
the Hawaiian Islands.

During the last 1.5 million years, eruptions from the Hawaiian hotspot produced
volcanocs that rose above sea level to become the Hawaiian Islands. As the Pacific
platc drifted northwest, the hotspot erupted repecatedly, producing a chain of islands
extending from Kauai and Niihau on the northwest end of the chain to the Island of
Hawaii, the youngest island at the southeast end. Hawaii and its famed volcanoes—
Kilauea, Mauna Loa, and Mauna Kea—still sit atop the hotspot, which is why crup-
tions are frequent on the island, the site of Hawaii Volcanocs National Park. In addi-
tion to island-building eruptions, the Hawaiian hotspot makes a goo-mile-wide area
of the Pacific seafloor bulge upward as much as 1,600 fect. The bulge or “swell” is
centered beneath the Island of Hawaii.

Iceland is another notable hotspot. Unlike the Hawaiian hotspot, which punched

through the overlying tectonic plate, Iceland is located on the mid-Atlantic Ridge, a
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roughly 12,000-mile-long spreading center from which magma erupts to create new
seafloor, which is pushed east and west away from the ridge. While undersea erup-
tions occur along the length of the mid-Atlantic Ridge, the volume of eruptions from
the hotspot is even greater, creating the island known as Iceland. The tiny nation’s
basaltic volcanism is similar to that of Hawaii, and its volcanoes erupt along well-
defined fissures and vents above zones of weakness in the crust. These weak arcas, lit-
erally cracks in the Earth, are produced because the hotspot beneath Iceland makes
the island rise upward and spread apart sideways.

Research indicates the Iceland hotspot moved eastward across Greenland to Ice-
land as new ocean floor spread westward from the mid-ocean ridge during the past 70
million years. The hotspot plume is about 2 5o miles wide and starts in the mantle at
least 250 miles beneath Earth’s surface. One study found signs of a narrow Iceland
hotspot plume at least 410 miles deep, implying the hotspot is rooted even deeper in
the lower mantle, perhaps at the core-mantle boundary.

Another hotspot produced the Galipagos Islands, located in the eastern Pacific
Ocean west of the South American nation of Ecuador, Some have suggested the same
hotspot was responsible for large basalt eruptions that extended more than 1,400
miles from the Galdpagos northeast through Costa Rica all the way to Curagao Island
in the Caribbean some 88 to 9o million years ago.

There are some extinct hotspots beneath Africa, and it has been suggested the
higher-than-expected topography of southern and eastern Africa may represent a “su-
perswell” that was lifted upward by hot rock rising from the core-mantle boundary.
The rising rock may be in two young hotspots that have yet to break through to the
surface and produce volcanic eruptions. Farther north, an active hotspot—the Afar
plume—apparently is present beneath the south end of the Red Sea, betwcen
Ethiopia and the Arabian Peninsula.

Some researchers have argued an ancient hotspot once existed bencath southeast-
ern Canada and the northeastern United States, and that another hotspot created a
chain of volcanoes from Arizona east to New Mexico’s Valles caldera, which erupted
1.2 million years ago, about the same time as the second of Yellowstone’s three large
caldera eruptions,

Yellowstone shares characteristics with oceanic hotspots: It makes the Earth bul ge
upward in a 3o00-mile-wide swell above it, and its roots involve iron-rich basalt rock
melting in the mantle. However, Yellowstone is also fundamentally different. To trig-
ger eruptions, the Yellowstone hotspot must push through much thicker, older, and
colder continental crust, not the thinner, younger, warmer crust under the seafloor.

Also, the continental crust is much more rich in silica than the basaltic oceanic crust.
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Ocean hotspots punch to the surface with relative ease, generally during nonexplo-
sive eruptions of basalt lava.

The Yellowstone hotspot must melt rocks in the much thicker continental crust.
The molten basalt at depth melts Overl}'ing silica-rich rocks, particularly granites,
which form rhyolite magma that is a million times more viscous—thick in consis-
tency —than basalt magma. As rhyolite magmas rise, gas bubbles form within the
molten rock. Because the rock is so viscous, tremendous gas pressures must accumu-
late before the bubbles can burst. That is why rhyolite eruptions like those from the
Yellowstone hotspot are explosive, unlike the gentler Hawaiian eruptions.

Nevertheless, it is clear that hotspots beneath continents also can produce flood-
like eruptions of basalt lavas. The final stage of Yellowstone hotspot volcanism be-
neath Idaho covered the Snake River Plain with basalt lava flows (see the last section
of this chapter). Prehistoric hotspots also may have produced gargantuan floods of
lava in Siberia, India’s Deccan traps, and Ethiopia.

In recent years, scientists have realized that hotspots also occur elsewhere in our
solar system, including on the planet Venus. That cloudy planet lacks the kind of mov-
ing tectonic plates that make up Earth’s crust, but the National Aeronautics and Space
Administration’s Magellan spacecraft identified several hundred circular features known
as coronae, measuring at least 120 miles in diameter, and smaller circular features called
arachnoids, Both appear to be areas of the surface where a plume of rock once rose up-
ward from the Venusian interior. In places, there are chains of these features. Because
Venus lacks drifting plates, the implication is that the hotspot plumes themselves mi-
grated over time. This and other recent evidence challenges the long-held assumption
Earth’s hotspots always are fixed features beneath moving tectonic plates. Venus’ coro-
nae and arachnoids may have been the source of unimaginable volcanic outpourings that
literally repaved Venus’ surface an estimated 300 million years ago.

Jupiter’s moon Europa, which has a crust of ice over a deep ocean of liquid water,
also is believed to have hotspots beneath its seafloor. Europa’s hotspots, apparently
caused by the decay of radioactive elements in the moon’s core, may be responsible
for warming the ocean so that its water periodically breaks through and gushes onto
the frozen crust.

lo, another moon of Jupiter, is probably the most volcanically active body in the
solar system, with volcanoes spewing sulfur dioxide hundreds of miles high and coating
lo’s surface with yellow sulfur. An infrared sensor on NASA’s Galileo spacecraft identi-
fied about thirty hotspots on lo, many associated with eruptions and with temperatures
of 1,340 degrees Fahrenheit. Indeed, the spacecraft’s data suggests the temperature
may reach 3,140 degrees Fahrenheit at one powerful eruption site—probably the
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hottest volcanism in the solar system. Researchers believe the intense volcanism
shows that lo’s crust is being recycled so rapidly that continents cannot form—some
thing that may have happened early in Earth’s 4.6-billion-year history.

On Mars, a plume of hot rock from the planet’s interior may explain the origin of
several large, extinct volcanoes in the Tharsis region, including Olympus Mons,
which towers nearly 87,000 feet above the surrounding terrain, making it the tallest
mountain in the solar system. NASA has said there is growing cvidence hydrothermal
activity was once widespread on Mars and may have played a role in fostering micro-
bial life that possibly once cxisted on the Red Planet, just as hydrothermal activity is
suspected of promoting early microbial life on Earth. NASA said it was “scarching for

Yellowstone on Mars.”

Before the Yellowstone Hotspot

Most of this book deals with geological events within the past 20 million years: accel-
cration of Basin and Range stretching of Earth’s crust in the West starting about 17
million years ago, eruptions from the Yellowstone hotspot in Nevada, Oregon, and
Idaho during the past 16.¢ million years, the birth and development of the modern
Teton fault within the past 13 million years, and volcanic, scismic, and geothermal ac-
tivity since the hotspot reached the site of Yellowstone National Park more than 2
million years ago. All these geological developments happened during a mere blink of
an eyc in Earth’s history. The last 20 million years represent less than onc-half per-
cent of the 4.6 billion years of the planet’s existence. What came before the relatively
recent volcanic outbursts, earthquakes, glaciers, strcam erosion, and landslides that
sculpted modern Yellowstone, the Teton Range, and the Snake River Plain?

Over the cons, as giant plates of Earth’s crust drifted slowly over the globe, super-
continents formed and later broke apart, eventually taking the shape of modern con-
tinents. Ocean levels rose and fell. Great masses of land heaved upward and sank
downward. The primeval landscape was reshaped countless times by many of the
same processes secn today.

Most of Earth’s history—from the beginning to 570 million years ago— is known
as the Precambrian era. Precambrian rocks are found in the Yellowstone—Teton re
gion, including northern Yellowstone and the cores of the Teton, Beartooth, Wind
River, and Gros Ventre ranges. The oldest rocks—3.4 to 3.8 billion years old-——are
found northeast of Yellowstone in the Beartooth Range and to the southeast in the

Wind River Range. The heart of the Teton Range is also extreme]}' old. It includes
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2.8-billion-year-old granitic rocks in the east front of the range and 2.4-billion-year-
old rock capping the central Teton Range. Precambrian rocks that are now thousands
of feet high in the Tetons and nearby ranges were not born at such lofty heights. The
rocks formed when they were about 6 miles underground and later were uplifted.

Rocks 2.8 billion years or older in the Beartooth, Wind River, and Teton ranges
are believed to be the uplifted roots of primeval mountains that once extended from
Wyoming northeast through Montana before they eroded. The 2.4-billion-year-old
rocks in the Tetons are remnants of the roots of a somewhat more recent but still an-
cient mountain range that also was leveled by erosion. Vertical black walls or “dikes”
of rock exposed in the central Tetons were formed when molten rock intruded into
older Precambrian rocks about 1. billion years ago.

The mountains of the Precambrian slowly eroded and the elevated continental
landmass subsided. So, during most of the Paleozoic era, from 570 million to 245 mil-
lion years ago, the ebbs and flows of ancient seas repeatedly flooded the West. The
Yellowstone-Teton region was often under ocean water, offshore from the western
edge of primeval North America, which was part of a much larger supercontinent for
much of the Paleozoic. The continent’s west coast probably ran south to north
through what are now Colorado, Wyoming, and Montana.

Yellowstone and Grand Teton national parks contain rock formations deposited as
deep seafloor sediments during the Paleozoic, including limestones, sandstones, and
shales. The ancient sediments are particularly well displayed on the north side of Yel-
lowstone and the south end of the Teton Range. These formations range from the
535-million-year-old Cambrian period Flathead sandstone exposed atop Mount
Moran in the Tetons to the 360- to 320-million-year-old Mississippian period lime-
stones that produce dramatic cliffs seen northwest of Yellowstone in the Madison
Range, in Hoback Canyon southeast of Jackson, Wyoming, and in the Snake River
Canyon southwest of Jackson. Layers of Paleozoic rocks in the Tetons have been up-
lifted thousands of feet and tilted westward by movements along the Teton fault dur-
ing the past 13 million years and to some extent by movements along an ancestral ver-
sion of the fault as long as 34 million years ago.

The Mesozoic era extended from 245 to 66 million years ago and encompassed the
Triassic, Jurassic, and Cretaceous periods. At times the Yellowstone-Teton region
was covered by the ocean; at other times it was land, including sand dunes, vast tidal
flats, and plains. During the Triassic period, iron-rich reddish siltstones and shales ac-
cumulated in swamps and shallow, muddy seas to the east of modern-day Yellowstone
and the Tetons. Dinosaurs appeared during the Triassic and vanished at the end of the

Cretaceous. Despite a limited amount of Mesozoic rock formations in the region,
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there are some dinosaur fossil sites around Yellowstone and Jackson Hole, so di-
nosaurs roamed the area during this era.

During the Cretaceous period, which started 144 million years ago, the central
third of what is now the United States was flooded by a great, shallow sea. The water
stretched from near the present site of the Mississippi River all the way west and
north through Texas, Oklahoma, Nebraska, eastern New Mexico, Colorado, eastern
Utah, the Dakotas, central eastern Montana, and most of Wyoming, including the
Yellowstone—Teton region. The Cretaceous sea left thick deposits of shales, sand-
stone, and other rocks, including organic-rich sediments transformed by heat and
pressure into coal and other hydrocarbons.

Later in the Cretaceous, western North America was squeezed in a roughly east—
west direction, causing two great episodes of mountain-building that displaced the
great seaway and ultimately built the Rocky Mountains. The West was compressed by
the westerly motion of the North American plate pushing against the Pacific plate.
The first mountain-building episode, known as the Sevier Orogeny, started roughly
110 million years ago. Large chunks of Earth’s crust arched upward into folds or were
thrust eastward along low-angle faults, starting in Nevada and Utah and eventually
moving into Idaho and western Wyoming, About 80 million years ago, the squeezing
continued and shifted eastward as the Laramide Orogeny began, uplifting the Rocky
Mountains in Canada, Montana, Wyoming, Idaho, Utah, Colorado, and New Mexico.
Part of the giant mountainous plateau of the young Rockies contained what later be-
came western Wyoming’s Teton, Gros Ventre, and Wind River ranges.

The uplift of the Rockies continued into the Cenozoic era, which represents the
last 66 million years of Earth’s history. It was a time of widespread mountain-building,
volcanism, faulting, and glaciation that sculpted the Yellowstone—Teton region.
Around go million years ago, during the Eocene epoch, numerous volcanic eruptions
occurred on the north and east sides of Yellowstone, forming the Absaroka Range.
Volcanic debris buried forests. Their fossilized remnants can be seen today at a fossil
tree exhibit and along Specimen Ridge in northern Yellowstone. Like the modern
Cascade Range in Washington and Oregon, the Absaroka volcanoes likely formed be-
cause the plate of Earth’s lithosphere beneath the Pacific Ocean dove or “subducted”
castward beneath North America as the plates collided. Intermittent but subdued vol-
canism continued in the Yellowstone—Teton region until the hotspot reached the area
some 2 million years ago and volcanism intensified.

Starting about 30 million years ago, much of the interior West began stretching
apart in an east-west direction. The extension of Earth’s crust in the region acceler-

ated about 17 million years ago and continues today. This produced the modern Basin
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and Range topography—elongated north-south mountain ranges separated by long,
north—south valleys— that extends from eastern California, Nevada, and southeast
Oregon east into Utah, Idaho, and western Wyoming. The stretching affected the
Teton region about 13 million years ago to begin the modern uplift of the Teton
Range along the Teton fault. (There is evidence, however, that an ancestral version of
the Teton fault was born as long as 34 million years ago when the West still was being
squeezed by mountain-building forces.) Basin and Range extension of the West also
created other faults in the Yellowstone—Teton region, including the Madison, Gal-
latin, Red Mountain, and South Arm faults.

About 16. 5 million years ago, soon after Basin and Range widening of the West ac-
celerated, a great period of volcanism began near what is now the meeting place of
Nevada, Oregon, and Idaho. The Yellowstone hotspot reared its hot head.

Origin of the Yellowstone Hotspot

No one really knows when or where the Yellowstone hotspot was born. Some scien-
tists have argued the hot and molten rock first rose toward Earth’s surface because of
a zone of weakness in Earth’s crust and mantle at what is called the Mendocino Triple
Junction. Now located along the northern California coast, the junction is a weak
zone in Earth’s crust where three tectonic plates intersect: the Pacific and Gorda
plates beneath the ocean and the North American continental plate.

There also have been arguments that the Yellowstone hotspot originated even ear-
lier, at IEWM&I‘}) the Pacific Ocean farther offshore from the
triple junction. This theory says the hotspot originated beneath the Pacific plate of

Earth’s crust. As that plate dove or subducted eastward beneath North America, the
~continent essentially rode over the hotspot.

Some have argued the hotspot was born 23 to go million years ago when the junc-
tion was much farther south on the California coast and the entire Pacific coast much
farther east (closer to the Rockies) than it is today. No volcanic rocks have been found
to support the idea that the hotspot may have first erupted in primordial California.
Some researchers, however, have argued volcanic rocks found in the Yukon erupted

from the Yellowstone hotspot about 70 million years ago and that, at the time, the

hotspot was beneath the present location of the ( Oregon coast. The rocks later were
carried north to the ‘{E_kon atop the Kula plate of Earth’s lithosphere—a plate once
located beneath the Pacific Ocean before it dove beneath Alaska and the Yukon and
was destroyed.
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Another theory is the hotspot may have first appeared 40 million years ago near the
California—Nevada border, and that its rising heat and molten rock played a key role
in making the overlying crust spread apart starting 30 million years ago—the first
stage of Basin and Range stretching of the West. The east—west pulling apart of the
region has doubled the distance between Reno, Nevada, and Salt Lake City, Utah,
during the past 30 million years. Some evidence supports the notion that the Yellow-
stone hotspot initiated Basin and Range stretching of Earth’s crust. The evidence is a
large body of low-density rock under western Nevada. It might be the cooled and so-
lidified remnant of the Yellowstone hotspot’s original plume head.

The earliest definitive evidence of the hotspot’s existence dates to about 16.5 mil-
lion years ago. Around that time, the hotspot produced its first cataclysmic caldera
eruptions in northern Nevada and southeast Oregon. No one really knows why the
hotspot burped its way to the surface there. Some have speculated the hotspot
erupted after a large meteorite punched a hole in Earth’s crust near the Oregon—
Nevada border. A much more likely scenario, however, ties the hotspot to the stretch-
ing apart of the Basin and Range Province. The rising plume of the hotspot not only
may have helped initiate such crustal extension 30 million years ago, but also may
have contributed to the speedup of such stretching 17 million years ago in central
Nevada. That is not far from the hotspot’s first known caldera eruptions near the
Nevada—Oregon-Idaho border 16.5 million years ago. !

Traditional hotspot theory—the notion of a plume of molten rock rising all the
way from Earth’s core—implies that the landscape above has no effect on where
hotspots form. Instead, hotspots would form where hotter or molten rock rises due
to variations in rock temperatures or densities. The traditional theory is backed by re-
search showing large areas of partially molten rock at the core-mantle boundary deep
beneath active or extinct hotspots in Iceland, the Azores, East Africa, and the south-
central Pacific. Volcanic rocks on Earth’s surface above many hotspots also have a geo-
chemical makeup indicating they originated deep in the mantle and perhaps at the
core-mantle boundary.

The newer theory—that at least the Yellowstone hotspot has roots only 125 miles
deep—suggests its formation can be related to the overlying landscape, with heat and
molten rock rising in weak zones such as the Basin and Range Province where Earth’s
crust is extending and getting thinner, like taffy being pulled apart.

If the hotspot’s first known eruptions were related to the stretching of Earth’s crust,
as seems likely, it is possible the two processes enhance each other. On one hand, the
rising plume of hot and molten rock would have made the Oregon—Nevada—Idaho bor-
der area bulge upward, possibly accelerating the rate at which Earth’s crust stretched
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apart in the region. On the other hand, Earth’s crust and upper mantle already were
being stretched in the area. Such extension made Earth’s crust thinner and could have
eased the pressure above the hotspot, accelerating the ascent of basaltic magma from
the roots of the hotspot. The molten basalt then heated and melted overlying granites,
producing the rhyolite magma that ultimately erupted catastrophically to the surface,
forming Yellowstone-style calderas 16. ¢ million years ago in northern Nevada.

Some researchers have argued that a few million years before the hotspot began
erupting near the Oregon—Nevada border, the head or top of the hotspot plume began
spreading laterally at the base of the lithosphere, and a large blob of molten basalt
slowly leaked upward toward the northwest, erupting between 17 and about 14 mil-
lion years ago to cause the massive initial phase of the Columbia River basalt lava flows
that literally flooded the Pacific Northwest until about 6 million years ago. The timing
of the early Columbia River flood basalts comes amazingly close to the speedup of
Basin and Range extension of the West 17 million years ago and Yellowstone hotspot’s
first eruptions near the Nevada—Oregon border 16.5 million years ago. It is tempting
to theorize the three events are all tied to the hotspot. Yet some scientists see no link
between the Yellowstone hotspot and the Columbia River basalt flows. They argue
those eruptions were caused by the same forces that created the Cascade Range volca-
noes: the plate of Earth’s crust beneath the Pacific Ocean diving or subducting beneath
the Pacific Northwest, then melting to produce magma for volcanic eruptions.

Although the Yellowstone hotspot’s connection to Columbia River volcanism re-
mains speculative, there is no doubt the hotspot completely reshaped the landscape of
southern Idaho and northwest Wyoming. As the North American plate drifted south-
west over the hotspot, the hotspot kept blowing up, producing about 100 gigantic
caldera eruptions during the past 16.5 million years. Because the plate moved south-
west, progressively younger calderas line up in a chain stretching some goo miles
from the Nevada—Oregon border northeast up Idaho’s Snake River Plain to the mod-
ern site of Yellowstone in Wyoming.

At the same time, Basin and Range stretching in Idaho and western Wyoming has
been primarily in a northeast—southwest direction, in contrast to Nevada and western
Utah, where the crust pulls apart in an east—west direction. The northeast—southwest
widening of Earth’s crust in Idaho paralleled the southwest movement of the North
American plate and the resulting northeast movement of the Yellowstone hotspot.
The pulling apart and thinning of Earth’s crust may have decreased pressures to allow
molten rock to erupt to the surface, not only for the hotspot’s first caldera-forming
eruptions along the Nevada-Oregon border, but for the whole series of caldera erup-

tions stretching across Idaho and into Yellowstone.
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Outpouringsfrom Hell

Caldera-forming eruptions are unrivaled among volcanic eruptions, and no eruption
of such size has happened during recorded history. They expel hundreds to thousands
of times more magma—underground molten rock—in a shorter period than any
other kind of eruption. Some prehistoric basalt flows on continents did have larger
volumes. So do mid-ocean ridges—the sites of underwater volcanic vents that con-
tinuously erupt to produce new seafloor. But basalt flows and undersea volcanoes
erupt over longer periods, not in a sudden catastrophe.

Colossal caldera-forming eruptions are fed by magma chambers—the large, sponge-
like bodies of molten and partially molten rock in the crust. These magma chambers
are known as plutons, after Pluto, the Greek and Roman god of the underworld.
Magma chambers can begin a few miles beneath the surface and extend to depths of 8
miles. They typically are a few tens of miles in diameter. The magma chamber now
under Yellowstone National Park is believed to measure about 45 miles by 30
miles—the same size as the overlying caldera. When a pluton cools and solidifies, it
is called a batholith.

As fluid and gas pressures build up in a rhyolite magma chamber, molten rock be-
gins to move toward the surface around the perimeter of the chamber. Growing pres-
sures push upward until finally the magma breaks through the overlying rocks, trig-
gering earthquakes in the process.

When molten rhyolite erupts on the surface, the high pressures are released in a
catastrophic caldera-forming eruption of awesome power. The initial rupture ex-
pands rapidly, blowing out huge volumes of superheated water vapor, gases, preexist-
ing solid rock, and magma. This debris is hurled from the caldera at supersonic
speeds. The magma, pulverized by the sudden expansion of trapped gas bubbles, ex-
plodes almost instantaneously into ash, pumice, and bigger rocks. The eruption pro-
pels a suffocating cloud of water vapor, gases, and ash 60,000 to 80,000 feet or more
into the atmosphere.

Large lava flows erupt from the caldera. For perhaps 6o miles around the caldera, a
fountain-like eruption plume rains hot ash and rock on the ground, where their heat welds
them into layers of tuff as much as several hundred yards thick. At increasing distances,
smaller and smaller particles rain to the ground. Even a few hundred miles away, ash may
accumulate to thicknesses of several inches to a foot. Jet streams carry ash and volcanic
gases around the globe for years, cooling the climate and creating ﬂaming sunsets,

After the eruption, the remaining hole in the ground—the caldera— measures a

few tens of miles wide and hundreds of yards deep. The caldera floor drops down-
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ward during the eruption along faults that form a giant ring inside the larger ring-
shaped caldera rim. Mountains that once crossed the area sink into the caldera—if
they have not already been blown away. The eruption began along the ring-shaped
fault system. These faults roughly parallel the outer edge of the original, buried
magma chamber. As the caldera floor sinks, it becomes uneven. Then, over the ensu-
ing hundreds of thousands of years, smaller lava flows —first of explosive rhyolite,
then later, nonexplosive basalt—erupt and spread across the caldera floor, smoothing
its rough topography.

Unlike the Yellowstone caldera, the older calderas beneath the Snake River Plain
have been covered by basalt flows, so much less is known about their explosions than
about the last 2 million years of eruptions since the hotspot reached its present posi-
tion beneath Yellowstone. We will examine the severe effects of those eruptions in
the next chapter. However, like the later Yellowstone eruptions, the caldera-forming
eruptions beneath the Snake River Plain must have been catastrophic. For example,
one such eruption almost 12 million years ago dumped a foot of volcanic ash as far
away as Nebraska, killing and burying herds of camels, rhinos, and horses that became

fossilized and later were found by paleontologists.

Track of the Hotspot

Beneath the relatively recent basalt lava flows that cover the Snake River Plain and its
ancient calderas are rocks made of lighter, silica-rich rhyolite, which was spewed out
as ash and sticky lava during caldera-forming eruptions. These rocks—often tinged
with orange or purple —can be seen in some places where the Snake River cut down-
ward to create canyons. Such rocks also have been removed from holes drilled deep
into the Snake River Plain.

The rhyolite rocks date to about 16. 5 million years at the old, buried calderas near
the Nevada—Oregon border. The same type of rocks are younger and younger as one
moves northeast up the Snake River Plain and into Yellowstone. The progressive de-
crease in the age of rhyolite rocks provides the best evidence that a string of giant
caldera eruptions progressed from the Nevada—Oregon border across Idaho to Yel-
lowstone as the North American plate moved southwest.

Rhyolite rocks along the path of the hotspot have been dated and show oo distinct
ages. That indicates the hotspot triggered about 100 caldera eruptions as North Amer-
ica drifted over it. Some of the calderas erupted more than once, and other caldera-

forming eruptions overlapped with older calderas. Depending on how you count such
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overlaps, the 100 caldera eruptions originated from at least seven “volcanic centers”
(see Figure 1.3) stretching from the Nevada—Oregon border to Yellowstone:

* The McDermitt volcanic field, in northern Nevada necar the Oregon border,

erupted in multiple caldera-forming eruptions from 16.5 to 15 million years ago.

* The Owyhee volcanic center, which spans the Nevada—Oregon-Idaho border,
erupted repeatedly between 15 and 13 million years ago.

* Calderas in the Bruneau—Jarbidge volcanic center, located southeast of Boise,

Idaho, erupted several times between 12 and 10. ¢ million years ago.

* The Twin Falls volcanic center northeast of Twin Falls, Idaho, blew up repeat-

edly between 1o.5 and 8.6 million years ago.

* The Picabo volcanic center’s calderas, located near Blackfoot, Idaho, erupted

from about 10 to perhaps 7 million years ago.

* The Heise volcanic center, located mostly north of Idaho Falls, produced at least
three big caldera-forming eruptions 6.5, 6, and 4.3 million years ago.

* The Yellowstone volcanic center blew up three times, creating the original Yel-
lowstone caldera 2 million years ago, the Island Park, Idaho, caldera 1.3 million
years ago, and the modern Yellowstone caldera 630,000 years ago.

The dates of eruptions from the various volcanic centers can be used to calculate
the speed at which North America drifted southwest over the hotspot. The average
rate for the last 16.5 million years is about 1.8 inches annually. However, if shorter
time intervals are analyzed, it turns out the plate moved about 2.4 inches per year
from 16.5 million years ago until about 8 million years ago, then slowed to 1.3 inches
a year. At about the same time the plate movement started slowing down, its move-
ment toward the southwest turned a bit more southerly, which meant the path of the
hotspot toward the northwest turned slightly more toward the north. The reason the
speed and direction of plate motion changed is unknown. However, it explains why
the Snake River Plain turns more to the northwest at a point east of Twin Falls.

The movement of the Yellowstone hotspot from the Nevada—Oregon-Idaho bor-
der was not entirely caused by the southwestward movement of the North American
plate. At the same time the plate drifted southwest, Basin and Range stretching of
Earth’s crust pulled Idaho apart in a southwest—northeast direction at a rate of about a

half inch per year. Thus, the hotspot’s movement across Idaho and into Yellowstone
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was partly due to the drifting of the whole continent and partly to the stretching
apart of the West.

Big Bulges

The hotspot not only triggered caldera-forming eruptions as it crossed under Idaho, it
created a “topographic swell”—a broad area in which Earth’s surface bulges upward.
Such swells occur because rising hotspot magma pools at the base of the lithosphere,
about go miles underground. The molten rock is buoyant, and literally uplifts the
overlying upper mantle and crust to make Earth’s surface bulge upward. Swells are
common above oceanic hotspots, which can make the seafloor bulge upward as much
as 3,000 feet. Seafloor swells can be 400 to 900 miles wide.

Yellowstone National Park and a large area surrounding it s swell roughly
1,700 feet tall and about 300 miles wide. The current site of YelloWstone was already
high in the Rocky Mountains tens of millions of years before the hotspot arrived. But if
it was not for the bulge created by the hotspot, the modern Yellowstone Plateau would
be at an elevation above 6,000 feet instead of its actual elevation of about 8,000 feet.

The extra elevation caused by the swell contributed to the formation of a huge icecap

that covered Yellowstone with as much as 3,500 feet of ice during the Ice Age.

As North America moved southwest over the hotspot, it first lifted the land above
it, then caused caldera-forming eruptions, followed by smaller rhyolite lava eruptions

and finally a blanket-of basalt lava flows. Sp the Snake River Plain was once li‘ighcr"fhin' -

it is ?c-ngﬁﬁ? and the '.B-u'l'ge above it moved northeast, the Snake River
Plain sank roughly 2,000 feet in its wake.

The sinking of the Snake River Plain in théﬁke})f the hotspot created the eastern

two-thirds of the vast valley (not the western Nire near Boise). The eastern part of the
plair? then captured the Snake River and its ibu_ta;“l . Basalt lava flows—the last
stage of hotspot volcanism —contributed nutrie e rich soils of southern Idaho.
po ey AT 014 4 jern)
Quakes in the Wake L

Faults flanking the path of the hotspot have made Yellowstone and the mountains on
both sides of the Snake River Plain among the most seismically active areas in the
West. Since 1900, the region has been rocked by thirty moderate to large quakes—
those with magnitudes above 5.5.
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If you imagine the Yellowstone hotspot as a boat that moved northeast across Idaho
to Yellowstone, the left side of its “wake” is a belt of mountain ranges and earthquake
epicenters on the north side of the Snake River Plain, stretching from Yellowstone
west—southwest across south—central Montana and central Idaho. The magnitude-7. 5
Hebgen Lake quake fell along this belt of seismicity, as did the magnitude-7.3 Borah
Peak earthquake of 1983, farther west in Idaho. That jolt—which killed two people
in Challis, Idaho —was the region’s second strongest recorded quake.

The right side of the hotspot’s “wake” is a band of mountains and quake faults ex-
tending from Yellowstone south—southwest through Wyoming and southeast Idaho to
the northernmost part of Utah’s Wasatch Range and Wasatch fault. This band of moun-
tains and seismicity includes the Teton fault and constitutes the central part of the Inter-
mountain Seismic Belt. The belt is a zone of earthquake activity that runs from southern
Nevada northeast and then north through Utah, then northeast along the Idaho—
Wyoming border to the Teton fault and Yellowstone, and then west—southwest, cutting
across south—central Montana and into northern Idaho.

The hotspot did not create the mountains in its wake. Its caldera eruptions simply
destroyed mountains that once crossed the Snake River Plain, while leaving moun-
tains on both flanks of the plain intact. The hotspot also did not create the quake faults
in the surrounding mountains, but destroyed faults that once crossed the Snake River
Plain. Indeed, the Intermountain Seismic Belt at one time probably took a more di-
rectly northerly path from Utah through Idaho and into Montana. But as the hotspot
repaved the Snake River Plain and blew away shallow faults, the seismic belt was de-
flected eastward. That is why, after running north through Utah, the Intermountain
Seismic Belt bends northeast to the Teton fault and appears to wrap around the track
of the Yellowstone hotspot.

The Snake River Plain itself has relatively few quakes. Some scientists have argued
the crust is warmer beneath the plain than under surrounding mountains, and that
the warmer rock is more flexible and less prone to rupture and produce quakes. An-
other theory is that the remnants of old magma chambers beneath the Snake River
Plain contain extremely dense rock that is rigid and resistant to rupturing during

quakes.
P20,

The Hofspot’s Last Stage: B}IFPS quasaIt

Seismic tomography has been used not only to look at the roots of the hotspot now
beneath Yellowstone National Park, but to examine the rocks left beneath the Snake
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2.3 o~ Stages of Yellowstone hotspot voleanism. During the “pre- Yellowstone stage,”molten basalt rock rises. from depth to
50 miles, making a broad area of the overlying landscape bulge upward as much as 1,700 feet. During the “Yellowstone stage,”
shallower molten rhyolite lava erupts during catastrophic caldera-forming eruptions and smaller eruptions. During the “Snake
River Plain stage,"the ground cools and sinks downward qﬁ‘.er the landscape had moved past the hotspot. Rhyolite eruptions
cease, but darker basalt lavas erupt and cover the earlier rhyolite lavas and ashes. Modern Yellowstone National Park has gone

through the first two stages; the Snake River Plain, all three.

River Plain in the wake of the hotspot. The technique shows that beneath pockets of
superficial sediments, the Snake River Plain is covered by a surface layer of iron-rich

basalt lava roughly a mile thick — thicker in some places, thinner in others. Beneath

that is a layer of llghter colored, less dense, sﬂuca—rlch rhyolite that is about a mile or

two thick. That layer, in turn, is underlain by a 6- 1o 9-mile-thick layer of extremely

dense rock that is even more iron-rich than the basalt on the surface. These layers of
rocks are a record of the three stages of volcanic processes triggered by the hotspot
beneath the Snake River Plain as the hotspot moved slowly northeast toward Yellow-
stone (Figure 2.3).

During the first or “pre-Yellowstone stage,” heat from radioactive decay and re-
duced pressure in the crust allow basaltic rocks to melt and form the roots of the
hotspot about 125 miles beneath Earth’s surface. The red-hot basaltic magmas rise
through the partly molten hotspot plume and hit the base of the lithosphere, about 5o
miles underground, where the molten basalt ponds to form the top or head of the
plume. This process makes the ground above bulge upward over a roughly 3o00-mile-

wide area.



Windows into the Earth

The second or “Yellowstone stage” begins when huge blobs of dense, molten basalt
are sheared off the top of the hotspot plume by the movement of the overlying tec-
tonic plate (the lithosphere, or crust and uppermost mantle). The molten basalt blobs
start rising into the crust, primarily because they are less dense and more buoyant
than surrounding solid rock and partly because the crust is being stretched apart by
Basin and Range extension of the West. As the molten basalt blobs rise into the crust,
they melt some of the surrounding silica-rich granite, which is known as rhyolite
when it later erupts. The melting creates a large magma chamber known as a pluton,
which measures a few tens of miles in diameter and is roughly 3 to 8 miles under-
ground. The chamber is partly molten and partly solid, with molten rock flowing
somewhat like water in a sponge.

Upward pressure from the magma chamber makes the crust immediately above it
bulge upward-—a smaller, localized bulge atop the broader regional swell or bulge.
The bulging of the overlying crust accelerates earthquake activity, both from new
fractures and pre-existing faults.

The “Yellowstone stage” reaches a climax when faults encircling the bulge produce
earthquakes and the faults break deeper and deeper into the crust until they intersect
the magma chamber. This allows molten rhyolite to flow to the surface along a series of
faults that form a ring or circle a few tens of miles wide when viewed from above. As
the sticky or viscous rhyolite magma rises and the pressure of overlying rock dimin-
ishes, gas trapped within the magma expands rapidly. The magma erupts explosively,
spewing hot rocks and creating a huge eruption plume of volcanic ash and gas that is
hurled high into the atmosphere at supersonic speeds. Some of the rhyolite magma
spews from the ground to form fast-moving, superhot “pyroclastic flows” that incinerate
anything in their path. As the eruption proceeds and the underground magma chamber
is drained, what is left of the ground above it sinks downward, creating a caldera, or
huge crater the same diameter as the underground magma chamber. Volcanic ash and
gas in the atmosphere are carried by winds around much of the Earth. Ash piles up
inches to a foot deep even hundreds of miles from the caldera. Closer to the caldera, the
ground is blanketed with hot ash as much as several yards deep. The weight and heat of
the ash make this layer fuse into a solid rock known as welded tuff.

Such catastrophic caldera eruptions can occur repeatedly in one area over the span

of a few million years as long as the hotspot remains underneath the area. Each huge
caldera eruption is followed by smaller flows of rhyolite lava—known as post-
caldera eruptions— that eventually fill in the caldera over tens to hundreds of thou-
sands of years.
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The third or “Snake River Plain stage” of hotspot volcanism occurs as the North
American plate continues to drift southwest, eventually cutting the connection be-
tween the caldera and the hotspot. The rhyolite magma chamber cools, allowing
deeper basalt magma to ascend to the surface and erupt. Because the molten basalt
contains less gas and is less viscous than molten rhyolite, it erupts nonexplosively,
producing gentle flows of basalt lava that flood the landscape over millions of years.
The basalt lavas eventually smooth the topography by covering the tuff and rhyolite
rocks deposited during caldera and post-caldera eruptions..

Meanwhile, as the hotspot migrates away, the crust cools and contracts, and the
broad regional bulge in Earth’s surface sinks downward in the hotspot’s wake. The
surface also sinks because the rock left in the magma chamber is extremely dense, and
its weight plus dense rocks in the upper mantle literally pull the overlying crust
downward. As the hotspot moves over millions of years, the depressions in its
wake—basically “Old Yellowstones™—form a broad valley.

How do the hotspot’s volcanic stages relate to the three rock layers beneath the

Snake River Plain? The lowest of the three layers—the extremely dense iron-rich

rock—is made of the slag-like remnants of extinct magma chambers. The lighter
molten rhyolite that once occupied the magma chamber erupted away, followed by
basalt eruptions, leaving a slag of dense rock that did not erupt. The next layer up is
the lighter rhyolite tuff and lava from caldera and post—calderﬁ eruptions. And the sur-
face layer of basalt comes from the gentle basalt lava flows that covered each old
caldera as the hotspot moved away from it and progressed toward Yellowstone. The
total volume of these basalt flows is probably several times greater than the volume of
all the eruptions at Yellowstone since the hotspot arrived there 2 million years ago,
but the Snake River Plain basalts flooded the area over a much longer period begin-
ning sometime after 16. 5 million years ago.
The three layers—denseusra%%
the Nevada—Oregon border up the Snake River Plain as it crosses Idaho, although the

fghter rhyolite, and surface basalt-—extend from

surface layer of basalt lava becomes progressively thinner closer to Yellowstone. At
Yellowstone National Park itself there are not three layers.

The bottom layer of heavy slag in dead magma chambers under the Snake River
Plain corresponds to the partly molten and still active magma chamber beneath Yel-
lowstone. On the Snake River Plain, the rhyolite layer is sandwiched above the slag
and below the more recent basalt flows, but at Yellowstone, the rhyolite layer is on
the surface, the product of catastrophic caldera eruptions and post-caldera rhyolite
flows during the past 2 million years. And finally, while there have been a few small
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basalt flows at Yellowstone, the park largely lacks the top layer of basalt lava flows that
cover the Snake River Plain. That is because extensive basalt flows represent the third
and final stage of hotspot volcanism. Yellowstone National Park has not reached that
stage because it still sits atop the hotspot and could blow up again in a giant caldera
eruption—just as it did three times since the hotspot reached Yellowstone about 2

million years ago.
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The Hotspot

Reaches Yellowstone

o E Icen ters from numerous earthquakes fall approximately along two
parallel lines that stretch from southeast to northwest through Yellowstone National

Park. During the past 630,000 years, lava flowed from eruptive vents located roughly

along the same lines. The alignment of earthquakes and small volcanoes suggests that

zones of weakness are deep beneath them within the Earth. Those zones may be the
still-active roots of faults that once ran along the base of towering mountains.

“Such mountains would have made ancient Yellowstone resemble today’s Grand Teton
National Park. Indeed, a few million years ago these mountains may have stretched
northward through Yellowstone and hooked up with the Gallatin Range, which now
extends from Montana south into Yellowstone’s northwest corner.

So why is today’s Yellowstone Plateau relatively flatz What happened to the moun-
tains that once may have rose thousands of feet skyward like the Tetons do today? The
answer, quite simply, is that they were destroyed 2 million years ago during a caldera
eruption, which is the largest, most catastrophic kind of volcanic outburst—an ex-
plosion so cataclysmic that it dwarfs any eruption in historic time.

