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Learning Outcomes
In this section, you will

• Design an experiment that 
measures the volume of gas 
dissolved in a liquid.

• Describe how Earth’s fluid 
spheres formed and have 
changed through time.

• Examine interactions between 
Earth’s geosphere and its fluid 
spheres.

Think About It
In the news, you often hear about changes in the makeup of the 
atmosphere or the oceans. However, dramatic changes in Earth’s 
fl uid spheres do not happen in modern times. Back when Earth 
was young, the chemistry of the fl uid spheres underwent some 
major changes as the planet cooled.

• How did the atmosphere form and how has it changed?

• How did the oceans form and how have they changed?

• How are these changes connected to other parts of the 
Earth system? 

Record your ideas about these questions in your Geo log. Be 
prepared to discuss your responses with your small group 
and the class.

Investigate
In this Investigate, you will design an experiment to collect a gas 
dissolved in a liquid. You will then examine how liquids are able 
to stay inside hot mantle rocks.

Section 2 The Evolution of the Fluid Spheres

 Section 2  The Evolution of the Fluid Spheres

What Do You See?
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Chapter 8  Earth System Evolution

Modeling the Release of Dissolved 
Gases in Rock 

Many scientists think that during Earth’s 
history, varying amounts of gases and 
water vapor dissolved in the mantle were 
released into the atmosphere. You will 
design a model that demonstrates some of 
the factors that affect how gas dissolved in 
a fl uid is released. Parts of the Earth system 
will be represented in the following ways: 
• A carbonated beverage in a bottle will 

represent Earth’s hot mantle rocks.
• Gas in the liquid will represent dissolved 

gases in the mantle rocks.

 1. Examine the liquid in the unopened 
bottle. 
a) Do you see any bubbles of gas? 

If not, why not? 
b) Predict what will happen to the 

liquid when the bottle is opened.
c) How do you think the 

manufacturers keep the gas dissolved 
in the liquid until it is opened? 

d) How much gas do you think is in 
the bottle?

 2. With your group, design models that 
will show the effects of changing 
pressure and temperature on the 
volume and rate of gas produced when 
you open identical carbonated beverage 
bottles. Use the materials available 
to you for your models. Think about 
how to best collect and measure the 
gas from the liquid after the bottle has 

been opened. You will also need to 
think about how to measure the rate of 
gas production once you open a bottle. 
a) Draw diagrams of how you plan to 

set up your models. 
b) List the steps you will follow to 

build and run your models.
 3. Show your design and steps for your 

models to your teacher. With your 
teacher’s approval, set up and run your 
models. If your first models are not 
successful, consult with another group 
or your teacher for advice. 
a) Redesign and rebuild your models 

and run them again.
b) Record your results.
c) Graph your data to show the effects 

that the different factors had on the 
volume and rate of gas produced.

 4. Share your designs and results with 
your class. 
a) How did your design compare

to others? 
b) How did your results compare 

to others? 

 5. Use the results of your experiment 
to answer the following questions:
a) How do temperature and pressure 

interact to slow down or speed up 
the release of gas from fluids? 

b) What do your models help you to 
infer about the release of gases from 
Earth’s mantle and the formation
of Earth’s fluid spheres? 

Earth’s atmosphere and oceans are striking when seen from space. How did 
these parts of the Earth system form?

EC_Natl_SE_C8.indd   882 7/15/11   12:12:43 PM



EarthComm
883

 Section 2  The Evolution of the Fluid Spheres

THE RELEASE OF GASES FROM 
EARTH’S INTERIOR
Gases and Liquids in Mantle Rocks
In the Investigate, you saw that before you opened a carbonated 
beverage, you could not observe any bubbles. However, when you 
opened the bottle, you observed bubbles form. The bubbles rose to the 
surface of the liquid and escaped. The beverage was carbonated. It had 
gas dissolved in it. Opening the bottle reduced the pressure on the fluid 
in the bottle. This allowed the gas to be released. The reason you do not 
see bubbles in an unopened bottle is because the pressure of the outside 
of the bottle restricts the movement of the gas in the liquid. This 
prevents the gas from escaping. Heating the opened bottle increases 
the rate at which the gas escapes. 

