
Global Systems Science Life and Climate 1



2 Global Systems Science Life and Climate

Global Systems Science (GSS) is an 
activity of the Lawrence Hall 
of Science (LHS), University of 
California, Berkeley.  

GSS is also an activity of the 
Museum of Science in Boston, 
Massachusetts, which provides 
assistance in revising and 
disseminating the program. 

Sources of Support

NIGEC.  Development and publication of the Global Systems Science series was  funded by 
the U.S. Department of Energy’s (DOE) National Institute for Global Environmental Change 
(NIGEC) through the NIGEC Western Regional Center (WESTGEC) at the University of 
California, Davis (DOE Cooperative Agreement No. DE-FC03-90ER61010).   Noreen Dowling, 
Joseph Knox, Linda Ono, and Thomas Suchanek provided assistance to this project on 
behalf of NIGEC and WESTGEC.  

NSF.  The opportunity to involve high school teachers in the development of this project was 
made possible by a grant from the Teacher Enhancement Program of the National Science 
Foundation  (Grant #TPE 9155393).   This grant enabled us to invite 125 teachers to test 
these materials with their students, then come to Berkeley for three weeks, where they 
reported on trial test results, suggested improvements in the printed materials, and 
developed new laboratory activities.  We are indebted to Larry G. Enochs and Wayne 
Sukow, Program Directors of the National Science Foundation, as well as to many teachers 
and students whose insights, ideas, and hard work have helped bring the GSS series to 
fruition. 

NASA.  Support from NASA’s Earth Science Enterprise (ESE) has included printing and 
distribution of the GSS Books under a Memorandum of Understanding between NASA and 
the University of California at Berkeley.  Nahid Khazenie provided assistance on behalf of 
NASA/ESE.  NASA ESE also funded the enhancement of GSS to make it part of the Digital 
Library for Earth System Education (http://www.dlese.org/)

Financial support does not constitute an endorsement by DOE, NSF, or NASA of the views 
expressed in this book.

© 1998, 2001, 2002, 2004, 2009 by The Regents of the University of California.  All rights 
reserved.  Printed in the United States of America.  This work may not be reproduced 
by mechanical or electronic means without written permission from the Lawrence Hall 
of Science, except for pages to be used in classroom activities and teacher workshops.  
For permission to copy portions of this material for other purposes, please write to:   
Global Systems Science, Lawrence Hall of Science, University of California, Berkeley, CA 
94720-5200 or e-mail gssmail@berkeley.edu.

Global Systems Science  is an integrated, interdisciplinary 
course for schools, grades 9–12. GSS consists of twelve 
student books (see back cover), Hands on Universe 
Image Processing software, and  Digital Earth Watch 
software. Each GSS book deals with societal issues 
that require science for full understanding. GSS may 
be used in designing an integrated interdisciplinary 
science course or serve as supplementary materials 
for existing biology, physics, chemistry, Earth science, 
or social studies courses.To obtain latest information 
about GSS books, please visit the GSS website:

http://lhs.berkeley.edu/gss/

http://www.dlese.org/
mailto:gssmail@berkeley.edu


Global Systems Science Life and Climate 1

Contents
1. Discovering the Atmosphere......................................................... 2
2. Where Did Earth’s Atmosphere Come From? .............................. 8
3. How Do Scientists Play the Dating Game? ................................ 12
4. The Beginning of Life on Earth ................................................... 22
5. The Origin of Our Oxygen-Rich Atmosphere .............................. 30
6. How and When Did Complex Life Begin? .................................. 34
7. Earth’s Shifting Crust .................................................................. 38
8. Highs and Lows Over the Past 750 Million Years ....................... 48
9. What Happened to the Dinosaurs? ............................................ 58
10. The Ice Ages ............................................................................. 66
11. Climate and Human Evolution .................................................. 80
12. Climate and Culture .................................................................. 90
13. What Does Earth’s Past Tell Us About Our Future? ................. 96
Web Sites on Climate Change ..................................................... 107
Bibliography  ................................................................................. 107
Acknowledgments .........................................................................111

Life and Climate

Global
 Systems 
  Science

Cary Sneider, Richard Golden, Florence Gaylen,  
with Lynn Rosentrater, Zachary Smith

News and updates are available at the GSS 
website http://www.lhs.berkeley.edu/GSS/ 
in the "Staying Up To Date” section.  

http://www.lhs.berkeley.edu/GSS/


2 Global Systems Science Life and Climate—Chapter 1: Discovering the Atmosphere

1. Discovering the Atmosphere

What’s This Book About?

The cartoon refers to global warming —the theory that Earth’s average temperature is gradually 
increasing due to the burning of fossil fuels.  Fossil fuels are coal, oil, and natural gas, which are 
burned primarily by cars and in factories.  
If Earth were a patient in a hospital, and 
its temperature seemed to be a little high, 
we would want to know what would be 
considered a normal range of temperatures 
before prescribing any medication.  In the 
same way, we would want to know how 
Earth’s average global temperature changed 
throughout its history, and why those changes 
occurred, before we could make good 
judgments about burning fossil fuels.  Finding 
out what’s “normal” for Earth is essential 
before trying to decide what to do about its 
temperature today.

To find out what is normal for a patient, 
the doctor would ask about the patient’s 
medical history.  In Earth’s case we need to 
learn how its temperature has changed over 
time, and in particular how Earth’s climate 
and living forms have changed over time.

It’s important to recognize that here we are 
talking about climate, not weather.  Weather 
refers to the conditions of the atmosphere in 
a particular location at a given time; usually 
considered are the temperature, wind condition, 
cloud cover, and humidity or dryness.  Climate 
refers to the average weather of a larger region, 
or of the entire planet, over a number of years.  
For example, the climate closer to the North and 
South Poles is generally much colder than the 
climate closer to the equator.  While the weather 
may vary a great deal from day to day and season 
to season, the climate of an area tends to stay 
much the same year after year.  If we look over a 
long enough period of time, however, we can see 
that climates have changed a great deal.  During 
the last ice age, which ended over 10,000 years 
ago, what is now the northern part of the United 
States was buried under a sheet of ice over a 
mile thick!  