" North America had continued its southwestward slide over the Yellowstone

hotspot. After blasting and repaving the Snake River Plain, the hotspot was finally be-
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neath the place for which it later was named. The power of its rising heat and hot rock
began to shape Yellowstone into what it is today,

The first eruptive blast at Yellowstone 2 million years ago left a gigantic hole in the
ground—a hole larger than the state of Rhode Island. The huge crater, known as a
caldera, measured about 5o miles long, 40 miles wide, and hundreds of yards deep. It
extended from Island Park in Idaho to the central part of Yellowstone in Wyoming
(Figure 3.1).

During the volcanic cataclysm, hot ash and rock blew into the heavens over Yellow-
stone, then rained like hell from the sky. As heavier pumice and ash particles debris
piled up on the ground, their heat welded the debris together to form a layer of solid
rock called ash-flow tuff or welded tuff. This layer of rock—named the Huckleberry
Ridge tuff—was hundreds of yards thick and was deposited for roughly 6o miles or
more around the caldera.

Lighter ash particles covered the western half of North America, likely a foot deep
several hundred miles from Yellowstone and inches thick farther away (Figure 3.2).
Wind carried the lightest ash particles around the planet. For years after the eruption
2 million years ago, Earth’s climate must have been chilled a bit as vast amounts of

volcanic ash and gas filled the skies.
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3.2 o~ Areas of the United States that once were covered by volcanic ash from Yellowstone's giant eruptions 2 million and
630,000 years ago, compared with ashfall from the 760,000-year-old Long Valley caldera eruption at Mammoth Lakes, Cali-
fornia, and the 1980 eruption of Mount St. Helens, Washington. (Adapted from Sarna-Wojcicki, 1991.)

The scale of the eruption was almost unimaginable, To get an idea of its immensity,
consider Washington state’s Mount St. Helens, which blew up on May 18, 1980,
killing fifty-nine people, flattening surrounding forests, sending mudflows down
nearby rivers, and dumping several inches of fluffy, gritty ash over wide areas of east-
ern Washington. The total volume of ash and other debris that erupted from Mount
St. Helens was almost one-quarter of a cubic mile—equal to a giant cube of rock six-
tenths of a mile on each side.

The Yellowstone caldera explosion 2 million years ago ejected an estimated 600

cubic miles of lava and ash— enough to fill a cube measuring 8.4 miles on each side.
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So the eruption was 2,500 times larger than the Mount St. Helens disaster. That is a
minimum. Estimates of the volume of material from the Yellowstone eruption are
based on the amount of solid Huckleberry Ridge tuff deposited by the eruption and
on estimates of ash fall. Mount St. Helens spewed mostly ash, which is less dense than
tuff. If this is taken into account, the Yellowstone eruption 2 million years ago may
have been more than 8,000 times larger than the 1980 Mount St. Helens explosion.

If all the ash, lava, and rock from Yellowstone’s caldera eruption were piled up on
Washington, D.C., the city would be buried by a layer of rock 10 miles deep. The
same amount of material erupted from the caldera would bury the entire state of New
York 67 feet deep. Wyoming would be buried 38 feet deep. Even spread over Califor-
nia, the volcanic material would be 20 feet deep.

As if that wasn’t enough, the cataclysmic blast at Yellowstone 2 million years ago
wasn’t the last, although it was the biggest. Heat and molten rock from the hotspot
shifted somewhat west, and 1.3 million years ago another gargantuan eruption blew a
15-mile-wide hole in the ground known as the Henry’s Fork or Island Park caldera.
That eruption blew out 67 cubic miles of hot ash and rock—a blast 280 times larger
than Mount St. Helens'’s eruption.

Then, 630,000 years ago, catastrophe struck again, blasting out a new 4¢-by-30-
mile-wide caldera that overlapped the 2-million-year-old caldera and was located more
to the east. That catastrophe was 1,000 times bigger than the 1980 Mount St. Helens
eruption, spewing out 240 cubic miles of hot rock, ash, and other debris (Figure 3.3).

The eruption 630,000 years ago has obscured much evidence of the two catastro-
phes that came before it, so our knowledge about the dimensions of those caldera ex-
plosions is uncertain. For that matter, the dates of all three eruptions also should be
taken as the best current estimates.

The hole in the ground left by the 630,000-year-old eruption is the modern Yellow-
stone caldera, although it has since been mostly filled by smaller “post-caldera” lava
flows. It is so large—and so obscured by subsequent volcanism, glaciation, and forest

growth—that most park visitors are unaware they are inside a gigantic, active volcano.

Volcanism on a Grand Scale

The caldera explosions 2 million, 1.3 million, and 630,000 years ago were the
“granddaddies of them all” in terms of volcanic eruptions at Yellowstone (Figures 3.4
and 3.5). The enormous scale of these eruptions—and the other huge caldera blasts
that repaved the Snake River Plain between 16.5 and 4 million years ago—set the
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Yellowstone caldera, 2 million
years ago, 600 cubic miles

Yellowstone caldera 630,000
years ago, 240 cubic miles
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3.3 o~ Vm’umesqf

Mount Mazama, ~7,600 years ago,

Yellowstone's giant vol- 1

canic eruptions com- Krakatau, 1883, 4.3 cubic miles
pared with volumes of ount Pinatubo, 1991 bic miles
other major eruptions. Mount St. Helens, 1980, 0.24 cubic miles

Yellowstone hotspot apart from the better-known but much smaller volcanic erup-
tions caused by hotspots beneath Hawaii and Iceland. The Yellowstone hotspot is the
largest known center of active volcanism on any continent on Earth.

The three caldera explosions were not only much bigger than the Mount St. He-
lens eruption of 1980, they were larger than most prehistoric eruptions. Consider:

* The three Yellowstone caldera eruptions were 250, 28, and 100 times bigger
than the 1991 eruption of Mount Pinatubo in the Philippines. Despite eruption
predictions that saved thousands of lives, Pinatubo killed more than yoo people,
forced closure of Clark Air Force Base—a U.S. military facility——expelled 2.4
cubic miles of ash, and slightly cooled Earth’s climate for about two years.

* The amount of debris spewed by the Yellowstone eruptions was 33, 4, and 13
times larger, respectively, than the eruption of Mount Mazama in Oregon 7,600
years ago—a blast that left a large crater that now is the water-filled scenic
heart of Crater Lake National Park.

* The Yellowstone eruptions were 140, 16, and 567 times larger than the infa-
mous 1883 Krakatau volcanic explosion in what is now Indonesia, and 17, 2 and

7 times bigger than the gigantic 1814 eruption of Tambora, also in Indonesia.
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3.4 o~ Artist’s conception qf Yellowstone’s landscape, looking south, just before a giant cafdera:forming eruption, show-

ing how mountains once extended north—south across Yellowstone. Small eruptions develop first afong buried fauhs and around

the edge of the future caldera rim. (Chuck Overton.)

Some prehistoric eruptions in North America were comparable in magnitude to
the Yellowstone blasts. Mammoth Lakes, a ski resort on the east side of California’s
Sierra Nevada, sits inside the 10-by-20-mile Long Valley caldera, created by a massive
eruption about 760,000 years ago. That explosion was about one-fourth the size of
Yellowstone’s largest caldera eruption but twice the size of the smallest caldera blast,
the one at Island Park 1.3 million years ago. New Mexico’s 14-mile-wide superim-
posed Valles and Toledo calderas erupted 1.2 and 1.6 million years ago, respectively.
Each spewed an estimated 36 cubic miles of rock—making those eruptions half as big
as the Yellowstone hotspot’s Island Park caldera eruption.
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3.5 ©~  Artist’s conception qf a cataclysmic cafdera:ﬁ:rming eruption at Yellowstone spewing ash,

I gas, and molten rock. As the eruption progresses, the ground sug‘&ce collapses to _fbrm a giant crater
known as a caldera. (Chuck Overton.)

The hot pumice and ash that fell to Earth near the Yellowstone and Long Valley
caldera explosions formed welded tuffs, thick deposits of hot ash that solidified into
hard rock. Tuffs from Yellowstone covered most of northwestern Wyoming, north-
eastern Idaho, and southern Montana.

Winds carried lighter ash great distances. The Yellowstone caldera blasts 2 million
years ago and 630,000 years ago dropped volcanic ash as much as yards thick on most
of what is now the western United States. The ash fell as far east as Minnesota, lowa,
and Missouri, as far south as Mexico, and, in the case of the 2-million-year-old erup-
tion, as far west as a few hundred miles into the Pacific Ocean. Ash from the Long

53



54

Windows into the Earth

Valley eruption in California went almost as far, extending southeast to Mexico and
Texas; east into Oklahoma, Kansas, and Nebraska; and north into Oregon and Idaho. In
contrast, ash from Mount St. Helens’s 1980 eruption blew only about 700 miles away,
falling on eastern Washington and parts of Oregon, Idaho, Montana, and Wyoming, in-
cluding Yellowstone. .

Together, Yellowstone's three gigantic eruptions spewed out 9o7 cubic miles of ash
and rock. That's like a block of rock a mile high, a mile wide, and stretching 907
miles—more than the distance from New York to Atlanta.

Other eruptions, large but less catastrophic, also shaped Yellowstone. Between 2
million and 70,000 years ago, scores of smaller, but still explosive eruptions sent
thick, slow-moving rhyolite lava flowing over the Yellowstone Plateau. The younger
flows now cover much of the area west of Yellowstone Lake, including the Central,
Madison, and Pitchstone plateaus. In addition, some basaltic lavas—the kind of flow
seen in Hawaii—have erupted in Yellowstone as recently as 200,000 years ago.

The rhyolitic and basaltic flows produced almost as much lava as the 907 cubic
miles of ash and debris hurled out by the caldera explosions: One conservative esti-
mate suggests these smaller eruptions generated about 720 cubic miles of lava. The
combined volume of ash, pumice, lava, and other debris totals at least 1,620 cubic
miles—enough material to fill a cube measuring almost 12 miles on each side. That’s
more than enough to fill the Grand Canyon in Arizona. This is a conservative estimate
because it includes only the three caldera blasts and lava flows after the latest one—
but not the lava that flowed after the first two caldera eruptions and later was de-
stroyed by the third caldera eruption.

The hotspot’s 2 million years'of volcanic activity at Yellowstone have been grouped
into three cycles. Each cycle includes a caldera explosion, followed by extensive rhyo-
lite lava flows. Now, 630,000 years after the last caldera cataclysm and 70,000 years
after the most recent rhyolite flows, scientists do not know the significance of Yellow-
stone’s current activity—its geysers and other hydrothermal features, earthquakes,
upward and downward movements of the caldera floor, and the underground flow of
molten rock or magma. Is such restlessness merely the waning stage of Yellowstone's
third volcanic cycle? Or is it the beginning of a fourth cycle that eventually will cli-
max in yet another unimaginable explosion? One fact remains certain: There is no ev-
idence that volcanism has ceased at Yellowstone.

The history of Yellowstone’s volcanic activity first came under scientific scrutiny
with the pioneering expeditions of physician—geologist—naturalist Ferdinand V. Hay-
den in the 1870s. Trappers had hunted in Yellowstone earlier in the century, and
other explorers visited during 1860 to 1870. However, it was during Hayden’s 1871
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expedition that a team of scientists mapped Yellowstone and sketched and pho-
tographed its geological and hydrothermal features. The vivid images struck the pub-
lic imagination, leading to the designation of Yellowstone as the United States’s first
national park on March 1, 1872. Hayden conducted further explorations in 1872 and
1878. Scientific studies have continued with modern research by government and
university geologists. From these studies, it is possible to describe when and how Yel-
lowstone’s calderas and smaller volcanoes formed, and how much of the scenery de-

veloped over time.

Rocks from Volcanic Ash

Hot ash from Yellowstone's three catastrophic explosions fell to the ground and hard-
ened into rock called tuff, composed of fine-grained particles of rhyolite. The size of
the eruptions is reflected by extensive tuff deposits found throughout Yellowstone
and its surroundings.

The first catastrophic caldera eruption at Yellowstone produced the Huckleberry
Ridge tuff, a 500 to 2,500-foot-thick sheet of volcanic rock. The caldera and the tuff
are named for Huckleberry Ridge, a mountain along the southern boundary of Yel-
lowstone park. The tuff layer is a brownish band of rock that can be seen by looking
upward to Huckleberry Ridge itself, located east of Flagg Ranch, which is north of
Grand Teton National Park and just south of Yellowstone’s south entrance. The tuff is
about 8oo feet thick at the ridge. Other remnants of the Huckleberry Ridge tuff now
are mostly covered by younger volcanic flows, but the rock formation is exposed on
top of the northern end of the Teton Range; in Montana’s Madison River Valley; and
even more than 6o miles away near Idaho Falls, Idaho.

Yellowstone’s second gargantuan blast, 1.3 million years ago, formed the Henry’s
Fork or Island Park caldera, which sits within the western end of the larger, 2-million-
year-old caldera. Unlike the 2 million-year-old caldera, which is mostly obscured, the
rim of Island Park caldera is quite evident to anyone driving from Ashton through Is-
land Park, Idaho, and on to West Yellowstone, Montana. A rock layer named the Mesa
Falls tuff was formed by hot ashfall from the Island Park caldera explosion. It is as
much as oo feet thick.

The third caldera blast came 630,000 years ago, centered more to the northeast.
This tremendous explosion drained a huge magma chamber to create the most recent
Yellowstone caldera and deposit the Lava Creek tuff, which in places is 1,600 feet
thick. The modern topography of the Yellowstone Plateau is the flat floor of this
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3.6 o~ The modern Yellowstone landscape. After the last catastrophic caldera eruption, smaller lava flows filled the caldera and
smoothed the terrain. Glaciers later gouged out lakes and valleys. The Yellowstone caldera occupies the central part of the park. The
caldera floor is relatively flat and contains the western half of Yellowstone Lake, two resurgent lava domes, and most of Yellowstone’s gey-
sers. The Teton Range is seen in the distance. (Heinrich Beraan, with permission from the National Park Service.)



Ca[acf)rsm,'

|<— Yellowstone caldera —»|
Rim boundary fault

¥
Faﬂhquakes *

Geyse.vfs Geysers

. Resurgent dome

' : Earthquakes
\‘FNS"W\I‘(I'/
il ¥ #?\%%
Q: Crustal el )
sfrelchmg

Basalt magma |
intrusion
zone

3.7 o~ Volcanism, earthquakes, and geysers interact in the Yellowstone caldera. Heat
and magma originate from the Yellowstone hotspot. Magma ascends into the overlying crust,
melting surrounding rocks and lifting the ground surface. The molten rock explodes to the
surface during eruptions. Then the ground collapses along faults to form a caldera. Pressures
in the ground trigger earthquakes in cooler, brittle rock. The magma also heats grouna’water

_from rain and snow to produce geysers and hot springs. (Adapted from Dzurisin, 1990.)

caldera, altered by millennia of erosion, subsequent rhyolite lava flows, and glaciers
(Figure 3.6).

This giant oval-shaped crater occupies essentially the entire central part of Yellow-
stone National Park. It extends about 4¢ miles from southwest to northeast and about
30 miles from southeast to northwest. Its western edge nears the national park’s west
boundary, where it overlaps the eastern portion of the 2-million-year-old caldera.
The Yellowstone caldera’s east side is just east of Yellowstone Lake.

During the eruption that formed the modern Yellowstone caldera, its floor col-
lapsed more than 1,000 feet along a series of faults that form concentric rings inside
and parallel to the caldera rim (Figure 3.7). As the caldera sank, lava started flowing
out of the faults, or ring fractures. Then the whole caldera blew sky high. The slopes
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3.8 o~ The northwest rim of the Yellowstone caldera north of Madison Junction. The steep south-facing rim

formed when the caldera floor (foreground) sank downward during the most recent giant eruption 630,000 years
ago. Mount Holmes, a 10,336-foot peak (backgmund), is part of the Gallatin Range; the southern end of the range

was destroyed by Yellowstone’s first caldera-forming eruption 2 million years ago.

left when the caldera collapsed a]ong the main ring fault can still be seen a]ong the
north side of the highway near Madison Junction. The north side of the canyon is the
caldera rim (Figure 3.8).

Going with the Flow

Calderas are the most dramatic volcanoes in Yellowstone and the Snake River Plain,
but they are not the only ones. Each of Yellowstone’s three caldera explosions was fol-
lowed, over hundreds of thousands of years, by smaller but still explosive eruptions of

rhyolite lava similar in scale to Mount St. Helens’s 1980 outburst.



Cataclysm!

3.9 o~ Yellow-
stone’s youngest lava
ﬂow, the 70,000-year-
old Pitchstone Plateau
ﬂow, produced long
ridges as molten rock
slowly flowed like mo-
lasses down the plateau’s
southwest side, covering
gullies and cliffs to
smooth the landscape.
This view looks north-
east from Yellowstone’s

southwest corner.

These eruptions shot ash skyward and produced lava flows. The flows formed large
cone-shaped hills or domes—a few hundred yards tall—of slowly moving, jagged,
and jumbled rocks. A single flow covered from 1o to more than 1oo square miles. The
largest of these post-caldera eruptions produced more than 12 cubic miles of lava—
about fifty times the volume of Mount St. Helens’s 1980 eruption, or enough to fill a
cube measuring 2.3 miles on each side.

Since the last caldera blowout at Yellowstone 630,000 years ago, thick rhyolite
lavas have flowed about thirty times from volcanic vents in the caldera, most recently
about 70,000 years ago on the southwest side of the caldera (Figure 3.9). These flows
gradually filled in much but not all of the caldera, as if a baker had failed to apply
frosting to the entire top of a cake. For example, a visitor at Old Faithful is standing in
Upper Geyser Basin. The basin exists because it is surrounded by lava flows that
stopped short of the area.

The rhyolite flows began in the northeast part of the caldera after the caldera ex-
plosion 630,000 years ago. Later eruptions moved generally southwest over hundreds
of thousands of years, eventually covering and smoothing the pre-existing topogra-
phy, and merging to form the gently rolling hills (Figure 3.10). Over time, erosion
formed soils on top of the flows, which now are largely covered by lodgepole pine
forests and broad meadows of the modern Yellowstone Plateau.
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3.10 o~ lava flows that filled in much of the Yellowstone caldera are shown in this geologic map of the
Yellowstone—Teton region. Rock units are colored by age and composition. Boundaries of the Yellowstone and Island Park
calderas are hachured. (Adapted from Christiansen, in press; Smith, 1993; and U.S. Geological Survey maps.)

Cataclysm!

The vents that produced the Hows were lined up in two parallel zones stretching
southcast to northwest, Both alignments coincide with pre-existing zones of weakness
that cross the caldera—the same zones that are thought to be faults at the base of
Teton-like mountains that once crossed Yellowstone.

Why are the vents and faults aligned from southeast to northwest? The vents and
faults arc essentially cracks in the Earth created because the crust is being stretched
apart in a perpendicular, or southwest-northeast, direction, That stretching likely is
caused by the same Basin and Range extension— the widening of the West by crustal
movements—that has pulled apart much of Nevada, western Utah, and southern
Idaho. In that region, the stretching produced the characteristic pattern of mountain
ranges scparated by broad valleys or basins. In Yellowstone, however, the typical
basin-range-basin-range pattern was destroyed by caldera eruptions and then covered
up by post-caldera rhyolite lava flows.

The Hows were fed by underground magma chambers. The molten rock rose up-
ward along the faults, forming vertical walls of molten rock called dikes. The dikes
were scores of yards wide and tens of miles long, running southeast-northwest like
the vents above them. The molten rock in the dikes erupted through the vents.

Along the Snake River Plain, caldera explosions and subsequent rhyolite lava flows
were followed by eruptions of basaltic lavas, The basalts originated from deeper
within the Earth. Only a few such basalt flows are seen in Yellowstone, mainly on the
northern part of the Yellowstone Plateau.

South of Tower Junction near Calcite Springs, impressive vertical, hexagonal
columns of basalt are exposed, looking somewhat like organ pipes. When the basalt
flowed 1.3 million years ago, it formed a flat surface and then cooled, contracting into
the columns. Fach column is many inches wide. Columnar basalt is a common form
of basalt. Another prominent basalt flow is located on Mount Everts, northeast and

above Mammoth Hot Springs.

3 Legend
Rock Ages and Composition

Voleanic Features and Faults
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I 24510 65 million year old siltstone, limestone, sandstone and shale, side is hachured.
[0 50 million year old volcanic breccia and andesite. Secondary faults.
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e

3810 15 billion vear old crystalline basement: granitic and metamorphic rock. —~v—v 801060 million year old thrust faults,
540 w0 245 million year old limestone, sandstone, shale and dolomie, —— .6 million years to present: normal faults, downdropped

16 million do 10,000 year old basalt.

=3 Finst Yellowstone caldera, 2 million year old rhyolite flows and welded tff.
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The Domes: Resurgent Yellowstone

During the past hundreds of thousands of years, two hills—called domes— have
bulged upward from the Yellowstone caldera floor, and the entire floor has slowly
huffed upward and puffed downward as hot water and magma move underground. The
domes grew taller because of a resurgence of magma beneath the caldera. Both domes
started as hills formed by erupting flows of rhyolite. Later, however, they bulged up-
ward even more as magma pushed from below without erupting to the surface. The
magma behaves like pistons, pushing up the domes without piercing the surface.

The Sour Creek dome rises about 1,000 feet above the surrounding countryside.
The older of the two domes, it is located in the northeast part of the caldera, centered
about 6 miles north of Fishing Bridge. It formed after the caldera catastrophe
630,000 years ago. It is an oval-shaped, pine-covered hill about 6 miles wide and
some 1o miles long from southeast to northwest.

The Mallard Lake dome, a mile north of Old Faithful in the southwest half of the
caldera, started bulging upward about 150,000 years ago. It also is slightly oval-
shaped, trending southeast—northwest. It is about 7 miles long and g miles wide (Fig-
ure 3,11),

When a loaf of bread bakes and expands, a broad crack often forms on top of it, ex-
tending from near one end to the other. In a similar manner, the top of each dome is
cracked open from northwest to southeast by a small valley a half mile to 1.2 miles
wide and perhaps 6 miles long. Each valley dropped down along two parallel faults,
which also extend northwest—southeast along the top of each dome. This kind of
small valley, called a graben, forms when a block of ground drops down between the
two faults. The presence of a graben on each dome suggests the domes expanded in
volume as they bulged upward and outward.

The oblong shape of 45-mile-long Yellowstone caldera and the presence of two
domes within the caldera—one to the northeast and one to the southwest—suggests
that a magma chamber in the crust feeds magma upward through two pipe-like con-
duits, which emerge at the surface about 20 miles apart. These conduits fed Yellow-
stone’s volcanism during the caldera blast 630,000 years ago, and have continued to
feed the domes ever since, making them rise and fall. The dual conduits give the
caldera its elongated shape.

Elephant Back Mountain, a ridge that exceeds 8,600 feet in elevation, extends 6
miles from southwest to northeast between the two domes but does not connect them.
Northeast-trending faults extend along the length of Elephant Back Mountain. These
faults probably accommodated the upward bulging of Elephant Back, as well as strains
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Cataclysm)!

3.11 o~ The Mallard Lake resurgent dome is in the center, between Upper Geyser Basin (fore-

ground) and frozen Yellowstone Lake (background). The top of the dome was lified 1,200 feet

above the surrounding terrain by molten rock beneath Yellowstone. (Rick Hutchinson.)

that stretched the mountain from northwest to southeast. It is not unreasonable to as-
sume that the same magma conduits pushing up the two domes also helped push up Ele-
phant Back Mountain. Measurements of how Earth’s crust is deforming at Yellowstone
suggest that a connection between the two domes helps to evenly distribute the pres-

sure of rising magma and hot water, making the entire caldera floor rise or fall as a unit.

Hot Water and Steam Eruptions

Some of Yellowstone’s smallest eruptions are also explosive. These blasts do not
expel pulverized molten rock. Instead, they are explosions of hot water and steam
known as hydrothermal eruptions or phreatic eruptions, from the Greek word for
“well.” They are much bigger and more violent than geysers.

Hydrothermal eruptions happen when hot, solid rock about a mile deep heats up

deep grounclwater that is briny due to chemical reactions with surrounding rock. The
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deep brine, in turn, heats large volumes of shallower, fresh groundwater. Pressures
build underground, and the superheated water flashes into steam, exploding violently
to blow out craters a few hundred yards to a few miles wide. During the Ice Age, the
weight of the glaciers acted like a pressure-cooker lid, allowing even greater pressures
to accumulate underground. That pressure was released after the glaciers receded
about 14,000 years ago—and also during earlier interglacial warm spells—resulting
in particularly explosive steam eruptions.

Hydrothermal eruptions break overlying surface rocks into small fragments called
breccias, which hurtle outward in all directions, forming a rim 10 to 3o yards high
encircling the explosion crater. Phreatic craters are well known around the east side
of the Yellowstone Plateau. They include Indian Pond, Mary Bay, and other small
lakes and bays on the north end of Yellowstone Lake. The shattered rocks from the
Mary Bay explosion can be seen in outcrops on the northeast side of Yellowstone
Lake. Pocket Basin, located in Lower Geyser Basin about 8 miles north of. Old Faith-
ful, was formed by hydrothermal explosions that produced extensive deposits of shat-
tered rock in the area.

The relatively small scale of phreatic eruptions means that older ones have been
covered or obliterated by more recent volcanic or nonvolcanic rocks. Yellowstone’s
oldest known hydrothermal explosion craters are thousands of years old, but such
steam blasts likely punctuated the entire 2 million years of hotspot volcanism at Yel-
lowstone.

All the geysers, hot springs, steam vents, and earthquakes at Yellowstone today are
only minor reminders of the last 2 million violent years of cataclysmic caldera blasts,

extensive rhyolite flows, and explosive steam eruptions.



How Yellowstone

Works

[ ©) M oSt people who visit Yellowstone are blissfully unaware they are
standing on top of an active, breathing volcano. They visit geysers and hot springs,
and may feel some of the numerous earthquakes that rattle the region. Few realize the
seemingly solid ground beneath them is slowly stretching apart and huffing and
puffing upward and downward.

Nor are many visitors aware of the large chamber of molten and partially molten
rock several miles beneath their feet, or of the even deeper plume of hot rock moving
up from deep within Earth. Indeed, it is easy to enjoy the national park’s geysers and
other scenery without stopping to consider they are merely the uppermost, most vis-
ible parts of one of the world’s geological wonders: the Yellowstone hotspot.

Even fewer tourists realize the same forces driving Yellowstone’s renowned gey-
sers also reshaped the landscape of 25 percent of the northwestern United States—a
broad band stretching from Yellowstone almost goo miles southwest to the
Idaho—Oregon—Nevada border. As North America drifted southwest over the hotspot
during the past 16.5 million years, the immense heat and molten rock rising from
Earth’s mantle melted, rearranged, and blew apart the overlying crust.

Today, the hotspot is beneath Yellowstone, making the national park a field labora-

tory of active geologic process: volcanism, earthquakes, faulting, and large-scale move-
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4.1 o~ Yellowstone’s most famous geyser, Old Faithful, Upper Geyser Basin, erupts about every
80 minutes to heights of 100 to 180 feet. Each eruption releases up to 8,500 gallons of hot water.
(Rick Hutchinson.)



How Yellowstone Works

ment and deformation of Earth’s crust. Let us examine how this system works—how
heat and magma, or molten rock, from within the Earth drive small-scale features
such as geysers and hot springs, contribute to the most intense earthquake and vol-

canic activity in the Rocky Mountains, and help mold the topography of the region,

Heat Is Yellowstone’s Driving Force

The amount of heat flowing from the ground in the Yellowstone caldera is thirty to
forty times more than the heat emitted by an average piece of ground elsewhere on
Earth’s continents.

This enormous heat flow provides the energy that melted rock under the caldera
and helped lift Yellowstone to its lofty altitude. Heat powers Yellowstone’s volcanic
activity by melting rock in Earth’s mantle and crust, In turn, the molten rock heats
groundwater to produce geysers and hot springs. Heat influences where earthquakes
happen in Yellowstone, the Snake River Plain, and adjacent highlands. Heat is also the
ultimate force that drives the movements of Earth’s crustal plates and makes North
America drift over the hotspot.

Heat in the Earth is released in two ways:

1. Conduction, or the movement of heat from hotter to colder rock, A common
example of conduction is when heat from a stove is transferred through the bot-
tom of a coffee pot to the liquid inside. Conduction in the Yellowstone hotspot
helps transfer heat from deep within Earth to shallower depths. Of heat released

from the ground at Yellowstone, about 2§ percent comes from conduction.

2. Convection, in which heat is transported by flowing hot fluids such as hot water
or magma. Convection happens inside a coffee pot when heat is carried upward
by hot water that rises buoyantly because it is less dense than cooler water. As
the water boils, the rise and fall of water forms what is called a convection cell.
Convection of molten rock also helps carry heat up through the Yellowstone
hotspot. Near the surface, convection of hot groundwater drives geysers, hot
springs, and fumaroles or steam vents. Convection accounts for roughly 75 per-

cent of the heat released from the ground at Yellowstone.

Despite Yellowstone’s extraordinary hydrothermal attractions, few direct mea-
surements have been made of the amount of heat flowing from the ground in the
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park. Boreholes have been drilled a few hundred to almost 1,500 feet deep to mea-
sure groundwater chemistry, rock composition, and ground temperatures. The
hottest borehole temperatures were about 460 degrees Fahrenheit. This shows that
rocks and groundwater are unusually hot close to the Earth’s surface at Yellow-
stone. Researchers also have dropped temperature probes from a boat on Yellow-
stone Lake to measure the amount of heat flowing upward through lake-bottom
mud. Much of the lake sits inside the Yellowstone caldera. The lake’s southern arms
are outside the caldera. Not surprisingly, the amount of heat flowing through the
lake bottom was five to thirteen times greater inside the caldera than outside it.
This dramatic difference provides more compelling evidence that beneath the
caldera, there is widespread hot groundwater and, at greater depths, molten and
partially molten rock.

On average at Yellowstone, a square meter of ground—somewhat more than a
square yard —emits an amount of heat equal to 2 watts. So if the heat released from
5o square meters of ground was converted to electricity, it would illuminate a 100-
watt light bulb. Yellowstone as a whole emits about g gigawatts of energy—enough
to power a city of more than 2 million people.

Yellowstone’s heat output not only vastly exceeds heat emitted by average conti-
nental rock, it also is twenty times more than the amount of heat released from rela-
tively warm areas of Earth’s crust such as the Snake River Plain or the Basin and
Range Province. Both are being stretched apart, thinning Earth’s crust so heat escapes
more easily and the crust is warmer than in thicker, colder rock.

In addition to producing Yellowstone’s well-known hydrothermal attractions, the
high heat flow created a natural, underground oil refinery in the northern part of the
park. Heating of sediments rich in organic materials has made gas and oil seep to the
surface in places such as Calcite Springs and Rainbow Hot Springs. Elk and bison roll
in oily soil at Rainbow during the summer when insects are particularly pesky. Yet ex-
ploratory drilling failed to find significant oil ficlds around Yellowstone. Some geolo-
gists theorize high heat flow has cooked many hydrocarbons out of the ground.

What does it take to produce the heat observed at Yellowstone? How much new
molten rock must move upward from the hotspot and melt shallower rocks, which
then cool and solidify beneath the park to produce the observed flow of heat?

One estimate is that each year, the amount of new molten rock beneath Yellow-
stone would equal a cube measuring about goo feet on each side-—as long as three
football fields end-to-end—and the magma would have to cool from 1,580 to 840
degrees Fahrenheit. Of course, the magma injected beneath Yellowstone more likely
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is shaped like a huge pie beneath the caldera. The large amount of heat flowing from
the Earth at Yellowstone is strong evidence new magma is emplaced continuously be-
neath the park, providing the energy to sustain geysers, hot springs, and other hy-

drothermal features.

Hot Rocks in Earth’s Crust

Other measurements reveal more about Yellowstone’s underground geology. For ex-
ample, rocks beneath Yellowstone are less dense than rocks in nonvolcanic settings
because high temperatures expand their volume and they are highly fractured. That
allows steam, hot water, and molten rock to intrude into cracks and chemically alter
the composition of the rocks. When a geographic area sits atop rocks that are lighter,
or less dense, the pull of gravity in that area is weaker than in areas of denser rocks.

Measurements show the pull of Earth’s gravity is 30 percent below normal on the
Yellowstone Plateau and in an area extending about 1§ miles northeast. That suggests
hot water and hot and molten rocks not only are beneath Yellowstone, but extend
outside the caldera to the northeast—not surprising because North America contin-
ues to slide slowly southwest over the hotspot.

A more detailed picture of what lies beneath Yellowstone comes from measuring
how fast seismic waves from earthquakes or sound waves from explosions move
through the Earth, then using that information to construct cross-sectional images of
underground geology. Seismic waves travel faster through cold, dense rock and more
slowly through hot or molten rock, which is less dense.

Seismic images reveal Yellowstone's subsurface rocks include a 3,000- to 6,000-foot-
thick top layer made up of solidified rhyolite lava flows capped by more recent sedi-
ments. Beneath that, extending as deep as 8 miles, is a giant pluton—a blob of granite
that is hot but mostly not molten. However, within the pluton is the magma chamber.

Many people envisage Yellowstone’s magma chamber as an underground lake of
molten rock within which one could row a fireproof boat. However, seismic images
indicate the molten rock beneath Yellowstone is contained in interfingering passage-
ways within a sponge-like volume of solid rock. This zone of spongy, partly molten
rock begins about § miles beneath most of the caldera and extends down to 8 miles.
Beneath the caldera’s northeast corner, some partly molten rock may be as shallow as
3 miles deep. This partly molten rock is only about 10 to 30 percent liquid magma in
a matrix of hot but solid rock (Figure 4.2).
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4.2 o~ Across section of Yellowstone reveals molten rock under the caldera at depths of about 3 to 8 miles. Heat
emitted by the molten rock powers Yellowstone’s geysers and hot springs.

At greater depths, in the lower crust, there must be conduits that allow magma to
move upward from Earth’s mantle. Rocks surrounding the hotspot appear similar to
the colder rocks in the rest of the Rocky Mountains.

Yellowstone’s Geysers and Hot Springs

Prehistoric Indian relics have been found at Mammoth Hot Springs and in Yellow-
stone’s geyser basins (Figure 4.3), and accounts tell of Native Americans bathing in
geysers and using hot-springs water for cooking. Yet Yellowstone’s geysers also in-
spired fear among some early Indians. They interpreted geyser eruptions as “the re-
sult of combat between the infernal spirits,” according to Father Pierre-Jean De Smet,
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a nineteenth-century priest. The famed expedition of Meriwether Lewis and William
Clark traveled north of Yellowstone in 1806. Clark later told of the Indians’ concern:
“Very frequently there is a loud noise heard like thunder which makes the earth
tremble—they state they seldom go there because their children cannot sleep at
night for this noise and conceive it possessed of spirits who are averse that men
should be near them.”

The first white man known to have traveled through Yellowstone was John Colter,
who left the Lewis and Clark expedition and observed what he called “hot spring




4.4 ©~  Anaerial view gf a rare eruption qf Steamboat Ge]ser, Norris Geyser Basin. Steamboat
Geyser is the world's tallest geyser but erupts very irregularly at intervals of four days to fifty years.
It sends water 390 feet high and steam another 350 feet or more. (Robert B. Smith, from an extraor-
dinarily lucky photo opportunity, July 6, 1984.)
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brimstone” while crossing Yellowstone. To beaver trapper Joseph Meek in 1830, Yel-
lowstone’s hydrothermal attractions inspired thoughts of smoke rising from industrial
Pittsburgh on a winter morning—and “about hell and the day of doom,” according to
one account. William Ferris, another trapper in the same era, reported: “The continual
roaring of the springs . . . for some time prevented me from my going to sleep. . . .
Clouds of vapor seemed like a dense fog to overhang the springs, from which frequent
reports of explosions . . . constantly assailed our ears.” Trapper Jim Bridger, whose tall
tales often overshadowed his accurate observations about Yellowstone in the 185os,
called it “the place where Hell bubbled up.”

Yellowstone is renowned for the world’s largest and most spectacular display of
geysers, hot springs, and steam vents (also called fumaroles) (Figure 4.4). Geysers
were named after the Icelandic word geysir, which means gushing. Some 200 to 250
geysers spout off each year at Yellowstone—a greater concentration of geysers than
anywhere else in the world. The park also has thousands of hot springs and steam
vents,

These hydrothermal features are located in places where rainwater and snowmelt
can sink easily into the ground, become superheated by underlying magma, then cas-
ily erupt to the surface again. That is why so many of the geysers and hot springs are
in flat-bottomed valleys between lava flows. Such flows erupted after the last major
caldera eruption about 630,000 years ago. The lava covers much of the Yellowstone
Plateau like frosting on top of a cake, but there are places where the flows did not
converge. These valleys are covered by permeable stream and glacier sediments that
allow water to percolate into the ground where it can be heated.

Yellowstone’s geysers also tend to be located in other places where water can pen-
etrate easily underground, including along active faults inside and outside the caldera,
and at the bottom of slopes where groundwater pools after running off higher
ground. Geysers also are found on the ring-shaped fracture zone along which the Yel-
lowstone caldera floor sank downward during its last catastrophic eruption.

A key theory of how geysers and hot springs work involves the transfer of heat
from brine, which is salty water, 1.5 to 3 miles deep. According to this concept, hot
or molten rock at depth heats the overlying brine (Figure 4.5). Like water boiling in a
pot, the hot brine carries heat upward by convection. That, in turn, heats overlying,
fresh groundwater circulating closer to the surface. The process is aided by the pres-
ence of highly fractured, porous rocks that allow groundwater to flow easily.

When it is confined, deeper groundwater becomes superhcated—exceeds the
normal boiling point—and pressurized, like the contents of an old-fashioned pres-

sure cooker. When enough pressure builds up, the superheated water overcomes the
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4.5 = H’brkin(qx qf‘a Yellowstone geyser illustrate how heatfrom coofing magma rises to warm
dense salty water circulating in a porous rock layer. The brine transfers heat to overlying fresh
groundwater, which is recharged by rainfall and snowmelt. The shallow hot water can be trapped and

Pressurr'zea' in small underground reservoirs, then released suddenfy .rhrougb narrow openings, creat-

ing geysers.



How Yellowstone Works

weight and pressure of cooler groundwater above it, allowing steam and hot water to
burst out of a geyser.

Once a geyser starts erupting, it is self-perpetuating. The initial eruption of hot
water reduces pressure in the superheated groundwater, which then flashes to steam.
The steam blasts upward, gaining force as it passes through a narrow opening, then
hurling out any overlying water. The process is quite similar to what happens when a
pressure cooker’s relief valve suddenly opens: Hot water and steam are expelled at
high speeds through a narrow opening. Even in a large geyser, the steam and water
erupt through an underground conduit that is relatively small. The opening through
which water spurts to form Old Faithful is a slot or crack measuring only about 2 by g
feet at the surface. However, the real action occurs about 22 feet underground.
There, superheated water and steam surge upward at supersonic speeds during erup-
tions as they pass through a slot only about 4 inches wide by perhaps a few feet in
width. During each of the geyser’s 2- to g-minute eruptions, 3,700 to 8,500 gallons
of boiling water spurt through that conduit. Water inside Old Faithful has been mea-
sured up to 244 degrees Fahrenheit— well above boiling—and steam temperatures
reach 265 degrees Fahrenheit. _

Hot springs occur when rising hot water is not trapped in a pressurized reservoir,
but simply flows to the surface. If relatively little hot water flows through clays or
other colored soils, chemicals in the water break down the clays to form bright red,
yellow, orange, gray, or even black mudpots or “paint pots” that burp and belch steam-
ing gases, some with the distinctive rotten-egg smell of hydrogen sulfide. Examples
include Mud Volcano and Black Dragon’s Caldron in Hayden Valley, and Fountain
Paint Pots in Lower Geyser Basin.

