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Chapter 1 Earth Systems 3

because clouds drift across the 
sky and wind blows against 
your face. In the biosphere, 
animals—and to a lesser extent 
plants—also move. Flowing 
streams, crashing waves, and fall-
ing rain are all familiar examples 
of motion in the hydrosphere. 
Although it is less apparent on a 
day-to-day basis, the geosphere 
is also moving and dynamic. Vast 
masses of solid rock flow very 
slowly within the planet’s interior. 
Continents drift, while intervening 
ocean basins slowly open, then 
collapse. Mountains rise and then 

erode into sediment. Throughout this book we 
will study many of these phenomena to 

learn which energy forces set mat-
ter in motion and how these 

motions affect the planet we 
live on.   Figure 1.1    shows 

schematically all the 
possible interactions 

among the spheres.
     Figure 1.2    shows 

that the geosphere 
is by far the larg-
est of the four 
spheres. The 
Earth’s radius 
is about    6,400    
 kilometers, 
roughly the same 
distance as Miami 
to Anchorage. 

Despite this great 
size, nearly all of 

our direct contact 
with Earth occurs 

at or very near its 
surface. The deepest 

well penetrates little more 
than    12     kilometers, less than 

two-tenths of    1    percent of the 

      Earth is sometimes called the water planet or the 
blue planet because azure seas cover more than two-
thirds of its surface. Earth is the only planet or Moon 
in the Solar System in which water falls from clouds 
as rain, runs across the land surface, and collects in 
extensive oceans. It is also the only body we know of 
that supports life.

       1-1      THE EARTH’S 
FOUR SPHERES
    Imagine walking along a sandy beach as a storm blows 
in from the sea. Wind whips the ocean into white-
caps, while large waves crash onto shore. Blowing 
sand stings your eyes as gulls overhead  frantically 
beat their wings en route to finding shelter. 
In minutes, blowing spray has soaked 
your clothes. A hard rain begins as 
you hurry back to your vehicle. 
During this adventure, you 
have experienced the four 
major spheres of Earth. 
The beach sand under-
foot is the surface 
of the   geosphere     , 
or the solid Earth. 
The rain and sea 
are parts of the 
hydrosphere     , the 
watery part of 
our planet. The 
blowing wind 
belongs to the 
atmosphere     . 
Finally, you, the 
gulls, the beach 
grasses, and all 
other forms of life in 
the sea, on land, and 
in the air are parts of 
the   biosphere     , the realm 
of organisms. 

 You can readily observe 
that the atmosphere is in motion, 
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  FIGURE  1.1        All of Earth’s cycles and spheres are interconnected.  
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geosphere The solid 

Earth, consisting of the 

entire planet from the 

 center of the core to the 

outer crust.

hydrosphere All of 

Earth’s water, which cir-

culates among oceans, 

continents, glaciers, and 

atmosphere.

atmosphere The 

 gaseous layer above the 

Earth’s surface, mostly 

nitrogen and oxygen, with 

smaller amounts of argon, 

carbon dioxide, and other 

gases. The atmosphere is 

held to Earth by gravity and 

thins rapidly with altitude.

biosphere The zone of 

Earth comprising all forms 

of life in the sea, on land, 

and in the air.
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4 Chapter 1 Earth Systems

distance to Earth’s center. The oceans make up most 
of the hydrosphere, and although it can extend as 
deep as    11     kilometers, the ocean floor averages only 
about    4    kilometers in depth. Most of Earth’s atmo-
sphere lies within    30    kilometers of the surface, and 
the biosphere is a thin shell about    15    kilometers thick.

      1-1a      The Geosphere
   Our Solar System coalesced from a frigid cloud 
of dust and gas rotating slowly in space. The Sun 
formed as gravity pulled material toward the swirl-
ing center. At the same time, rotational forces spun 
material in the outer cloud into a thin disk. Eventually, 

30 km

Crust
Atmosphere

Hydrosphere

Mantle

6,370 km

Inner
core

Outer
core

ATMOSPHERE
99% of atmosphere
lies within 30 km
of  surface. Water
vapor and droplets
reside in the
atmosphere.

