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∙∙ Chapter 3: Incorporated new understanding of seis-

mic waves and fault behavior; expanded discussion of 

stress vs. strain; added discussion of power laws; dis-

cussed significance of very small earthquakes; revised 

In Greater Depth: F = ma.

∙∙ Chapter 4: Updated tables; revised map figures.

∙∙ Chapter 5: Added discussion of Ridgecrest earthquakes 

of 2019 to show new pattern of fault movements, 

including new figure; added FEMA annualization 

of earthquake losses in U.S. with new figure; revised 

discussion of Oklahoma earthquake magnitude and 

frequency; updated discussion of earthquake warning 

systems; added Hawaii 2018 magnitude 6.9 earthquake.

∙∙ Chapter 6: Added new section on anatomy of a magma 

body, with new line art; expanded discussion of Naples/

Campi Flegrei eruption potential; added table of Vesu-

vius eruption history; expanded discussion of VEI; 

added discussion of supervolcanoes; added photo of 

Mount Redoubt.

∙∙ Chapter 7: Discussed likelihood of Mt. St. Helens future 

eruptions; added White Island, New Zealand eruption, 

which killed 24 tourists in 2019; updated discussion of 

Long Valley, California, eruption potential.

∙∙ Chapter 8: Updated tables; expanded discussion of 

breaking waves; added Krakatau Volcano collapse in 

2018.

∙∙ Chapter 9: Expanded section on atmospheric rivers, 

including new figure and table; expanded discussion of 

polar vortex, including new figures.

∙∙ Chapter 10: Updated tables and figures; expanded dis-

cussion of bomb cyclone; compared body heat and wet-

bulb temperatures; replaced derechos case history with 

Branson, Missouri, 2018 tragedy; mentioned huge Iowa 

derecho 2020; new table on lightning deaths.

∙∙ Chapter 11: Updated tables; new section on wind, with 

table; rewrote section on hurricane forecasting; empha-

sized The Big 3: storm surge, wind, inland flooding; 

new section The Slowdown, with new figure.

∙∙ Chapter 12: Updated tables; expanded discussion of 

CO2; new section on marine heat waves; expanded dis-

cussion of volcanism and climate change; new section 

on climate sensitivity; added discussion of methane 

Why Study Natural Disasters?
Natural disasters occur every day and affect the lives of 

millions of people each year. Many students have been 

affected by earthquakes or tornadoes or hurricanes or floods 

or landslides or wildfires or other events. They are interested 

in lectures and images that explain these processes, and 

lively discussions commonly ensue.

During decades of teaching courses at San Diego State 

University, I found that students have an innate curiosity 

about “death and destruction”; they want to know why natu-

ral disasters occur. Initiation of a Natural Disasters course 

led to skyrocketing enrollments that exceeded 5,000 stu-

dents per year. Some of these experiences are described in a 

Journal of Geoscience Education article by Pat Abbott and 

Ernie Zebrowksi [v 46 (1998), pp. 471–75].

Themes and Approach
This textbook focuses on explaining how the normal pro-

cesses of the Earth concentrate their energies and deal heavy 

blows to humans and their structures. The following themes 

are interwoven throughout the book:

∙∙ Energy sources underlying disasters

∙∙ Plate tectonics

∙∙ Climate change

∙∙ Earth processes operating in rock, water, and atmosphere

∙∙ Significance of geologic time

∙∙ Complexities of multiple variables operating simultaneously

∙∙ Detailed and interesting case histories

∙∙ Population growth

New to This Edition
∙∙ Chapter 1: Updated concepts; revised In Greater 

Depth: 1918 Flu; added section on zoonotic diseases; 

added discussion of coronavirus pandemic, 2020-2021; 

updated tables and line art.

∙∙ Chapter 2: Incorporated new understanding of origins 

of Earth and Moon; revised discussion of isostasy. 

Preface
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bursts in Siberia; added discussion of Arctic wildfires; 

new section Climate-Driven Human Migrations.

∙∙ Chapter 13: Updated tables; expanded discussion of 

atmospheric rivers, with new image.

∙∙ Chapter 14: New discussion of western North America 

megafires, 2020; new section on lightning siege wild-

fires; new section on firenadoes; expanded discussion 

of effects of smoke on health; new section, The End of 

Normal; properties at risk in U.S. states, with tables; 

expanded discussion of prescribed fires; updated Aus-

tralia bushfires.

∙∙ Chapter 15: New table on U.S. snow avalanche fatali-

ties by state; expanded discussion of subsidence to 

include Corvette Museum in Kentucky; new paragraph 

on insurance choices.

∙∙ Chapter 16: Expanded discussion of the tragedy of the 

commons; new section on king tides; updated discus-

sion of rip currents; new section on mangrove forests.

∙∙ Chapter 17: Updated statistics; new images.

∙∙ Chapter 18: Extensive revisions and updates of chap-

ter; new or revised sections on the concept of species, 

keystone species, duration of Permian extinction, post-

Cretaceous life recovery, de-extinction; new In Greater 

Depth boxes follow rise and fall of amphibians, dino-

saurs, mammals, and birds.
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The world population of humans continues to increase  

exponentially. Photo of shopping area in New Delhi, India.

donyanedomam/123RF

LEARNING OUTCOMES

The human population is growing rapidly. Natural disasters are 

causing great numbers of deaths and economic losses. After 

studying this chapter you should

•	 recognize the differences between a natural hazard,  
a natural disaster, and a great natural disaster.

•	 be familiar with the processes that cause the deadliest 
natural disasters.

•	 understand the relationship between frequency and 
magnitude of natural disasters.

•	 know the size of the human population.

•	 understand the significance of exponential growth.

•	 recognize the demographic transition of human 
populations.

•	 understand the deadliness of pandemics.

•	 be able to explain the concept of carrying capacity.

OUTLINE

•	 Great Natural Disasters

•	 Human Fatalities and Economic Losses in Natural  
Disasters

•	 Natural Hazards

•	 Overview of Human Population

•	 Future World Population

•	 Carrying Capacity

Mankind was destined to live on the edge of perpetual 

disaster. We are mankind because we survive.
—JAMES A. MICHENER, 1978, CHESAPEAKE, RANDOM HOUSE

CHAPTER 1

Natural Disasters 
and the Human Population
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6      Chapter 1    Natural Disasters and the Human Population

In 2018 there were 315 natural disasters; they killed a 

total of 11,804 people. The worst killer events were 

earthquakes, tsunami, volcanoes, floods, heat waves, 

and wildfires. The 11 deadliest events are listed in table 1.1; 

they occurred in seven different months and nine different 

countries, mostly in Asia. As horrible as the 2018 death total 

is, it is markedly less than the average of 67,572 killed each 

year in the preceding decade (2008 to 2017). All these 

disasters were the result of natural processes operating at 

high energy levels for brief times in restricted areas.

Great Natural Disasters
The Japan earthquake and tsunami in 2011, the Haiti earth-

quake in 2010, and the Myanmar cyclone and China earth-

quake in 2008 combined to kill almost 500,000 people. 

They are examples of great natural disasters: these 

events so overwhelm regions that international assistance is 

needed to rescue and care for people, clean up the destruc-

tion, and begin the process of reconstruction. Great natural 

disasters commonly kill thousands of people, leave hun-

dreds of thousands homeless, and overwhelm the regional 

economy.

Today, in earthquake-active areas of the world, several 

hundred million people live in buildings that will collapse 

during a strong earthquake. An earthquake killing more than 

100,000 people could happen any day in Teheran, Iran; in 

Istanbul, Turkey; or in other large cities. Today, people by 

the millions are moving to the ocean shores, where they can 

be hit by tsunami, hurricanes, and floods. We need to learn 

how to build disaster-resistant communities to lessen the 

human fatalities and economic losses resulting from natural 

disasters.

Human Fatalities and Economic 
Losses in Natural Disasters
The 40 deadliest disasters in the 47-year period from 1970 

to 2019 are shown in table  1.2. The most frequent mega-

killers were earthquakes (23) and hurricanes (10). Notice 

that 30 of the 40 worst natural disasters occurred in a belt 

running from China and Bangladesh through India and Iran 

to Turkey. Nine happened in the Americas but none were in 

the United States or Canada.

What is the correlation between human population den-

sity and the number of natural-disaster deaths? The data 

of table  1.2 paint a clear picture: densely populated Asia 

dominates the list of fatalities. The Asian experience offers 

a sobering view of what may befall the global population 

of humans if we continue our rapid growth. Where humans 

are concentrated, disasters can kill many more people during 

each high-energy event.

THE ROLE OF GOVERNMENT IN  
NATURAL-DISASTER DEATH TOTALS
As the global population of humans increases, the num-

ber of deaths by natural disasters is expected to rise, but 

the relationship has complexities. Analyses by Gregory 

van der Vink and students at Princeton University show 

that between 1964 and 1968, about 1 person in 10,000 was 

killed by a natural disaster. Between 2000 and 2004, even 

though the population of humans doubled, the death rate by 

natural disaster dropped to about 1 person in 100,000. Yet, 

great natural disasters still result in horrific death totals in 

some countries. What relationships, in addition to popula-

tion size, explain the locations of great natural disasters? 

Their study compared natural-disaster deaths to the lev-

els of democracy and economic development within 133 

nations with populations greater than 1 million that expe-

rienced five or more natural disasters between 1964 and 

2004. Democracy is assessed by the World Bank’s Democ-

racy Index, and economic development by gross domestic 

product (GDP).

The Princeton researchers state that more than 80% of 

deaths by natural disasters between 1964 and 2004 took 

place in 15 nations, including China, Bangladesh, and 

Indonesia. For these 15 countries, 87% are below the 

median democracy index and 73% are below the median 

GDP. The correlation between high GDP and low death 

totals shows exceptions in Iran and Venezuela, two oil-rich 

Fatalities Date Event Country

2,783 28 Sep Earthquake 

(7.5M)/Tsunami

Indonesia

   483 16 Aug Flood (monsoon) India (Kerala)

   468 5 Aug Earthquake 

(6.9M) 

Indonesia

   430 22 Dec Volcano collapse/

Tsunami

Indonesia

   425 3 Jun Volcano Fuego Guatemala

   220 8 Jul Floods Japan

   200 31 Aug Floods Nigeria

   180 22 May Heat wave Pakistan

   151 1 Sep Floods North Korea

   145 25 Feb Earthquake 

(7.5M)

Papua New 

Guinea

   126 23 Jul Wildfire Greece (Attica)

   5,611 Total deaths

Source: Munich Reinsurance Company (2019)

TABLE 1.1

The 11 Deadliest Natural Disasters in 2018
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Fatalities Date/Start Event Country

300,000 14 Nov 1970 Hurricane (Bhola) Bangladesh

255,000 28 Jul 1976 Earthquake (Tangshan) China

245,000 26 Dec 2004 Earthquake and tsunami Indonesia, Sri Lanka, India, Thailand

230,000 12 Jan 2010 Earthquake Haiti

140,000 2 May 2008 Hurricane Nargis Myanmar

140,000 29 Apr 1991 Hurricane Gorky Bangladesh

88,000   8 Oct 2005 Earthquake Pakistan

87,500 12 May 2008 Earthquake (Sichuan) China

66,000 31 May 1970 Earthquake and debris flow (Nevados Huascaran) Peru

55,630 15 Jun 2010 Heat wave and fire Russia

50,000 21 Jun 1990 Earthquake (Gilan) Iran

35,000   Aug 2003 Heat wave Europe

27,000 26 Dec 2003 Earthquake (Bam) Iran

25,000   7 Dec 1988 Earthquake Armenia

25,000 16 Sep 1978 Earthquake (Tabas) Iran

23,000 13 Nov 1985 Volcanic eruption and mudflows (Nevado del Ruiz) Colombia

22,000   4 Feb 1976 Earthquake Guatemala

20,103 26 Jan 2001 Earthquake (Gujarat) India

19,184 11 Mar 2011 Earthquake and tsunami Japan

19,118 17 Aug 1999 Earthquake (Izmit) Turkey

18,000 15 Dec 1999 Flooding and debris flows Venezuela

15,000 19 Sep 1985 Earthquake (Mexico City) Mexico

15,000   1 Sep 1978 Floods (monsoon rains in north) India

15,000 29 Oct 1999 Hurricane (Orissa) India

11,000 22 Oct 1998 Hurricane Mitch Honduras

11,000 25 May 1985 Hurricane Bangladesh

10,800 31 Oct 1971 Hurricane (Odisha) India

10,000 20 Nov 1977 Hurricane (Andhra Pradesh) India

9,500 30 Sep 1993 Earthquake (Marashtra state) India

8,960 25 Apr 2015 Earthquake Nepal

8,135 8 Nov 2013 Hurricane Haiyan Philippines

8,000 16 Aug 1976 Earthquake (Mindanao) Philippines

6,425 17 Jan 1995 Earthquake (Kobe) Japan

6,304   5 Nov 1991 Hurricane Thelma (Uring) Philippines

6,000 Jun 1976 Heat wave France

5,778 21 May 2006 Earthquake (Bantul) Indonesia

5,748 14 Jun 2013 Floods India

5,422 30 Jun 1976 Earthquake (West Irian) Indonesia

5,374 10 Apr 1972 Earthquake (Fars) Iran

     5,300 28 Dec 1974 Earthquake Pakistan

2,059,281 Total deaths

Source: Data from Swiss Reinsurance Company (2020).

TABLE 1.2

The 40 Deadliest Natural Disasters, 1970–2019
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8      Chapter 1    Natural Disasters and the Human Population

nations with significant GDP but low democracy indi-

ces. These exceptions suggest a greater importance for 

democracy than GDP: the stronger the democracy index, 

the lower the death totals from natural disasters. The 

mega-killer natural disasters of recent years fit this trend 

also: Pakistan earthquake in 2005 (88,000 dead), Myan-

mar cyclone in 2008 (140,000 dead), China earthquake 

in 2008 (87,500 dead), and Haiti earthquake in 2010  

(230,000 dead).