When only steam is released without much hot water, the hydrothermal feature is
a fumarole. Such steam vents often are encrusted with deposits of minerals that had
been dissolved in the vent’s hot water and steam supply. Some fumaroles expel steam
continuously at such high speed that they sound like jet engines and sometimes can be
heard miles away.

Hot Springs Basin, a relatively little-known and remote area 1 ¢ miles north-northeast
of Fishing Bridge, has one of Yellowstone’s largest areas of hot springs and fumaroles
(Figure 4.6). The fumaroles produce mounds of sulfur a few feet high. Water in Hot
Springs Basin is 5o acidic that it has dissolved the pants of people who sat on moist
ground. The ground sounds hollow in places where the acidic water dissolved rocks to
create voids just inches beneath the surface. These voids contain steam and hot water.
People walking across Hot Springs Basin and other hydrothermal basins in Yellowstone
have been burned seriously after breaking through a thin crust into the hot water.
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Chemical reactions from heat and hot water also changed the color of rhyolite lava

deposits to create the vivid yellow to pink colors exposed in the walls of the Grand
Canyon of the Yellowstone River. Contrary to popular belief, Yellowstone was not
named for these rocks. Instead, the name was cited as early as 180¢ by Indians who
were referring to yellow sandstones along the banks of the Yellowstone River in east-
ern Montana, several hundred miles downstream and northeast of the national park.

Geysers and hot springs usually cover surrounding ground with deposits of gey-
serite or sinter—a white to gray, grainy mineral made of silica and opal, which is
quartz with extra water in it (Figure 4.7). Sinter deposits occur where hot water per-
colates upward through silica-rich bedrock, usually solidified rhyolite lava inside the
Yellowstone caldera, After thousands of years, sinter deposits built layer upon layer,
creating cones, mounds, and other unusual features that inspired nineteenth-century
explorers to name geysers such as Castle, Cone, Grotto, and Dome.

An even whiter mineral—a form of calcium carbonate or limestone named travertine
—is common in hot springs outside the caldera, notably in the terraces at Mammoth
Hot Springs. Hot, acidic water dissolves underground limestone, which was de-
posited on an ancient seafloor, When the water surfaces and loses acidity, the lime-
stone precipitates as travertine, Other minerals in Yellowstone’s hot springs include

How Yellowstone Works

4.6 o~ The Hot Springs Basin Group of
springs and steam vents, 15 miles north—
northeast qfﬂ‘sﬁing Bridge, is among the largest
thermal areas in Yellowstone. The basin has
yellowish-gray mounds of sulfur and colored
mineral deposits. (Charles Meertens.)

iron oxides, which contribute black and gray colors to Mud Volcano, and bright yel-
low sulfur mounds at Hot Springs Basin.

The colors seen in hot springs can come from sources other than minerals, Light
hitting particles in the water give a delicate blue hue to Grand Prismatic Spring and to
Morning Glory, Opal, and Sapphire pools. Algac and other microbes can flourish at
temperatures exceeding 170 degrees Fahrenheit, growing in thick mats that add
bright green, yellow, and orange colors to some hot springs (Figure 4.8).

Microorganisms growing in Yellowstone's hot springs have found their way into
modern science and criminal law. In the mid-1960s, biologist Thomas Brock discov-
ered a new microbe— which he named Thermus aquaticus—in hot water from Mush-
room Pool. Two decades later, Kary Mullis and colleagues at Cetus Corp. were able to
harness Taq—an enzyme produced by Thermus aquaticus—in a process named poly-
merase chain reaction, or PCR. This method is able to quickly produce millions of
copies of DNA, the genetic material found in every living cell. Mullis earned the 1993
Nobel Prize in chemistry for PCR, which helps doctors to diagnose infectious dis-
eases and scientists to identify disease-causing genes. PCR also is used by police and
prosecutors to identify criminals by making millions of copies of the DNA found in
hair, blood, or other body fluids and tissues. This method was used in O, J. Simpson’s
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4.7 ©~ Mineral cfeposits called geyserite dam a pool c_if hot water (foreground) and ﬁ}rm a 3:ﬁ30t—hi3h mound (back-

ground) called the Sphinx at Rainbow Hot Springs, just north of Hot Springs Basin. (Robert B. Smith.)

murder trial, during which the defense called Mullis to testify on PCR’s shortcom-
ings. The extraction and commercialization of Yellowstone’s hot-water microbes have
triggered debate over how much the government should be paid by so-called bio-
prospectors.

Yellowstone’s most prominent geysers and hot springs are found in six areas: the
Lower, Midway, and Upper geyser basins—including Old Faithful —on the south-
west side of the caldera; Norris Geyser Basin’s Porcelain Basin, where geyserite has
formed a porcelain-white landscape; Mud Volcano in Hayden Valley; and Mammoth
Hot Springs.

Some of Yellowstone’s geysers erupt continuously. Old Faithful and many other
geysers are famous for spouting off at intervals ranging from minutes to hours, days,

months, and even years. The timing of geyser eruptions depends on the amount of
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4.8 o~  The edges c_rf Emerald Pool, a hot spring in Upper Geyser Basin, are colored by heat-resistant microbes.
(Rick Hutchinson.)

heat and water that powers them. As groundwater is heated from below, it must reach
a critical temperature and pressure before it erupts to the surface. How often it
reaches that temperature depends, in turn, on the initial temperature, volume, and
speed of water flowing into the underground hydrothermal system. The extent to
which rocks are fractured, allowing groundwater to flow, is also a factor. ‘

While Old Faithful is Yellowstone’s most famous geyser, it is not the tallest,
erupting to heights of 100 to 180 feet. Steamboat Geyser, which rarely erupts, is the
world’s tallest, rising 230 to 390 feet above Norris Geyser Basin. Giant Geyser
erupts as much as 200 feet above Upper Geyser Basin. Hours to years can elapse be-
tween eruptions of some of the taller geysers, making Old Faithful the most reliable
of the big geysers because it spouts off roughly every 8o minutes, although that inter-
val was once shorter.
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Earthquakes in Yellowstone

During the summer of 1871, explorer Ferdinand Hayden stood on the shore of Yel-

lowstone Lake during a pioneering field expedition. He later wrote in his journals:

While we were encamped on the northeast side of the lake on the night of the
20th of July, we experienced several severe shocks of an earthquake, and
these were felt by two other parties, fifteen to twenty-five miles distant, on
different sides of the lake. We were informed by mountain-men that these
earthquake shocks are not uncommon, and at some seasons of the year very
severe. . . . | have no doubt that if this part of the country should ever be set-
tled and careful observations made, it will be found that earthquake shocks

are of very common occurrence.

The tremors were so persistent that Hayden named the site Earthquake Camp.
More than a century after his visit, Yellowstone Lake remains one of the region’s most
notable sites for so-called swarms of quakes.

Earthquakes are manifestations of active faulting, mountain-building, and, in some
cases, volcanic activity. They are prominent indications that these processes are active
in Yellowstone. The area produces a disproportionate share of earthquakes in the
80o-mile-long, 120-mile-wide Intermountain Seismic Belt, a band of frequent earth-
quakes that stretches from southern Nevada north through Utah, straddles the
Idaho—Wyoming border and continues north into Montana. The Yellowstone Plateau
represents about 1 percent of the total area in the Intermountain Seismic Belt, yet it
generates up tomt of its earthquake energy. The Yellowstone area is the most
intense regionsrm'ft'i'ty in the Rocky Mountains (Figure 4.9).

The 1959 magnitude-7.5 Hebgen Lake earthquake, centered near the lake on the
west side of the Yellowstone Plateau, was the largest quake in the Rockies in historic
time. It killed twenty-eight campers, most of whom were buried or drowned when
shaking triggered the huge landslide that dammed the Madison River. The same kind
of quake would spell catastrophe for a densely populated urban area like Salt Lake
City, Utah, which sits on top of a similar fault zone.

Earthquakes in Yellowstone have been studied extensively only since the Hebgen
Lake disaster. Because of its remote location, Yellowstone did not have permanent seis-
mographs until the early 1970s, when such devices were installed by the U. S. Geologi-
cal Survey. Starting in the early 1980s, the University of Utah began operating modern

seismographs that record data on quakes, then use microwave facilities and satellites to
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4.9 o~ Earthquakes of the Yellowstone—Teton region. Epicenters of earthquakes from 1973 to 1996 are indicated by red
dots. Most qf the quakzs were under magnitude 5. The most intense earthquake activity is in the northwest corner of Yellowstone
between Norris Geyser Basin and the Hebgen Lake fault. The Teton fault now is seismically quiet. Active faults are shown as

black lines and post-caldera volcanic vents as orange stars.
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transmit the information to the university in Salt Lake City, where the data are used for
research and informing the public of the risk of quakes in Yellowstone.

Hundreds to thousands of earthquakes are recorded each year in and around Yel-
lowstone. They range from below magnitude 1 to the magnitude-7.5 Hebgen Lake
quake. Most are small—weaker than magnitude 3. Yellowstone’s seismicity reveals
much about the stresses now active in the region, including the influence of molten
rock beneath the surface and the stretching apart of Earth’s crust in the Basin and
Range Province.

Basin and Range Earthquakes

Even before the hotspot started producing extensive volcanism at Yellowstone about
2 million years ago, big earthquakes rocked the Yellowstone—Teton region for mil-
lions of years, helping to shape its spectacular topography. The stretching apart of the
Basin and Range Province produced such quakes and continues to do so today.

The Basin and Range Province extends from the abrupt east front of the Sierra
Nevada in California to the steep western base of the Wasatch Range in Utah. It in-
cludes Nevada, western Utah, and portions of southeastern and eastern California,
southeastern Oregon, southern and central Idaho, western Wyoming, and southwest
Montana. Driven by movements of Earth’s tectonic plates, the crust is stretching
apart in an east—west direction in most of this area, and in a northeast—southwest di-
rection in some areas in and around Yellowstone. The different directions of stretch-
ing probably relate to differences in how the North American plate of Earth’s crust is
colliding with crustal plates beneath the Pacific Ocean.

Stretching of Earth’s crust creates “normal” faults, the type of fault where ground
on one side of the fault moves down and away from ground on the other side. Moun-
tains rise and valleys drop along these faults. Such movement created the striking
topography of the Basin and Range: Scores of island-like mountain ranges, each run-
ning from north to south, are separated by a series of desert valleys, also elongated in
a north—south alignment.

When epicenters from Yellowstone’s numerous quakes are plotted on a map,
many fall along lines that are oriented from north to south or northwest to south-
east. This means the faults that produced the quakes also run along north—south and
northwest—southeast alignments. The faults are aligned that way because Yellow-
stone still is being pulled apart by the stretching that has shaped the rest of the Basin
and Range. To accommodate such stretching, faults are formed roughly perpendicu-
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lar to the direction of the stretching. So are mountains that rise along those faults. In
the Yellowstone region, mountains shaped by quakes on normal faults include the
steep-sided Teton Range in Wyoming and Idaho and the Gallatin and Madison ranges
in Montana.

Unlike most of the Basin and Range Province, Yellowstone’s landscape has been signi-
ficantly altered by volcanic activity in the last 2 million years, hiding many faults. Within
the Yellowstone calde-ra, many earthquake epicenters fall roughly along two north-
west—southeast lines. As mentioned in Chapter 3, these lines may represent buried faults
along which tall mountains rose until they were destroyed by Yellowstone’s first caldera
eruption 2 million years ago. The lines nearly coincide with vents through which lava
flowed after the big caldera explosions. This suggests Basin and Range stretching of
Earth’s crust not only triggered mountain-building in the Yellowstone—Teton region,
but also influenced the pattern of volcanic activity at Yellowstone.

Earthquake epicenters also fall in a northwest—southeast line in the southern Yel-
lowstone Plateau. This line may represent an extension of the Teton fault buried be-
neath the lava flow that forms the Pitchstone Plateau. It is not known whythis exten-
sion of the north-trending Teton fault would bend to the northwest.

Not all of Yellowstone’s quakes fit the pattern of falling along north—south or
northwest—southeast faults and volcanic vents created by Basin and Range stretching
of Earth’s crust. North of Madison Canyon, epicenters fall along an unusual cast—west
line—apparently a fault zone that parallels what may be a deep volcanic vent. There

is no good explanation for this east—west alignment.

Volcanic Earthquakes
[

While many qpakes inside the Yellowstone caldera fall along the two northwest—
southeast sets/of faults and volcanic vents, many others do not. Many of those tremors
occur in swarms, which are clusters of quakes that occur within a certain period of
time and within a limited area. Quakes in a swarm are similar in magnitude—usually
small to moderate quakes without a notable main shock significantly stronger than the
rest of the tremors.

Earthquakes within the caldera generally are weaker than quakes outside it, and
have not exceeded magnitude 5. Quakes inside the caldera also tend to be centered at
shallow depths of only a few miles, while quakes outside it tend to be centered at
depths of 10 to 12 miles. Unlike the quakes on the northwest—southeast lines, quake
swarms usually are scattered throughout the caldera.
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Why are there swarms of small, shallow, scattered quakes inside the caldera? The
answer is hot rock underground. Its presence means the cooler uppermost part of
Earth’s crust is relatively thin inside the caldera. Quakes only occur ip relatively cool
rock because hotter rock is flexible or ductile and can stretch without breaking. So
quakes in the caldera have to occur at relatively shallow depths where rock is cool. A
large fault cannot form in such thin crustal rock, so the quakes are small. The epicen-
ters are scattered because Earth’s crust within the caldera is highly fractured—not
surprising, considering it was blown apart during big caldera eruptions. Quakes tend
to happen in swarms in places such as the Yellowstone caldera where underground
stress is released on many small faults in highly fractured rock. The movement of hot
water and molten rock beneath the caldera only adds to the quake-generating stress
caused by Basin and Range stretching of the region.

Geysers Need Earthquakes

If fluid movements can trigger seismicity, the quakes in turn change the behavior of
Yellowstone’s geysers and hot springs and ultimately may ensure their survival.

A magnitude-6.1 quake rocked Norris Geyser Basin in March 1975, dramatically
increasing the flows of some geysers and hot springs. Others decreased or became dis-
colored with gas bubbles. The 1959 Hebgen Lake quake activated many dormant gey-
sers. Yet the 1959 quake and the 1983 magnitude-7.3 Borah Peak quake near Challis,
Idaho, 160 miles from Yellowstone, decreased how often Old Faithful erupted. The
interval increased to 8o minutes after small quakes in 1998. Geyser activity has been
changed by tremors as small as magnitude 4 and by swarms of smaller quakes. A 1978
swarm between Yellowstone Lake and Canyon Junction coincided with an increase in
flow from Mud Volcano, raising ground temperatures and killing many nearby trees.
Geysers temporarily erupted in the Yellowstone River and in a small lake near Mud
Volcano. A magnitude-2.2 temblor in 1998 preceded the revival of Cascade Geyser,
dormant since the 1800s, and Vault Geyser, which had not erupted since 1988. Yet
Old Faithful erupted a few minutes less frequently after the quake. Old Faithful has
been less than faithful over the decades, with intervals between eruptions changing in
apparent response to various quakes.

Even quakes far from Yellowstone influence the park’s hydrothermal system in un-
expected ways. A swarm of tiny quakés in Yellowstone in 1992 was triggered by the
magnitude-7.3 quake at Landers, California, some 800 miles away. One theory is that
seismic waves from the distant quake briefly compressed rocks at Yellowstone, in-

creasing the pressure of hot water ﬂowing through cracks in the rocks. This increased
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4.10 o~ Elk roam Yellowstone’s beautiful Mammoth Hot Springs. These terraces are composed of

travertine, which is derived from limestone. (Henry Holdsworth.)

fluid pressure reduced friction enough to let rocks slide past each other on those
cracks, producing small tremors.

Scientists speculate bigger, nearby jolts are required to keep Yellowstone’s plumb-
ing system open. The hot-water conduits feeding geysers and hot springs become
clogged by minerals that precipitate out of the water, just as waterlines in homes with
hard water can become clogged. Frequent quakes break up mineral deposits and cre-
ate new fractures in rock, allowing hot water to keep flowing to geysers and hot
springs. Even Old Faithful could sputter out and die if nearby quakes ever stopped.
Despite the frequency of quakes in Yellowstone as a whole, the park contains several
geyser basins that went extinct due to the lack of adequate shaking.

The Shlfting Shore

As Idaho and western Wyoming drifted over the Yellowstone hotspot during millions
of years, the landscape directly above the hotspot bulged one-third of a mile upward.
Then, as the crust continued to drift, the high terrain sank again in the hotspot’s wake.
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For more than the past 2 million years, the Yellowstone Platcau——already' high in the
Rockies—has been lifted higher on top of the hotspot.

At an elevation of about 8,000 feet, the plateau includes the central portions of the
national park, including Yellowstone Lake, Hayden Valley, and the Old Faithful area.
Surrounded by peaks of more than 12,000 feet, the plateau is relatively flat, with low
rolling hills and ridges covered by dense lodgepole pine forests and open valleys of
grass and sagebrush. The flattened topography exists because explosive volcanism de-
stroyed ancestral mountains; the landscape was then smoothed by smaller lava flows,
glaciers, and lake sediments.

The heart of this high plateau is the giant volcano known as the Yellowstone
caldera. The west half of Yellowstone Lake occupies the eastern part of the caldera.
Near the lake’s shores, flat areas are perched at elevations ranging from a few yards to
a few tens of yards above the present water level. These flat areas, called terraces, are
like broad stairsteps. Each terrace is an ancient beach, formed when lake waters were
higher than they are now. Since glaciers retreated from Yellowstone about 14,000
years ago, the lake’s ups and downs have sculpted terraces at a minimum of eleven dis-
tinct elevations. Signs of five of the terraces can be seen all around the lake.

The terraces reveal far more than a record of changing lake levels. They unveil
what in geological time is the most recent history of the Yellowstone caldera: how it
repeatedly heaved upward and sank downward. The caldera floor rose when fresh
molten rock was injected beneath the caldera, and from the resulting buildup and ex-
pansion of hot water at shallower depths. The caldera dropped down as magma or hot
water either drained away or cooled.

Researchers believe each terrace represents one episode, lasting roughly 1,000
years, during which the caldera floor rose upward, leaving an old beach high and dry,
then sank again. The lake terraces reveal that despite ups and downs, the caldera floor
generally sank from the time the glaciers receded until about 4,500 years ago. Since
then, and despite recent ups and downs, the main part of the caldera has moved up-
ward while its edges sank. Based on estimates of how much magma has been injected
beneath the caldera in recent millennia, the caldera’s movements suggest hot rock
made the middle of the caldera bulge upward while stretching of the Basin and Range
Province pulled the caldera apart, making its edges sink.

The Yellowstone Caldera Huffs and Puffs

Like calderas in Italy and California, Yellowstone repeatedly huffs a few feet upward
and then puffs downward on a scale of years or decades—movement unnoticed by
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millions of visitors. That makes Yellowstone what some scientists have called “a giant
caldera at unrest.”

In the 1970s, scientists noticed trees at the south end of Yellowstone Lake were in-
undated as the part of the caldera under the north end of the lake rose upward and the
part under the south end sank. Precise surveying of benchmarks on the ground
showed the Yellowstone caldera rose almost 30 inches from 1923 to the mid-1970s.
The ground rose another 10 inches from the mid-1970s to 1984. In other words, the
central portion of Yellowstone National Park bulged upward 3.3 feet from 1923 to
1984. Later surveys, including precise measurements using Global Positioning Sys-

tem (GPS) satellites, showed the uplift halted and then reversed, with the central Yel-
fowstone caldera dropping by almost 8 inches from 1985 to 1995. Then, beginning in
late 1995 and 1996, images and surveying measurements made by satellites revealed
the caldera floor was rising again.

All the measurements taken from 1923 through 1997 have captured—for the first
time—a full cycle of how Earth’s crust in the Yellowstone caldera is being deformed
by the underlying magma chamber and hotspot. Yellowstone’s huffing and puffing

typiﬁes calderas. Such activity can continue for tens of thousands of years without an

eruption. California’s smaller Long Valley caldera— the ancient volcano in which the
ski town of Mammoth Lakes is located—bulged upward about 1§ inches from 1975
to 1983, accompanied by four magnitude-6 quakes and many lesser jolts in the carly
1980s. The activity prompted the U.S. Geological Survey to issue a 1982 “notice of

potential volcanic hazard,” which later was rescinded as the quakes abated. In Italy, the
Campimr Naples has huffed upward and puffed downward by as
much as a dozen yards over several centuries—it rose 6 feet during 1982 to 1984
alone—all without erupting. Numerous earthquakes related to the unrest shook up
the 100,000 residents of Pozzuoli, a town in the middle of the caldera.

The Yellowstone caldera’s uplift from 1923 to 1984 most likely was caused by

molten rock moving upward several miles beneath the caldera, the pressurization of

underground hydrothermal resefvoirs sealed by minerals and7or the cooling of
molten rock. Such cooling could have released gases and hot water that migrated up-
ward and increased the pressure in the shallower hot-water system enough to lift the
entire caldera floor. The sinking of the caldera floor starting in 1985 may have re-
sulted from a reduced rate of intrusion of new magma and hot water beneath the
caldera, or from molten rock, hot water, and gas draining underground away from
the caldera. The renewed uplift of the caldera starting in 1995—1996 could be attrib-
uted to the same causes as the 19231984 uplift. The Yellowstone caldera is likely to
keep huffing and puffing repeatedly for a long time before it bursts into a violent vol-

canic eruption. POJ\ Lt 6
‘gC/l-"W e
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Mystery ofthe Hebgen Lake Fault Zone

The most prolific of Yellowstone’s recorded earthquake swarms did not occur inside
the caldera, but just outside its northwestern boundary in late 1985 and early 1986.
At its peak in November 1985, the swarm produced hundreds of tremors each day,
some with magnitudes-up to 4.5. About thirty quakes were strong enough to be felt,
prompting some nervous residents to leave West Yellowstone, Montana. The epicen-
ters of the swarm fell on a line extending from the caldera roughly 20 miles north-
west toward the Hebgen Lake fault zone, which ruptured during the deadly quake in
1959. The same line also connected with one of the two northwest—southeast lines of
epicenters inside the caldera.

It was not known until later, but the 19851986 quake swarm started at about the
same time the caldera began to sink. Coincidence? Consider some history.

The Hebgen Lake quake was unusual as well as disastrous. Two segments of the fault
broke during the quake. Vertical movement on those parallel faults was as much as 22
feet. (See Figure 1.2.) That is extraordinary movement considering that the total
length of the faults that broke was less than 25 miles. Put another way, the quake re-
lieved an unusually large amount of stress given the length of the fault rupture. Usually
it would take a longer fault to create so much vertical movement. This suggests the
Hebgen Lake quake was caused not only by the Basin and Range stretching of Earth’s
crust but also by the uplift of the entire Yellowstone region due to the hotspot.

The southwest—northeast stretching explains the northwest—southeast alignment
of the Hebgen Lake fault zone, the line of epicenters from the 1985-1986 quake
swarm, and one of the two lines of epicenters and lava vents inside the Yellowstone
caldera. This long crack in the Earth is being pulled open perpendicular to the direc-
tion of stretching,

At the same time, the hotspot sends magma upward beneath the region. Some of
that magma and overlying hot water intrudes into overlying, vertical faults or cracks,
forming vertical walls of molten rock, known as dikes. The two northwest—southeast
lines of epicenters inside the caldera likely represent quakes triggered by magma
squeezing upward to form two dikes.

The 1985—1986 swarm of quakes could have been caused by magma or hot water
draining out of the caldera to the northwest along a long line of dikes and underground
faults created by Basin and Range stretching of the region. The close timing of the
quake swarm and the sinking of the caldera floor make that a tempting explanation.



The Broken Earth
Why the Tetons Are Grand

e OI] a summer morning when the breeze blows cool, it is easy to realize
the lakes and sagebrush-covered glacial plains of Wyoming’s Jackson Hole sit at nearly
7,000 feet elevation. Yet the altitude of this gorgeous valley is diminished by the view
to the west: The precipitous east front of the Teton Range towers above the valley
floor, with 13,770-foot Grand Teton and other rugged, snowclad peaks catching the
first golden rays of daybreak.

This is one of the most spectacular mountain vistas in America (Figure g.1).
Whether at chill dawn, in glistening light after a torrential afternoon thunderstorm,
or during summer evenings when the sun descends behind the jagged Tetons, it is a
view that brings solace and peace.

Yet the serene splendor of Grand Teton National Park belies a hidden fury. It is not
volcanism, which is concealed beneath the gentle pine-covered Yellowstone Plateau
to the north. Instead, this defiant topography was born of seismic disaster as the
Teton fault repeatedly and violently broke the earth, producing a few thousand mag-
nitude-7 to -7.¢ earthquakes during the past 13 million years.

During each major jolt, Jackson Hole dropped downward and the Teton Range

rose upward, increasing the vertical distance between the valley and the mountains by
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5.1 o~ The Teton Range rises dramatically
above Jackson Hole, with a 7, 100-foot elevation
difference between the range's highest peak—
13,770-foor Grand Teton (center)-——and the val-
ley floor. The mountains rose and the valley fell
during thousands of earthquakes along the Teton
Jault, located along the east base of the range. Tree-
covered low hills across the middle of the photo are
glacial moraines dumped by the most recent ice
sheet that receded from Jackson Hole abour 14,000
years ago. (Tom Mangelsen. )

3 to 6 feet and sometimes more (Figure 5.2). Now, after 13 million years of earth-
quakes, the tallest peaks tower almost 7,000 feet above the valley floor.

Actual movement on the fault has been even greater. Jackson Hole dropped down-
ward perhaps 16,000 feet during all those earthquakes. Rock eroded from the Teton
Range and other mountains by streams and glaciers filled Jackson Hole with thou-
sands of feet of sediment, disguising how much the valley sank.

Combine the uplift of the mountains and the sinking of Jackson Hole, and the best
estimate—although still plagued by uncertainty—is that movement on the Teton
fault has totaled 23,000 feet (Iuring the past 13 million years.

That is a tiny fraction of Earth’s 4.6-billion-year history. Consider the effects of re-
peated cpisodes of mountain-building during eons before the Teton fault was born:
The oldest rocks high in the Teton Range are 2.8-billion-year-old gneisses and schists
and 2.4-billion-year-old granites. They have been lifted as much as 33,000 feet from
their subterrancan birthplaces— more than the height of Mount Everest (Figure 5.3).

As impressive as that sounds, the power of the Teton fault is revealed by how
quickly, in geologic time, it has lifted the mountains. Of the 33,000 feet or so of
mountain-building uplift in 2.8 billion years, more than two-thirds of the movement

happened only since the modern Teton fault became active 1 3 million years ago,

Mountain
rises

Valley sinks
Earthquake 1 Earthquake 2

5.2 = Each major earthquake on the Teton fault produced 3 to 6 feet of vertical ground movement, creating a steep scarp
or face on the mountain front. Each quake makes the scarp taller, shawn here with quakes 1 and 2. The valley floor drops and

tilts along the fault as the mountains rise. Sediments eroded from the mountains fill the sinking valley ro keep it relatively flat.
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5.3 o~ Cross section showing the fault-caused westward tilt qf rocks on the west side c_rf the Teton Range and beneath
Jackson Hole. Total movement on the Teton fault and from earlier mountain-building is about 6 miles, which is the elevation
difference between rock layers high in the mountains and their projected location beneath Jackson Hole.

The seismic power of the Teton fault is not unique. Grand Teton National Park sits
within the Intermountain Seismic Belt. The belt is a zone of weakness within the
North American plate, one of the great, drifting slabs that make up Earth’s crust and
upper mantle.

The Rocky Mountains and Colorado Plateau sit east of the seismic belt. To the west
is the Basin and Range Province, a region of the interior western United States that is
being stretched apart. This stretching is responsible for creating the Teton, Wasatch,
Hebgen Lake, and other powerful faults within the Intermountain Seismic Belt,

The belt is apparent on seismicity maps as a diffuse band defined by the epicenters
of earthquakes, most of them small to moderate but also some of the strongest in U.S,
history: the magnitude-7.5 Hebgen Lake disaster northwest of Yellowstone in 1959
and the 7.3 Borah Peak, Idaho, quake in 1983. The Hebgen Lake quake, centered only
55 miles northwest of the Teton Range, was the largest historic earthquake in the
Rockies and the Intermountain Seismic Belt.

The Teton fault is a “normal” fault. Because the Earth is being stretched apart in the
region, ground on one side of the fault moves down and away from ground on the
other side during earthquakes. It is a different kind of fault than California’s San An-
dreas, which is a “strike-slip” fault where ground on one side of the fault moves hori-
zontally past ground on the other side. Normal faults like the Teton generated the
Hebgen Lake and Borah Peak quakes. Violent ground shaking and rupturing of the
landscape during those disasters indicate what lies in store for Grand Teton National
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Park when the Teton fault eventually lets loose—and for Salt Lake City when the
Wasatch fault breaks.

The Teton fault first was described in the 1930s, but detailed studies did not begin
until the 1970s, when there was wide recognition that it was capable of gencrating
large earthquakes that could trigger landslides and avalanches, and threaten structures
in the region, most significantly Jackson Lake Dam. If a major quake collapsed the
dam, the upper 40 feet of water in this large lake would rush down the Snake River,
flooding downstream inhabited areas such as Moose—the site of Grand Teton Na-
tional Park headquarters—and low-lying areas near Teton Village and the town of
Wilson. Because of the threat, the dam was strengthened in the late 1980s.

There are large uncertainties in estimating how often big destructive quakes rip
the Teton fault. However, an average of roughly once every couple thousand years is a
good estimate. The last magnitude-7-plus quake happened sometime between 4,840
and 7,090 years ago. That suggests another seismic disaster in the Tetons— the first
to be experienced by modern humans—is overdue.

Yet the 2,000-year “repeat time” for major quakes is only an estimate. And there is
debate about the once-popular idea that “characteristic earthquakes” happen like
clockwork on certain faults, Different kinds of faults—including the Teton and San
Andreas—display evidence that clusters of several strong quakes can occur in a rela-
tively short geologic time, followed by long, quiet periods with no earthquakes. So it
is possible the Teton fault is now in such a slumber period, and the next major shake
may be thousands of years in the future.

Whatever the uncertainty about the timing of the next big quake, there is little
doubt it will happen. The Teton fault is “locked” and represents a “seismic gap”™—a
stretch of the Intermountain Seismic Belt deficient in quake activity in recent millen-

nia. The quiet period must end, sooner or later, with a major quake that fills in the gap.

“Trois Tetons”

The Tetons were named by lonely French-Canadian beaver trappers in the late eigh-
teenth century. They referred to Grand, Middle, and South Teton peaks as “Trois
Tetons” or “three breasts.” Nathaniel P. Langford—who explored Yellowstone in
1870 with Henry Washburn and military escort Lt. Gustavus Doane—said of the
trappers: “He indeed must have been of a most susceptible nature and, I would fain
believe, long a dweller amid these solitudes, who could trace in these cold and barren

peaks any resemblance to the gentle bosom of a woman.”
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John Colter ventured into Jackson Hole shortly after leaving the Lewis and Clark
expedition, He entered the valley on its east side and continued north into Yellow-
stone in late 18c7—the first white man known to have visited the region. Many trap-
pers visited Jackson Hole until beavers were trapped out and the fur trade collapsed
in the late 1830s. It was left in solitude until the late 1800s, when geologists detoured
from their exploration of Yellowstone and ostensibly made the first ascents of Grand
Teton. Soon, pioneers began homesteading Jackson Hole—named for a fur trader,
Davy Jackson—and established the town of Jackson, Wyoming.

Unlike Yellowstone, which was designated a national park a year after Ferdinand
Hayden’s 1871 expedition, it took decades of controversy to fully protect Grand
Teton National Park, the “Switzerland of America.” The Teton Range became part of a
national forest in 1908 and much was designated Grand Teton National Park in 1929.
Jackson Hole was excluded due to opposition by ranchers who feared for their liveli-
hood and wanted freedom from government regulation. After John D. Rockefeller
quietly bought several ranches and donated them to the government, the protected
area was enlarged to include Jackson Hole and the north end of the Tetons in 1943.
The park and monument were combined into Grand Teton National Park in 1950.
The park encompasses the Teton fault, the Teton Range that rose along the fault and
the valley of Jackson Hole, which dropped along the fault. The park owes its scenery

and existence to an active fault.

Topography of the Tetons

Grand Teton National Park’s landscape has been shaped by its active geology (Figure
5.4). The landscape reveals those processes: faulting, other earlier episode of mountain-
building, and the relatively recent passage of huge glaciers.

The Teton Range extends 4o miles, from north to south, and is 15 miles wide east
to west. Its spectacular eastern front is steep, gaining it world renown among moun-
taineers. From the loftiest peaks, the range drops eastward to Jackson Hole in only a
few miles (Figure 5.5). In contrast, the western side of the Teton Range is a long,
gentle slope, taking more than 1o miles to descend from the highest peaks west into
Idaho. This striking lack of symmetry betrays the evolution of the Teton Range. It is
evidence for the long-lived and still active Teton fault, which runs more than 4o miles
from north to south in Jackson Hole along the eastern base of the range. The east
front of the Teton Range runs along a fairly straight north-to-south line because the
fault cleanly separates the mountains from Jackson Hole.



Rendezvous Mountain ﬁ;";‘:!{"“ Mount Moran
g 12,605 ft.

2.8 and 1.5 billion year old crystalline basement: granitic and metamorphic rocks,
540 to 245 miillion year old rocks primarily deposited in a deep ocean: limestone,
sandstone, shale and dolomite.

245 to 66 million year old rocks deposited mainly in a shallow ocean: siltstone,
limestone, sandstone, gypsum, conglomerates, coal beds and shale.

60 million to 3 million year old volcanic conglomerates, tuff, clay stone, sandstone
deposited in shallow lakes accompanied by local volcanism.

2 million year old rhyolite and welded tuff deposited during Yellowstone's first
giant, caldera-forming volcanic eruption.

150,000 to 14,000 year old glacial outwash and till deposited by glaciers.

1.6 million year old to present, landslide and stream deposits, gravel, sand and

alluvium.

Hillill

5.4 o~ Topography and geology of the Teton region. The Teton Range’s core is made of 2.4- and 2.8-billion-year-old
rocks called gneiss and schist. The youngest rocks are valley floor sediments deposited by glaciers and rivers. The Teton fault
(hachured line) extends about 44 miles north—south and separates the uplifted mountain block from the valley floor of Jackson
Hole. Volcanic rocks from Yellowstone’s eruptions cover the northern part of the range. They were uplifted several thousand feet
by the Teton fault.
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The valley of Jackson Hole is bounded by the precipitous Teton Range on the west

and highlands on the east. The valley is up to 1o miles wide and go miles long,
stretching from the north end of Jackson Lake southward beyond the city of Jackson,
Wyoming. Jackson Hole is vegetated largely by sagebrush and grass flats, with some
areas of cottonwood and aspen, and hills of glacial debris covered by pines and firs.

Imagine the steep east face of the Teton Range extending downward and eastward
beneath Jackson Hole, like a big ramp slanted at an angle of between 44 and 60 de-
grees. This is the Teton fault. The fault intersects the ground surface at the east base
of the Teton Range, then dips down and eastward beneath Jackson Hole, eventually
reaching a depth of about 10 miles under the valley's east side.

During big earthquakes—jolts measuring 7 or more in magnitude—the valley
dropped down and eastward along the ramp-like fault, tilting a bit westward in the
process. Meanwhile, the mountains rose up and tilted westward, Over 13 million
years, this activity created the abrupt east front of the Tetons and the gentle slope of
the range’s west side. The Teton Range isa westward-tilted block of rock bounded by
the fault on its east side.

Each big earthquake on the Teton fault lifted the Teton Range an average of 3 to 6
feet upward relative to the land east of the fault, creating a small cliff-—called a

The Broken Earth

5.5 o~ Aerial view gf the Teton
Range and Jackson Hole looking north.
This picture roughly corresponds to the
cross section in .ngurz 5.3. Jacksen Hole
(right) is bounded by the uplified Teton
Range (left), which tilts west. Sediment
layers under Jackson Hole also dip west
against the Teton fault.

scarp— where the fault intersected and broke the ground surface. Over time, re-
peated quakes made the cliffs taller. Because glaciers resculpted the landscape until
14,000 years ago, only scarps younger than that are visible now. A prime example is
the scarp above String Lake (Figure 5.6).

Of the total movement on the fault from the last 13 million years of earthquakes,
Jackson Hole dropped roughly twice as far as the Teton Range rose. Erosion ate away
at the mountains, Streams carried eroded rocks, gravel, and sand into the lakes and
streams of Jackson Hole, filling the valley and making it relatively flat, This pattern
has been observed on other normal faults, including those that produced the 1959
Hebgen Lake and 1983 Borah Peak quakes.

It is easy to visualize why the stretching of the Earth in the Teton region makes
Jackson Hole sink lower along the fault during big quakes. It is harder to understand
why the mountains rise. An analogy can help.

Imagine cutting a piece of lumber—a 2-inch-by-4-inch stud—in half, But instead
of cutting straight down, cut downward at a 45-degree angle, This slope represents
the Teton fault. Now put both pieces of wood in a tub of water and watch how they
float. The piece of wood that is longer on top represents Jackson Hole. It floats lower

in the water because it has more mass on top. The piece of wood that is longer on the
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5.6 o~ The steep slope in shadow, stretching left to right across the middle of the photograph, is the scarp or embankment
Jformed by several magnitude-7 and larger earthquakes on the Teton fault since the glaciers receded 14,000 years ago. The
quakes caused 125 feet of vertical movement, creating the scarp in glacial debris above String Lake. (National Park Service.)

bottom represents the Teton Range. It floats higher because there is more mass on the
bottom, and that mass of wood is less dense than the water. In a similar manner, the
Teton Range rises upward because the rocks that make up the roots of the mountain
range are less dense than underlying rocks.

The lofty crest of the Teton Range is a cathedral of sharp pinnacles, including the
highest peak, Grand Teton, at 13,770 feet. To its north is Mount Owen at 12,928 feet
and Mount Moran at 12,605 feet. South of Grand Teton is 12,804-foot Middle Teton
and 12, 514-foot South Teton. This throne of peaks is cut by deep alpine canyons that
drop eastward into Jackson Hole. They were carved by glaciation and stream erosion

(Figure 5.7).
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§.7 o« The central part qf the Teton Range towers 7,100 feet above Jackson Hole due to movement on the Teton ﬁm’:,

which runs afong the east base -:?f the range. From Ieft to right are South Teton, Middle Teton, Grand Teton, Mount Owen, and
Teewinot Mountain. Grand Teton is topped by 2.4-billion-year-old granites, with 2.8-billion-year-old gneiss on its lower east-
ern face. The eroded canyons were scoured and the high peaks sharpened by glaciers.

Year-round snow fills crevices and gullies at the top of the range, which has a dozen
glaciers. These glaciers and their larger prehistoric predecessors have scoured and

scraped the Tetons, sculpting the fine details of its ragged spires, horns, and precipices.

Faulted Earth, Flowing Waters

The Teton fault also shaped the topography of streams and lake basins, and thus in-
fluenced the flow of water. In most mountain ranges, the crest is the highest ridge and

also delineates the drainage divide, with water flowing in opposite directions from the
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crest. Yet the high crest of the Teton Range is 2 to 3 miles east of the range’s drainage
divide and only a few miles west of Jackson Hole. Canyons rising from Jackson Hole
cut through the crest and extend far west of it, so water falling west of the crest actu-
ally can flow downhill to the east. This odd effect is a direct result of the rapid uplift of
the east face of the Tetons along the Teton fault. Streams on the precipitous east slope
have greater power to erode than streams flowing more gently down the west slope. So
the east-flowing streams cut canyons that are decper and extend farther upstream to
the west, encroaching on the west slope and diverting its drainage eastward.

Like the west slope of the Teton Range and the rock layers within it, Jackson Hole
and the underlying rock layers also tilt gently westward. Most of the valley floor tilts
less than 1 degree, which is not easily visible to the naked eye but can be measured by
surveying instruments. Part of this tilt is due to debris that washed out of glaciers and
is thicker in the middle of the valley than near the west side and the mountains. How-
ever, Jackson Hole’s west side is lower than its east side primarily because the west
side is closest to the Teton Range and Teton fault. During big quakes, vertical move-
ment was greatest near the fault, so the west side of Jackson Hole dropped more than
the east side, tilting the valley floor and underlying sediment westward.