HYDROSPHERE
The ocean extends
to more than
11 km in depth.
All freshwater
and some ice
exist on land.

HYDROSPHERE
The ocean extends
to more than
11 km in depth.
All freshwater
and some ice
exist on land.

GEOSPHERE
The geosphere is by far
the largest of the four
spheres, extending 6,370 km
from the surface to the center 
of the Earth. It is divided into 
three major layers: the crust, 
mantle, and core.

BIOSPHERE
All life is concentrated
at or within a few
kilometers of the surface.

GEOSPHEREGEOSPHERE

BIOSPHERE

11 km

  FIGURE  1.2        The geosphere is the largest component of Earth. It is surrounded by the hydrosphere, 

the biosphere, and the atmosphere.  
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Chapter 1 Earth Systems 5

because the great pressure compresses the metal to 
a solid state.

  The mantle surrounds the core and lies beneath 
the crust. The physical characteristics of the mantle 
vary with depth. From its upper surface to a depth 
of about    100    kilometers, the outermost mantle is 
relatively cool, strong, and hard. Below a depth of 
   100    kilometers, however, rock making up the mantle 
is so hot that it is weak, soft,  plastic  (a solid that 
will deform permanently), and flows slowly—like 
cold honey. Even deeper in the mantle, pressure 
 overwhelms temperature, and the rock becomes 
strong again.

  The crust is the outermost layer of rock extend-
ing from the ground surface or bottom of the ocean 
to the top of the mantle. The crust ranges from as 
little as    4    kilometers thick beneath the oceans to as 
much as    75    kilometers thick beneath the continents. 
Even a casual observer sees that the crust includes 
many different rock types: some are soft, others hard, 
and they come in many colors, as you can see in 
  Figure 1.3   .

  The relatively cool, hard, and strong rock of the 
uppermost mantle is similar to that of the crust. 
Together these layers make up the   lithosphere     , which 
averages about    100    kilometers thick. 

 According to the theory of plate tectonics, 
developed in the 1960s, the lithosphere is divided 
into seven major and eight smaller segments called 

small grains of matter within the disk stuck together 
to form fist-sized masses. These planetary “seeds” 
then accreted to form rocky clumps, which grew to 
form larger bodies, called  planetesimals ,    100    to    1,000    
kilometers in diameter. Finally, the planetesimals 
 consolidated to form the planets. This process was 
completed about    4.6    billion years ago.

   As the Earth coalesced, gravity caused the rocky 
chunks and planetesimals to accelerate so that they 
slammed together at high speeds. Particles heat up 
when they collide, so the early Earth warmed as it 
formed. Later, asteroids, comets, and more planetesi-
mals crashed into the surface, generating additional 
heat. At the same time, radioactive decay heated the 
Earth’s interior. These three processes caused the 
early Earth to become so hot that much of the planet 
melted as it formed.

  Within the molten Earth, the denser materi-
als sunk toward the center, while the less dense 
materials floated toward the top, creating a layered 
structure. Today, the geosphere consists of three 
major layers: a dense metallic   core     , a less dense 
rocky   mantle     , and an even less dense surface   crust      
(  Figure 1.2   ). 

 The temperature of modern Earth increases 
with depth. At its center, Earth is    6,000   °C—as hot 
as the Sun’s surface. The core is composed mainly 
of iron and nickel. The outer core is molten metal. 
However, the inner core, although hotter yet, is solid 

  FIGURE  1.3        Earth’s crust is made up of different kinds of rock (A) A grand view of the sandstones, siltstones, 

limestones, and shales of the Grand Canyon, as seen from the South Rim. These sedimentary rocks are relatively 

soft and crumbly and show a marked horizontal layering. Note people for scale. (B) The granite of Baffin Island in the 

Canadian Arctic is gray, hard, and strong.