In a thought-provoking paragraph in their conclusion, 

van der Vink and students state: “Deaths from natural disas-

ters can no longer be dismissed as random acts of nature. 

They are a direct and inevitable consequence of high-risk 

land use and the failures of government to adapt or respond 

to such known risks.”

HUMAN RESPONSES TO DISASTER
Decades of social science research help us understand how 

most human beings react to natural disasters, and the news 

is good. Our behavior in ordinary times changes follow-

ing disasters. In day-to-day life, most people are primarily 

concerned with their own needs and those of their imme-

diate families; other relationships tend to be more super-

ficial. After a natural disaster, many people change from 

inward-directed concerns to outward-directed actions. 

After an initial response of shock and disbelief, our emo-

tions of sympathy and empathy tend to dominate. Per-

sonal priorities may be set aside and humanitarian and 

community-oriented actions take over. People reach out to 

others; they give aid and comfort to strangers; they make 

great efforts to provide help. Following a natural disaster, 

people become better connected and cohesive; they expe-

rience a heightened and compelling desire to add to the 

common good.

ECONOMIC LOSSES FROM  
NATURAL DISASTERS
The deaths and injuries caused by natural disasters grab 

our attention and squeeze our emotions, but in addition, 

there are economic losses. The destruction and disabling 

of buildings, bridges, roads, power-generation plants, 

and transmission systems for electricity, natural gas, and 

water, plus all the other built works of our societies, add 

up to a huge dollar cost. But the economic losses are 

greater than just damaged structures; industries and busi-

nesses are knocked out of operation, causing losses in 

productivity and wages for employees left without places 

to work.

Insured Portion of Economic Losses
Insurance companies’ coverage of natural disasters extends 

to one-third to one-half of economic losses (table 1.3). 

The greatest economic losses for individual natural disas-

ters come mostly from hurricanes and secondarily from 

earthquakes. The total insurance payments for natural disas-

ters are mostly due to severe weather via summer hurricanes 

and winter storms. The highest insurance dollar payouts 

occur in the United States, Europe, and Japan. Wealthy 

countries are better insured.

The locations of the worst dollar losses are different 

from the worst locations for fatalities (see table 1.2). Natu-

ral disaster deaths are concentrated in densely populated 

Asia.

Natural Hazards
Many sites on Earth have not had a natural disaster in recent 

time, but are hazardous nonetheless. Natural hazards may 

be assessed as the probability of a dangerous event occur-

ring. For example, people migrate and build next to rivers 

that are likely to flood, on the shoreline of the sea awaiting 

a powerful storm, and on the slopes of volcanoes that will 

eventually erupt. Decades, or even centuries, may pass with 

no great disasters, but the hazard remains.

Sites with natural hazards must be studied and under-

stood. Their risks must be evaluated. Then we can try to 

prevent natural hazards from causing natural disasters. 

Remember: Natural hazards are inevitable, but natural 

disasters are not.

In the process of mitigation, we make plans and take 

actions to eliminate or reduce the threat of future death and 

destruction when natural hazards suddenly become great 

threats. The mitigating actions taken to protect us may be 

engineering, physical, social, or political.

Another need for mitigation occurs after great disasters, 

because people around the world tend to reoccupy the same 

site after a disastrous event is done. Earthquakes knock cit-

ies down, and then the survivors may use the same bricks 

and stones to rebuild on the same site. Floods and hur-

ricanes inundate towns, but people return to refurbish and 

again inhabit the same buildings. Volcanic eruptions pour 

huge volumes of magma and rock debris onto the land, 

burying cities and killing thousands of people, yet survi-

vors and new arrivals build new towns and cities on top of 

their buried ancestors. Why do people return to a devastated 

Year Economic Losses Insured Portion

2019 150   52

2018 160   80

2017 340 138

Source: Munich Reinsurance Company (2020)

TABLE 1.3

Insured Portion of Economic Losses  
(in billions of U.S. dollars)
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site and rebuild? What are their thoughts and plans for the 

future? For a case history of a natural hazard, let’s visit  

Popocatépetl in Mexico.

POPOCATÉPETL VOLCANO, MEXICO
Popocatépetl is a 5,452 m (17,883 ft) high volcano that 

lies between the huge populations of Mexico City (largest 

city in Mexico) and Puebla (fourth largest city in Mexico) 

(figure  1.1). The volcano has had numerous small erup-

tions over thousands of years; thus its Nahuatl name,  

Popocatépetl, or Popo as it is affectionately called, means 

smoking mountain. But sometimes Popo blasts forth with 

huge eruptions that destroy cities and alter the course of civi-

lizations. Around the year 822 CE (common era), Popo’s large 

eruptions buried significant cities. Even its smaller eruptions 

have affected the course of human affairs. In 1519, Popo was 

in an eruptive sequence as Hernán Cortéz and about 500 

Spanish conquistadors marched westward toward Tenoch-

titlan, the Aztec capital city. The superstitious Aztec priest-

king Montezuma interpreted the eruptions as omens, and 

they affected his thinking on how to deal with the invasion.

Popocatépetl has helped change the path of history, but 

what is the situation now? Today, about 100,000 people live 

at the base of the volcano; they have been attracted by the 

rich volcanic soil, lots of sunshine, and fairly reliable rains. 

Millions more people live in the danger zone extending  

40 km (25 mi) away. 

Volcanic activity on Popo resumed on 9 January 2005  

with eruptions of ash and gases. The sequence of inter-

mittent eruptions continues today. How do we evaluate 

this hazard? Is this just one of the common multiyear 

sequences of small eruptions that gave the volcano its 

name? Or might these little eruptions be forewarnings of a 

giant killing eruption that will soon blast forth? We cannot 

answer these questions for sure. How would you handle 

the situation? Would you order the evacuation of 100,000 

people to protect them, and in so doing, have them aban-

don their homes, sell their livestock, and leave their inde-

pendent way of life for an unknown length of time that 

could be several years? Or would you explain the conse-

quences of an unlikely but possible large eruption and let 

them decide whether to stay or go? If they decide to stay 

and then die during a huge volcanic blast, would this be 

your fault?

It is relatively easy to identify natural hazards, but as the 

Popocatépetl case history shows, it is not easy to decide how 

to answer the questions presented by this volcanic hazard. 

We are faced with the same types of questions again and 

again for earthquakes, landslides, tornadoes, hurricanes, 

floods, and wildfires.

MAGNITUDE, FREQUENCY,  
AND RETURN PERIOD
Earth is not a quiet and stable body. Our planet is dynamic, 

with major flows of energy. Every day, Earth experiences 

earthquakes, volcanic eruptions, landslides, storms, floods, 

wildfires, meteorite impacts, and extinctions. These energy-

fueled events are common, but their magnitudes vary mark-

edly over space and time.

Natural hazards and disasters are not spaced evenly about 

Earth. Some areas experience gigantic earthquakes and some 

areas are hit by powerful hurricanes; some are hit by both, 

while other areas receive neither.

During a period of several years or even several decades, 

a given area may experience no natural disasters. But given 

enough time, powerful, high-energy events will occur in 

every area. It is the concentrated pulses of energy that con-

cern us here, for they are the cause of natural disasters—but 

how frequent are the big ones? In general, there is an inverse 

correlation between the frequency and the magnitude of a 

process. The frequent occurrences are low in magnitude, 

involving little energy in each event. As the magnitude of an 

event increases, its frequency of occurrence decreases. For 

all hazards, small-scale activity is common, but big events 

are rarer. For example, clouds and rain are common, hur-

ricanes are uncommon.

Figure 1.1  Popocatépetl in minor eruption. The cathedral was 

built by the Spanish on top of the great pyramid at Cholula, an 

important religious site in a large city that was mostly buried by an 

eruption around 822 ce. 

Florian Kopp/imageBROKER/Alamy Stock Photo
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10      Chapter 1    Natural Disasters and the Human Population

Another way of understanding how frequently the truly 

large events occur is to match a given magnitude event 

with its return period, or recurrence interval, which is the 

number of years between same-sized events. In general, the 

larger and more energetic the event, the longer the return 

period.

A U.S. Geological Survey mathematical analysis of 

natural-disaster fatalities in the United States assesses the 

likeliness of killer events. Table 1.4 shows the probabilities 

of 10- and 1,000-fatality events for earthquakes, hurricanes, 

floods, and tornadoes for 1-, 10-, and 20-year intervals, and 

estimates the return times for these killer events. On a yearly 

basis, most low-fatality events are due to floods and torna-

does, and their return times are brief, less than one year. 

High-fatality events are dominantly hurricanes and earth-

quakes, and their return times for mega-killer events are 

much longer than for floods and tornadoes.

Knowing the magnitude, frequency, and return period 

for a given event in a given area provides useful informa-

tion, but it does not answer all our questions. There are 

still the cost-benefit ratios of economics to consider. For 

example, given an area with a natural hazard that puts forth 

a dangerous pulse of energy with a return period of about 

600 years, how much money should you spend construct-

ing a building that will be used about 50 years before being 

torn down and replaced? Will your building be affected by 

a once-in-600-year disastrous event during its 50 years? 

Should you spend the added money necessary to guarantee 

that your building will withstand the rare destructive event? 

Or do economic considerations suggest that your building 

be constructed to the same standards as similar buildings in 

nearby nonhazardous areas?

ROLE OF POPULATION GROWTH
The world experiences significant numbers of great natural 

disasters and increasing economic losses from these events. 

The losses of life and dollars are occurring at the same time 

the global population of humans is increasing (figure 1.2). 

Population growth places increasing numbers of people 

in hazardous settings. They live and farm on the slopes of 

active volcanoes, build homes and industries in the lowlands 

of river floodplains, and move to hurricane-prone coast-

lines. How have the numbers of people grown so large? The 

present situation can best be appreciated by examining the 

record of population history.

Overview of Human Population
The most difficult part of human history to assess is the 

beginning, because there are no historic documents and the 

fossil record is scanty. Fossils of modern humans (Homo 

sapiens) discovered in Ethiopia and South Africa are dated 

older than 160,000 years. Our species appears to have begun 

in Africa about 200,000 years ago. The rate of population 

growth and the number of people alive early in human his-

tory were so small that they cannot be plotted accurately 

on the scale of figure 1.3. The growth from a few thousand 

people 160,000 years ago to more than 7.8 billion people 

in 2020 did not occur in a steadily increasing, linear fash-

ion. The growth rate is exponential. In its beginning, expo-

nential growth seems negligible, then suddenly it becomes 

overwhelming.Likeliness of a 10-Fatality Event

During  

1 Year

During  

10 Years

During  

20 Years

Return  

Time  

(in years)

Earthquake 11% 67% 89% 9

Hurricane 39 99 >99 2

Flood 86 >99 >99 0.5

Tornado 96 >99 >99 0.3

Likeliness of a 1,000-Fatality Event

During 

1 Year

During  

10 Years

During 

20 Years

Return Time 

(in years)

Earthquake 1% 14% 26% 67

Hurricane 6 46 71 16

Flood 0.4 4 8 250

Tornado 0.6 6 11 167

Source: US Geological Survey Fact Sheet (unnumbered).

TABLE 1.4

Probability Estimates for 10- and 1,000-Death 
Natural Disasters in the United States

Figure 1.2  The number of people on Earth continues to grow 

rapidly.

Pat Abbott
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THE POWER OF AN EXPONENT  
ON GROWTH
The most stunning aspect of figure  1.3 is the peculiar 

shape of the human population curve; it is nearly flat for 

most of human time and then abruptly becomes nearly ver-

tical. The marked upswing in the curve shows the result 

of exponential growth of the human population. Possi-

bly the least appreciated concept of present times is what 

a growth-rate exponent does to the size of a population 

over time. Exponential growth moves continuously in 

ever-increasing increments; it leads to shockingly large 

numbers in surprisingly short times. Probably our most 

familiar example of exponential growth occurs when inter-

est is paid on money.

It can be difficult to visualize the results of exponential 

growth when it is expressed only as a percentage over time, 

such as the very small growth rate of the human population 

in 160,000 years or as 7% interest on your money for  

50 years. It is easier to think of exponential growth in terms 

of doubling time—the number of years required for a popu-

lation to double in size given an annual percentage growth 

rate. A simple formula, commonly called the rule of 70, 

allows approximation of doubling times:

	 70
Doubling time (in years) = 

% growth rate/year

Learning to visualize annual percentage growth rates 

in doubling times is useful whether you are growing your 

money in investments or wasting it by paying interest on 

debts (especially at the high rates found with credit-card 

debt). Table 1.5 shows how interest rates affect how quickly 

your money will grow.

Figure 1.3  Human population growth during the past 160,000 years.
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TABLE 1.5

Doubling Times at Some Common  
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THE PAST 10,000 YEARS  
OF HUMAN HISTORY
The long, nearly flat portion of the population curve in  

figure 1.3 certainly masks a number of small-scale trends, 

both upward and downward. The fossil record is not rich 

enough to plot a detailed record, but surely at times when 

weather was pleasant and food from plants and animals 

was abundant, the human population must have risen  

(figure 1.4). Conversely, when weather was harsh, food was 

scarce, and diseases were rampant, the human population 

must have fallen.

The nearly flat population growth curve began to rise 

about 8,000 years ago, when agriculture became estab-

lished and numerous species of animals were domesticated. 

The world population is estimated to have been about  

8 million people by 10,000 years ago. After the develop-

ment of agriculture and the taming of animals removed 

much of the hardship from human existence, the population 

growth rate is likely to have increased to about 0.036% per 

year, yielding a net gain of 360 people per million per year. 

This increased rate of population growth probably caused 

the human population to reach 200 million people by 2,000 

years ago.

As humans continued to improve their ability to modify 

the environment with better shelter and more reliable food 

and water supplies, the world population grew at faster rates. 

From about 1 CE to 1750, world population grew to about 

800 million. Growth occurred at an average rate of 0.056% 

per year, meaning that another 560 people were added per 

million per year.

Throughout the history of the human race, high rates of 

birth were required to offset high rates of infant mortality 

and thus maintain a viable-sized human population. The 

18th century saw many of the intellectual advances that set 

the stage for the present phase of cultural change. At long 

last, the causes of many diseases were being recognized. 