As you can imagine, the climate in a 
particular region affects the life forms that 
can survive there.  With an understanding of 
the relationship between life and climate, we 
will be in a better position to make judgments 
about changes that are occurring on Earth 
today, and decide what to do about them.  We 
will therefore study how life and Earth’s climate 
are intertwined. With knowledge of the various 
developments over time, we will be better 
able to understand and apply new information 
about Earth systems as that knowledge becomes 
available in the future. 

In this first chapter we will learn about 
the fundamental discovery that Earth has 
an atmosphere.  Today we take this idea for 
granted, but 200 years ago it was a radical 
idea.  Before we can even start thinking about 
life and climate, we need to learn about Earth’s 
atmosphere.

Chapter 1
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The Concept of An Atmosphere

Air is so familiar to us that we take it for granted.  It’s always there and 
seems to go on forever.  Yet, from the vantage point of a space shuttle in orbit 
just 300 kilometers (186 miles) above Earth’s surface, astronauts see that 
the atmosphere is limited.  If Earth were the size of an apple, 97% of Earth’s 
atmosphere would be contained in a layer as thin as the apple’s skin.

Years ago, the concept of air as a relatively thin layer of life-sustaining 
gases was difficult to accept.  It seemed quite natural to believe that there 
was air from here to the moon and even beyond.  After all, how could there 
be nothing?  Nothing was harder to contemplate than invisible air.  More 
than 2,000 years ago Aristotle noticed that air rushed into containers as they 
were emptied.  His phrase “nature abhors a vacuum” was, in the early days 
of experimental science, accepted as fact.

Torricelli’s Experiments

The first experimental studies of air were made by the Italian physicist Galileo 
Galilei.  Most people know him as the first person to observe planets through a 
telescope.  He also studied air, and in 1638 Galileo published his experiments 
showing that air has weight.  These early experiments inspired further studies of 
air by Galileo’s assistant, Evangelista Torricelli, a few years later. 

Evangelista Torricelli and his experiment  
(Photo,© IMSS, courtesy of the Institute and 
Museum of the History of Science, Florence, Italy)

73 cm

Torricelli used glass tubes of various lengths that were 
closed at one end.  He also experimented with different 
liquids.  In one experiment, he completely filled a tube about 
a meter long with mercury—the only metal that is liquid at 
room temperature.  Then, covering the open top of the tube 
with his finger, he turned the tube upside down and placed 
the open neck of the tube in a bowl and removed his finger.  
Some of the mercury flowed out of the tube into the bowl, 
and the level of the liquid fell.  But all of the mercury did not 
flow out!  A column of mercury remained 
in the tube, well above the surface of the 
mercury in the bowl.

Torricelli found that less dense 
liquids formed taller columns.  
With a very long tube, Torricelli 
found that water formed a column 
that was 9.6 meters (32 feet) high!  
Mercury was the densest liquid he 
tried.  It formed a column only 
73 cm (29 inches) high.  Since the 
glass tube did not need to be so 
tall, he used mercury for most of 
his experiments.
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Torricelli puzzled over why the column of liquid did not fall out of the 
tube.  He formulated the hypothesis that the pressure of the air pushing 
down on the surface of the liquid in the bowl was holding the column of 
liquid up.  In other words, air had weight.

These experiments supported Torricelli’s idea that the force of air 
pushing down on the liquid in the bowl balanced the weight of the liquid 
inside the tube.  However, people were not convinced that this was the 
correct explanation.

Pascal Tests Torricelli’s Theory

Five years after Torricelli’s experiments, the French scientist Blaise 
Pascal thought of an experiment that would test Torricelli’s hypothesis 
about what was holding up the column of mercury.  Pascal had been helping 
to make deep sea diving suits.  He found out that as divers went deeper 
in the ocean, the pressure of the water increased.  He thought that this 
pressure was caused by the weight of the water above the diver.  

When Pascal heard about Torricelli’s experiment, he thought that we 
might be like the diver—but living at the bottom of an ocean of air.  At 
sea level we feel the pressure of the air above us.  If we were to climb 
a mountain, the pressure should be less because there would be less air 
above us.  For the same reason, the level of mercury in the tube should 
also be less.  

Pascal further experimented and found that 
even at the top of a tower, he could observe 
that the height of the column of mercury was 
less than it was at the base of the tower.  He 
concluded that 1) air pressure at sea level is 
caused by the weight of the air above it, and 
2) nature does not abhor a vacuum, since there 
is a vacuum (or near vacuum) inside the tube 
above the mercury.  What do you think of these 
conclusions?  Are they supported by the data?

As a result of Torricelli’s and Pascal’s 
experiments scientists became aware that we 
live in a sea of air.  In addition, a new instrument 
was invented: the barometer, a tube with 
mercury that measures air pressure.

In 1648, Pascal’s brother-in-law, Florin Perier, 
performed the experiment.  Gathering with several 
friends in a garden, Perier filled two glass tubes 
with mercury.  One at a time, he held his finger over 
the end of the tube, turned it upside down, and 
placed the open end in an open bowl of mercury.  
In each case, the column of mercury in the tube 
fell to the same height.  

Then leaving one of the tubes and bowl with a 
friend who would carefully watch for any changes 
in the mercury level, Perier and the others took 
the other mercury column and bowl and rode by 
mule up a nearby mountain.  On the summit, at 
about 1,000 meters (3,280 feet) Perier repeated 
the experiment and found that the mercury level 
was over 7.5 cm (3 inches) lower than it was in 
the garden.  He did the experiment several more 
times on the way down, and found that the closer 
he came to sea level, the higher was the column 
of mercury.  When he returned to the garden, he 
learned that the height of the mercury column left 
in the garden had not changed all day.  Now both 
columns again were measured and found to be the 
same height.  
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Investigation

Can You Observe the Effects 
of Air Pressure

Air pressure is all around us.  We live in a sea of air, but it’s hard to 
see its effects.  Here’s an activity that will help you see the power of air 
pressure.

You will need:

• an empty aluminum soda can

• a hot plate

• a plastic dishpan or other large container

• a pot holder or pair of tongs

• a ruler

• a calculator

• water

• safety goggles

Be sure to wear safety goggles.  Pour a little 
cold water into the can.  Pour cold water into the 
dishpan until it is about 3/4 full.

Place the soda can with water on the hot 
plate and heat until steam is coming out the top 
of the can.  Pick up the can at its base, using the 
pot holder or tongs, and quickly invert it into the 
cold water contained in the dishpan.  If nothing 
seems to occur, put a little water back into the 
can and try again.