B

A

                                                  C
O

P
Y

R
IG

H
T 

A
N

D
 P

H
O

TO
G

R
A

P
H

 B
Y

 D
R

. P
A

R
V

IN
D

E
R

 S
. S

ET
H

I  

              C
O

U
R

TE
SY

 O
F 

G
R

A
H

A
M

 R
. T

H
O

M
P

S
O

N
/J

O
N

AT
H

A
N

 T
U

R
K

   
core The dense, metallic, 

innermost region of Earth’s 

geosphere, consisting 

mainly of iron and nickel. 

The outer core is molten, 

but the inner core is solid.

mantle The rocky, 

mostly solid layer of Earth’s 

 geosphere lying beneath 

the crust and above the 

core. The mantle extends 

from the base of the crust 

to a depth of about 2,900 

kilometers.

crust The outermost layer 

of Earth’s geosphere, rang-

ing from 4 to 75 kilometers 

thick and composed of 

relative low-density silicate 

rocks.

lithosphere The cool, 

rigid, outer part of Earth, 

which includes the crust 

and the uppermost mantle, 

is about 100 kilometers 

thick, and makes up Earth’s 

tectonic plates.
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6 Chapter 1 Earth Systems

tectonic plates     . These tectonic 
plates float on the relatively 
hot, weak, plastic mantle rock 
beneath and move horizon-
tally with respect to each other 
(  Figure 1.4   ). For example, North 
and South America are currently 
drifting west relative to Eurasia 

and Africa about as fast as your fingernails grow. 
These continental movements are causing the Atlantic 
Ocean to grow larger and the Pacific Ocean to shrink. 
In a few hundred million years—almost incompre-
hensibly long on a human time scale but brief when 
compared with planetary history—Asia and North 
America may collide, completely collapsing the Pacific 
Ocean and crumpling the leading edges of the con-
tinents together into a giant mountain range. In later 
chapters we will learn how the theory of plate tecton-
ics explains earthquakes, volcanic eruptions, and the 
formation of mountain ranges, as well as many other 
processes and events that have created our modern 
Earth and its environment. 

      1-1b      The Hydrosphere
   The hydrosphere includes all of Earth’s water, which 
circulates among oceans, continents, glaciers, and the 
atmosphere.   Figure 1.5    shows the proportion of water 
in each of these areas. Oceans cover    71    percent of 
Earth and contain    97.5    percent of its water. Ocean 
currents transport heat across vast distances, altering 
global climate.

  About    1.8    percent of Earth’s water is frozen in 
glaciers. Although glaciers cover about    10    percent of 
Earth’s land surface today, they covered much greater 
portions of the globe as recently as    18,000    years 
ago. During this glacial period, nearly all of Canada, 
the British Isles, and Scandinavia were covered with 
ice that was locally up to    4    kilometers thick. In North 
America, the ice was so massive that it caused the 
underlying lithosphere to sag beneath its weight. 
Hudson Bay in Canada exists because the glacial 
ice melted faster than the lithosphere was able to 
bounce back. Today, the Hudson Bay region is under-
going nearly one centimeter of uplift per year as the 
 lithosphere continues to recover from the weight of 
the ice.

  Only about    0.64    percent of Earth’s total water 
exists on the continents as a liquid. Although this is 
a small proportion, freshwater is essential to life on 
Earth. Lakes, rivers, and clear, sparkling streams are 
the most visible reservoirs of continental water, but 
they constitute only    0.01    percent of Earth’s water. 

Mantle
convection

cell

Mantle
convection

cell

Mantle
convection

cell

Mantle
convection

cell

Outer
core

Inner
core

Continent
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Continent

Oceanic
crust

Oceanic
crust

Continent

Subduction
zone

Ocean
trench

Continental
crust

Spreading
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Tectonic plate
Tectonic plate Collision between

 two continents

Tectonic

Suture

plate
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  FIGURE  1.4        The lithosphere is composed of the crust and the 

uppermost mantle. It is a    100  -kilometer-thick  layer of strong rock that 

floats on the underlying plastic mantle. The lithosphere is broken into 

seven major segments, called tectonic plates, that glide horizontally 

over the plastic mantle at rates of a few centimeters per year. In 

the drawing, the thickness of the mantle and the lithosphere are 

exaggerated to show detail.  
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   tectonic plates  
 The segments of Earth’s 

outermost, cool, rigid shell, 

consisting of the lithosphere. 