The effect of the tilting was to help create a low trough along the west side of Jack-
son Hole. Water still flows into the trough, helping to explain why a string of scenic
lakes sits on the west side of Jackson Hole: Jackson, Leigh, Jenny, Bradley, and Taggart
among them.

The Snake River originates in Yellowstone and flows south into the north end of 16-
mile-long Jackson Lake. The river flows eastward out of the lake’s east side, then turns
south and southwest, leaving Jackson Hole at the valley’s southern end. The ancestral
Snake meandered back and forth across this valley, changing courses repeatedly over
time and leaving a series of step-like terraces as evidence of ancient channels.

Streams flowing east out of the Teton Range normally would be expected to flow
directly eastward into the Snake River. The lakes also would be expected to drain east-
ward into the Snake. Instead, the streams either flow southward once they enter Jack-
son Hole and later join the Snake, or they flow into the lakes, which then drain to the
south via Cottonwood Creek. Why? For the same reason the lakes are where they are.
The west side of Jackson Hole is lower than the east side because of the fault, and the
streams and lakes cannot flow uphill to the east. Jackson Lake is an exception. It drains
east toward the Snake River—and did so even before the dam raised the lake level —
because tall ridges or “moraines” of glacial debris block the south end of the lake.

The lakes also provide evidence of more recent phenomena that shaped this gor-
geous landscape. So do depressions, ponds, and small hills in the sagebrush flats at the
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north end of Jackson Hole. These features were left by the most recent of a series of
glaciers that advanced and retreated over Jackson Hole in three episodes starting per-
haps as much as 2 million years ago and ending 14,000 years ago. The glaciers origi-
nated high on the Yellowstone Plateau and pulsed north and south. As the glaciers
moved south into Jackson Hole, they scoured the landscape, scraping out and deepen-
ing lakes and ponds. They also dropped large amounts of rocky debris, creating
island-like hills that now are covered by conifer trees and rise above Jackson Hole’s
sage-filled flats.

Birth of a Fault

The modern Teton fault, which was born as long as 13 million years ago, has existed
for a mere trifle in Earth’s history. The fault and more recent glaciation shaped the
modern Teton Range, but Precambrian rocks form the backbone of the range and re-
veal ancestral mountains were being uplifted there at least 2.8 billion years ago, only
to be eroded during ensuing eons.

Another major period of mountain-building formed the Rocky Mountains roughly
80 to 30 million years ago. It happened because one of the drifting tectonic plates that
make up Earth’s crust and upper mantle pressed against the west coast of North Amer-
ica and angled downward beneath the continent—a process called subduction. Over
millions of years, much of the West was squeezed by the pressure of colliding plates.
This compression started influencing the Teton region roughly 60 million years ago.

Such horizontal pressure created faults known as thrust or overthrust faults, in
which rocks on one side of a fault are pushed up and over generally older rocks on
the other side. Thrust faults generally are gently sloping, with an angle of about 30
degrees. They are the opposite of normal faults, like the Teton fault, in which
stretching of the landscape makes rocks on one side of a normal fault move down and
away from rocks on the other side. Normal faults tend to have steeper angles of 45 to
60 degrees.

As the West was squeezed to uplift the Rockies, there was extensive thrust faulting
in a wide band running north to south along Wyoming’s border with Idaho and
Utah—an area known as the Wyoming Overthrust Belt. The east—west squeezing of
this belt of land was so intense that layers of rock not only were thrust up and over
other layers, but folded over them as well —like the folds created in a throw rug if
you push one edge with your foot. The petroleum industry has drilled extensively to
recover oil and gas trapped in the folds.

101



102

Windows into the Earth

5.8 o~ View qfﬂat—mpped mountains c_ffthe northern Wind River Range, 60 miles southeast

of the Teton Range. More than 34 million years ago, the Teton and Gros Ventre ranges may have been
connected as a flat, high plateau. Then erosion started carving the modern Teton Range, which at the

time may have resembled this part of the Wind River Range. (David Lageson. )

East-to-west compression and thrust faulting in the region also made a broad area
of western Wyoming arch upward. This area now includes the Tetons and other
ranges to the south and east, including the Gros Ventre and Wind River mountains.
However, more than 34 million years ago, the Tetons and Gros Ventres were not dis-
tinct ranges, but rather, a continuous high plateau (Figure §.8).

After being squeezed for millions of years, much of the interior western United
States began stretching apart. The Farallon plate was a huge block of Earth’s crust be-
neath the Pacific Ocean. It had been pressing against and diving beneath North Amer-
ica’s Pacific coast for millions of years, but finally disappeared, completely subducted
beneath the continent. The relative motions of the Pacific and North American plates

changed. The West no longer was in a vise. The lack of compression eventually al-

lowed hotter rock from Earth’s mantle—and possibly from the Yellowstone hotspot
when it was under Nevada—to slowly rise upward, making overlying rock in the

crust gradually spread sideways.
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This lateral stretching or extension created what is called the Basin and Range
Province, a wide area of the interior West that is being ripped apart in an east—west
direction. That splits open the Earth to create normal faults that run north to south.
As the stretching proceeds, valleys drop downward and mountains rise upward along
these faults. Like the faults, the mountain ranges and valleys also run north to south.
Someone traveling from Utah west through Nevada makes repeated climbs over
mountain ranges and descents into valleys. Most motorists do not realize they are
crossing another normal fault roughly every 1§ to 20 miles. Nor do they realize that
during the past 17 million years or more, stretching of the Earth’s surface along those
faults has totaled more than 200 miles, doubling the distance between the sites of Salt
Lake City and Reno.

The Tetons are more lush than the desert ranges that are farther west and south-
west and typify the Basin and Range. Yet they share basic topography: a block of
mountains, elongated north-to-south, that rise along a normal fault while an adjacent
valley drops downward.

The pulling apart of Earth’s crust did not affect all areas of the interior West at
once. The compression of the West stopped and Earth’s crust began relaxing and
spreading in Nevada and western Utah about 3o million years ago, but the intensive
period of Basin and Range stretching—accompanied by development of steep, nor-
mal faults—didn’t really get started in those areas until 17 million years ago.

It is difficult to determine when such stretching began influencing the Teton region
to create the Teton fault and begin uplifting the modern Teton Range. There is some
evidence that, about 34 million years ago, relaxation of Earth’s crust began to break
up the high plateau in the ancient Teton region, with a valley—ancestral Jackson
Hole—dropping down between what are now the Teton and Gros Ventre ranges.
However, the best evidence—revealed in ancient sedimentary rock—indicates the
Teton fault became active more recently.

Before the Teton fault and modern Teton Range developed, sands, clays, and vol-
canic ash were deposited on the bottom of lakes in the area. These sediments are
known as the Colter Formation and were laid down about 15 to 17 million years ago.

Then the modern Teton fault was born. Over millions of years, movement on the
fault made land on the Jackson Hole side of the fault drop downward and land on the
Teton Range side rise upward. The land dropped most near the fault, tilting the valley
floor. So early earthquakes on the Teton fault also tilted the Colter Formation until
the rocks were inclined at an angle of 1§ degrees.

While this was happening, no other sediments were deposited on top of the Colter

rocks. Then, sometime before 10 million years ago, part of the Teton area was inun-
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dated by a big lake, an ancestor of Jackson Lake. Sediments deposited on the lake bot-
tom became limestones and claystones mixed with volcanic debris—a rock layer now
known as the Teewinot Formation. The Teewinot sediments formed flat layers on top
of the tilted Colter layers. This type of boundary between the two rock formations is
called an angular unconformity, and geologists know it represents a period of time
during which no sediments were deposited.

The Teewinot Formation’s age has been dated at 10 million years. The period dur-
ing which no rocks were deposited probably lasted no more than 3 million years. So
the best estimate is that the Teton fault became active, started generating major
carthquakes, and began tilting the Colter Formation about 13 million years ago. That
is when the most recent and ongoing period of mountain-building began uplifting the

modern Teton Range.

Jackson Hole’s Modern Earthquakes

There have been no major earthquakes on the Teton fault in historic time. From the
early 1900s to the early 1930s, the small, isolated population of Jackson Hole reported
numerous mild to moderate earthquakes. Several quakes up to about magnitude ¢
were centered just east of Jackson Hole beneath Gros Ventre Canyon, and some caused
minor damage. Several residents were thrown from their beds by a quake the night of
January 26, 1932. The jolt also cracked some foundations and plaster in area homes.

After about 1933, the number of quakes felt in the Teton region decreased sharply,
although a 1948 jolt damaged some log buildings. In 1959, the valley was rocked by
the magnitude-7.5 Hebgen Lake quake, which was centered about 6o miles north-
west of Jackson Hole. Since then, small to moderate shocks have been reported in
southern Jackson Hole and the Gros Ventre Range. (See Figure 5.9.)

Installation of portable seismometers in the 1970s and permanent sensors in the
1980s allowed researchers to measure quakes too small to be felt. Epicenters of many
of these small quakes form a pattern that extends from Jackson Hole northeast across
the Gros Ventre Range. There also have been small quakes with epicenters stretching
from north of Jackson Lake north into the Yellowstone Plateau. These quakes may
have been generated by an extension of the Teton fault that was covered by volcanic
rocks in the last 2 million years, Other small, shallow quakes have been centered in a
north-to-south belt near the south end of the Teton fault—but not on the fault it-
self—and in two clusters in the south end of Jackson Hole between Jackson and

Moose. Several of those jolts were felt in Jackson in the late 198o0s.
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Throughout modern history, there has been a striking absence of quakes centered
beneath the northern two-thirds of Jackson Hole. This quiet area extends at least 30
miles, from Moose to north of Jackson Lake. This quake-free zone coincides with the
northern Teton fault. The scismic quiet suggests the Teton fault now is locked but

slowly is accumulnting undcrgmunc] stress that someday will be unleashed during a

i)
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disastrous earthquake.

Shaking, S]ia'ing, and F]ooding

Major quakes are not the only seismic activity capable of disaster in Jackson Hole.
Decades before the 1959 Hebgen Lake quake caused a massive and deadly landslide in
Montana’s Madison Canyon, much weaker quakes may have triggered an even larger
landslide in Gros Ventre Canyon, a few miles east of Jackson Hole. The Gros Ventre
slide (Figure 5.9) was a world-class landslide, a third larger in volume than the huge
slide in Madison Canyon.

For several years in the early 1920s, persistent small quakes rattled the eastern side

of Jackson Hole, according to personal accounts of residents living in Moran and Gros

10§

0.9 o~ The 1925
Gros Ventre slide (also
known as the Lower
Gros Ventre slide) sent
50 million cubic yards

:_}/' rock cascadi ng [_:ﬁ ‘the

south side nf-{;rm‘ Ven-

tre Canyon. (W. B. Hall
and . M. Hill.)



106

Windows into the Earth

Ventre Canyon. The canyon runs east to west into Jackson Hole. The number of small
quakes increased significantly in the spring of 1925. The winter and spring had been
unusually wet, and the ground was saturated at the time. Billie Bier, a Gros Ventre
Canyon cowboy, spotted new springs on the south side of the canyon. He wrote:

I have noticed that and cannot see where the water can be going, . . . The time
will come when the entire mountain will slip down. . . . Tremors that are
coming so often are going to hit the right time when the mountain is the

wooziest, and down she will come.

The late W. C. “Slim” Lawrence, a longtime resident of Moran, was in the dining
room of Teton Lodge in Moran at about 8 p.M. on June 22, 1925. Years later, he re-
called how the building suddenly rocked during an earthquake that “was strong
enough to scare the cook very much, as he came running out of the kitchen. A few
dishes fell on the floor and he would not go back in the kitchen that night.” Based on
various witness reports, the quake probably measured about 4 in magnitude.

The next morning, farmer Guil Huff was plowing his field above Gros Ventre
Canyon when he noticed cracks, seeping water, and house-sized areas where the
ground slumped. About 4 M., while riding horseback looking for cattle in the
canyon, he was surprised to see the sudden collapse of the 30-to-40-foot-high river-
bank on the south side of the Gros Ventre River. He later recalled:

Then with a rush and a roar came the entire side of a mountain, spreading out
in a fan shape and rolling forward with great speed. I turned my horse and
rode with all possible speed up the river, needing to change my course twice
in order to keep away from the on-rushing mass of rock, trees and earth. It
reminded me of a flood of water, and only the gﬂod horse upon which I was
mounted prevented me from being buried. The whole thing was over in

about a minute and a half.

The Gros Ventre slide of June 23, 1925, sent 5o million cubic yards of rock rush-
ing down the south side of Gros Ventre Canyon. This compares with the 37-million-
cubic-yard Madison Canyon slide triggered by the Hebgen Lake quake. The Gros
Ventre slide dropped 2,100 feet vertically while traveling almost 1.5 miles. It was
2,000 feet wide. The speeding rock and debris crossed the river and climbed 350 feet
up the north side of the canyon. When the dust settled, a 22 5-foot-deep pile of slide
debris dammed the Gros Ventre River, creating 3-mile-long Lower Slide Lake, which

flooded some homes and a ranch.
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No one was killed by the slide, but disaster was not over. The double whammy
concluded almost two years later during another wet spring. Lower Slide Lake filled
up and started overflowing the natural dam. The dam’s upper go feet abruptly gave
way on May 18, 1927, unleashing a flood that swept westward 4 miles down the
canyon, inundating the town of Kelly with water as deep as 15 feet. The homes and
barns of Kelly’s eighty residents were destroyed. Fertile fields were washed away and
covered by gravel and other flood debris. Six people drowned.

Fifteen miles downstream from Kelly, a few miles after the flood gushed into the
Snake River, up to 6 feet of water flooded the town of Wilson. Hundreds of farm ani-
mals died. Farther downstream, water levels rose as much as 5o feet in narrow
stretches of the Snake River near Hoback Junction, a dozen miles south of Jackson.
The next day, the floodwaters covered lowlands at Idaho Falls, 135 miles downstream
from Lower Slide Lake. When it was over, damage from the Gros Ventre flood
reached $500,000—millions in today’s dollars.

Although the evidence is equivocal, it is reasonable to believe carthquake shaking,
vulnerable rock in Gros Ventre Canyon, and ground saturated by wet weather con-
spired to produce the Gros Ventre slide and subsequent flood.

Volcanism and the Tetons

Although the Teton Range and Jackson Hole have been shaped largely by movement
of the Teton fault during the past 13 million years and by glaciation within the past 2
million years, volcanism also played a role.

During the past o million years—Ilong before the arrival of the Yellowstone
hotspot —— volcanoes have been active intermittently in the Teton—Yellowstone re-
gion, erupting large volumes of lava, ash, and other volcanic debris. Much of the
older volcanism—including the eruptions that produced the Absaroka Range in
northeast Yellowstone go million years ago—-likely stemmed from the crustal plate
that was diving or subducting under the western coast of North America. The sub-
ducting plate not only squeezed the West to build the Rockies, but melted as it an-
gled under the continent. Molten rock rose to produce eruptions. The same process
in modern time produced eruptions of Mount St. Helens, Lassen Peak, and other
Cascade Range volcanoes in the Pacific Northwest. However, some scientists have ar-
gued subduction cannot explain the ancient volcanism in Wyoming. Instead, they
argue that once the Rockies were squeezed upward, the relaxation and spreading
apart of Earth’s crust triggered partial melting of rock within the crust, leading to

volcanic eruptions.

107



108

Windows into the Earth

Volcanic rocks from eruptions about ¢ million years ago are found near the south end
of the Teton Range, particularly in the Gros Ventre Buttes just northwest of the city of
Jackson. At the time, the Yellowstone hotspot was well to the west beneath the Snake
River Plain. It is possible that some molten rock from the hotspot oozed eastward as it
rose upward, producing the 9-million-year-old volcanism in the Teton region.

Volcanic rock known as Conant Creek tuff is found on the north and west sides of
the Teton Range and on Signal Mountain in Jackson Hole. The tuff is solidified vol-
canic ash more than 4 million years old. The ash probably fell from the sky on the
Teton area after it erupted from the giant Heise caldera, which was on the Snake
River Plain directly west of the Teton Range and northwest of Idaho Falls. This
caldera marks the likely location of the Yellowstone hotspot more than 4 million
years ago, or some 2 million years before the hotspot arrived beneath Yellowstone.

The most prevalent volcanic rock visible in the Teton region is the Huckleberry
Ridge tuff—the thick layer of light gray volcanic ash deposited when the Yellowstone
caldera first exploded 2 million years ago. It caps the northern end of the range. The
ash swept south from the giant caldera, flowing in dense clouds to the north end of
the Teton Range. Then it kept flowing southward at least 40 miles down the west and
east sides of the range, burying Jackson Hole. Airborne ash fell on the mountains.

It may seem odd, but in addition to creating a volcanic disaster in Yellowstone and
the Tetons, the eruption 2 million years ago provides clues to future seismic disasters.
That is because the Huckleberry Ridge tuff is a geological marker for measuring past
movements on the Teton fault.

The Timing of Big Earthquakes

Rocks do not lie, but they can tell different stories. The history of earthquakes on the
Teton fault and hints about its future behavior are recorded in the Huckleberry Ridge
tuff and other rocks of the Teton Range and Jackson Hole. Trying to read that history
is trick)' and filled with uncertainties.

After the Yellowstone caldera’s first cataclysmic eruption 2 million years ago,
much of the surrounding landscape—including the Teton Range and Jackson Hole—
was blanketed by the volcanic ash and debris that hardened to become the Huckle-
berry Ridge tuff. Over time, powerful earthquakes continued to break the Teton
fault. The thick layer of tuff was broken too. Huckleberry Ridge tuff west of the fault
rose with the mountains, while the part of the tuff layer east of the fault sank with
Jackson Hole.
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Today, the Huckleberry Ridge tuff in the Teton Range sits about 13,000 feet higher
than the same rock layer buried beneath Jackson Hole. In other words, during the past
2 million years, earthquakes on the fault made the valley drop and the mountains rise
by a total of 13,000 feet. If earthquakes produced 13,000 feet of movement on the
fault, and if we make a reasonable assumption that each major earthquake produced
an average of 6 feet of movement, this means there were about 2,200 major quakes
during the past 2 million years, or one big jolt roughly every goo years.

That is just one estimate. The vertical separation of much older rock layers broken
by the fault suggests there has been a maximum of 23,000 feet of vertical movement
on the fault—or roughly 3,800 major quakes—within the past 13 million years.
That works out to a magnitude-7 quake every 3,400 years.

Yet another story of the Teton fault’s quake history is told by younger rocks. During
the 14,000 years since major glaciers receded from Jackson Hole, quakes repeatedly
broke apart ridges of glacial debris, called moraines, sitting on top of the Teton fault.
As ground on one side the of the fault rose during quakes and ground on the other side
dropped, the movement created small cliffs or banks called scarps. By measuring the
heights of scarps and dating bits of wood that tumbled off scarps right after big quakes
and then were buried by other debris, the sizes and dates of the last two major quakes
on the Teton fault have been estimated. The most recent one measured about magni-
tude 7 and rocked the region sometime between 7,090 and 4,840 years ago. The sec-
ond most recent quake happened about 7,900 years ago and registered about magni-
tude 7.3. Those two quakes within the last 7,900 years mean an average of a major jolt
roughly once every 4,000 years. However, the evidence raises the possibility that the
two last quakes occurred close together—namely, 7,090 and 7,900 years ago.

The height of the scarps also can tell us about quakes since the glaciers receded
14,000 years ago. They indicate there were nine big quakes between 14,000 and
7,900 years ago, or one every 680 years during that period.

We now have arrived at four estimates of how often big quakes ruptured the Teton
fault during different time intervals: once every 680, 900, 3,400, Or 4,000 years.
What are we to make of these seemingly contradictory stories told by rocks along the
Teton fault?

First, the different estimates are based on evidence found along different parts of
the fault. So they indicate major quakes happen at different rates on different parts of
the fault. The data reflect frequent prehistoric quakes near the north end of the range
within the past 2 million years. It may not be coincidental that the Yellowstone
hotspot produced its first cataclysmic caldera eruption 2 million years ago. It is possi-
ble, although speculative, that the arrival of the hotspot uplifted the ground not only in
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Yellowstone but also farther south, adding stress that made quakes strike more often
on the northern end of the Teton fault than on the fault’s other segments.

The second lesson from these seemingly conflicting numbers is that another big
quake may be long overdue. The rocks tell us that big quakes happen every 680 to
4,000 years. A nice but rough average would be approximately one big quake every
2,000 years. No matter what estimate you prefer, it has been at least 4,840 and possi-
bly 7,090 years since the last disastrous earthquake, suggesting the Teton fault could
produce another one at any time.

The data also provide a third, possibly contradictory lesson: Major quakes on the
Teton fault clearly do not occur at a constant rate over time. There are periods of
more frequent quakes, and periods of less frequent ones. The rocks reveal strong
tremors were much more frequent during the past 2 million years than during the
preceding 11 million, perhaps reflecting the hotspot’s arrival beneath Yellowstone.
The scarps tell us that quakes were even more frequent from 14,000 to about 7,900
years ago, and then suddenly became less frequent. Perhaps the massive weight of the
glaciers suppressed movements on the fault. When the glaciers melted away 14,000
years ago, the mountains again were able to rise up and the valley to drop down, pro-
ducing a cluster of nine strong jolts between 14,000 and 7,900 years ago.

No one can say why 4,840 to 7,090 years have passed since the Teton fault last un-
leashed its seismic fury. The conventional wisdom is that the next big quake is over-
due. However, there is a possibility that big quakes routinely happen in clusters, fol-
lowed by thousands of years of seismic peace. If that is true, no one knows how long
the quiet periods last.

Whether the Teton fault is now in a dormant period or overdue for the next strong
quake, there is no doubt the Basin and Range Province still is stretching apart, and
stress must be building on the fault. Despite huge uncertainties over timing, sooner
or later another disastrous quake will raise the Teton Range and lower Jackson Hole a
bit more, continuing the violent process that created and maintains the beauty and

magnificence of Grand Teton National Park.
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Glaciers Carve the Landscape

e YEHOWStOD €, the Tetons, and Jackson Hole were shaped by mul-

tiple catastrophes. Huge volcanic eruptions and powerful earthquakes played major
roles. Finishing touches were added by another kind of calamity: A rare global Ice
Age produced gigantic glaciers that buried the landscape with ice two-thirds of a mile
thick in places. The glaciers carved mountains, canyons, and lake basins. They
dumped large piles of debris and redirected the flow of rivers. The Yellowstone—
Teton region is a world-class example of how land was reshaped by glaciers during
what is known as the Pleistocene Ice Age.

The Ice Age was not a single glacial period, but many intermittent cold spells in-
terspersed with warmer periods during which the ice melted. The timing of major
glacial periods is notoriously uncertain. Although continental ice sheets did not quite
reach as far south as Yellowstone, a regional icecap and large glaciers covered the Yel-
lowstone—Teton country (Figure 6.1) during three major episodes of at least the past
300,000 years—and perhaps the past 2 million years. The last of these big glaciers
retreated about 14,000 years ago, although some argue they did not recede until
10,000 to 12,000 years ago. Today, small glaciers in the Teton Range are found only

above 10,000 feet. I 11
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6.1 o~ A 3,500-foot-thick icecap formed atop the Yellowstone Plateau at various times during three major glacial periods,
beginning as early as perhaps 2 million years ago. During the most recent or Pinedale glaciation, roughly 50,000 to 14,000
years ago, ice (light blue) flowed south from Yellowstone and terminated in northern Jackson Hole. During the second oldest
glacial stage—the dates of which are debated—ice (darker blue) was up to 2,000 feet thick in northern Jackson Hole and cov-
ered the entire valley. Small arrows show the directions of ice flow. (Adapted from Locke, 1995; Pierce, 1979; and Smith, 1993.)

During each major episode, most of Yellowstone National Park was buried beneath
an icecap as much as 3,500 feet thick, among the largest in the ancient Rocky Moun-
tains. Gigantic masses of ice flowed down from the high Yellowstone Plateau, carving
and scouring the Earth’s surface, diverting and damming rivers into their present
forms, steepening mountain fronts, and deepening lakes. The ice helped sculpt the
Grand Canyon of the Yellowstone (Figure 6.2). More than anything, the thick ice
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6.2 o~  The Yellowstone River cut down 800 feet to form the Grand Canyon qf the Yellow-
stone. The bright yellow to red rocks of the canyon walls are made of 630,000-year-old solidified
lava highly altered by exposure to chemicals, hot water, and steam. Erosion was accentuated by
gfaciers afang with increased water ﬁow as the ice melted. The 310:foot-taH Lower Falls ﬁrmed
where resistant lavas overlie less resistant rock. (Robert B. Smith.)
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6.3 o~ Durmg the last g.’aciai pcrr’od, the Burned Ridgc (;Facierﬁou'ed into Jackson Hoicﬁ'om the norrhcasr,JbHou-eJ

thousands qf;}'cars later by the Jackson Lake Glacier, n'hjchﬂowed qﬁﬂrhe Yellowstone icecap. These and earlier glaciers dumped

rock and sediment m_ﬁ;rm long ridges called moraines. Smaller alpine glaciers dcsfenJlemm the Teton Range.

scrapcd Yellowstone's volcanic tup()graph}', further sm()()thing the p|aleall and hc]p-
ing to excavate the basin occupied by Yellowstone Lake.

Jackson Hole became a rendezvous of glaciers converging from the north, north-
east, and west (Figure 6.3). Ice up to 2,000 feet thick scooped out the valley floor.
The glaciers left tall ridges of rocky debris now covered by lush conifer forests. Such
ridges, called moraines, helped shape Jackson Lake.

Al])inc g]aci(trs formed in the Tetons, and the advam:ing ice g()ug{‘(l dt‘(’p into

bedrock, creating U-shaped canyons where streams once had produced V-shaped
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canyons. Granite, Death, Avalanche, Cascade, and other canyons took their modern
U-shaped forms this way. The glaciers sharpened the spires and ragged peaks of the
Teton Range, smoothed out ridges, and polished rock faces to a sheen. Debris from
glaciers dammed streams to form high alpine lakes.

The climate warmed and the glaciers retreated some 14,000 years ago. Staggering
volumes of melting ice produced ﬂooding, massive debris slides, and erosion, espe-
cially when ice dams broke abruptly. Streams and rivers such as the Snake, Madison,
and Yellowstone gushed sediments onto broad valley floors. Repeated episodes of
flooding cut stairstep-like terraces seen along the Snake River in Jackson Hole and the
Madison River near West Yellowstone, Montana.

The advances and retreats of the glaciers put an imprint on the distinctive and

spectacular scenery at Yellowstone and Grand Teton national parks.

What Are Glaciers?

Glaciers are large, moving masses of ice that form when snow accumulates winter after
winter and is compressed until it forms ice. They exist at elevations where temperatures
remain cold enough throughout the year to allow snow to compact into permanent ice.
During cooler climate periods, the ice tends to accumulate and glaciers advance, while
in warmer periods the ice tends to melt and glaciers retreat. There are exceptions—
climate warming can increase precipitation in mountains to make glaciers grow.

The largest ice masses blanket continents such as Antarctica and Greenland, cover
entire mountain ranges, or extend miles across large valleys. They are called icecaps
or ice fields. Smaller ice masses called alpine glaciers flow down mountain valleys and
are contained within those valleys. They take their name from Europe’s most glorious
mountain range, the Alps,

Glacial ice flows downhill under the influence of gravity, normally several feet per
year, but sometimes several feet daily. The ice deforms as it flows. The glacier re-
mains mostly continuous, but the ice cracks as it flows over irregular underlying
rocks, creating deep crevasses on the glacier.

A moving glacier is massive enough to break off protruding rocks as it gouges and
scours the landscape. Boulders, rocks, gravel, sand, and finely ground rock “flour” be-
come entrained in the ice. Glaciers act like conveyor belts, carrying rock debris
within and atop the flowing ice mass.

The boulders and other debris are dropped at the front edge of the glacier to form

a “terminal moraine” and at the sides to create “lateral moraines.” Moraines are large,
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hummocky ridges that can reach heights of more than 1,000 feet, although those in
Jackson Hole have heights up to a few hundred feet.

Streams often flow atop and beneath glaciers. Fine rock ground into flour by glaci-
ers can turn such streams milky white. When carried into lakes, the rock flour can
catch sunlight and give the water a deep milky blue appearance.

The Big Chill

Yellowstone and the Tetons were not alone in the time of glaciers. The Pleistocene
epoch—from 1.6 million years ago until roughly 10,000 years ago—was marked by
worldwide climate cooling and glaciation, with global temperatures averaging 7 de-
grees Fahrenheit below today’s. Yellowstone’s high elevation atop the hotspot may have
allowed glaciation to start there even before the Pleistocene, although this is debatable.

Giant ice masses several thousand feet thick advanced over most of northern Eu-
rope and northern North America, including Canada, Alaska, and the northern tier of
states. The continental ice sheet in North America advanced into northernmost Idaho
and Montana, but did not reach Yellowstone. However, large regional icecaps covered
Yellowstone, the Tetons, and the rest of the Rocky Mountains, as well as the Sierra
Nevada in California.

The geological record reveals two other periods of extended glaciation in Earth’s his-
tory—the first sometime between 600 and 8oo million years ago and the other about
200 to 300 million years ago. The more recent Pleistocene cooling that shaped the
Yellowstone—Teton region not only reveals clues about relatively rare events in Earth’s
history but helps us sort out natural and pollution-caused global climate changes.

Scientists still do not understand what produces continental-scale glaciation, One
hypothesis is that the slow movements of Earth’s crustal plates may influence climate
by changing ocean circulation, sea levels, and precipitation patterns, but Earth’s drift-
ing plates did not undergo a major rearrangement during the Pleistocene epoch.

Climate changes also can be explained by the rise of mountains that alter wind pat-
terns. As the Indian plate of Earth’s crust smashed into the Eurasian plate to lift the
mountains of the Himalayas, monsoon rains increased. Changes in Earth’s rotation
and orbit also might change climate by altering the heating of the planet’s surface.
However, none of these mechanisms has been proven as the cause of global cooling
during the Pleistocene epoch.

Large volcanic eruptions can contribute to global cooling by darkening the sky for

years with airborne gases, aerosols, and ash. The 1883 eruption of Indonesia’s Krakatau
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volcano in the southwest Pacific spewed airborne particles that obscured sunlight and
radiated heat back into space, lowering global temperatures by 2 to 4 degrees Fahren-
heit. But even huge eruptions such as those at Yellowstone were rather short-lived
compared with the 1.6-million-year Pleistocene Ice Age, and their effects, while cata-
strophic, apparently did not approach the scale needed to plunge the planet into an
Ice Age.

A Land (y"Ice and Fire

If glaciation in the Yellowstone—Teton region did begin as long as 2 million years
ago—a debatable contention—it is tempting to note the Yellowstone caldera first
exploded 2 million years ago as well. Yet there is no evidence to tie the eruption to
such severe climatic change.

Nevertheless, interactions occurred between the glaciers and the Yellowstone
hotspot beneath them — giving rise to the notion of the Yellowstone—Teton region as
a land of ice and fire.

On a relatively small, local scale, meltwater from ice seeped underground to trig-
ger hydrothermal or phreatic eruptions of steam and hot water, producing craters up
to 4,000 feet wide. There are ten known areas in Yellowstone with hydrothermal ex-
plosion craters, some in glacial debris. There probably were many more such blasts.
Evidence of them has been erased. No one knows if any of the blasts broke through
the overlying glacial ice, although it seems likely.

It is hard to imagine thick glacial ice melting completely as it flowed over even a
major hydrothermal basin. But heat in a geyser basin may have melted enough overly-
ing ice in some cases to form lakes. If the ice holding back such a lake broke and the
lake suddenly drained, the loss of confining pressure might allow an underground hot
water reservoir to erupt violently.

On a larger scale, eruptions of rhyolite lavas have happened at Yellowstone caldera
after each of its three major caldera explosions and as recently as 70,000 years ago. So
it is likely that eruptions occurred when glaciers were present. There are places in
Yellowstone where lava apparently was deposited in contact with ice. We do not
know the form or scale of such interactions between glaciers and lava flows, but mod-
ern eruptions elsewhere give us some good ideas.

Colombia’s Nevado del Ruiz volcano erupted steam and ash for two months in
1985 before a major eruption melted ice on the mountain, unleashing a catastrophic
mudflow that killed an estimated 23,000 people.
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Like Yellowstone, Iceland sits atop a hotspot, albeit an oceanic rather than conti-
nental hotspot. In October 1996, Iceland’s Loki volcano erupted through a long, un-
derground fissure benecath Vatnajokull Glacier, considered Europe’s largest glacier.
The eruption initially produced a plume of steam, ash, and gas almost 2 miles tall.
Hot rock melted some overlying ice. The water pooled beneath the 2,000-foot-thick
glacier. In early November, the glacier ruptured, releasing millions of gallons of water
in raging torrents that flooded the countryside, washing away roads and bridges in a
remote area of the country’s south coast. Another eruption dumped ash on a 3-mile
stretch of the glacier.

Mount Rainier—the highest peak in the Cascade Range—is viewed as one of
North America’s greatest geologic hazards because of the flood threat posed to areas
near Seattle and Tacoma if a major eruption melted Rainer’s glaciers. River valleys
dozens of miles from the volcano were inundated by mud and meltwater after prehis-
toric eruptions at the 14,410-foot-tall mountain. Those areas now are filled with
Seattle suburbs and towns like Auburn, Kent, Puyallup, and Sumner.

In addition to the likelihood of simultaneous eruptions and glaciers at Yellowstone,
there was a larger-scale but more subtle interaction between the hotspot and the ice.
During the past 2 million years, the hotspot made a 300-mile-wide area centered on
Yellowstone bulge upward an extra 1,700 feet, pushing the plateau to 8,000 feet.
This extra elevation could have accentuated the effects of global cooling during the
Ice Age, chilling the Yellowstone Plateau 8 degrees Fahrenheit compared with sur-
rounding areas and making the Yellowstone icecap larger and thicker than it would
have been otherwise.

The presence of an icecap at various times during the Pleistocene likely changed
prevailing winds, which today flow from the southwest “up” Idaho’s Snake River Plain
and onto the higher Yellowstone Plateau. Indeed, the Snake River Plain in some
places has a thick layer of soil called loess, which is fine, windblown glacial sediment.
The loess indicates that when the icecap was present, rock was ground into fine pow-
der by glaciers, then blown from Yellowstone, Jackson Hole, and nearby mountains
southwest onto the Snake River Plain.

Time of the Glaciers

At least three major periods of glaciation buried much of the Yellowstone—Teton re-
gion beneath thick ice, with glaciers advancing and retreating repeatedly during each

period. There is no consensus on their dates.
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1. The first stage, often called the Buffalo stage, may have begun as early as 2 mil-
lion years ago and ended 1.3 million years ago. Many researchers doubt such
early dates for this stage, and argue it began 250,000 or 300,000 years ago and
ended 180,000 years ago. Relatively little is known about this early period of
glaciation because its influence on the landscape has been erased by more recent
glaciers, erosion, and volcanism.

Hints are found in northern Jackson Hole, where the glaciers dropped
chunks of obsidian, a glassy volcanic rock, carried from Yellowstone, The glaciers
apparently covered the Beartooth and Absaroka ranges and the Yellowstone
Plateau, moved south into Jackson Hole, and flowed over some of the Teton
Range. Ice also flowed from the Tetons and Gros Ventre Range into Jackson
Hole, where it merged with the south-flowing ice. This major ice sheet contin-
ued down the Snake River drainage, perhaps as far as eastern Idaho.

. The Bull Lake stage variously has been dated as having lasted from 160,000 to
130,000 years ago, from 125,000 to 45,000 years ago, or from 80,000 to
35,000 years ago. Signs of Bull Lake glaciation are found through most of the
Yellowstone—Teton region. It is named for glacial deposits at Bull Lake on the
east side of the Wind River Range.

The Bull Lake glacial stage was marked by perhaps ten or more glacial ad-
vances and retreats. Signs of this glacial stage can be seen today. The ice de-
posited rocks and boulders high on mountainsides. It scraped bedrock to create
striations on the rock. And it dumped glacial debris that now is buried beneath
younger glacial and volcanic rocks. Bull Lake glaciers probably were more ex-
tensive than those of the earlier stage. The Yellowstone Plateau, West Yellow-
stone area, and Absaroka, Teton, and Gros Ventre ranges mostly were covered
by ice. From north to south, the ice stretched more than 124 miles, from the
Absarokas south through Yellowstone and Jackson Hole to well south of the
town of Jackson. Jackson Hole was entombed beneath 2,000 feet of ice. Rocky
debris dropped by the ice now caps Signal Mountain, which is just southeast of
Jackson Lake and rises several hundred feet above Jackson Hole’s valley floor.
Such debris also forms the ridge named Timbered Island, southeast of Jenny
Lake (Figure 6.4).

. The Pinedale stage, which began sometime between 50,000 and 25,000 years
ago and lasted until the end of the glacial age about 14,000 years ago, and per-
haps more recently. Pinedale glaciation is the best known of all stages because its

effects are prominent throughout the Yellowstone—Teton region.
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6.4 s  Timbered Island is a narrow, pine-covered 8Jacim' moraine southeast Qf- Jenny Lake. The hill, which extends

north—south, was produced by the second of three stages of glaciation in Jackson Hole. As a giant glacier flowed south, it
dumped rocky debris along its sides, forming lateral moraines, including Timbered Island.

An icecap as thick as 3,500 feet covered the Yellowstone Plateau, Absaroka
Range, and much of the Teton Range. This icecap extended roughly 6o miles
east—west, from the Absarokas to West Yellowstone, and another 8o miles
north—south, from Montana south across Yellowstone to the northern Tetons
and northern Jackson Hole. The surface of the icecap attained elevations as high
as 10,500 feet. It covered the Yellowstone Plateau’s highest peaks, including
10,243-foot Mount Washburn. In the Absaroka and northern Teton ranges,
only peaks above 10,500 feet poked above the ice. It would have been a remark-
able sight. Imagine flying over Yellowstone and secing an ice field covering an

area three-quarters the size of Connecticut.
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6.5 o~ Cascade Canyon Glacier is an example of an alpine glacier that flowed east out of the Teton Range. It scoured out
Cascade Canyon and deposited a moraine of debris at its base, damming a creek to form Jenny Lake. (National Park Service.)

Ice fields in the Teton Range fed glaciers that flowed down Cascade, Avalanche,
Death, and other major canyons (Figure 6.5), then spread across the floor of Jackson
Hole, merging with ice flowing south from the Yellowstone Plateau.

No one knows why the glacial period finally ended, but it likely happened when
global temperatures rose 9 to 12 degrees Fahrenheit and precipitation diminished
substantially. Pinedale stage glaciers retreated from Jackson Hole some 14,000 years
ago, but probably persisted until 12,000 years ago in the Tetons and nearby ranges.

Today, about a dozen small glaciers exist in high, shaded gullies of the Teton Range,
but they are not remnants of the Pinedale glaciation (Figure 6.6). They are thought to
have formed in what is known as the Little Ice Age, a period from roughly the 1400s
through the 1800s. Global temperatures cooled an average of a few degrees Fahren-
heit during the Little Ice Age, creating intermittent cold spells in the West and cer-
tain other regions.

The largest of the modern glaciers are the Teton and Middle Teton glaciers—
located east and southwest of Grand Teton, respectively—and the Falling Ice, Skillet,
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6.6 o~ Schoolroom Glacier, located at the
upper end of Cascade Canyon’s South Fork, is a clas-
sic example for teaching about active glaciers. When
this central Teton Range glacier was larger, it scoured
rocks ﬁam the ground, then deposited them around
its edges, forming moraines. A lake formed behind the
ridges of debris. (Edmund Williams.)

and Triple glaciers on Mount Moran. The status of most Teton glaciers has not been
tracked. However, Teton Glacier retreated as much as 600 feet between when it was
mapped in 1929 and 1963. There is evidence that the Teton Glacier started advancing
again in the early 1970s, probably due to increased precipitation.