Draw a sketch and write a short description 
of what you did and what happened.  Answer the 
following questions:

1. What happened when the can was inverted into 
the cold water?

2. What caused the can to crush? Draw a diagram 
of what you think happened inside and outside 
the can before, during, and after it was 
immersed in water.

3. Why didn’t the empty soda can crush before 
it was heated?

4. Would the same thing have happened if you 
put the can in right side up?  Predict, then 
try it out!

Hint:  At sea level, average atmospheric pressure supports a column 
of mercury 760 mm high in a mercury barometer.  This average sea 
level pressure is called 760 torr in honor of Torricelli, and is also called 
one atmosphere of pressure.  So 760 mm of mercury = 760 torr.  How 
might atmospheric pressure affect the can?

The Nature of Science

Pascal’s experiment illustrates several 
aspects of the nature of science. The first 
is that scientists do not work in isolation.  
They build on the work of others, just as 
Torricelli built on the work of Galileo, and 
Pascal built on the work of Torricelli.  All 
of the scientists submitted their work to 
the critical eyes of their colleagues.  

Second, Pascal’s experiment illustrates that scientific 
conclusions must be supported by evidence.  As more 
evidence is collected from experiments or observations, the 
original conclusions might be more firmly supported, or they 
might change.  The hypothesis that Earth has an atmosphere 
that extends just a few miles above the surface was once an 
outlandish idea.  The existence of the atmosphere has now 
been supported by so many experiments using balloons and 
spacecraft that today we can look back on Torricelli’s and 
Pascal’s experiments and credit them with the “discovery” 
of the atmosphere.
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Gradual Acceptance of the Idea of the Atmosphere 
As the idea that the planets orbit the Sun was 

accepted, the concept of a limit to the atmosphere 
became more understandable.  First, if air existed 
between the planets and the Sun, the resistance of the 
air would have long ago slowed the planets down and 
they would have fallen into the Sun.  The fact that they 
did not change the speed of their revolutions suggested 
that air did not exist in space.  And, as Pascal’s 
experiment confirmed, the layer of air got thinner and 
thinner the further the distance from Earth’s surface.  
It was reasonable to assume that at a certain distance 
the amount of air became negligible.

The atmosphere is compressed by its own 
weight so that there is more of it at the bottom than 
at the top.  Any measurement of the height of the 
atmosphere, therefore, depends on how much of the 
atmosphere you want to include.  Half the mass of 
Earth’s atmosphere lies below about 5.5 kilometers 
(3.4 miles).  The lowest 18 kilometers (11 miles), 
where most weather phenomena occur is called the 
troposphere.  It contains about 75% of the mass of the 
atmosphere.  The next layer, called the stratosphere, 
extends 50 kilometers (30 miles) above Earth.  These 
two layers contain 99% of the mass of the atmosphere.  
The mesosphere is the area of the atmosphere from 

Third, science and technology go hand in glove.  The technology of deep 
sea diving suggested a theory of the atmosphere.  The scientific experiments 
of Torricelli and Pascal had no immediate practical value, but eventually their 
discoveries and equipment contributed to the technology used today to monitor 
and predict the weather.  For example, a scale was added to Torricelli’s glass 
tube, resulting in an instrument called a mercury barometer that measures 
daily changes in air pressure.  As huge waves of air raise or lower the amount 
of air above us, the amount of mercury in the glass tube rises and falls.  
Scientists have agreed to call 29.92 inches (76.0 cm) of mercury “standard 
atmospheric pressure at sea level.”  Weather reports on television refer to 
“high” and “low” pressure areas where the mercury level is above or below 
standard atmospheric pressure.

Finally, Pascal’s insistence that one column of mercury be left at the 
base of the mountain while the other is carried to the top of the mountain 
is the first clear example of a “scientific control” that was used to test a 
scientific theory.  Given what you know about how atmospheric pressure in a 
particular place changes from day to day, why do you think that this part of 
the experiment was important?  

50—80 km (30—50 miles) above the surface 
of Earth, and is the coldest, with an average 
temperature of -90°C  (-130°F)!  The largest portion 
of the atmosphere is called the thermosphere and 
exists from 80—480 km (50—300 miles) above 
Earth’s surface.  This upper part of the atmosphere 
is the transition zone into space.

Where did our atmosphere come from?  That 
was an unanswerable question until only a few 
decades ago.  That’s the question we’ll consider 
in the next chapter.
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Investigation 

A Scale Drawing of Our Planet

Conclusion

This book is about Earth’s features and how 
changing physical conditions may have led to the 
evolution of life and to the relatively comfortable 
world we know today.  

As you read this book you may ask yourself 
two important questions: "Why should I care about 
Earth’s early history?" and "How could anyone 
possibly know what conditions were like billions 
of years ago?"  

The answer to the first question is that 
we live at a time when there is a great deal of 
controversy about how humans are affecting 
the environment.  The changes that are being 
discussed go far beyond littering the streets 
(which we shouldn’t do) or even polluting the air 
and water.  It is possible that humans are changing 

the climate in ways that may last for centuries 
and that may affect the world of our children and 
grandchildren.  In order to understand the changes 
that we observe today, we need to know how our 
planet changed in the past.

As for how anyone could possibly know 
what things were like billions of years ago, the 
authors encourage you to be skeptical.  We will 
describe the evidence from fossils, the important 
theories and experiments, and the history of key 
scientific ideas in this field.  But the history of 
climate and life is still only partly understood, 
and new discoveries are certain to be made as 
you read this book!  You are encouraged to ask 
questions, and search the Web for some of the 
latest discoveries.

Draw a series of concentric rings to represent Earth’s interior, its surface, 
and its atmosphere.  Choose a scale that best illustrates the following 
information:

• Core.  The radius of Earth’s iron core is 3,400 kilometers.  

• Mantle.  The layer above the core, called the mantle, extends 3,000 
kilometers above the core.  

• Crust.  The outermost layer, called the crust, is about 30 to 40 kilometers 
thick.  

• Atmosphere.  The layers of the atmosphere—the troposphere, 
stratosphere, mesosphere, and thermosphere—are described earlier.

What difficulties do you encounter in trying to do this?  What does your 
diagram reveal about the relative thickness of the crust and the atmosphere 
in comparison with Earth’s diameter?