Tectonic plates float on the 

weak, plastic rock of the 

asthenosphere beneath.   
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Chapter 1 Earth Systems 7

lower parts of the atmosphere. 
Sea life concentrates near the 
surface, where sunlight is avail-
able. Plants also grow on Earth’s 
surface, with roots penetrat-
ing a few meters into the soil. 
Animals live on the surface, fly a 
kilometer or two above it, or bur-
row a few meters underground. 
Large populations of bacteria live 
under glacial ice and in rock to 
depths of as great as    4    kilome-
ters. Some organisms live on the 
ocean floor, and a few windblown 
microorganisms drift at heights of 
   10    kilometers or more. Despite 
these extremes, the biosphere 
is a very thin layer at Earth’s 
surface.

  Plants and animals are clearly affected by Earth’s 
environment: Organisms breathe air, require water, 
and thrive in a relatively narrow temperature range. 
Terrestrial organisms ultimately depend on soil, which 
is part of the geosphere. But plants and animals also 
alter the atmosphere through respiration and contrib-
ute organic matter to the geosphere when they die.

       1-2      EARTH SYSTEMS
   A   system      is any assemblage or combination of inter-
acting components that forms a complex whole. For 
example, the human body is a system composed 
of bones, nerves, muscles, and a variety of special-
ized organs. Each organ is discrete, yet all the organs 
interact to produce a living human. For example, blood 
nurtures the stomach, and the stomach helps provide 
energy to maintain the blood. 

 Systems are driven by the flow of matter and 
energy. Thus, a person ingests food, which contains 
both matter and chemical energy, and inhales oxygen. 
Waste products are released through urine, feces, 
sweat, and exhaled breath. Some energy is used for 
respiration and motion, and the remainder is released 
as heat or stored as fat.

  A single system may be composed of many 
smaller ones. For instance, the human body contains 
hundreds of millions of bacteria, each of which is its 
own system. Many of these bacteria are essential to 
the functioning of human metabolic processes such 
as digestion.

  In addition, humans are part of their local 
ecosystem     , which is defined as a complex community 
of organisms and their environment functioning as an 
ecological unit in nature. Therefore, to understand the 
human body system, we must study smaller systems 

In contrast,   groundwater     —which occurs in pores, 
 spaces within soil and rock of the upper few 
kilometers of the geosphere—is much more volumi-
nous and accounts for    0.63    percent of Earth’s water. 
Only a minuscule amount of water,    0.001    percent, 
exists in the atmosphere, but because it is so mobile, 
this atmospheric water profoundly affects both the 
 weather and the climate of our planet. 

      1-1c      The Atmosphere
   The atmosphere is a mixture of gases: mostly nitro-
gen and oxygen, with smaller amounts of argon, 
carbon dioxide, and other gases. It is held to Earth 
by gravity and thins rapidly with altitude. Ninety-nine 
percent is concentrated in the first    30    kilometers, 
but traces of atmospheric gas occur as far as 
   10,000     kilometers above Earth’s surface.

  The atmosphere supports life, because animals 
need oxygen and plants need both carbon dioxide and 
oxygen. In addition, the atmosphere supports life indi-
rectly by regulating climate. Air serves as both a blanket 
and a filter, retaining heat at night and shielding us from 
direct solar radiation during the day. Wind transports 
heat from the equator toward the poles, cooling equa-
torial regions and warming temperate and polar zones.