Gases are dissolved in Earth’s hot mantle 
rocks. These include carbon dioxide, 
nitrogen, and water vapor. Compare this 
to the gas dissolved in the beverage that 
you examined. Deep in the mantle rocks, 
dissolved gases are under great pressure. 
They remain dissolved and in equilibrium 
with their environment. However, during 
volcanic activity, molten rock rises 
through the crust. The environmental 
conditions change. As the depth below 
the surface decreases, the mass of the 
overlying crust decreases. Therefore, 
the pressure on the rising magma also 
lessens. With a decrease in pressure, gases 
dissolved within the magma are released. 
This creates a new equilibrium, similar to 
the release of gas from the bottle after it 
was opened.

Earth’s rocky lithospheric plates contain 
special minerals. These minerals can hold 
water within their crystals. Mineral matter 
in Earth’s mantle also contains water. How much water vapor is in Earth’s 
mantle? A number of years ago, scientists in Tokyo, Japan, tried to 
answer this question. They created a model of Earth’s mantle in their 
laboratory. The scientists placed the same pressures on their “mini-
mantle” that exists in Earth’s mantle. This is about 250,000 times greater 
than the atmospheric pressure you feel at Earth’s surface. They found 
that at this great pressure the rocks in the mantle are able to contain 
huge volumes of dissolved water vapor. The volume of Earth’s entire 
mantle is enormous. The scientists determined that it could contain a 

Figure 1 A gas dissolved in a liquid 
under pressure is released when 
the pressure is lowered.
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     volume of water greater than all the water
in Earth’s oceans. Some scientists debate 
these findings. They suggest that there may 
not be that much water in the mantle. Since 
it is impossible to gather samples of the 
deep mantle, research and debate is still 
continuing.

Many crystals in Earth’s crust begin to form 
in some kind of fluid. As these crystals grow, 
they often trap tiny bubbles of the fluid. This 
provides important information about the 
conditions under which the crystals formed. 
By heating the bubbles, scientists can find 
the temperature and pressure at which the 
crystals formed. One instrument used for this 
was designed by the USGS. It is extremely 
sensitive. It is capable of detecting amounts 
as low as 8 parts per billion in samples as 
small as 0.01 mm in diameter.

 Figure 3 A microscopic fluid inclusion within a quartz grain.

Gases dissolved in Earth’s mantle are released into the atmosphere during 
volcanic eruptions. These can occur when a plate descends downward 
into the mantle. The plate can get so hot that any water or gas it contains 
rises into the overlying mantle. The overlying mantle melts into magma. 
The magma is less dense than the solid rock that surrounds it. It then rises 
through the mantle to the overlying crust. As it nears Earth’s surface, 
there is less overlying rock. The pressure on the magma decreases. At the 
surface, the magma is under atmospheric pressure. Gases such as carbon 
dioxide, nitrogen, sulfur dioxide, and water vapor dissolved in the magma 

Figure 2 Is all of Earth’s water 
visible from space?
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are released into the atmosphere. Various volcanic processes release 
dissolved gases from Earth’s mantle. These include continental and 
oceanic volcanic eruptions, outpouring of lava flows, and rifting. Also 
included are rising plumes at hot spots and at mid-ocean ridges. During 
these processes, hot material from the deep mantle reaches Earth’s 
surface. As this takes place, any dissolved gases it contains are released. 

Figure 4 As a descending plate melts, migrating fluids cause the partial melting of 
the mantle. When the melted mantle rises to the surface, gases are released through 
volcanoes.

Figure 5 Steam and volcanic gases are released from the crater of Mt. St. Helens, 
one of several volcanoes of the Cascade volcanic chain.