Rivers Run through It

As climate warmed and the glaciers retreated, they released floods of meltwater that
helped carve the near-final forms of the Snake, Yellowstone, and other rivers in the
Yellowstone—Teton region. Imagine ice-fed rivers becoming torrents, punctuated by
catastrophic floods as ice or debris dams broke. Envision the Grand Canyon of the
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Yellowstone churning with raging water, or huge volumes of rock-and-mud-filled
water ripping down the Snake, Madison, and other river canyons. These scenes can be
compared with devastat-ing floods in Himalayan valleys in recent decades.

In broad valleys like Jackson Hole, streams of melting glacier water formed mean-
ders and braids across what is called an outwash plain. The streams spread glacial de-
bris to create a smooth surface of gravel and sand. Much of the sagebrush-covered
floor of Jackson Hole is glacial outwash plain. Such plains are pocked by “kettles,”
which are pothole-like depressions that formed when water ponded beneath melting
glaciers. The plains also are marked by “knobs” or hills of debris dropped from glacial
ice. This “pothole terrain” is apparent between the southeast shore of Jackson Lake
and the Snake River (Figure 6.7).

6.7 o~ Grand Teton looms over northern Jackson Hole, where ﬂa:, treeless glacial outwash plain (left half of

photo) was produced by meltwater flowing from a glacier that helped carve Jackson Lake (right). The lake was dammed
by a glacial moraine, now covered by trees, stretching across the end ch the lake. Kettles or potholes (bump}' areas on the
left) formed where large chunks of ice melted.
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Retreating ice also dumped larger debris. Glaciers ripped old rocks from the high-
lands of Yellowstone and from the Teton and Gros Ventre ranges. Then ice and melt-
waters deposited the debris in valleys such as Jackson Hole and the Madison Valley
near West Yellowstone, Montana. In the Lamar River Valley in northern Yellow-
stone, the sudden failure of an ice dam released a tumultuous flood of water, mud, and
rocks that scoured the valley. In some places in the region, glaciers plucked boulders
the size of automobiles from the ground and carried them great distances. For exam-
ple, a boulder of Precambrian granite from the Beartooth Range was carried 15 miles
southwest and deposited on the south rim of the Grand Canyon of the Yellowstone.

Major flooding on the Snake cut into the outwash plain, forming a channel with
high banks. Then, perhaps centuries later, another disastrous flood came, then an-
other, each cutting the channel deeper and narrower, forming terraces—a series of
old river banks rising like stairsteps on each side of the Snake. In the northern half of
Jackson Hole, such floods cut almost 140 feet into the valley floor, creating terraces
(Figure 6.8). The Snake River Overlook on Jackson Hole Highway provides a good
view of these terraces. Terraces also can be seen along abandoned river channels
where the Snake at various times flowed from the south and southeast corners of Jack-
son Lake. One such channel stretches from Spalding Bay southwest to Jenny Lake; the
other extends from Spalding Bay southeast to the modern channel of the Snake.

Birth of the Big Lakes

Yellowstone and Jackson lakes—the large, shimmering jewels of Yellowstone and
Grand Teton parks—are surrounded by high mountains. The Yellowstone River
feeds and drains Yellowstone Lake. The Snake River flows into and out of Jackson
Lake. Both rivers originate on the Yellowstone Plateau, near where glacial ice once
was thickest. The glaciers carved both lake basins into their present shapes, and also
dumped debris to dam the south end of Jackson Lake, forcing the Snake River to exit
the lake’s east side.

Other processes also helped form both lakes. Jackson Lake may have existed in an-
cestral form as long as 13 million years ago when the Teton fault became active and a
trough started sinking along the fault. Lesser faults and volcanism also helped shape
Yellowstone Lake, which may have formed as long as 2 million years ago—after the
first caldera eruption blew a big hole in the ground to create a natural lake basin.

Researchers have studied the lakes by bouncing sound waves through the lake beds
and drilling core samples of sediments.



6.8 o~  Ancient
river terraces ﬂanfz
the Snake River as it
flows south through
Jackson Hole. As the
river cut downward, it
left the terraces as
remnants of older,

higher riverbeds.
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6.9 o~ Depth map of Yellowstone Lake (contoured in feet below the surface). The deepest part
of the lake is on the east side. A smaller, shallower basin at West Thumb was created by a volcanic ex-

plosion. Glaciers helped carve and smooth the lake basin and its arms. (Otis, 1977.)

On a map, Yellowstone Lake looks like a big octopus with a large body and three
tentacle-like bays: West Thumb, South Arm, and Southeast Arm (Figure 6.9). The
lake is up to 20 miles long from its north shore to the end of either the South Arm or
Southeast Arm. It measures about 13 miles from its east shore west through the West
Thumb. The central basin of the lake, excluding the arms, measures about 12 miles

north—south and 9 miles east—west,
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The bottom of Yellowstone Lake has three basins. The main basin, which is as
much as 325 feet deep, spans the east side of the lake, running from the Southeast
Arm northward to the lake's north end. A second basin, which occupies the South
Arm, is about 200 feet deep. A third basin, which is circular, rests beneath West
Thumb. It is 280 feet deep, but is separated from the main lake basin by a 6o-foot-
deep channel.

Volcanism, earthquake faults, and glaciers all contributed to Yellowstone Lake’s
shape. If Teton-like mountains once occupied the Yellowstone region before the first
caldera explosion, lakes similar to Jackson Lake may have sat at the base of such
mountains, However, the Yellowstone Lake basin started resembling its current form
after the first huge eruption 2 million years ago. The caldera eruption 630,000 years
ago would have destroyed parts of the old lake and created a new basin in which mod-
ern Yellowstone Lake formed.

The lake’s South Arm and Southeast Arm parallel faults that likely helped create
troughs occupied by the two bays. The third bay, West Thumb, probably began as a
crater from a lava eruption after the last big caldera explosion.

Huffing and puffing of the caldera floor also has influenced the lake'’s size, shape,
and levels over time. Uplift of the caldera floor acted like a natural dam. This dam is
not located at Fishing Bridge, which generally is considered the lake’s north end and
outlet, but 2 miles farther north at Le Hardy Rapids. Upward movement of the
caldera floor created a stairstep series of faults that cross the Yellowstone River to
create the rapids. Ground on the Yellowstone Lake side of the faults heaved upward
while ground downstream dropped downward, helping contain the lake waters.

Between the three major periods when a huge icecap covered all of Yellowstone, it
is likely that remnant ice in Hayden Valley—north of Yellowstone Lake and Lee
Hardy Rapids—acted as a giant dam to raise the lake level much higher than it is
today, Erosion of rock at the north end of the lake may have lowered the lake at times.

Despite the influence of volcanism and faults, Yellowstone Lake’s modern shape
was largely sculpted by the thick glaciers that repeatedly covered the region and
scoured and scooped out the landscape until about 14,000 years ago. While the South
and Southeast arms probably started as troughs along faults, they undoubtedly were
excavated into broader bays by glaciers.

Jackson Lake also was carved by the glaciers, but faulting played a major role too,
explaining the lake’s shape and greater depth (Figure 6.10).

Jackson Lake’s main, western trough stretches more than 16 miles north to south
at the east base of the Teton Range. The main trough is about 3 miles wide. The
smaller, eastern trough is about 6 miles long and runs northeast—southwest. The lake

127



128 Windows into the Earth

6.10 o~ Aerial view southwest toward Jackson Lake and the northern Teton Range. The Teton fault runs along the base of the

mountains a quarter mile from the lake’s west shore. The lake formed because the valley floor dropped down along the fault and tilted
west. Glaciers helped excavate the lake basin.

is more than 7 miles wide at its south end, where the main and eastern troughs join.
Jackson Lake is smaller than Yellowstone Lake, but it attains a depth of 437 feet in its
western trough, compared with Yellowstone Lake’s maximum depth of 325 feet.

The smaller eastern trough was excavated during the Pinedale glaciation by a lobe
of ice that flowed southwest into Jackson Hole from what is now Pacific Creek. This
trough is only 142 feet deep.

The lake’s 437-foot-deep western trough (Figure 6.11) is deeper because it ini-
tially was formed by the sinking of Jackson Hole along the Teton fault. Then a lobe of
ice flowed from Yellowstone down the Snake River and into Jackson Hole, where it
scooped out and enhanced the western trough, making it 800 feet deep. Since the ice
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receded, the trough has been nearly half-filled by sediments from glacial outwash and
subsequent erosion in southern Yellowstone and the Teton Range.

Late in the Pinedale glacial stage, the Snake River and Pacific Creek lobes of ice—
along with ice moving east from the Teton Range—all flowed into northern Jackson
Hole. The glaciers did not flow as far south and cover the valley as glaciers did during
the earlier glacial stages. As the Pinedale ice retreated, it dumped a terminal moraine
that dammed the south end of Jackson Lake. That prevented the Snake River from
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6.11 o~ Depth map of Jackson Lake (contoured in feet below the surface). The deepest part of
the lake is the western trough, which was created by combined effects of the Teton fault and glaciers.
The lake’s shallower eastern trough was excavated mainly by glaciers. (Smith, 1993.)
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6.12 o~ A dam made of glacial moraines wraps around the three sides of Jenny Lake away from the Teton Range. The
east shore is the terminal moraine of debris dumped at the toe of Cascade Canyon Glacier, which once flowed east from the
mountains and receded 14,000 _years ago.

flowing out of various channels at the south end of the lake, forcing the river to exit at
the lake’s east side, as it still does today. This moraine, covered with trees, rises 100 to
300 feet above the water level at the south end of the lake.

Moraines also form other distinctive, hummocky, forested ridges in Jackson Hole,
including the islands on the east half of Jackson Lake. Other moraines dammed
streams to deepen or form lakes such as Taggart, Leigh and Jenny (Figure 6.12). Lat-
eral moraines in Jackson Hole form long ridges, parallel to the direction of ice flow,
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6.13 o Phelps Lake, near the south end of Grand Teton National Park, sits within a basin ﬁ'rmed by moraines. The

moraines were cfeposited I:y a glacier that once ﬂowed _ﬁ'om Death Can)'o‘n, in shadow behind the lake.

such as Timbered Island, which is just southeast of Jenny Lake, and Burned Ridge,
which stretches southeast from Spalding Bay at the south end of Jackson Lake.

The moraines of Jackson Hole contain silts and clays. These soils retain moisture
better than looser sediments elsewhere on the valley floor, which explains why
forests cover so many moraines, including the aptly named Timbered Island. The
tree-covered moraines show where the glaciers halted (Figure 6.13). The glaciers
not only chiseled the terrain, but contributed to the vegetation that graces Jackson

Hole’s landscape.
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e I 11 1870, the fall before Ferdinand Hayden'’s celebrated exploration of Yel-
lowstone, an Army lieutenant named Gustavus C. Doane guided a small troop into
the mysterious high country. Unlike Hayden, Doane did not conduct extensive scien-

tific studies, However, Doane was observant. He said of Yellowstone:

Asa country for sight seers, it is without parallel. As a field for scientific re-
search it promises great results, in the branches of Geology, Mineralogy,
Botany, Zoology, and Ornithology. It is probably the greatest laboratory that

nature furnishes on the surface of the globc.

Yellowstone's value as a unique ecological region soon gained recognition when in
1872, it was designated as the first national park in the United States—and in the
world. The complex relationships among Yellowstone’s fauna, flora, and geology
helped inspire America’s budding conservation ethic, which came to fruition only a
century later with widespread recognition of the tenuous interdependence of living or-
ganisms and the Earth they occupy. The idea of a greater Yellowstone ecosystem recog-
nized that its living and geological wonders extended beyond the park’s boundaries and
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into a broader areca. The greater Yellowstone ecosystem is defined by the subter-
ranean yet dominant presence of the Yellowstone hotspot, the engine that ultimately
drives not only the region’s geology, but also its living organisms.

The Rocky Mountains, lifted upward tens of millions of years ago, were pushed
perhaps 1,700 feet higher at Yellowstone during the past 2 million years by the up-
ward-bulging hotspot; Today, a line drawn at 6, 100 feet elevation roughly demarcates
the boundaries of the greater Yellowstone ecosystem. The high altitude is critical in
creating the temperature and moisture regimes that gave rise to Yellowstone’s biolog-
ical wonders and now determine the distribution of its plants and wildlife. In addi-
tion, the incredible amount of heat rising from the hotspot is responsible for Yellow-
stone’s history of volcanism and its geysers and hot springs, rich with exotic microbes
that branched off the evolutionary tree at a primitive stage of life on Earth.

Yelllowstone's expansive lodgepole pine forests demonstrate the interaction of the
park’s biology and geology. They grow well on rhyolite lava flows that cover most of
western and central Yellowstone. These volcanic soils are not rich, but lodgepoles can
survive on them while many other trees cannot. Different plants grow on soils de-
rived from different kinds of underlying rock. Ecologists have noted Yellowstone’s
grizzly bears often feed on vegetation that grows atop certain rock formations, so
their foraging patterns are somewhat predictable by studying geologic maps.

Heat flowing from the ground affects Yellowstone’s fish. In icy Yellowstone Lake,
lake bottom hot springs foster plant growth and provide havens—nicknamed “trout
Jacuzzis”—that attract native cutthroat trout. Fish also can be harmed by Yellow-
stone’s abundant heat. Water from geysers and hot springs sometimes raise tempera-
tures in the Firehole River enough to kill fish. Yet chemicals released from volcanic
rocks add nutrients that foster plant growth in the Firehole, providing more food for
fish and helping to make the river a blue-ribbon fly-fishing stream.

The hotspot and other geological processes are thus critical factors defining the ecol-
ogy and life of the Yellowstone country. To some extent, life almost any place on Earth
is a product of local geology, or at least dependent on it. For example, after the Rockies
were born, the subsequent stretching apart of the Earth’s crust created faults like the
Teton. Mountains rose and valleys fell along such faults, allowing weather to erode the
mountains and send sediments into the valleys to foster lush plant life and the fauna that
feed on it. At Yellowstone, the presence of the hotspot and the geology it shaped en-
hances the relationship between the not-always-so-solid Earth and the organisms that
occupy it. It really is the greater Yellowstone “geoecosystem.” (See Figure 1.3.)

So it seems cruel, perhaps, that death and devastation can result from the same ge-

ological forces that gave rise to Yellowstone’s flora and fauna-—the forces responsible



Future Disasters

for scenic wonders that now draw millions of people to Yellowstone and the Tetons
each year.

Cataclysmic eruptions, ground-ripping earthquakes, gargantuan landslides, and
floods—horrible natural disasters shaped the wonders of Yellowstone and the Teton
Range long before modern humans evolved and spread around the globe. A human
life is but an instant in geologic time, so people have trouble reacting to the threat of
infrequent geologic catastrophes. Yet as sure as time proceeds, the same geologic
forces that shaped and sculpted this beautiful landscape will do so again—with awful

consequences for living creatures.

Nigbtmare on the Teton Fault

No one can predict exactly what will happen when the Teton fault ruptures again. But
a worst-case scenario can be envisioned based on experiences from other major
earthquakes and disaster plans prepared by local government.

It could occur in the dark of night during late spring as thousands of visitors slum-
ber in tents, trailers, and cabins throughout Jackson Hole. First comes the low rum-
bling, which quickly builds in volume and intensity into violent shaking that lasts per-
haps 30 seconds or more, although it seems like a lifetime. In canyon campgrounds on
the edges of Jackson Hole, a few unfortunate people are crushed to death as the
earthquake sends large boulders tumbling off hillsides. In Jackson, Wyoming, some
people are tossed from their beds; others jump awake, scramble around, and fall to
the ground in panic as windows shatter and bookshelves, refrigerators, and other
loose items and furnishings topple. A few brick structures collapse. The number of
deaths is low, partly because the town has few multistory buildings.

Unseen in the darkness of Jackson Hole, the ground rolls in waves like the surface
of the sea. Landslides along the front of the Teton Range send huge clouds of dust sky-
ward. Slides in the Gros Ventre, Hoback, and Snake river canyons block roads.
Avalanches and rockfalls plunge off high Teton peaks, entombing a few scattered
groups of mountaineers asleep in their tents.

For some 35 to 40 miles along the east base of the Teton Range, the earth ruptures
during the violent shaking. On one side of the fault, the mountains jerk upward; on the
other side, Jackson Hole slips downward. The result is a steep cliff up to 12 feet tall that
didn’t exist moments earlier. The length and height of the cliff indicate this was a Big
One on the Teton fault, a quake measuring perhaps 7.5 in magnitude. Some shaking is
felt throughout the West, as far away as California, Oregon, and Washington.
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Throughout Jackson and Jackson Hole, families are huddled outside homes and cab-
ins, worried about reentering because of structural damage. Many more are left with

broken water, fuel and sewage or septic lines. Power has failed throughout the valley, and
in same spots downed lines set off brush or forest fires. In nearby Bridger—Teton Na-
tional Forest, several campers are stranded because slides or fallen trees blocked roads.

To the north, in Yellowstane, there are more landslides, blocking narrow canyons
and crushing several campers. Some geysers cease, others erupt for the first time as
the shaking breaks up mineral deposits clogging hot water conduits underground.

Landslides on the margins of Jackson Hole have blocked streams such as Cache
Creek, the Gros Ventre River, Flat Creek, and Buffalo Fork, creating earthen dams that
might fail within days and flood downstream areas. Flooding is also likely where levees
break along the Snake River above Wilson, Wyom ing. The warst potential flood threat
lurks upstream at Jackson Lake Dam, which once was vulnerable to collapse during a
moderate, magnitude-5.¢ quake. The LLS. Bureau of Reclamation strengthened the
dam during 1986-1989, promising it would withstand the maximum credible earth-
quake on the Teton fault, a magnitude-7. 5 jolt centered 4 miles away.

Future Disasters

7.1 o~ U-shaped
glacial valleys descend
east from the Teton
Range, which was up-
lifted during large pre-
historic earthquakes on
the Teton fault.

For the sake of envisioning a worst-case quake on the Teton fault, imagine what
would happen if Jackson Lake Dam did fail, spelling disaster for an area extending at
least 8o miles down the Snake River to Palisades Dam. If Jackson Lake Dam collapsed
during heavy spring runoffs and Palisades already was nearly full, Palisades would have
to release large volumes of water from its spillways, possibly flooding agricultural
land farther downstream along the Snake River Plain in Idaho.

The worst, however, would happen upstream. As the quake rocked Grand Teton
National Park, 6-foot-high waves would slosh across Jackson Lake. As the dam col-
lapsed, water would gush outward, sucking in any boats moored within a half-mile of
the dam. The water would race eastward over Oxbow Bend. Within a half-hour it
would engulf the Buffalo Ranger Station and the park’s Moran entrance station. If an
alarm system worked as planned, sleeping Park Service employees might escape with
their lives.

The flood would move surprisingly slowly. Five hours after the quake and almost
1¢ miles downstream from the breached dam, the surge would wipe out Grand Teton
National Park headquarters at Moose, empty for hours thanks to an alarm system that
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warned resident park and concession workers. Next to be inundated would be homes
in the Snake floodplain south of Moose. A few hours later, Teton Village would be cut
off from the outside world as the flood covered roads. Next, the town of Wilson and
homes in surrounding areas would be flooded.

The town of Jackson, away from the river, would be spared the insult of flooding in ad-
dition to shaking damage. But flooding south of the town and quake damage on the north
could destroy bridges at both ends of Jackson, isolating the city from the outside world.

1t would take almost 17 hours for the flood to reach Palisades, and as it roared
down the Snake River Canyon, it would claim the lives of several more boaters who
were stranded by landslides or not warned of the deluge.

Dozens of people probably would die during a major quake on the Teton fault. Hun-
dreds would suffer injuries. If Jackson Lake Dam failed, the toll could be much higher.

Berting on Seismic Disaster

What are the chances of another magnitude-7 or stronger quake on the Teton fault?
Estimates outlined in Chapter g suggest a major quake happens once every 680 to
4,000 years. To avoid undue precision, let’s just say once every several hundred to
several thousand years. The most recent quake occurred between 4,840 and 7,090
years ago. So a major quake seems overdue.

It is possible, probably even likely, that the rates of activity on the Teton fault have
changed over time. Evidence indicates it may be less active now than it was for several
thousand years beginning 14,000 years ago, the time the glaciers receded. Perhaps the
ground rebounded as the heavy weight of ice was removed, making quakes more fre-
quent during that period. Today, Earth’s crust continues to stretch apart in the re-
gion, indicating the fault remains active and is accumulating stress that eventually will
produce another magnitude-7 or stronger quake.

The Teton fault is one of at least five faults capable of generating a major quake in
the greater Yellowstone—Teton region. Such quakes also could occur on any of several
known faults on the periphery of the Yellowstone Plateau. They include the Hebgen
Lake fault, responsible for the 1949 disaster; the Red Mountain fault at the south end
of Yellowstone National Park near Mount Sheridan; the South Arm fault bordering
the west side of Yellowstone Lake's South Arm; and the East Gallatin fault in north-
west Yellowstone.

Including the 1959 Hebgen Lake quake and the last two prehistoric jolts on the

Teton fault, we have direct evidence of at least thirteen major quakes within the last
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2,000 years on the five significant faults. This suggests a magnitude-7 quake happens
somewhere in the region once roughly every 1,900 years. However, there is less di-
rect evidence that the Teton fault alone likely produced at least thirteen big tremors
in the last 14,000 years. The other faults may be similarly active. So it is not unrea-
sonable to guess perhaps 100 major quakes have rocked the area in the past 25,000
years, or once every 25o years. That would make the annual probability of another
magnitude-7 disaster 1-in-250. On the other hand, it could be argued a major quake
is much less likely any time soon because two major quakes already struck the Inter-
mountain West in recent decades: the magnitude-7.5 Hebgen Lake quake and the
magnitude-7.3 Borah Peak quake of 1983 on the Lost River fault.

In addition to the area’s major faults, numerous smaller faults within the Yellow-
stone caldera can generate quakes, probably as large as magnitude 6.5, plenty strong
to cause havoc and damage some older buildings within the national park.

Somewhat farther from the Yellowstone—Teton area—but still within strong shak-
ing distance —are numerous other faults capable of producing major quakes in the
range of magnitude 7 to 7.5. They include the Lost River, Lemhi, and Beaverhead
faults in Idaho and the Hoback, Star Valley, Grand, and Greys River faults in western
Wyoming south of the Tetons. All these faults are located on the edges of the “wake”
left by the Yellowstone hotspot as Idaho slid over it. Many of the western Wyoming
faults are considered overdue for a major jolt.

The risk of earthquakes also increases the already high danger of landslides.
Wyoming officials mapped the state’s landslide threat and determined two of the
state’s highest landslide hazards were in the Snake River drainage, including most of
Teton County, and in the Upper Yellowstone—Madison drainage basin, which in-
cludes much of Yellowstone National Park.

What if the annual chance for a major quake ripping apart the Teton fault is 1-in-
250, 1-in-2,500, Or 1-in-4,000? All those numbers seem low. Are they worth worry-
ing about? Consider the odds of more familiar events and tragedies to gain perspec-
tive on disasters that happen in geologic time. Although estimates vary, some
commonly cited odds are that each year, an American has a 1-in-6,000 chance of
dying in a car wreck, a 1-in-10,000 chance of death by homicide, a 1-in-1-million
chance of dying in the bathtub, a 1-in-2-million chance of being killed by lightning, a
1-in-3-million chance of freezing to death and a 1-in-10-million chance of dying in a
commercial airplane crash.

If the odds of a major quake or volcanic eruption seem too small to raise concern,
consider the millions of people who enter multistate lotteries like Powerball, even
though the chances of hitting the jackpot can be as low as one in tens of millions.
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Many people equate a low chance of a geologic disaster as no chance at all. This im-
plies the event never will happen—an incorrect belief. After all, someone always wins
the lottery, even if any individual’s chance of winning is tiny. So although most people
have a minute chance of experiencing or dying in a major quake or eruption, many
people die in quakes each year, and deadly volcanic eruptions are not uncommon. The
consequences of such catastrophic events— when they do occur—can be more devas-
tating than more common disasters such as floods, tornadoes, and hurricanes. Yet
floods and storms are more common in our lifetimes. We tend to disregard the risk of
less common volcanic and seismic disasters. Nevertheless, it is wise to prepare for
them when living in or visiting a geologically active area like the Yellowstone—Teton

region.

When Will Yellowstone Erupt Again?

Future volcanic eruptions can be expected at or near Yellowstone for the simple rea-

son there is hot and molten rock, or magma beneath the caldera now.

west movememay that would terminate the stretching of Earth’s crust and the
ascent of heat and molten rock from the Yellowstone hotspot. Even if the supply of
heat from deep within Earth was stopped somehow, it could take thousands of years
for molten rock already in Earth’s mantle and crust to stop rising. For now, it is likely
the hotspot continues to heat molten rock beneath Yellowstone.

‘2 W LC <Y, YeMz mllllon-ycarmc history, the amount of heat that still flows from
the ground, the frect frequcnt earthquakes and the rising and falling of the caldera floor also

testify to the likelihood of continued volcanism. Calderas such as Yellowstone are
known as giant volcanoes at unrest because of their large size and characteristic huffing
and puffing. They are like snoring beasts, and no one knows when they will awake again.

Just as large earthquakes occur less often than small quakes, cataclysmic volcanic
eruptions are infrequent compared with lesser eruptions. Such has been the case dur-
ing the 2 million years since the hotspot started generating volcanism at Yellowstone.

Yellowstone’s volcanic history suggests the potential for various kinds of eruptions
in the future. Most likely would be steam and hot-water explosions from shallow
reservoirs of hot water—not molten rock. Such explosions could blast out craters
more than a mile wide, such as those in the northern Yellowstone Lake Basin, includ-
ing the lake’s Mary Bay and nearby Indian Pond. Both were produced by prehistoric
steam blasts within the past several thousand years.
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The next most likely kind of volcanism at Yellowstone would be lava flows pro-

duced either by exploswe eruptions of hghter rhyollte lava or gentler eruptlons of

ume to the 1980 eruption of Mount St. Helens, although Yellowstone eruptlons hkely
would yield more lava and less airborne ash. Rhyolite or basalt eruptions within the

Yellowstone caldera also could be much larger; similar in scale to the 1951 Mount

Pinatubo eruptions in the Philippines and releasing at least ten times more material
than the Mount St. Helensm spread acromd create a
layer tens of feem;;hte eruptions would resemble those that filled the Yellow-
stone caldera since it last exploded about 630,000 years ago. Basalt flows would resem-
ble those that covered the Snake River Plain in the wake of the Yellowstone hotspot.

The least likely but worst-case volcanic eruption at Yellowstone would be a gigan-

l
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tic caldera explosion such as those 2 million, 1.3 million, and 630,000 years ago. -
Thdse are oniy tﬁe most recent in the swath of calderas extending from southwest

Idaho to Yellowstone. These calderas testify to the repeated cycles of caldera volcan-
ism generated as North America drifted southwest over the Yellowstone hotspot.

During the past 16.5 million years, each cycle began with a colossal explosion that

. Fe—m— e e RN
blew a hole in the Ear;i measuring tens of miles wid€. Such explosions were followed

by smaller, but still significant eruptions of hght colored rhyolite lava. The next stage
featured eruptions of darker, basaltlc lava.s hke those that now hide the ancient
calderas on the Snake River Plain.

The nature of the next eruption at Yellowstone depends on whether we are at the
end of the cycle that began with the massive caldera blowout 630,000 years ago or at
the beginning of a new cycle. We simply don’t know the answer to that question. If
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we are at the end of the cycle, relatively gentle eruptions of basalt lava are most,

likely-—or perhaps an end to volcanism in the area. If Yellowstone is near the start of
a new cycle, that would imply we are nearing the time of another caldera catastrophe.
There is some evidence suggesting Yellowstone might be nearing a new explosive
cycle within 100,000 years: Concentrations of the element neodymium are highest in
some of Yellowstone’s youngest rocks of rhyolite lava. Such high values are associated

with large caldera-forming eruptions.

Pompeii, USA

Almost 12 million years ago, a marshy watering hole in eastern Nebraska attracted

hundreds of animals from the surrounding plains. Horses, camels, rhinos, cranes and
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other birds, giant tortoises, sabertooth deer, and fox- and raccoon-like creatures
gathered near the water. Then, one day, the sky turned dark as a vast cloud of volcanic
ash swept in from the west. Visibility fell to zero, and there was no place to hide as the
gray dust fell onto the plains. Within days, a foot-deep layer of ash covered much of
the ancient Great Plains. Birds and small predators probably died soon after the ash
cloud hit. It took longer for the panicked horses, camels, and rhinos to choke to death
on the ash and die. As weeks progressed, winds blew ash from the hills and into low
spots, including the watering hole, where the gritty gray powder accumulated in 8-
foot-deep drifts, covering and preserving the carcasses of hundreds of creatures, in-
cluding mother rhinos with their babies right next to them.

Millions of years later, Nebraska’s modern human inhabitants began to discover the
bones of the animals killed by volcanic ash when the Yellowstone hotspot produced a
giaht caldera eruption roughly 8co miles away in southern Idaho’s Snake River Plain.
The Ashfall Fossil Beds State Historical Park near Royal, Nebraska, is a prairie Pom-
peii, a scene frozen in time like the Italian city buried by pyroclastic flows—flows of
hot boulders, rocks, ash, and gas—from the A.p. 79 eruption of Vesuvius. This small
section of Nebraska also gives a hint of the magnitude of disaster that will occur when
a Yellowstone hotspot caldera explodes again. The eruption in southern Idaho 12 mil-
lion years ago, like the Yellowstone caldera blast 2 million years ago, sent thick clouds
of ash over much of what is now the western half of the United States, including Cali-
fornia. The caldera explosions at Yellowstone 1.3 million and 630,000 years ago
were somewhat less apocalyptic.

If the Yellowstone caldera blew up today, cattle, sheep, and wild animals living out-
doors across the West and Midwest would die like the horses, rhinos, and camels in
prehistoric Nebraska. People could seek shelter in their homes and other buildings.
Nevertheless, activities by millions of people would be difficult for weeks or longer
until rain helped pack down and wash away inches to feet of ash covering a third to a
half the nation (Figure 7.2). Many people likely would die.

Consider, for example, the 1991 eruptions of Mount Pinatubo in the Philippines.
Pyroclastic flows of hot rock and other debris buried the landscape many yards thick
extending 6 miles or more from the volcano. Mudflows streamed down valleys, bury-
ing thousands of homes. An area extending 9o miles from all sides of Pinatubo was
blanketed by ash and heavier rocks and blocks of pumice. Ash was 20 inches deep as
far as go miles from the volcano. Huge agh plumes blocked the sun in Manila, 60 miles
away: Storms combined with the eruptions to make the volcanic ash wet and thus
heavier than normal, causing numerous buildings to collapse. By the time the erup-
tions ended, some 300,000 people had been evacuated and at least 700 had died from
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Estimated ash
thickness (feet)

125 2‘50 31.‘5 500

Downwind distance (miles)

7.2 ©~  Depths of volcanic ash that could be deposited by future caldera eruptions (gray) and
by smaller eruptions (white oval) at Yellowstone. Prevailing winds would determine actual ashfall

patterns. Contour lines show ash depths in feet. (Michael Perkins.)

the effects of the eruptions. More than 320 were killed in the climactic eruption of
June 15, 1991, mostly when they were crushed by the collapses of ash-covered roofs.
The total death toll included tribesmen who contracted deadly diseases in refugee
camps after being displaced by the eruptions.

Gases and particles from Pinatubo helped deplete Earth’s protective ozone layer,
created colorful sunsets, and cooled Earth’s climate slightly for a couple of years,
briefly moderating a global warming trend. The eruptions sent a 3,000-mile-wide
belt of gas and dust around the planet.

Yellowstone caldera eruptions 2 million, 1.3 million, and 630,000 years ago were
about 250, 28, and 100 times larger than the 1991 Pinatubo eruptions, respectively. If
such an eruption took place today, the consequences on the environment and human

life would be extraordinary, far beyond those from any catastrophe in modern time.
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It is likely a gargantuan caldera eruption at Yellowstone would be preceded by
months to years of earthquakes and by the uplift of the caldera floor a few yards and,
possibly, by some small basalt lava flows. But calderas around the world often huff and
puff for decades without producing cataclysmic eruptions. We can only guess whether
the geologic warnings would be adequate to prompt the evacuation of Yellowstone
and surrounding areas and towns to prevent the instantaneous loss of thousands and
perhaps tens of thousands of lives.

Devastation would be complete and incomprehensible at the caldera. Imagine Yel-
lowstone National Park and everything in it destroyed. Every road, every lodge, every
campground, every visitor center, every geyser and scenic feature would either be
blown instantly off the face of the Earth or swallowed as the floor of the caldera sank
downward during the eruption.

The initial blast would be followed by extensive pyroclastic flows, huge mudflows
thundering down river valleys, and volcanic ash blown high into the atmosphere and
falling in a layer feet to inches thick over the western half of the United States. Such
an eruption could expel hundreds to thousands of cubic miles of lava, ash, and other
debris.

Nearby towns like West Yellowstone, Gardiner, and Cooke City, Montana, likely
would be wiped out by ash, mudflows, or pyroclastic flows. Life probably would come
to a standstill for weeks or months as several feet of ash buried cities somewhat farther
away like Cody and Jackson, Wyoming; Bozeman, Montana; and Idaho Falls, Idaho.

A Yellowstone caldera explosion today would dump ash over hundreds of thou-
sands of square miles, not the mere thousands of square miles buried by Pinatubo.
Ashfall could reach 20 feet near the blown-out caldera and, depending on winds, per-

~ haps a few feet of ash would cover Salt Lake City, almost 300 miles away, and a foot

could fall on Denver, more than 400 miles away. That may seem amazing, but a Yel-
lowstone caldera eruption would be orders of magnitude larger than the 1980 Mount
St. Helens blast or the catastrophic eruption of Oregon’s Mount Mazama 7,600 years
ago. Mount St. Helens deposited ash 20 inches thick a few miles from the volcano and
sent a thin layer as far as 300 miles. Mount Mazama’s blast, which left a hole in the
ground now filled by Crater Lake, dumped g-foot-thick ash within 15 miles of the
mountain and spread thinner layers as far as 600 miles.

Even a much smaller, Pinatubo-sized eruption in the Yellowstone caldera would de-
posit a foot or more of ash within 10 miles of the eruption vent, with a dusting of ash
falling as far as 400 miles away, the distance of Denver, and covering much of
Wyoming, Montana, Idaho, Utah, and Colorado. Such an eruption also could send lava
flows several hundred feet thick over areas of up to 40 square miles within Yellow-

stone. A Pinatubo-sized eruption at Yellowstone, even though much smaller than the
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worst-case caldera blast, would make worldwide news and severely disrupt river
drainages, roads, and tourism in and around the national park.

Depending on wind conditions, ash from a major caldera explosion could disrupt
interstate transport of goods across most of the West and Midwest. Local winds could
capture the fine particles and envelop the region in a veil of dust, coating buildings
and agricultural lands. By one estimate, the ash could cause global famine because half
of the world’s cereal grains are produced on North American farmland, much of
which would be covered by Yellowstone ash.

Rain would turn the ash to mud that would cover some areas as a gooey layer and
flow into rivers, clogging them. For example, the sediment load of the Mississippi
River could be increased 400 to 8co times if the Mississippi drainage received only
one-fifth of the ash generated by the caldera blast at Yellowstone 2 million years
ago. That could increase flooding significantly, impair shipping, and make it impos-
sible for power plants to use silty river water for cooling. Mudflows from Mount St.
Helens’s 1980 eruption blocked Columbia River shipping channels, creating a
months-long disruption of international trade with Portland, Oregon. Imagine
what ash from a Yellowstone eruption hundreds to thousands of times larger might
do to clog major rivers, trigger flooding, wreck hydroelectric turbines, and disrupt
shipping.

A future caldera explosion at Yellowstone could send ash nearly 20 miles high and
carry fine particulates and gases around the globe. A Yellowstone cataclysm might re-
duce global temperatures almost 2 degrees Fahrenheit— cooling that sounds small
but is significant enough to be considered a “volcanic winter.” After an Icelandic vol-
cano erupted in 1783, Ben Franklin noted lower temperatures during that year and
1784. The 1815 eruption of Tambora in what is now Indonesia had worldwide
effects, and was followed by what has been called “The Year without a Summer.” In
1816, snow reportedly fell during much of the year in New England. There were
widespread crop failures elsewhere. Northern hemisphere temperatures decreased by
more than 1 degree Fahrenheit. By any standards, a Yellowstone-sized caldera erup-
tion would be far larger than the Tambora disaster.

We can only speculate on the disaster that society would face during a Yellowstone
caldera eruption. As unlikely as such gargantuan explosions seem in our lifetimes,
they have happened before and will occur again. We cannot control or stop such over-
whelming geological forces, but we can reduce the potential scope of the catastrophe
by installing modern surveillance systems to track earthquakes, deformation of
Earth’s crust, changes in hydrothermal gases and fluids, and other signs of impending
eruptions. Such warning systems will allow evacuation of potential areas affected by

such eruptions and minimize damage and loss of life.
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Volcanic Odds
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There are many ways of trying to estimate the volcanic hazard at Yellowstone. No sin-
gle method may be accurate, yet together they provide a sense of the level of risk.

If the entire West is considered, we know of at least fourteen notable eruptions in
the last 2 million years, ranging from the relatively small outbursts at California’s
Lassen Peak from 1914 through 1917 to the three explosions at the Yellowstone and
Island Park calderas. Other peaks that erupted during the last 2 million years are
Washington’s Mount St. Helens, Oregon’s Mount Mazama and Newberry caldera,
New Mexico’s Valles caldera, and California’s Long Valley caldera, where the ski
town of Mammoth Lakes is located. Fourteen significant eruptions in the West in 2
million years means such a disaster happens in the region once every 143,000 years.
That implies annual odds for a moderate to big eruption somewhere in the West are
1-in-143,000.

A much different answer is reached by considering only the last 8,000 years, dur-
ing which there were at least seven significant eruptions in the West: Mount Mazama,
two at Lassen Peak, and four at Mount St. Helens. Seven eruptions in 7,000 years
works out to annual odds of about 1-in-1,100. Of course, ;mnc of them were huge
caldera explosions.

Now, instead of looking at the West, consider only the gigantic caldera eruptions
from the Yellowstone hotspot between the time the hotspot erupted near the
Idaho—Oregon—Nevada border 16. ¢ million years ago to the most recent caldera ex-
plosion at Yellowstone 630,000 years ago. During that time, there have been about
100 giant caldera erupt.ions concentrated in seven to thirteen volcanic centers— each
center the site of overlapping caldera blasts. This means eruptions occurred an aver-
age of every 160,000 years or so as the hotspot repaved the Snake River Plain and Yel-
lowstone. However, the eruptions became less frequent over time (Figure 7.3), ap-
parently because the supply of magma or heat or both decreased as North America
moved over the hotspot.

If we consider the last 6.5 million years, there were six giant caldera-forming
eruptions averaging 1.2 million years apart. Since the last blast was 630,000 years
ago, this calculation implies the Yellowstone hotspot is unlikely to blast out a new
caldera for another 350,000 years.

Yet if we analyze only the three caldera explosions since the hotspot reached Yel-
lowstone—the blasts 2 million, 1.3 million, and 630,000 years ago—the average
time between catastrophes is about 685,000 years, which implies another cataclysm is

due in 5,000 years.
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Plain and at Yellowstone. The cataclysmic eruptions have become less frequent over time. (Adapted from Perkins and Nash, in press.)

Still other estimates of volcanic risk can be reached by focusing on more recent sig-
nificant volcanism, not just major caldera eruptions. Since the Yellowstone caldera
last blew up 630,000 years ago, there have been about thirty lava flow and ash erup-
tions within the caldera, most recently 70,000 years ago. It might be argued the threat
of volcanism at Yellowstone has passed because 70,000 years have elapsed. On the
other hand, the average time between each of the thirty eruptions was about 19,000
years. So it also could be argued Yellowstone is more than §o0,000 years overdue for
another eruption. To further muddy the picture, realize that 19,000 years is the aver-
age time between eruptions; the longest interval between eruptions was 148,000
years. So even with the last eruption 70,000 years ago, it is possible to argue the next
one is tens of thousands of years in the future.