The health necessities of clean water, sanitation, and nutri-

tion led to the principles of public health being established. 

Advances in the medical world, including immunization, 

greatly improved the odds for the survival of individual 

humans through their reproductive years. No longer were 

many mothers and great numbers of children dying during 

childbirth and infancy.

The 18th century saw death rates drop dramatically, 

but birth rates remained high and population doubling 

times dropped dramatically; thus population size soared. 

About 1804, the human population reached 1 billion; by 

1922, it had grown to 2 billion; in 1959, it reached 3 bil-

lion; by 1974, it was 4 billion; by early 1987, it was 5 

billion; in 1999, it reached 6 billion; it passed 7 billion 

in October 2011 (figure  1.5). Notice the decline in the 

number of years it takes for a net gain of another 1 billion 

people on Earth.

Since 1900, more years have been added to average 

human life spans than ever before. First, the increase came 

by reducing child mortality. Second, the number of years 

in old age increased. Before 1800, no country on Earth had 

an average human life span at birth that exceeded 40 years. 

Now the average life span in every country is greater than 

40 years.

The 20th-century growth of the human population is 

unprecedented and breathtaking. The number of humans 

doubled twice—from about 1.5 billion to 3 billion and 

again to more than 6 billion. The increased population used 

16 times more energy, increased industrial output 40 times, 

used 7 times more water, caught 35 times more fish, and 

expanded the cattle population to 1.4 billion. The effect of 

exponential growth is racing ahead. In his book Wealth of 

Nations, published in 1776, Adam Smith said, “Men, like all 

other animals, naturally multiply in proportion to the means 

of their subsistence.”

THE HUMAN POPULATION TODAY
At present, the world population is growing at about 1.1% 

per year for a doubling time of 63 years (table  1.6). The 

1.1% gain is a net figure derived by measuring the birth rate 

(fertility rate) and subtracting the death rate (mortality 

rate). Even after subtracting all the human lives lost each 

year to accidents, diseases, wars, and epidemics such as 

AIDS and Covid-19, the human population still grows 

by more than 80  million people per year. Each year, the 

world population increases by about the total population of 

Germany.

The net growth of the human population can be grasped 

by viewing it on short timescales (figure 1.6). There is a net 

addition of 2.6 people every second, a rate comparable to a 

full jetliner landing a load of new people every minute. The 

monthly net growth of people is about the size of the popula-

tion of Massachusetts.

Figure 1.4  Good weather and plentiful food cause upsurges 

in population; bad weather, disease, and scarce food cause 

downswings in population.
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to moderate death rates and high birth rates; will they go 

through demographic transitions? In demographic transi-

tion theory, both mortality and fertility decline from high 

to low levels because of economic and social development. 

Yet even without significant economic development, Pop-

ulation Reference Bureau estimates of the rates of world 

Future World Population
Today, most of the more-developed countries have gone 

through demographic transitions; they have gone from 

high death rates and high birth rates to low death rates and 

low birth rates. But many less-developed countries have low 

Figure 1.5  Growth of the world population of humans. Notice how the time to add another billion people has decreased. Population grew to  

7.8 billion in 2020 but will exceed 10 billion before 2050.

Source: US Census Bureau.
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Population  

(millions)

Birth Rate  

(per 1,000)

Death Rate  

(per 1,000)

Yearly  

Growth %

Doubling Time  

(in years)

Projected Population  

in 2050 (millions)

World 7,773 19 7 1.1 63 9,876

More-developed 

countries

1,272 10 10 0 — 1,317

Less-developed 

countries

6,501 20 7 1.4 50 8,559

Least-developed 

countries*

1,062 33 7 2.6 27 1,975

Africa 1,338 34 8 2.6 27 2,560

Asia 4,626 17 7 1.0 70 5,331

Europe 747 10 11 −0.1 — 729

Northern America 368 11 8 0.3 233 435

Latin America 651 16 6 1.0 70 759

Oceania 43 17 7 1.0 70 63

*Subset of less-developed countries

Source: World Population Data Sheet (2020).

TABLE 1.6

World Population Data, Mid-2020 
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Figure 1.6  Growth of world population over differing lengths of time.

Source: Modified from US Census Bureau.
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population growth are dropping: from 1.8% in 1990, to 1.6% 

in 1997, to 1.4% in 2000, and to 1.1% in 2020. What is caus-

ing this decrease in fertility? It appears to be due largely 

to urbanization and increased opportunities for women. At 

the beginning of the 20th century, less than 5% of people 

in less-developed countries lived in cities, but by the year 

2020, more than half of the people were living in urban 

areas (table 1.7). This is a change from farmer parents want-

ing many children to work in the fields and create surplus 

food, to city parents wanting fewer children to feed, clothe, 

and educate. Urban women have greater access to education, 

health care, higher incomes, and family-planning materials. 

When presented with choices, many women choose to have 

fewer children and to bear them later. Both of these choices 

lower the rate of population growth.

In the last 50 years of the 20th century, population grew 

from about 2.5 billion to over 6 billion, an increase of  

3.5 billion people. Even with the recent decreases in fertility 

rates, the population explosion is not over. A growth rate of 

1.1% per year will cause the world population of humans 

to exceed 10 billion by the year 2050 (see table  1.6), an 

increase of another 3.5 billion people within 50 years. Popu-

lation growth is not evenly distributed around the world. In 

general, wealthy countries have low or even negative rates 

of population growth. Many poor nations have high rates of 

population growth (figure 1.8).

An important factor in estimating future growth is the 

age distribution of the population (table  1.7). Nearly 30% 

of the population today is less than 15 years old, meaning 

their prime years for childbearing lie ahead. The century 

from 1950 to 2050 will see the world population grow from 

2.5 billion to more than 10 billion people.

The number of births per woman has a dramatic effect 

on human population growth. Starting in the year 2000 with 

a world population in excess of 6 billion people, look at 

three scenarios for population size in the year 2150 based on 

births per woman: (1) if women average 1.6 children, world 

population drops to 3.6 billion; (2) if women average 2 chil-

dren, population grows to 10.8 billion; (3) if women average 

2.6 children, population grows to 27 billion. The difference 

between a world population of 3.6 billion or 27 billion rests 

on a difference of only one child per woman.

DEMOGRAPHIC TRANSITION
The demographic transition model is based on the popula-

tion experiences of economically wealthy countries in the 

past few centuries. Up through the 17th century, a woman 
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Percent of  

Population of Age

      <15         65+ 

Average Number  

of Children Born  

per Woman

Percent  

Urban (cities  

>2,000 people)

Percent of  

Married Women Using  

Modern Contraception

World 26 9 2.3 56 55

More-developed 

countries

16 19 1.6 79 61

Less-developed 

countries

28 7 2.5 51 54

Least-developed 

countries

40 4 4.1 34 34

Africa 41 3 4.4 43 32

Asia 24 9 2.0 51 57

Europe 16 19 1.5 75 63

Northern America 18 17 1.7 82 68 

Latin America 24 9 2.0 79 71

Oceania 23 12 2.3 68 56

Source: World Population Data Sheet (2020).

TABLE 1.7

Data Influencing Future Population, Mid-2020

Side Note

Interest Paid on Money: An Example of Exponential Growth
Compare the growth of money in different situations (figure 1.7). If 

$1,000 is stashed away and another $100 is added to it each year, 

a linear growth process is in operation. Many of the processes 

around us can be described as linear, such as the growth of our 

hair or fingernails.

If, in contrast, another $1,000 is stashed away but this time 

earns interest at 7% per year and the interest is allowed to accu-

mulate, then an exponential growth-rate condition exists. Not only 

does the $1,000 earn interest, but the interest from prior years 

remains to earn its own interest in compound fashion.

Notice that an exponential growth curve has a pronounced 

upswing, or J shape. A comparison of the linear and exponential 

curves in figure 1.7 shows that they are fairly similar in their early 

years, but as time goes on, they become remarkably different. The 

personal lesson here is to invest money now. Smaller amounts of 

money invested during one’s youth will become far more impor-

tant than larger amounts of money invested later in life. Individuals 

who are disciplined enough to delay some gratification and invest 

money while they are young will be wealthy in their later years. 

Albert Einstein described compound interest, the exponential 

growth of money, as one of the most powerful forces in the world.

Here is a riddle that illustrates the incredible rate of exponen-

tial growth; it shows the significance of doubling times in the later 

stages of a system. Suppose you own a pond and add a beautiful 

water lily plant that doubles in size each day. If the lily is allowed 

to grow unchecked, it will cover the pond in 30 days and choke 

out all other life-forms. During the first several days, the lily plant 

seems small, so you decide not to worry about cutting it back until 

it covers half the pond. On what day will that be?
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Figure 1.7  Amounts of money versus time. Compound interest 

(exponential growth) produces truly remarkable sums if given 

enough time.

abb91168_ch01_005-022.indd   15 08/11/21   7:31 PM



16      Chapter 1    Natural Disasters and the Human Population

had to bear several children to have a few survive to adult-

hood and replace the prior generation. Births had to be 

numerous to compensate for the high rates of infant mor-

tality. Beginning in the 18th century, discoveries in public 

health, medicine, and immunization caused the death rate 

to drop dramatically. During this time, birth rates stayed 

high, so overall population grew rapidly. As time passed and 

people realized that most of their children would survive to 

adulthood, birth rates dropped and population stabilized at a 

new and higher level.

The demographic transition takes place in phases:

1.	 Before the transition: high death rates are offset by high 

birth rates to maintain a population.

2.	 During the transition: low death rates coupled with con-

tinuing high birth rates cause population to soar.

3.	 After the transition: low death rates combine with low 

birth rates to achieve a stable population at a signifi-

cantly higher level.

Today the transition is taking place at different rates 

in different countries (figure  1.9). Most of the population 

growth is occurring in the poorest areas of the poorest 

countries. Some of the wealthiest countries now have more 

deaths than births each year.

URBANIZATION AND EARTHQUAKE 
FATALITIES
During the past 500 years, global earthquakes killed about 

5 million people. Average numbers of deaths were about  

1 million per century, or 100,000 per decade. These simple 

averages are misleading because they hide the effects of the 

deadliest earthquakes, such as the 250,000 people killed by 

the Tangshan, China, event in 1976. The mega-killer earth-

quakes of the past 500 years occurred in China, Indonesia, 

Pakistan, Iran, Turkey, Italy, Japan, and Haiti—and they 

may occur there again.

An analysis of the past 500 years by Roger Bilham shows 

that, with an average population of about 1.5 billion people, 

there was one earthquake that killed nearly a million people.  

Figure 1.8  World population by region: 1950, 2002, 2050.

Source: US Census Bureau.
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Figure 1.9  Demographic transition. In mid-2020 the shifts in birth 

rates and death rates vary markedly between countries. Birth and 

death rates are both expressed in number of people per 1,000 each 

year. For example, Niger has 48 births and 10 deaths per 1,000 people 

each year (48:10).

Data from Population Reference Bureau.
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A Classic Disaster

Influenza (Flu) Pandemic of 1918
In July 1914, war broke out in Europe and grew into World War I. 

The countries and empires involved contained about half the peo-

ple in the world. When the war ceased in November 1918, about 9 

million soldiers and 7 million citizens were dead as a direct result 

of the fighting.

As bad as 16 million war deaths sound, a far more deadly nat-

ural disaster began during that time—the influenza pandemic of 

1918–1919. The flu pandemic killed more than 50 million people; this 

was 3% of the world’s population. Estimates of total deaths range up 

to 100 million people. The influenza migrated around the world in 

waves. The first wave began in the spring of 1918 and was relatively 

mild; it caused few deaths. But viruses are not static; they mutate 

and change. The lethal second wave arrived in the fall of 1918 and 

swept through the world; about two-thirds of the deaths worldwide 

occurred between late September and late December. Victims’ lungs 

fill with fluids, causing death by suffocation. A third wave occurred in 

March and April 1919. Most of the victims were healthy young adults 

between 18 and 45 years of age—rather than typical flu victims, who 

are seniors or juveniles. The strategies used to fight the flu in 1918 

sound familiar today—isolation, quarantine, good personal hygiene, 

use of disinfectants, limited public gatherings, and wear masks.

In 1918 the U.S. population was about 103 million. Estimates are 

that about 25% of those people caught the flu, and about 675,000 

of them died. This is a kill rate of 2.7%.

World War I did not cause the flu, but the global movements 

of millions of troops, weakened by stress and battle, increased the 

spread and deadly effects of the virus. Another 3 million soldiers 

died, not from World War I battles, but from influenza. In 1918, chil-

dren skipped rope to this rhyme:

I had a little bird

Its name was Enza

I opened the window

And in-flu-enza.

But with population becoming five times larger at 7.8 billion 

people in the year 2020, million-death earthquakes may 

occur five times as frequently, or about one per century. 

Most of the human population growth, by birth and by 

migration, is occurring in cities in less-developed countries. 

Many of these people are living in poorly constructed build-

ings in mega-cities. Million-death earthquakes are possible 

in a growing number of mega-cities.

DISEASE PANDEMICS
Throughout recorded history, deadly diseases have 

swept throughout the world, killing millions of people 

in pandemics. For example, the bacterium Yersinia pes-

tis, transmitted to humans by fleas, caused the bubonic 

plague—the Black Death that killed about 75 million people 

in Europe in the 14th century.

Viruses have also caused pandemics via smallpox, HIV, 

polio, influenza, and other diseases. For example, in 1918–

1919, with population less than 2 billion, the influenza virus 

A spread around the world, killing more than 50 million 

people. Now, with the human population about 8 billion 

people, with more than 50% of people living in cities, and 

with the rapid movement of people worldwide via jet air-

planes, the potential for new pandemic diseases is high.