 Section 2  The Evolution of the Fluid Spheres
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The Evolution of Earth’s Fluid Spheres
Earth’s interior has been releasing gases since its formation 4.6 billion 
years ago. These gases were trapped within the solid rock particles that 
came together (accreted) to form Earth. The accretion process began 
under the influence of gravity. Over time, more and more rocky debris 
was pulled in from the solar system. As Earth’s mass increased, its gravity 
grew. The pressure increased on its interior. With an increase in pressure, 
its interior heated and melted. Meteorites bombarded the surface of 
the young Earth. This caused its primitive crust to melt and rift. As this 
occurred, large amounts of gases were released through fissures in Earth’s 
surface. The young atmosphere grew in mass and volume through volcanic 
activity. Earth’s gravity kept these gases from being stripped away by the 
solar wind and blowing off into space. The process by which huge volcanic 
eruptions transfer matter from the mantle to the atmosphere is called 
outgassing.

Figure 6 An artist’s drawing of the very young Earth, some four billion years ago, 
showing a partially molten surface and scars from impacts by meteorites.

Outgassing early in Earth’s history produced a primordial atmosphere of 
largely water vapor and carbon dioxide. There were also lesser amounts 
of carbon monoxide, hydrogen, and hydrogen chloride. It is possible that 
there were traces of methane and ammonia as well. In contrast to the 
atmosphere today, oxygen was mostly absent. The early atmosphere was 
toxic to life on Earth. The atmospheric pressure may have been about 250 

Geo Words
outgassing: the 
release of gases from 
Earth’s interior that 
formed the primordial 
atmosphere and 
continues today.
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times that of today. During the early Hadean, Earth’s surface temperature 
was extremely hot. It was too hot for water to exist as a liquid at the 
surface. As a result, there were no oceans, lakes, rivers, or groundwater. 
This atmosphere was similar to that on Titan, one of Saturn’s moons. 

As the young Earth cooled, outgassing formed a new atmosphere. It 
consisted of methane, hydrogen, nitrogen, and water vapor, with smaller 
amounts of noble gases and carbon dioxide. (Helium is an example of a 
noble gas.) Hydrogen, the lightest component, escaped into space. 
Earth’s cooler surface radiated less heat into the atmosphere. Further 
cooling enabled water vapor to condense. It fell to the surface as rain. 
Much of the first rains would have fallen on hot volcanic rock and 
evaporated. As the crust cooled more, rain began to collect in low-lying 
areas. This formed bodies of water on the surface. Eventually, enough 
water was released from Earth and condensed to form the world’s 
oceans. Greenland contains Earth’s oldest marine sedimentary rocks. They 
are about 3.8 billion years old. They suggest that it took about a billion 
years for the oceans to form. This also means that the atmosphere was 
the first part of the fluid spheres to form. The hydrosphere arrived as a 
product of the atmosphere.

On the primitive continents, Earth’s first river networks formed. Drainage 
basins developed. The rivers flowed and transported rock particles worn 
from the continents. These sediments built up in the oceans. They formed 
early marine sedimentary rocks. Eventually, these rocks would be recycled 
through young subduction zones. They would produce lava with a greater 
silica content than that which formed the early basaltic crust. 

The outgassing of carbon dioxide 
produced rainfall and oceans 
that were more acidic than 
today. This is because carbon 
dioxide, when combined with 
water, forms carbonic acid. The 
water reacted with rocks through 
weathering processes. This added 
new chemicals to the water. The 
oceans become salty quite quickly. 
Scientists have calculated a pH of 
about 5.8 for the early Hadean 
ocean. By the late Hadean, the 
ocean’s pH was closer to neutral 
(a pH of 7). Some of the dissolved 
chemicals would later become 
limestone and the shells of marine 
organisms. Today, the oldest 
organic marine limestones are 
found in western Australia. They 
are in rocks 3.5 billion years old.

