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Preface

More than 10 years have passed since the beginning of the twenty-first century, and
problems associated with the global environment, resources, and the world econ-
omy have been distinctly realized. It is highly desirable to create long-term safety
and a sustainable human society by solving these serious problems.

Is it possible to build a sustainable society? How can we construct such a society?
Human society greatly influences the earth’s environment, causing such problems
as global warming, acid rain, and destruction of the ozone layer. Thus, it is inferred
that long-term safety and a stable human society cannot be established without a
scientific understanding of the earth’s surface environment and the earth’s interior
as it influences the surface environment. We should consider what human society
ought to do in the near future based on scientific understanding of interactions
between humans and nature.

What are the nature—human interactions? The basic study that can give us the answer
to these questions is earth system science, which has been developed significantly in
the last 20 years. According to earth system science, the earth system consists of sub-
systems such as the atmosphere, hydrosphere, geosphere (lithosphere), biosphere, and
humans, and earth system science clarifies the interactions among these subsystems.
Matter and energy are circulating, and the total earth system has been irreversibly
changing with time since the birth of the system. Earth system science can clarify the
evolution of the earth system as well as the modern earth system.

Twenty years ago I described an outline of the earth system in Introduction to the
Earth System (1992) (in Japanese). Following this publication, earth system science
has developed considerably. For example, a great deal of information on solar plan-
ets, the relationship between the solar planets and earth, and the origin and evolution
of earth and the solar system have been elucidated, clearly indicating that the earth
system is open to external systems (the solar system; universe). In addition to the
influence of the external (solar) system on the origin and evolution of the earth sys-
tem, the materials, temperature distribution, and hot and cold plumes in the solid
interior of the earth have been investigated by high-temperature and high-pressure
experiments, three-dimensional seismic wave tomography, multi-element and multi-
isotope analyses, and radiometric age dating of earth materials and solar system
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materials (e.g., Martian rocks). Further, global climate change from ancient times to
the present and global material cycles (e.g., the global carbon cycle) have been
studied by computer simulations and isotopic and chemical analyses. It can be said
that earth system science is developing and is changing to earth and planetary sys-
tem science. Thus, in this book, the intention is to present earth and planetary sys-
tem science including topics that are not in my earlier publication, Introduction to
Earth System Science. For example, plate tectonics and plume tectonics are briefly
described in this book (Chap. 3) because the earth’s surface environment where
humans and organisms are living are greatly influenced by these tectonics. In addi-
tion, the relationship between humans and organisms, which has been extensively
investigated (origin of life, evolution of biota, mass extinction, underground bio-
sphere) has been included (Chap. 6). In the last chapter (Chap. 7), the relationship
between the earth system and nature (earth and the planets) is considered. Earlier
views regarding the earth and nature are summarized and compared with the views
presented here (earth and planetary system sciences, earth and planet co-ori-
ented human society).

This book has arisen mainly from several courses on Earth and Planetary System
Science and Earth’s Environmental and Resources Problems for undergraduate and
graduate students at Keio University and also from many classes at other universities
(The University of Tokyo, Gakushuin University, Nihon University, Hiroshima
University, Yamaguchi University, Tokushima University, Kyoto University, Shizuoka
University, Tsukuba University, Yamagata University, Tohoku University, and Akita
University). In these courses during the last 30 years, I received many comments,
questions, and responses from numerous undergraduate and graduate students.
Discussions with them have allowed me to develop and clarify the ideas presented
here, particularly the earth’s environmental co-oriented society (Chap. 7).

In writing this book I am greatly indebted to many people in the Geology
Department of The University of Tokyo, the Applied Chemistry Department of Keio
University, the Geology Department of Tokyo Gakugei University, and the
Department of Earth and Planetary Science of Harvard University.

I express my great appreciation for the late professors emeriti T. Tatsumi of The
University of Tokyo, advisor for my Ph.D. thesis in 1974, and T. Watanabe of The
University of Tokyo for teaching me economic geology (ore genesis) and isotope
geochemistry. They showed that the integration of each discipline of earth sciences
is necessary and very important in order to deeply understand the nature of the
earth’s environment and resources in relation to geological, geochemical, and geo-
physical processes. Drs. Y. Kajiwara, T. Nakano, and K. Fujimoto read the manu-
script and gave me useful critical comments. I very much appreciate Ms. M. Aizawa,
Ms. N. Katayama, and Ms. K. Suga for their skillful and patient word processing.
Ms. M. Shimizu and Ms. M. Komatsu of The University of Tokyo Press and
Mr. Ken Kimlicka of Springer Japan edited with care the manuscripts for the
Japanese version of the books Introduction to Earth System Science and Introduction
to Earth and Planetary System Science and the English version of Introduction to
Earth and Planetary System Science, respectively.



Preface vii

I want to dedicate this book to my wife, Midori Shikazono, and two daughters,
Chikako and Hisako Shikazono, and to my parents, Naoharu and Yoshiko Shikazono,
who have patiently provided understanding and moral support during the more than
30 years of my academic research and teaching.