For new material relating to this chapter, please see the GSS website “Staying Up To Date” 
page: http://www.lawrencehallofscience.org/gss/uptodate/3lc
We invite you to send us new articles for the "Staying Up To Date" web page for this chapter.  
Articles may be from local newspapers, magazines, websites, or other sources that you think 
would be of interest to classrooms around the country. To send us articles please go to the link 
http://lhs.berkeley.edu/gss/uptodate/newarticle.html and find the "Submit New Article" button. 

http://www.lawrencehallofscience.org/gss/uptodate/3lc
http://lhs.berkeley.edu/gss/uptodate/newarticle.html
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2. Where Did Earth’s  
Atmosphere Come From?

Early Ideas About the Origin of the Solar System
In 1755, Immanuel Kant, a German 

philosopher, published his theory of the origin 
of the solar system.  Kant acknowledged in his 
essay that he first got his ideas from reading a 
detailed account of Thomas Wright’s theory of 
the universe’s formation.  Wright was a British 
professor of mathematics and natural philosophy.  
Kant’s ideas went beyond Wright’s and also 
took into account Isaac Newton’s better-known 
theory of gravity and the formation of the solar 
system.  

Kant proposed that first there was a huge 
cloud of dust and gas in space.  Under the pull 
of gravity the gas molecules and dust particles 
were attracted to each other, and so the cloud 
grew denser and became smaller.  As it did so, 
the cloud began to revolve, at first slowly, and 
then more and more rapidly.   We can envision this 
phenomenon as what occurs when an ice skater 
pulls her arms in toward her body and spins faster 

Source: NASA

as a result. 

Over millions of years, the cloud became smaller and matter became 
more concentrated.  Eventually, the gas and dust formed a disk, and then 
the disk broke into rings around the central core.  From these rings the 
planets and their moons formed while the remainder of the material in 
the center contracted and became the Sun.  A cloud of dust and gas in 
space is called a nebula, so this explanation of the formation of the solar 
system is called the “nebula theory.”  

Kant’s theory is similar in many respects to modern theories of the 
origin of the solar system.  On the next few pages we will describe the 
currently favored theory of how the solar system formed.  We’ll end the 
chapter with a description of Earth as it was about a billion years after 
it formed, with an atmosphere in which human beings could not have 
survived for more than a few seconds.  

Chapter 2
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Modern Ideas About the Origin of the Solar System
Our description of the current theory takes 

the form of a storyboard for an imaginary movie 
that represents scientists’ current “best guess” 
about how the solar system formed.

Scene 1 (time: 5 billion years ago):  The scene 
opens with a magnificent, full-screen view of 
our galaxy—three or four hundred billion stars 
arranged in a pinwheel, with nebulae (glowing 
clouds of gas and dust) in some of the spiral arms.  
The camera zooms in on one of these clouds, and 
we see that it is slowly spinning.   A star explodes 
nearby.  Shock waves from the exploding star 
compress the cloud, so part of it becomes denser.  
The denser cloud starts to spin faster as it gets 
smaller.  This is the solar nebula—the cloud of gas 
and dust that will evolve into the solar system.

Scene 2 (time: 4.6 billion years ago):  While 
Kant thought that the solar nebula would divide 
into rings, modern theory suggests that the gas 
cloud condensed into small chunks of rock and 
metal.  When two chunks collided, they would 
stick together because of gravity.  Bigger and 
bigger chunks would be created in this way, until 
huge balls of metal and rock formed, eventually 
creating the rocky planets we call Mercury, Venus, 
Earth, and Mars. (Gravity is the force that acts 
between all objects in the universe, pulling them 
together.)

Scene 3 (time: 4.6 billion years ago):  Billions 
of meteoroids—small chunks of rock and metal 
in space—continue to orbit the Sun, occasionally 
falling toward the large body that will become 
our home planet.  Occasionally, larger bodies, 
called asteroids, slam into Earth, sometimes 
adding mass, and sometimes blasting material 
back into space.
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Scene 4 (time: 4.5 billion years ago):  As 
Earth forms, billions of meteors rain down 
on it, heating it continuously.  More heat is 
added by radioactive elements.  The heat 
is so intense when Earth first forms that 
its entire surface is a sea of molten lava. 
Above the lava is Earth’s first atmosphere, 
which probably consists of gases attracted by 
gravity from interplanetary space—mostly 
hydrogen. 

Scene 5 (time: 4.4 billion years ago):  The 
hydrogen in Earth’s first atmosphere did 
not explode because burning requires oxy-
gen.  Oxygen gas in our atmosphere comes 
from plants, and there were no plants back 
then.  No plants, no oxygen, no explosions.  
Eventually, the early atmosphere was lost to 
space—either blown away by the impact of 
a few big meteors, or the hot, fast-moving 
molecules of hydrogen may have just escaped 
Earth’s gravity one at a time.  For dramatic 
effect, our movie shows a large asteroid 
striking Earth, blasting its atmosphere into 
space.

Scene 6 (time: 4.3 billion years ago):  The 
daily bombardment of Earth’s surface by 
meteorites slows, and Earth begins to cool.  
While the crust solidifies, there are hundreds 
of active volcanoes.  When molten rock 
from Earth’s interior moves closer to the 
surface, the pressure on the molten rock 
decreases, and the gases within it start to 
form bubbles—in a way similar to uncapping 
a bottle of soda and releasing the pressure.  
We see the volcanoes ejecting ash and lava 
as well as huge quantities of gas, resulting 
in an atmosphere that consists of about 60% 
water vapor, 25% carbon dioxide, and the 
rest nitrogen and sulfur.  

For new material relating to this chapter, please see the GSS website “Staying Up To Date” page:  
http://www.lawrencehallofscience.org/gss/uptodate/3lc 
We invite you to send us new articles for the "Staying Up To Date" web page for this chapter.  Articles may be from local 
newspapers, magazines, websites, or other sources that you think would be of interest to classrooms around the country. To send 
us articles please go to the link http://lhs.berkeley.edu/gss/uptodate/newarticle.html and find the "Submit New Article" button. 

http://www.lawrencehallofscience.org/gss/uptodate/3lc
http://lhs.berkeley.edu/gss/uptodate/newarticle.html
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Conclusion
Our planet evolved from a huge cloud of gas 

and dust in space.  The Solar System that we know 
today—including Earth, our home planet—was 
formed when gravity pulled together the tiny 
particles of dust and gas molecules into a number 
of large spherical bodies.