 Section 2  The Evolution of the Fluid Spheres

Figure 7 As the first rains fell on 
Earth’s surface, the rock cycle 
began to develop.
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Some scientists believe that the process of outgassing did not form the 
atmosphere and oceans. They argue that the young Earth’s gravity pulled 
in chemicals released by the Sun. This material then formed Earth’s early 
atmosphere. Other scientists think that Earth’s water came from gigantic 
comets several kilometers long, passing by Earth. They suggest that 
Earth’s gravity pulled in ice and rocky material from these comets. Using 
mathematics, they have calculated that as few as four of these comets 
would have been enough to provide water to fill the oceans. Comets do 
pass by Earth today. However, they do not do so at a rate fast enough to 
fill the oceans with water. If the oceans had formed at the current rate, it 
would have taken tens of trillions of years. Because the oceans formed in 
about a billion years, scientists argue that the rate at which comets came 
in contact with Earth in the past must have been much higher.

Early Interactions Between the Fluid Spheres and the Young Earth

Earth’s youngest atmosphere was probably composed of the very light 
elements hydrogen and helium. These gases were lost into space. Earth’s 
gravity was not strong enough to hold them close to its surface. During 
this time, Earth’s internal structure had yet to differentiate into the 
solid inner and liquid outer cores. The very young Earth did not have a 
magnetic field to protect the atmosphere. Therefore, it was eroded by 
the solar wind. The fluid motion in Earth’s iron-rich outer core created 
the magnetosphere. After that, the atmosphere was protected. 

Astronomers think that the young Sun was about one third dimmer 
than it is today. Yet, during Earth’s first 500 million years, its young 
hydrosphere did not freeze over. Earth did not turn into a giant snowball. 
Many scientists believe that Earth’s young atmosphere was richer in 
greenhouse gases. This kept the planet from freezing over. As the Sun 
became brighter, the concentration of greenhouse gases declined. They 
eventually reached modern levels. This is known as the faint young Sun 
paradox.

The interaction between the geosphere and the fluid spheres was vital to 
the development of the granite rocks that now make up the continents. 
Earth’s young crust was largely made of basalt. Particles that were 
weathered from the crust had more silica. Silica is resistant to chemical 
and physical attack. Silica-rich sedimentary rocks built up in the oceans. 
They later melted in subduction zones. As a result, the melted basaltic 
oceanic crust became richer in silica from the added melted sedimentary 
rocks. This formed andesitic magma. This magma has less magnesium and 
iron than basaltic magma. This less-dense magma was injected into the 
continents. It prevented them from future subduction. This is because they 
were more buoyant.
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Fluid Spheres on Other Planets and Moons 
Earth is not the only planetary body in the solar system with fluid 
spheres. Venus and Mars both have atmospheres. Like Earth, the mass 
of each of these planets is large. The mass of each is large enough to 
create a gravitational field. This keeps its atmosphere from escaping into 
space. Judging from their atmospheric pressures, the mass of Earth’s 
atmosphere is about 100 times greater than Mars. It is 100 times less 
than that of Venus. There are traces of an atmosphere on Mercury and 
the Moon. Early in their formation, they may have had atmospheres. 
However, because of their weak gravitational fields their atmospheres 
were probably lost into space. One of Jupiter’s moons, Io, has an 
atmosphere that is strongly affected by the Jupiter’s gravitational field. 
Europa, another of Jupiter’s moons, has a thin oxygen-rich atmosphere. 
Titan, Saturn’s largest moon, is icy and rocky. It has an atmosphere rich in 
nitrogen with clouds of methane. Its fluid spheres contain rare features. 
These include ice volcanoes and liquid hydrocarbon lakes.

 Figure 8 Special suits provide astronauts with the gases they need to survive. 

 Section 2  The Evolution of the Fluid Spheres
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  Figure 9 A computer-generated image of a large volcano and
lava flows on Venus.

Earth’s fluid spheres are unique among the other planets. Earth is the 
only planet with abundant free oxygen. Venus and Mars also have 
oxygen, but it is tied up in carbon dioxide molecules. Earth also has 
abundant water in all three states. Venus has a very small amount of 
water. Mars shows evidence of ancient stream erosion but no longer has 
liquid water on its surface. Mars does have ice at its poles. Because of the 
different composition of their atmospheres and their distances from the 
Sun, the surface temperatures of each of these planets varies greatly from 
480°C for Venus to 15°C for Earth.