Viruses
Viruses are life in the simplest form. They have no cells, 

no bodies, no metabolism of their own. They are genetic 

material (DNA or RNA) coated by fat and protein. A virus 

might have only 4 genes, whereas a bacterium might have 

4,000 genes, and a human 24,000 genes. Viruses cannot 

reproduce by themselves; they must invade a host cell and 

cause the host to reproduce the virus. A virus is alive only 

in the cells of others; it is a virtual organism (software) 

running on borrowed hardware (for example, you) to pro-

duce more copies of its genome. Viruses have killed more 

people, killed more living organisms, than any other type 

of predator.

Zoonotic Diseases  Viruses infect many forms of life, 

including animals, plants, and bacteria. We humans share 

a common pool of viruses with other organisms. Disease-

causing viruses transmitted into humans from other species 

give us zoonotic diseases. For example, the same viruses 

are commonly found in humans, pigs, and birds. There are 

an estimated 1 billion pigs and 20 billion chickens alive 

today. Because humans commonly live and interact with 

pigs and birds, the three-way transfer of viruses among us 

occurs frequently.

Most new human diseases each year are zoonotic; they are 

spillover events from non-human animal hosts. Viruses can 

come directly from animals, domestic or wild, or they can 

be carried by an intermediate species (a vector) that is not 

sick. Viruses transferred to humans include HIV/AIDS from 

chimpanzees, Ebola from bats, SARS from bats through civ-

ets (mongoose), and MERS through camels. After different 

viruses enter a single cell, their genes can form new combi-

nations, creating new types of viruses.

As the rapidly growing human population expands into 

wildlands, there are increasing chances for zoonosis. Farms 

on the edge of forests, duck farms near lakes, markets where 

wild animals are sold to be eaten—these are places where 

zoonotic diseases are likely to emerge. For example, in 1999, 

fruit bats living in a Malaysian forest dropped partially eaten 

fruit into a pig farm next to the forest. Pigs ate the bat saliva 
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covered fruit, and then the pigs transferred the deadly Nipah 

virus into humans.

Bats are unique creatures; they are the only flying 

mammal, and they have an amazing ability to host viruses 

without becoming diseased. Bats have evolved an internal 

system using both defense to, and tolerance of, viruses; 

they are the reservoir host of innumerable viruses. There 

are 1,422 recognized species of bats; they exist in all envi-

ronments except polar regions. Bats provide valuable ser-

vices to life such as pollination, seed dispersal, and insect 

control. Humans could learn much from bats about virus 

control.

Influenza A Viruses  Influenza A viruses cause recur-

rent epidemics and pandemics, as in 1918–1919. Type A 

viruses examined on the basis of their haemagglutinin (HA) 

and neuraminidase (NA) molecules are divided into 18 HA  

subtypes (H1 to H18) and 11 NA subtypes (N1 to N11). 

In 2005, researchers reported the results of a study of the  

1918–1919 influenza virus collected from samples pre-

served from World War I flu-victim soldiers and from his-

toric individuals buried in Arctic permafrost (frozen soil). 

The 1918–1919 influenza was type A (H1N1), a subtype 

with an early history in birds.

Early in 2009, a flu epidemic broke out near La Gloria 

in the state of Veracruz, Mexico. By 23 April 2009, 23,000 

cases had been reported. By 7 May 2009, the flu had spread 

to become a pandemic, with cases identified in 21 coun-

tries on five continents. Laboratory analyses showed that 

this new virus was type A (H1N1) and was made up of 

genes from four different flu viruses: from North Ameri-

can pigs (30.6%), Eurasian pigs (17.5%), North American 

birds (34.4%), and humans (17.5%). People were worried. 

Could this virus evolve into as big a killer as the one in 

1918–1919?

Analysis of H1N1 deaths in 2009 from 214 countries 

showed 44,100 deaths—a significant total, but far less 

severe than in 1918. Like the 1918 influenza, though, most 

of the deaths occurred in young people; 73% of deaths were 

people 29 years old and younger. The death percentages by 

age groups include:

∙∙ 37% were 10 to 19 years old

∙∙ 22% were less than 9 years old

∙∙ 14% were 20 to 29 years old

In the reverse of a typical flu year, people 60 years old 

and older suffered only 3% of the deaths. If one views the 

2009 H1N1 figures as deaths only, then it was not as bad a 

year as had been feared. But if one considers the number 

of years of life lost by the young victims, then the 2009 

pandemic would be more equivalent to 250,000 deaths in a 

typical flu year. It was a disease of the young.

Coronaviruses  Coronaviruses are not the same as influ-

enza viruses; they belong to a completely different group 

of viruses. Coronavirus-caused diseases range from the 

common cold to deadly respiratory infections. A disease-

causing novel coronavirus was recognized in December 

2019 in Wuhan, China. On 11 January 2020 the genome of 

the novel coronavirus was published by the Chinese. The 

new virus spread quickly. On 30 January 2020, after 18 

countries reported infections, the World Health Organiza-

tion (WHO) declared a Public Health Emergency of Inter-

national Concern, its highest level of alarm. By late March 

2020, in less than three months, global cases of Covid-19 

reached one million. In another three months, by late June 

2020, it took less than one week for a million new cases. 

Again, we see the effect of exponential growth. The disease 

spread rapidly into a global pandemic.

This novel coronavirus is SARS-CoV-2 (figure 1.10); 

it causes a disease called Covid-19. The new virus is 96% 

identical to a virus found in horseshoe bats living in Yunnan 

Province, China. The bat virus could evolve by simple muta-

tions or by swapping genetic material with other bat species 

or within other animals such as pangolins (scaly anteaters). 

The city of Wuhan has wet markets where wild animals, 

including bats and pangolins, are sold to be eaten by people. 

Wet markets are incubators for viruses. Humans handling 

and eating wild animals may have started the pandemic.

The city of Wuhan also hosts the Wuhan Institute of 

Virology, a leading collector of wild bat coronaviruses. 

Research, such as gain-of-function experiments, could mod-

ify coronaviruses into more dangerous varieties that may 

have escaped from the laboratory.

Viruses can spread easily within the human population. 

Small incidents can have large effects on the future. As an 

early example, on 17 March 2020 in Mount Vernon, Wash-

ington, at a choir practice involving 61 people, one infected 

person unknowingly passed the virus on to 52 people; two of 

them died. This was a superspreader event.

The coronavirus initially settles in the respiratory 

tract—the nose, mouth, and lungs. But Covid-19 is not a 

typical respiratory system infection. It can affect the entire 

Figure 1.10  SARS-CoV-2 virus. Spikes on the outer surface of the 

virus link up with human cell receptors, enabling the virus to enter 

human cells, just like a key opening a lock. 

Source: Centers for Disease Control and Prevention.

Alissa Eckert, MS; Dan Higgins, MAMS/CDC.
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ecosystem. Ultimately, population growth is controlled 

by negative feedbacks such as starvation, predation, and 

disease.

Ireland in the 1840s
Ireland in the 1840s provides a human example of carrying 

capacity. The European explorers of the 1500s brought the 

potato back from South America. The potato is a highly 

nutritious food. A diet of potatoes, milk (from animals fed 

potatoes), and greens constitute a nutritionally complete 

diet. An acre of potatoes could feed an Irish family of six 

for a year. In Ireland, the potato was the wonder crop that 

allowed a child-loving population to grow explosively. By 

1841, Ireland’s population had grown well past 8 million, 

with nearly half the people surviving wholely or mostly 

on potatoes. In 1845, heavy spring rains aided growth 

and spread of a fungal infestation, the potato blight, 

which caused potatoes to rot during storage. But when the 

potatoes rotted there was no substitute food. Malnourish-

ment became common. Then the winter of 1846–1847 hit 

with unusual severity, causing weakened people to suffer 

even more. The toll was severe: a million people died from 

disease, and another 1.5 million people emigrated. Dur-

ing their emigration to the United States and Canada, 1 in  

7 people died.

The carrying capacity of Irish land increased for humans 

when the potato arrived. Potato plants covered the lands, 

even extending into bogs and up steep mountain slopes. The 

human population fed by the increased food supply grew 

rapidly. But when the potato supply dropped suddenly, so 

did the human population. The human population in Ireland 

today is less than it was in 1845.

Easter Island (Rapa Nui)
Easter Island (Rapa Nui) is a triangular-shaped, volcanic land 

with an area of about 165 km2 (64 mi2). It lies over 2,000 km 

(1,240 mi) east of Pitcairn Island and over 3,700  km  

(2,300 mi) west of Chile (figure 1.11). Easter Island is iso-

lated; it has high temperatures and humidity, poorly drained 

and marginal soils, no permanent streams, no terrestrial 

mammals, about 30 native plant species including trees in 

locally dense growths, and few varieties of fish in the sur-

rounding sea. Year-round water is available only in little 

lakes within the volcano caldera.

About 1,000 years ago, seafaring Polynesian people 

arrived on Rapa Nui with 25 to 50 settlers. They were part 

of the great Polynesian expansion outward from southeast 

Asia that led them to discover and inhabit islands from 

Hawaii in the north to New Zealand in the southwest and to  

Rapa Nui in the southeast. The wide-ranging voyagers colo-

nized islands over a Pacific Ocean area more than twice the 

size of the United States.

The colonizers of Rapa Nui brought chickens and rats, 

along with several of their food plants. The climate was 

too severe for most of their plants except the yam. Their 

body. It commonly causes a huge inflammatory response 

from the immune system (a cytokine storm), which can 

lead to organ failure. It can invade a layer of cells inside 

the blood vessels, causing blood clots to form in the lungs, 

heart, and brain. These problems can lead to pneumonia, 

heart attack, stroke, organ failures, and death. It is a com-

plicated disease that does not affect everyone in the same 

way. It is probably here to stay as an endemic disease that 

must be dealt with each year via vaccines and therapeutics, 

as we do with the flu and the common cold. 

On 11 March 2021, the one-year anniversary of the 

declared pandemic, there were more than 118 million con-

firmed cases globally with more than 2.6 million deaths. 

The United States had 29 million confirmed cases with 

more than 525,000 deaths. With about 4% of the world’s 

population the U.S. suffered more than 20% of the Covid-

19 deaths.

Analysis by the U.S. Center for Disease Control in mid-

October 2020 showed that U.S. Covid-19 death percentages 

by age groups were:

∙∙ 1% were <1 to 34 years old

∙∙ 7.4% were 35 to 54 years old

∙∙ 34.4% were 55 to 74 years old

∙∙ 57.2% were 75 and older

More than 91% of the deaths were people 55 years and older. 

It is a disease of the old.

Carrying Capacity
How many people can Earth support? At this time, the 

question is unanswerable. Nonetheless, many people worry 

about dangers resulting from the unprecedented growth of 

the human population, such as more and greater natural 

disasters, increased global warming, decreasing supplies 

of fresh water, increased pollution, increased desertifica-

tion, and the increased rate of extinction of species. Other 

people see no big problems and point out that humans have 

already increased the carrying capacity of Earth via agricul-

ture, water storage and purification, and advances in public 

health; they feel that any upcoming problems will be solved 

just like others have been in the past.

In the natural world, biologists studying carrying 

capacity of the environment for individual species of 

mammals, birds, frogs, and other animals find that popu-

lation size is regulated by the resources available. For 

example, when a resource such as available food increases, 

a feeding population grows in size. If that food resource 

decreases due to drought, competition, or other causes, the 

population dependent on that food dies back and decreases 

in numbers.

A fundametal principle of biology is that a population of 

animals cannot increase forever because they live in a finite 
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resulting diet was based on easily grown chickens and yams, 

along with seabirds and their eggs. Housing was fashioned 

using wood from native trees; the people had lots of free 

time.

The islanders used their free time to develop a complex 

social system divided into clans that practiced elaborate 

rituals and ceremonies. Their customs included competition 

between the clans in shaping and erecting mammoth statues. 

The statues were carved out of volcanic rock using obsidian 

(volcanic glass) tools. The statues (moai) were more than 

6 m (20 ft) high, weighed about 15 tons apiece, and were 

erected on ceremonial platforms (ahu) (figure 1.12).

The peak of the civilization occurred about 1550 CE, 

when the human population had risen to about 7,000; stat-

ues numbered more than 600, with half as many more being 

shaped in the quarries. But from its peak, the civilization 

apparently declined rapidly as first witnessed by the crew 

of a Dutch ship on Easter Sunday, 5 April 1722. The Euro-

peans reported finding about 2,000 people living in caves 

in a primitive society engaged in warfare. What caused this 

cultural collapse? It appears that human activities so over-

whelmed the environment that it was no longer able to sup-

port the greatly enlarged human population. The customs 

of society dissolved in the fight of individuals and clans to 

survive.
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Figure 1.11  Easter Island (Rapa Nui) is an isolated outpost of 

Polynesian civilization nearly lost in the vast Pacific Ocean.

Figure 1.12  Rapa Nui inhabitants spent much of their 

energy creating giant statues (moai).

Adalberto Rios Szalay/Sexto Sol/Getty Images

Carving the giant statues had not been particularly dif-

ficult, but transporting them was physically and environ-

mentally strenuous. Trees were cut down and placed under 

statues as rollers. Islanders pushed the heavy statues from 

the quarry and levered them onto their ceremonial platforms. 

The competition between clans to create the most statues 

helped destroy the forests. Without trees, houses could not 

be built, and people had to move to caves. There was lit-

tle fuel for cooking or to ward off the chill of colder times. 

Soil erosion increased and agricultural production dropped. 

Without trees, there were no canoes, and so islanders caught 

fewer fish. Without canoes, there was no escape from the 

remote and isolated island. Seabirds were overkilled, thus 

reducing egg collection for food and guano mined for fer-

tilizer. As food resources declined, the social system col-

lapsed, and the statue-based religion disintegrated. Clans 

were reduced to warfare and cannibalism in the struggle for 

food and survival.

Competition between clans was so consuming that they 

did not consider the health of the environment and thus paid 

a price: the human population on the island collapsed. Easter 

Island is one of the most remote inhabited areas on Earth, 

a tiny island virtually lost in the vast Pacific Ocean. When 

problems set in faster than the Rapa Nui customs could solve 

them, there was no place to turn for help, no place to escape. 
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At present, after subtracting deaths from births, world 

population increases 1.1% per year for a doubling time of 

63 years.

