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A Geology Training Manual for
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Preface

Look around
you. To the east you
see the characteristic
towering evergreen
tops of the redwoods
swaying gently in the
sea breeze. To the
west you see the
Pacific  Ocean, an
endlessly dynamic ex-
panse of  blue-gray &%
rushing to meet the
rocky Northern Calif-
ornia shore. As an
interpreter, your mis-
sion is tfo connect
visitors with the tan-
gible and intangible
wonders of Redwood
National and State
Parks (RNSP). Your challenge is to interest
visitors in all the unique aspects of RNSP so
that they might want to understand more
about the nature of this incredible coastal
stretch of ancient forest.

When you hear the phrase "National
Park,” what images cross your mind? Do you
picture Half Dome, Mt. Rushmore, or Old
Faithful? Do you think of red-orange layers
of rock forming impossible archways and
canyons? National parks are preserved for
their inspiring landscapes as well as the
unique ecosystems that developed on them.
Even their names reveal that many national
parks are cherished because of their
physical landscape: VYellowstone; Rocky
Mountain; Arches; Grand Canyon; Crater
Lake; Mount Rainier; Hawaii Volcanoes;
Great Smoky Mountains; North Cascades.
Landscapes result from geological proc-
esses, so understanding geology is integral
to enriching visitors' experience of our
national parks. The name "Redwood” alludes
to the biologic elements for which RNSP
was established, but our unique ecosystem

Split Rock at sunset. The gorgeous rocky
coastline of Northern California embodies the ;
balance between uplift and erosion, active SOC'OIOQY- Suc'h . back-
geologic processes shaping Redwood National grounds are similar to

and State Parks. (Photo by Jennifer A. Natoli).

is in fact a product of
the physical landscape.

Despite the
importance of under-

. standing  how land-
scapes are formed,
interpretive  rangers

typically are not train-
ed in Earth science
(geology). Most rangers
have backgrounds in
life sciences, such as
biology or botany, and
many have back-
grounds in the human-
ities, like history or

the general level of
public awareness: most
people have a better understanding of
human studies than science, and, within the
realm of science, people tend fo be more
familiar with life sciences than Earth
sciences. Many people fail to see the
dynamic connection between geology and all
the other natural resources of Redwood
National and State Parks. At RNSP, we have
the opportunity to help people connect life
and Earth sciences by demonstrating how
geological processes shape the land and
create the environment in which some of
the tallest trees in the world grow.

By donning your ranger hat and
leading a forest walk or presenting a
campfire program, you are demonstrating
your love for RNSP. We all appreciate the
experience of hiking to special places such
as Enderts Beach or Split Rock on our own
time, to watch the sunset or the tide go
out. This manual presents geological
information and interpretive ideas to help
us inspire visitors about processes forming
the dynamic landscape of Redwood National
and State Parks.
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Dedication
By Jen Natoli

My close friends have been my
support through graduate school and
beyond, and I dedicate this manual to
those of you who have listened to me for
hours and love me still.

In spirit, this manual is for all of
you who bridge gaps in your life, who defy
categories and merge the energies of
creative thought and academic intellect.
To all of you who endeavor to enlighten
people, who are dedicated to sharing your
knowledge and awareness to help others
experience our natural work. I promise
you the rewards are really worth your
perseverance.

Muted miles drift by on the wind
tearful weed wave as my soul passes
unaware of anything but the past
my mind laughs as it conjures
images from fleeting moments impress
emotions for a lifetime
deep chasms of lusty sadness
carve their way through layers
of carefully crafted defenses
leaving only shards of
who I was before
to tumble downstream
once peppered with intense armor, now-
polished grains emerge
raw at the mouth
ready to dance their way into
my vast ocean of wild secrets.

(Spring, 2002: My first experience of the
rocky North Coast)

The rocky North Coast. Redwood National and State
Parks are at the dynamic interface between land and sea
(Photo by Robert ]. Lillie).
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Chapter 1

LINKING VISITORS TO THE GEOLOGY OF REDWOOD
NATIONAL AND STATE PARKS

Rachel Carson fell in love with the
dynamic beauty of nature. In her 1955
book, "The Edge of the Sea,” she captures a
moment on the coast we can all appreciate:

“Now I hear the sea sounds about me; the
night high tide is rising, swirling with a
confused rush of waters against the rocks
below... Once this rocky coast beneath
me was a plain of sand; then the sea rose
and found a new shoreline. And again in
some shadowy future the surf will have
ground these rocks to sand and will have
returned the coast to its earlier state. And
so in my mind’s eye, these coastal forms
merge and blend in a shifting, kaleid-
oscopic pattern in which there is no
finality, no ultimate and fixed reality -
Earth becoming fluid as the sea itself.”

Redwood National
and State Pnrk_s_ -

Pacific
Plate

Fig. 1.1.

Oregon Caves
National Monument

The story of Northern California's
inspiring landscape is ongoing and involves
processes that mold the entire Earth.
Carson points out that the Earth itself tells
us its story: ".. in every outthrust headland,
in every curving beach, in every grain of
sand there is the story of the Earth..” We,
as interpreters, can translate the language
of the Earth to visitors. But first, we need
to learn the language. That is, we need to
understand how certain Earth processes
result in the incredible landscape that is
Redwood National and State Parks, so that
we can communicate it to visitors. This
manual shows interpreters how they can
help visitors appreciate the Earth's dynamic
beauty by linking RNSP's biology and ecology
to the geologic processes that shape the
park's ever-changing landscape — ".. Earth
becoming fluid as the sea itself.”

Lassen Volcanic
National Park

and Range
Province

h  North ‘American

The landscapes of three park areas. Redwood, Oregon

Caves, and Lassen owe their differences to the geologic processes
sculpting each. (Photos: left and center - National Park Service; right -

Robert J. Lillie).
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Interpretation at RNSP

Every National Park has statements
that capture the park's significance to our
natural and cultural heritage. Such official
statements provide us with elements of the
park's story that have been identified as
important elements of visitors' experiences
in the park. At RNSP, two statements
relate directly to geology.

“Redwood National and State parks
are located near the junction of three
active tectonic plates of the earth’s
crust. Steep, highly erodible landscapes
and frequent earthquakes characterize
the region and are all related to the
geologic forces generated at plate
boundaries. These forces influence not
only the natural characteristics of the
parks, but human use and habitation as
well.”

“More than one-third of the land within
the parks has been heavily impacted by
timber harvest and are the subject of an
internationally recognized restoration
program designed to restore integrity
and recover lost values. Erosion related
to logging roads 1is being reduced,
natural topography is being restored to
hillslopes crossed by roads, and topsoil
is being returned to the surface to speed
revegetation and retain genetic integrity
of the vegetation.”

The first statement deals with
fundamental Earth processes and their
impact on humans in the region, while the
second relates surface processes to human
impact on the region. To translate the story
of RNSP effectively, interpreters should
have an understanding of the fundamental
principles of both geology and interpret-
tation.

Just a Spark. . ..
“Do not try to satisfy your vanity by
teaching a great many things. Awaken
people’s curiosity. It is enough to open
minds; do not try to overload them. Put
there just a spark. If there is some good

inflammable stuff, it will catch fire.”
Anatole France

Interpretive themes at RNSP

RNSP has an extensive seasonal inter-
pretive ranger training program. In the
"Interpreter's Handbook" binders that each
person receives at the onset of training,
there is a list of five interpretive themes
based on the parks' purpose, significance,
and primary resources. One of the themes
makes direct reference to geology.

“Steep, highly erodible landscapes,
heavy rainfall, powerful rivers, and
frequent earthquakes are all related to
local geologic forces generated near the
junction of the three tectonic plates of
the Earth’s crust that underlie the
region.”

The geologic processes active in
RNSP relate directly to the Cascadia Sub-
duction Zone, an active boundary between
two of the three tectonic plates near RNSP
(Fig. 1.1). The movements of the plates
result in periodic earthquakes and tsunamis,
coastal uplift and erosion, and the addition
of land onto the edge of the North
American continent. The landscapes created
by all of these processes can be seen
directly by visitors to RNSP, as long as they
know where to look. Pointing out the
features of the land and interpreting how
they formed are engaging opportunities for
interpreters at RNSP.
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Geology, as an individual theme, may
seem impersonal. We, as interpreters, need
to make connections between Earth's
natural processes and the daily lives of
RNSP visitors. We need tfo convey how
geological forces are actively shaping RNSP.
Many visitors are able to identify with
events that happen in their own lifetimes,
such as earthquakes and tsunamis, floods,
or landslides and erosion. Integrating the
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geological, environmental, and cultural
evidence of earthquake (tectonic) and
erosional (surface) processes helps convey
the meaning of the RNSP landscape to
visitors (Fig. 1.2). A big picture Earth view
that relates to daily human experiences
allows visitors to appreciate how the

present-day forces forming our coastline
might shape their own lives.
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Fig. 1.2. PAIRing park visitors with RNSP. Effective interpretation creates a link between visitors and
the resource. Through meaningful experiences, visitors can connect the information to the park and become

stewards of RNSP. (Modified from Allyson Mathis, Grand Canyon National Park. Left photo by Tessa
Parshall; right photo by Jennifer A. Natoli).



Chapter 2

FORCES BENEATH OUR FEET: PLATE TECTONICS

Redwood National and State Parks
are situated on one of the most geologically
active coasts in the world. Interpretive
opportunities can be enhanced by under-
standing the processes that form such a
dramatic landscape.

The Earth is sculpted by dynamic
forces on many levels. At the broadest
scale, plate tectonics dictates the motion
of Earth's surface. The term tectonics is
derived from the Greek word for builder or
architect, suggesting that plate movements
indeed sculpt Earth. Grand scale features
we admire on the surface, such as
mountains (Coast Range, Klamaths, and
Cascades) and valleys (California's Great
Valley and Oregon's Willamette Valley),
result from the movements of the large
plates.

- . . _
Morth
‘Q I‘ e American
& ~. Plate
= .-".'A N""Th Eurasian Plate ‘j'ﬁ.
f""”hd? Fucay  American V. Y
PR Plate ;- Iran
u;“" “:‘:{ CﬂrlbbEM\ﬂrﬁh“'ﬁf \3}51?\--' ol
Pﬂclflt Cocd Flate ¥ fe I. 7 {
Plate=- N Arabia ;;f/
) Plu‘re- <= e Plare: 1/ Y "~ o
'!L -:‘Na ‘-"'\, ] = i..':;:;l | Wi "'
[ - J - -
e Plate. ;‘ SOLﬂ'iﬂ — African ) ; ""’,:, Aus_'l'm 1o
| =~ /'American = Plate/ | WY %, fIndmn Plate
= Sl Plate =07 Sl
N S Ant ctf '«. e ﬂuj ! MP‘Fi\ ctic
f"'ll - ¥ H A
A i 1}‘___ fg’/ ate

Earth's surface is like a cracked
eggshell. Each fragment, or plate, is a
separate piece of the hard outer shell,
called the lithosphere (“lithos” means rock,
thus, lithosphere translates literally as
"sphere of rock"). The lithosphere includes
both Earth's crust and the upper, more rigid
portion of the mantle, the intermediate
layer of Earth's interior.

Earth's outer surface is composed of
at least 15 plates (Fig. 2.1). The plates ride
on a softer mantle layer called the
asthenosphere ("sphere lacking strength”).
The boundaries between these plates are
where most of the action is — each type of
plate boundary has its own associated set
of characteristic surface features, include-
ing earthquakes, volcanic activity, and the
formation of mountains (Fig. 2.2).

Plate Boundarles:

= = =+ Convergent Transform

Fig. 2.1. The Earth’s surface is like a cracked eggshell! It is broken into several pieces, known as
plates. The cracks between plates, known as plate boundaries, are where most of the action happens.
Earthquakes and volcanic activity generally occur on or near plate boundaries. (Modified from “Earth:
Portrait of a Planet,” by Steve Marshak, © 2001, W. W. Norton and Company).
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A) Divergent Plate Boundary
gl

. Lith osphere

C) Transform Plate Boundary

B) Convergent Plate Boundary

D) Hotspot

# Small to Moderate Size
25 Very Large

Volcanoes —=—  Earthquakes

Fig. 2.2. Slip slidin’ away! Each type of plate boundary has characteristic motions and surface features.
Divergence (A) occurs where two plates are pushed apart as hot material rises. Convergence (B) occurs
when two plates crash into each other. Subduction, where one plate dives beneath the other, is the typical
type of convergence. Transformation (C) occurs where two plates slide laterally past each other without
much divergence or convergence. Hotspots (D) are not technically plate boundaries, but they are also
associated with earthquakes and volcanic activity. (Modified from “Parks and Plates: The Geology of Our
National Parks, Monuments, and Seashores,” by Robert J. Lillie, © 2005, W. W. Norton and Company).

Plate Boundaries

There are three types of plate
boundaries, all defined by the way the
plates move in relation to one another:
divergent, where plates pull apart creating
new crust. convergent, where one plate is
forced beneath another and destroys crust;
and transform, where plates grind laterally
past each other, neither creating nor
destroying, but deforming, the crust.
Hotspots involve tectonic processes that
produce exciting features on the Earth's
surface and normally do not occur at plate
boundaries. As a plate moves over a
hotspot (a plume of hot mantle), volcanic
mountain chains (such as the Hawaiian
Islands) form on the plate's surface.

Each type of plate boundary and
hotspot has characteristic tectonic activity
(earthquakes and  volcanism),  which
produces  distinct  surface features
(mountains, valleys, and coastlines). There
are features associated with every type of
plate boundary within 150 miles of Redwood
National and State Parks (Fig. 2.3). Sub-
duction, a specific type of plate conver-
gence, is the most significant tectonic
process shaping the landscape of the park.
Subduction zones produce mountainous
landscapes as well as the largest
earthquakes in the world. They are also
responsible for devastating ocean waves
known as tsunamis.

So why do the plates slide around
instead of simply floating in a stationary
position on the mantle? The deeper into
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Fig. 2.3. Tectonic Map of the Pacific North-
west. The Gorda plate is the southern portion of
the Juan de Fuca plate, which is diverging from
the Pacific plate and subducting beneath the
North American plate. Position of selected
National Park Service and other interpretive sites
in the Coast Range and Cascades shown in
green. (Modified from “Parks and Plates: The
Geology of Our National Parks, Monuments, and
Seashores,” by Robert J. Lillie, © 2005, W. W.
Norton and Company).

Earth you go, the hotter the temperature
gets. Solid material within the astheno-
sphere expands and softens up a bit as it is
heated, allowing it to slowly rise. It cools as
it reaches shallower parts of the Earth,
making it contract and sink back down. This
process creates moving convection cells
within the asthenosphere, similar to the
movement of water in a boiling pot (only
much, much slower!). Movement of mantle
material in such convection cells helps drive
the overlying plates, resulting in
earthquakes, volcanic eruptions, mountain
ranges, and other tectonic features along
plate boundaries.

Focusing in on the
Pacific Northwest

In order to see the relationships
between geology and other elements of the
RNSP landscape and ecosystems, it is
important to understand how the present
Redwood landscape came to be. Equally
important is conveying this information to
visitors as an interesting story. The more
familiar and dynamic your context, the more
attentive your audience, so relate the
geological observations and processes to
things that visitors have likely experienced.
Visitors to RNSP are undoubtedly familiar
with stories of the frequent earthquakes
that shake the region, thus they might be
interested in learning about the causes.

Redwood National and State Parks
are in a unique plate tectonic setting. The
North American, Pacific, and Gorda plates
intersect just south of the park at the
Mendocino Triple Junction, and just off our
shore is the Cascadia Subduction Zone (Fig.
2.4). Plate subduction is the primary force
that shapes the landscape of RNSP. To
understand the basic geologic setting of the
north coast, let's look at the geometry and
relative motions of the plates involved.
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Inset

Block
Diagram

: |
American |
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Fig. 2.4. Let’s look at RNSP another way. A) All three types of plate boundaries — convergent
(Cascadia Subduction Zone), divergent (Gorda Ridge), and transform (San Andreas Fault) — are within 150
miles of RNSP, as shown by this “map view.” (Digital elevation model, modified from U. S. Geological
Survey). B) Inset of rectangular area shown on (A) portrayed in “block diagram” form, showing cross
section (side cut) view of what’s going on beneath RNSP.

Wait, what are we looking at here?

Geologic processes are much easier to understand when diagrams accompany
descriptions. Maps are a common way to illustrate Earth science concepts because they show
us how certain features are distributed on the Earth’s surface. Road maps are a “bird’s eye”
view of the Earth, looking straight down on the landscape. This is known as “map view” (Fig.
2.4A). We can think of it as though there were an apple on the counter and we were looking
directly down at its top surface from above.

To appreciate the geologic processes sculpting the landscape, it is also necessary to
understand what is going on below the Earth’s surface. Illustrations of below-the-surface
processes require a different perspective, so they often portray the Earth’s interior as though
someone had made a vertical slice from the surface down into the Earth. We call diagrams of
such slices “cross sections”. Were we to get a knife and slice the apple on the table in half and
then bend down so that our eyes were level with its core to look directly at its interior, we
would have a cross-sectional view of the apple.

Sometimes portraying the surface in relation to the interior is helpful in understanding
geologic processes. Illustrations that show both surface and interior views of the Earth often
take the form of block diagrams (Fig. 2.4B). Block diagrams attempt to portray a three-
dimensional view of the Earth on a flat, two-dimensional sheet of paper. We can visualize the
kinds of views block diagrams represent by imagining picking up the sliced apple so that we
can look at it from some angle that would allow us to see both its top surface and its interior
slice.
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Gorda Ridge

Recall that convection currents
create certain forces in the Earth's mantle.
Where convection cells rise and diverge,
the opposing pull rips the overlying plate
apart, splitting it in two, and creating a
divergent plate boundary or spreading
center (Fig. 2.5). It is here that new plate
material is formed, then pushed aside and
carried along in a conveyor belt fashion. The
plates are thus youngest right at divergent
boundaries and get older away from the
boundary. This process is occurring off our
coast about 150 miles west of Crescent City
at the Gorda Ridge (Fig. 2.4A).

The Gorda Ridge separates the
Pacific plate from the Gorda plate, which is
a fragment of the larger Juan de Fuca plate
situated to the north (Fig. 2.3). Where the
Pacific and Gorda plates are being forced
apart, hot mantle (asthenosphere) rises to

fill in the gap. The pressure lessens as the
mantle rises, inducing melting and forming
molten rock called magma. Some of the
magma erupts as lava flows on the sea floor
and some cools beneath the surface at the
ridge, adding new rock to the edges of both
plates. Like a conveyor belt, the newly
formed crust forces the plates apart,
pushing the Gorda plate toward North
America. New crust is added to the
southern end of the Gorda Ridge at a rate
of just under 2 inches per year. That's
about as fast as your fingernails grow! In
about 5 million years, a segment of new
crust is transported about 100 miles from
the Gorda Ridge (where it is created) to the
Cascadia  Subduction Zone (where it
descends back into the Earth and is
recycled). The oldest rocks on the Gorda
plate are thus only about 5 million years old,
which is pretty young compared to the
oldest rocks on other plates!