  Figure 10 The waterless solid surface of Mars. This photograph 
was taken by the Viking Lander.

Checking Up
1. What happens 

during outgassing? 
What factors can 
affect outgassing?

2. When did Earth’s 
atmosphere form? 

3. When did Earth’s 
hydrosphere form?

4. What was the 
chemistry of Earth’s 
early atmosphere? 

5. What was the 
chemistry of Earth’s 
early hydrosphere?

6. What evidence 
do geologists use 
to learn about 
the young Earth’s 
atmosphere and 
hydrosphere?
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Think About It Again
At the beginning of this section, you were asked the following:

• How did the atmosphere form and how has it changed?

• How did the oceans form and how have they changed?

• How are these changes connected to other parts of the Earth system? 

Record your ideas about these questions now. Use your knowledge about the development 
of the young Earth to help in your explanation.

Reflecting on the Section and the Challenge
In this section, you explored the release of dissolved gases from a solution. You used this 
as a model for the release of dissolved gases from Earth’s mantle rocks. You read about 
the sequence of events that formed Earth’s atmosphere by outgassing. You also read how 
the loss of heat from the planet was critical to the collection of liquid water at the surface. 
You learned how other important factors contributed to Earth losing its atmosphere into 
space. You now know about the location and nature of several important pieces of geologic 
evidence that reveal the nature and timing of the evolution of Earth’s fl uid spheres. Consider 
these as you examine the evolution of a planet or moon for your Chapter Challenge.

Understanding and Applying

 1. In what way did Earth’s heavy bombardment by meteorites during accretion affect
the development of the atmosphere?

 2. What is the relationship between plate tectonics and Earth’s atmosphere?

 3. How long did Earth’s atmosphere take to form?

 4. How did the composition of Earth’s early atmosphere differ from that of today?

 5. Why does the Moon only have a trace amount of an atmosphere today?

 6. Explain the faint young Sun paradox and how it demonstrates that Earth’s spheres
are interconnected. 

 7. Why do you think that Earth system scientists debate the geologic events that happened 
during the Hadean?

 8. Do other planets have atmospheres? If so, why? If not, why not?

 9. Preparing for the Chapter Challenge

Develop a timeline for the formation and development of the fluid spheres on Earth. 
Start to design and collect images that you will use in your script. For your script, try 
to identify the most important events in the evolution of the atmosphere and oceans. 
Find out which factors controlled their outcomes. Determine which of Earth’s other 
spheres have had important interactions during the development of the fluid spheres. 
This will help you to compare the evolution of Earth’s fluid spheres with another planet 
or moon in the solar system.
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Inquiring Further
 1. Forming questions to investigate

Write down other questions you have about the Hadean atmosphere. How would you 
go about gathering information to answer these? What kind of experiment could you 
design to answer questions about atmospheric conditions when Earth was very young? 
Write your ideas in your Geo log.

 2. Earth’s magnetic field

Earth’s rotating outer core acts as a gigantic geodynamo and generates Earth’s 
magnetic field. The field is mostly invisible to the unaided eye but can be observed as 
the aurora borealis in the Northern Hemisphere. Find out more about the generation 
of the northern lights and how it helps maintain Earth’s atmosphere and oceans.

 3. Snowball Earth

Without the young Earth’s super-greenhouse atmosphere, the planet might have had a 
much colder beginning. Find out more about the debate behind the “snowball Earth” 
theory and learn more about the origins of Earth’s primordial atmosphere.

 4. Jupiter’s icy moon

  The planet Jupiter is truly a gas giant. More than 
1300 Earths could fit inside the planet that has 
more than 300 times Earth’s mass. Jupiter has 
many natural satellites, including the exotic moon 
Io. This moon is highly volcanic and rich in lava 
flows, calderas, and geysers that spew sulfurous 
liquids 500 km from the surface. Explore how 
Jupiter’s mass affects Io’s outgassing process.

Jupiter's moon Io.
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