Much hope is placed in the demographic transition 

model, which holds that economic wealth, combined with 

knowing that one’s children will survive, leads to dra-

matic drops in birth rates. This model holds for some 

more-developed countries. Some less-developed coun-

tries are experiencing drops in birth rates, presumably 

due to urbanization and more choices for women. Even at 

lower rates of growth, human population is likely to exceed  

10 billion before 2050. The rapid growth in human population 

sets the stage for mega-death earthquakes and hurricanes.

New flu viruses are commonly created where people 

live closely with birds and pigs. These new viruses, which 

have the potential to kill millions of people, can rapidly 

spread around the world.

Carrying capacity is an estimate of how many individuals 

of a species the environment can support. How many people 

can Earth support? The answer is not known, but it is the sub-

ject of much debate.

Terms to Remember
carrying capacity  19

CE  9

coronavirus  18

cyclone  6

demographic transition  13

earthquake  6

energy  6

epidemic  18

exponential growth  11

fertility  12

frequency  9

great natural disaster  6

influenza  17

magnitude  9

mitigation  8

mortality  12

natural disaster  6

natural hazard  8

Summary

Great natural disasters killed almost 500,000 people in four 

recent events: 2011 Japan earthquake and tsunami, 2010 

Haiti earthquake, 2008 hurricane in Myanmar, and 2008 

earthquake in China. Over time, the two deadliest events are 

tropical storms (hurricanes) and earthquakes. In 2019, the 

known economic losses from natural disasters were about 

US$150 billion. The long-term trend is for economic losses 

to increase.

Natural hazards exist in areas of obvious danger, such as 

cities built on the slopes of active volcanoes or on the flood-

plains of rivers. For these sites, it is only a matter of time 

before the hazard is realized as a disaster. At any one site, 

the greater the magnitude of a disaster, the less frequently it 

occurs. Large disasters have longer return periods.

The curve describing the history of human population 

growth is flat to gently inclined for 160,000 years, and then 

it rises rapidly in the last three centuries. In the past, women 

bore numerous children, but many died, so overall population 

growth was slow. With the arrival of the scientific-medical 

revolution and the implementation of the principles of public 

health, the human population has soared. Birth rates remain 

high in much of the world, even though death rates have 

plummeted. The population reached 1 billion in about 1804, 

2 billion in 1922, 3 billion in 1959, 4 billion in 1974, 5 billion 

in 1987, 6 billion in 1999, and it passed 7 billion in 2011.

A steeply rising growth curve is exponential; in terms 

of population, more people beget ever more people. One 

way to visualize exponential growth is by using doubling 

time, the length of time needed for a population to double in 

size. Doubling times can be approximated by the rule of 70:

	 70
Doubling time (in years) = 

% growth rate/year

Figure 1.13  Earth is an isolated island nearly lost in the vast 

“ocean” of the universe.

Pat Abbott

The carrying capacity of the land had been exceeded, and 

the human population suffered. What lesson does Easter 

Island have for the whole world? Earth is but a tiny island 

lost in the vast ocean of the universe (figure  1.13); there 

is no realistic chance of the human population escaping to 

another hospitable planet.

The Easter Island example raises interesting philo-

sophical questions. If climate change decreases global 

food production, causing the human population to exceed 

Earth’s carrying capacity, could human value systems 

change fast enough to solve the problem? If all the peo-

ple on Earth had to face the Easter Island situation, how 

would we fare?
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pandemic  17

return period  10

spillover event  17

tsunami  6

virus  17

volcano  9

zoonosis  17

zoonotic disease  17

Questions for Review
1.	 What types of natural disasters killed the most people in the 

past 40 years? Where in the world are deaths from natural 

disasters the highest? Where in the world are insurance losses 

from natural disasters the highest?

2.	 What is a great natural disaster?

3.	 What is the difference between a natural disaster and a natural 

hazard? How do economic losses differ from insured losses?

4.	 For nations, what is the relationship between natural-disaster 

deaths, gross domestic product, and level of democracy?

5.	 What is the relationship between the magnitude of a given 

disaster and its frequency of occurrence?

6.	 Draw a curve showing the world population of humans in 

the past 100,000 years. Why has the curve changed shape so 

dramatically?

7.	 Explain the concept of exponential growth.

8.	 What is the size of the world population of humans today? 

Extrapolating the current growth rate, what will the 

population be in 100 years? In 200 years? Are these large 

numbers environmentally realistic?

9.	 What are the population doubling times given these annual 

growth rates: Africa, 2.4%; world, 1.2%?

10.	 For nations, what are demographic transitions?

11.	 How much time does it take for a flu pandemic to infect 

people all around the world?

12.	 What is the relationship between earthquake fatalities and 

cities?

13.	 Explain the concept of carrying capacity for a species. What 

processes might limit the numbers of a species?

14.	 How does a virus differ from other life forms?

15.	 What are zoonotic diseases? What are some domestic 

animals that humans commonly transmit viruses to and 

receive viruses from? What are some wild animals that carry 

viruses that infect us?

Questions for  
Further Thought

1.	 Would we call a large earthquake or major volcanic eruption a 

natural disaster if no humans were killed or buildings destroyed?

2.	 Which single disaster could kill the most people—a virus  

pandemic, an earthquake, or a hurricane?

3.	 Could global building designs be made disaster-proof, thus 

reducing the large number of fatalities?

4.	 What is the carrying capacity of Earth for humans—that is, 

how many humans can Earth support? What factors are most 

likely to slow human population growth?

5.	 Compare the rate of change of human populations to the rate 

of change in religious and cultural institutions. Can religious 

and cultural institutions change fast enough to deal with 

world population growth?

6.	 Evaluate the suggestion that the overpopulation problem on 

Earth can be solved by colonizing other planets.

7.	 Is a nation’s destiny determined by its demographics?

8.	 Is a virus alive?
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LEARNING OUTCOMES

Internal energy has caused the Earth to differentiate into layers. 

Throughout the Earth, materials move vertically and horizontally. 

After studying this chapter you should

•	 know the layering of the Earth and how it formed.

•	 be familiar with the sources of energy inside the Earth.

•	 understand the behavior of materials.

•	 be able to explain how plate tectonics operates.

•	 comprehend Earth’s magnetic field and the evidence it 
provides for plate tectonics.

•	 know the age of the Earth and how it is determined.

•	 appreciate the thought processes used to understand 
the Earth.

OUTLINE

•	 Origin of the Sun and Planets

•	 Earth History

•	 The Layered Earth

•	 Internal Sources of Energy

•	 Age of Earth

•	 Plate Tectonics

•	 The Grand Unifying Theory

•	 How We Understand Earth

Such superficial parts of the globe seemed to me unlikely to happen if the 

Earth were solid to the centre. I therefore imagined that the internal parts 

might be a fluid more dense, and of greater specific gravity than any of the 

solids we are acquainted with; which therefore might swim in or upon that 

fluid. Thus the surface of the globe would be a shell, capable of being broken 

and disordered by the violent movements of the fluid on which it rested.
—BENJAMIN FRANKLIN, 1780

CHAPTER 2

Internal Energy  
and Plate Tectonics

Satellite view of Arabia moving northeast away from Africa.

Source: NOAA/NGDC
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As described in the Prologue, energy flows upward 

and outward from the interior of the Earth. At 

the surface of the Earth we feel this energy where it is 

released as earthquakes and volcanic eruptions. In order 

to understand these natural disasters, we need to know 

what is going on inside the Earth and how plate tectonics 

operates.

Origin of the Sun and Planets
Impacts of asteroids, comets, and meteorites are not rare 

and insignificant events in the history of our Solar System; 

they probably were responsible for its formation. The most 

widely accepted hypothesis of the origin of the Solar System 

was stated by the German philosopher Immanuel Kant 

in 1755. He thought the Solar System had formed by the 

growth of the Sun and planets through collisions of matter 

within a rotating cloud of gas and dust.

The early stage of growth began within a rotating  

spherical cloud of gas, ice, dust, and other solid debris 

(figure 2.1a). Gravity acting upon matter within the cloud 

attracted particles, bringing them closer together. Small 

particles stuck together and grew in size, resulting in 

greater gravitational attraction to nearby particles and thus 

more collisions. As matter drew inward and the size of 

the cloud decreased, the speed of rotation increased and 

the mass began flattening into a disk (figure  2.1b). The 

greatest accumulation of matter occurred in the center of 

the disk, building toward today’s Sun (figure  2.1c). The 

two main constituents of the Sun are the lightweight ele-

ments hydrogen (H) and helium (He). As the central mass 

grew larger, its internal temperature increased to about 

1,000,000 degrees centigrade (°C), or 1,800,000 degrees 

Fahrenheit (°F), and the process of nuclear fusion 

began. In nuclear fusion, the smaller hydrogen atoms 

combine (fuse) to form helium, with some mass converted 

to energy. We Earthlings feel this energy as solar radia-

tion (sunshine).

The remaining rings of matter in the revolving Solar Sys-

tem formed into large bodies as particles continued collid-

ing and fusing together to create the planets (figure 2.1d). 

Late-stage impacts between ever-larger objects would have 

been powerful enough to melt large volumes of rock, with 

some volatile elements escaping into space. The inner plan-

ets (Mercury, Venus, Earth, Mars) formed so close to the 

Sun that solar radiation drove away most of their volatile 

gases and easily vaporized liquids, leaving behind rocky 

planets. The next four planets outward (Jupiter, Saturn, 

Uranus, Neptune) are giant icy bodies of hydrogen, helium, 

and other frozen materials from the beginning of the Solar 

System.

Figure 2.1  Hypothesis of the origin of the Solar System. (a) Initially, a huge, rotating spherical cloud of ice, gas, and other debris forms.  

(b) The spinning mass contracts into a flattened disk with most of its mass in the center. (c) Planets grow as masses collide and stick together.  

(d) The ignited Sun is surrounded by planets. Earth is the third planet from the Sun.

(a) (b)

(c) (d)
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IMPACT ORIGIN OF THE MOON
Large impacts can generate enough heat to vaporize and melt 

rock; they can produce amazing results. For example, a long-

standing hypothesis on the origin of Earth’s Moon involves 

an early impact of the young Earth with a Mars-size body, 

a mass about 10 times larger than the Moon. The resultant 

impact generated a massive cloud of dust and vapor, part of 

which condensed and accumulated to form the Moon. This 

theory suggests that the Moon is made mostly from Earth’s 

rocky mantle. The theory accounts for the lesser abundance 

of iron on the Moon (iron on Earth is mostly in the central 

core) and the Moon’s near lack of lightweight materials (such 

as gases and water), which would have been lost to space.

Earth History
To understand the origin and structure of Earth, we must 

know the flows of energy throughout the history of our 

planet. Studying early history is difficult because Earth is a 

dynamic planet; it recycles its rocks and thus removes much 

of the record of its early history. The older the rocks, the more 

time and opportunities there have been for their destruction. 

Nonetheless, the remaining early Earth rocks, along with our 

growing knowledge of the processes in Earth’s interior and in 

the Solar System, allow us to build an increasingly sophisti-

cated approximation of early Earth history.

Earth appears to have begun as an aggregating mass of 

particles and gases from a rotating cloud about 4.6 billion 

years ago. During a 30- to 100-million-year period, bits and 

pieces of metal-rich particles (similar to iron-rich meteor-

ites), rocks (similar to stony meteorites), and ices (composed 

of water, carbon dioxide, and other compounds), accu-

mulated to form Earth. As the ball of coalescing particles 

enlarged, the gravitational force may have pulled more of 

the metallic pieces toward the center, while some of the 

lighter-weight materials may have concentrated near the 

exterior. Nevertheless, Earth in its infancy probably grew 

from random collisions of debris that formed a more or less 

homogeneous mixture of materials.

But Earth did not remain homogeneous. The very pro-

cesses of planet formation (figure  2.2) created tremendous 

quantities of heat, which fundamentally changed the young 

planet. The heat that transformed Earth came primarily from 

(1) impact energy, (2) decay of radioactive isotopes, (3) gravi-

tational energy, and (4) differentiation into layers (figure 2.2).

As the internal temperature of Earth rose beyond 1,000°C 

(1,800°F), it passed the melting points of iron at various depths 

below the surface. Iron forms about one-third of Earth’s mass, 

and although it is much denser than ordinary rock, it melts 

at a much lower temperature. The buildup of heat caused 

immense masses of iron-rich meteorites to melt. The high-

density liquid iron was pulled by gravity toward Earth’s cen-

ter. As these gigantic volumes of liquid iron moved inward 

to form Earth’s core, they released a tremendous amount of 

gravitational energy that converted to heat and probably raised 

Earth’s internal temperature by another 2,000°C (3,600°F). 

The release of this massive amount of heat would have pro-

duced widespread melting likely to have caused low-density 

materials to rise and form: (1) a primitive crust of low-density 

rocks at the surface of Earth; (2) large oceans; and (3) a denser 

atmosphere. The formation of the iron-rich core was a unique 

event in the history of Earth. The planet was changed from 

a somewhat homogeneous ball into a density-stratified mass 

with the denser materials in the center and progressively less-

dense materials outward to the atmosphere.

The low-density materials (magmas, waters, and gases), 

freed by the melting, rose and accumulated on Earth’s 

Figure 2.2  Heat-generating processes during the formative years of Earth include (1) impact energy, (2) decay of radioactive isotopes, and  

(3) gravitational energy. Increasing heat caused Earth to differentiate into layers.
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exterior as continents, oceans, and atmosphere. It seems 

that oceans and small continents existed by 4.4 billion years 

ago, life probably was present as photosynthetic bacteria 

3.5 billion years ago, large continents were present at least 

2.5 billion years ago, and the outer layers of Earth were 

active in the process of plate tectonics by at least 1.5 billion 

years ago.

The Layered Earth
Earth today is differentiated into layers of varying densities. 