A BT Teear @

cold
lava lamp

) pushmg older crust aside
“imasiconveyor belt" fashion”™

Mantle -

A hot wax

rises
upward

Fig. 2.5. Spreading center, an ocean-sized conveyor belt! A) Magma rises to the surface via
mantle convection. As new material emerges and forms new oceanic crust, older crust is
pushed aside from the ridge just like it was on a conveyor belt, forming mirror image patterns
on either side of the divergent boundary. B) Hot magma rises from the mantle, similar to the
way blobs of heated wax move through the oil in a lava lamp.
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Willamette
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Fig. 2.6. You are now entering...the SUBDUCTION ZONE! The Cascadia Subduction Zone is
a convergent plate boundary where the Gorda Plate dives beneath the North American Plate.
Where the plates lock and then suddenly move, we get earthquakes. As the Gorda Plate gets
“cooked” in the mantle, it dehydrates (sweats) and the hot water rises, melting rock and
forming magma that erupts through the Cascade Volcanoes. The process of subduction creates
two parallel mountain ranges, the Coast Range and the Cascades. In between lie the Great
Valley in California and the Willamette Valley in Oregon. (Modified from “Parks and Plates: The
Geology of Our National Parks, Monuments, and Seashores,” by Robert J. Lillie, © 2005, W. W.

Norton and Company).

Cascadia Subduction Zone

The landscape of the Pacific
Northwest from Cape Mendocino
(California), 650 miles north to Vancouver
Island (British Columbia), and extending 100
miles east to the Cascade Mountains, can be
largely attributed to the Cascadia
Subduction Zone (Fig. 2.6). Subduction
creates the mountains comprising the
parallel Coast Ranges and the Cascades,
with prominent valleys in between.

About 5 million years after it forms
at the Gorda Ridge, oceanic crust of the
Gorda plate enters the Cascadia Subduction
Zone (Fig. 2.7). The young, thin crust of the
Gorda plate descends beneath the thick,
buoyant crust of North America. The Gorda
plate is converging with the North American

plate at a rate of about 1 to 1% inches per
year. The two plates meet about 30 miles
west of Crescent City. We can visualize the
process of  subduction by simply
pantomiming the Gorda plate descending
beneath North America with our hands (Fig.
2.8). As one hand slowly scrapes over the
other, both tend to “crumple” and bend.

A deep-sea trench normally forms
where two plates meet and one subducts
beneath the other. But compared fo other
subduction zones around the world, the
Cascadia Subduction Zone trench is obscure
because the wet climate of the Pacific
Northwest erodes mountains at a high rate.
If you were to go SCUBA diving, you would
not actually see a ftrench on the sea floor
because it's completely filled with sediment.
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Fig. 2.7. A subduction zone at your finger-
tips! After carefully twisting off the top cookie
(A), you can mimic the process of subduction
(and then eat your demonstration!). As the
Gorda plate (bottom cookie) slowly subducts
beneath North America (top cookie), its creamy
filling (ocean floor sediments) are scraped off
and shoved onto the edge of North America (B,
C). These uplifted layers form the Coast Range
(D, E). (Photos by Jennifer A. Natoli “C”
modified from “Parks and Plates: The Geology
of Our National Parks, Monuments, and
Seashores,” by Robert J. Lillie, © 2005, W. W.
Norton and Company).

Using Oreo® Cookies to
Demonstrate Northwest Tectonics

Everyone can relate to food, which is the
main reason that so many geologists and rangers
use food analogies to explain processes that may
seem too technical or complicated for visitors. We
can use Oreo® cookies to demonstrate subduction
and how it forms the Coast Range. Just 30 miles
west of Crescent City, the oceanic (Gorda) plate is
diving beneath the continental (North American)
plate along the Cascadia Subduction Zone. Have
your audience carefully twist off one of the hard
outer cookie layers (using “Double Stuf” Oreos®
makes this part easier, Fig. 2.7A). Explain that the
two cookie halves represent the Gorda plate and
the North American plate. Ask your audience
what is on the bottom of the ocean. Provoke
answers such as “sand,” “mud,” and “shells,” but
generic terms like “muck” will do. Have them
imagine that all the sand, mud, and shells is the
creamy filling. Then ask them what type of plate
the cookie under that filling must represent
(oceanic) and what is its name (Gorda). The other
cookie is the North American plate, which should
be positioned on top of the filling of the Gorda
(Fig. 2.7B,C).

Have the visitors scrape “North America”
over the filling so that the filling begins to rumple
and bunch just over the edge of North America
(Fig. 2.7D). Ask if anyone had trouble getting the
cookies to slide past each other without having
them stick and release a few times (someone will
always say yes). Ask people what happens when
the plates have stuck together for a while and then
suddenly release (just like the cookies did, but
with much more impact) - we get an
EARTHQUAKE! Explain that as Gorda subducts,
sediments from the sea floor are scraped off and
smooshed onto the edge of the continent as the
process of subduction and earthquakes continues.
Ask visitors what the smooshed-up creamy filling
now represents (Coast Range mountains, Fig.
2.7D,E). Then remind them what kinds of things
are in the creamy filling (sand, mud, and shells)
and have them think about what we might find in
the rocks of the Coast Range (sandstone,
shale/mudstone, fossils). This demonstration is
ideal in places, such as Mill Creek campgrounds
where some of the trails lead past outcrops of
fossiliferous sandstone.
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Coast Range. The Coast Range is mostly
sea floor sedimentary layers (sandstone and
shale) that have been crumpled onto the
edge of North America (Fig. 2.9). As in our
Oreo® Cookie demonstration (see “Using
Oreo® Cookies" box), some of the sediment
on the Pacific Ocean floor that comprises
the top of the Gorda plate gets scraped of f
and smashed up onto North America. (The
process of smooshing material from one
plate to another is called accretion). Rocks

Cascadia ‘Subduction

Gorda Plate

Fig. 2.8. A handy demonstration of subduc-
tion! As one hand scrapes over the other, your
fingers and skin will crumple in a manner
similar to the way rocks are “smooshed” near
the Cascadia Subduction Zone. (Photo by

Jennifer A. Natoli).

Tectonic Tools -
Right at Your fingertips!

Here’s an activity designed to help
visitors of all ages appreciate Earth’'s
movements.

“Ok, now I want you to look at
your fingernails. Look really closely - and
watch them grow... (pause for ensuing
laughter). Think we’ll be here a while?
Well, the plates move at about the rate your
fingernails grow! So, place the fingers of
one of your hands against the palm of the
other. Let’s pretend we can stop your
fingernails from growing for 50 years.
Imagine the pressure you'd feel as you
resist the growth of your fingernails. Then,
50 years from now, you decide you can’t
hold off that natural growth any longer and
you suddenly allow your fingernails to
shoot out from your fingertips. They would
need to grow eight feet to make up for the
two inches per year growth you were
blocking them from doing. That's how
much plates suddenly lunge past each other
after being stuck together for decades —
large earthquakes can be thought of as the
loud, scraping noise that results. If the
Gorda plate is slipping beneath the North
American plate at about the rate your
fingernails grow, then in the last 300 years
it should have moved 600 inches (50 feet).
But instead, the plates have been locked
together; when the plates suddenly unlock,
North America will lunge 50 feet over the
Gorda plate! And that's a REALLY BIG
Earthquake!”
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crumple around the subduction zone, causing
folds and faults (discussed below), as well
as causing earthquakes along the coast.
Accretion has been occurring in the Pacific
Northwest for the past 150 million years;
you can find rocks as old as 125 million
years in the northern California Coast
Range.

The Franciscan assemblage is the
name given to most of the rocks exposed
along the coast of RNSP (see “Enderts
Beach” in Chapter 3). Rocks comprising the
Franciscan assemblage were accreted to
North America from about 90 to 50 million
years ago. Some of them were subducted to
as much as 11 miles deep before being

Fig. 2.9. And you thought waiting until the
next rest area on Highway 101 was a lot of
pressure! Sandstone and shale layers originally
deposited horizontally on the Pacific Ocean floor
have been scraped from the top of the subducting
Gorda plate and uplifted onto the edge of North
America. The smooshed layers of sedimentary
rock exposed at Enderts Beach show the effects
of the high pressures of subduction. (Photo
courtesy National Park Service).
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uplifted. The heat and pressure 11 miles
down essentially pressure cooks (meta-
morphoses) the rocks. After spending
several million years down there, the cooked
rocks were uplifted and exposed along our
present-day coast.

One of the characteristics of the
north coast of California is the fog. Moist
air rolls eastward from the Pacific Ocean
and encounters the Coast Range, collecting
among the redwoods. The Coast Range acts
as a sort of squeegee for the moisture
systems rolling inland from the ocean,
causing abundant coastal fog and rainfall.
For the moisture-laden systems to sur-
mount the Coast Range and continue east,
they must first lighten their load and drop
their moisture, a process that takes the
form of precipitation during the winter
months and fog in summer. Were the Coast
Range not jutting up, the climate of
Northern California’'s coast would be quite
different and probably not moist enough
for our beautiful redwoods to grow.

Cascade Mountains. Gorda plate subduc-

tion also explains the presence of volcanoes,
paralleling the Coast Range but farther
inland (Fig. 2.6). Let's think of it this way:
how does temperature change as you go
deeper into the Earth? (It gets hotter).
And what do you start to do when you get
hot? (You sweat!). This analogy is useful to
explain what happens to the Gorda plate as
it subducts deeper into the mantle beneath
North America. There is a significant
amount of water in the sedimentary layers
and underlying igneous rock comprising the
Earth's crust beneath the Pacific Ocean. As
the crust is forced deeper and experiences
higher and higher temperatures, the water
is squeezed out, rises, and interacts with
rocks of the overlying plate. The chemical
reaction between hot water and hot rock
causes some of the rock to melt. Hoft,
molten rock (magma) rises through cracks
and melts its way upward, eventually
reaching the surface and forming the
Cascade volcanoes.

The top of the plate is quite wet,
but deeper and hotter it gets.
Hot water melts rock,
makes magma like slop,
volcanoes form as the plate sweats!
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Fig. 2.10. Recipe for a (fun) disaster. Take one aloof Junior Ranger (Pacific plate), one mean and
violent Junior Ranger (Gorda plate), one stubborn Junior Ranger (North American plate), and one
determined Ranger. Set aside aloof Junior Ranger for garnish. Mix mean Junior Ranger beneath
stubborn Junior Ranger until stiff. Add force and rogue accent. Serves 200-300 park visitors.
(Photos by Tessa Parshall).

Cranky Gorda Shoves Things Around!

To bring to life the geologic processes that have created the landscape at RNSP, you can
have members of the audience reenact the plate movements as you recount how they should move
(Fig. 2.10). You'll need three volunteers (typically Junior Rangers - JR’s) to stand in a row facing the
audience. You should instruct the actors (from left to right) to affect the following demeanors: one
who can ignore people (Pacific plate), one who can be mean (Gorda plate), and one who can be
stubborn (North American plate). (I have the Pacific JR on the left hold a blue paper plate labeled
“oceanic plate,” the Gorda JR hold another blue oceanic plate, and the - typically bigger - North
America JR on the right hold a green continental plate; Fig. 2.10A). Ask Pacific and Gorda to
pretend they were best friends (put their arms around each other), and then pretend that they fight
(they stretch their arms, pushing away from each other). I explain that this is what happened to the
Pacific plate: it got ripped apart when a small piece (Gorda plate) decided to break away.

To help people remember the name Gorda, I explain that Gorda is a rebellious trouble-
maker, and I employ a rogue accent (Australian, for example) and ask the audience to say the name
GORDA with me in gruff voices. I demonstrate that, as the Pacific and Gorda plates move apart,
the Gorda and North American plates get shoved together (Fig. 2.10B). I then remind people that
Gorda has crust that is thinner (less buoyant) and ask them what will happen as it pushes against
the North American plate (it will sink beneath — behind, in the demonstration — North America).
Introducing the term “subduction zone” at this point is appropriate, vis-a-vis a violent natural
process. Adding to the circus (yet learning) atmosphere, the Junior Rangers like to push against
each other, and often North America’s right arm and Gorda’s left arm get smooshed up in front of
them (you, the ranger, can facilitate this effect; Fig. 2.10C). Telling the stressed duo to freeze, I make
note of the smooshing effect and ask the audience to think about what that might represent (Coast
Range). Once you’'ve walked the actors through the process once, you can stand back and just
dictate the events and let your actors demonstrate how the Coast Range formed.
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Geologic Structures

The crust of the Earth is not
smooth but rumpled as it is stressed and
deformed. We characterize deformation in
terms of the structures, such as folds and
faults, that form from forces that stretch
or compress the crust. Where rock layers
bend, the resulting deformed structure is
called a fold. Should the rock on either side
of a crack move significantly along the
crack, the crack becomes a geologic
structure called a fault. Have you ever tried
to drink a boiling hot coffee from an old
Styrofoam cup? Bad move. Usually the cup
gets too hot and sometimes the sides bend.
Rocks can behave like this, too. The rock
layers of the Coast Range have been
deformed into their current shape through
both folding and faulting (Fig. 2.11).

Fig. 2.11. National Parks of northwest
California and southwest Oregon. Note the
“elbow” of California, where the Mendocino
Triple Junction forms Cape Mendocino and the
Lost Coast. The entire west coast resembles a
crumpled rug as mountains are shoved
upward during subduction (Fig. 2.6).

The next time you're having coffee,
look closely at the ceramic mug you're
holding. You'll probably notice that there
are lots of tiny cracks in the glazed surface
of the mug. The rocks of Earth's crust have
lots of cracks, too, which are called joints
(Fig. 2.12A.B). Joints can be enhanced by
geologic forces that break rocks apart,
such as weathering and erosion. In fact,
once joints form in a rock, water can more
easily seep into the crack and further
weather the rock, eventually causing pieces
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to break off (this process is happening all
along RNSP's coast, Fig. 2.12C).

The plate movement and resulting
stress that has deformed the rock layers
of RNSP has also created a landscape that
is prone to weathering and erosion. The
reason we're able to see the structures in
the rocks exposed at the coast is because
the waves of the Pacific Ocean crash
against the cliffs. Good exposures of rock
can also be found along rivers and streams.
The Smith River and Redwood Creek both
chew into the rock as they flow through the
park into the ocean.

Fig. 2.12. The coast really is all it’s cracked up
to be! The Franciscan assemblage forming most of
the rock exposed on the coast has been weakened
and cracked. Just south of Del Norte Coastal
Redwoods State Park along Hwy 101 (A), the
impressive fractured cliffs face west toward the
Pacific, and there are similar exposures near
Wilson Creek (B). The cracks are called joints, and
rock commonly falls apart along these fractures, in
the process of erosion. Sea stacks are formed by
the process of ocean waves attacking sea cliffs at
the weak points (C). (Photo in “C” courtesy National
Park Service).
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Answer to Tectonics-Related
Questions Commonly
Asked by Visitors

“Why is the coast so rocky and steep
here?”

This question affords rangers the

chance to illustrate the tectonic and
erosional processes that sculpt the
landscape.

Breathtakingly rugged, California's

North Coast offers dramatic views down
steep slopes to the crashing waves below.
But why is the northern coast of California
so steep and rocky? Let's think about
beaches on the East Coast. In particular,
let's focus on the beaches stretching from
Cape Cod in Massachusetts to the tip of
Florida. What's the first image that comes
to mind? Sand! Expansive white sand
beaches tilting ever-so-gently into the
Atlantic attract millions of people every
year. Now look around and think of the
West Coast, particularly the Pacific
Northwest. The images are quite different:
rocky shores and crashing waves abound in
the west. The differences between the
landscapes of the two coasts relate to plate
tectonics.

The entire West Coast of the
Americas is an active region of the Earth.
With the exception of a few places like the
famous San Andreas fault in California, the
entire western coastline is the result of the
convergence of plates of Earth's hard outer
shell. Let's take a closer look at the zone
where the Gorda plate subducts beneath
RNSP.

The thin crustal material beneath the
ocean is less buoyant than the thicker
crustal material of the continents;
therefore, the surface of the ocean crust
is much lower (Fig. 2.6). Where plates
converge, the one with the thick-crusted
continent is able to ride higher; the thin-
crusted Gorda plate thus dives (subducts)
beneath North America. This process tends
to uplift the edges of the continent (RNSP's
coastline) as sedimentary rock layers are
scrapped off the top of the Gorda plate,
folded, and thrust up along fault lines onto
North America (Fig. 2.7). The tectonic
activity creates earthquakes and uplift,
exposing new rock to ocean-wave erosion.
The forces of erosion sculpt the cliffs,
creating a rugged, rocky boundary between
the land and the sea.

Now let's compare this active
tectonic setting with that of the East Coast
(Fig. 2.13). The oceanic crust underneath
the Atlantic Ocean is part of the same
plate as the North American continent;
therefore, unlike the West Coast, the East
Coast is not a boundary between moving
plates, but is instead a passive margin
between land and sea (Fig. 2.14). This means
that the tectonic uplift raising our Coast
Range against the waves of the Pacific
Ocean is not present to exhume any rocks
for the Atlantic Ocean to erode. So the
coast on the eastern margin of North
America is dominated by deposition of sand
along gentle beaches, instead of jagged
cliffs caused by uplift and erosion.

Of breathtaking beauty we boast,
but it's danger we fear the most.
Through active uplift,
the coastline does shift
becoming the rocky North Coast.
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Fig. 2.13. Which side is rumpled, the East Coast or the West Coast? The rugged
coastline of RNSP is rocky because it lies along an active continental margin, where there
are plate boundaries. The gentle, sloping beaches of the East Coast have been deposited
from erosion of the Appalachian Mountains over the past 300 million years.

West Coast

Plate Boundary

Active Continental Margin
Mountain
Oceanic Crus Building  Volcanoes

Gorda Plate

Plate Boundary
Mid-Atlantic Ridge B
— 5 —_— African
American ; Plate

Plate -

Fig. 2.14. West side vs. East side! A) The West Coast of
the United States lies along the boundaries of moving
plates. The Pacific Northwest is being deformed and uplifted
by ongoing subduction. B) The East Coast is far from active
plate boundaries (Fig. 2.1). It is slowly subsiding and being
covered by sediment, resulting in more gentle topography.
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Chapter 3

IN THE PALM OF YOUR HAND: THE ROCKS OF
REDWOOD NATIONAL AND STATE PARKS

There are only a handful of rocks
that are common in RNSP: basalt,
sandstone, chert, shale, slate, schist,
serpentinite, and quartzite. Those eight
rocks serve as representatives for the
three basic rock types: igneous, sediment-
tary, and metamorphic. Most are common in
a group of rocks known as the Franciscan
assemblage exposed along the coast. So,
unless the visitor has been to the gravel
bars on the Smith River or Klamath River
where cobbles and boulders transported
from distant mountains are found, you will
not have to worry too much about identi-
fying many different rocks. But remind
visitors not to take the rocks they find in
the park!