All these exercises in estimating volcanic risk come up with different answers, but
they nevertheless tell us that volcanic eruptions in the Yellowstone region are much
less likely than major quakes. The annual risk of a cataclysmic volcanic caldera explo-
sion at Yellowstone is somewhere in the range of one-in-tens-of-thousands to one-in-
hundreds-of-thousands or more. This means such catastrophes are extremely unlikely
within coming generations and more probable within tens of thousands or hundreds
of thousands of years. Annual odds may be one-in-thousands for lesser but still signifi-
cant eruptions of lava and ash—roughly on the scale of the 1980 Mount St. Helens
eruption or the much larger 1991 Mount Pinatubo eruption. The odds are progres-
sively higher for smaller volcanic outbursts, such as steam explosions.

Yet even the risk of a catastrophic eruption at Yellowstone is much larger than the

odds of winning a multistate lottery jackpot.
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The Future Hotspot

Just as small eruptions are more likely than larger ones, eruptions from existing vol-

canic vents occur more often than eruptions of brand new volcanoes. An eruptive

vent can form only after molten rock has fractured Earth’s crust to create a new con-
duit to the surface.

Where is the Yellowstone hotspot going? The North American plate is moving in-

l exorably about 1 inch per year southwest across the hotspot, leaving in its wake “old”

Yellowstones such as the ancient calderas hidden beneath the Snake River Plain. It is

possible the hotspot will movt_:,no;&hwl' millions of years, blasting a new 4o-
— —

mile-wide caldera in ‘Beartooth Mountains\or perhaps raising the present site oi

m——

Bl|lmgs Montana, a cm‘ﬁﬂ'e‘t:beusmdfee%ﬂﬂ then blowing it to oblivion during a

caldera eruption. (Attention Billings residents: There’s plenty of time to move.)

' /" In the hotspot’s wake, the present site of Yellowstone National Park could lose a
R couple r_housand feet of elevation as it sinks in the wake of the hotspot, then get
Ao e/ 7 repaved by the kind of basalt Tava flows that covered Idaho E(:?t:mnake River Plain.

R
If humans still are around in millions of years, the geysers and other glories of today’s
national park might be replaced by the slogan, “Yellowstone: Famous Potatoes.”

On the other hand, the hotspot started blowing huge holes in the ground near
today’s Oregon—ldaho Nevada border 16. 5 million years ago—a time of accelerated
stretchmg apart of Earth’s crust in the Basin and Range Province. Such stretching may
well ease the ascent of buoyant masses of hot and molten rock from the hotspot, cul-
minating in new caldera eruptions on the surface, essentlally creating new Yellow-
stones, Hmmc)st of the stretched and thinned crust ofm and Range
Province has passed over the hotspot. Now, as North America’s crustal plate moves

e

southwest it is pullmg the thickened crust of the Rocky Mountains over the hotspot

Earth’s crust northeast of Yellowstone not only is thicker but is also colder, which
means more solid rock must be heated and mclth before magma Canm to the
Jgdlcl;':é:t greater strength. These factors may make it more difficult and time- consuming
for hot%agrhﬁa—m- rise, heat and melt overlying rock, and ultimately trigger vol-
_canic outbursts Or perhaps the rise of molten rock could stall :::onrlp]etel}r Only a few
" million years will tell.
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Grand Teton

Tour

How to Use This Tour Guide

Because winter snows close roads in both Grand Teton and Yellowstone national
parks, the driving tours in this chapter and the next are intended for use only from
late spring through early fall. You may wish to do only parts of each tour and so we
have not shown cumulative trip mileage in these tour guides. Instead, we provide cu-
mulative mileage only from one stop to the next, and for points of interest between
them. This chapter’s tour of Grand Teton National Park totals 82 miles, excluding
mileage to the optional aerial tramway ride.

The intent of these two chapters is to provide a three-day driving tour, including
one day in Grand Teton and two in Yellowstone. However, you easily may extend the
tour to five days or even longer if you choose a leisurely pace or decide to make op-
tional hikes and stops. The three-day tour outlined in these chapters starts in the
town of Jackson, Wyoming. Our tour includes the following suggestions:

* On day 1, make the Teton tour, perhaps beginning or ending with the optional
tramway ride detailed at the end of this chapter. Spend the night either in Jack-
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son or find accommodations closer to Yellowstone, such as at Colter Bay Vil-

lage or other campgrounds and lodgings in northern Grand Teton National
Park.

* On day 2, enter Yellowstone’s south entrance and drive the loop road clockwise
to Madison Junction, then spend the night at West Yellowstone, Montana. If you
arrive at West Yellowstone by early to mid-afternoon, you still will have time to
make the optional tour to the Hebgen Lake earthquake area, although the visi-
tor center there closes in the late afternoon.

* On day 3, either start with the optional side trip to the Hebgen Lake earthquake
area, or proceed from West Yellowstone, Montana, back into Yellowstone Na-

tional Park, continuing the tour at Madison Junction.

Some visitors may choose to drive part or all of these tours in a direction opposite
to the one we use here. For that reason, we also provide reverse mileage between
each stop and the sights between stops. However, instructions for left or right turns
are written assuming that visitors follow the tours in the direction given.

Vehicle odometers vary, so mileages should be taken as approximate. Primary geo-
logical sights in this chapter are labeled Stop 1 through 11. (Figure 8.1. See also Fig-
ure 1.4 for a view of the region’s topography.) Lesser sights are included in the “On
the way to Stop X” sections between the stops.

Some stops are turnouts along the side of a road; others involve driving down an
access road or into a large parking lot. In all cases, the stop-to-stop mileages in this
tour include distances from one parking location to the next, not simply to the en-
trances of parking lots.

For background, we suggest reading Chapter 5, The Broken Earth, and Chapter 6,
Ice over Fire.

Introduction

As you tour Grand Teton National Park, you will be driving through an intersection
of different landscapes shaped by distinctly different geological processes:

To the south and east is the Wyoming Overthrust Belt, a region where rock layers
were uplifted, folded, and thrust over one another by east-west squeezing of
Earth’s crust. This happened during uplift of the Rocky Mountains between 8o
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8.2 o The central Teton Range with the Cathedral Group of peaks, including 13,770-foot Grand Teton, the highest
peak, ri‘qht qf center.

and 30 million years ago. The squeezing and uplift made this region a highland
long before the Teton fault and modern Teton Range were born.

To the southwest, Earth’s crust has been stretching apart for more than 17 million
years, creating the Basin and Range Province, a region of alternating
north—south mountain ranges and north—south valleys that extends from the
Tetons through southern Idaho, southeast Oregon, western Utah, Nevada, and
into southern California. This stretching reached the Teton—Jackson Hole area
about 13 million years ago, creating the Teton fault. Movement on the fault
since has made the modern Teton Range rise upward and Jackson Hole drop
downward, separating the Tetons from the Gros Ventre Range.

About 16.5 million years ago, the Yellowstone hotspot started producing cata-
strophic volcanic eruptions near what is now the Oregon-Ildaho—Nevada
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boundary. As North America drifted southwest, eruptions from the hotspot
moved northwest, blasting out and repaving what is now the Snake River Plain
in Idaho southwest of here. A few million years ago, the hotspot reached Yel-
lowstone, uplifting what is now the Yellowstone Plateau north of here and pro-
ducing three gargantuan volcanic eruptions 2 million, 1.3 million, and 630,000
years ago. Glaciers from high atop Yellowstone flowed south and helped shape
Jackson Hole and its lakes.

Start of Tour and Stop 1: Flat Creek Valley
Start of tour; 3.7 miles to Stop 2

Begin the tour by driving the Jackson Hole Highway (U.S. 26—89—191) north out of
Jackson, Wyoming. The starting point is a parking lot on the east (right) side of the
road just after the Wyoming Visitors Information Center and before the highway
crosses Flat Creek.

East of the highway is Flat Creek Valley and the National Elk Refuge, established by
Congress in 1912 after homesteads and ranches reduced elk wintering grounds in
Jackson Hole. Several thousand elk winter on the nearly 2 §,000-acre refuge.

The big hill west of the highway is East Gros Ventre Butte. (Gros Ventre is pro-
nounced grow-vaunt and rhymes with want.) The butte is about ¢ miles long north to
south, and only a mile wide. On its other side, out of sight, is a similar hill, West Gros
Ventre Butte. Faults run north—south at the east base of each butte, including where
you now are standing. During prehistoric quakes, land east of each fault—including
Flat Creek Valley—dropped downward relative to land west of each fault, which
rose upward to create the buttes. There is no evidence of recent activity on these
faults. But ancient quakes made the Flat Creek Valley drop by perhaps hundreds of
feet. The stream gradually filled the valley with sediment, creating the flat, lush valley
floor that elk find so attractive.

This fault is less than § miles long—much smaller than the 4o0-mile-long Teton
fault. But both were created by the same forces: the stretching apart of Earth’s crust in
the interior western United States, a region known as the Basin and Range Province.

ON THE WAY TO STOP 2

Flowing along a fault: As you proceed north, the highway follows the fault at
the east base of East Gros Ventre Butte. Springs that flow out of the ground near the
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north end of the butte probably exist because of groundwater flowing along the fault.
These springs supply water to the fish hatchery, Stop 2.

Turn right to Jackson National Fish Hatchery: 3.2 miles from Stop 1; 0.5
miles to Stop 2. Proceed to parking lot.

Stop 2: Jackson National Fish Hatchery Parking Lot
3.7 miles from Stop 1; 1.5 miles to Stop 3.

The hatchery is often open for tours.

Below you, the low undulating terrain of the upper Flat Creek Valley was shaped
partly by glacial ice that moved south from Yellowstone through Jackson Hole during
at least one of three major periods of glaciation in the region during the past 2 million
years, The ice once may have been 1,000 feet thick here. East across the valley, look at
the west end of the Gros Ventre Range. As you face the fish hatchery, the range’s high-
est peak—11,239-foot Sheep Mountain, also known as Sleeping Indian—is to the
northeast on your left. South of it is 10,741-foot Jackson Peak. Before Jackson Hole
started dropping downward along the Teton fault 13 million years ago, what now are
the Teton and the Gros Ventre ranges formed a continuous high plateau created by
the uplift of the Rocky Mountains between 8o and 30 million years ago.

ON THE WAY TO STOP 3

Leave hatchery lot, turn right on main highway: 0.4 miles from Stop 2; 1.1
miles to Stop 3. The hig}w\ra)r now climbs out of the Flat Creek Valley. The cliffs on the
west (left) side of the road are andesites, volcanic rocks that probably erupted from a
small, nearby volcano 9 million years ago—long before the Yellowstone hotspot ar-
rived beneath Yellowstone National Park and triggered major volcanic eruptions be-
ginning 2 million years ago. The older andesites and several other volcanic features in
the area suggest hot rock may have seeped upward and eastward from the hotspot
when the hotspot still was beneath Idaho.

The highway proceeds north over grass- and sagebrush-covered landscape known
as a glacial outwash plain. Much of the floor of Jackson Hole is glacial outwash—
coarse sands and gravels washed out of glaciers by meltwater.

Enter Grand Teton National Park: 0.9 miles from Stop 2; 0.6 miles to Stop 3. A
small sign designates the park boundary.
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Stop 3: Grand Teton National Park Sign Turnout
1.5 miles from Stop 2; 14.5 miles to Stop 4.

Stop in the turnout next to the large Grand Teton National Park sign. This sign is 0.6
miles after the small park boundary sign.

Look west and northwest from this turnout for our tour’s first vista of the spectac-
ular scenery of the 44-mile-long Teton Range. The tallest peak is 13,770-foot Grand
Teton, to the northwest, Its summit is some 7,000 feet above the valley floor where
you now stand. The mountain to your west is Rendezvous Mountain, and its highest
point is 10,927-foot Rendezvous Peak, the southernmost high peak of the Tetons. At
its base is Teton Village, a ski resort, and a tramway up the mountain.

The Teton fault is 6 miles west of this turnout, The fault runs about 40 miles
north-to-south along the base of the mountains, from the north end of Jackson Lake
to south of Teton Village. For as long as 1 3 million years, a few thousand major earth-
quakes made the valley drop downward along the fault while the Teton Range rose
upward. The oldest rocks in the range are 2.8 billion years old and are found high—
but not atop—the central peaks. They were lifted from their birthplace deep under-
ground by both the Teton fault and earlier periods of mountain-building,

As quakes caused Jackson Hole to drop down along the fault, the part of the valley
closer to the fault dropped more than the part where you now stand. So the floor of
Jackson Hole tilts downward to the west very slightly—less than a degree—from
this viewpoint to the base of the Teton Range.

ON THE WAY TO STOP 4

Turn right at Gros Ventre Junction: 1.9 miles from Stop 3; 12.6 miles to Stop 4.
To continue on the main tour, turn right at Gros Ventre Junction onto Gros Ventre
Road,

(If you prefer to skip Stop 4, including the Gros Ventre landslide and the east side
of Jackson Hole, don’t turn right at Gros Ventre Junction. Instead, continue north
through the junction and proceed on the main highway [U.S. 26—89—191] for 6 miles
to where Antelope Flats Road enters the highway from the right. That intersection is
1 mile past Moose Junction. Pick up the text of this tour guide under the section On
the way to Stop g, Intersection Antelope Flats Road and Jackson Hole Highway.)

If you turned right at Gros Ventre Junction to proceed on the main tour, the bank on
your left (north) is the south side of a terrace of gravel and other sediments deposited
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by the Gros Ventre River, primarily since the glaciers retreated. The top of this terrace
is covered by loess, which is dust and other sediments blown off of ancient glaciers by
the wind. This terrace extends about 2 miles north. Several gullies cut northeast-to-
southwest through the terrace and probably were created by large floods about §,000
years ago. The river later abandoned its course atop this terrace and shifted to its pre-
sent position on the southeast (right) side of this road. The river cut down through the
old terrace as it shifted, forming the bank that parallels the road on the left.

Gros Ventre campground: 6.4 miles from Stop 3; 8.1 miles to Stop 4.

Kelly: 8.5 miles from Stop 3; 6 miles to Stop 4. After driving into Kelly, Gros Ventre
Road turns left (north). This village was wiped out by a flood in 1927 when a natural
dam ruptured upstream on the Gros Ventre River. The dam was created by the Gros
Ventre slide (Stop 4).

Turn right to remain on Gros Ventre Road: 9.9 miles from Stop 3; 4.6 miles to
Stop 4. About 1.4 miles after entering Kelly, turn right to remain on Gros Ventre
Canyon Road. Be careful not to miss this turn. Do not go straight.

Kelly Warm Spring and Gros Ventre Canyon: 10.3 miles from Stop 3; 4.2 miles
to Stop 4. About o.4 miles past the turn, the road passes Kelly Warm Spring, a popular
swimming hole with average water temperatures around 8o degrees Fahrenheit. The
springs may arise from a buried fault that acts as a conduit for the warm water. After
leaving the spring, the road climbs hummocky, aspen-covered hills made of debris de-
posited by glaciers. You enter Gros Ventre Canyon about 2 miles past the warm
springs. Proceed up canyon to Stop 4.

Entering Teton National Forest sign turnout: 12.3 miles from Stop 3; 2.2
miles to Stop 4. The Gros Ventre landslide is visible up canyon on the mountainside on
your right, but keep driving to Stop 4.

Stop 4:The Gros Ventre Slide
14.5 miles from Stop 3; 17.7 miles to Stop §

Park in the turnout on the right at the Gros Ventre Slide sign. Walk to the viewpoint
to see the slide across the canyon. (See Figure 5.9.)

The influence of earthquakes and landslides in the evolution of the Teton region is
revealed dramatically at this stop. Here, go million cubic yards of rock suddenly gave
way on the south side of Gros Ventre Canyon on June 23, 1925, creating one of the
world’s great landslides. It is bigger than the deadly slide in Madison Canyon, Mon-
tana, triggered by the 1959 Hebgen Lake earthquake.
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The Gros Ventre Slide, also called the Lower Gros Ventre Slide, probably was triggered
by a combination of saturated ground, vulnerable rock, and a series of earthquakes, par-
ticularly a moderate jolt the night before the slide. The landslide traveled about 1.5 miles
as it dropped 2,100 vertical feet off the canyon’s south wall and continued up the north
wall near where you now stand. The slide formed a 22 g-foot-tall natural dam across the
Gros Ventre River, creating Lower Slide Lake, The top so feet of the dam failed on May
18, 1927, sending a flood downstream. The flood destroyed much of Kelly and damaged
ranches and bridges all the way to Wilson. Six people drowned.

ON THE WAY TO STOP §

Turn around: From the Gros Ventre Slide turnout, turn around and retrace
your drive back down Gros Ventre Canyon Road to the T-intersection just past Kelly
Warm Spring.

Turn right on unsigned road: 4.7 m:'.'esﬁam Stop 4; 13 miles to Stop 5. From
Gros Ventre Canyon Road, turn right onto the unsigned road (left is the continuation
of Gros Ventre Road, which is the way you came).

Ditch Creek Fan: You now are driving across one of the largest alluvial fans in
the western United States, the Ditch Creek fan. An alluvial fan is formed when a
sediment-laden stream pours out of a canyon and spreads out over an open valley,
dumping gravel, sand, and other sediment in a fan-shaped deposit that is narrowest
and thickest near the canyon mouth and widens and thins as it spreads into the valley.
The Ditch Creek fan formed after the glaciers receded 14,000 years ago. It continues
to grow today. It was deposited by Ditch Creek, which emerges from the mountains
on your right (east). From that point, the fan stretches about 4 miles west until it
abuts the northeast side of Blacktail Butte, which is to your left (west). The fan slopes
down to the west almost a degree—relatively steep for such a large alluvial fan.
Why? Jackson Hole tilts slightly westward due to downward movement along the
Teton fault, so drainage from Ditch Creek probably has been accelerated, making the
alluvial fan bigger than it would be otherwise.

Turn left on Antelope Flats Road: 7.1 miles from Stop 4; 10.6 miles to Stop 5.
About 2.4 miles past the last turn, you reach Antelope Flats Road. If you turn left or
proceed straight, you are on Antelope Flats Road. Turn left. From this point you will
have nice views of the Tetons and of Blacktail Butte, only a couple miles ahead and a
bit to the left.

Blacktail Butte rises more than 1,000 feet above the surrounding terrain. It basi-
cally is a big chunk of bedrock (topped by more recent stream deposits) that was
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carved by south-moving glaciers. Some of its rocks range from 180 to more than goo0
million years old. Elsewhere in Jackson Hole, rocks of the same age are located thou-
sands of feet beneath the valley floor, dropped downward by millions of years of motion
on the Teton fault. But here they are exposed well above the valley floor. Why? A possi-
ble answer lies due west, at the base of the Teton Range. From there to the north end of
the range, the Teton fault runs pretty much north—south, and the fault plane dips east
under Jackson Hole. But due west of Blacktail Butte, the Teton fault makes a sudden jog
to the southwest, so its buried fault plane dips southeast. Now imagine Jackson Hole
dropping downward to the east along one part of the fault, and downward to the south-
east along the other. That leaves a wedge-shaped “hole” between the fault planes in the
location of Blacktail Butte. This change in fault geometry suggests Blacktail Butte may
be an ancestral part of Jackson Hole that failed to drop downward with the rest of the
valley. Smaller faults apparently surround the base of Blacktail Butte, supporting the
theory. Another theory is that Blacktail Butte is much older, and started as a large block
of rock that slid westward off the Gros Ventre Range along a gently dipping fault that
formed when the region was being squeezed during the Overthrust period.

Intersection Antelope Flats Road and Jackson Hole Highway (ULS.
26—-89—191): 10.4 miles from Stop 4; 7.3 miles to Stop 5. Turn right onto the main high-
way. (If you chose to skip Stop 4 earlier in the tour, and instead proceeded north on Jack-
son Hole Highway, this is where you rejoin the tour, continuing north on the highway.)

Glacier View turnout: 12.5 miles from Stop 4; 5.2 miles to Stop 5. Active glaciers
of the Teton Range are visible.

Teton Point turnout: 14.6 miles from Stop 4; 3.1 miles to Stop 5. After leaving this
turnout, the road passes on top of the western edge of a major Snake River terrace —
a nearly flat surface of silt, sand, and gravel deposited by the river before it had cut
downward to its present location to your left (west).

Turn left to enter Snake River Overlook: 17.5 miles from Stop 4; 0.2 miles to
Stop 5 parkjnﬂ lot.

Stop 5: Smake River Overlook
17.7 miles from Stop 4; 15 miles to Stop 6

The tree-covered ridge visible to the northwest across the river is a glacial moraine
named Burned Ridge. It is a ridge of boulders, gravel, and sand deposited at the toe of
a glacier during the most recent stage of glaciation, which ended about 14,000 years

ago. Moraine deposits are favorable for vegetation, so many moraines in Jackson Hole
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are forested. In contrast, the almost flat, brushy, glacial outwash plains have porous
soils that cannot hold enough water to support lush vegetation.

One of Jackson Hole’s most unusual features can be noted from this overlook: the
valley floor’s slight westward tilt. The slope is so gentle that it is difficult to observe
by looking at the valley floor to the west. But the tilt is evident by looking west and
noting that only the tops of tall pine trees are visible on the western edge of the valley.
Much of the tilt is due to earthquake movements on the Teton fault, which makes the
west side of Jackson Hole drop more than the east side. Perhaps as much as a quarter
of the tilt is due to accumulation of sloping gravel and sediment deposits left by
streams that once flowed from glaciers.

Across the river to the northeast is a gravel bar named Deadmans Bar after an 1886
incident in which a miner killed three colleagues. He was captured but acquitted on
grounds of self-defense.

Farther to your northeast, about 5 miles away, is Signal Mountain, which you will
visit during Stop 7. The glacier-sculpted mountain contains west-dipping rock layers.
One of those layers, the Huckleberry Ridge tuff, is a brown band of rock wrapping
around the southeast side of Signal Mountain. It is volcanic ash deposited by the first
gigantic volcanic eruption at Yellowstone 2 million years ago. Like the valley floor,
the rocks in Signal Mountain tilt westward because of movement on the Teton fault.

Debris durnped by glaciers also is exposcd on Signal Mountain.

ON THE WAY TO STOP 6

Exit Snake River Overlook, turn left on Jackson Hole Highway: 0.2
miles from Stop §; 14.8 miles to Stop 6.

Spread Creek: 5.9 miles from Stop 5; 9.1 miles to Stop 6. By the time you reach the
bridge over Spread Creek, you are on another alluvial fan. From here, the creek
drains into the Snake River, more than a mile away. Measurements reveal the tug of
Earth’s gravity is slightly weaker than normal here, indicating the rock beneath this
area is less dense than normal. This supports the theory that the Spread Creek alluvial
fan and earlier deposits of glacial rock filled what once was a deep basin. The basin
now is buried under thick sediment, but its prehistoric presence may help explain
why the Snake River flows east out of Jackson Lake instead of directly south toward
lower ground. With Jackson Lake’s southern end dammed by a glacial moraine, it log-
ically would have drained into a basin to the east-—a basin later filled with sediments.

Turn left at Moran Junction onto U.S. 89-191-287: 9.6 miles from Stop 5;
5.4 miles to Stop 6.
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Moran Entrance Station: 10.4 miles - from Stop §; 4.6 miles to Stop 6. Rangers will
collect fees for your visit to Grand Teton National Park . It probably will be economi-
cal to buy an extended permit because you will leave and re-enter Grand Teton and
Yellowstone several times if you follow both tours.

As the highway runs west to Pacific Creek, it passes through hills made largely of
debris dumped by glaciers, although some of the higher hills are conglomerate —
cemented boulders, rocks, and finer sediments deposited by streams tens of millions
of years ago as an ancient highland eroded away.

Oxbow Bend Scenic Overlook: 12.4 miles from Stop 5; 2.6 miles to Stop 6. A
large oxbow-shaped bend in the Snake River formed here because the river has been
narrowed a mile or so downstream (behind you) at Pacific Creek. The Snake River
once flowed from the south end of Jackson Lake, until that area was dammed by a
glacial moraine. That forced the river to flow eastward out of the lake and around Sig-
nal Mountain—an unusual flow pattern given the general westward tilt of Jackson
Hole (Figure 8.4). This spot provides a classic view of 12,60¢-foot Mount Moran to
the west. Signal Mountain is nearby to the south—southwest.

Turn left at Jackson Lake Junction onto Teton Park Road: 3. 5 miles from
Stop 5; 1.5 miles to Stop 6. Turn left at the sign toward Signal Mountain, Jenny Lake,

8.3 o= The Teton Range and Snake River from the Snake River Over-
look. As the river meandered over time, it cut into the valley floor and cre-
ated stairstep-like terraces. An old terrace is seen as the horizontal line at
the base of the embankment stretching across the middle of the photograph.

8.4 o~ Signal Mountain (left), with Mount Moran and other Teton Range peaks (right). Signaf Mountain tiles to the west because gf

movements on the Teton fault. The Snake River's Oxbow Bend is in the foreground.
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Moose, and Jackson. Trees on your left are growing on an old landslide that fell from
the north side of Signal Mountain after the glaciers retreated.

Stop 6: Jackson Lake Dam
15 miles from Stop §; 6.8 miles to Stop 7

Stop in the parking lot on the left after you cross the dam.

A log-crib dam first was built here during 19051907, raising Jackson Lake 22 feet
above its natural level. The early dam failed in 1910. A concrete dam was built in
stages between 1911 and 1916, raising the maximum lake level another 17 feet, to 39
feet above the lake’s natural elevation. The dam impounds irrigation water for agri-
culture downstream the Snake River in Idaho and also provides flood control. In
1976, on the west side of the Teton Range, the Teton River’s Teton Dam ruptured,
causing a catastrophic flood that killed eleven people and caused $900 million in dam-
age. The disaster prompted the U.S. Bureau of Reclamation to study other dams. It
found Jackson Lake Dam was susceptible to failure during a nearby earthquake larger
than magnitude 5.5. The dam was upgraded during 1986—1989, and the Bureau of
Reclamation now believes it can withstand the “maximum credible earthquake”™—a
magnitude-7. 5 quake on the Teton fault.

Ancestral Jackson Lake formed in a trough at the base of the Teton Range, proba-
bly soon after the Teton fault became active about 13 million years ago. The trough
was created by the downward movement of Jackson Hole along the Teton fault,
which made the ground sink more at the base of the range than on the east side of the
valley. The lake now includes a deeper western trough, west of here but out of view,
and a shallower, shorter eastern trough, which begins at the dam site and stretches 3
miles to the southwest. The western trough, initially created by faulting, was scooped
out and deepened by glaciers that flowed south from the Yellowstone Plateau during
the most recent glacial advance, which ended roughly 14,000 years ago. The lake’s
eastern trough, which you see from the dam, was carved by an earlier glacier flowing
down Pacific Creek’s valley. Water is 437 feet deep in Jackson Lake’s western trough
and 142 feet deep in the shallower eastern trough. Both troughs were deeper at one
time, but have filled with sediments.

The muddy sediments in Jackson and Yellowstone lakes are unusual because they
contain the silica-rich remains of microscopic, single-celled algae called diatoms. When
they were alive, the diatoms obtained nutrients from the silica-rich rhyolite lavas that

erupted at Yellowstone.
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Some researchers have hypothesized the Teton fault reaches the Earth’s surface be-
neath the waters of Jackson Lake. But pictures of lake-bottom sediments made with
sound waves show muds and deeper sediments beneath Jackson Lake have not been
broken or folded by faulting. Instead, the fault intersects the ground west of the lake
at the base of the Teton Range. There, the fault has created scarps—or steep, cliff-
like slopes— where the mountains rose up and Jackson Hole dropped down during

the most recent prehistoric major quakes.

ON THE WAY TO STOP 7

Continue south along Jackson Lake. The road passes through thick stands of
pines growing on glacial moraines.

Signal Mountain Lodge: 1.8 miles from Stop 6; 5 miles to Stop 7. A possible lunch
spot halfway through the tour.

Turn left on Signal Mountain Road: 2.8 miles from Stop 6; 4 miles to Stop 7.
From this turn, a winding road climbs up Signal Mountain, which rises almost 8co
feet above the floor of Jackson Hole. Stop 7 is not the summit parking lot. Stop 7 is the
Jackson Point Overlook 4 miles up the mountain from this turn and about a mile be-
fore the summit. The lot is just past a hairpin curve. Watch out for bicyclists and on-

coming traffic on this narrow road.

Stop 7: Jackson Point Overlook on Signal Mountain
6.8 mﬂesfrom Srop 6; 6.2 miles to Stop 8

Once at the Jackson Point parking lot, walk a short trail to the overlook.

Signal Mountain is the most important stop on this tour because of its panoramic
views of the Teton Range, Jackson Lake, Jackson Hole's glaciated landscape, the Snake
River drainage, and the Pitchstone Plateau, which is the southernmost part of the Yel-
lowstone Plateau.

To the south is much of the valley of Jackson Hole. East Gros Ventre Butte also is
visible.

Turn clockwise a bit. To the southwest is the relatively gentle southern Teton
Range.

To the west—southwest and west is the highest, most jagged part of the Teton
Range, rising to 13,770-foot Grand Teton. Other tall peaks visible from here include
Mount St. John and Mount Moran (Figure 8.5).
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To the northwest, the north end of Teton Range becomes smoother and lower, and

is capped by the Huckleberry Ridge tuff, a rock layer formed from the thick layer of
volcanic ash and debris spewed skyward by the eruption of the Yellowstone caldera 2
million years ago.

Observing the Teton Range from Signal Mountain provides a great view of the full
extent of the Teton fault’s power to change the landscape by lifting up a 44-mile long
mountain range and making Jackson Hole drop downward. And the present 7,000-
foot difference in elevation from the valley floor to the top of Grand Teton represents
only part of the fault’s power. During the past 13 million years, the mountains rose
and the valley dropped by about 23,000 feet. But sediments filled the valley as it sank,
so only a third of this movement is now obvious as one looks from the valley floor to
the mountain tops.

Notice how the highest peaks of the Tetons tower above and only a few miles west
of Jackson Hole. Yet canyons rising from Jackson Hele extend much farther west into

the Tetons. In other words, the rangc's east—wiest drainage divide is located about 2. ¢
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miles west of the highest peaks. So snow and rain falling onto the high peaks drain
castward into Jackson Hole, This pattern is unusual. In most ranges, the tallest pi‘ak:i
define the drainage divide. But the cast side of the Teton Range rose rapidly along the
Teton fault while the west side remained relatively fixed. So the east side of the range
croded more qui(‘kl}' than the west side. As a rc:iull, canyons cut westward t]‘u’nugh
the arca of the highest peaks, creating a drainage divide that does not coincide with
the highest portions of the range.

Now look north. The long, flat, tree-covered ridge in the distance is the Pitchstone
Plateau, which attains elevations of nearly 9,000 feet and constitutes the southern
portion of the Yellowstone Plateau. The Pitchstone Plateau was formed 70,000 years
ago by the youngest of about thirty lava flows that erupted after the last cataclysmic
eruption of the Yellowstone caldera 630,000 years ago.

On the far northeast skyline is the Absaroka Range, which was formed by volcanic
eruptions that began go million years ago when the area was near the ancient west

coast of North America.
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East and southeast of Signal Mountain are the Mount Leidy Highlands and the high
gray peak of 10,326-foot Mount Leidy. They are composed of ancient seafloor sands
and shales deposited in the area between roughly 100 and 70 million years ago, then
uplifted by the subsequent squeezing of Earth’s crust that built the Rockies. To the
south and east of Mount Leidy is the Gros Ventre Range with its highest peaks on the
southeast skyline, including Sheep Mountain and Jackson Peak. The core of the Gros
Ventre Range is 2.¢ billion years old.

Now look to the south again to examine the effects of glaciers on Jackson Hole.
Imagine 2,000-feet-thick glaciers slowly flowing through this valley, thinning, and
then tapering out beyond the present site of Jackson, Wyoming. The overlook where
you stand would be under more than 1,000 feet of ice. During the past 2 million
years, glaciers moving through Jackson Hole buried Signal Mountain several times.
During the last glacial stage, which ended about 14,000 years ago, three huge lobes of
ice entered the valley from the Snake River on the north, Pacific Creek on the north-
east, and the Buffalo Fork of the Snake on the east. These glaciers originated from a
vast ice sheet that covered Yellowstone and the Absaroka Range.

Burned Ridge is the pine-covered ridge 5 miles southwest of this overlook. It extends
from northwest to southeast— perpendicular to the giant lobe of ice formed by glaciers
that once emerged from Buffalo Fork and Pacific Creek. Burned Ridge is a terminal
moraine, or pile of debris dumped at the toe of the glacial lobe. Another terminal
moraine deposited by a more recent glacier dammed the southern end of Jackson Lake.

The bumpy plains southeast, south, and southwest of Signal Mountain are known as
knob-and-kettle topography — small hills of glacial debris, plus ponds or potholes left
when the glaciers receded (Figure 8.6). Huge blocks of underground ice melted,
leaving the potholes or kettles.

For a time after the big glaciers eventually retreated from Jackson Hole, smaller
alpine glaciers continued to flow off the Teton Range, helping to carve the classic U-
shaped canyons that descend into the valley. Moraines and hummocky topography at
the toes of these glaciers dammed Jenny Lake and shaped the conifer-covered hills at
the base of the mountains. About a dozen small glaciers still persist high in the Tetons.

ON THE WAY TO STOP 8

Turn around: From the Jackson Point Overlook, turn around and drive 4 miles
back down Signal Mountain Road.
Turn left on Teton Park Road: 4 miles from Stop 7; 2.2 miles to Stop 8. The high-

way Soon Crosses open 5agebrush~covered terrain composed of gravel and other
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8.6 o« Glacial outwash plain of northern Jackson Hole seenfrom the Jackson Point Overlook on Signal Mountain, with 10,326-

foot Mount Leidy in the background. Light areas in the faregmund show hummocky “Porboies"terrain Igf: by glaciers. The Pothafes can
fill with water like Cow Lake (center).

glacial outwash debris deposited some 14,000 years ago by the most recent glaciers in
Jackson Hole. Stairstep-like terraces here were formed when ancient streams once
flowed south from Jackson Lake.

Potholes Turnout: 5.6 miles from Stop 7; 0.6 miles to Stop 8. Views of hummocky
“potholes” terrain.

Stop 8: Mount Moran Scenic Turnout
6.2 miles from Stop 7; 4.5 miles to Stop 9

Mount Moran is the northernmost of the high peaks in the Teton Range at 12,605
feet and has a flat, eroded top. The peak is made of 2.8-billion-year-old rock called
gneiss and 2.4-billion-year-old granites. Long before the modern Teton Range was
lifted upward, this rock was deep underground. About 1.5 billion years ago, molten
rock squeezed upward into the granites, then solidified into a rock named diabase,
forming a dark, vertical layer or “dike” visible in Mount Moran (Figure 8.7).

The peak is topped by a thin layer of another kind of rock, named the Flathead
sandstone, formed when the area was once a seafloor. It is about g40 million years
old. The same layer is buried deep beneath Jackson Hole. The vertical distance be-
tween the Flathead sandstone atop Mount Moran and beneath Jackson Hole is roughly
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8.7 o~  Mount Moran with a vertical black dike of iron-rich rock. The dike formed 1.5 billion years ago when molten

rock was injected into older rock that now farms Mount Moran. All the rocks were about 6 miles underground at the time,

long before the Teton Range was uplifted. Falling Ice (center) and Skillet (right) glaciers help shape the mountains.

30,000 feet. About 23,000 feet of that vertical movement happened during the past
13 million years as the mountains rose and the valley dropped along the Teton fault.
The remaining difference was caused by earlier episodes of mountain-building in the
ancestral Teton Range.

Also visible from the spot is Falling Ice Glacier, one of the remaining active glaciers
in the Tetons.

ON THE WAY TO STOP 9

Pines on glacial debris: 0.6 miles from Stop 8; 3.9 miles to Stop 9. The roadway
passes into stands of pine growing on Burned Ridge, which is a terminal moraine of
debris dumped at the toe of a glacier.
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Ancient river channel: 2.6 miles from Stop 8; 1.9 miles to Stop 9. After leaving
the forest, Teton Park Road crosses an ancient Snake River channel that once drained
the southwest end of Jackson Lake before a glacial moraine blocked that outlet. The
road climbs a river terrace on the west side of the channel.

Mountain View turnout: 3.3 miles from Stop 8; 1.2 miles to Stop 9.

Turn right at North Jenny Lake Junction: 3.7 miles from Stop 8; 0.8 miles to
Stop 9. The road crosses outwash debris deposited by streams flowing from a glacier.
Vegetation now covers the outwash.

Stop g: Cathedral Group Scenic Turnout
4.5 miles from Stop 8; 4.3 miles to Stop 10

One of the most dramatic young fault scarps in the western United States is visible to
the west of this viewpoint. A scarp is a steep bank or slope—often almost a cliff—
formed by movement on a fault. In this case, Jackson Hole dropped downward along
the Teton fault while the Teton Range moved upward. The steep scarp visible from
here was formed by earthquakes only since the glaciers receded about 14,000 years
ago, but it illustrates how quakes in most recent prehistoric time helped build the
Teton Range during the past 13 million years.

The scarp-is located just west of String Lake. It measures 124 feet from top to bot-
tom. But the scarp was created by actual vertical movements on the Teton fault of
only about 75 feet. That represents as many as a half dozen magnitude-7. 5 quakes or
perhaps twenty magnitude-7.3 quakes since the glaciers receded about 14,000 years
ago. Yet only two of those quakes happened in the past 8,000 years, suggesting the
fault may be long overdue for another disaster.

Why is the scarp taller than the actual vertical movements during quakes along the
Teton fault? During or after a big quake, large wedges of ground can slump downhill
from the base of the scarp, adding to its height. Such slumping is complicated, and is
related to the westward tilt of Jackson Hole’s valley floor.

The tilt is apparent from this stop. As you look west, you see only the tops of trees
near String Lake. The trees and the lake sit in a trough created largely by earthquakes.
During major quakes, the part of the valley closest to the fault and the mountains
drops downward more than land farther east (behind you). As a result, the entire val-
ley floor tilts westward. In addition, smaller faults form in the valley floor a few hun-
dred yards east of the Teton fault. These faults dip westward and intersect the east-
dipping Teton fault. That means the part of the valley floor nearest the Teton fault
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literally breaks off to form a “wedge” of ground separate from the rest of the valley
floor. This wedge moves downward and rolls a bit westward, amplifying both the
height of the fault scarp and the depth of the trough at the base of the mountains.
Along with lake-damming glacial moraines, this trough—which is about g5 feet
deeper than the glacial outwash plain behind you—explains why Leigh, String, Jenny,
and other lakes formed along the fault, and why streams connecting the lakes drain
south, not east, away from the Teton Range.

ON THE WAY TO STOP 10

Overlook on east shore of Jenny Lake: 2.2 miles past Stop 9; 2.1 miles to Stop
10. Continue on the road that runs over glacial moraine and other debris and skirts
the east side of Jenny Lake. The overlook is a parking lot on the right. The down-
dropped trough in which Jenny Lake formed is evident from the overlook, which also
provides a view up Cascade Canyon.

Turn right onto Teton Park Road at South Jenny Lake Junction: 3.2
miles from Stop 9; 1.1 miles to Stop 10.

Turn right into South Jenny Lake Area: 3.8 miles from Stop 9;.0.5 miles to Stop
10. Then proceed to the southwest end of the parking lot, which is Stcl)p 10.

Stop 10: South Jenny Lake Area, Cascade Canyon View,
and Optional Hike to Glacial Moraine and Teton Fault
4.3 miles from Stop 9; 3.3 miles to Stop 11

This stop includes a visitor center, rest rooms, grocery store, and other amenities,
making it a good place for a rest break. Even though it has been paved, you are parked
atop a moraine of glacial debris that was dumped into Jackson Hole by a glacier that
once flowed east out of Cascade Canyon.