      1-1d      The Biosphere
   The biosphere is the zone that life inhabits. It includes 
the uppermost geosphere, the hydrosphere, and the 

Glaciers
1.8%

Atmosphere
0.001%

Ground water
0.63%

Streams and lakes
0.01%

Oceans

97.5%

  FIGURE  1.5        The oceans contain most of 

Earth’s surface water. Most freshwater is frozen 

into glaciers. Most available freshwater is stored 

underground as groundwater.  
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   groundwater  
 Subsurface water contained 

in the soil and bedrock of 

the upper few kilometers of 

the geosphere, comprising 

about    0.63    percent of all 

water in the hydrosphere.   

   system   Any combination 

of interacting components 

that form a complex whole.   

   ecosystem   A complex 

community of individual 

organisms interacting with 

each other and with their 

physical environment and 

functioning as an ecological 

unit in nature.   
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8 Chapter 1 Earth Systems

(e.g., bacteria) that exist within 
the body, while also exploring 
how humans interact with their 
larger ecosystems. 

 But we’re not finished yet. 
Individual ecosystems interact 

with climate systems, ocean currents, and other Earth 
systems. Thus:

•     The size of systems varies dramatically.

•     Large systems contain numerous smaller systems.

•     Systems interact with one another in complex 
ways.

    As we have learned, Earth is composed of four 
major systems: geosphere, hydrosphere, atmosphere, 
and biosphere. Each of these large systems is subdi-
vided into a great many interacting smaller ones. For 
example, a single volcanic eruption is part of a sys-
tem. Energy from deep within Earth melts rock, form-
ing magma. Some of this magma escapes during the 
eruption, along with volcanic gases that react chemi-
cally with surface materials. But this volcanic eruption 
is driven by the distribution and movement of heat 
within Earth’s interior, which is also a system. Volcanic 
ash and certain gases spewed skyward during the 
eruption can affect local weather and cool Earth’s cli-
mate, thereby becoming part of these systems. Heat 
from the eruption can also rapidly melt glaciers grow-
ing near the summit of the volcano, affecting the local 
hydrologic system. In this book, we will study sys-
tems of all sizes and illustrate many of the complex 
interactions among them.

  Earth’s surface systems—the atmosphere, hydro-
sphere, and biosphere—are ultimately powered by 
the Sun. Wind is powered by uneven solar heating 
of the atmosphere, ocean waves are driven by the 
wind, and ocean currents move in response to wind 

  cycle   A sequential process 

or phenomenon that returns 

to its beginning and then 

repeats itself over and over.  

or differences in water temperature or density. Luckily 
for us, Earth receives a continuous influx of solar 
energy, and it will continue to receive this energy for 
another    5    billion years or so.

  In contrast, Earth’s interior is powered by the 
decay of radioactive elements and by residual heat 
from the primordial coalescence of the planet. We will 
discuss these sources of heat in later chapters.

  Fundamental to our study of Earth systems are 
several energy and material cycles. A   cycle      is a sequen-
tial process or phenomenon that returns to its begin-
ning and then repeats itself over and over. During the 
course of these cycles, matter is always conserved. It 
never simply disappears, although it may continuously 
change form. For example, water evaporates from the 
ocean into the atmosphere, falls to Earth as rain or 
snow, and eventually flows back to the oceans. In this 
book, we will examine the rock cycle (  Chapter 3  ), the 
hydrologic cycle or water cycle (  Chapter 11  ), the carbon 
cycle (  Chapter 17  ), and the nitrogen cycle (  Chapter 17  ).

  Because matter exists in so many different chemi-
cal and physical forms, most materials occur in all four 
of Earth’s major spheres—geosphere, hydrosphere, 
atmosphere, and biosphere. Water, for example, is 
chemically bound into clays and other minerals as a 
component of the geosphere. It is the primary constitu-
ent of the hydrosphere and exists in the atmosphere as 
vapor and clouds. Water is also an essential part of all 
living organisms. Salt is another example. Thick layers of 
salt occur as chemical sedimentary rocks; large quanti-
ties of salt are dissolved in the oceans; salt aerosols are 
suspended in the atmosphere; and salt is an essential 
component of life. As we can see, all the spheres con-
tinuously exchange matter and energy. In our study of 
Earth systems, we categorize the four separate spheres 
and numerous material cycles independently, but we 
also recognize that Earth materials and processes are all 
part of one integrated system (  Figure 1.1   ).
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Chapter 1 Earth Systems 9

        1-3      TIME AND RATES OF 
CHANGE IN EARTH SCIENCE
   James Hutton was a gentleman farmer who lived in 
Scotland in the late 1700s. Although trained as a physi-
cian, he never practiced medicine and instead turned 
to geology. Hutton observed that a certain type of 
rock, called sandstone, is composed of sand grains 
cemented together. He also noted that rocks in the 
Scottish Highlands slowly decompose into sand and 
that streams carry sand into the Lowlands. He inferred 
that sandstone is composed of sand grains that origi-
nated from the erosion of ancient cliffs and mountains.