The Rock Cycle

We differentiate between rock
types because of the different processes
responsible for each. One way to "make a
rock” is to cool liquid-hot magma enough so
that it becomes solid and hardens (or
crystallizes) into an igneous rock, such as
basalt (the most common igneous rock in
the Earth's upper crust). When the rock is
exposed to weathering and erosional
processes (such as wind, rain, or waves), it
begins fto weaken and break apart. The
pieces, known as sediments, may be
transported some distance and deposited
where they compact and eventually harden
into sedimentary rock, such as sandstone
or shale. If a sedimentary or other rock is
subjected to increasing pressure or
temperature, minerals can re-crystallize in
solid state, altering the rock's texture and
structure to form a metamorphic rock,
such as slate, schist, or quartzite. If the
temperature becomes great enough, then
the rock melts, returning (recycling) it back
to liquid magma from which igneous rock
may form. So, although different processes
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create each type of rock, they comprise a
continuum known as the rock cycle. We will
concentrate here on the sedimentary and
metamorphic rocks, the two dominant rock
types found in RNSP.

Sedimentary Rocks

Walking around RNSP, you will most
likely see sedimentary and metamorphosed
sedimentary rocks (Fig. 3.1). Rock exposed
at the Earth's surface is subjected to
weathering and erosion, processes which
eventually break the rock into smaller bits
(called clasts, particles, fragments, or
sediments). As the name implies,
sedimentary rock can form from bits of
other rocks that are cemented together,
forming, for example, sandstone. Gravity,
wind, and water (such as the Smith River
and Redwood Creek) transport the sedi-
ments. Sometimes the particles form rocks
right by the river. Most of the finer sand-
and clay-size particles are eventually
flushed out and transported to the deep-
ocean floor. Sedimentary particles settle to
the bottom of the Pacific Ocean and
accumulate in layers.

Not all of the sediment layers came
from the North American continent.
Critters that live in the ocean usually die in
the ocean, and if the critters have shells,
the shells settle to the ocean floor. That
sediment becomes compacted as it is
covered with more and more sediment,
eventually hardening to limestone or chert.
More complete shell fragments are pre-
served as fossils, for example in the rock at
Point St. George.

Above the subduction zone,
by currents and winds we are blown.
Our grains settle down,
under water we drown,
and harden into sandstone.
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Fig. 3.1. Gravel bars cover much of the lower
reaches of both the Smith River and Redwood
Creek channels. A) You can see the cobbles as
you hike along rivers in RNSP. The gravel and
smaller sediments are washed out to the Pacific,
blanketing the ocean floor of the Gorda plate. B)
On several higher hillslopes in RNSP, especially

Redwood Creek, there are slightly smooshed
layers of sandstone and shale formed from the
sediments flushed onto the Gorda plate (Fig. 2.5).
(Photos courtesy National Park Service).

Metamorphic Rocks

Metamorphic rocks form when the
structure of minerals in a rock change
(recrystallize), but the rock does not melt.
"Meta" means “change” and “"morph” means
“form,” so a metamorphic rock is a rock
whose form changes. You can't make a
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metamorphic rock unless you have a rock to
begin with (called the “parent rock"). To
metamorphose a rock, you must increase
the temperature and/or pressure conditions
around the rock (heat up or smoosh the
rock), which alters the minerals in the pre-
existing rock. (So, for example, when you
start with a sedimentary rock, it becomes a
meta-sedimentary rock after the rock is
metamorphosed.) The degree to which the
parent rock changes its form is dictated by
several factors: the minerals comprising the
parent rock, the amount of heat and
pressure the rock endures, and the amount
of water present during metamorphism.

Serpentinite is a metamorphic rock
found all along the Smith River (associated
with the Josephine Ophiolite) and in certain
spots along highway 101 (Fig. 3.2).
Serpentine is a mineral that forms under
pressure when water interacts with rocks
that are rich in the elements iron and
magnesium, such as basalt, gabbro, and
peridotite (Fig. 3.2A,B). Serpentinite, the
rock formed from the mineral serpentine,
has a distinctive soapy feel and waxy look,
and you might notice many tiny wavy layers
if you look at a chunk from the side (Fig.
3.2C). These are characteristic features
that develop because of the environment in
which the rock forms: the waxy sheen and
soapy feel come from the minerals changing
form (metamorphosing) in response to high
temperatures and pressures at depth within
the Earth. Commonly, serpentinite forms
when the igneous rock of the Earth's
mantle, known as peridotite, is metamor-
phosed. Heat and pressure change the
minerals olivine and pyroxene into
serpentine. Because serpentinite has been
so intensely smooshed and is therefore
weak, you will notice that the green rocks
along Highway 101 and the Smith River
often break away and cause rock slides. The
subduction that drags rocks down to depths
where such heat and pressure exist is
happening directly beneath RNSP!

I'm known for slope failure, not might,
I can’t put up much of a fight.
I break down in toil,
and make orange soil,
I'm our state rock - serpentinite.
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Fig. 3.2. It’s not easy being green! A) The mineral serpentine forms when
iron-rich rocks are metamorphosed and interact with water (that is,
serpentine forms by smooshing a wet, iron-rich rock. B) A rock made
entirely of the mineral serpentine is called serpentinite. (C) Serpentinite is
California’s state rock. (Photo in “A” by Greg Harper).

As Seen in Redwood National
and State Parks

In RNSP, unique vegetation flourishes
because of the 80 to 100 inches of average
annual precipitation. The thick plant cover
makes observation and interpretation of
RNSP's geology more challenging because
the greenery largely obscures the rock.
However, there are a few high visitation
places in the park where rocks are exposed.
Such outcrops, coupled with fantastic
panoramas of the landscape along the coasft,
afford opportunities to interpret the
geologic processes responsible for the kinds
of rocks in the parks and how they look.

Gold Bluffs Beach

If you've driven down Davison Road,
you've probably noticed that the road
changes from gravel to sandy dirt. If you've
ever camped at Gold Bluffs Beach, hiked
that section of the Coastal Trail, or visited
Fern Canyon, you may have noticed that
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Gold Bluffs cliffs look different from the
rock cliffs north of Gold Bluffs Beach, near
the Klamath River mouth.

So, how are the rocks different?
You might first notice the color - the cliffs
at Gold Bluffs are much lighter and very
yellow when compared to the dark-colored
rocks near the Klamath Overlook. If you
look closer, you'll see that the bluffs are
actually composed of thousands of cobbles
and pebbles with lots of sand in between.
Upon closer inspection, you will notice that
most of the gravel is well rounded and
forms defined patterns in the bluff
exposure. The rounding and sorting of the
rocks indicates how the rocks formed.

Were you to hike north to the
Klamath River itself, you might notice that
the rocks in its channel bear a similarity to
the rocks in the bluffs. In fact, the
sedimentary particles comprising the bluffs
were brought to the coast by the Klamath
River, making them ancestral Klamath River
deposits. Looming over 100 feet above
campers, the spectacular cliffs exposed at
Gold Bluffs Beach show where the ancient
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Fig. 3.3. There’s gold in them thar hills! Gold Bluffs Beach campgrounds affords front row
seating for a Pacific Ocean view, with an impressive 100 foot tall backdrop of Klamath River
deposits that are over 1 million years old! (Photo courtesy Northern California Geographic Infor-

mation Center).

mouth of the Klamath River was between 1
and 3 million years ago (Fig. 3.3).

The RNSP landscape illustrates the
dynamic nature of Earth processes over
geologic time. The Klamath River drains the
Klamath Mountains, so small amounts of
placer gold were found at Gold Bluffs Beach
in the mid-1880s, hence their name. The
rocks comprising the cliffs at Gold Bluffs
Beach are part of a group of sedimentary
rocks known as the Prairie Creek Formation,
which is between 600,000 and 2 million
years old. The cliffs exposed at Gold Bluffs
Beach are very different from the cliffs
near the present-day Klamath River mouth.
The Cliffs at the mouth of the Klamath
River are made of Franciscan mélange and
contain large blocks of bedded chert. The
rocks exposed at Gold Bluffs Beach
resemble deposits we can see forming at
the Klamath River mouth today and serve as
a window into what the coast near Gold
Bluffs Beach was like in the past.
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Enderts Beach and Point Saint George

Many tide pool programs begin at
the parking lot to Enderts Beach. A steep,
rocky cliff flanks the short, half-mile trail
down to the ocean. On the right, the cliff
extends down to the Pacific, and the cliff
rises up dramatically on the left. The rocks
are cracked (fractured; Fig. 2.12) and there
is evidence of frequent rock slides all along
the trail. The rocks are slightly greenish
near the top of the trail and more grey near
the beach. Look closely and you'll see
swirled patterns of grey and white layers in
outcrops at the beach. Let's figure out how
they got to look like that way.

Sand, silt, and mud particles flushed
out to sea from north coast rivers
eventually become sedimentary rock layers
at the bottom of the Pacific Ocean.
Sediments from continental rocks contain
the mineral quartz and other light colored-
compounds. As the layers are compacted
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and pushed down the Cascadia Subduction
Zone, hot water percolates through and
dissolves the quartz minerals from the
sediments. This mineral-rich water then
follows cracks in the rocks along which the
minerals reform into sinuous quartz veins.
The sedimentary layers of sandstone,
siltstone, mudstone, and shale are then
scraped from the top of the subducting
Gorda plate and smashed onto the edge of
the continent, complete with quartz veins
(hence the swirled appearance and cracks
(Fig. 2.8). So, we see these deformed layers
at the coast after they've been “smooshed”
and uplifted!

If you were to gaze across Crescent
Bay from the Enderts Beach lookout, you
would be looking northward toward the
Crescent City harbor. Barring fog, you'd see
the Battery Point lighthouse. If visibility
were particularly good, you might be able to
see even farther north to the Point St.
George lighthouse. People who come into the
visitor center at RNSP's Crescent City
headquarters often ask about scenic drives
near Crescent City, and we can recommend
the Pebble Beach drive, which routes
visitors north to the Point St. George
lighthouse. Along the way, the drive passes
Pebble Beach, where there is a well-known
rock formation called the St. George
Formation (named after Point St. George,
where the lighthouse is). The rocks of the
St. George Formation are dominantly
siltstone and sandstone, similar to the grey
layers of rocks seen at Enderts Beach.
Obvious in these younger sedimentary rocks
are intact fossil seashells, which would have
been altered or destroyed had the rocks
been as deformed as those at Enderts
Beach. If you are leading coastal walks at
Enderts Beach, you might want to use this
comparison to illustrate different degrees
of the same geologic processes affecting
RNSP.

Josephine Ophiolite (Smith River)

Any visitor driving to RNSP along US
Highway 199 from Grants Pass, Oregon, will
not be able to avoid noticing the green-
colored, serpentine cliffs flanking the
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Smith River. Those visitors camping at
Jedediah Smith Redwoods State Park get
to see the Smith River gorge just east of
their campsites, and there's even a popular
rock jumping spot at the confluence of the
Smith River and the South Fork Smith River
in the Smith River National Recreation Area
(U.S. Forest Service). The Smith River has
cut down through the Josephine Ophiolite,
whose highly fractured green serpentine
cliffs easily weather and erode, which is
why there are so many landslide scars on
the cliffs along Highway 199 (Fig. 3.4B,D).
We can help visitors understand the nature
of these rocks in a simple way. To explain
why the rocks along the Smith River look
like they do, we need to understand how an
ophiolite forms.

The state rock of California is
serpentine (serpentine is actually the
mineral comprising the rock, serpentinite,
but shhh! ..we won't tell anyone they got it
wrong.) Serpentine forms under pressure
when water inferacts with mantle rocks.
The waxy sheen and soapy feel come from
the minerals changing in response to high
temperatures and pressures at depth within
the Earth.

The Gorda plate smashes against
North America as it plunges down into the
Cascadia Subduction Zone (Figs. 2.5, 2.8).
The oceanic plate resists the extreme
force behind this collisional process, and
sometimes even deep parts of the oceanic
plate are shoved up onto the edge of North
America. Whereas the top of the Gorda
plate is laden with layers of sand, mud,
shells, and other muck that comprises
oceanic sediments, the hard underlying
crust formed from magma that cooled and
hardened. The densest of the minerals from
the cooling magma crystallize at the
greatest depths. So the bottom of the
oceanic crust is composed of some of the
same iron-rich minerals that make up the
Earth's mantle. The sequence of rocks rep-
resenting mantle and the overlying oceanic
crust is called an ophiolite (Fig. 3.4A).

The intense pressure and shearing
forces involved in smashing the ophiolite up
onto the continent combine with hot water
to alter the iron-rich minerals into
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Fig. 3.4. The Josephine what? The cliffs forming the Smith River gorge (B, D)
are composed of notably green rocks and topped by odd burnt-orange soil. The
rock was originally formed deep beneath the ocean (Inset A’) and has been
scraped off of the subducting Gorda plate (A) and smooshed onto the edge of
North America (Fig. 2.5). The process of thrusting oceanic rocks over the edge of
the continent is called obduction, a term reminiscent of people being
“abducted” by aliens! The rock is dominantly serpentinite (Inset D’), an altered
form of peridotite (“mantle rock”). Mantle rocks contain a lot of iron and
magnesium, forming the mineral called olivine (accounting for the green color).
The iron can rust to a burnt-orange color when exposed to moisture, like your
bike left out in the Pacific Northwest rain (C). (Photos courtesy Greg Harper,
Mark Bazard, and the National Park Service).
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serpentine. The Smith River has cut down
through the Josephine Ophiolite, whose
highly fractured green serpentine cliffs
easily weather and erode, making them
prone to landsliding. Campers and visitors to
Jedediah Smith Campgrounds can float
down the Smith River and see the
Josephine Ophiolite and its impressive
geologic features - almost as though they
are traveling through the very crust and
mantle beneath the ocean!

Answers to Rock-Related Questions
Commonly Asked by Visitors

“Why are the soils orange near the
Smith River?”

This question is directly related to
the iron-rich serpentine rocks of the
Josephine Ophiolite (Fig. 3.4). We know the
North Coast is very moist. Think for a
moment about many of the older boats or
other vehicles we might see around the
Crescent City area. What happens to metal
when it is exposed to water for an
extended period of time? It oxidizes, or
rusts! What color do those boats and
vehicles turn as they are exposed to the
elements? An orange rust color! We know
that serpentine is a mineral that has the
metal element iron in it, so guess what
happens to serpentine in the North Coast,
where we have plenty of rain and fog?
That's right, even rocks can rust! Thus, the
orange soil is essentially rusted serpentine
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and is likewise rich in iron oxide. Iron-oxide
minerals give the soil nutrients that allow
unusual plants, such as darlingtonia (a
pitcher plant that eats insects) to grow.

Smith River gorge rocks are green,
over time rain dulls their sheen.
Like your car left outside,
rusts to iron oxide,
here we form soil from serpentine.

“Why do you find agates on the beach
here?”

With this question, we return to the
balance between erosion and uplift on our
coast. Chert forms when critters with
silica-rich shells die in the ocean and sink to
the bottom, forming layers of ooze. Silicate
compounds contain the elements silicon (Si)
and oxygen (O). Most crustal rocks contain
silicate minerals. The mineral quartz is pure
silica (SiO;); chert is composed of
extremely fine quartz crystals. Agate is a
semi-translucent variety of chert. These
rock layers were later scraped off the
ocean floor and uplifted during plate
subduction. Flint Ridge, south of the
Klamath River, is almost entirely chert. Flint
and chert are essentially the same, but flint
specifically refers fto chert that is found in
small amounts within other sedimentary
rocks such as limestone. For centuries,
Native Americans have used flint for
arrowheads and trade. In fact, Flint Ridge
is considered a holy place for the Yurok and
Tolowa tribes.
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EARTHQUAKE!!!
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or ground squirrels! Every time visitors
watch the Klamath River empty into the
Pacific Ocean or hike up along the gravel
bars of Redwood Creek, they are witnessing
sediment transport and erosion, but not all
geologic processes are so obvious. By
presenting visitors with stories of the
power stored within the Earth, you can have
them contemplate the geologic processes
responsible for what they're seeing.
Earthquakes occur within a time frame that
people normally experience and are aware of
— they are geological events that are
pertinent to many visitors, especially those
from California.

The Pacific Northwest is a
geologically active region. The coastal and
offshore areas near RNSP have been the
most seismically active area in the
contiguous United States (lower 48 states)
during historic times. Earthquakes large
enough fo cause damage to structures have
an average recurrence interval of less than
5 years. Many of the earthquakes that
occur in the vicinity of the north coast and
RNSP result from Gorda plate subduction
(Fig. 2.5). Other earthquakes off the coast
result from the divergence of the Gorda
plate from the Pacific plate, deformation
within the Gorda plate, and the interactions
between all three plates near the
Mendocino Triple Junction (Fig. 4.1).

n  Pacific Plate

% "l,IDFort Bragg

Fig. 4.1. Shake, Rattle, and Roll. Crescent City
is where all the action’s is! This map view
corresponds to the block diagrams (Figs. 2.3-2.5)
and shows how close RNSP is to all the seismic
activity around the plate boundaries (Fig. 2.1).
The size and color of the dots indicate the
magnitude of earthquakes that occurred from
1975 to 1995. You can see that most of the large
earthquakes occur where the plates all meet near
Cape Mendocino, a region known as the
Mendocino Triple Junction. (Modified from “Living
on Shaky Ground: How to survive earthquakes &
tsunamis on the North Coast,” by L. Dengler and
K. Moley, 34 edition, ©1999, Humboldt Earth-
quake Education Center, Humboldt State
University).

What Causes Earthquakes?

Despite the adage “hard as a rock,”
rocks turn out to be somewhat flexible. Like
a steel beam, rocks can slowly bend. Most
tectonic activity occurs on geologic time
scales, meaning large movement occurs in
small increments spread over large amounts
of time. Under the stress caused by the
very slow plate movement, rock gradually
deforms (bends) without breaking, at least
for a while. But where rock is cold and
brittle, it eventually snaps; the sound and
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other vibrations it makes travel away from
the snap as seismic waves.