By about 3.9 billion years ago, Earth had 
acquired an atmosphere consisting of water vapor, 
carbon dioxide, nitrogen, and a few other gases.  
There was some dry land and an ocean, but as yet 
there was no oxygen in the atmosphere and as far 
as we can tell, no life.

How Earth evolved an atmosphere containing 
oxygen, and land and seas teeming with life, is more 
amazing than fiction.  It has taken the creativity of 
thousands of scientists to figure it out.  In the next 
chapter we’ll start by looking at the evidence used 
by scientists to learn about Earth’s past history and 
the evolution of life—evidence embedded deep 
within Earth.

Investigation

Timeline
Create a timeline representing the entire 

history of our planet.  Use a long roll of paper 
about 2 inches wide (like the paper rolls used in 
cash registers).  In your timeline a paper strip 1 
meter long will represent 100 million (100,000,000) 
years.  Cut a paper strip to represent the entire 
history of our planet.  How long should it be?

Using a felt-tipped marker, indicate major 
events in Earth’s history as described in this 
chapter.  Using scotch tape or masking tape, put 
up the strip of paper in your classroom so you can 
view Earth’s history as one continuous timeline.

As you complete each chapter in this book, 
use markers of different colors to add information 
about the evolution of life and major changes in 
climate.

Scene 7 (time: 4.0 billion years ago):  When 
the atmosphere cools further, water vapor 
condenses and forms clouds. When the clouds 
cool even further, it rains.  Eventually there 
is enough rain to begin filling areas where 
the crust is depressed, creating the early 
ocean.

Scene 8 (time: 3.9 billion years ago):  In 
this scene, the ocean plays an important role 
in stabilizing Earth’s temperature.  Water 
absorbs carbon dioxide, one of the major 
heat-holding gases of the atmosphere.  As 
carbon dioxide is removed from the atmo-
sphere, the entire Earth cools.  (The ocean 
is probably the reason why Earth did not 
become as hot and inhospitable as Venus.  
Today, Venus’s atmosphere is mostly carbon 
dioxide and so it remains too hot for life as 
we know it.)  At the end of the movie—not 
quite a billion years after our planet first 
formed—we see that our oceans continue to 
absorb carbon dioxide, keeping our planet 
cool enough for life to begin.
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Kinds of Rocks
Earth’s history is written in its rocks.  But 

before the 1780s, no one had figured out how to 
read that history.  In fact, the question of why 
there were different layers of rock in a variety of 
formations simply didn’t generate any interest.  
True, Leonardo da Vinci had speculated that marine 
shells and fossils found high on a mountain top were 
the remains of plants and animals that had lived 
at sea level long, long ago, but how that could be 
was a mystery.  It wasn’t until the late eighteenth 
century that people began to understand how rocks 
formed, which led to the knowledge of Earth’s 
history that we have today. 

3. How Do Scientists Play the 
Dating Game?

Stretching through Colorado and Utah is the Grand Canyon, the deeply eroded river bed 
of the Colorado River.  The sedimentary rocks in this region were deposited over the past 
two billion years, but the canyon itself was formed relatively recently—over the past two 
million years or so.  As the land was pushed upward from below, the river cut more and 
more deeply into the soft layers of rocks underneath.  Are there places near your city or 
town where you can see layers of rock? Photo courtesy of Daisy Frederick.

One of the first theorists was a German 
mining engineer and naturalist, Abraham 
Werner.  He believed that in the beginning 
there was a worldwide ocean which was deep 
in some parts and shallow elsewhere.  Fine 
particles of sand and mud —sediment—from 
Earth’s crust compressed as the water subsided, 
and formed rocks, which came to be known 
as sedimentary rock.  Over time, these rocks 
accumulated into layers.  Werner also believed 
that the different layers of rocks were formed 
at different times.

Chapter 3
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The Scottish naturalist James Hutton, who lived at about the same time 
as Werner, agreed that some rocks were formed by sedimentation.  However, 
Hutton argued that certain kinds of rocks were formed by the cooling and 
crystallization of molten rocks that came from deep underground.  By the 
1820s, geologists (scientists who study rock formations) generally agreed 
that both Hutton and Werner were right.  There are two ways that rocks could 
form: either they are cooled parts of the molten interior of Earth—the igneous 
rocks that solidified from lava or volcanic fragments—or they are underwater 
deposits that have solidified—the sedimentary rocks.  Later, scientists 
recognized that a third kind of rock is created when gradual movement of 
Earth’s crust reshapes sedimentary and igneous rocks under great heat or 
pressure.  These rocks are called metamorphic.  

Sedimentary rocks gave the first clues to the vast age of Earth.  The early 
geologists observed how clay and silt were deposited at the mouths of rivers.  
If the material deposited is sand, over many years layers of sandstone form.  
If the material is mostly clay, a finer and harder rock called shale forms.  In 
addition, on the ocean bottom, the tiny shells of sea creatures settle and 
eventually form limestone. 

In places like the Grand Canyon layers of sedimentary rock are thousands 
of feet thick.  Since many types of sedimentary rock form very slowly, a great 
deal of time must have passed while these rocks formed.  When geologists 
understood how sedimentary rocks were created, they began to realize that 
Earth must be at least millions of years old.  We now know that Earth is billions 
of years old.  

Sorting Through the Layers

Geologists determine the sequence of time 
in Earth’s history by studying sedimentary rock 
formations. Although all sedimentary rocks were 
formed at the bottom of a lake or on the ocean 
floor, today they can be found anywhere, even on 
mountains!  That is because rocks are sometimes 
pushed up from below.  

 The arrangement of the strata—the 
different layers—is called stratigraphy and the 
principle that is followed in reading the layers 
is superposition.  This means that the layers of 
rocks are presumed to have been laid down in 
succession, with younger layers on top of older 
layers.

The principle of superposition can be 
illustrated by the following example.  If you take 
off your clothes and throw them in a pile on the 
floor, someone examining the pile can tell which 
article of clothing you took off last and which 
you took off first.  If a paleontologist (a scientist 
who studies the life of past geologic periods) finds 
a fossil in the top layer of a sedimentary rock 

section and a different fossil below it, he or she 
can report that the organism below lived before 
the one whose fossil was found on top. 