As we have noted, much of the densest material was pulled 

toward the center, and some of the least dense substances 

escaped to the surface (figure 2.3). At the center of Earth is 

a dense, iron-rich core measuring about 7,000 km (4,350 mi) 

in diameter. Earth’s core is almost exactly the same size as 

planet Mars. The inner core is primarily a solid mass 2,450 km  

(1,520 mi) in diameter with temperatures of at least 4,300°C 

(7,770°F). The outer core is mostly liquid, and the viscous 

movements of convection currents within it are responsible 

for generating Earth’s magnetic field. The entire iron-rich 

core is roughly analogous in composition to a melted mass of 

iron-rich meteorites.

Surrounding the core is a rocky mantle nearly 2,900 km 

(1,800 mi) thick, with a composition similar to that of stony 

meteorites. The mantle comprises 83% of Earth’s vol-

ume and 67% of its mass. The rocks of the mantle can be 

approximated by melting a stony meteorite in the laboratory; 

this produces a separation in which an upper froth rich 

in low-density elements rises above a residue of denser  

minerals/elements. The low-density material is similar to 

continental crust that by melting and separation has risen 

above the uppermost mantle. All the years of heat flow 

toward Earth’s surface have “sweated out” many low-density 

elements to form a continental crust. Today, the continents 

make up only 0.1% of Earth’s volume. Floating above the 

rocky layers of Earth are the oceans and the atmosphere.

Earth’s layering can be described as based on either  

(1) different strengths or (2) different densities due to vary-

ing chemical and mineral compositions (figure  2.3). Both 

temperature and pressure increase continuously from 

Earth’s surface to the core, yet their effects on materials are 

different. Increasing temperature causes rock to expand in 

volume and become less dense and more capable of flowing 

under pressure and in response to gravity. Increasing pres-

sure causes rock to decrease in volume and become more 

dense and more rigid. Visualize tar at Earth’s surface. On 

a cold day, it is solid and brittle, but on a hot day, it can 

flow as a viscous fluid. Similar sorts of changes in physi-

cal behavior mark different layers of Earth. In fact, from a 

perspective of geological disasters, the crust-mantle bound-

ary is not as important as the boundary between the rigid 

lithosphere (from the Greek word lithos, meaning “rock”) 

and the “soft plastic” asthenosphere (from the Greek word 

asthenes, meaning “weak”) (figure 2.4). The mesosphere, 

the mantle below the asthenosphere (see figure 2.3), is solid; 

it is a “stiff plastic,” but it is not brittle like the lithosphere.  

Figure 2.3  Density stratification within Earth—that is, lower-density materials float atop higher-density materials. Pressure and temperature 

both increase from the surface to the center of Earth. Layers illustrated on the left show the differences in physical properties and strengths. 

Layers on the right emphasize different mineral and chemical compositions.
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change shape. What is not stated but is implicit in these defi-

nitions is the effect of time. All of these definitions describe 

behavior at an instant in time—but how do the substances 

behave when viewed over a longer timescale? Specifically, 

some solids yield to long-term pressure such that at any 

given moment, they are solid, yet internally they are deform-

ing and flowing—that is, behaving as a fluid. A familiar 

example is the ice in a glacier. When a glacier is hit with 

a rock hammer, solid chunks of brittle ice break off. Yet, 

inside the glacier, atoms are changing positions within the 

ice and dominantly moving to downhill positions of lower 

The differences in strength and mechanical behavior 

between solid, “plastic,” and fluid states are partly respon-

sible for earthquakes and volcanoes.

BEHAVIOR OF MATERIALS
The concepts of gas, liquid, and solid are familiar. Gases 

and liquids are both fluids, but a gas is capable of indefi-

nite expansion, while a liquid is a substance that flows read-

ily and has a definite volume but no definite shape. A solid 

is firm; it offers resistance to pressure and does not easily 

Side Note

Mother Earth

The history of the 4.6-billion-year-old Earth has been metaphori-

cally contrasted with the life history of a 46-year-old woman by 

Nigel Calder in his book The Restless Earth. In this metaphor, 

each of “Mother” Earth’s years equals 100 million years of geo-

logic time. The first seven of her years are mostly lost to the 

biographer. Like human memory, the early rock record on Earth 

is distorted; it emphasizes the more recent events in both num-

ber and clarity. Most of what we know of “Mother” Earth hap-

pened in the past six years of her life. Her continents had little 

life until she was 42. Flowering plants did not appear until her 

45th year. Her pet dinosaurs died out eight months ago. In the 

middle of last week, some ancestors of present apes evolved 

into human ancestors. Yesterday, modern humans (Homo sapi-

ens) evolved and began hunting other animals, and in the last 

hour, humans discovered agriculture and settled down. Fifteen 

minutes ago, Moses led his people to safety; five minutes later, 

Jesus was preaching along the same fault line; and after another 

minute, Muhammad taught in the same region. In the last minute, 

the Industrial Revolution began, and the number of humans 

increased enormously.

Figure 2.4  Upper layers of Earth may be recognized (1) compositionally, as lower-density crust separated from the underlying higher-density 

mantle, or (2) on the basis of strength, as rigid lithosphere riding atop “soft plastic” asthenosphere. Notice that the lithosphere includes both the 

crust and the uppermost mantle.
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stress. At no instant in time does the glacier fit our every-

day concept of a liquid, yet over time, the glacier is flowing 

downhill as an ultra-high-viscosity fluid.

When materials are subjected to sufficient stress, or 

force, they deform or undergo strain in different ways  

(figure  2.5). Stress may produce elastic (or recoverable) 

deformation, as when you pull on a spring. The spring 

deforms while you pull or stress it, but when you let go, it 

recovers and returns to its original shape.

If greater stress is applied for a longer time or at higher 

temperatures, ductile (or plastic) deformation may occur, 

and the change is permanent. You can visualize this with 

a wad of chewing gum or Silly Putty. If you squeeze them 

in your hands, they deform. Set them down and they stay 

in the deformed shape; this is ductile deformation. Another 

example occurs deep within glaciers where the ice deforms 

and moves with ductile flow.

If stress is applied rapidly to a material, it may abruptly 

fracture or break into pieces; this is brittle deformation. 

Take a chunk of ice from your refrigerator and drop it or 

hit it; it will shatter with brittle failure. Notice that the ice 

in a glacier exhibits both brittle and ductile behavior. Near 

the surface, there is little pressure on the rigid ice and it 

abruptly fractures when stressed. Deep within the glacier, 

where the weight of overlying ice creates a lot of pressure, 

the ice deforms and moves by ductile flow. The style of ice 

behavior depends on the amount of pressure confining it.

The type of mechanical behavior illustrated by ice deep 

within a glacier typifies that of the rock within the Earth’s 

mantle. This rock is plastic in the sense used by William 

James in his 1890 Principles of Psychology. He defined 

plastic as “possession of a structure weak enough to yield 

to an influence, but strong enough not to yield all at once.”

When a material such as rock is subjected to the same 

large amounts of stress on all sides, it compresses. When 

stresses coming from different directions vary, strain can 

occur. When the differences in stress are low, strain is elas-

tic and reversible. As stress differences increase, the yield 

stress is reached and permanent strain occurs. Most rocks 

are brittle at the low temperatures and low pressures at 

Earth’s surface. Most rocks are ductile at the high tempera-

tures and high pressures at depth inside Earth. In the asthe-

nosphere, rock deforms in a “soft plastic” fashion. Most of 

the deeper mantle rock is solid but not brittle; it behaves as a 

“stiff plastic”—it deforms.

The top of the asthenosphere comes to the surface at 

some of the ocean’s volcanic mountain chains but lies more 

than 100 km (about 60 mi) below the surface in other areas. 

It has gradational upper and lower boundaries and is about 

250 km (155 mi) thick. What are the effects of having this 

“soft plastic” ductile zone so near Earth’s exterior? Within 

the asthenosphere, there is a lot of flowage of rock that helps 

cause Earth’s surface to rise and fall. For example, Earth is 

commonly described as a sphere, but it is not. Earth may be 

more properly described as an oblate ellipsoid that is flat-

tened at the poles (nearly 30 km, or 19 mi) and bulged at 

the equator (nearly 15 km, or 9 mi). Earth is neither solid 

enough nor even strong enough to spin and maintain a 

spherical shape. Rather, Earth deforms its shape in response 

to the spin force. The flattening of Earth during rotation is 

analogous to the flattening of the early Solar System from a 

sphere to a disk (see figure 2.1).

ISOSTASY
The Earth is not a homogeneous, solid ball. It is instead a series 

of floating layers where less dense materials successively 

rest upon layers of more dense materials (see figure 2.3).  

The core, with densities up to 16 g/cm3, supports the man-

tle, with densities ranging from 5.7 to 3.3 g/cm3. Atop the 

denser mantle float the continents, with densities around 

2.7 g/cm3, which in turn support the salty oceans, with den-

sities of about 1.03  g/cm3, and then the least dense layer 

of them all—the atmosphere. The concept of floating lay-

ers holds true on smaller scales as well. For example, the 

oceans are made of layered masses of water of differing 

densities. Very cold, dense Antarctic waters flow along the 

ocean bottoms and are overlain by cold Arctic water, which 

Side Note

Volcanoes and the Origin of the Ocean, Atmosphere, and Life
The elements in volcanic gases are predominantly hydrogen 

(H), oxygen (O), carbon (C), sulfur (S), chlorine (Cl), and nitrogen 

(N). These gaseous elements combine at Earth’s surface to make 

water (H2O), carbon dioxide (CO2), sulfur dioxide (SO2), hydrogen 

sulfide (H2) with its rotten egg smell, carbon monoxide (CO), nitro-

gen (N2), hydrogen (H2), hydrochloric acid (HCl), methane (CH4), 

and numerous other gases. The dominant volcanic gas is water 

vapor; it commonly makes up more than 90% of total gases.

The elements of volcanic gases (C, H, O, N, S, Cl) differ from the 

elements of volcanic rocks: oxygen (O), silicon (Si), aluminum (Al), 

iron (Fe), calcium (Ca), magnesium (Mg), sodium (Na), and potas-

sium (K). The elements of volcanic gases make up the oceans, 

the atmosphere, and life on Earth, but they are rare in rocks. The 

4.5 billion years of heat flow from Earth’s interior have “sweated” 

out many lightweight elements and brought them to the surface 

via volcanism. Billions of years of volcanism on Earth go a long 

way toward explaining the origin of the continents, the oceans, the 

present atmosphere, and the surface concentration of the CHON 

elements (carbon, hydrogen, oxygen, nitrogen) of which all life on 

Earth is composed and on which it depends.
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is overlain by extra-salty waters, which in turn are overlain 

by warmer, less dense seawater. Earth is composed basi-

cally, from core through atmosphere, of density-stratified 

layers.

The concept of isostasy was developed in the 19th cen-

tury. It applies a principle of buoyancy to explain how the 

low-density continents and mountain ranges literally float 

on the denser mantle below. Just as an iceberg juts up out 

of the ocean while most of its floating mass is beneath sea 

level, so does a floating continent jut upward at the same 

time it has a thick “root” beneath it (see figure 2.4). Visu-

alize a boat floating in water: Add a load onto the boat 

and it sinks downward; remove the load and the boat rises 

upward. So it is with a continent. Add a load onto the land, 

such as a large glacial ice mass, and the land will sink down-

ward as rock at depth flows outward within the astheno-

sphere; remove the load (the ice melts), and the land rises 

or rebounds upward as rock flows inward in the astheno-

sphere (figure 2.6). An example of this buoyancy effect, or 

isostatic equilibrium, was defined by carefully surveying the 

landscape before and after the construction of Hoover Dam 

across the Colorado River east of Las Vegas, Nevada. On  

1 February 1935, the impoundment of Lake Mead began. By 

1941, about 24 million acre feet of water had been detained, 

placing a weight of 40,000 million tons over an area of  

232 square miles. Although this is an impressive reservoir 

on a human scale, what effect can you imagine it having on 

the whole Earth? In fact, during the 15 years from 1935 to 

1950, the central region beneath the reservoir sank up to  

175 mm (7 in) (figure  2.7). The relatively simple act of 

impounding water behind the dam triggered an isostatic 

adjustment as asthenosphere rock flowed away from the pres-

sure of the overlying reservoir, causing the area to subside.

Figure 2.5  Behavior of materials. (a) Elastic: bend a thin board; 

let it go and the board recovers its original shape. (b) Ductile: 

squeeze a wad of bubblegum or Silly Putty; let it go and the mass 

stays in the deformed shape. (c) Brittle: bend a thin board sharply 

and it breaks.
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Figure 2.6  Isostatic equilibrium. (a) Land sinks as weight of ice 

causes rock at depth to flow outward. (b) Land rebounds as ice melts 

and removes weight, causing rock at depth to flow inward.
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Just how solid and firm is the surface of the Earth 

we live on? Larger-scale examples are provided by the 

great ice sheets of the recent geologic past. The ice 

sheet that buried the Finland-Sweden region was up to  

3 km (2 mi) thick less than 20,000 years ago. The land 

was depressed beneath this great weight. By 10,000 years 

ago, the ice sheet had retreated and melted, and the water 

returned to the ocean. The long-depressed landmass, now 

freed from its heavy load, is rebounding upward via iso-

static adjustment. In the past 10,000 years, northeastern 

coastal Sweden and western Finland have risen about  

200 m (650 ft). This upward movement was vividly shown 

during excavation for a building foundation in Stockholm, 

Sweden. Workers uncovered a Viking ship that had sunk in 

the harbor and been buried with mud. The ship had been 

lifted above sea level, encased in its mud shroud, as the har-

bor area rose during the ongoing isostatic rebound. Grav-

ity measurements of this region show a negative anomaly, 

indicating that another 200 m (650 ft) of isostatic uplift 

is yet to come. The uplift will add to the land of Sweden 

and  Finland and reduce the size of the Gulf of Bothnia 

between them.

Some of the early uplifting of land after ice-sheet removal 

occurred in rapid movements that ruptured the ground sur-

face, generating powerful earthquakes. In northern Swe-

den, there are ground ruptures up to 160 km (100 mi) long 

with parallel cliffs up to 15 m (50 ft) high. The rocks in the 

region are ancient and rigid, suggesting that ruptures may 

go 40 km (25 mi) deep and that they generated truly large 

earthquakes.