It is important to recognize that
rocks move, not only when layers break
during an earthquake, but motion also
occurs within the Earth while stress builds
prior to an earthquake. The coast of RNSP
is slowly uplifting in some places and slowly
subsiding in others; the strain that builds
up on the rocks during this gradual
deformation is released suddenly during
large earthquakes.

We can think about the way rocks
respond to stress in a familiar way. Before
setting off on a hike or engaging in other
physical activities, many people like to
stretch or warm up. Without being warmed
up, cold muscles can tear painfully. The
same is true of rocks. Rocks that have been
warmed up will be more likely to deform
(stretch) in a ductile fashion. However,
when rocks are cold, they tend to be
brittle. So their response to stress beyond
their elastic limit is brittle failure. Brittle
failure in rock is commonly accompanied by
a sudden snap or break along a fault line,
causing an earthquake.

Stressing our rocks makes them break,
during the rupture they shake.
North America scrapes,
o’er the thin Gorda plate,
that’s when we get an earthquake!

Where Earthquakes Happen

The most powerful earthquakes occur
at subduction zones. Such zones ring the
Pacific Ocean, causing much devastation via
their shaking and the generation of
tsunamis (Chapter 5).

Earthquakes along the Cascadia
Subduction Zone can be classified into
several categories (Fig. 4.2). As the cold,
brittle Gorda plate subducts beneath North
America, the oceanic plate contorts and
cracks, releasing energy in small-to-
moderate size earthquakes (Fig. 4.2A). The
actual boundary between the Gorda and
North American plates is a stressful zone
where the two plates stick and grind past
each other. Because the rate of subduction
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is relatively slow and the rocks are rough
and resist slipping, the two plates can
remain locked together for centuries.
Instead of slipping easily past each other at
the rate your finger nails grow (a couple of
inches per year), the plates suddenly lunge
(thrust) tens of feet past each other (Fig.
4.2B). The violent release of this locked
zone produces the largest magnitude and
most devastating earthquakes of any that
occur in the Pacific Northwest. Smaller
earthquakes occur offshore and in the
Coast Range, where rock layers are
crumbled between the converging plates
(Fig. 4.2C).

Cascadia Subduction Zone
Redwood
Cascade

Mountains

Locked zope

Accretionary
Pacific Ocean \\ Wedge

Gorda 1700 i,
Plate Locked Zone A
Earthquake?

=~

Fig. 4.2. Did you feel that? There are several
types and locations of earthquakes related to
Gorda plate subduction (x’s on diagram). A)
Earthquakes within the Gorda plate. When the
subducting Gorda plate breaks as it is shoved
beneath North America, it can generate deep
earthquakes beneath the Coast Range. These are
commonly called “subduction slab” earthquakes,
such as the magnitude 6.8 Nisqually earthquake
that occurred beneath the Seattle, Washington,
area on February 28, 2001. B) Locked-zone
earthquakes. These earthquakes occur between
the subducting Gorda plate and the overriding
North American plate as they grind past each
other after being stuck (locked) for hundreds of
years. The energy released generates extremely
high magnitude earthquakes, which can generate
tsunamis. C) Earthquakes within the North
American plate. As the edge of the continent is
crumpled (like a rug) by the Gorda plate, rock
layers fold and fault, creating the Coast Range
landscape. Such small-to-moderate size earth-
quakes are common in the Seattle and Portland
areas, as well as in the Eureka vicinity.
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Earthquake Strength
(You thought visitors losing
their tempers was bad!)

The strength of an earthquake is
described by two attributes: magnitude and
infensity. An earthquake's magnitude quan-
tifies the amount of energy released by the
earthquake and is measured using scales
such as the Richter Scale. An earthquake's
intensity is qualified by the severity of
shaking at a given location using the
Mercalli Scale (Table 4.1). It is a way of
expressing, for example, the degree to
which windows rattle or your washing
machine jumps across the floor.

Magnitude

The public often hears about the
Richter Scale during news accounts of an
earthquake, and thus is most familiar with
this scale of earthquake measurement.
Richter Scale magnitude describes the size
(amplitude or height) of seismic waves a
standard distance from the earthquake
focus. You may be familiar with the phrase
“order of magnitude,” which is often used
when describing phenomena that span a
broad range. This phrase refers to the
nature of some scales, such as the Richter
Scale, wherein an increase of one unit of
magnitude corresponds to a 10-fold in-
crease in amplitude of the seismic waves
(Fig. 4.3A). For example, beneath the coast,
moderately large earthquakes of magnitude
6 are common. Although a jump in magnitude
to 7 does not seem much larger, the amount
the ground moves up and down would be 10
times as high (107/10° = 10 = 10). If we now
compare a maghitude 6 to a magnitude 8, we
see the power of this logarithmic scale: the
ground shakes in waves 100 times as large in
a magnitude 8 earthquake compared to
those produced by a magnitude 6 (10%/10° =
10? = 100).

We've  discovered  that  the
amplitude of the waves increases
logarithmically in the Richter scale, but we
need to consider how magnitude expresses
the amount of energy released by the
earthquake. Hundreds of years of stress
can store a lot of energy that is suddenly
released when the rock fails. But it takes a
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Modified Mercalli Intensity Scale
Intensity  Observed Effects

I Not felt except by a very few people under
especially favorable conditions. (Mag. < 3).

I Felt only by a few people at rest, especially on upper
floors of buildings.

111 Felt quite noticeably by people indoors, especially
on upper floors of buildings. Many people do not
recognize it as an earthquake. Standing cars may
rock slightly. Vibrations similar to the passing of a
truck. (Mag. 3-4).

v Felt indoors by many people, outdoors by few
during the day. At night, some people awakened.
Dishes, windows, doors disturbed; walls make
cracking sound. Sensation like heavy truck striking
building. Standing cars rocked noticeably.

A% Felt by nearly everyone; many awakened. Some
dishes, windows broken. Unstable objects
overturned. (Mag. 3-5).

VI Felt by all, many frightened. Some heavy furniture
moved; a few instances of fallen plaster. Damage
slight.

VII Damage negligible in well-designed and
constructed buildings; slight to moderate in well-
built ordinary structures; considerable damage in
poorly built or badly designed structures; some
chimneys broken. (Mag. 5-6).

VIII Damage slight in specially designed structures;
considerable damage in ordinary substantial
buildings with partial collapse. Damage great in
poorly built structures. Fall of chimneys, factory
stacks, columns, monuments, walls. Heavy furniture
overturned.

IX Damage considerable in specially designed
structures; well-designed frame structures skewed.
Damage great in substantial buildings, with partial
collapse. Buildings shifted off foundations. (Mag. 6-
7).

X Some well-built wooden structures destroyed; most
masonry and frame structures destroyed with
foundations. Rails bent.

XI Few, if any (masonry) structures remain standing.
Bridges destroyed. Rails bent greatly. (Mag. > 7).

XII Damage total. Lines of sight and level are distorted.
Objects thrown into the air.

Table 4.1. Modified Mercalli Intensity Scale. The intensity
(Roman numeral) relates to observed effects at a given
location. Magnitude numbers in parenthesis are a rough
guide to the maximum intensity that can be produced by an
earthquake. Generally, higher magnitude earthquakes mean
more shaking, but the degree to which the ground shakes
and buildings are damaged is often determined locally by the
type of ground on which structures have been built. (From
U.S. Geological Survey).
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lot of energy to increase the amplitude
of seismic waves. In fact, it takes about

B) Energy Released

(stress relieved)

A) Amplitude of Seismic Waves
(degree of shaking)

Magnitude 6 a 30-fold increase in energy to increase

o e ARDIU Energy the amplitude of seismic waves by a
factor of 10 (or 1 step on the Richter

Magnitude 7 scale, Fig. 4.3B). That means it would

i m a NW 10 Times take approximately 30 magnitude 6
v “’:g';‘g’de 30 Times earthquakes to release the same amount

Energy of M6 of energy as a single magnhitude 7

Magnitude 8 earthquake. Following this logic, it would

_HT take 900 (30 x 30) simultaneous
magnitude 6 earthquakes to equal the

energy released by a single magnitude 8

100 Times earthquake. So, when we think about the

—Amplitude stress of plates colliding in a subduction

of Mé zone, we would be wildly underestimating
the power of Earth processes if we say,
"Oh, we just had a magnitude 6, so we
won't have a larger earthquake for a
while because a lot of stress was just
released.” Wrong! In fact, we would need
somewhere between 900 and 27,000
magnitude 6 earthquakes to release the
energy of a large (magnitude 8 to 9)
Pacific Northwest earthquake.

900 Times

U Energy
of Mé

Fig. 4.3. The amount of energy released in an
earthquake dictates the amplitude (ground
motion) of the seismic waves, which is used to
compute the magnitude of the earthquake.
People often make the erroneous assumption that a
couple of magnitude 6 earthquakes will release the
same amount of stress as a magnitude 8 or 9
earthquake. In fact, we would need 900 magnitude
6 earthquakes to release the same amount of
energy as just one magnitude 8 earthquake, and
27,000 magnitude 6 earthquakes to equal the
energy of a single magnitude 9!

Plates at subduction zones can
suddenly lunge past each other after
being locked together for centuries.
Such a break could rupture along a fault
line up to 1,000 miles long, slipping about
50 feet, thereby producing earthquakes
up to magnitude 9.5 (see "Hands On
Demonstration of Magnitude” box). An
example is the 1964 earthquake in
Alaska, which produced the tsunami that

devastated Crescent City.

Hands on Demonstration of Magnitude

To understand magnitude, put your hands together in a praying position and make them
slide about 2 inches past each other. Listen to the sound it makes. The sound waves created by your
hands moving are like the waves created by an earthquake. Clap your hands together and listen to
the sound. Now have 30 people clap their hands at once and compare the noise. By increasing the
energy released from clapping by a factor of 30, you have increased the magnitude of the clap by one
order of magnitude (Fig. 4.3B). At the same time, the amplitude of the sound wave produced (or the
volume of the clap) increased by a factor of 10 (Fig. 4.3A).

So let’s extend our example to all of Cascadia (from southern British Columbia to Eureka,
California). If we round it to about 625 miles long and 6 miles wide, the area would be about 4,000
square miles. After remaining locked for 300 years when they should have moved 2 inches per year,
the plates would suddenly slip 50 feet. The combined effect of 50 feet of slip over 4,000 square miles
produces a magnitude 9 earthquake. Because an earthquake of this magnitude requires the rupture
of an incredibly large area, the effects would be far reaching and leave no sanctuary for escape. The
energy released by such a great locked zone earthquake would be equivalent to about one million
atomic bombs exploding simultaneously.
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Intensity

Although the public may have heard
about earthquake magnitude as expressed
by the Richter Scale, anyone who has ever
experienced an earthquake remembers the
shaking, or intensity, they experienced. The
Mercalli Scale qualifies this intensity, which
is influenced by three factors: 1) magnitude
of the earthquake, 2) nearness to the
earthquake's focus (point within the earth
that ruptured during the earthquake), and
3) local ground (soil, bedrock) conditions
(Table 4.1).

People often describe experiencing
several sensations during an earthquake.
Commonly, people report first hearing the

ground rumble (something like an
approaching train), and then feeling the
ground  shake. Depending on  the

earthquake's intensity, this shaking could be
violent or more subtle, like the way your
windows rattle when a large semi truck
speeds past your home. The reason there
are different sensations is because
earthquakes generate three distinct types
of waves that travel through the Earth at
different speeds and in different manners.

The fastest of the three types of
earthquake waves are compressional waves,
which are really sound waves traveling
through rock. Visualize stretching a slinky
(Fig. 4.4A), holding one end, and then
flicking your wrist outward from you so that
the metal spirals compress and expand,
compress and expand, as the wave
propagates from your wrist to the other
end (Fig. 4.4B). This is what happens to
Earth materials (rock and overlying soils) as
compressional waves pass through. A later
set of waves, shear waves, follow com-
pressional waves at about half the speed,
contorting the Earth in sideways motions
(flick your wrist side-to-side instead of
outward so that the slinky snakes toward
the other end in an "S" motion, Fig. 4.4C).
Arriving shortly after shear waves are
surface waves that roll the land surface up
and down and back and forth (flick your
wrist up and down so that the surface
“rolls” in an "S" motion). These relationships
explain why people sense the “sound”
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vibrations of the less-severe compressional
waves before they feel the higher
amplitude and more severe ground motions
associated with the slower shear and
surface waves. These later, more intense
waves cause the bulk of the damage
associated with earthquakes.

Direction of Wave Travel
—_—

A - Stretched Slinky

Particle Motion
B - Compressional (P) Waves

Fig. 4.4. Everyone loves a slinky! Using a
moderately-stretched slinky (A) as a proxy for
Earth material (rock), we can simulate seismic
waves in a fashion similar to the linked arms
demonstration (Fig. 4.5). The fast, compressional
(P) waves, propagate through the Earth by
alternately squeezing and stretching the rock (B).
Shear (S) waves travel through the Earth either
side-to-side or up-and-down (C).

Earthquakes in the
Pacific Northwest
(Where the Action is — or Will Be)

We have already recognized that
convergent plate boundaries like the
Cascadia Subduction Zone, where the Gorda
and Juan de Fuca plates are diving beneath
North America, are capable of producing
the largest types of earthquakes (locked
zone, Fig. 4.2B). Unlike other subduction
zones, however, there is no mention of a
large (magnitude 8 or higher) earthquake
during the past 200 years or so of the
written history in the Pacific Northwest.
But there is evidence that large
earthquakes did indeed cause extreme
coastal flooding and tsunamis at least seven
times over the past 3,000 years. So,
where's all the action (Fig. 4.6)?



Some dramatic things
happen when large locked-zone
earthquakes occur. For
example, the coastal and
offshore areas that were
slowly bent up or down over
centuries suddenly pop back
down or up, generating tsunami
waves (Fig. 4.7). These events
leave signatures in the geologic
record, and such imprints can
be seen in the Pacific
Northwest. In fact, geologic
evidence shows that 13 such
events have occurred in the
past 7,700 years (see “How
We Know" below). There is
thus a recurrence interval of
several hundred years
between large earthquakes,
and this delay «can be
attributed to the mechanics
of subduction. The Gorda
plate grinds beneath the
North American plate in fits
and spurts, remaining locked
for centuries before the two
plates suddenly unlock and
lunge past each  other.
Incredible strain accumulates
in the years that the plates
are stuck together, so when
the rocks finally do reach their
breaking point after 200 to
800 years, the resulting
earthquake shock waves are
catastrophically large. This
interpretation lends itself to
some sobering thoughts: if the
recurrence interval is every
200-800 years, and the last
great Cascadia earthquake was
about 300 years ago, the
Pacific Northwest may be due
for the next big onel Of
course, given the 600-year
recurrence interval range, we
might not experience the next
great earthquake for another
500 years.

Geology Training Manual

Direction of B

Wave Travel

Fig. 4.5. Earthquake!!! This audience is getting a real feel for
how compressional seismic waves (P-waves) move through
particles because each participant gets to “be” a particle. If their
arms are linked loosely, they bounce around more (like sand
particles), whereas if their arms are linked tightly, the energy
quickly passes through them without as much movement (like
solid rock). (Photo by Tessa Parshall).

Crowd Surfing!
Compressional Wave Demonstration

Loose soil magnifies the effects of shaking, whereas
firm bedrock transmits the waves without significant
amplification. To convey this concept better, gather
several rows of people and instruct them to link their
arms loosely. Tell people at one end to bump into the
person they are next to, moving back and forth to send a
“wave” to the other side (Fig. 4.5). Ask them to think
about how much they moved and how fast the wave
traveled through them. Next, instruct the group to tighten
their arm grip so that they are connected more rigidly.
Have the same people begin the “earthquake” at one end
and again ask them to think about how much they moved
and how fast the wave traveled. It should be clear that
compressional waves travel fastest through tightly-
packed particles (such as those of solid rock), but with
small amplitudes. Loose particles (such as sand or gravel)
slow the wave down, but its amplitude is magnified.
Have the visitors think about this in relation to the kind
of ground into which buildings are constructed, and what
will happen to the buildings as the earthquake waves
pass through.
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Fig. 4.6. Seeing double? You may think the dots on the top map (A) were plotted
intentionally to outline plates (B), but they are simply showing the locations of earthquakes
around the world. Notice that the dots are in fact letters — S (shallow), M (intermediate), and
D (deep) — that indicate the depth at which the earthquakes occurred. The red D’s only occur
at the red convergent boundaries, showing that deep earthquakes happen where one plate
subducts beneath another. Does it mean that the Cascadia Subduction Zone does not
experience large-magnitude earthquakes, or are we simply in a lull between big ones?
(Modified from “Parks and Plates: The Geology of Our National Parks, Monuments, and
Seashores,” by Robert J. Lillie, © 2005, W. W. Norton and Company).
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Fig. 4.7. Snap! Just like a tree branch suddenly
breaking, once a great earthquake releases the
strain on the locked plates (B), the coastal areas
that had been flexed upward (A) will snap down.

A great subduction-zone earthquake
(magnitude 8 to 9) would affect the coastal
regions, including RNSP and park facilities.
It could produce intensities up to XII in
the parks (Table 4.1). Crescent City is built
on mostly loose beach sediments that tend
to amplify the seismic waves, which means
the area would experience lots of shaking.
The Kuchel Visitor Center is on the beach,
and South Operations Center lies on uncon-
solidated river deposits. Inland, because
the park has many steep hillslopes, land-
slides and road failures are likely hazards.
Major damage to buildings, bridges, and
power lines would occur.

How We Know: Evidence
for Locked-Zone Earthquakes

We can investigate the coast from
Vancouver Island, British Columbia, to
Eureka, California and find a common
pattern over the entire length. Here are
some clues: 1) drowned trees; 2) sunken
marshes and upliffed marine terraces:
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3) marine sand layers deposited in low-lying
coastal wetlands; and 4) rock avalanches
blocking river channels in Coast Range
streams. Because these disturbances in the
geologic record are coincident and wide-
spread, scientists (ranging from geologists
to botanists to hydrologists) have concluded
that whatever causes them must have a
magnitude large enough to impact the entire
region. The geologic evidence points to a
disturbance event that happens suddenly
every few hundred years.

There are other lines of evidence
for great Cascadia Subduction Zone earth-
quakes, including submerged shores, tsunami
deposits, a tsunami without a local earth-
quake source (orphan tsunami) in written
records from Japan, and underwater land-
slide deposits (turbidites, discussed below).

There is enough friction between
the Gorda and North American plates to
keep them from sliding smoothly past each
other, so the force of compression and the
influx of material as the plates converge
must be accommodated in some other
fashion. To absorb the stress, the Earth's
surface slowly contorts, in places bending
upward, uplifting the coastal region about 6
feet in 300 years. Over those 300 years,
ecosystems change along the uplifting
coast, as shallow bays become marshes that
develop into lowland forests. When the
stress becomes foo great and the plates
unlock suddenly, the (coastal region) will
drop down those 6 feet!