While the law of superposition is usually a 
good indicator of relative age, in some cases the 
eruption of volcanoes or other earth movements 
tilt the layers of rock on end, or even flip over 
huge slabs of sedimentary rock, disturbing the 
orderly sequence.

  In order to draw valid conclusions, geologists 
generally compare the stratigraphy of different 
regions to see if they give a consistent picture of 
what happened when.

The recognition that different layers or 
strata contain fossils of different living organisms 
came not from a professional scientist but from 
a British surveyor named William Smith.  He 
had long been interested in fossils and realized 
that each layer seemed to have its own kind of 
fossils.  He concluded that a rock layer and the 
fossils within it were of the same age.  That is, 
the different kinds of plants and animals whose 
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How Are Fossils Formed?

 The fossils embedded 
in layers of sedimentary rock 
formed in various ways.  Some are 
the hard shells and bones of long-
dead creatures that were buried 
between layers of sediment.  
Soft-tissue fossils formed when 
leaves, fish, or other living tissues 
became trapped between layers 
of clay or other sediment and 
decayed, leaving a space.  Over 
millions of years these spaces 
sometimes filled with minerals 
that leaked through the porous 
rock and eventually hardened in 
the shape of the long-dead plants 
or animals.  

This illustration of index fossils is 
from Fossils, Rocks, and Time, 
prepared by the U.S. Geological Survey, 
U.S.Department of the Interior, 1994.  

Geologists sometimes give geologic 
periods different names.  Compare this 
chart with the geologic time scale on page 
23. What difference do you find in the 
naming system used in these two charts?  
Check other textbooks and reference books 
to see if you can find other differences in 
the names given to geologic periods.

remains fossilized were alive at the same time 
that the stratum, or layer, was formed at the 
bottom of a lake or on the ocean floor. The 
deeper the stratum, the more ancient the plants 
and animals.  Some fossils can be found in many 
different strata, while others are only in one 
stratum, corresponding to a certain time period.  
The fossils that can be used to identify different 
strata are called index fossils.

For example, English geologists in Cambria, 
England, identified certain index fossils and called 
the period of history when those fossils formed 
the Cambrian period.  Much later, similar fossils 
were found in layers of rock in the Grand Canyon, 
thousands of miles away.  Therefore, this layer of 
rocks must have formed at the same time as the 
layer discovered in Cambria, England.
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The Geologic Time Scale

More than a century of research on stratigraphy all over the world has 
led geologists to divide the history of Earth into segments of time.  Just as 
we divide the year into months, weeks, days, and minutes, Earth’s time is 
divided into eras, periods, epochs, and eons.  These segments of time make 
up the geologic time scale, which helps us understand geological history 
in the same way that a historical timeline helps us understand the flow of 
human history. (See chart on next page.)

Time periods are distinguished by the kinds of fossils that have been 
found in certain layers of rocks.  Although there are differing interpretations, 
the broad outlines of the geologic time scale, shown on the next page, 
are generally agreed upon. We can interpret the readings of the rocks as 
a work in progress.  The rocks and their fossils offer us the best evidence 
about our planet’s history.  

Notice that eon refers to the longest interval of time on the geologic 
time scale.  The entire history of our planet is divided into four eons:  the 
Hadean eon when there was no life at all, the Archaen eon when the first 
forms of life evolved, the Proterozoic eon when a wide variety of single-
celled life evolved, and finally the Phenerozoic eon—the most recent 570 
million years, when nearly all of the multicellular life forms existed.

The Phenerozoic eon is divided into three 
eras.  You are probably familiar with the Mesozoic 
era, when dinosaurs were the dominant life form 
on our planet.  The Mesozoic ended when 50% 
of all plant and animal families became extinct, 
including all species of dinosaurs.  It is now widely 
believed that the mass extinction was caused by 
an asteroid, some ten kilometers in diameter, 
that struck Earth somewhere near what is today 
the Gulf of Mexico.  An even more catastrophic 
event occurred at the end of the Paleozoic era, 
when about 90% of all plant and animal families 
became extinct. There are many different ideas 
about what caused that massive extinction—the 
greatest of all time—but no one really knows for 
certain what caused it. 

Following the Mesozoic era is the Cenozoic 
era, or the age of mammals—the era in which 
we live.

Each era is divided into periods.  These 
represent important stages in evolution, when 
new types of fossils were found in the layers 
of rocks.  The two most recent periods, the 
Quaternary and Tertiary, are further divided into 
epochs.  In later chapters we’ll revisit these 
periods of time to see how the climate changed 
and how life evolved.

 Early Dating Methods

Once the clues in the rock strata were understood, 
scientists were able to describe a fairly detailed outline 
of Earth’s history.  The various geologic periods were 
known from the rock strata, but just how long ago each 
layer formed remained a mystery.  

In the nineteenth century one method of estimating 
the passage of time was to observe the formation of 
sediments at the mouths of rivers and on the ocean floor, 
and to measure how rapidly the sediment was deposited.  
These observations made it possible to infer how long it 
took for the layers of rock to form. This method yielded 
age estimates in the millions of years, but there were 
too many variables.   For example, in some areas the 
rivers flowed much more rapidly than in other areas, so 
layers of sediment formed more quickly.  Weather also 
made a difference.  During floods the rivers carried 
much more sediment than during droughts, when there 
might be no sediment formation at all.  These time 
estimates were therefore unsatisfactory.  It wasn’t until 
the twentieth century that an accurate time scale could 
be determined.  But the story began a few years before, 
with the discovery of X-rays.
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Eon      Era       Period      Epoch       Years Ago

Holocene

Pleistocene

Pliocene

Miocene

Oligocene

Eocene

Paleocene

Quaternary

Tertiary

Cretaceous

Jurassic

Triassic

Permian

Carboniferous

Devonian

Silurian

Ordovician

Cambrian

Precambrian

Precambrian

Precambrian

Cenozoic
modern 

life forms

Mesozoic
Middle 

life forms

Paleozoic
Ancient  

life forms

Phenerozoic
Multicellular
Plants and

Animals

                11,000

   1.6  million

 5.3  million

 24  million

 37  million

 58  million

 65 million

 144  million

 208   million

 245  million

 286  million

 360  million

 408 million

 438  million 

 505  million

 570  million

   2,500  million

   3,500 million

   4,600  million

Archaen
First Algae

Hadean
No Life

Proterozoic
Single-Cell Life
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Wilhelm Roentgen, in about 1895, with an  X-ray of Mrs. Roentgen’s 
hand.  Photo courtesy of the Health Physics Society.