The mouth of Cascade Canyon is visible from here. It is a classic U-shaped canyon,
indicating it was carved by one of the most recent glaciers to flow east from the Teton
Range. Streams carve V-shaped canyons. To the west, just south of Cascade Canyon
and high above you, is 12,32 5-foot Teewinot Mountain.

Boat rides are available across the lake to Inspiration Point. But to walk across the
south Jenny Lake moraine to the Teton fault, consider an optional 2.6-mile round-
trip hike (or 4.4 miles if you go all the way to Inspiration Point). Start either at the
trail that passes the boat dock or the trail at the south end of the parking lot. Both trails
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cross Cottonwood Creek, then merge and lead around the south end of Jenny Lake. Ig-
nore the trails to Moose Pond. After rounding the lake’s south end, the trail turns
northwest and begins to climb the moraine, a ridge of debris deposited by the glacier
that once flowed here. At a junction where the right fork follows the lake shore, take
the left fork onto the horse trail instead. This trail climbs for a few hundred yards, then
drops, then makes a switchback where it begins to climb a scarp formed in the moraine
by the Teton fault. The small valley between the trail drop and the switchback is called
a graben. As the Teton Range rose during big quakes, a “wedge” of the valley floor right
next to the fault slumped downward along both the ecast-dipping Teton fault and a
smaller west-dipping fault, creating the trough-like graben.

Turn around here for the 2.6-mile round-trip. Or continue north less than a mile
to Hidden Falls. Then proceed a short distance northeast to Inspiration Point for a
spectacular view of Jenny Lake, the other end of the moraine on the east side of the
lake, and the glacial outwash plain farther cast. You also can look west into Cascade
Canyon and active glaciers on the north side of Mount Owen. Return the way you
came or by the lower trail on the lake shore.

ON THE WAY TO STOP I1

Leave the parking lot, turn right on Teton Park Road: 0.4 miles past Stop
10; 2.9 miles to Stop 11. Drive out of the South Jenny Lake Area parking lot and turn
right onto Teton Park Road. The road traverses a flat plain created by sediments that
washed out of glaciers. To your left (east), is Timbered Island, a tree-covered moraine
of debris dumped along one edge of a south-flowing glacier. To your right (west) are
other moraines formed by glaciers that once flowed from the Teton Range. You will

pass at least two unsigned turnouts before Stop 11.

Stop 11:Teton Glacier Turnout
3.3 miles from Stop 10; 4.0 miles to end of tour

This stop provides views of 13,770-foot Grand Teton and other high peaks. Grand
Teton’s rugged topography was formed by the uplift, erosion, and intense glaciation
of 2.4-billion-year-old rock. A dike, or vertical layer of rock, is visible extending
downward from the top of Middle Teton. It is one of several dikes that formed when
molten rock squeezed upward about 1.5 billion years ago into the older rocks that

now form the Teton Range.
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The Teton Glacier and the terminal moraine at the end of the glacier also can be
seen to the right of Grand Teton. This glacier has been receding during most of his-
toric time, as have others in the Teton Range.

Directly west of this stop, you can see the tops of trees along Cottonwood Creck.
Like String, Jenny, and other nearby lakes, the stream sits within the trough along the
Teton fault.

ON THE WAY TO THE END OF THE TOUR

Windy Point Turnout: 2.7 miles from Stop 11; 1.3 miles to the end of the tour. The
tree-covered bench west of the road is Windy Point, the east edge of a moraine
dumped by a glacier that once flowed out of the Teton Range. Windy Point is topped
by a layer of loess, or windblown glacial soil. The visible bank or slope formed when
the Snake River once flowed here and cut through the moraine. Windy Point now di-
verts Cottonwood Creek from its southerly course and forces it to flow southeast into
the Snake. After leaving Windy Point, the road continues south and drops into young
sediments deposited by the modern Snake River.

End of Grand Teton Tour, Moose Entrance Station
4.0 miles from Stop 11. End of tour

This tour ends as you exit Grand Teton National Park’s Moose Entrance Station. You
have four options from here:

1. About a third of a mile past the entrance station, turn left to see the Moose Visi-
tor’s Center and park headquarters. Maps and books about the park are available.

2. Also a third of a mile past the entrance station, you may turn right onto the
Moose—Wilson road for an almost g9-mile drive to Teton Village and the op-
tional aerial tramway ride up Rendezvous Mountain. (See the following descrip-
tion.) The tramway usually closes in the late afternoon. A 1.3-mile stretch of

the Moose—Wilson Road is unpaved gravel.

3. One mile past the entrance station, reach Moose Junction and turn right on
Jackson Hole Highway (U.S. 26-89—191) and drive about 13 miles to accom-

modations in Jackson, Wyoming.
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4. One mile past the entrance station, turn left on Jackson Hole Highway and pro-
ceed 18 miles northwest to Moran Junction, then left on U.S. 89—191—-287
through the Moran Entrance Station and north to Colter Bay Village or other
accommodations in northern Grand Teton National Park. That will put you

closer to the start of the Yellowstone tour.

Optional Trip: Aerial Tramway at Teton Village

An excellent way to get an overview of southern Jackson Hole and the south end of
the Teton Range is to ride the aerial tramway from the Jackson Hole Mountain Resort
at Teton Village, Wyoming,

Teton Village may be reached either by driving 4 miles east from Jackson on
Wyoming 22, crossing the Snake River, and then turning right (north) on Moose—
Wilson Road and proceeding several miles, or by driving from near the Moose En-
trance Station and heading south on the Moose—Wilson Road.

Dates vary, but the tramway operates from late spring through early fall, then again
during winter ski season; it is closed much of the spring and late fall. Winter operat-
ing hours depend on weather. During late spring, the tram closes in the late after-
noon, but operating hours extend into early evening during summer.

The tram climbs from Teton Village, at roughly 6,300 feet, to a 10,4 50-foot sta-
tion on Rendezvous Mountain, an elongated mountain topped by 10,927-foot Ren-
dezvous Peak, located a few miles southeast of the upper tram station.

As the tram begins the ascent from Teton Village, it crosses the Teton fault, which
cuts across a meadow about 100 yards up the slope and west of the tram building,
Signs of the fault have been obliterated by development at the resort.

Although rocks near the bottom end of the tramway are covered by vegetation, the
tram first crosses young alluvial fan deposits carried out of the mountains by streams.
Next, the tram crosses 2.8-billion-year-old Precambrian rock called gneiss, then
across progressively younger sea-bottom deposits of sandstone, shale, and, at the
summit, limestone. The mountain-building power of the Teton fault and earlier
episodes of uplift are evident. The limestone, now almost 2 miles above sea level, was
deposited on a seafloor more than 360 million years ago.

The upper tram station provides a stunning view of the south end of the Teton
Range. Imagine how large earthquakes during millions of years made the mountains

rise up along the Teton fault while Jackson Hole dropped downward.
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In the Teton Range north of here, the top of the range and layers of rock within the
mountains are tilted gently westward, Imagine a hinge at the west base of the Tetons,
As quakes along the range’s east base made the mountains rise there, the west base
stayed pretty much in place, tilting the range and its rocks westward.

Look northeast and you will see how the hills and Gros Ventre Range east of Jack-
son Hole also dip westward, diving beneath the sediment-filled valley floor. The dip-
ping rock layers east of Jackson Hole once were connected with the same layers in the
Teton Range. But the fault broke the layers and lifted the Teton Range upward. So
rock layers that now are deep beneath Jackson Hole were broken, with their corre-
sponding layers now found thousands of feet higher in the Teton Range.

The southern extent of glacier-carved landscape in the region can be seen by peer-
ing down into Jackson Hole, During the past 300,000 years—and perhaps 2 million
years—glaciers repeatedly flowed into the valley, both from the Teton Range and,
more important, from the Yellowstone region to the north. These glaciers at times
were as much as 2,000 feet deep, perhaps more, although they were that thick farther
north of here and perhaps 1,000 feet thick here. From the top of the tram to the val-
ley floor is more than 4,000 feet. Imagine the valley below you filled with ice a quar-
ter of the way up to where you stand.

Also visible from the top of the tramway is the Snake River and its flood plain. Peo-
ple have built levees to contain the river. Homes dot the Snake River Valley at the base
of the Teton Range near here. Some of them sit on the west side of the valley, part of
which is below the level of the Snake River. The river has built up its own bed by
dumping sediments, and because prehistoric quakes caused ground close to the Teton
fault to drop downward more than the land farther east. A major quake today could
damage levees, allowing the river to flow downhill to the west, inundating low-lying
ranching and residential areas.
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Tour

How to Use This Tour Guide

This tour of Yellowstone National Park and the Hebgen Lake earthquake area begins
at Yellowstone’s south entrance, just north of Grand Teton National Park. Those en-
tering Yellowstone from other directions may start this tour at any stop that is conve-
nient. For that reason, we have not shown cumulative mileage for this trip from start
to finish. Instead, we provide cumulative mileage only from one stop to the next, and
for points of interest between them. (Figure 9.1. See also Figure 1.4 for a view of the
region’s topography.)

Two long days or three less hectic days are required for this 2 5 1-mile tour. For those
with limited time, some time-saving options are included, such as skipping West Yel-
lowstone, Montana, and the Hebgen Lake earthquake area (Stops 7—12) or omitting
Mammoth Hot Springs and other stops on the northern end of the park (Stops 14—16).

If you want to spend only two days in Yellowstone and its environs, start early the
first day (136 miles) and continue to Stop 12, West Yellowstone, Montana, where
overnight accommodations are available. During the second day, visit Stops 13—20

(115 miles).
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9.1 o~ Index map with numbers for each stop during this chapter’s Yellowstone National Park
tour, which begins at the park’s south entrance and ends at Lake Butte above Yellowstone Lake. Dot-

ted lines show outlines of ancient eruption calderas.

If you wish to divide this chapter’s tour into three days, begin at Stop 1 and pro-
ceed through Stop 7, also West Yellowstone (79 miles). Spend the night there. Tour
the Hebgen Lake area, Stops 811, the second day and return to West Yellowstone,
Stop 12, the second night (57 miles). Cover Stops 1320 the third day (1 15 miles).

The tour ends inside Yellowstone, so you may want to spend the night in the area if
you have a long drive home.
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The driving tour of Yellowstone is passable only from late spring to fall, when park
roads are open. West Yellowstone, Montana, and the Hebgen Lake area, Stops 7—-12,
are accessible year-round, a]though winter snow covers most geological features.

Vehicle odometers vary, sometimes significantly, so mileages should be taken as ap-
proximate. Some visitors may choose to drive part or all of these tours in a direction
opposite to the one we use. For that reason, we also provide reverse mileage between
each stop and the sights between stops.

The stop-to-stop mileage in this tour includes distances from one parking location
to the next, not simply to the entrances of parking lots.

For background before driving this Yellowstone Tour, we suggest reading Chapter 3,
Cataclysm! and Chapter 4, How Yellowstone Works.

Introduction

Two million years of violent volcanic eruptions—fueled by the subterranean pres-
ence of hot and molten rock in the Yellowstone hotspot—produced the spectacular
features seen today at Yellowstone National Park. The park contains geyser and hot-
springs systems of extraordinary size and expanse. These attractions are spread
throughout a thickly forested, mountain plateau 8,000 feet above sea level.

Visitors often are surprised by the Yellowstone Plateau’s relatively flat, undulating
topography and its paucity of high mountains. The plateau exists, in part, because the
entire region bulged upward over the past few million years as this part of North
America moved over the Yellowstone hotspot, a rising plume of hot and molten rock
within Earth’s mantle and crust.

During the past 2 million years, the hotspot generated three incredibly large erup-
tions that blew huge craters in the ground: twice at Yellowstone and once farther
southwest at Island Park, [daho. These giant volcanic craters, known as calderas,
erupted on a scale unknown in modern time. Huge amounts of molten rock exploded
skyward, destroying mountain ranges, incinerating anything within dozens of miles,
and dumping volcanic ash over half of North America. Much of central Yellowstone
National Park—including much of Yellowstone Lake —sits within the 45-by-30-mile
caldera created by the last big blast about 630,000 years ago.

The rim of this vast crater is apparent in some locations but not in many other
places where the caldera was filled in by smaller lava and ash flows that erupted since
the entire caldera last exploded. Glacial ice about 3,500 feet thick covered Yellow-
stone repeatedly during the Ice Age. The glaciers scoured and smoothed the land-
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scape, putting finishing touches on the modern Yellowstone Plateau, including Yel-
lowstone Lake.

Yellowstone remains alive as a tremendous amount of heat flows from the ground.
The entire floor of the caldera huffs upward and puffs downward over decades as
molten rock, hot water, and steam move through conduits at various levels beneath
the caldera, from a few miles deep in the crust to perhaps a couple hundred miles
deep in the mantle. The shallowest hot water and steam erupt to the surface as ever-
changing geysers, springs, mud pots, and steam vents. Movements of molten rock and
superheated water at somewhat greater depths can generate thousands of earth-
quakes, mostly small to moderate ones within the caldera. Other quakes, ranging
from small to disastrous, occur because Earth’s crust is being stretched apart in a
wide area of the western United States. Yellowstone sits on the eastern edge of that
zone, known as the Basin and Range Province.

Effects of the Hebgcn Lake earthquake of 1959 are the focus of the middle part of
this tour. It was a major quake at magnitude 7.5 that set off a gigantic landslide and
killed twenty-eight people. Underground movement of molten rock as well as the
stretching of Earth’s crust may have played a role in causing the disaster.

This tour also will provide views of spectacular geologic features such as the Grand
Canyon of the Yellowstone, expansive Yellowstone Lake (one of the highest large

lakes in the world), and steaming geyser basins.

Start of Tour: South Entrance, Yellowstone
National Park
Start of tour; 21.6 miles to Stop 1

This tour starts at the south entrance to Yellowstone National Park, accessible by dri-
ving north from Jackson Hole on U.S. 89—191-287. It is located approximately 46
miles north of Moose, the ending point for the Grand Teton Tour in Chapter 8, or 22
miles north of Jackson Lake Junction.

ON THE WAY TO STOP 1

Start ascending Yellowstone Plateau: 1.6 miles from start of tour; 20 miles to
Stop 1. The highway starts to climb a g-mile-long grade. You literally are driving up
the southern flank of a huge volcanic crater known as the Yellowstone caldera, a 45-

by-30-mile hole in the ground that last exploded about 630,000 years ago. You also
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are, in effect, climbing onto the bu]ge in Earth’s surface created by hot and molten
rock in the underlying Yellowstone hotspot.

Lewis Canyon: 4.2 miles from start of tour; 17.4 miles to Stop 1. Lewis Canyon
comes into view. If you want to stop, a large turnout is 2.4 miles past this point.
Lewis Canyon cuts about 350 feet deep into the rock formation visible on the east
side of the canyon. It is solidified volcanic rock. The downward movement of land
south of here, namely, the sinking of the Flagg Ranch area along the Teton fault, may
have accelerated the speed and slope of the Lewis River and thus the cutting of Lewis
Canyon. Once you have been driving along the canyon for a few miles, the Pitchstone
Plateau lava flow is along the west side of the road. The light colored lava can be seen in
road cuts, The lava flowed during an eruption about 70,000 years ago—the most re-
cent such eruption in Yellowstone. Since the caldera blew up about 630,000 years ago,
it was gradually filled in by a series of these “post-caldera” eruptions. One-third of Yel-
lowstone—including the Lewis Canyon area— was devastated by forest fires in 1988.
Yet the energy released by those fires was minuscule compared with even the smallest
of Yellowstone’s volcanic eruptions.

Lewis Falls optional stop: 9.9 miles from start of tour; 11.7 miles to Stop 1. Scenic
opportunity.

Lewis Lake: 11.2 miles from start of tour; 10.4 miles to Stop 1. Lewis Lake formed in a
depression created when glaciers flowed south over this area and scoured the landscape.

Continental divide and south caldera boundary: 17.3 miles from start of
tour; 4.3 miles to Stop 1. As you pass the continental divide at 7,988 feet above sea
level, you also are crossing the rim of the Yellowstone caldera and entering the
caldera.

Turn east (right) at West Thumb Junction: 21.2 miles from start of tour; 0.4
miles to Stop 1.

Turn right again into West Thumb Geyser Basin parking lot: 21.3 miles

_from start of tour; 0.3 miles to Stop 1.

Stop 1: West Thumb Geyser Basin and Yellowstone Lake
21.6 mifesﬁom start qftour; 19.7 miles to Stop 2

Walk the boardwalk through the West Thumb Geyser Basin.

Like many geyser basins in Yellowstone, West Thumb geysers exist because of vol-
canic faulting. The basin is on the inside edge of the 45-by-30-mile Yellowstone caldera.
When the caldera last erupted 630,000 years ago, the floor of the giant crater dropped
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.2 o~ Fishing Cone, on the shore of Lake Yellowstone’s West Thumb, was produced by minerals deposited by water flow-
9 ) P 2 P )4

ing from the hot spring in the cone.

downward more than 1,000 feet along a ring-shaped fault. The heat that drives West
Thumb’s geysers and hot springs is believed to rise from hot rocks in the crust via frac-
tures created by the caldera eruption and subsequent smaller, explosive eruptions.

Offshore is Yellowstone Lake's West Thumb, a circular basin connected to the rest
of the lake by a channel. The lake’s West Thumb occupies a crater formed by an erup-
tion about 150,000 years ago. The area around West Thumb also has experienced
several lesser but still impressive eruptions called phreatic or steam eruptions. Water
flowing underground through hot rock is converted to steam. If there is no outlet for
this steam to reach the surface, pressure builds until a steam explosion occurs, blow-
ing out overlying rock to create a crater.

Measurements show hot rock still exists beneath West Thumb. The amount of heat
flowing upward from the lake bottom is about thirty-five times greater than the heat
flow from the ground elsewhere in the Rocky Mountains. A walk through West
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Thumb Geyser Basin provides abundant evidence: Hot springs, small dormant gey-
sers, and mud pots named Thumb Paint Pots. Like other mud pots in Yellowstone,
they were produced when rock was dissolved by acids in hot water and steam.

Scientists have noted the temperatures and water discharges from West Thumb’s
geysers and hot springs vary more than other hydrothermal features in Yellowstone,
possibly because of periodic infiltration of water from the lake and earthqﬁakes that
shake the basin’s plumbing system.

West Thumb’s hot springs, like others in Yellowstone, are brightly colored by
cyanobacteria— commonly called blue-green algae—and other microbes that thrive
in hot water. Different microbes grow at various temperatures, so a pool’s color can
be used to estimate its temperature.

On the shore of Yellowstone Lake is Fishing Cone, where early park explorers sup-
posedly caught fish in the lake, then cooked them in the hot water flowing from the
hot spring (Figure 9.2). Such cones are made of minerals deposited by hot springs and
geysers. Fluctuating lake levels often submerge Fishing Cone.

ON THE WAY TO STOP 2

Turn west (left) as you leave the West Thumb Geyser Basin parking lot:
0.1 miles from Stop 1; 19.6 miles to Stop 2.

Turn north (right) at West Thumb Junction: 0.3 miles from Stop 1; 19.4 miles
to Stop 2. Proceed toward Old Faithful.

Ascending the Dry Creek flow: 0.9 miles from Stop 1; 18.8 miles to Stop 2. The
road continues west and climbs 700 feet onto the Dry Creek lava flow, which erupted
about 162,000 years ago. The highway crosses the continental divide twice before
reaching the Upper Geyser Basin. As you drive to Old Faithful, the road cuts through
lava flows in a couple of locations.

Turn right to enter Old Faithful area: 17.8 miles from Stop 1; 1.9 miles to Stop
2. Follow the road to the parking lot next to the Old Faithful Visitor Center and Old
Faithful Lodge.

Stop 2: Old Faithful and Upper Geyser Basin
19.7 miles from Stop 1; 7.2 miles to Stop 3

Plan on spending at least 2 hours at this stop to see dozens of hot springs and geysers,
including one of Old Faithful’s eruptions. Tour the Old Faithful Visitor Center, con-
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sult the list of geyser eruption times predicted by the National Park Service, and buy
one of The Yellowstone Association’s inexpensive Old Faithful brochures, which in-
cludes a trail map and descriptions of individual geysers and springs.

See Old Faithful, then take the Geyser Trail to begin a roughly 3-mile loop walk on
the boardwalk across Geyser Hill, then past Giantess, Grand, Giant, Grotto, and
Riverside geysers to Morning Glory Pool. Then return to Old Faithful by way of Daisy
and Castle geysers. Shorter loops are available. Stay on the boardwalk to avoid damag-
ing vegetation and brittle, delicate mineral deposits from the hot springs and geysers.

Geyser Hill purportedly contains the one of the world’s greatest concentrations of
geysers. Giantess usually erupts only a few times a year, rising to heights greater than
Old Faithful. Giantess’ underground water supply is connected to other geysers on
the hill. When it erupts, the other geysers erupt less frequently and less vigorously.
Vault Geyser was dormant since 1988 until it was reactivated by a 1998 quake.

Old Faithful and Upper Geyser Basin are located in a flat area drained by the Fire-
hole River. This flat area lies between two lava flows that didn’t quite converge. The
115,000-year-old Summit Lake lava flow is the forested slope across the highway to
the south. It helps form Yellowstone’s Madison Plateau. The 151,000-year-old Mal-
lard Lake flow is the timber-covered hill to the north. The Mallard Lake flow is more
than just a lava flow. The lava sits atop one of two upward-bulging “resurgent domes”
on the floor of the Yellowstone caldera. Molten rock or magma beneath the caldera
pushed the caldera floor upward under this area for much of the twentieth century,
making the hill formed by the lava flow bulge upward more than it would have other-
wise. The Mallard Lake dome is about 7 miles long and ¢ miles wide.

The geysers and hot springs in Upper Geyser Basin reach the surface because the
land here was not covered by the lava flows. Water seeps into the ground from snow
that blankets Yellowstone each winter and then melts. Porous lava flows surrounding
Upper Geyser Basin allow the water to percolate downward until it becomes super-
heated and eventually erupts through geysers or hot springs.

Geysers are eruptions of hot steam and water expelled from shallow chambers.
When the pressure of the hot, underground water becomes too great, water and steam
erupt to the surface through narrow “pipes” in the geyser basin’s subterranean plumb-
ing system. It is similar to the pressure buildup within a pressure cooker. Geysers can
erupt dozens to several hundred feet skyward. The hot water beneath Upper Geyser
Basin reaches temperatures of more than 400 degrees Fahrenheit—well above boiling,
The water cools to about 200 degrees Fahrenheit as it spurts from the geysers.

The time interval between eruptions of any geyser varies. So do the height and vol-
ume of water spewed from a geyser. Even Old Faithful isn’t what its name implies. It
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once erupted roughly hourly, but the intervals between outbursts became longer after
the 1959 Hebgen Lake, Montana, earthquake northwest of Yellowstone and again
after the 1983 Borah Peak earthquake in Idaho. After a small quake in early 1998, the
average time between Old Faithful’s eruptions increased a bit more, from about once
every 76 minutes on average to about once every 8o minutes. Two geyser outbursts
were 11§ minutes apart. The 1998 quake temporarily reactivated some old geysers
that had been quiet for years. Old Faithful expels water to an average height of 130 to
140 feet, but the range is between 98 and 183 feet.

Nearby and distant earthquakes change the timing and eruption height of geysers,
probably by sealing or cracking open mineral deposits in a geyser basin’s underground
plumbing system, thus changing the flow of water into and out of the subterranean
hot-water reservoirs that feed geysers. Seismic waves also can stretch and compress
the ground, charging underground water pressures to change the geyser plumbing
system. In geologic time, any particular geyser is a temporary feature. Geysers can
become dormant when they are sealed by mineral deposits or by garbage discarded by
vandals. Quakes can change their plumbing and divert water away from them or cre-
ate openings from which new geysers erupt.

Cone-shaped mineral deposits are found at geysers and hot springs throughout
Upper Geyser Basin. The cones are made of geyserite, also called siliceous sinter,
which is a silica-rich mineral that precipitates out of the hot water.

As at West Thumb, the hot springs of Upper Geyser Basin are colored by various
cyanobacteria. Biotechnology companies have been collecting these and other mi-
crobes from Yellowstone’s springs for industrial and scientific uses and there has been
debate over whether the government is receiving adequate compensation from such

companies.

ON THE WAY TO STOP 3

After leaving Old Faithful parking lot, ramp merges onto main high-
way toward Madison: 1.2 miles from Stop 2; 6 miles from Stop 3.

Black Sand Basin optional stop: 1.5 miles from Stop 2; 5.7 miles to Stop 3. Col-
orful hot springs named Emerald Pool, Sunset Lake, and Rainbow Pool are located
here, along with the unpredictable Cliff Geyser. The basin is named for black sand
that formed from the erosion of obsidian, a black volcanic glass.

Biscuit Basin optional stop: 3.2 miles from Stop 2; 4 miles to Stop 3. Biscuit Basin
is a prime example of how earthquakes can change geysers and hot springs. Sapphire
Pool became violently active, blew up, and destroyed its own plumbing after the 1959
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Hebgen Lake earthquake. It no longer erupts. The basin has several other springs and
geysers.

Turn left into Midway Geyser Basin parking lot: 7 miles from Stop 2; 0.2
miles to Stop 3.

Stop 3: Midway Geyser Basin and Mallard Lake Dome
7.2 miles from Stop 2; 3.3 miles to Stop 4

This stop features Grand Prismatic Pool, the largest hot spring in North America and
the deepest in Yellowstone at 111 feet, and Excelsior, a hot spring that once was a
geyser but has been mostly inactive since the 1880s, when it erupted to heights of 5o
to 300 feet. However, it erupted mildly for two days in September 198 (Figure 9.4).

Like the Upper Geyser Basin, Midway Geyser Basin is located in a low, flat area left
uncovered by surrounding lava flows. The lava-capped upward bulge named the Mal-
lard Lake Dome is east of this stop. As it bulged upward due to molten rock under the
Yellowstone caldera, two crack-like faults formed on top of the dome, similar to
cracks forming on top of a loaf of baking bread. The faults run from southeast to
northwest, and probably continue northwest beneath Midway Geyser Basin. The
faults fracture rock to allow rain and snowmelt to percolate downward, become
heated by hot rock, then rise upward along fault fractures that supply hot water to

9.4 o~ Midway Geyser Basin, with Grand Prismatic Spring (left) and Excelsior Geyser (right). Grand Prismatic is a 200-
foot-widz hot spring ringed !:‘t_y COIO{fuI mats (_Jf heat-resistant microbes. Two 400:ﬂ)at-£a” hills called Twin Buttes (l'ight back-

ground) are made of glacial deposits and hot springs minerals. The ridge in the background is formed by lava flows along the west-

ern rim of the Yellowstone caldera.
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Midway’s hydrothermal features. To the west is the Madison Plateau, capped by some

of Yellowstone's more recent lava flows,

ON THE WAY TO STOP 4

Leave Midway Geyser Basin lot, turn left into highway: 0.2 miles from Stop
3; 3.1 miles to Stop 4.

Leave main highway and turn east (right) onto Firehole Lake Drive:
1.1 miles from Stop 3; 2.2 miles to Stop 4. After entering the Firehole Lake Drive—a one-
way loop road—optional stops include Firehole Spring, Great Fountain Geyser, White
Dome Geyser, and Pink Cone Geyser before reaching Steaidy Geyser and Firehole Lake.
Great Fountain Geyser usually erupts twice daily and emits a massive fountain of water.

Stop 4: Steady Geyser and Firehole Lake
3.3 milesﬁom Stop 3; 1.3 miles to Stop §

Stop at the Steady Geyser-Firehole Lake parking lot, 2.2 miles after the entrance to
Firehole Lake Drive.

Steady Geyser is a fountain geyser that erupts continuously through one of two
vents, most often a §-foot-high fountain from the lower vent. Firehole Lake is a large
hot spring fed by several vents. In addition to the geyserite deposited by many of Yel-
lowstone’s geysers, the hydrothermal features in this area also deposit a whitish min-

eral named travertine,

ON THE WAY TO STOP ¢

Continue on Firehole Lake Drive until it meets the main highway, then
turn left. 1.1 miles from Stop 4; 0.2 miles from Stop §.

Turn right into Fountain Paint Pot parking lot: 1.2 miles from Stop 4; 0.1
miles from Stop §.

Stop 5: Fountain Paint Pot and Lower Geyser Basin
1.3 miles from Stop 4; 13.9 miles to Stop 6

Follow the trail past Silex Spring to Fountain Paint Pot and the geyser area.
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Fountain Paint Pot provides visitors the best close-to-a-road view of mud pots in
Yellowstone. Mud pots are found at the highest points in a hydrothermal basin. That
puts them above the water table, so they contain only water from condensed steam or
the ground surface. The water becomes acidic, breaking down rocks and minerals to
form mud. Over many years, a muddy spring becomes a mud pot. Farther up the trail
are Clepsydra, Fountain, Morning, and other geysers. Clepsydra erupts frequently.

ON THE WAY TO STOP 6

Leave Fountain Paint Pot parking lot, turn left onto highway: 0.1 miles
_ﬁ'om Stop 5; 13.8 miles to Stop 6.

Caldera rim view: 1.2 miles from Stop 5; 12.7 miles to Stop 6. The forested wall
straight ahead in the distance is the northwest wall of the Yellowstone caldera. Unlike
many other parts of the caldera wall and rim, this area has not been covered by lava
flows since the caldera last exploded 630,000 years ago. What looks like the caldera
wall is even more visible to the west (left). Unlike the north wall, however, what you
are seeing is a lava flow that covered the west wall.

Turn left off main highway to enter Firehole Canyon bypass road: 7.6
miles from Stop §; 6.3 miles to Stop 6. Note: You will pass the exit from this one-way
road before you reach the entrance.

Lava flow: 8.1 miles from Stop 5; 5.8 miles to Stop 6. You are driving through a lava
flow. On your right, a cliff a few hundred feet high is visible across the Firehole River.
It is a portion of a rhyolite lava flow. The river has cut down through the flow to reveal
its internal structure. You can see contorted and jagged flow patterns and whorls
from lava that flowed like toothpaste, twisting, turning, and even fracturing as it
flowed like hot ‘plastic. Named the West Yellowstone flow, this lava erupted about
111,000 years ago. More solidified lava is visible on your left (Figure 9. ¢) and right as
you proceed up the road. In one spot you can see boulders within a flow, the result of
hot lava encapsulating cooler chunks of lava that already had solidified.

Firehole Falls: 8.5 miles from Stop 5; 5.4 miles to Stop 6. Falls formed here because
the Firehole River reached the edge of a hard lava flow and eroded less resistant rock
downstream.

Firehole River swimming holes, optional stop: 9.5 miles from Stop 5; 4.4
miles to Stop 6. During hot weather, this is a great place to cool off in swimming holes
carved out of solidified lava flows.

Exit Firehole Canyon bypass road, turn left on highway: 9.8 miles from
Stop §; 4.1 miles to Stop 6. Note: You will re-enter the main highway above where
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along Firehole Canyon
Drive includes ang ular
rocks called breccias that
_formed as cooler, more
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you entered the bypass road. Continue on the highway past the bypass road en-
trance.

Gibbon River crossing: 11.8 miles from Stop 5; 2.1 miles to Stop 6. The idea of
creating Yellowstone National Park was born at this point, near where the Gibbon
and Firehole rivers meet to form the Madison River. Members of the Washburn—
Langford—Doane expedition camped here in September 1870 and discussed preserv-
ing the area—an idea that gained momentum after Ferdinand V. Hayden’s 1871 expe-
dition. A bill designating Yellowstone as the first U.S. national park passed Congress
and was signed by President Grant in 1872.

Turn left at Madison Junction: 12.2 miles from Stop §; 1.7 miles to Stop 6. Turn
left at this intersection and proceed toward West Yellowstone, Montana. Note an op-
tional shortcut: If you wish to omit Stops 6—12, including the tour of the Hebgen Lake
earthquake area, do not turn left here. Instead, turn right and skip ahead to the Madi-
son Junction section under “On the way to Stop 13.”

Turn left into unmarked turnout across from Harlequin Lake sign on
north (right): 13.8 miles from Stop 5; 0.1 miles from Stop 6.

Stop 6: Madison Plateau View Turnout in
Madison Canyon
13.9 miles from Stop §; 12.3 miles to Stop 7

Just across from the Harlequin Lake trailhead sign on the north, this stop is one of
several unmarked turnouts on the south side of the highway (which is left if you are
heading toward West Yellowstone). Once you have pulled into the turnout, there is a
sign reading Madison Plateau. However, other nearby turnouts are fine if you miss the
correct one,

Deep in Madison Canyon, the northwest rim of the Yellowstone caldera is across
the highway and above you to the north. This is one of the few places where it is pos-
sible to see part of the fault zone—the south-facing, mountainous wall north of the
highway— created when the caldera floor dropped downward during its last gargan-
tuan eruption about 630,000 years ago.

The Madison Plateau, above you to the south, is made of lava flows that filled in the
caldera floor since the last caldera eruption. The Madison River eroded downward
through old lava flows.

This area has experienced many earthquakes. During the magnitude-7.5 Hebgen
Lake quake in 1959, large rocks tumbled off Mount Jackson and blocked the highway.
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The area is also notable for earthquake swarms, which are sequences of hundreds or
thousands of small quakes without a much stronger foreshock or mainshock.

During late 198, a nearby seismic swarm produced hundreds of small quakes daily.
The strongest was about magnitude 4. 5. The quakes were centered on faults that begin
inside the caldera southeast of here, then run northwest through this area and toward
the fault zone that produced the magnitude-7.5 Hebgen Lake quake in 1959. At about
the same time, the floor of the Yellowstone caldera started sinking after having bulged
upward since measurements began in 1923. It is possible the quakes were caused by
hot water or molten rock flowing outward from beneath the caldera along the faults.

ON THE WAY TO STOP 7

Exit turnout, turn left (west) on highway: 0.1 miles from Stop 6; 12.2 miles to
Stop 7.

Leaving the Yellowstone Plateau: 4.5 miles from Stop 6; 7.8 miles to Stop 7. As a
highway bridge crosses the Madison River, you are emerging from the lava flows of the
Yellowstone Plateau and entering the broad, flat West Yellowstone Basin, which mea-
sures roughly 1o by 15 miles. This basin was smoothed and flattened by a giant glacier
flowing from the icecap that repeatedly covered the Yellowstone Plateau. The glacier
scoured the basin and filled it with sand and gravel eroded from lava flows in Yellow-
stone. As you enter West Yellowstone Basin, note the elongated, hummocky hills on
both sides of the road. They were formed as flowing glacial ice gouged the landscape.

Leave Yellowstone National Park at west entrance: 11.9 miles from Stop 6;
0.4 miles to Stop 7. Proceed west to West Yellowstone, Montana. Stop 7, the informa-

tion center, is on the left.

Stop 7: West Yellowstone Chamber of Commerce
Information Center; Start Tour to Hebgen Lake
Quake Area

12.3 miles from Stop 6; 11.6 miles to Stop 8

Rest rooms, information, and phones are available at the information center. Restau-

rants, motels, and tourist attractions are nearby. You have a few options here:

1. End the first day of your Yellowstone tour here and stay overnight. Start the
next morning with the tour of the Hebgen Lake earthquake area (Stops 8-11),
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then stay here again tomorrow night. Then proceed on the rest of the tour the
next day. That breaks this chapter into a three-day tour.

2. Stay here overnight, do the Hebgen Lake tour early tomorrow morning, then
proceed back into Yellowstone for the rest of the tour. That makes this chapter

a two-day tour, with a long second day.

3. If you started early this morning and arrive early afternoon, you still may have
time to proceed with Stops 8 through 11, the tour of the Hebgen Lake earth-
quake area, then return to West Yellowstone (Stop 12) for the night before pro-
ceeding on a second and final day of the tour. However, if you leave too late, the

Hebgen Lake Earthquake Visitor Center may be closed.

ON THE WAY TO STOP 8

If you wish to skip the tour of the Hebgen Lake earthquake area, jump from Stop
7, West Yellowstone, to Stop 12, which also is West Yellowstone.

If you wish to take the optional tour of the Hebgen Lake earthquake area, drive
north from West Yellowstone on U.S. 191287 toward Bozeman, Montana.

Duck CreekY, turn left on U.S. 287 toward Ennis, Montana: 8.6 miles from
Stop 7; 3 miles to Stop 8. This is the gateway to Hebgen Lake and Earthquake Lake.
Some claim that the quake’s epicenter is near here, but other studies suggest it was lo-

cated about 2 miles to the northwest.

Stop 8: Hebgen Lake Earthquake Area Sign Turnout

11.6 miles from Stop 7; 9.4 miles to Stop 9 (14.8 miles if you take optional
side trip to Red Canyon)

This stop is near the east end of two fault segments that broke the night of August 17,
1959. The magnitude-7.5 Hebgen Lake earthquake killed twenty-eight people, most
in a gigantic landslide 17 miles down the Madison River from where you stand. (See
Chapter 1 and Figures 1.1 and 1.2 for more about the disaster.)

During the quake, the land under Hebgen Lake dropped downward and tilted
northward, permanently inundating docks and some lakeshore homes on this side of
the lake. Land north of the highway rose upward.

Those opposing movements broke the ground to create two major “scarps,” which
are short, steep banks where the fault breaks the ground surface. The two scarps are
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cracks in the ground many miles long and roughly parallel. Both are segments or
branches of the Hebgen Lake fault. One is the 8-mile-long Hebgen segment, which
begins less than 2 miles west of here, then pretty much parallels the lake’s north
shore. It will be seen at Stop 10. The other is the 14-mile-long Red Canyon fault seg-
ment, which runs through the hills a couple hundred yards north of where you stand.
Itis a 10-foot bank, but is covered with vegetation and difficult for an untrained eye to
detect. However, a bit west of here, the fault turns up Red Canyon and runs into the
mountains before turning west again. This part of the Red Canyon fault segment is
visible from an interpretive sign just down the highway.

A “normal” fault is the kind of fault in which land on one side of the fault line rises
and ground on the other side drops down and away, like a block sliding down a ramp.
The Hebgen Lake earthquake was the most powerful normal-fault earthquake in his-
toric time in the United States. There have been bigger quakes, but those were on
other kinds of faults.

ON THE WAY TO STOP 9

Red Canyon scarp interpretive sign: 1.1 miles from Stop 8; 8.3 miles to Stop 9
(13.7 miles if you take optional trip to Red Canyon). If the weather is clear, the Red
Canyon fault scarp is visible as a gash across the base of the mountain in the distance
up the canyon north (right) of the road. As you drive onward from this point, look
north to see more of the scarp, still evident decades after the quake.

Optional side trip up Red Canyon Road and mile round-trip hike to
fault scarp: Optional right turn into Red Canyon Road is 1.7 miles from Stop 8 and 7.7
miles to Stop 9. If you take this §.4-mile side trip, the distance to Stop 9 is 13.1 miles. To
reach the trailhead, turn right onto Red Canyon Road at the sign marked Red
Canyon, which is just past milepost 18 on U.S. 287. Bear right again at another sign
marked Red Canyon. The trailhead is 2.7 miles from Highway 287, at the end of un-
paved Red Canyon Road near a large boulder, an outhouse, and a sign for the Cabin
Creek—Red Canyon Trail No. 205.

Hike about one-half mile up the dirt road, which dwindles to a trail as it goes up
canyon. You will switchback once down canyon, then turn up canyon on a second
switchback. Walk about 100 yards past the second switchback to the scarp. It is the dirt
cliff or bank in front of you. You should be standing in a side ravine to the main canyon,
The ravine crosses the trail. Look up the ravine to see a more impressive face of the scarp.

This is the largest scarp created by the 1959 earthquake. Here the ground on one
side of the fault rose while the other side dropped, for net movement of 22 feet.
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Imagine if the ground broke apart like this in a city. The only reason the Hebgen Lake
quake did not claim many more lives was that it struck a sparsely populated area.
Turn around, return to the highway, and turn west (right).
From U.S. 287, turn left into Building Destruction area: 9.2 miles from Stop
8 (14.6 miles if you took side trip to Red Canyon); 0.2 miles to Stop 9.