Along the coast of northern
California, Oregon, and Washington, there
are deposits of marsh plants and trees
buried by sand, which is overlain by bay
muds, then more marsh, then sand again.
These sequential deposits are thought to
represent a progression of deposition
relating to coastal earthquakes. Where land
drops during a great locked-zone
earthquake, a shallow bay is created into
which mud is deposited. The plates become
locked again, but convergence continues to
uplift this bay until it shallows and becomes
a marsh in which trees and other plants
grow. When the next great earthquake
occurs, the area once again is submerged
and deluged with sand deposits brought by
tsunami waves. The tsunami-wave inundation
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Case Study: Rattles from Alaska to California
and everything in between

Comparing the 1992 Cape Mendocino earthquake to the 1964 Great Alaska
earthquake helps us to be savvy about RNSP’s earthquake risk. Both of these earthquakes
involved the rupture of segments of subduction zones and impacted regions with
relatively low-population density.

The magnitude 9.2 Great Alaska earthquake was one of the largest ever recorded.
The relatively low loss of life (15 from the earthquake; 110 due to the resulting tsunami)
was due to the sparse population (140,000) of the Prince William Sound region. Also
contributing to low casualties was the fact that Kodiak, Alaska, had developed and
implemented a hazard mitigation plan.

The magnitude 7.2 earthquake that shook the Cape Mendocino region of northern
California occurred on April 25, 1992. About 15 miles of coastline were uplifted as much as
5 feet, raising tide pools above sea level and killing many intertidal organisms (Fig. 4.8).
There was no loss of human life, but 356 injuries were reported. The relatively low human
impact is partly due to Cape Mendocino’s sparse population.

Let’s think for a moment about the area that would be impacted if the entire
Cascadia Subduction Zone ruptured at once. There are over 10 million people living in the
potential hazard zone. Imagine if regions of the coast, like Crescent City, California, or
Newport, Oregon, were submerged or uplifted several feet. Compared to the Prince
William Sound region of Alaska, there is considerably more development in the Pacific
Northwest. It is paramount that we convey the earthquake and tsunami risk to RNSP
visitors, and educate them about Earth’s processes that cause them.

ape Mendocino

Fig. 4.8. Rocky shore
areas that are usually
submerged beneath the
Pacific Ocean were
uplifted up to 5 feet
locally during the 1992
magnitude 7.2 Cape
Mendocino earthquake.

o Residents of the area

1 L " noticed the smell of dying
4 Up“'ﬁ'red __ sea creatures within days
5 by S of the event. (Photo
o Tlde'POOIS courtesy National Park

: ? = Service).
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is indicated by sharp contacts between the
marsh peats and the ocean sands. The sand,
to mud, to marsh, to sand sequence has
been repeated at least seven times over the
past 3,000 years, and each sequence is
thought to represent a Cascadia earthquake
cycle. The ages of stumps left from
drowned forests along the West Coast
correspond to ages determined for the past
locked zone earthquakes.

Great Cascadia quakes rattle the
Pacific Northwest region so much that large
blocks of sediment on the continental shelf
break loose, get saturated with water, and
flow down the continental slope. These
underwater landslides, or turbidity flows,
leave characteristic deposits known as
turbidites. When retrieved in drilling cores,
the deposits can be dated using radiocarbon
techniques. Thirteen such turbidites have
been identified in ocean sediment deposited
over the past 7,700 years along the Pacific
Northwest coast. Many correlate with the
dates inferred from the drowned marshes
and forests. The turbidite deposits provide
an independent line of evidence for
extremely large earthquakes shaking the
Pacific Northwest every few hundred years.

The Last Great Cascadia Earthquake

The geological evidence discussed
above suggests that the average recurrence
interval for great Cascadia locked zone
earthquakes is roughly 500 years. There
are also accounts from native American oral
histories that vividly describe earthquake
tsunamis and their destructive effects.
Local Tolowa and Yurok tribes have such
stories (see "The Flood" box). Such native
stories about earthquakes and tsunamis
have been compiled into a report for RNSP,
and they represent important supporting
evidence for past geological disasters.

We know about the March 27, 1964,
Great Alaska earthquake because we have a
wealth of direct observation for this event.
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Decade of Terror?

Perhaps an even scarier thought is what
happens if the Earth decides to relieve its
stress, not in one single colossal earth-
quake, but instead distributes that energy
over several large earthquakes. Think of it
this way: we know that it takes about
thirty magnitude 8 earthquakes to release
the same amount of energy as one
magnitude 9. Well, what happens if, in-
stead of one magnitude 9 “great” earth-
quake, the same energy is released in thirty
magnitude 8 earthquakes over a span of a
few years? We have a true Decade of
Terror!

But most geologic dating techniques
are too imprecise to yield exact dates for
events. So how can we say so confidently
that the most recent great Cascadia
earthquake was on January 26, 1700?

Stumps of frees that died in
marshes when they were submerged and
buried by sand are clues. Radiocarbon
dating fells us that the trees died about
300 (+/-10) years ago. These findings are in
agreement with records from the growth
rings of drowned frees that are still
standing on the Washington coast. Such
dendrochronology studies show that the
trees died some time between the fall of
1699 and summer of 1700. There are
written records in Japan that document an
orphan tsunami hitting the eastern coast of
that country on January 27, 1700.

Tsunami waves travel about 500
miles per hour in the open ocean, so it would
take about 10-14 hours for a tsunami
generated in the Pacific Northwest to
reach Japan's Pacific shore. The waves
therefore would have reached Japan's
shores the day after the earthquake shook
the Pacific Northwest, about 4,500 miles
and many time zones away.
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The Flood
(Lake Earl and North Coastal California)

“It was in the fall of the year when there was an earthquake. ‘Well
something not good is happening, you had better watch,” he said. The Earth shook
again.... ‘If the Earth shakes east and west the sea will rise up...” he said. The
Earth did truly shake from the west and everything on the Earth fell down. The
water rose in the streams and came over the banks.

“There was among them a girl... Her brother went with her running up
the mountains. They kept looking back as they ran and saw the water coming
from the west.... They ran on up the hill and the water nearly overtook them...
The water was also coming up the mountain from the east side because all the
streams were overflowing... ‘Let us run up along the ridge,” the boy said to his
sister. When they neared the top, they saw the water covering the whole world....
After ten days the young man went down to look about and when he returned he
told his sister that all kinds of creatures both large and small were lying on the
ground where they had been left by the sea. ‘Let us go down,” his sister said.... But
when they came there, there was nothing, even the house was gone. There was
nothing but sand. They could not even distinguish the places where they used to
live.”

(Tolowa story recorded by Goddard; Redwood Creek Tsunami Work Group).
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Chapter 5

TSUNAMI!!

A tsunami is often referred to as a
tidal wave, but this is misleading. The term
tidal wave has two erroneous implications
about the nature of the phenomenon: 1)
that the waves are caused by the ocean's
tides (that is, periodic forces such as the
gravitational pull of the sun or moon); and 2)
that there is only one gigantic wave that
crashes over the shore and engulfs
everything in its path. In fact, the
occurrence of a tsunami is unrelated to the
tides, and a single tsunami barrages the
coast in a series of waves lasting hours. A
tsunami is a series of sea waves caused by
displacement of the water column. Let us
explore what really happens both to cause
tsunamis and once a tsunami occurs.

Earthquakes from under the seas,
cause big waves to submerge the trees.
The first wave may be small,
compared to them all,
these waves we call - tsunamis.

Aren’t Tsunamis Just Big Waves?

What happens when you throw a
pebble into a pond? Is there just one wave,
or is a series of ripples generated? Digital
model images of tsunamis show a
remarkable resemblance to ripples propa-
gating over a pond, so we can think of the
Pacific Ocean as the Big Pond! (Fig. 5.1).

One of the most unfortunate
misconceptions the public has about
tsunamis is that a tsunami is simply one
giant wave that crashes into the shore. In
fact, the giant ripples that propagate out
from the tsunami source besiege the coast
in a series of waves, and the first is often
not the largest or most destructive (see
"Tsunami: Brass Knuckles of the Ocean”
box). The lengthy period (from tens of
minutes to a few hours) between waves can
fool people into thinking that the tsunami
has ended, but the barrage of waves can
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Fig. 5.1. Pacific pond? Think of the pattern of ripples
made by a pebble thrown into a pond, then look at this
model of the 1964 tsunami traveling toward Crescent
City. The displacement of the sea floor from the Great
Alaskan earthquake moved the water column enough to
generate the ensuing tsunami. (Modified from National
Oceanic and Atmospheric Administration).

last up to 12 hours. Because of the public's
misconceptions, people have returned to the
danger zone before the official “all clear”
has been issued (see “Tsunami Warnings:
What to Do" box).

What Causes Tsunamis?

Few events introduce enough energy
info the water column to cause a tsunami.
Large meteorite impacts (quite rare), and
landslides both disrupt the water column
from above. But the amount of displaced
water responsible for the energy from such
processes is often small, so that the waves
generated commonly dissipate quickly and
have little impact on distant shores.

Submarine landslides (sometimes
accompanying large earthquakes) and
submarine volcanic eruptions may be
massive enough to generate sufficient
uplifting force from below to displace the
water column significantly. Submarine
landslides are more commonly triggered in
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2. Vertical displacement of
water column generates
broad waves on surface

of ocean

Earthquake

Fig. 5.2. Shake it up, baby! Earthquake seismic waves can produce a fault that
offsets (displaces) the sea floor. The up or down displacement of the sea floor
shoves the water column upward or downward. This action generates a broad surface
wave with a deep wave base and low amplitude and period that then propagates

outward toward shore (see Fig. 5.3).

regions of tectonic activity, such as the
volcanism of the Hawaiian Islands or the
earthquakes  associated  with  plate
movement at boundaries like the San
Andreas Fault or the Mendocino Triple
Junction. Considering how close plate
boundaries are to the continental shelf,
submarine landslides do pose a significant
tsunami threat to the California coast south
of Cape Mendocino.

The most common cause of giant
tsunamis is movement of the seafloor
caused by earthquakes (Fig. 5.2). Let's think
about throwing a pebble into a pond again.
Now, imagine instead that an errant gopher
rises up from the bottom of the pond, and
you'll have a pretty good analogy for how
most  fsunamis are generated by
earthquakes. Although seismic waves may
vibrate the sea floor, it is important to
recognize that it is the whole-sale
displacement of the sea floor during the
earthquake fault movement that causes a
tsunami. The magnitude and depth of an
earthquake influences the amount of
displacement of the sea floor, thus
determining whether or not a tsunami
occurs and how big it will be. Sudden
displacement (up or down movement) of the
sea floor energizes the water particles to a

36

much higher level than movement produced
by the wind. Wind only affects the top
portion of the water column of the ocean,
whereas ftsunamis move through the entire
water column.

Go With the Flow: Tsunami Mechanics

The mechanics of tfsunami waves
determines their impact once they reach
the shore. Waves that have small
amplitudes (crests only about 3 feet high)
and long periods (up to an hour) are able to
conserve their energy as they travel for
considerable distances in the open (deep)
ocean. A tsunami may pass beneath a ship in
the open ocean without passengers on the
ship even noticing! Tsunamis not only retain
their wave energy when traversing the
ocean, they also travel in excess of 450
miles per hour in the open ocean, enabling
them fo cross vast expanses with both
power and speed. In fact, tsunamis
commonly travel between 600 and 700 miles
per hour, faster than the average speed of
a Boeing 757 aircraft! So, if you want to
know the time it takes a ftsunami to cross
the Pacific Ocean, think about how long it
takes to fly from California to Japan -
about 10-14 hours!



Geology Training Manual

Tsunami Arrival

As a tsunami approaches the
shore, the water shallows (Fig. 5.3).
The sea bottom interferes with the
waves, causing them to slow down.
Later waves catch up, sort of like a
rug being crumpled. As a result
waves grow from a modest 3 feet to
tens of feet as they approach and
overrun the coast (Fig. 5.4). It's as
likely that a trough of a tsunami
wave will reach shore first as it is
likely that a wave crest will arrive
first. So, if you're walking along the
coast and the water suddenly goes
out, RUN!' (see "Tsunami Warnings:
What to Do" box)

The severity of tsunami
impact relates to the tsunami
inundation, defined by the extent of
tsunami run-in and run-up (Table 5.1).
Tsunami run-in is the horizontal
distance to which tsunami waves rush
inland.  Tsunami run-up is the
maximum land elevation (vertical
height above normal sea level) to
which tsunami waves reach. Both
offshore and coastal features -
including reefs, steepness of
continental slope, and geometry of
river mouths and embayments -

Qpen (Deep) Ocean

Long Wavelength

PROPAGATION l

|

GENERATION  Fqult
7

Fig. 5.3. Surf's up! The three steps fo make a tsunami are
generation, propagation, and inundation. To generate a
tsunami, the water column must be vertically displaced,
which can be accomplished by faulting the sea floor upward
or downward (Fig. 5.2). Once the broad 'ripple” starts, the
energy propagates out from the source toward shore. As
the series of waves approaches the shore, the sea floor
slopes upward, forcing the waves to slow down and the
water behind to pile up (Fig. 5.4). Once the tsunami reaches
the shore, the local topography has great influence on how
far inland the tsunami inundation extends. If the shore is
flat (like at a river mouth or bay), the effects of the
tsunami are often more severe. (Modified from National
Oceanic and Atmospheric Administration).

Approaching shore, wave shallows, speed
decreases, and wave amplitude grows

-

ILow Amplitude
Direction of 2
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Fig. 5.4 Quick, to the trees! Where's the tsunami evacuation route? As the broad tsunami wave
approaches shore, the sea floor slopes up, interferes with the wave base, and slows the front wave down.
Like a rug or multiple-car crash, the waves behind pile up water behind the front wave, increasing the wave
height as the tsunami reaches shore.
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Table 5.1. What tsunami run-up means for people on the coast. “Average” to “moderate” size tsunami waves typically

surge up onto the coast without breaking (similar to how high tide comes in). The higher the tsunami wave, the more likely it

is to break and the higher its potential for damaging coastal structures.

Tﬁ‘ggaﬁlt" What You Notice Damage
If the bottom slope is steep, tsunami | Some partial damage to wooden
3 ft (1 m) resembles tide that doesn’t break. If bottom | houses.
slope is shallow, its rapid swell is often not
recognized.
For steep slope, tsunami resembles breaking | Most wooden houses demolished,
6ft (2m) tide.  For shallow slopes, it initially | fishing boats damaged, possible
resembles a wall, then breakers spill. loss of life.
Continuous wall with tall-tale spilling
8 ft (2.5 m) | breaker front. Continuous roar, like storm
or truck.
Similar to 8 ft more pronounced spilling | Some stone houses demolished,
13 ft (4 m) breaker. all fishing boats damaged,
concrete houses withstand.
If tsunami hits coastal cliff, loud sound like
16 ft (5 m) thunder or explosion generated and heard
for long distance.
No tide-like rise of water level, first tsunami | Stone houses demolished, all
25 ft (8 m) wave is plunging breaker. fishing boats damaged, reinforced
concrete buildings may
withstand.
Tsunami Warnings: What to Do
Natural Warning

A large earthquake centered nearby will produce strong ground shaking. There is no time for
authorities to issue a warning. The earthquake is your warning. People on the beach or in low
coastal areas need to move to higher ground as soon as the ground shaking stops. Stay away

from the beach until told by an official source that the danger has passed. Local tsunamis may be
accompanied by strong earthquake-related damage such as downed power lines, damaged roads
and buildings.

Official Warning

Very large earthquakes in other areas of the Pacific Rim also cause tsunamis. Tsunami Warning
Centers will contact local officials who may order an evacuation. Expect to be notified of an
evacuation by TV and radio stations (through the Emergency Alert System), door-to-door contact
by law enforcement agencies and on NOAA weather radios.

If you do not hear evacuation announcements but notice a sudden drop or rise in sea level
or hear a loud noise coming from the ocean, nature may be warning you of impending
danger. Go to high ground immediately. Go to an area 100 feet or more above sea level, if
possible, or go 2 miles inland, away from the coastline. Every foot inland or upwards makes a
difference. Over the past century, the average height for the largest tsunami waves has been
between 20 and 45 feet at the coast. A few waves have exceeded 100 feet locally.

(Compiled from Humboldt Earthquake Education Center, Humboldt/Del Norte County tsunami hazard brochures, U.S.
Geological Survey, and the Red Cross).
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Fig. 5.5. Crinkled coastline. Curved coves

and  crescent-shaped  embayments  are
characteristic features of RNSP’s shore. Similar
to water sloshing in a rounded tub, incoming
waves can be focused and amplified by coastal
geometry. (Photo courtesy National Park
Service).

influence the size and impact of tsunami
waves (Fig. 5.5). If the topography of the
land is low, ftsunami waves can inundate
farther inland than if the coast is steep, so
local variables have a great impact on the
extent of tsunami damage.

Seaside  communities  centered
around embayments, such as Crescent City,
are especially susceptible because the
coastline slope is often low and the
geometry of the bay can focus tsunami wave
energy (Fig. 5.6). Port towns are built next
to natural harbors that are commonly
crescent-shaped. Whereas the embayment
normally provides ideal harbor conditions,
this shape can also focus incoming tsunami
wave energy and amplify the run-up
depending on the direction from which the
tsunami waves arrive. Magnification of the
tsunami inundation is, in fact, an unfor-
tunate aspect of the 1964 tsunami that hit

Crescent City (see "North Coast Tsunami
History").

Where Tsunamis Come From:
Local vs. Distant Sources

The most pertinent control over the
severity of tsunami inundation is how close
the at-risk shoreline is to the source of the
tsunami. An earthquake on our Cascadia
Subduction Zone would have a greater
impact on RNSP than an equal-sized
earthquake on the Southern Alaska
Subduction Zone or the Japan Subduction
Zone.

A tsunami from a local source along
our coast has the most potential for causing
severe damage. Although people in the
region may be warned by feeling the ground
shaking, the first tsunami waves can
inundate the shore within just a few short
minutes after the earthquake. Severe local-
source tsunami run-ups can reach more than
100 feet (30 meters), about double the
most severe recorded distant source run-
ups (up to 50 feet).