The Discovery of X-rays

Science is a process that builds on what is known (or thought to be 
known) to explore the unknown. In 1896, Wilhelm Roentgen, a German 
physicist, announced his discovery of 
a previously unknown ray that could 
pass through opaque substances, such 
as paper, wood, and even human flesh.  
He named the phenomenon the X-ray 
because he did not know its source.  
Roentgen’s discovery was sensational 
and received worldwide attention.

Following the discovery of X-rays, 
the eminent French physicist Antoine 
Henri Becquerel began a series of 
experiments to discover the source 
of X-rays, and in the process he 
discovered something else.  He started 
by using uranium salts, a compound 
containing the element uranium which 
is phosphorescent—it glows in the 
dark after being exposed to sunlight.  In 
his first few experiments he wrapped a 
photographic plate with black paper so 
that no light could penetrate to darken 
the film.  He laid uranium salts that 
had been exposed to the Sun on top of 
the black paper.  When he developed 
the film, he found a dark spot where 
the uranium salts had been.  The dark 
spot told him that rays from the glowing 
uranium salts must have penetrated the 
black paper.

When Becquerel attempted to repeat the 
experiment, he again wrapped a photographic 
plate in black paper.  He put a thin piece of 
copper in the shape of a cross on top of the black 
paper and sprinkled the top with uranium salts.  
He expected that when the uranium salts were 
exposed to sunlight they would absorb energy 
from the Sun, and then give off X-rays.  The X-rays 
would darken the photographic plate, except 
where the copper cross was located.

Unfortunately, it was a cloudy day, so he 
placed the material in a cupboard for later use.  
The weather continued to be poor for several days.  
Out of curiosity he developed what he thought was 
a useless plate and found that it had darkened 
anyway, except where it was covered by the 

copper cross.  Becquerel reasoned that something 
in the uranium salts must be producing rays that 
could penetrate the black paper and darken the 
plate, even without sunlight to make the uranium 
salts glow. That meant the rays—whatever they 
were—came from something inside the uranium 
itself.  The rays could penetrate paper and darken 
film, but they could not penetrate a thickness of 
copper.

Becquerel reported to the French Academy 
of Sciences that he had found “rays of a peculiar 
character” coming from uranium compounds.  He 
continued experimenting and wrote more papers 
about his findings, but his work received little 
notice.  It seemed as if everyone’s attention was 
focused on Roentgen’s X-ray.  Partly because 
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The Curies’ Discovery of Radioactive Elements

Marie Curie in her laboratory, approximately 1920.  
The inset photo is her favorite picture of her husband, 

Pierre, with whom she shared the Nobel Prize.   
Photo courtesy of the Health Physics Society.

Becquerel’s mysterious rays were neglected 
and offered something new to investigate, 
Marie Curie decided to make them the subject 
of her doctoral dissertation.  

Antoine Henri Becquerel.  
Photo courtesy of the Health Physics Society.

Marie Curie was an extraordinary 
person.  She grew up in Poland at a 
time when women were not allowed to 
attend college.  She and her sister joined 
a group of young people in Warsaw who 
met secretly in homes of supporters to 
discuss new ideas in politics, philosophy, 
and science.  Eventually, in 1891, she 
moved to Paris where she enrolled at 
the Sorbonne, which was one of very 
few universities to admit women.  After 
three years of constant study, she took 
the exams for a Master’s degree in 
physics, and was first in her class.  The 
next year she earned another Master’s 
degree in mathematics.  In 1895 she met 
and married a young French physicist, 
Pierre Curie, who had already made 
important discoveries of his own.
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As her lab notebook showed, Marie Curie started her research on 
Becquerel’s mysterious uranium rays in December 1897, and in February 1898 
she tested various compounds, including pitchblende, a rock that contains 
the element uranium.  Surprisingly, the pitchblende produced even more of 
the rays than pure uranium.  She reasoned that there must be an element in 
the pitchblende that produced even more of the rays than uranium. That is, 
it was more radioactive,  a word invented by the Curies.

At this point Madame Curie’s husband, Pierre, joined in the research. 
Together, their focus was on investigating pitchblende to find out what the 
radioactive substance was.  In order to do that, they had to separate the 
radioactive substance chemically from the rest of the pitchblende ore.  
This was done by a method that Madame Curie invented called fractional 
crystallization.  The process involved grinding and dissolving the minerals in 
the pitchblende, then heating and cooling the liquid until crystals formed—
similar to the way rock candy is made by crystallizing sugar.  Since crystals of 
different minerals form at different temperatures, she was able to separate 
different substances and test each of them for radioactivity.  In this way the 
Curies identified two different radioactive substances:  polonium, which they 
named for her native Poland, and radium, which was strongly radioactive.  

The Curies were not members of the influential Institut de France, 
the academy of science where such important findings would be reported.  
However, Becquerel recognized the importance of their discoveries and 
presented their report for them.  Later, other scientists presented papers 
for the Curies.

The Curies continued their hard work for 
three more years under difficult conditions.  
Originally, their laboratory was in the unheated 
storage area of the school in which Pierre Curie 
taught.  Then, they moved to a larger but poorly 
equipped space with a leaky roof.  Despite the 
limitations, they were able to carry out the careful 
and tedious work of reducing several tons of rock 
to tiny samples of pure polonium and radium.  

Madame Curie completed her dissertation 
with a description of their work and in 1903 was 
awarded a Doctor of Philosophy degree from the 
Sorbonne.  Soon after, the Curies shared the Nobel 
Prize in physics with Becquerel.  Their work was 
going well, but unfortunately, just three years 
later Pierre was killed.  He had collapsed in the 
street and fell under the wheels of a horse-drawn 
vehicle that was unable to stop in time.  Whether 
his exposure to radium contributed to his collapse 
is unknown, since no one knew how dangerous 
radioactivity is.  Madame Curie took over his 
teaching duties at the university and became the 
first woman professor of chemistry.  She continued 
her work with radioactive elements, and in 1911 
she was awarded her own Nobel Prize in chemistry.  
She died in 1934 of leukemia.  