   Hutton tried to deduce how much time was 
required to form a thick bed of sandstone. He studied 
sand grains slowly breaking away from rock outcrops. 
He watched sand bouncing down streambeds. Finally, 
he traveled to beaches and river deltas where sand 
was accumulating. By estimating the time needed for 
thick layers of sand to accumulate on beaches, Hutton 
concluded that sandstone must be much older than 
human history.

  Hutton had no way of measuring the magnitude 
of geologic time. However, modern geologists have 
learned that certain radioactive materials in rocks 
can be used as clocks to record the passage of time. 
Using these “clocks” and other clues embedded in 
Earth’s crust, the Moon, and in meteorites fallen from 
the Solar System, geologists estimate that Earth 
formed    4.6    billion years ago.

  The primordial Earth was vastly different from 
our modern world. There was no crust as we know 
it today, there were no oceans, and the diffuse 
 atmosphere was vastly different from the modern 
one. There were no living organisms.

  No one knows exactly when or how the first living 
organisms evolved, but we know that life existed at 
least as early as    3.8    billion years ago,    800    million years 

after the planet formed. For the following    3.3     billion 
years, life evolved slowly, and although some multi-
cellular organisms developed, most of the biosphere 
consisted of single-celled organisms. Organisms 
rapidly became more complex, abundant, and varied 
about    542    million years ago. The dinosaurs flourished 
between    225    million and    65    million years ago.  Homo 
sapiens  and our direct ancestors have been on Earth 
for    5    to    7    million years, for only about one-tenth of 
   1    percent of the planet’s history.

  In his book  Basin and Range , John McPhee offers 
a metaphor for the magnitude of geologic time. 2                                 If the 
history of Earth were represented by the old English 
measure of a yard—the distance from the king’s nose 
to the end of his outstretched hand—all of human his-
tory could be erased by a single stroke of a file on his 
middle fingernail.   Figure 1.6    summarizes Earth history 
in graphical form. 

 Geologists routinely talk about events that 
occurred millions or even billions of years ago. For 
example, about    1.7    billion years ago, the granite 
now forming Mount Rushmore cooled from a melt 
and crystallized. About a half billion years ago, the 
Appalachian Mountains began to form from tectonic 
crumpling of the eastern part of the North American 
plate. About    150    million years ago, a blanket of mud 
containing the remains of tiny plankton accumulated 
in deep water off the West Coast of North America. 
That sediment has since hardened to form one of the 
rock units on which the Golden Gate Bridge was built.

    There are two significant consequences of the 
vast span of geologic time:

     1.  Events that occur slowly become significant. 
If a continent moves a few centimeters a year, 
the movement makes no noticeable alteration 
of Earth systems over decades or centuries. 

“On us who saw these phenomena for the first time, 
the impression will not easily be forgotten. . . . We 

felt ourselves necessarily carried back to the time . . . 
when the sandstone before us was only beginning to 
be deposited, in the shape of sand and mud, from the 

waters of an ancient ocean. . . . The mind seemed to grow 
giddy by looking so far into the abyss of time. . . .

We find no vestige of a beginning, no prospect of an end.”
James Hutton1  
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2  .                      John McPhee,  Basin and Range  (New York: Farrar, Straus & Giroux, 
1982).    

1. James Hutton, “Theory of the Earth; or an investigation of the laws 
observable in the composition, dissolution, and restoration of land 
upon the Globe.”  Transactions of the Royal Society of Edinburgh 1 
(1788): 209–304.    
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