12 _Projected Mdximum _,_/5" =
Y ‘Tsunami Extent r-{'

Fig. 5.6. The 1964 tsunami inundated
Crescent City as far as 5th Street (purple
area). The waves were focused by the shape of
Crescent Harbor, so the farthest extent of water
surged up past where the Jedediah Smith Shop-
ping Center is now located. The green line is the
predicted maximum tsunami inundation extent
and includes all of downtown Crescent City as far
as 9th Street. (Modified from “Living on Shaky
Ground: How to survive earthquakes & tsunamis
on the North Coast,” by L. Dengler and K. Moley,
3rd  edition, ©1999, Humboldt Earthquake
Education Center, Humboldt State University).
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Distant-source ftsunamis are gener-
ated by very large earthquakes in other
areas of the Pacific Ocean. They afford
more warning time (between 3 and 22
hours), but their severity is more difficult
to forecast. Tsunamis from distant origins
are subject to the same offshore and
coastal features that impact local tsunamis,
and their severity is more sensitive to tidal
fluctuations. Should a distant-source
tsunami hit the coast during low tide, it will
have much less of an impact than during
high tide, because the run-in and run-up
distances will be less. Tsunami events can
last more than 12 hours, so the change in
tide levels during the tsunami event can
either mute or amplify the waves.

North Coast Tsunami History

We've learned that tsunamis are
generated by the sudden displacement of a
broad area of sea floor. We've also learned
that the Cascadia Subduction Zone is
capable of great earthquakes as the Gorda
plate grinds beneath North America. So, if
the Gorda plate were to suddenly slip, the
coastal areas would experience vertical
displacement, a process that has the
potential to generate large tsunamis (Figs.
47 and 5.3). Tsunamis leave identifiable
sediment layers behind after they inundate
the shoreline (Fig. 5.7). The 1964 tsunami
from the distant Great Alaskan earthquake
deposited about half an inch of sand in low-
lying coastal wetlands in northern California.
For comparison, the local-source tsunami
generated from the Great Cascadia
Earthquake of 1700 deposited more than 6
inches of sand.

The 1964 Tsunami

At 7:36 PM. (Pacific Standard
Time) on the night of Friday, March 27,
1964, the largest earthquake ever recorded
in North America, struck Alaska near Prince
William Sound, 1,700 miles northwest of
Crescent City, California. The magnitude 9.2
earthquake was generated on a “locked
zone," between the subducting Pacific plate
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Fig. 5.7. For Pete’s sake! As seen in this
sediment core, the 1964 Alaskan magnitude 9.2
earthquake generated a tsunami that deposited
less than half an inch of sand near RNSP. The
tsunami from the 1960 magnitude 9.5 Chilean
earth-quake deposited slightly less sand. Sand
with the same characteristics of other tsunami
deposits has been identified underneath the
younger deposits, but this older tsunami sand is
over 6 inches thick! Such a large difference in
sand thickness can be explained if the source of
the tsunami had been local, generated by the
January 26, 1700 Cascadia Subduction Zone
earthquake. (Photo by Vicki Ozaki).
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and overriding North American plate.
Within 8 minutes, seismic waves had already
alerted scientists 2,900 miles away in
Hawaii of the event, and by 11 P.M. (PST) a
tsunami had been reported by authorities in
Kodiak, Alaska, to the California Disaster
Office. The message was relayed fo the
Crescent City sheriff's office. In 1959,
1960, and 1963, tsunamis had caused
minimal damage to waterfront merchants,
so perhaps officials and local residents did
not fully appreciate the extreme nature of
the impending series of tfsunami waves.
Crescent City was evacuated in tfime. But
people went back in to clean up after the
first wave. They didn't realize that a
tsunami is a series of waves.

The news that a fsunami was to
arrive around midnight only reached
businesses and residences in the downtown
area. Other residents were unprepared for
the ensuing disaster.

The 1964 tsunami hit Crescent City
as a series of four waves (Fig. 5.8). The 1st
wave was about the same size as a tsunami
that hit the city in 1960. The 2nd wave was
smaller. That's when some people thought
the worst was over and returned to the
waterfront to clean up or look at the
damage. Unfortunately the 3rd and 4th
waves were much bigger. The fourth wave
reached a height of about 22 ft above the
low tide levell

At about 1:45 A.M., the fourth and
most destructive wave took Crescent City
by surprise. Homes were demolished, split in
half by the waves, and the local Pontiac
dealership caught fire, which spread to

Fourth wave
1:45 AM?
Third wave 22 feet
1:20 AM?

Broke gage \

Second wave |

12:20 AM I
\ I
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11:50 PM
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bt L
First wave (| ll
14.5 feet |

l

Fig. 5.8. Tidal gauge record showing height
of waves during 1964 tsunami at Crescent
City. The instrument was destroyed by the third
wave, so water heights after that are estimates.

both the Texaco and the Union stations
whose gas tanks exploded. The waves
carried out groceries from the local
Safeway store and sank 26 ships moored in
the harbor (Fig. 5.9). The tsunami
destroyed 29 blocks of Crescent City
cutting off communications and leaving the
city in a state of emergency, a status that
was elevated to that of a Disaster Area by
President Lyndon Johnson on April 2. The
1964 tsunami claimed 11 lives in Crescent
City and cost $16 million in damages. It
promoted a complete revision of Crescent
City's community tsunami preparedness plan.
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Fig. 5.9. “Brass knuckles” of the ocean.
The photograph of F and G Streets in
downtown Crescent City (A) was taken two
days after the 1964 tsunami surged onto the
North Coast. Note the house in the upper left
corner, shoved at an angle from its
foundation. The semi-truck at the bottom
center was shoved from the street onto the
adjacent lawn. A close view of the streets of
downtown Crescent City (B) also shows a
car thrown onto another and a house ripped
off its foundation (arrow). (Modified from
“Living on Shaky Ground: How to survive
earthquakes & tsunamis on the North
Coast,” by L. Dengler and K. Moley, 3rd
edition, ©1999, Humboldt Earthquake Edu-
cation Center, Humboldt State University).

Tsunami: Brass Knuckles of the Ocean

The awesome power of nature is often difficult for people to grasp without concrete
physical examples. During a demonstration, I like to pull someone (typically a Junior Ranger) from
the audience and hand them a one-quart water bottle, which weighs about 2 pounds when full. I
begin by saying, “Folks, think about how much water weighs. Any of you who've ever
backpacked, hiked on a hot day, or even cleaned a fish tank can testify to the heft of water. So
(insert volunteer’s name) is holding this bottle of water and can feel its two pound stationary
weight. But now I'd like [volunteer] to please catch the bottle as I lightly toss it toward (him/her).
How does the bottle feel when it hits you now that it’s in motion? (Heavier, or more forceful). How
fast do you think the bottle was traveling? (A few miles per hour). Imagine if I were to throw this
at you at about 40 miles per hour. How would those two pounds feel then?”

At this point, we can define the potential for a single tsunami wave. Water weighs about 8
pounds per gallon, or 62 pounds per cubic foot (about 8 gallons). Instead of a little water bottle, we
imagine the weight of a wave of water 100 feet tall, 1,000 feet long (which is only one fifth of a mile,
but we can use this length for the example), and we can pretend the wave is 100 feet wide (even
though tsunami wavelengths often exceed 100 miles). That wave weighs about 300 million pounds!
(Note: Remember that tsunami waves can impact hundreds of miles of coastline, so they would
weigh much more than a wave just 1,000 feet long and 100 feet wide.) In the open ocean, tsunami
waves travel at speeds up to 600 miles per hour, but they slow down to about 40 miles per hour by
the time they slam into the coast. So, using our hypothetical wave, we have 300 million pounds of
water crashing into the coast at about 40 miles per hour. That kind of “knock-out” knuckle
sandwich would punch out anything in its way!

Have the audience think about the kinds of structures near the waterfront of coastal
communities. Ships, docks, boathouses, jetties, pubs, markets, beach houses, residential homes,
and piers are all built along the shore. How many of those structures will survive a swell that
weighs more than 300 million pounds inundating the community at 40 miles per hour? (Table 5.1)
The force of the wave can damage or tear apart even solidly-built concrete structures. When the
first wave withdraws back to sea, it drags with it much of the debris from the buildings lining the
shore. So when the second wave comes in, it returns armored with its “brass knuckles” (the debris
from the first surge), and then slams back into any structures that survived the first assault.
Typically, the second, third, and fourth waves have more extensive run-ins, so they surge farther
into the waterfront community and pick up more debris with every successive “punch.” This is
why tsunamis are called the “Brass Knuckles of the Ocean” (Fig. 5.9).
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What Can We Do?

Risk analyses of the hazards
associated with large earthquakes have
produced recommendations for mitigating
the threats posed, especially for tsunamis
(Fig. 5.10). For the RNSP region to be
prepared, several stages of evaluation are
necessary. We, as interpreters, recognize
the importance of knowing the resource to
best inform visitors about RNSP. This
principle certainly applies when informing
the public about natural hazards. Given
clues from past earthquakes, geologists now
recognize areas of the coast that might
drop down or rise up during an earthquake,
and can identify where landslides might
occur. We can target developed areas at
risk of tsunami inundation, coastal
subsidence, or landslide hazard, and
establish warning systems and evacuation
routes. Even more effective, once we have
identified areas of great risk, we can take
preventative measures toward mitigation.
Mitigation of earthquake hazards for
coastal communities is possible with
thorough evaluation, development and
implementation of evacuation strategies,
and restriction of further construction near
at-risk areas (Fig. 5.11).

Success in tsunami hazard planning
ultimately hinges on public education and
preparedness. Lessons learned from the
2004 Indian Ocean tsunami is that people
who knew about tsunamis and immediately
took action (evacuated to higher ground)
survived even in areas where the first
waves arrived only about eight minutes
after the earthquake.

TSUNAMI HAZARD ZONE

IN CASE OF EARTHQUAKE, GO
TO HIGH GROUND OR INLAND

If you feel a strong earthquake
and you are on the coast:

I

DO NOT WAIT FOR OFFICIAL WARNING

3. Stay away from the coast. Do
not return to shore after the first
wave. Waves may continue to
arrive for hours.

4. Listen to your radio for
instructions. Do not return to the
beach before an official “all
clear”.

1. Drop, cover and hold on and
watch for falling objects until the
earthquake is over.

2. Move to higher ground or
inland away from the coast
immediately. A tsunami may be
coming. Go on foot, don’t drive.

Fig. 5.10. Tsunami warning sign and advice.

Tsunamis

Fig. 5.11. It’s a sign! A) Tsunami evacuation route signs have been controversial for reasons ranging from
cost of replacement (they are actually the most stolen signs on the West Coast!), to cost of scaring away
tourists. (Modified from National Oceanic and Atmospheric Administration). B) For RNSP, interpretive
panels and signs help remind visitors that the coast is dynamic and tsunamis are a hazard we need to be
aware of. (Courtesy of Redwood National and State Parks).
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2004 Indonesian Earthquake and Tsunami

Tsunamis have been thrust into popular awareness because of the devastating
effects of the December 26, 2004, Indonesian earthquake and resulting tsunami. The
Indonesian islands of Sumatra and Java sit above a potent subduction zone. Under
Sumatra, the India plate dives beneath the Burma plate with a similar “fit and start”
movement that caused the magnitude 9.2 Great Alaskan earthquake in 1964.
Unfortunately, millions more people live in Indonesia and around the Indian Ocean than
live in Alaska and the north Pacific region.

The Indonesian earthquake occurred about 100 miles west of Sumatra, 20 miles
beneath the floor of the Indian Ocean. The Indian and Eurasian plates suddenly let go and
rumbled past each other along a rupture 250 miles long and 60 miles wide — the longest
earthquake rupture on record. The result? A magnitude 9.1 earthquake, the third-largest
ever recorded. The earthquake was so powerful that it caused a slight change in Earth’s
rotation! The sudden release along the plate boundary shoved a massive area of seafloor
upward, causing huge volumes of Indian Ocean water to move outward as a tsunami.

Within 15 minutes of the earthquake, the Indonesian coastline was besieged by a
series of waves with more destructive power than one hundred megatons of hydrogen
bombs. The hardest hit coastlines were inundated with tsunami run-up of up to 100 feet
and run-in exceeding 2 miles. Indonesia alone suffered nearly 130,000 of the 283,100
recorded deaths, due in part to lack of warning. Coastal areas farther away from the
source had more warning time (up to 2 hours for Sri Lanka and India, and 7 hours for
Somalia) to prepare before the tsunami arrived. Tragically, there was no effective
communication system to get the warning out, so many deaths occurred around the
Indian Ocean. Poor infrastructure, dependency on the fishing industry, and non-existent
emergency communication systems magnified the destruction, particularly in Indonesia.

Coastal communities across the globe have now been shocked into awareness and
are no longer satisfied to simply hope future disasters don’t happen. Tsunami warning
systems and emergency response capabilities are now being developed and tested in
many countries where tsunami hazards have been identified. We have already developed
emergency systems for our Cascadia Subduction Zone tsunami hazard, but frighteningly
too few people realize they need to be prepared. We can start by understanding the forces
causing earthquakes and tsunamis better, and by incorporating such information into
interpretive programs and literature at RNSP.

s

Tsunami

44




Geology Training Manual

How to Survive a Tsunami

Remember:

Tsunamis can occur at any time, day or night.

A tsunami is not a single wave, but a series of waves. Stay away from the beach
until an official “ALL CLEAR” is issued.

Approaching tsunamis are sometimes heralded by a noticeable rise or fall of coastal
waters. This is nature’s tsunami warning and should be heeded.

A loud roar that sounds like a train or aircraft usually accompanies approaching
large tsunamis. If a tsunami arrives at night when you cannot see the ocean, the
sound is another of nature’s tsunami warnings.

Never go down to the beach to watch for a tsunami! Tsunamis can move faster than
a person can run! WHEN YOU CAN SEE THE WAVE YOU ARE TOO CLOSE TO
ESCAPE.

Tsunamis are not surfable! They are not curling waves. Large tsunamis most
frequently come onshore as a rapidly-rising turbulent surge of water choked with
debris.

Tsunamis can travel up coastal rivers and streams.

A small tsunami at one beach can be giant a few miles away. Do not let modest size
of one make you lose respect for all.

Sooner or later, tsunamis visit every coastline in the Pacific. All tsunamis — like
hurricanes — are potentially dangerous even though they may not damage every
coastline they strike.
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Chapter 6

GEOLOGIC TIME: THE BALANCE OF FORCES SHAPING
REDWOOD NATIONAL AND STATE PARKS

Time . . . We are apt to speak in
cosmic terms when we think about “deep
time."” But for our purposes, knowing exactly
how old rocks are is usually not as important
as recognizing the sequence of events
responsible for developing the landscape
and underlying rocks of Redwood National
and State Parks.

You can think about the relative
ages of rock layers and other geologic
features fo some extent by using your
powers of deduction. If a group of people
walks into the visitor center, you will likely
be able to tell which members of that group
are perspective Junior Rangers and which
ones might be interested in the Golden
Eagle Pass (and those who might be insulted
if you suggest either), that is, you can

distinguish between children and adults
simply based on relative ages. If you had a
rock with a dinosaur skull fossil and a rock
with a human skull fossil, which rock would
you say is older? Fossils of once-living
things we know to have gone extinct much
longer ago than others can be used to
determine the age of one layer of rock
relative to another. If we see one layer of
rock on top of another, which layer is older?
Think of a stack of pancakes - the one on
the bottom was made before the next that
is slapped on top. Geologists recognize this
relationship, which enables them to deter-
mine the relative ages of the rock layers.
Visitors typically can relate to
human history. Geology becomes much more
relevant to visitors once they realize that

From Smooshing Rocks to National Park:
Developing the Landscape of RNSP in Just One Day

Geologic time may seem incomprehensible for most people because it’s incredibly long.
Events that happened in the geologic past were so long ago that we have trouble grasping the
closeness or distance of events and how one event impacted another. One way to present the
geologic history of Redwood National and State Parks is in a geologic time line. Time lines
highlight events and allow us to note when important processes sculpting RNSP occurred. In
order to impart excitement about geology to visitors, we as rangers must understand and
appreciate the Earth processes involved. The story of RNSP becoming the landscape we see
today starts 150 million years ago, during the Jurassic Period, and continues right up to today.

We can take the entirety of RNSP’s 150 million year geologic history and compact it into a
day (kind of like some visitors trying to experience a National Park in an hour ). This would
mean that time would move at over 1,700 years per second, or six million years per hour! We’ll
start at midnight with the onset of subduction of the ancestral Gorda plate 150 million years
ago (mya). Just after 9:30 A.M., the terranes now comprising the Coast Range start crashing in.
By 4 P.M., the Franciscan assemblage has been uplifted and added to RNSP’s coastline. Fifteen
seconds before midnight, the Gold Bluffs Beach sediments are deposited at the mouth of an
ancestral Klamath River. Seconds later the Grogan Fault first cuts across RNSP, creating a
conduit through which Redwood Creek flows. At 11:59:59.8 P.M., the most-recent Great
Cascadia Earthquake, in the year 1700, shakes RNSP. The past 150 years, when the present-day
landscape has been shaped by floods, landslides, and human activities such as timber
harvesting, farming, and mining, would commence at 11:59:59.9 P.M.
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Earth's processes affect so many aspects
of their lives. For example, an interpretive
program can show visitors how surface
processes impact our cultural activities. We
can also have visitors contemplate how
cultural, economic, and other activities
affect the landscape. For example,
deposition of sediments eroded from the
Coast Range within the last 1-3 million years
has formed a thick sequence of sedimentary
rocks that are now exposed in the Gold
Bluffs. The Klamath River transported small
concentrations of gold from the nearby
Klamath terrain, which was found in the
Bluffs in the 1850s. In telling this kind of
story, perhaps people will walk away not only
knowing the origin of the name of the
Bluffs, but also understanding a little about
how the gold and the Bluffs themselves
came to be.

The Balance

With an understanding of the
tectonic processes that have shaped the
north coast over the past 150 million years,
we can contemplate the rates at which rock
erodes when exposed to the actions of
wind, water, and ice. We know that
subduction scrapes oceanic sedimentary
layers from the Gorda plate and smashes
them underneath the Coast Range, making
the Coast Range uplift (Fig. 6.1). For any
topographic relief to be maintained, the
rate of erosion cannot exceed the rate of
uplift, or the topography would be flattened
over time. So, the fact that we indeed have
a breathtaking rocky shoreline and
backdrop of mountains indicates that layers
are being uplifted at least as fast as they
are being eroded.