It is interesting to note that in 1897 Madame 
Curie gave birth to her daughter Irene.  After Irene 
grew up, she became an assistant in her mother’s 
laboratory and married another research worker 
there, Frederic Joliot.  He  added the name of 
Curie to his own because his in-laws had no sons 
to carry on the Curie name.  Working together, 
Irene and Frederic Joliot-Curie discovered how to 
make elements that were not radioactive produce 
radioactive rays.  They received the Nobel Prize in 
chemistry in 1935.  Irene died in 1956 of leukemia, 
the same disease that had killed her mother.  It 
is believed that their leukemia might have been 
caused by overexposure to radioactive rays.
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When 
a 
uranium 
atom decays 
to lead, it goes 
through many intermediate steps.  This 
diagram shows an abridged version of 
the decay process of uranium-238 to a 
stable isotope of lead-206. Adapted from 
Understanding Radioactivity by Lorus 
J. Milne and Margery Milne, illustrated by 
Bruce Hiscock, 1989.

The discovery of radioactivity 
made it possible to finally measure the 
age of rocks and then to construct a 
time scale of Earth’s history.  Although 
rock types had been recognized for some 
time and fossils helped in identifying which 
strata were older and which were younger, 
determining the age of Earth using a scientific method 
was not possible before the discovery of radioactivity.

Radioactive Decay

There are 92 naturally occurring elements.  Most of these are 
stable.  That is, the atoms of these elements retain their constituent 
parts—protons, neutrons, and electrons—indefinitely.  However, 
radium, uranium, and a few other elements spontaneously eject 
particles from the interior of the atom and become a different kind 
of element.  An atom of uranium, for example, gives off several 
particles and becomes an atom of lead.  This process is called 
radioactive decay.

The atoms in a radioactive element do not decay all at 
once.  It is impossible to predict when any single atom will decay.  
However, the rate of decay —the speed at which a sample of 
uranium turns into lead—can be measured and predicted.  A good 

analogy is the prediction of automobile accidents.  It is 
impossible to predict when any given automobile will be 
involved in an accident.  However, it is not difficult to 
predict approximately how many accidents will occur, 
on average, every day in the United States. 

Rate of decay for radioactive materials is generally 
given in terms of half-life.  Half-life is the amount 
of time it takes for half of the atoms in a sample to 
decay.  The half-life of uranium is 4.5 billion years.  
Measurements of the relative amounts of uranium and 
lead in very old rocks and meteorites have led to the 
conclusion that Earth formed about 4.6 billion years 
ago.

Another element of great use to geologists is a 
radioactive form of potassium that gradually turns into 
argon—a gas.  The half-life of radioactive potassium is 
1.3 billion years.  Potassium is one of the constituents 
of the mineral mica.  Mica is sometimes found in layered 
sheets as a brittle, transparent mineral.  Like other 
crystals, mica formed out of molten rock.  While it 
was molten, bubbles of argon gas would have escaped.  
But after the mica crystallized, the argon would have 
been trapped inside.  So, the method of potassium-
argon dating establishes how long it has been since 
the material being analyzed was molten.

Conclusion
Both stratigraphy and radioactivity are 

essential tools in figuring out the geologic time 
scale.  Only some isotopes of some elements 
are radioactive.  Of those, only a few have 
a half-life that is long enough to be useful in 
dating.  Therefore, geologists are not able to 
find accurate dates for all rocks.  However, by 
dating rock layers that do contain pitchblende, 
mica, or other rocks that contain radioactive 
isotopes, geologists can then infer the ages of 
the rock layers in between.

Thanks to the discovery of radioactivity 
by Antoine Henri Becquerel, Marie and Pierre 
Curie, and many others, geologists can now 
determine the age of certain types of rocks 
and gases.  Wherever such rocks or gas bubbles 
are found embedded in a rock formation, the 
age of the formation can be determined.  This 
approach has made it possible to construct the 
geologic time scale.

What Radioactivity Meant to Geologists
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Investigation

Simulating Half-Life 
Decay With Pennies

In order to better understand how the idea of half-life is used in dating rocks, you can experiment 
with a simulated radioactive substance that we will call “pennyonium.”   A sample of pennyonium 
consists of 100 pennies.  Atoms of pennyonium decay to lead by emitting high energy particles.  In 
this activity you will need to work as a member of a 2- or 3-person team.

Materials
100 pennies     1 small box with a lid

Procedure
1.  Create a chart and graph for collecting data 

as shown below.  

2. Put all the pennies into the container.  
Imagine that the pennies represent atoms of 
pennyonium, which has a half-life of 1,000 
years.

3.  Put on the lid, shake the container, and drop 
the coins onto a table. Remove the coins that 
are tails up.  These coins represent the atoms 
that have decayed to lead during the first 1,000 
years.  

4. Count the number of heads-up coins remaining.  
Enter this number in the data table to show 
how many atoms of pennyonium remain.

5. Repeat steps 2 and 3 until there is just one coin 
or none remaining.  Each shaking represents 
another 1,000 years.

6. Graph your results.  On the vertical axis plot 
the number of coins remaining after each 
period of 1,000 years.  On the horizontal axis 
plot the number of years that took place in 
your experiment.  

Number of Years   Atoms of

 Since Sample   Pennyonium

 Formed   Remaining    

         0       100

     1,000

     2,000

     3,000

     4,000

     5,000

       etc.

Questions for Thought

1. Compare your graph with graphs of other teams.  
Try to explain similarities and differences that 
you notice.

2. How many years did it take for the sample to 
decay from pure pennyonium to lead?

3. How many years passed before approximately 
half the sample decayed?  

4. Imagine that you find a sample of pennyonium 
in a layer of rock and analyze it.  You find that 
out of 100 atoms, 13 are pennyonium and 87 are 
lead.  How long do you think it has been since 
that layer of rock formed?  Explain how you ar-
rived at your answer.

For new material relating to this chapter, please see the GSS website 
“Staying Up To Date” page:  
http://www.lawrencehallofscience.org/gss/uptodate/3lc/ 
We invite you to send us new articles for the "Staying Up To Date" 
web page for this chapter.  Articles may be from local newspapers, 
magazines, websites, or other sources that you think would be of interest 
to classrooms around the country. To send us articles please go to the 
link http://lhs.berkeley.edu/gss/uptodate/newarticle.html and find the 
"Submit New Article" button. 

http://www.lawrencehallofscience.org/gss/uptodate/3lc
http://lhs.berkeley.edu/gss/uptodate/newarticle.html