Stop 9: Building Destruction from Hebgen Lake Quake

9.4 miles from Stop 8 (14.8 miles if you took optional side trip to Red Canyon);
1.7 miles to Stop 10

Walk down a short trail to see what is left of old cabins ravaged by the 1959 quake.
Large waves sloshed back and forth across the lake for more than 11 hours after the
quake. Two buildings were wrecked here and a third was dropped into the lake during
the quake. A woman and dog who occupied it escaped the water and survived. In ad-
dition to the waves, land beneath the lake dropped 19 feet downward and tilted
northward due to fault movements during the quake. This permanently shifted the
lake northward, inundating the north shore of the lake and some buildings on it.
Meanwhile, the land rose and the waterline permanently dropped on the south shore,
leaving docks and boats high and dry.

ON THE WAY TO STOP 10

Exit Building Destruction area, turn left on highway: 0.2 miles from Stop
9; 1.5 miles to Stop 10.

Hebgen Lake Dam: 1.1 miles from Stop 9; 0.6 miles to Stop 10. Hebgen Lake Dam
is 87 feet tall. The dam and its spillway were damaged, but didn’t fail during the 1959
quake despite extremely strong shaking that sent large waves sloshing over the dam. It

took almost 12 hours for the sloshing to die down.

Stop 1o: Fault Scarp at Cabin Creek
1.7 miles from Stop 9; 5.8 miles to Stop 11

Turn right into Cabin Creek fault scarp area. (It is the turn just before you cross Cabin
Creek and reach the Cabin Creek Campground.) Park on the left. Walk up the short
trail past the picnic table. The 20-foot-high dirt bank in front of you is the Hebgen Lake
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fault scarp created during the 1959 quake. The ground on which you stand dropped
downward and the ground atop the bank rose upward during the quake, literally split-
ting the old Cabin Creek campground in half and temporarily trapping some campers.

ON THE WAY TO STOP 11

Continue on loop road at Cabin Creek scarp area until it reaches high-
way, then turn right: 0.2 miles from Stop 10; 5.6 miles to Stop 11.

Refuge Point: 0.9 miles from Stop 10; 4.9 miles to Stop 11. The 1959 quake un-
leashed the gigantic landslide almost 5 miles down canyon from here and wrecked the
highway near Hebgen Lake about g miles upstream from this point. That trapped
about 250 campers in the Madison River Canyon. Many of them, including some who
were injured, made their way to higher ground near Refuge Point. Forest Service
smokejumpers parachuted to this point the morning after the quake, providing first
aid. By afternoon, helicopters landed to evacuate the injured and stranded.

Earthquake Lake sign turnout: 3.1 miles from Stop 10; 2.7 miles to Stop 11. The
massive landslide, still almost 3 miles downstream from here, dammed the Madison
River, creating Earthquake Lake. Decades after the quake, the haunting snags of old,
inundated trees still protrude from the lake.

Turn right onto driveway for Hebgen Lake Earthquake Visitors Center:
5.5 milesﬁom Stop 10; 0.3 miles to Stop 11.

Stop 11: Hebgen Lake Earthquake Visitor Center
5.8 miles from Stop 10; 28 miles to Stop 12

The visitor center’s displays tell the story of the 1959 earthquake and the disastrous
landslide in the Madison River Canyon. The center is well worth a visit. The real dis-
play, however, is the landslide-denuded mountainside outside the visitor center. (See
Figure 1.1.) As you stand in this quiet spot, it is difficult to envision the violence that
once occurred.,

The Hebgen Lake earthquake triggered the collapse of the entire mountainside
across the Madison River from the visitor center, leaving the slope that remains
mostly barren decades later. The slide crossed the riverbed and rose 450 feet up this
side of the canyon. The visitor center was built on slide debris. The force of the slide
created a large wave of water, as well as winds so strong that they ripped the clothes

off victims, including some survivors.
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Nineteen of the quake’s twenty-eight known victims died here, and remain en-
tombed beneath 8o million tons of debris. Seven others suffered fatal injuries or died
when hit by rocks, washed away by a 30-foot-tall, slide-induced wave or drowned as
river water rapidly backed up behind the slide. The other two were crushed in their
tent by a falling boulder at Cliff Lake Campground, 7 miles southwest. Walk or drive
uphill to Memorial Boulder, a 3,000-ton rock carried across the canyon by the slide.

The boulder bears a plaque with the names of the dead.

ON THE WAY TO STOP 12

Turn around: From the Hebgen Lake Earthquake Visitor Center return to West

Yellowstone, Montana.

Stop 12: West Yellowstone Chamber of Commerce
Information Center
28 miles from Stop 11;27.8 miles to Stop 13

Here is a place to stay overnight or take a break before proceeding on the final leg of

the Yellowstone tour.

ON THE WAY TO STOP 13

West entrance Yellowstone National Park: 0.4 miles from Stop 12; 27.4 miles
to Stop 13.

Turn north (left) at Madison Junction: 14 miles from Stop 12; 13.8 miles to
Stop 13. As you drive up Madison Canyon from Madison Junction to Gibbon Falls, you
are paralleling the northwest wall of the caldera, visible to the north (left). Lava flows
that erupted after the last major caldera explosion are to the south (right). Older
flows are to the north (left).

Gibbon River Canyon and Gibbon Falls: 18.8 miles from Stop 12; 9 miles to
Stop 13. This is an unmarked turnout on the east (right) less than a half mile past the
Gibbon River picnic area. A lava flow is exposed in the rock wall across the river. The
falls, visible below you, formed where rock eroded more slowly than less resistant
rock downstream.

Gibbon Meadow: 23.3 miles from Stop 12; 4.5 miles to Stop 13. As the road rises out
of Gibbon Canyon, you enter large, open meadows located between volcanic flows. To
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the northwest (left) are high peaks of the Gallatin Range. They are ancient mountains
that once extended farther south until that part of the range was destroyed by Yellow-
stone’s first caldera explosion 2 million years ago.

At Norris Junction, turn west (left) into Norris Geyser Basin parking
lot: 27.3 mifesﬁom Stop 12;0.5 miles to Stop 13.

Stop 13: Norris Geyser Basin
27.8 miles from Stop 12; 21 miles to Stop 14

Norris Geyser Basin has Yellowstone’s hottest hydrothermal reservoir, with drill hole
instruments measuring a record 459 degrees Fahrenheit about 1,600 feet beneath the
basin. Many springs and geysers emit boiling water. Norris is also the park’s oldest

and most unstable geyser basin. The basin has two main loop trails:

1. The Back Basin Trail passes Echinus Geyser, which erupts 40 to 6o feet high
every 4o to 8¢ minutes and is the world’s most acidic geyser— comparable to

9.6 o~ Porcelain Basins alien
landscape in Norris Geyser Basin ex-
hibits hissing geysers, steam vents, and
gurgling hot springs. The underground
hot-water reservoir that supplies Norris
Geyser Basin has the highest temperature
of any hydrothermal feature in Yellow-
stone, reaching 459 degrees Fahrenheit.

Yellowstone Tour

vinegar. The world’s tallest active geyser, Steamboat Geyser, is also on this trail
(see Figure 4.4). It can erupt to heights of almost 400 feet, but goes years with-

out doing so. More often, it hurls water 40 feet or less.

2. The Poreelain Basin Trail takes you to the most intensely active part of Norris, a
large area of hot springs and geysers that also can be observed from the over-
look at the Norris Museum (Figure 9.6).

Minerals deposited from the hot water clog Norris’s underground plumbing sys-
tem, beginning an annual cycle that ends in a dramatic disturbance of the geysers and
hot springs. Pressure builds as the hot-water system becomes sealed. Winter snowfall
and the water table act as lids to help contain the pressure. In summer, the snow is
gone and the water table drops, reducing containment pressure. Critical pressure is
reached during summer in drier years and during fall in wetter years. An under-
ground eruption or explosion occurs as the mineral seals clugging the pipes are bro-

ken suddenly. In a matter of hours, all geysers and springs in the basin become muddy

and turbid. There is also a big surge in hot-water and steam discharges. Some geysers
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erupt suddenly after months of dormancy. Eruption intervals change for other gey-
sers. Steamboat dries up and just emits steam. Echinus Geyser becomes erratic.

Sometimes Norris’s instability can be quite violent, producing above-ground hy-
drothermal explosions. One night in 1971, such a blast blew out a 40-foot chunk of
Porcelain Basin, scattering rocks and debris. Pbrkchop Geyser was once a quiet hot
spring and occasional geyser, then started spewing water continuously in 1985, then
tripled in height, and finally exploded in 1989, hurling rocks and chunks of geyserite
nearly 220 feet. Some rocks landed at the feet of startled onlookers.

Norris also is noted for intense swarms of small earthquakes—and some larger
ones. A magnitude-6.1 quake was centered near Norris Junction in March 1975,
causing extensive damage to park roads and facilities. It was the second-largest quake
in Yellowstone’s recorded history, after the Hebgen Lake quake and its largest after-
shocks.

Seismic and geothermal activity at Norris is related to the intersection of various
faults and volcanic vents. Several faults—including the East Gallatin fault and a pos-
sible extension of the Hebgen Lake fault—appear to extend to Norris. The basin
also sits near the Yellowstone caldera’s northern rim, which is mostly buried by lava
flows. When the caldera last blew up, its floor dropped downward along a fault that
forms a huge ring around the inside of the caldera rim. Norris sits just north of that
caldera ring fault. Volcanic eruption vents and lines of quake epicenters stretch from
southeast to northwest within the caldera and extend to Norris. The intersection
of faults, volcanic vents, and the caldera boundary create zones of weakness within
Earth’s crust, making it easier for heat to rise from molten and partly molten rock
beneath the caldera. That heats water in the ground, and the hot water moves
through faults—both upward and northward—to create the geysers and hot
springs at Norris and Mammoth Hot Springs (Stop 14). Earthquakes help preserve
the geysers and hot springs by 'shaking loose the mineral deposits that regularly seal

hot-water conduits.

ON THE WAY TO STOP 14

Leave Norris Geyser Basin parking lot and turn north (left): 0.4 miles
from Stop 13; 20.6 miles to Stop 14. Proceed toward Mammoth Hot Springs. (Note: If
you are short of time and wish to skip Mammoth and other sites in Stops 1416, go
straight instead of left and proceed to Canyon Junction, located in the section On the
way to Stop 17. Turn right when you reach Canyon Junction.)
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Roaring Mountain turnout: 5.3 miles from Stop 13; 15.7 miles to Stop 14. An
unusual hydrothermal system climbs Roaring Mountain on the east (right) side of the
road. Geysers no longer are active here, perhaps due to inadequate heat in the area or
clogging of hot-water conduits by mineral deposits. Fumaroles or steam vents remain
active. Acid in the steam bleached rocks near the vents, creating the area’s gray, ashy
appearance, Roaring Mountain gets its name from steam emissions thaf can range
from inaudible to a hiss to a roar loud enough to be heard a few miles away.

Obsidian Cliff driveby: 8.7 miles from Stop 13; 12.3 miles to Stop 14. The cliff is
on your right, but you cannot stop because old turnouts have been barricaded by the
Park Service due to repeated theft of glass-like, black obsidian rock from the cliff. The
cliff is part of a 180,000-year-old lava flow that cooled in such a way to form the large
columns at the base of the cliff. Obsidian is a lava that solidified into glass because it
cooled too quickly for crystals to form. An interpretive sign turnout is on the left
about o.1 miles past the cliff.

Swan Lake and view of Gallatin Range: 15.2 miles from Stop 13; 5.8 miles to
Stop 14. As you enter the flat area around Swan Lake, the Gallatin Range is visible far-
ther to the west (left). A north-south fault like the Teton fault—but not as active—
runs along the east base of the Gallatin Range. The mountains rose along the fault. To
the east (right) is Bunsen Peak. It is the neck or plug of solidified magma that rose
within a go-million-year-old volcano. Most of the volcano eroded away, leaving Bun-
sen Peak.

Golden Gate Cliffs turnout on right: 16.9 miles from Stop 13; 4.1 miles to Stop
14. The cliffs come into view as you begin to drop off the Yellowstone Plateau. The
cliffs are welded ash-flow tuffs, which are rocks that formed from dense flows of hot
ash blown out of the Yellowstone caldera by the big eruption 2 million years ago.

View of the Hoodoos, leave the Yellowstone Plateau: 17.5 miles from Stop
13; 3.5 miles to Stop 14. You are now dropping off the Yellowstone Plateau. The
Hoodoos, which are unusual rock formations, represent a large landslide of travertine
mineral that originated in a large hydrothermal system like the one downslope at
Mammoth Hot Springs. The old hot springs deposited the travertine and later died.
Then rocks and mineral deposits slid from the mountainside above on the west (left)
and continued down toward the valley to the east (right).

Mammoth Terrace Drive: 19.3 miles from Stop 13; 1.7 miles to Stop 14. (An op-
tional detour onto this one-way loop will add about 1.5 miles to the distance to Stop
14.) The Upper Terrace of Mammoth Hot Springs is a geothermal system with exten-
sive travertine deposits that form large white terraces.
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Entering Mammoth Hot Springs sign: 20.7 miles from Stop 13; 0.3 miles to
Stop 14.

Stop 14: Mammoth Hot Springs, Lower Terraces
21 miles from 13; 20.1 miles to Stop 15

This stop is the parking lot on the west (left) o.3 miles past the Entering Mammoth
Hot Springs sign. You also can park just past it in the lot for Liberty Cap.'

Mammoth’s springs owe their existence to presence of a zone of faults extending
from here south to Norris Geyser Basin. The faulting allows hot fluids below the
caldera to move north and feed Mammoth Hot Springs. The terraces exist because
acidic hot water percolates upward through limestone bedrock, which was deposited
when ancient seas covered the area. When hot springs water erupts to the surface and
cools, limestone precipitates in the form of another mineral, travertine, which forms
the terraces.

Highlights of the Lower Terraces include the multicolored microbial growth in
Palette Spring and travertine deposits in Minerva Terrace and Opal Terrace (Figure
9.7), which has gobbled up a tennis court and threatened a historic house. Liberty
Cap, more than 36 feet tall, was formed by minerals deposited by a hot spring that is
now inactive. Liberty Cap was named in 1871 by Ferdinand V. Hayden’s expedition
because it looked like hats worn during the French Revolution.

ON THE WAY TO STOP 1§

Mammoth Hot Springs Visitor Center: 0.4 miles past Stop 14; 19.7 miles to
Stop 15. The visitor center includes exhibits and rest rooms. You also may wish to see
the Mammoth Hotel nearby.

Take road toward Tower Junction: If you have not stopped at the visitor cen-
ter, it is the right turn just before the visitor center lot. If you did stop, turn left out of
the visitor center lot, then immediately left again.

Gardiner River glaciation: 1.3 mi,’esﬁ’om Stop 14; 18.8 miles to Stop 15. A glacier
once flowed off the Yellowstone Plateau and down the Gardiner River Valley, deposit-
ing debris to form the hummocky topography around you. As you drive the next sev-
eral miles, edging around the north base of the Yellowstone Plateau, look at the slop-
ing hills and ice-carved valleys and imagine how glaciers flowed north—northwest off

the plateau and into this area as recently as 14,000 years ago.
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9.7 o~  Opal Terrace at Mammoth Hot Springs is composed of calcium-rich travertine. The

terrace was created by mineral-laden hot water spreading out across a steep landscape, depositing
minerals as step-like platforms. (Rick Hutchinson.)

Fossil tree optional side trip: Turn right 17.1 miles from Stop 14; rejoin main road
3 miles to Stop 15. (This optional side trip will add 1.1 miles to the distances in this sec-
tion.) Turn right down this half-mile road to see a petrified redwood tree buried and
preserved by mud flows from pre-Yellowstone volcanic eruptions that built the Ab-
saroka Range about go million years ago. There is a forest of such fossil trees on Spec-
imen Ridge east of Tower Junction.

Proceed straight through Tower Junction (toward Canyon Junction):
18.6 miles from Stop 14 (excluding side trip); 1.5 miles to Stop 15.

Stop 15: Calcite Springs Overlook
20.1 miles from Stop 14; 13.4 miles to Stop 16

From the turnout on the east (left) side of the road, walk the left branch of the short
loop trail up to the overlook of the river and springs, then down the stairs to the
viewpoint looking into the Yellowstone River canyon.
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Calcite Springs are located on the pale slope that is near river level downstream.
The rock has been whitened by chemicals from the springs, which are warmed by
heat rising from an underground volcanic fracture zone. There are deposits of oil and
other hydrocarbons in the rocks beneath the springs. The rising heat acts like a natural
oil refinery, driving oils out of deeper sedimentary rocks and making them ooze to
the surface at Calcite Springs. Southeast of here, Rainbow Hot Springs also has natu-
rally occurring oil and hydrocarbons.

From the lower part of the overlook, you can see how the Yellowstone River has
cut deeply through rock layers to create The Narrows (Figure 9.8), which provide a
look back through geologic time:

9.8 o~ The Narrows of the lower Grand
Canyon of the Yellowstone exemplify how canyons
reveal geologic history. At the bottom of the gorge
are 50-million-year-old volcanic rocks from erup-
tions that formed the Absaroka Range. Columnar

basalts, stream deposits, and volcanic ash _ﬁ:rm

layers higher in the canyon.
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. The rocks making up most of the vertical height of the canyon, including the
oddly eroded rocks right across from you, are coarse sands, gravels, and cobbles

deposited by ancient glaciers and the Yellowstone River.

* Above those rocks, and closer to the top of the canyon, is rock from a basalt lava
flow that cooled to create vertical columns within the flow. The lava flowed in a
2 -foot-deep flood that covered this part of Yellowstone during eruptions about

1.3 million years ago.

* Sitting atop the basalt (and covered by grass and trees), are volcanic ash deposits
from the Yellowstone caldera explosion 630,000 years ago. Glacial sediments
sit above the ash on the surface.

ON THE WAY TO STOP 16

Optional walk to Tower Fall: 0.8 miles from Stop 15; 12.6 miles to Stop 16. Rest-
rooms and food are available here. Walk a short paved path to the waterfall view. Tower
Fall flows over a cliff of volcanic rock from eruptions of Absaroka volcanoes 5o million
years ago. Glacial rock deposits, which are less resistant, eroded to form the waterfall.

The Presence of Grizzlies turnout: 5.5 miles from Stop 15; 7.9 miles to Stop 16. .

This open, grassy terrain is prime habitat for grizzly bears, but once was covered by
glacial ice. To the south, topped by a fire lookout, is 10,243-foot Mount Washburn,
the remnant of an old volcano that erupted as part of the activity that built that Ab-
saroka Range go million years ago. Mount Washburn is just outside the north edge of
the Yellowstone caldera.

Dunraven Pass and optional hike to the summit of Mount Washburn:
11.9 miles from Stop 15; 1.5 miles to Stop 16. Dunraven Pass is near the northern rim of
the Yellowstone caldera. Shortly after you cross the pass, you will be looking into the
caldera created by the huge eruption 630,000 years ago. You may take an optional 6-
mile-round-trip hike (with a 1,300-foot vertical gain) to the 10,243-foot summit of
Mount Washburn, the highest peak in north—central Yellowstone. The summit over-
looks the Yellowstone Plateau and caldera to the south.

Stop 16: Heart of the Caldera Sign Turnout
13.4 miles from Stop 15; 7.2 miles to Stop 17

Stop at the turnout on the east (left) with the sign reading Heart of the Caldera. Be

careful to watch for oncoming traffic.
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You now are standing on the northern edge of the Yellowstone caldera. This stop

providc:; spectacular views of several features:

* To the south, forests cover the mostly flat terrain of the center of the Yellow-
stone. Plateau between Old Faithful and the meadows of Hayden Valley. This
area is the heart of the giant crater known as the Yellowstone caldera. It is
now relatively flat because it was covered by about thirty large lava flows that
erupted since the caldera’s last catastrophic eruption 630,000 years ago.
Standing here, you get a sense of the immense size of the caldera, extending
roughly 45 miles from northeast to southwest and about 30 miles from the
northwest to the southeast. Imagine the entire area in front of you suddenly
dropping a few hundred yards downward during a massive caldera eruption as
hot magma explodes past you at supersonic speeds and ash billows miles sky-
ward. If you were standing here during such an eruption, you would be vapor-
ized. You actually are looking at parts of two overlapping calderas. The cen-
tral portion of Yellowstone is the caldera that blew up most recently, some
630,000 years ago. It overlaps with the now-obscured caldera, located more
to the southwest, that exploded 2 million years ago in Yellowstone’s first huge
caldera eruption. (The caldera that blew up 1.3 million years ago is located
farther west at Island Park, Idaho.)

* To the south—southeast (left), past the trees, are the open meadows of Hayden
Valley, which once was the bottom of ancestral Yellowstone Lake. You also can
see part of the modern lake. The mountain behind Hayden Valley in the dis-
tance is Mount Sheridan, located near the south edge of the caldera. To the west
(right) of Mount Sheridan, the Teton Range is visible on clear days.

* Behind Hayden Valley but in front of Mount Sheridan is a forested ridge named
Elephant Back. Beneath this ridge is a fault zone that runs between the Sour
Creek and Mallard Lake resurgent domes, allowing underground hot water and
magma to flow between them. The two domes have been bulging up and down
since the last big caldera eruption. Molten and partly molten rock that power
Yellowstone’s geothermal features is underground beneath the domes. The Sour
Creek dome is visible here as a forested hill southeast (left) of Elephant Back. -

* Below you to the east, Washburn Hot Springs are located in the bare, gray-
colored areas surrounded by forests. The springs exist because hot water rises

along fault lines that encircle the ancient caldera floor.
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* To the east and southeast, the distant mountains are the peaks of the Absaroka
Range. To the east, but closer, are reddish rocks of the west-facing wall of the
Grand Canyon of the Yellowstone River.

ON THE WAY TO STOP 17

Proceed straight through Canyon Junction: 3.3 miles from Stop 16; 3.9 miles
to Stop 17. (Note: If you want a rest stop, do not proceed straight. Instead, turn east
(left] and drive 0.2 miles before turning right into to the Canyon Visitor Center park-
ing lot. After your rest stop, turn left out of the lot, return o.2 miles to Canyon Junc-
tion, turn south [left] and proceed toward Stop 17.)

Turn east (left) on South Rim Drive at sign for Grand Canyon of the
Yellowstone—Artist Point: 5.6 miles from Stop 16 (or 2.3 miles from Canyon Junc-
tion); 1.6 miles to Stop 17. Proceed 1.6 miles to the parking lot for Stop 17, Artist Point.

Stop 17: Artist Point, Grand Canyon of the Yellowstone
7.2 miles from Stop 16; 8.9 miles to Stop 18

Of several spectacular overlooks on the north and south rims of the Grand Canyon of
the Yellowstone River, Artist Point provides resplendent views of the canyon and
308-foot-tall Lower Falls (see Figure 6.2), which formed because resistant rhyolite
lava rock did not erode as much as lava that had been weakened by heat and chemicals
in an ancient hot springs basin. A similar process created the 109-foot-tall Upper
Falls, out of sight upstream.

The rocks in the canyon walls are rhyolites from a lava eruption 27,000 years ago.
The Yellowstone River cut downward through the solidified lava flows to form this
canyon. As downcutting occurs, the falls move backward to the south, increasing the
length of the canyon. The Grand Canyon of the Yellowstone extends 20 miles from
the canyon area north toward Tower Junction.

During the magnitude-6.1 Norris earthquake of 1975, centered 15 miles west of
here, some of the sidewalks at this viewpoint were destroyed. With sharp drop-offs
into the canyon, some people feared for their lives and fled the area.

ON THE WAY TO THE STOP 18

Exit South Rim Drive and turn south (left) onto highway toward
Yellowstone Lake: 1.6 miles from Stop 17; 7.3 miles to Stop 18.
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9.9 o~ Rich grasslands in Hayden Valley provide feed for bison grazing near Trout Creek. The grass grows on sediments
deposited when ancient Yellowstone Lake covered the area. (Rick Hutchinson)

Enter Hayden Valley, wildlife viewing: 3.5 miles from Stop 17; 5.4 miles to Stop
18. For about 6 miles, you will drive through the open, grassy meadows of Hayden
Valley, where you might encounter bison, wolves, and bears—and traffic jams of
tourists watching them (Figure 9.9). Drive slowly. The lava flows that filled the Yel-
lowstone caldera didn’t quite reach Hayden Valley, creating a natural basin. The Yel-
lowstone icecap—a 3,500-foot-thick layer of ice— sat atop this area during several
glacial periods over the past 2 million years. The icecap both carved out the landscape
and deposited piles of rocky debris, making the topography hummocky. Later, this area
was covered by a large ancestor to Yellowstone Lake. It was almost 300 feet deeper
than the modern lake, thanks to melting glaciers and a dam of glacial ice that blocked
the Yellowstone River near the Grand Canyon of the Yellowstone. Thick sediments
deposited at the lake bottom smoothed the hummocky landscape, creating relatively
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flat terrain in Hayden Valley. If the ancient lake was still here—instead of dammed
several miles upstream —Hayden Valley would be under a few hundred feet of water.
The ice dam eventually melted and broke, and the lake level dropped significantly.

Hayden Valley Former Lakebed interpretive sign: 8.4 miles from Stop 17;
0.5 miles to Stop 18. Old lake sediments fostered grasses and shrubs that feed bison and
other animals.

Sulfur Caldron: 8.8 miles from Stop 17;0.1 miles to Stop 18. Parking on east (left).
Yellowish because of its high concentration of sulfur, this spring has an acidity as

strong as battery acid.

Stop 18: Mud Volcano
8.9 mf.'esfrom Stop 17; 3 miles to Stop 19

Parking area is on the right. Trails and boardwalks take visitors past several mud pots
and steam vents (Figure 9.10).
Only steam and other gases, not hot water, reach Mud Volcano from underground hy-

drothermal reservoirs. The only water in Mud Volcano and nearby mud pots comes

from the condensation of steam and from shallow groundwater from rain and snowmelt.
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9.10 o~ Mud
Volcano in Hayden
Valley is famous for
thunderfng noise pro-
duced by steam issuing
_from the throat of the
spring. Dark mud,
_formed by the decom-
position of surround-
ing rock and decaying
bacteria, spatters onto
the walls, blackening
them. The pungent
smell of hydrogen
sulfide gas is apparent
at Mud Volcano.
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The area is similar to the Geysers geothermal field in California, where you can drill
several hundred feet underground and still hit only steam, not hot water. Mud Cal-
dron, Mud Volcano, and other mud pots are muddy because hydrogen sulfide gas (the
rotten-egg smell), water, and bacterial growth help create sulfuric acid that breaks
down rocks. Without much flowing water, it is impossible to flush out the mud. Steam
bubbles up through the mud so it looks like it is boiling, even though it is not.

Hayden Valley and the Mud Volcano area are close to the point of maximum his-
toric uplift and sinking of the caldera floor, which is heavily faulted here. Many small
swarms of quakes occurred here, including some that triggered geysers across the
highway. A 1978—1979 swarm allowed more heat to flow upward into the area named
Cooking Hillside. The heat killed trees

Mud Volcano is located here partly because various faults intersect in this area,
creating zones of weakness within the ground. This permits water to percolate deep
underground where it is heated to form steam, which then rises to the surface. Dur-
ing the 1978 swarm, small geysers erupted for a few months through the Yellowstone
River across the highway.

Stop 19: Le Hardy Rapids Turnout (Unmarked)
3 miles from Stop 18; 13.2 miles to Stop 20

This unmarked turnout is on the northeast (left) side of the highway. Walk the board-
walk to the Yellowstone River to see the rapids.

Le Hardy Rapids are not particularly spectacular rapids, but they are significant for
what they tell us about Yellowstone’s volcanism and earthquakes and the water level
in modern Yellowstone Lake.

At these rapids, the Yellowstone River runs east to west and crosses a series of
faults that run southwest to northeast. Land downstream from the faults dropped
downward relative to land on the upstream side, which has been lifted upward, creat-
ing the stairstep-like series of rapids in volcanic rocks that are highly resistant to ero-
sion. This uplift has helped dam the Yellowstone River, which begins to pond up-
stream from the rapids, allowing water to back up and impound Yellowstone Lake at
Fishing Bridge, a few miles south. Much of Yellowstone Lake sits within a basin cre-
ated by the collapse of the caldera floor during the last huge eruption 630,000 years
ago. That basin was scoured out more recently by glaciers. But the presence of the
faults and the rapids has raised the lake level higher than it would be otherwise.
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The faults that create Le Hardy Rapids run southwest to northeast between the
two resurgent domes within the Yellowstone caldera. The faults start at the Mallard
Lake Dome near Old Faithful, run northeast under the ridge named Elephant Back
Mountain, then cross under the Yellowstone River at Le Hardy Rapids and continue
to Sour Creek Dome, the timbered bluff located north across the river. The faults
formed as hot water and molten rock beneath the caldera made the entire caldera—
and the two domes—rise upward and drop downward over time.

Only a half-mile from this stop is a surveyor’s benchmark where the greatest up-
ward movement of the caldera was measured between 1923 and 1984. During that
time, the caldera floor was lifted more than 3 feet vertically. From 1985 to the mid-
1990s, it dropped downward again by 6 to 8 inches, then began rising again.

The faults created by the up-and-down “brcathing” of the volcanic caldera not only
formed Le Hardy Rapids and helped impound modern Yellowstone Lake, but also

generated numerous carthquakes in this area.

ON THE WAY TO STOP 20

Turn east (left) to Fishing Bridge: 2.9 miles from Stop 19; 10.3 miles to Stop 20.

Fishing Bridge: 3.2 miles from Stop 19; 10 miles to Stop 20. Fishing Bridge, located
at the north end of Yellowstone Lake, is the lake’s outlet. After crossing the bridge,
the highway traverses an old beach that was lifted above the present lake level as
molten rock under the caldera made the caldera floor bulge upward. Some re-
searchers have estimated the ground beneath the north end of the lake has risen
roughly 20 or 3o yards in the last 14,000 years. While the lake’s north end has bulged
upward, ground beneath the lake’s southern end tilted downward, submerging trees
and other vegetation along the south shore.

Indian Pond: 6.2 miles from Stop 19; 7 miles to Stop 20. Indian Pond, on the south
(right), formed in the crater blown out by a shallow steam and hot-water eruption
several thousand years ago.

Mary Bay: 7.1 miles from Stop 19; 6.1 miles to Stop 20. Mary Bay is an elongated bay
on the northeast end of Yellowstone Lake. It is another explosion crater that formed
when a steam eruption blew a hole in the ground. The explosion blasted out sand,
gravel, and rocks. The debris fell all along the lake’s north shore. Measurements of
the bottom of Mary Bay show a large hole and water temperatures near boiling,

Steamboat Point: 9.4 miles from Stop 19; 3.8 miles to Stop 20. Steamboat Point is
the large rocky peninsula sticking westward into Yellowstone Lake. As you drive
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around the point, the rock in the road cut and cliff east (left) of the highway is breccia,
arock containing other rocks, which have sharp rather than smooth edges. The brec-
cia was deposited when Mary Bay exploded, scattering rock fragments that later were
cemented into new bedrock. Once you have crossed Steamboat Point, Sedge Bay is to
the west (right). Like Mar)r Bay, the lake bed beneath Sedge Ba)«' has hot areas and may
have been formed by a steam explosion,

Turn left onto road to Lake Butte Overlook: 12.4 miles from Stop 19; 0.8 miles
to Stap 20. Proceed o.8 miles to the overlook.

Stop 20: Lake Butte Overlook and End of Tour
13.2 miles from Stop 19; end of tour

If the weather is clear, your tour ends with a glorious view of Yellowstone Lake from

this overlook, located on the eastern edge of the Yellowstone caldera.
Lake Butte is volcanic rock created by the eruptions that formed the Absaroka
Range about go million years ago. It might have been a hill cut in two as the caldera
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floor dropped downward during the last major eruption 63¢,000 years ago. If such an
eruption occurred now, anyone standing on Lake Butte would be incinerated instantly.

Also imagine what it would be like here during the Ice Age. The point where you
are standing would be buried beneath an icecap some 3,500 feet thick. The ice helped
carve out the basin for Yellowstone Lake—a job started by the last caldera explosion.

The view to the south encompasses the Southeast and South arms of the lake. The
caldera boundary runs to Lake Butte from the northeast, then cuts roughly southwest
across the lake. So most of the southeast portion of the lake is outside the giant crater.
The basin occupied by that part of the lake was carved out by glaciers and also formed
by faulting along the Southeast and South arms. The rest of the lake occupies only the
eastern edge of the 45-by-30-mile caldera,

The deepest portion of Yellowstone Lake—about joo feet deep—is located to
the southwest roughly between where you are standing and Frank Island. Another un-
derwater hot-water system is on the lake bottom just east of Stevenson Island, the is-
land west of here.

To the southwest, the high mountain is 10,308-foot Mount Sheridan, located near
the southern edge of the Yellowstone caldera. On a clear day, you may see the Teton

Q.11 o~ View of Yellowstone Lake
_from Lake Butte, with Sedge Bay (r ight
fureg‘rnl.md) mpam[cdﬁam Mnr)r Ba'y
(right background) by Steamboat Point.
The high ridge in the background is part
of Elephant Back Mountain.
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Range farther southwest on the skyline and Yellowstone Lake’s West Thumb to the
west—southwest. As you take in the view from the southwest to the west, you can get
a sense of the caldera’s topography: A crater that was filled in with lava flows to form
today’s flattened Yellowstone Plateau surrounded by higher mountains.

To the northwest are Sedge and Mary bays (Figure 9.11), formed by steam erup-

tion holes in the ground a mile or two wide.



Internet Sites

AUTHOR ROBERT B, SMITH S WEB SITE FOR YELLOWSTONE
AND GRAND TETON RESEARCH

http://www.mines.utah.edu/~rbsmith/ rbs-home.index.html

EARTHQUAKES

Global earthquake monitor:
http://www.iris.washington.edu/seismic/60_2040_1_8.html

Global and U.S. earthquake information:
http://wwwneic.cr.usgs.gov/

Surfing the web for earthquake information:
http:// www.gcuphys.washington.edu/ seismobig.html

Yellowstone earthquakes:
http://www.seis.utah.equ/HTML/YPSeismicityMaps.html

Grand Teton National Park earthquakes:
http:// www.seismo.usbr.gov/seismo/ eqdata.html#worldwide

U.S. seismic hazard maps:
http:/ /geohazards.cr.usgs.gov/eq/

Global list of earthquake and volcano web sites:
http://www-socal.wr.usgs.gov/seismolinks.html
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Internet Sites

VOLCANOES AND GEYSERS

Global volcano monitor:

http://volcano.und.nodak.edu/vwdocs/current_volcs/current.html

Global volcano information:

http://www.nmnh.si.edu/gvp/

Surfing the web for volcano information:

http://eost.u-strasbg.fr/~hugues/subvolcano.html

U.S. volcano information;

http://volcanoes.usgs.gov/

Yellowstone volcano information;

http://vulcan.wr.usgs.gov/ Volcanoes/ Yellowstone/framework.html

Yellowstone Geysers

http://www.geocities.com/ Yosemite/ 1407/ geyser_main.html
General volcano hazards:

http://volcanoes.usgs.gov/Hazards/ What/hazards.html
NATIONAL PARK SERVICE HOMEPAGES

Grand Teton National Park:
http://www.nps.gov/grte/

Yellowstone National Park:
http://www.nps.gov/yell/

GENERAL PARK INFORMATION

The Great Outdoor Recreation Page for Grand Teton National Park:

http://www.gorp.com/gorp/resource/US_National_Park/wy_grand.html

Grand Teton National Park page:
http:/ / www.grand.tcton.national-park.com/



Internet Sites

The Great Outdoor Recreation Page for Yellowstone National Park:
http://www.gorp.com/gorp/resource/US_National_Park/wy_yello.html

The Total Yellowstone Page:
http://www.yellowstone-natl-park.com/

Natural Resources Bibliography for Yellowstone and Grand Teton National Parks
http://www.nature.nps.gov/nrbib/

EDUCATIONAL WEB SITES ON PLATE TECTONICS, EARTHQUAKES,
AND VOLCANOES

Plate tectonics:
http://pubs.usgs.gov/publications/text/dynamic.html

The Savage Earth:
http://www.pbs.org/wnet/savageearth/

National Geographic Fantastic Journeys:
http://www.nationalgeographic.com/yellowstone/

The Jason Project at Yellowstone:
http://www.jasonproject.org/expeditions/jason8/yellowstone/

Earthquakes, plate tectonics and space methods in Earth sciences:
http://scign.jpl.nasa.gov/learn/

Investigating earthquakes:
http://www.scecdc.scec.org/Module/module.html

Earth Alert, daily updates on the state of the planet:
http://www.discovery.com/news/earthalert/earthalert.html
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activity of, 14—15
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dominance of, 1617
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in Jackson Hole, 89
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preparing for, 17
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triggering of, §7
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Earthquake swarms, 80, 83—84, 88, 190,
198, 208
East Gallatin fault, 138, 198
East Gros Ventre Butte, 153, 163
Echinus Geyser, 196—97, 198
Elephant Back Mountain, 62—63, 204, 209, 211
Emerald Pool, 79, 184
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patterns of, 104
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Europa, hotspots on, 31
Excelsior Geyser, 185

Falling Ice Glacier, 121, 168
Farallon plate, 102
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formation of lakes along, 124—31
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Yellowstone hotspot, faults
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Fault zone, view of, 189
Ferris, William, 73
Firehole Canyon, 187, 188
Firehole Falls, 187
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Firehole River, 3, 134, 183
Firehole Spring, 186
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Great Fountain Geyser, 186
Greenland, 30
ice fieldsin, 115
Greys River fault, 139
Grizzly bears, 134
Gros Ventre Buttes, 108, 153—54
Gros Ventre Canyon, 156
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“Geologist Smith and science writer Siegel team up to tell the exciting story of how Yellowstone and Grand Teton national
parks came to be”

—Bob Decker, former Director of the US. (_iL‘c)I()gia:;ll Sll:'!.'c)"s Hawaiian Volcano Observatory

:'Il'ld Bﬂ]‘bill’;l Dl‘(k("l', science writer

Millions of years ago, the North American continent was dragged over the world's largest continental hotspot, a huge column of hot and .
molten rock rising from the Earth’s interior that traced a 50-mile wide, 500-mile-long path northeastward across Idaho: Generating cata-
clysmic volcanic eruptions and large earthquakes, the hotspot helped lift the Yellowstone Plateau to more than 7,000 feet, créating the jewel
of the U.S. national park system: Yellowstone. At the same time, forces stretching apart the western US. created the spectacular mountain
scenery of Grand Teton National Park.

Smith and Siegel offer ex pert guidance through this awe-inspiring terrain, bringing to life the forces that have shaped—and continue
to shape—the greater Yellowstone-Teton region. Over seventy illustrations— including fifty-two in full color—illuminate the breathtak-
ing beauty of the landscape, while two final chapters provide driving tours of the parks to help visitors enjoy and understand the region’s

wonders, Fascinating and informative, this book affords us a striking new perspective on Earth's creative forces.

“I love this book not only for its ground-breaking science, bur for its insight and empathy into these beloved wildlands that offer so many

of us sancnmry." —Tt‘l'r}' Tcmpt‘st Williams, author of R(ﬁlgf.‘ An Unnatural “:'S-‘or_‘\' of Hmu{\' and Place

“Bob Smith and Lee Siegel expertly guide readers through the magnificent—if sometimes terrifying—geological history of Yellowstone
and Grand Teton national P;u‘k:i‘ Those who believe Earth to be an inactive P];\nc‘t are in for a rude ﬂ“’ﬁkl‘niﬂg!.'

—Richard S, Fiske, Geologist and former Director of the Smithsonian Institution’s National Museum of Natural History

Robert B. Smith is a professor of geology and geophysics at the University of Utah, a fellow and past president of the Seismology Sec-
tion of the American Geophysical Union, a fellow of the Geological Society of America. He has spent his career studying the Yellowstone-
Teton region. Lee J. Siegel has written about science since 1976, most recently as science editor of The Salt Lake Tribune. He contributed ro
the Pulitzer Prize-winning coverage of the 1980 Mount St. Helens eruption by The Daily News of Longview, Washington, and has served as
a science writer for The Associated Press,
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