Imagine if some common Earth
processes, namely uplift and erosion, were
suddenly and inexplicably to stop happening.
We'll  first look at something that
theoretically could happen: stopping plate
convergence. If we stopped subduction,
uplift of the Coast Range would also be
halted. This would ftilt the balance of the
system in favor of erosion, which would
then become the dominant force sculpting
the north coast. We'll begin at the northern
end of the Redwood coast, specifically at
Enderts Beach, where tide pool walks are

typically held. Beginning at the trailhead
from the parking lot, we would no longer
need to prepare visitors for the steep
descent to the water because we are on a
coastal plain similar to that of the U. S.
East Coast. The combined action of waves
and weathering has slowly worn the
impressively sheared rocks of the coastal
cliffs into the very sand at which we are
now looking. Our characteristic sea stacks,
once jutting majestically out of the surf,
have now been completely consumed by the
unchecked erosive power of the ocean. With
the loss of the coastal cliffs, natural
buffers to the high winds and salinity of

A) Low Topography:

- Erosion slower than
uplift T
- Mountains rise

B) High Topogr'aﬂhy:
- Erosion faster than
uplift *

- Mountains lowered

_x

in Balance:
- Erosion equal to uplift

- Mountains stay about £0Qs
Range

C) Topograph
the same elevation

NORTH
AMERICAN
PLATE

Fig. 6.1. Slowly but steadily keeping pace.
The balance of the landscape depends on the
rate of uplift and the rate of erosion. If one rate
exceeds the other, the height of the mountains
changes accordingly.
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ocean storm systems, none of the Sitka
spruce or juniper that had been growing on
the trail high above the ocean remain. As we
walk to the water on a beach that looks
very much like those of Cape Cod or Cape
Hatteras on the East Coast, we cannot find
the rocky crags between which all the
creatures of the intertidal zone live. This
trend of leveling our dramatic coast line
also changes Damnation Creek trail (once
“Hell and Damnation Creek" trail, named for
its steep 1,000 foot descent in less than 2.2
miles) from a strenuous level 6 hike into an
easy, flat level 1. Also gone would be our
Klamath Overlook, to which we direct
visitors eager to spy migrating whales and
other sea life. In fact, such sea life would
be scarce along our coast without coves and
sea stacks to provide them with habitat.
Assuming an erosion rate of 1/10 inch per
year, Gold Bluffs Beach would lose its 180
foot bluffs within 20,000 years.

Now let's consider how we could
transform the north coast of California into
the Himalayas! Instead of throwing a
wrench into the subduction machine, let's
stop the erosion cycle and allow uplift from
subduction to continue unchecked. (This, of
course, is not possible as long as Earth has
gravity and an atmospherel) At an uplift
rate of 1/10 inch per year, within 3,000,000
years our lovely little Coast Range would
have peaks rivaling Mt. Everest and K-2,
which rise to almost 30,000 feet (5% miles)
above sea level! So ranger hikes at Redwood
might require an expedition of 50 team
members establishing a base camp and
ferrying supplies up to snow-capped
summits!

Although we've considered each
process individually, we must understand
that, in the natural world, the processes of
uplift and erosion are not independent, but
inextricably connected. In fact, should the
rate of one process change, the rate of the
other  would respond by changing
accordingly in a feedback mechanism where
faster uplift would lead to steeper slopes
and thus higher erosion rates. The system
therefore tends toward a balanced, or
steady-state. As rangers, we are familiar
with many examples of other physical,
biological, and ecological systems that reach
steady states. An increase in predator
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population, for example, would mean a
decrease in population of the prey; over
time the predators would not have enough
food, leading fto a decreased predator
population and the opportunity for prey to
increase their numbers. We can help
visitors appreciate how vital it is o manage
park resources so that whole systems
maintain their natural balance.

Tipping the Balance

By understanding the processes of
uplift and erosion, visitors can begin to see
how the steep landscape through which they
hike was formed over time, that it is
continually forming, and that human
activities can impact the landscape and
ecology.

There are factors beside rates of
uplift and erosion that influence the natural
balance of the RNSP landscape. Rock
strength, slope steepness, climate, and
earthquake activity also determine the
topographic relief of mountains. Most of
the rocks in the region have enough pores
and cracks to allow water to permeate,
which weakens the rock. The rocks interact
chemically with the water and become clay-
like, making them more easy to erode. Both
the intensely  smooshed  Franciscan
Formation and the loosely-consolidated
sediments make the bedrock unstable. The
overall hillslope gradient is quite steep,
especially along the slopes of inner gorges
where nearly-vertical hillslopes are next to
rivers and streams. Unstable ground
materials  amplify the effects of
earthquakes (Chapter 4).

The RNSP landscape consists of
fractured bedrock forming steep mountains
in a region that gets about 80-100 inches of
rain a year. The region has mild winters with
frequent rainstorms that account for more
than 90% of the annual precipitation. RNSP
is thus prone to landslides and erosion. It is
steep, weak bedrock that is frequently
shaken by earthquakes.

We humans have magnified the
effects of erosion via logging and road
construction within Redwood's delicate and
dynamic system. There are records of
logging around Redwood Creek basin at least
as far back as 1936. In the 7 decades since
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1936, over 81% of the original canopy of
redwood trees in Redwood Creek basin has
been harvested. To fell an old-growth
redwood, loggers needed to build roads not
only to groves of trees, but also roughly
300 feet out from the base of each
individual redwood. These landing pads
cushioned the redwood's landing and
prevented it from exploding under the
impact of its own weight.

Many of the roads in the basin were
built prior to establishment of Forest
Practice Rules. Extensive timber harvesting
and road construction following the post
World War IT housing boom, coupled with a
series of large floods in 1954, 1964, 1972,
and 1975, had a devastating impact on
Redwood Creek. The resulting extreme
rates of erosion and sedimentation (in
filling) in the stream raised concern for the
welfare of old growth stream-side Redwood
trees and the impacts to aquatic and

riparian ecosystems. Long-term monitoring
by RNSP in cooperation with the U.S.
Geological Survey has documented channel
response fo large floods and land use. These
studies have tracked the movement of a
sediment slug down Redwood Creek and
shown that once sediment (sand and gravel)
is delivered to Redwood Creek it takes
decades to flush the sediment out. It also
impacts many life cycles of salmon and
steelhead.

Currently, three out of four
salmonid species (coho and Chinook salmon
and steelhead) are currently listed as
Threatened under the Endangered Species
Act. Redwood Creek is also currently listed
as sediment (too much sediment) and
temperature (too hot) impaired under the
Clean Water Act 303d list. (For a more in
depth look at these issues, see the RNSP
critical issues newsletter on Watershed
Restoration).
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Answers to Balance-Related
Questions Commonly
Asked by Visitors

How do sea stacks form?

This question is a typical rock
question; that is to say, erosion is the main
process responsible for the rock formations
known as sea stacks.

Stalwartly withstanding the
powerful waves, sea stacks jut majestically
out of the sea, but only for a while.
Eventually, erosion will win out as the
particles that comprise the hard rock will
return to the sea: “..Earth becoming fluid
as the sea itself" (Carson, 1955). A new
intferpretive panel at the Redwood Creek
overlook describes how Split Rock is
forming. The Coast Range forms from
sedimentary rock layers that are scraped
from the floor of the Pacific Ocean (the
top of the Gorda plate) and crumpled onto
the coast (Fig. 2.6). Most of the stuff on
the ocean floor is sand and mud, which
become sandstone and mudstone (shale),
respectively. These sediments typically
form layers of various thickness depending
on the environment where the sand and mud
accumulated. As the Gorda plate subducts,
the layers are dragged down and experience
a lot of heat and pressure (even more
stress than your typical vacationer!). These
poor layers are scraped off and attached or
"accreted” onto North America. As they
uplift along the coast, the rock layers are
attacked by the relentless erosive power of
the Pacific Ocean. The shale and mudstone
layers crumble much more quickly than the
harder sandstone, so the sandstone layers
remain intact longer as prominent cliffs
(Fig. 6.2A). Tiny cracks in the sandstone,
called joints, serve as planes of weakness
along which blocks of rock break off (Fig.
2.12). The cliffs crack and erode into
smaller pillars that eventually stand alone in
the surf as sea stacks (Fig. 6.2B).
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Fig. 6.2. The battle between uplift and erosion
is raging at the interface between land and
sea. A) Split Rock is a crumbling sea cliff that will
eventually become a sea stack. Near Wilson Creek,
visitors can enjoy picnics while watching waves
crash against the rocks, gradually carving sea
stacks. (Photo courtesy National Park Service). B)
RNSP has about 35 miles of protected coastline
preserving this dramatic balance. (Photo by
Jennifer A. Natoli).

Why is there a sand bar (spit) on the
Klamath River?

This question relates to the balance
between surface processes, specifically
between erosion and deposition of sediment.

The Klamath River carries sediment
accumulated  from  drainage  systems
reaching far inland. As the sedimentary
grains tumble along the river, they are
slowly rounded into smaller and smaller
particles. Every ftributary contributes
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sedimentary grains into the river system.
By the time the sediment reaches the
ocean, a variety of grain sizes meet the
waves in a large pulse. Despite the powerful
action of sea waves, the Klamath River
dumps enough sediment out at its mouth
that the waves cannot remove it all. Because
they are lighter, smaller particles (silt and
mud) are kidnapped by the ocean and
whisked out to sea, leaving the heavier sand
and gravel grains behind. Too big to be
flushed out to sea, the sand and gravel get
trapped between the Klamath current and
the Pacific tides, forming the dynamic spit
(Fig. 6.3).

Klamath Overlook

Fig. 6.3. Thar she blows! Visitors looking to get
close to the sea can enjoy ocean mammal life and
Native American rituals near the Klamath River
spit, but few realize the uniqueness of the sand
spit and its importance to the success of both
ocean and land systems. A delicate balance
between sand carried to the ocean and waves
whisking the sand out to sea must be achieved in
order to maintain the spit. (Photo by Jennifer A.
Natoli).

Once established, the sand spit
serves as a portal for salmon during
spawning season. Also, because of the
inferplay between saltwater and fresh-
water, an estuary provides a transitional
zone for animals between these two
environments. The sediment carried to the
ocean is an important resource for Pacific
coastal sea life, such as the grey whale.
During the winter, a prominent plume of
sediment from the Klamath River can be
seen extending out into the Pacific Ocean.
Because the mineral and nutrient-rich
sediments are flushed out of the Coast
Range by the river in such a large volume,
the mouth of the Klamath River becomes a

Yurok Legend

Gazing up at the north bank cliff,
we see what appears to be a woman
carrying a basket on her back. Yurok tribal
legend portrays the rocks at the Klamath
mouth as benevolent spirits guarding the
river. The Oregos spirit manifested herself
as the north bank cliff, summoning fish for
sustenance of the river mouth people,
while her sister dwelled in the south bank
rock. Disturbances on the sand spit wake
the sisters, who stretch their legs across
the mouth of the Klamath, shifting the
current to the opposite side of the mouth
until new turmoil arises.

place of concentration for plankton, algae,
and other small marine life on which bottom
filter-feeding grey whales feed. After
birthing near Baja California around
December each year, pods of whales return
along the West Coast, reaching the RNSP
region in the spring. Occasionally, the young
are unable to make the rest of their initial
6,000 mile migration back to the Bering
Sea, and so are forced to stop along the
way for a season until their pod returns in
the fall. The high concentration of
nutrients makes the mouth of the Klamath
River an ideal place for the whales to
remain for a season.

Beyond whale watching from the
Klamath Overlook and camping on the
Klamath spit, visitfors can sometimes
observe Yurok and Tolowa fishers either
posed with spears or hovering in canoes for
salmon catching at the spit's edges. Native
American tribes often host festivals (such
as the Salmon Festival and the Brush
Dance) on their reserved lands adjacent to
the spit.

“Come here often?
Nice blubber.”

One might say, as male whales
move from inlet to inlet looking for food to
munch on and seek out females, that they
are “bar hopping” along the coast .
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Appendix A

INTERPRETIVE PROGRAMS

Young Naturalist Program
(Ages 3 to 6)
by Ranger Jen

Topic: Geology

Theme: Rocks in RNSP move down streams
and become small and round through
erosion.

Goal: Young Naturalists will appreciate
some natural processes that shape the
world around them (specifically, RNSP).

Materials:
~10 foot length of blue material.
2 large, angular rocks.
4 smaller, more rounded rocks.
8 or so rounded pebbles; about a cup of
sand. Hand lens.
Optional:
Brick of clay/play-dough.
“"Everyone Needs a Rock" book.

Obijectives: By the end of the program, the
Young Naturalists will be able to:

e Identify rocks as a park resource
(something they can observe in the
park).

e Use a hand lens to examine the
different “colors” (minerals) in rocks.

e Recognize that rocks move; list water
and at least one other method of
transport (wind, people, animals...).

o Describe the way rocks get smaller
and rounder downstream and even-
tually turn into sand at the river
mouth at the ocean.

e Perform the “life of a river rock”
journey down a cloth “river” toward
the sea.
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Outline: Young Naturalist programs are
difficult simply because of the different
stages of children involved. Although there
does not initially seem to be much of a
difference between children of age 3 and
those of age 6, the intellectual and
deductive reasoning skills  developed
between those ages span a large range. The
ranger must accommodate a mixed level of
understanding in his/her audience.

Youth programs require special
effort at the beginning of the program to
grab the children's attention. Children need
to have their interest piqued by feeling a
connection with both the ranger presenting
the material and the subject, and rocks may
not seem interactive. Attention needs to be
drawn toward unique characteristics of
rocks, such as their color, shape, and even
smell. A connection can also be made
between small rocks and small children,
keeping in mind that a young child's scope of
the world is at a different scale than ours.

For my own Young Naturalist pro-
gram, I stretch a length of blue material
along the ground so that a narrow end is at
the higher part of a slight slope than the
wider (lower) end. Along this length of
"river," T place rocks I found in RNSP,
starting with larger, angular chunks near
the “headwaters,” grading to smaller, more
rounded pebbles farther "downstream,” and
finally reaching lots of sand at the “mouth”
(beach end) of the material. After
introductions, I commonly do a mini “Ranger
Says" game and ask the kids to “look up”
(what do you see?), "stand up,” " jump up and
down,” “sit down,” and finally “look down"
(what do you see?). Here we spend more
time inspecting the needles, soil, and bits of
rock on the ground using hand lenses. Then,
once all are sitting around with bits of rock
in our hands, I read “Everyone Needs a
Rock" (by Byrd Baylor, available in the RNSP
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Visitor Centers). At certain passages in the
book, I pass out rocks that had interesting
colors and smells for the kids to
experience.

Once we've read the book, I ask
what the difference is between the rocks in
the kids' hands (or sand I show them) and
the chunks of larger rocks (size and “sharp
edges"). I ask what would have to happen to
make one of the larger rocks turn into sand.
We think about sharing a chunk of play-
dough and how we might be able fo give
everyone a little bit to play with (break it
info pieces). We then think about what
happens as more and more people handle the
play-dough (the pieces get rounded). Then I
ask if rocks can move. We think about what
can move rocks and we decide that water (in
the form of rivers and ocean waves) does a
pretty good job. If you feel comfortable,
this is a good point in the program to take
the group to a real body of moving water
(like the Smith River, Mill Creek, or
Redwood Creek) to look at the actual rocks
that are in the water.

Once we've looked at a real RNSP
example of moving rocks, I ask for a
volunteer to enact the “Life of a Rock.” My
volunteer and I both start at the top of the
blue blanket “river,” standing tall with our
hands on our hips so that our elbows make
nice angular points. We all decide that the
very beginning of rivers do not have as much
water running as their huge mouths that
meet the ocean. We think about how much a
little trickle of water could move rocks
compared to a larger volume of water. We
take a slow step “downstream,” thinking
about what happens as more and more water
flows into our “river.” We think about what
might happen to our sharp elbows as other
rocks get pushed into us. We take another
step, lowering our elbows and bending our
heads. We continue in this manner
downstream, quickening our pace and
crumpling ourselves into smaller and smaller
“balls,” wuntil we reach the “mouth”
completely curled into tiny “grains of sand.”
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Junior Rangers Program
(Ages 7 to 12)
by Ranger Jen

Topic: Geology

Theme: The rock layers at RNSP move
during  earthquakes because Earth's
tectonic plates crash together near our
coast.

Goal: Junior Rangers will begin to
appreciate that landscapes form because
the Earth is dynamic.

Objectives: By the end of the Junior Ranger
Program, the Junior Rangers will be able to:

e Identify at least two ways in which
rock moves (earthquakes, landslides,
water...).

e Name at least two of the three plates
involved in north coast tectonics
(Gorda, North American, Pacific).

e Name the specific type of
convergence between the Gorda and
North American plates (subduction
zone).

e Name the mountain range RNSP is
situated on (Coast Range).

e Appreciate  how  often large
earthquakes occur in the RNSP region
(about every 500 years).

Outline: One of the first questions I
always ask my JRs is "what is this silver
thing dangling around my neck?’ At first,
they all think it's a whistle. Once T open it,
someone offten guesses that it's a mag-
nifying glass, and I tell everyone it's called a
hand lens. T ask them to Figure out what
kind of person would want to carry a hand
lens around, and they guess someone who
wants to make small things look bigger. I
agree and have them start thinking about
what things are small in the park, eventually
leading them to look by their feet (where
there are usually little rocks). I have them
think about why anyone would want to look
at rocks and ask whether or not rocks move.
At first, they all say no, but at my reaction,
someone usually thinks of earthquakes. This
is where we develop the rock star yell:
“"EARTHQUAKEW" I prime them so that
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every time I ask the question: “"and then
what happens??” They all respond with the
yell. This is an attention-keeping technique
that keeps their interest throughout most
of the program.

I then ask if any of the JRs have
ever been in an earthquake. They usually
want to volunteer their experiences, so we
listen to a few brief stories. Then I have
the kids who have been in earthquakes come
up and huddle around me. I whisper that
we're going to have the other kids all stand
on an amphitheater bench that shakes when
you stomp and their job is to stomp really
hard. Once in position, I have everyone
start jumping (I always join in), and then I
tell each JR who hadn't been in an
earthquake to stop jumping one-by-one so
each can feel the shaking caused by the
movement of everyone else. (This is also a
great technique for dispersing excess
energy).

I ask if anyone has ever seen a
cracked egg. Then we all close our eyes and
picture Earth from space. We decide it
would be blue, green, and white. Eyes
remaining shut, I ask what color Earth
would be if we took away all the clouds.
(blue and green.) Then we take away all the
plants (blue and brown), followed by all the
water (brown). Then I reveal that if we
really did remove everything covering the
crust of the earth, it would look just like a
cracked eggshell. We define the pieces of
shell as plates that move, but I explain
things in the context of preparing for a skit
we'll do at that evening's campfire program.
I ask who of the JRs has ever been in a pool
(everyone) and if they've ever played with a
beach ball. T ask if pushing the beach ball
down into the pool is easy. I then make the
analogy of a beach ball and a tennis ball in a
pool to explain the two different types of
crust (continental and oceanic). The North
American continent is the beach ball and
thicker and more buoyant than oceanic
crust (tennis ball). Trying to push a tennis
ball down in the pool is much easier because
it's thinner and less buoyant. I announce
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that I'll need several volunteers for the
skit.