Vertical movements of the rigid lithosphere floating on 

the flexible asthenosphere are well documented. If we add 

a load on the surface of Earth, we can measure the down-

ward movement. For example, a 100 meter thick ice mass 

will cause the land to sink about 27.5 m (90 ft). Antarctica 

is buried beneath ice up to 4,470 m (2.8 mi) thick. Thus, 

Antarctica is depressed up to 1,230 m (4,000 ft), placing 

most of the continent below sea level. If the ice is removed, 

Antarctica will slowly rise up and become the fifth largest 

landmass on Earth. The surface of Earth clearly is in a deli-

cate vertical balance. Do major adjustments and movements 

also occur horizontally? Yes, there are horizontal move-

ments between the lithosphere and the asthenosphere, which 

will bring us into the realm of plate tectonics (described 

later in this chapter).

Internal Sources of Energy
The flow of energy from Earth’s interior to its surface comes 

mainly from three sources: impact energy, gravitational 

energy, and the ongoing decay of radioactive isotopes.

IMPACT ENERGY AND  
GRAVITATIONAL ENERGY
The impact energy of masses colliding with the growing 

Earth produced heat. Tremendous numbers of large and 

small asteroids, meteorites, and comets hit the early Earth, 

their energy of motion being converted to heat on impact.

Gravitational energy was released as Earth pulled into an 

increasingly dense mass during its first tens of millions of 

years. The ever-deeper burial of material within the growing 

mass of Earth caused an increasingly greater gravitational 

pull that further compacted the interior. This gravitational 

energy was converted to heat.

The immense amount of heat generated during the forma-

tion of Earth did not readily escape because rock conducts 

heat very slowly. Some of this early heat is still flowing to 

the surface today.

RADIOACTIVE ISOTOPES
Energy is released from radioactive isotopes as they decay. 

Radioactive isotopes are unstable and must kick out sub-

atomic particles to attain stability. As radioactive isotopes 

decay, heat is released.

In the beginning of Earth, there were abundant, short-

lived radioactive isotopes, such as aluminum-26, that are 

now effectively extinct, as well as long-lived radioactive 

isotopes, many of which have now expended much of their 

energy (table 2.1). Young Earth had a much larger comple-

ment of radioactive isotopes and a much greater heat pro-

duction from them than it does now (figure  2.8). With a 

declining output of radioactive heat inside the Earth, the 

flow of energy from Earth’s interior is on a slow decline 

heading toward zero.

Figure 2.7  Isostatic downwarping caused by the weight of the 

water in Lake Mead, from 1935 to 1950. Black circular lines (contour 

lines) define the depressed land surface. In the center is a –170 line 

where land sank 170 mm (7 in).

Source: Smith, W.O. et al. Comprehensive Survey of Sedimentation in Lake 

Mead, 1948-49, in US Geological Survey Professional Paper 295, 1960.
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The radioactive-decay process is measured by the 

half-life, which is the length of time needed for half the 

present number of atoms of a radioactive isotope (parent) 

to disintegrate to a decay product. As the curve in figure 2.9 

shows, during the first half-life, one-half of the atoms of the 

radioactive isotopes decay. During the second half-life, one-

half of the remaining radioactive atoms decay (equivalent 

to 25% of the original parent atoms). The third half-life wit-

nesses the third halving of radioactive atoms present (12.5% 

of the original parent atom population), and so forth. Half-

lives plotted against time produce a negative exponential 

curve; this is the opposite direction of a positive exponen-

tial curve, such as interest being paid on money in a savings 

account.

The sum of the internal energy from impacts, gravity, 

and radioactive isotopes, plus additional energy produced 

by tidal friction, is very large. The greater abundance of 

radioactive isotopes at Earth’s beginning, along with the 

early gravitational compaction and more frequent meteor-

ite impacts, combined to elevate Earth’s internal tempera-

ture during its early history. It is noteworthy that this heat 

buildup reached a maximum early in Earth’s history and 

has declined significantly since then. Nonetheless, the flow 

of internal heat toward Earth’s surface today is still great 

enough to provide the energy for continents to drift, volca-

noes to erupt, and earthquakes to shake.

Parent Decay Product

Half-Life  

(billion years)

Aluminum-26 Magnesium-26 0.00072 

   (720,000 years)

Uranium-235 Lead-207 0.71

Potassium-40 Argon-40 1.3

Uranium-238 Lead-206 4.5

Thorium-232 Lead-208 14

Rubidium-87 Strontium-87 48.8

Samarium-147 Neodymium-143 106

TABLE 2.1

Some Radioactive Isotopes in Earth

Figure 2.8  The rate of heat production from decay of radioactive 

atoms has declined throughout the history of Earth.
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Figure 2.9  Negative exponential curve showing decay of radioactive parent atoms to stable daughter atoms over time. Each half-life 

witnesses the disintegration of half the remaining radioactive parent atoms.
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Age of Earth
The oldest Solar System materials are about 4.57 billion 

(4,570 million) years old. The 4.57-billion-year age has been 

measured using radioactive isotopes and their decay products 

collected from meteorites. In 2016, analyses of Moon rocks 

for hafnium (182HF) indicated that the Moon had formed by 

Radioactive Isotopes
Each chemical element has a unique number of positively charged 

protons that define it. However, the number of neutrons varies, 

giving rise to different forms of the same element, known as iso-

topes. Some isotopes are radioactive and release energy dur-

ing their decay processes. In radioactive decay, unstable parent 

atoms shed excess subatomic particles, reducing their weight and 

becoming smaller atoms (figure 2.10). The overly heavy radioactive 

isotopes slim down to a stable weight by splitting apart, as in emit-

ting alpha particles consisting of two protons and two neutrons 

(effectively, the nucleus of a helium atom). Beta particles are elec-

trons freed upon a neutron’s splitting. Gamma radiation, which is 

similar to X-rays but with shorter wavelength, is emitted, lowering 

the energy level of a nucleus. As the rapidly expelled particles 

are slowed and absorbed by surrounding matter, their energy of 

motion is transformed into heat.

DATING THE EVENTS OF HISTORY

The same decaying radioactive isotopes producing heat inside 

Earth, Moon, and meteorites also may be read as clocks that date 

events in history. For example, uranium-238 decays to lead-206 

through numerous steps involving different isotopes and new 

elements (figure  2.11). By emitting alpha and beta particles, 32 of 

the 238 subatomic particles in the U-238 nucleus are lost, leaving 

behind the 206 particles of the Pb-206 nucleus. Laboratory mea-

surements of the rate of the decay process have given us the 

U-238-to-Pb-206 half-life of 4.5 billion years. These facts may be 

applied to quantifying history by reading the radiometric clocks pre-

served in some minerals. For example, some igneous rocks (crys-

tallized from magma) can be crushed, and the very hard mineral 

zircon can be separated from them. Zirconium, the diamond sub-

stitute in jewelry, is synthesized from zircon. Zircon crystals contain 

uranium-238 that was locked into their atomic structure when they 

crystallized from magma, but they originally contained virtually no 

lead-206. Thus, the lead-206 present in the crystal must have come 

from decay of uranium-238.

The collected zircon crystals are crushed into a powder and 

dissolved with acid under ultraclean conditions. The sample is 

placed in a mass spectrometer to measure the amounts of parent 

uranium-238 and lead-206 present. Then, with three known val-

ues—(1) the amount of U-238, (2) the amount of Pb-206, and (3) the 

half-life of 4.5 billion years for the decay process—it is easy to cal-

culate how long the U-238 has been decaying into Pb-206 within 

the zircon crystal. In other words, the calculation tells us how long 

ago the zircon crystal formed and consequently the time of forma-

tion of the igneous rock.

See the Geologic Timescale in Chapter 18 and Appendix A.

In Greater Depth

Figure 2.11  Radioactive uranium-238 (U238) decays to stable 

lead-206 (Pb206) by steps involving many intermediate radioac-

tive atoms. The atomic number is the number of protons (positively 

charged particles) in the nucleus.
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4.51 billion years ago. The oldest ages obtained on Earth 

materials are 4.4 billion years, measured on sand grains of 

the mineral zircon collected from within a 3.1-billion-year-

old sandstone in western Australia. The oldest Earth rocks 

found to date are in northwest Canada; they are 4.055 billion 

years old. These rocks are of crustal composition, implying 

that they were recycled and formed from even older rocks. 
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Our understanding of the age of Earth is improving 

rapidly as new technologies allow measurement of more 

types of radioactive isotopes. It now seems that Earth has 

existed as a coherent mass for about 4.54 billion years. 

Earth must be younger than the 4.57-billion-year-old materi-

als that collided and clumped together to form the planet. 

The time it took to build Earth is possibly as short as  

30 million years. The collision of Earth with the Mars-size 

body that led to forming our Moon seems to have occurred 

between 4.537 and 4.533 billion years ago, suggesting 

that Earth was already a large, coherent mass at that time. 

Coming from the other direction, Earth must be older than 

the 4.4-billion-year-old zircon grains collected from sand-

stone in Australia. In sum, our planet has existed for about  

4.5 billion years.

The work to exactly determine the age and early history 

of Earth continues today. It is challenging to try and find the 

oldest minerals and rocks because Earth is such an energetic 

planet that surface rocks are continually being formed and 

Radioactivity Disasters
The term radioactivity disasters brings to mind the meltdown of the 

uranium-rich core of a nuclear-power plant, as happened at Cher-

nobyl in Ukraine, part of the former Soviet Union, on 26 April 1986. 

This human-caused disaster occurred when the night-shift workers 

made a series of mistakes that unleashed a power surge so great 

that the resultant explosions knocked off the 1,000-ton lid atop the 

nuclear reactor core, blew out the building’s side and roof, trig-

gered a partial meltdown of the reactor core’s radioactive fuel, and 

expelled several tons of uranium dioxide fuel and fission products, 

including cesium-137 and iodine-131, in a 5 km (3 mi) high plume. 

As many as 185 million curies of radioactivity were released. (The 

worst U.S. incident released 17 curies from the Three Mile Island 

nuclear-power plant in Pennsylvania in 1979.) After the 1:24 a.m. 

explosion, people near Chernobyl were at least fortunate that they 

were indoors and thus somewhat sheltered, there was no rain in 

the area, and the contaminant plume rose high instead of hugging 

the ground. The cloud of radioactive contaminants affected peo-

ple, livestock, and agriculture from Scandinavia to Greece. In the 

Chernobyl power-plant area, about 50 people died directly. Most of 

the deaths would come later from cancer and other diseases. The 

worst contaminant is radioactive iodine-131, which lodges in the thy-

roid. Cancer of the thyroid is expected to be common in the area; 

it is estimated that it will shorten the lives of about 8,000 people.

An earthquake may have helped trigger this disaster. The 

Chernobyl power-plant workers were having difficulties in the early 

morning hours of 26 April, and then a magnitude 3 earthquake 

occurred 12 km (7 mi) away. The panicked supervisor thought the 

shaking meant the power plant was losing control, and he quickly 

implemented emergency maneuvers, but they jammed the inter-

nal works of the reactor, leading to the fateful explosion 22 sec-

onds after the earthquake.

In Greater Depth
Earthquakes and radioactivity disasters entered the news 

again on 11 March 2011 when a great magnitude 9 earthquake 

and resultant tsunami in Japan destroyed several nuclear-power 

plants. This event is described in chapter 8 on tsunami.

Chernobyl was a human-caused disaster. What can happen 

under natural conditions? Today, on Earth and Moon, uranium is 

present mostly as the heavier U-238 isotope, which has a com-

bined total of 238 protons and neutrons in each uranium atom 

nucleus. The lighter-weight uranium isotope, U-235, makes up 

only 0.7202% of all uranium atoms. In nuclear-power plants, the 

uranium ore fed to nuclear reactors is enriched to 2–4% U-235 

to promote more potent reactions. Remember from table 2.1 that 

U-235 has a half-life of 0.71 billion years, whereas the half-life of 

U-238 is 4.5 billion years. Because U-235 decays more rapidly, it 

would have been relatively more abundant in the geologic past. 

In fact, at some past time, the U-235 natural percentage relative 

to U-238 would have been like the U-235 percentage added to 

U-238 and fed as ore to nuclear reactors today.

Have natural nuclear reactors operated in the geologic past? 

Yes. A well-documented example has been exposed in the Oklo 

uranium mine near Franceville in southeastern Gabon, a coastal 

country in equatorial West Africa. At Oklo, 2.1 billion years ago, sands 

and muds accumulated along with organic carbon from the remains 

of fossil bacteria. These carbon-bearing sediments were enriched 

in uranium; U-235 was then 3.16% of total uranium. The sand 

and mud sediments were buried to shallow depths, and at least 

800 m3  (1,050 yd3) of uranium ore sustained nuclear fission reac-

tions that generated temperatures of about 400°C (750°F) region-

ally and much higher temperatures locally. At Oklo, 17 sites started 

up as natural nuclear reactors about 1.85 billion years ago; they ran 

for at least 500,000 years (and maybe as long as 2 million years). 

Nine of the natural reactors that have been carefully studied are esti-

mated to have produced at least 17,800 megawatt years of energy.

destroyed. Because of these active Earth processes, truly 

old materials are rarely preserved; there have been too many 

events over too many years that destroy rocks.

Plate Tectonics
The grand recycling of the upper few hundred kilometers of 

Earth is called the tectonic cycle. The Greek word tekton 

comes from architecture and means “to build”; it has been 

adapted by geologists as the term tectonics, which describes 

the building of topography and the deformation and move-

ment within Earth’s outer layers.

Adding the horizontal components of movements on 

Earth allows us to understand the tectonic cycle. Ignor-

ing complexities for the moment, the tectonic cycle can be 

simplified as follows (figure 2.12). First, the asthenosphere 

rises and melts to form magma that flows upward and cools 

to form new ocean floor/lithosphere. Second, the new 
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lithosphere slowly moves laterally away from the zones of 

oceanic crust formation on top of the underlying astheno-

sphere; this phenomenon is known as seafloor spreading. 