Here's where we use the
demonstration described in the fext box
"Cranky Gorda Shoves Things Around”
(Chapter 2). This excites the JRs about
playing the "GORDA" plate (T usually have a
"bushman’s” hat for the JR who acts the
role of Gorda). Once we've smooshed Gorda
into North America, I get out the Oreo®
cookies to further drive home the point
that subduction forms the Coast Range
(demonstration described in Chapter 2
“Using Oreo® Cookies" box and Fig. 2.7).

By this point, JRs realize that
plates of the Earth move, but we need to
instill a sense of how much and how often
they move. Here's where the fingernail
activity comes in (see Chapter 2 "Tectonic
Tools" box) to help the JRs understand that
the longer plates are stuck fogether, the
larger the likely earthquake once they let
go. I usually amend the fingernail activity
by having us all jump the distances (1 inch, 4
feet, 24 feet) and think about which one
requires more energy. This leads into the
concept of earthquake magnitude.

Earthquakes are the focus of the
program, so I gather the JRs around the
make-shift seismograph (see “Rolling with
Seismic Waves" box). On top of the
"seismograph” T set up two cups, one with
dry sand and the other with packed wet
sand. T then ask the JRs what buildings are
usually made out of, and we set pieces of
wood or rock up in both cups to represent
buildings. I ask people to watch what
happens to the buildings during an
"earthquake.” T have tfwo JRs start turning
the rolling pin while two others start
tapping on the top of the box. I instruct
the ‘violent tappers” to gradually tap
harder and harder until they're almost
punching the box (or until the cups start to
overturn). I ask which "buildings” fell over
first. (The ones in the loose sand.) We then
examine the “seismogram” we've made and
look for the "blips” where the “tappers”

Rolling with Seismic Waves:
Making a Seismograph

First, cut out a hole width-wise out of
the top of your Stratton: flat hat” card-
board box. Then cut notches into the
side of the box where you cut the
holes. Cover a plastic rolling pin with
white paper and set the pin in the
notches so you can easily turn the
rolling pin from the sides. Attach a
pencil to an edge of the box so that the
lead is just barely touching the white
paper and leaves a mark when you
turn the pin (you may have to hold the
pencil). Voila!

shook the “ground.” T pick a blip that is
about half an inch and we decide the
"buildings” probably fell over with that
“quake.” Assuming the “buildings” were on
some sort of sandy ground, a magnitude 6
earthquake would make them fall over. If
the half-inch blip represents a magnitude 6,
and we need to shake the ground 10 times
as much fo get a magnitude 7, then we'd
need a blip the size of the entire rolling pin.
For a magnitude 8 earthquake, the ground
would shake 10 times more than that of a 7,
so we'd need 10 rolling pins. (I usually have a
JR walk several feet away from the group
to represent the amount of ground shaking
for a magnitude 8).

To end the program on a dramatic
note, I drive home the fact that the
earthquakes around RNSP that happen
every 200 to 600 years have probable
maghitudes between 8 and 9 (pausing for
effect). I then pose some questions: "So, if
earthquakes happen about every 200 to 600
years, and the last one was in the year
1700, should we be concerned about
another one happening soon?” “What do you
think we should do about it?"
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Campfire Program
(All ages)
by Ranger Jen

Topic: Geology

Theme: Earthquakes and tsunamis have
shaped Redwood National and State Parks
and can be understood using sandwich
cookies!

Goal: Park visitors will be able to appreciate
that Earth systems are connected and that
plate tectonics is a powerful force that
shapes landscapes (especially RNSP) and
causes earthquakes, erosion, and other
processes that affect our lives.

Objectives: By the end of the Campfire, the
audience will:
e Know  how
earthquakes.
e Understand what the magnitude of
earthquakes really means.
e Understand that RNSP has an active
coastline at the boundary of 2 plates.
e Understand that the Coast Range
results from the process of subduction.
e Understand that great subduction zone
earthquakes can cause tsunamis.
 Appreciate how often large earthquakes
happen in the Pacific Northwest.

rocks move  during

Outline:  Following tradition, I officially
welcome everyone to the campfire and make
announcements. I have my Junior Rangers
help start the campfire, and announce which
Junior Rangers have earned achievements. I
then get them involved and focusing their
energy by doing the “campfire vyell"
"Campfirell C'mon down!” rings out in all
directions from the amphitheater. After
leading the audience “warm up” in more
traditional campfire songs (like “on top of a
redwood,” lyrics originally adapted by state
park ranger Doug Gordon and later
amended), I have them refer to their lyrics
sheets (which the Junior Rangers have
helped to pass out) and sing "The Coastal
(Range) Bunch” to the tune of "The Brady
Bunch." (see "Campfire Warm-Up Songs”
box). The song introduces them to a few of
the terms we learn during the program, but
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in a “silly" (non-threatening and non-
intimidating) way.

To encourage audience interaction, I
have people from the West Coast raise
their hands and then ask who's from east of
here. I call on individuals to specify where
they call home. I ask the person from
coastal North Carolina how they like all the
rocks on our shoreline. I try to check the
locations of recent earthquakes so I can
tell the person from Missouri, "Hey did you
know you had a magnitude 2.6 earthquake
while you were on vacation this week?" The
flow of questions affords me the all-
encompassing question: “so, who's here on
vacation?” Every hand is raised (this is good
because everyone feels involved). T ftell
them I love people on vacation because
everyone is always so relaxed and no one is
ever stressed-out. People guffaw. I then
ask who has ever been stressed out.
Virtually all hands go up. I call on individuals
to tfell me what they do when they're
stressed out. I collect the answers and then
launch into the main part of my program.

"Rocks have personality, too, and
the Earth gets stressed-out just like all of
us. But, unlike us, the Earth can't [fill in
audience responses, such as “eat chocolate”
or "work out"]. What do y'all think happens
when the Earth gets too stressed-out?" Of
course, I have primed my Junior Rangers to
shriek "EARTHQUAKE!" (see “Junior
Ranger Program,” above). I inform the rest
of the audience that they are expected to
rumble the very ground T stand on as they
do likewise every time I ask "..and then
what happens..?” The yell becomes an
attention-keeping ‘“inside joke” among
campfire attendees as they look for the
opportunity to shout at the Ranger.

This is generally how I delve into my
introduction: To understand why the Earth
gets stressed in the first place, we must
understand that rocks move, and even more
germane, the Earth itself moves. The
Earth's surface is like a cracked eggshell.
Its hard outer shell is broken into pieces we
call plates. Below that is a less solid layer of
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Campfire Warm-Up Songs—
ith a Nerdy Twist!

The Coastal (Range) Bunch
(Sung to “The Brady Bunch”)

1t’s the story, of a plate named
Gorda, who was being smooshed
by two other plates.

All of them are near the coast,
by the water, making many
earthquakes.

It’s the story, of the North A.P.
(American Plate), scraping over
Gorda all alone.

Most of Gorda sinks beneath,
but some accretes, creating a
subduction zone!

‘Til this one day when Pacific
met the others, and we knew
earthquake motions would be
Strange.

That this triple junction shoves
mountains over, and that’s the
way this became the Coastal

Range!

The Coastal Range!

The Coastal Range!

That'’s the way this became the
Coastal Range!

the mantle on which the plates can slide.
There are two different types of crust
that cap the plates, oceanic and continental.
Continental crust is thicker and more
buoyant than oceanic crust. We can think of
it this way: imagine a beach ball and a tennis
ball in a pool. "Has anyone here ever tried to
push a beach ball under water?” It's really
hard because the beach ball is so thick and
buoyant. "What about a tennis ball, though?
You won't have such a hard time pushing
that down underwater. Why? Which one is
thicker, or more buoyant? I need several

volunteers to show you how this works on
Earth."

Three Junior Rangers stand in a row
facing the audience. From left to right, T
have a (preferably smaller) JR hold a blue
paper plate labeled “oceanic plate,” a (again,
smaller) JR hold another blue oceanic plate,
and a (preferably bigger) JR on the right
holds the green continental plate. I then
follow the demonstration technique
described in the “Cranky Gorda" box
(Chapter 2).

At this point, you can follow the skit
with the Oreo® cookie demonstration
described in the “Using Oreo® Cookies" box
(Chapter 2), and your JRs can help you pass
out cookies. (Remind your audience not to
eat them yet and that those cookies are
high in calories and fat, and so get ready
for an activity to burn off all that energy.)
Making sure to caution people about being
over-zealous (this can be especially
necessary when giving this program in late
August to campers at Jedediah Smith State
Park), involve folks in the earthquake and
tsunami activity described in the “Crowd
Surfing!” box (Chapter 4).

Now your audience gets to rest as
it's finally dark enough to show your slides.
I have found success in reviewing the idea
of Earth's surface as a cracked eggshell,
plate tectonic motions, and subduction zone
earthquakes (make sure they yell!) leading
to catastrophic tsunamis. I describe the
scary idea of moment magnitude (see
"Hands On" box in Chapter 4) and how much
energy (magnitude 8-9 on the north coast)
the Earth needs to release during an
earthquake. I employ the story of the 1964
Crescent City tsunami (see “North Coast
Tsunami History” in Chapter 6) that
accompanied the Great Alaskan subduction
zone earthquake.

To conclude, I remind everyone that
our gorgeous rocky coastline and impressive
redwoods could not exist without Earth
processes, and I read from Rachel Carson's
"The Edge of the Sea" to say good night.
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Sample “Kid’s Letter”
Response to School Inquiries
about RNSP Geology

Every fall, as school sessions begin,
RNSP headquarters starts receiving letters
from kids all across the nation, asking for
information so that they can write reports
on National Parks. Sometimes these letters
are more specifically aimed at certain
aspects of RNSP, and, in my experience,
young students are often interested in
RNSP's geology. We can help these
inferested students by including our
brochures about tsunami and earthquake
hazards, and there are often extra "Living
on Shaky Ground” pamphlets that Vicki
Ozaki (RNSP Geologist) supplies us with
after the Humboldt County Fair in August.
When I personalize our “kid's letter”
template, I try fo include slightly more in-
depth information, but I'm careful not to
include too much or go over their heads. Of
course, we need to be sure our information
is accurate and, if in question, make sure to
show it fo your district's interpretation
supervisor. The following is an e-mail
response I sent to one student in
September of 2003. (Modified to include
the 2004 Indonesian Tsunami).

We are pleased that you are studying the
redwoods! Regarding the geology of our parks,
in addition to our focus on groves of redwood
trees and their ecology, there is an additional
focus on the coast. Redwood National and State
Parks (RNSP) not only protects 75% of the last
remaining  stands of old-growth coastal
redwoods, but RNSP also protects 37 miles of
rocky coastline. The Pacific Northwest coast is
world renown for being rocky and steep, a stark
contrast to the beaches on the East Coast of the
US. The difference between the East Coast and
the West Coast can be explained by the geologic
processes active in each area. Whereas the East
Coast has not been very geologically active for
the past 200 million years, the West Coast is
presently being “smooshed” as parts of the
Earth’s crust and mantle crash together.

If you're in 8th grade, you’ve probably
learned about plate tectonics. Off the coast of
our park, the Gorda plate (an oceanic tectonic
plate) is subducting (diving beneath) the North
American plate (a continental plate). They stick

58

together for 200 to 600 years, building stress
and pressure, and uplifting and deforming the
rocks at the coastline into the Coast Range
mountains. When the stress becomes too great,
they suddenly lunge past each other, grinding
rock against rock in devastating earthquakes
(magnitude 8 to 9). If the Earth beneath the
ocean moves enough, these earthquakes can
generate giant sea waves (“tsunamis”), like the
1964 tsunami that demolished the downtown
area of Crescent City, CA, including where
RNSP headquarters is today. This is why you
can see “tsunami evacuation route” signs along
the coast in Washington and Oregon. And since
the 2004 tsunami in Indonesia, people who live
on the coast all over the world are getting more
prepared.

As far as rock types in RNSP, we have all
of the 3 major rock types (sedimentary, igneous,
and metamorphic). Specifically, at the coast we
have mainly sedimentary rocks such as
sandstone, siltstone, mudstone, shale, and chert,
all with cracks that are filled in with quartz
(these are called quartz “veins”). There are
some places where these rocks have been
metamorphosed (changed because of high heat
and pressure, in non-science lingo, “cooked”)
into metamorphic rocks like slate and schist. On
the north end of RNSP, all along the Smith River
upstream of Jedediah Smith Redwoods State
Park, there is green rock known as serpentinite,
which came from far below the ocean floor (it’s
part of an old ocean plate). It’s full of iron and
weathers into unique iron-rich soils (just like
your bike, it ‘rusts’).

Our fossils are mostly marine fossils that
are remains of animals that once lived in the
Pacific Ocean. Some of the youngest (most
recent) fossils can be found near Point St.
George in the siltstone and sandstone rocks
exposed along the coast near Crescent City.

Enclosed is a package of information to
help with your studies. If you read the various
brochures and map carefully, you will find some
of the answers to your questions about the park.
You can also find more information on our
website at www.nps.gov/redw. When you bring
up our home page, click on “In Depth”
(http://www.nps.gov/redw/home.html) and when
the next page comes up, choose the subject that
you want to know more about on the left-hand
side. You will want to click on ‘“natural
resources” and then “geology.” You have our
permission to print out and use any of the photos
or information you can find on the website for
your report as long as you mention that you got
from our website.
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Appendix B
GEO-LIMERICKS

Earthquakes
Stressing our rocks makes them break,
during the rupture they shake.
North America scrapes,
o’er the thin Gorda plate,
that’s when we get an earthquake!

Rocky North Coast
Of breathtaking beauty we boast,
but it’s danger we fear the most.
Through active uplift,
the coastline does shift,
becoming the rocky north coast.

Sandstone
Above the subduction zone,
by currents and winds we are blown.
Our grains settle down,
in water we drown,
and harden into sandstone.

Serpentinite

I'm known for slope failure, not might,
I can’t put up much of a fight.
I break down in toil,
and make orange soil,
I'm our state rock - serpentinite.

Serpentine/Smith River Cliffs
Smith River gorge rocks are green,
over time rain dulls their sheen.
Like your car left outside,
rusts to iron oxide,
here we form soil from serpentine.

Tsunamis
Earthquakes from under the seas,
cause big waves to submerge the trees.
The first wave may be small,
compared to them all,
these big waves we call - tsunamis.
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Web sites

Association of National Park Rangers: www.anpr.org/actionsl.htm

Bureau of Land Management: www.blm.gov/nhp/index.htm
Environmental Education: www.blm.gov/education

California Geological Survey: www.consrv.ca.gov/cgs

Humboldt State University: www.humboldt.edu
http://sorrel.humboldt.edu/~geodept/earthquakes/eqk_info.himl
Redwood Creek Tsunami Research Group:
www.humboldt.edu/~geodept/earthquakes/shaky2.html

National Association for Interpretation: www.interpnet.com

National Center for Science Education: www.ncseweb.org

National Oceanic and Atmospheric Administration: www.noaa.gov
International Tsunami Information Center: www.prh.noaa.gov/itic
Tsunami Research Program: www.pmel.noaa.gov/tsunami

National Park Service: www.nps.gov
Geologic Resources Division: www?2.nature.nps.gov/geology
Geoscientists-in-the-Parks Program: www2.nature.nps.gov/qgeology/gip//index.htm
Park Geology Tour: www2.nature.nps.gov/grd/tour/index.htm
Park Geology Photos: www?2.nature.nps.gov/grd/edu/images.htm
Individual Park Photos: www.nps.gov/pub_aff/imagebase.html
Redwood National Park Geology: www?2.nature.nps.gov/geology//parks/redw/index.htm

National Science Teachers Association: www.nsta.org
Plate Tectonics: www.scilinks.org/retrieve outside.asp?sl=92635699108810331055

Oregon State University: http://oregonstate.edu
Department of Geosciences: www.geo.orst.edu
Tsunami Wave Tank: wave.oregonstate.edu

U. S. Geological Survey: www.usgs.gov
Geology in the Parks: www?2.nature.nps.gov/grd/usgsnps/project/home.html
National Park Photos: http://libraryphoto.er.usgs.gov/parksl.htm
Earthquake magnitude: http://neic.usgs.gov/neis/general/mag_vs_int.html
Earthquake Hazards Program - Northern California: http://quake.wr.usgs.gov
Digital PNW data: walrus.wr.usgs.gov/infobank/gazette/html/regions/pnez.html
Cascadia tsunamis: walrus.wr.usgs.gov/tsunami/cascadia.html
Surviving a tsunami: http://pubs.usgs.gov/circ/c1187
Native American legends: walrus.wr.usgs.gov/tsunami/NAlegends.html
1964 tsunami: wwwneic.cr.usgs.gov/neis/eqlists/USA/1964 03 28.html

U. S. Forest Service: www.fs.fed.us
Geology: www.fs.fed.us/geology/mgm_geology.html

University of California, Berkeley:
Geologic Time Scale: www.ucentimetersp.berkeley.edu/help/timeform.html
Northern California Earthquake Data Center: http://quake.geo.berkeley.edu
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University of California, Santa Barbara:
Plate Tectonic Animations:
http://transfer.Isit.ucsb.edu/geol/projects/emvc/cqi-bin/dc/list.cqi?lis

University of Washington: www.geophys.washington.edu
Native American Tsunami Accounts:
www.geophys.washington.edu/SEIS/PNSN/HAZARDS/CASCADIA/simple_native_lore.html
Seismic Data: www.geophys.washington.edu/seismosurfing.html
Tsunami Data: www.geophys.washington.edu/tsunami

Other Sites:
Aerial photographs and digital geographic information - Northern California:
www.ncgic.gov/redw/default.htm
Great Cascadia Earthquake: www.seismo-
watch.com/EQSERVICES/Newsletter/EQNEWS9701.html
Indonesian Tsunami, Wikipedia:
http://en.wikipedia.org/wiki/2004_Indian_Ocean_earthquake
Ocean Ridge Spreading Rate Calculator: http://triton.ori.u-
tokyo.ac.jp/~intridge/calc.html
Pacific Disaster Center: www.pdc.org/iweb
Science of Tsunami Hazards: www.sthjournal.org
Scientific Conversions: www.microimg.
Tsunami Animations: www.pbs.org/wnet/savageearth/animations/tsunami
Tsunami Engineering Laboratory:
www.tsunami.civil.tohoku.ac.jp/hokusai2/main/eng/index.html
Tsunami Images (1964):
www.usc.edu/dept/tsunamis/linkspage.html
www.geo.arizona.edu/~/nhartnes/alaska/tsunam.html
www.iris.washington.edu/qifs/slides/alaska/slideshow
Tsunami Page: www.drgeorgepc.com
UNESCO, Intergovernmental Oceanographic Commission: http://ioc.unesco.org/itsu

World Wide Disaster Relief: www.disasterrelief.org/Disasters/980805Pacific
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