Third, when the leading edge of a moving slab of oceanic 

lithosphere collides with another slab, the older, colder, 

denser slab turns downward and is pulled by gravity back 

into the asthenosphere, a process called subduction, while 

the less-dense, more buoyant slab overrides it. Last, the slab 

pulled into the mantle is reabsorbed. The time needed to 

complete this cycle is long, commonly in excess of 250 mil-

lion years.

If we adopt the perspective of a geologist-astronaut in 

space and look down upon the tectonic cycle, we see that 

the lithosphere of Earth is broken into pieces called plates 

(figure 2.13). The study of the movements and interactions 

of the plates is known as plate tectonics. The gigantic pieces 

of lithosphere (plates) pull apart during seafloor spreading 

at divergence zones, slide past at transform faults, or col-

lide at convergence zones. At divergence zones, plates are 

constructed. At transform faults, plates are conserved. At 

convergence zones, plates are destroyed. These plate-edge 

interactions are directly responsible for most of the earth-

quakes, volcanic eruptions, and mountains on Earth.

Another way that plate tectonics can be visualized is by 

using a hard-boiled egg as a metaphor for Earth. Consider 

the hard-boiled egg with its brittle shell as the lithosphere, 

the slippery inner lining of the shell as the astheno-

sphere,  the egg white (albumen) as the rest of the mantle, 

and the yolk as the core. Before eating a hard-boiled egg, 

we break its brittle shell into pieces that slip around as we 

try to pluck them off. This hand-held model of brittle pieces 

being moved atop a softer layer below is a small-scale ana-

logue to the interactions between Earth’s lithosphere and 

asthenosphere.

DEVELOPMENT OF THE PLATE  
TECTONICS CONCEPT
Our planet is so large and so old that the combined efforts of 

many geologists and philosophers over the past few hundred 

years have been required to amass enough observations to 

begin understanding how and why Earth changes as it does. 

The first glimpse of our modern understanding began after 

the European explorers of the late 1400s and 1500s made 

maps of the shapes and locations of the known continents 

and oceans. These early world maps raised intriguing pos-

sibilities. For example, in 1620, Francis Bacon of England 

noted the parallelism of the Atlantic coastlines of South 

America and Africa and suggested that these continents had 

once been joined. During the late 1800s, the Austrian geolo-

gist Eduard Suess presented abundant evidence in support of 

Gondwanaland, an ancient southern supercontinent com-

posed of a united South America, Africa, Antarctica, Aus-

tralia, India, and New Zealand, which later split apart. This 

process of the continents moving, splitting, and recombining 

is known as continental drift. The most famous and out-

spoken of the early proponents of continental drift was the 

German meteorologist Alfred Wegener. In his 1915 book, 

The Origin of Continents and Oceans, he collected all avail-

able evidence, such as similar rocks, fossils, and geologic 

structures, on opposite sides of the Atlantic Ocean. Wegener 

suggested that all the continents had once been united in a 

Figure 2.12  Schematic cross-section of the tectonic cycle. Magma rises from the asthenosphere to the surface at the oceanic volcanic ridges 

where it solidifies and adds to the plate edges. As the igneous rock cools, the plate subsides and gravity pulls the plates from their topographic 

highs. The plate continues to cool, grows thicker at its base, becomes denser, collides with a less-dense plate, and turns down into the mantle, 

where it is ultimately reassimilated.
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supercontinent called Pangaea (pan meaning “all” and gaea 

meaning “earth”).

Much is made of the fact that during his lifetime, 

Wegener’s hypothesis of continental drift garnered more 

ridicule than acceptance. But why were his ideas not widely 

accepted? Wegener presented an intriguing hypothesis well 

Earth’s Magnetic Field
Anyone who has ever held a compass and watched the free-turning 

needle point toward the north has experienced the magnetic field 

that surrounds Earth. The Chinese invented and were the first to 

use magnetic compasses. They in turn taught 14th-century Euro-

pean travelers, who brought this knowledge back to Europe, 

where it was developed into the navigational tool that helped late 

15th-century explorers make their voyages of discovery.

Earth’s magnetic field operates as if a gigantic bar magnet were 

located in the core of Earth inclined 11° from vertical (figure 2.14). The 

magnetic pole and geographic North Pole do not coincide, but the 

magnetic pole axis has apparently always been near the rotational 

pole axis. Notice in figure 2.14 that the inclination of the magnetic 

lines of force with respect to Earth’s surface varies with latitude. 

At the magnetic equator, the magnetic lines of force are parallel to 

Earth’s surface (inclination of 0°). Toward the poles, either northward 

or southward, the angle of inclination continuously increases until 

it is perpendicular to the surface at both the north and south mag-

netic poles (inclinations of 90°). Notice also that the lines of force are 

inclined downward and into Earth’s surface near the North Pole and 

upward and out of Earth’s surface near the South Pole.

In reality, the interior of Earth is much too hot for a bar magnet 

to exist. Magnetism in rocks is destroyed by temperatures above 

550°C (1,020°F), and temperatures in Earth’s core are estimated 

to reach 5,800°C (10,470°F). The origin of Earth’s magnetic field 

involves movements of the iron-rich fluid in the outer core, which 

generate electric currents that in turn create the magnetic field. 

Fluid iron is an excellent conductor of electricity. The molten iron 

flowing around the solid inner core is a self-perpetuating dynamo 

deriving its energy both from the rotation of Earth and from the 

convection of heat released by the crystallization of minerals at 

the boundary of the inner and outer cores.

A closer look at Earth’s magnetic field yields several problems 

awaiting resolution. The simplified magnetic field portrayed in 

figure 2.14 does not show the complexities that occur over years 

and centuries as the magnetic field’s strength waxes and wanes. 

More than 400 years of measurements document variations in the 

strength and stability of the magnetic field. At present, the strength 

is 10% weaker than in the year 1845, but the field strength is still 

about twice as strong as the long-term average. The flow of fluid 

iron in the outer core has regions of turbulence, including motions 

as complex as whirlpools. Change is normal, and in turn, the mag-

netic field fluctuates.

In addition, the magnetic pole moves about the geographic North 

Pole region in an irregular pattern. The rapid rotation of Earth holds 

the magnetic pole near the pole of rotation, but the magnetic pole 

wanders enough that it crosses 5° to 10° of latitude each century. In 

recent decades, the magnetic pole has moved at rates of 10 to 40 km 

(6 to 25 mi) per year, with intervals up to 60 km (37 mi) per year.

In Greater Depth

Every several thousand to tens of millions of years, a highly 

dramatic change occurs in the magnetic field: the magnetic polarity  

reverses. In a reversal, the orientation of the magnetic field flip-

flops from a north (normal) polarity to a south (reverse) polarity 

or vice versa. It has been 780,000 years since the last long-term 

reversal. Models run on supercomputers indicate that reversals 

take less than a thousand years to complete. During a reversal, 

it appears that the magnetic field does not disappear; it just gets 

more complex. The magnetic lines of force become twisted and 

tangled, but a magnetic field still exists to protect life on Earth from 

much of the incoming solar and space radiation.

The change in orientation of the magnetic field leaves its 

imprint in rocks, where geologists (paleomagnetists) can read it. 

The paleomagnetic history contained in the rocks has provided 

the most important evidence of seafloor spreading; it also has 

allowed charting of the paths of continents as they have moved 

through different latitudes. In addition, the record of magnetic 

reversals provides the data for a magnetic timescale, a third geo-

logic timescale. (The first timescale is based on the irreversible 

sequence of fossils occurring in sedimentary rocks, and the sec-

ond timescale is founded on the decay of radioactive isotopes.)

Figure 2.14  Schematic diagram of Earth’s magnetic field. The bar 

magnet pictured does not exist, but it would create the same magnetic 

field achieved by the electric currents in Earth’s liquid, iron-rich outer core. 

Notice that (1) the magnetic pole and the rotational pole do not coincide, 

(2) the magnetic lines of force are parallel to Earth’s surface at the mag-

netic equator and perpendicular at the magnetic poles, and (3) the lines of 

force go into Earth at the North Pole and out at the South Pole.

Geographic
North Pole

Magnetic
North Pole

supported with observations and logic, but his mechanism 

was deemed impossible. Geologists and geophysicists could 

not visualize how a continent could break loose from the 

underlying rocks and plow a path over them. The break-

through in understanding came when the ocean floors were 

studied and the data were best explained by the formation 
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of new seafloor that spread apart and later was consumed 

by subduction. When scientists realized that the lithosphere 

decouples from the asthenosphere and moves laterally, they 

understood how the relatively small, low-density continents, 

set within the oceanic crust, could be carried along as inci-

dental passengers (see figure 2.12).

In the mid-1960s, evidence abounded, mechanisms 

seemed plausible, and the plate tectonic theory was devel-

oped and widely accepted. Wegener was restored to an 

elevated status. Scientific understanding grew with the addi-

tion of new data, old hypotheses were modified, and new 

theories were created. Science is never static; it is a growing, 

evolving body of knowledge that creates ever-better under-

standing of how Earth works.

It is rare in science to find widespread agreement on a 

large-scale hypothesis such as plate tectonics. But when data 

from Earth’s magnetic field locked inside seafloor rocks 

were widely understood, skeptics around the world became 

convinced that seafloor spreading occurs and that the con-

cept of plate tectonics is valid. These paleomagnetic data are 

so powerful that we need to understand their story so that 

plate tectonics can be seen as real.

MAGNETIZATION OF VOLCANIC ROCKS
Lava is magma that erupts from a volcano, flows outward 

as a sheetlike mass, slows down, and stops. Then, as the lava 

cools, minerals begin to grow as crystals. Some of the earli-

est formed crystals incorporate iron into their structures. After 

the lava cools below the Curie point, about 550°C (1,020°F), 

atoms in iron-bearing minerals become magnetized in the 

direction of Earth’s magnetic field at that time and place. The 

lined-up atoms in the iron-rich crystals behave like compass 

needles pointing toward the magnetic pole of their time (mea-

sured as declination or “compass bearing”); they also become 

inclined at the same angle as the lines of force of the magnetic 

field (measured as inclination or dip). Ancient magnetic fields 

have been measured in rocks as old as 3.5 billion years.

Lava flows pile up as sequences of stratified (layered) 

rock, and the magnetic polarity of each rock layer can be 

measured (figure  2.15). Many of the volcanic rocks also 

contain minerals with radioactive isotopes that allow us to 

determine the age of the volcanic rock—that is, how long 

ago the lava flow solidified. When this information is plot-

ted together in a vertical column, a timescale of magnetic 

polarities emerges (figure 2.16). It is interesting to note that 

Figure 2.15  A stratified pile of former lava flows of the Columbia River Basalt exposed in the east wall of Grand Coulee, Washington. The 

oldest flow is on the bottom and is overlain by progressively younger flows.

©University of Washington Libraries, Special Collections, John Shelton Collection, Shelton KC10288
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the timing of polarity reversals appears to be random. There 

is no discernible pattern to the lengths of time the magnetic 

field was oriented either to the north or to the south. The 

processes that reverse the polarity of the magnetic field are 

likely related to changes in the flow of the iron-rich liquid 

in the outer core. The reversal-causing mechanism does not 

occur at any mathematically definable time interval.

Magnetization Patterns on the Seafloors
Since the late 1940s, oceanographic research vessels criss-

crossing the Atlantic Ocean have towed magnetometers to 

measure the magnetization of the seafloor. As the number of 

voyages grew and more data were obtained, a striking pat-

tern began to emerge (figure 2.17). The floor of the Atlantic 

Ocean is striped by parallel bands of magnetized rock that 

show alternating polarities. The pattern is symmetrical and 

parallel with the midocean volcanic ridge (spreading cen-

ter). That is, each striped piece of seafloor has its twin on the 

other side of the oceanic mountain range.

A remarkable relationship exists between the time of 

reversals of magnetic polarity, as dated radiometrically from 

a sequence of solidified lava flows (see figure 2.16), and the 

widths of alternately polarized seafloor (figure 2.17)—they 

are comparable. How stunning it is that the widths of mag-

netized seafloor strips have the same ratios as the lengths 

of time between successive reversals of Earth’s magnetic 

field. This means that distance in kilometers is proportional 

to time in millions of years. Now, if Earth’s magnetic field 

Figure 2.16  A portion of the magnetic polarity timescale. 

Magnetic polarity measurements in volcanic rocks combined with 

radiometric ages determined from the same rocks allow formation of 

a timescale based on magnetic polarity reversals. Notice the unique 

and nonrepetitive pattern of the polarity reversals.

Source: From P. J. Wyllie, The Way the Earth Works. Copyright © 1976 John Wiley & 

Sons, Inc., New York.
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phenomena are convincing evidence that seafloor spreading 

occurs and that plate tectonics is valid.

Let’s now consider other evidence supporting plate 

tectonics.

Earthquake Evidence
The map of earthquake epicenters (figure 2.19) can be 

viewed as a connect-the-dots puzzle. Each epicenter 

represents a place where one major section of rock has 

moved past another section. Take your pen or pencil, 

is reversing polarity in a known timescale and if that time

scale reappears in distances, then the relationship must take 

the form of a velocity. That is, magma is injected into the 

oceanic ridges where it is imprinted by Earth’s magnetic 

field as it cools to form new rock. Then the seafloor/ocean 

crust/lithosphere is physically pulled away from the oceanic 

ridges as if they were parts of two large conveyor belts going 

in opposite directions (figure 2.18).

The evidence provided by the paleomagnetic timescale 

and the magnetically striped seafloors is compelling. These 

Figure 2.18  Cross-section of magnetically striped seafloor. Numbers above the seafloor are radiometrically determined ages in millions of 

years (m.y.). The near mirror-image magnetic pattern is like a tape recorder that documents “conveyor belt” movements away from volcanic ridges.
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Figure 2.19  Map of earthquake epicenters, 1963–1998. Notice that epicenters are concentrated in linear belts. Connecting the “dots” defines 

the tectonic plates.

Source: NASA, DTAM project team
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