Tokyo, Japan Naotatsu Shikazono






Contents

1 Introduction to Earth and Planetary System Science:
A New View of the Earth, Planets, and Humans..................................

1.1 What Is the Earth and
Planetary SYStEM? ....cccueeviiiiiierieniienieeieerite ettt s
1.1.1 Hierarchy in the Earth and Planetary System .............c.........
1.1.2 Interactions Between Subsystems ........cccceevvveervercieeneenieene
1.1.3  Earth as a SyStemM ......cccceeviieniieniiienienieeee et
1.2 What Is the Earth’s Environment?.........ccccccoovveviiiiniiniieeneenieeneeenenn
1.3 Development of Earth and Planetary System Science ......................
1.3.1 Geology, Geochemistry, and GeophysicCS..........ccecveruveruennne.
1.3.2 A New View of the Earth, Planets, and Humans:
Earth and Planetary System Science.........c.cccevcveveveenvennennne.
1.4 Chapter SUMIMATY .......cooovieriierieeiienieerieesreesieesreesieesseenseesseesseesnsens
REfETEINCES ...cuveiiiniiriieiietc ettt

2 Components of the Earth System..............ccccoccovieiiniecinincecieee,

2.1 Fluid Barth.....cocoooiiiiiecceeeee et
2.1.1 The AtMOSPNETE .......eeeviiriieiieeieeiie et
2.1.2  The HydroSphere..........ccoeceerierieiniieeieenieeieeniesieesve e
2.2 Solid Earth (the GEOSPhere) ..........cocvveveeriiinienieeiieeieeree e
2.2.1 The Earth’s Interior Structure..........ceceeveervreeneercreereenveenne
2.2.2 The Composition of the Crust.........ccccceeveerieerversieerrenieene
2.2.3  Composition of the Mantle..........cccceeveeervirieeniienieenienieene
2.2.4 The Composition of the COre.........cceevveevivrireenienieerrenreenn
2.2.5 The Lithosphere and Asthenosphere.............cceceeveveervennenne.
2.2.6  Average Composition of the Earth as a Whole......................
2.2.7 The Cosmic Abundance of Elements..........c.ccecceveveervennenne.
2.2.8  MELROTILES. c..eeuvieriiieniinieeeeeiteieetene ettt ettt sae e
2.2.9 Materials in the Solid Earth.........cccccoeveeviiniiiniiniiiieeiene,

AN W

Nelio]



Contents

2.3 THE SOIIS...eiiiieiiicieceeeee ettt ettt et v e s 38
2.4 The BIOSPRETE.....cc.eeevuieriiieiieeieeiee ettt ettt s es 38
2.5  Chapter SUMIMATY .......coocuieriieeiieenieesieeneesreeseesreesseessseesseesseesseessses 40
RETEIENCES ..ottt e e e e an e e e 41
Material Circulationinthe Earth ..., 43
3.1 Interactions in the MUultiSPheres .........cccoevvervieenierciienieeieenre e 43
3.2 HydrologiC CYCI ...ccueeruiiiiiiiieeieeiieeieeee sttt 44
3.3 Carbon CYCI....couiiiiieiiieiierieeieerte ettt sttt 45
3.3.1 Global Geochemical Cycle and Box Model.......................... 48
3.4 Circulation of the Solid Earth and Associated Interactions .............. 60
3.4.1  Plate TECtONICS ...oecvvieeeiiieeiiii ettt et e 60
3.4.2 Plume TeCtONICS ...ccvveeeviieeiiiieciiie ettt et 71
3.5  Chapter SUMMATY......ccccueeiiierieeiieeitieeiieeneesteeneesteessaesreessaesseesseesns 73
RETEIENCES ..ot e e e aa e eaens 73
Nature—-Human Interaction....................cc.ccocooeiiiiiiiniiiiieeee e, 75
4.1 Interactions Between Nature and Humans............c..cccceeeeiiieeenneenn, 75
4.2 Natural DISASLETS .....ccvvieeerrieeeiiieeciieeeireeeereeeereeeeteeeeereeesveeeetaeeanes 76
4.2.1 Classification of Natural Disasters...........cccccevveeerrieeeereeeennnn. 76
4.2.2  EarthqQUaKes ........coceereeriieiieeieeniiesieeneesie e eieesieesae e 77
4.2.3  Volcanic DiSaSterS .........cccueeervereriiiieeiieeeireeeereeeereeeeeree e 78
4.3 Natural RESOUICES........eeeeivviieiiiieciieeeieee ettt eeree s veeeetaeeenes 79
4.3.1 Renewable and Nonrenewable Resources................ccueeene.e. 79
4.3.2 Resources Problems ..........cccccveieeiiieiiiiieeiiee e 80
4.3.3 Exploitation of Natural Resources and
Associated Environmental Problems ...........c.ccccceeeevieeennnenn. 81
4.3.4 Mineral RESOUICES.........cccueeeeuviieiiiieciieeeeee et 82
4.3.5 Water RESOUICES.....cccuviiiiiiieiiieeeiiee et 88
4.3.6  Energy ReSOUICES......cceecueriuiiriiieriieiieeiee sttt 89
4.4  Earth’s Environmental Problems............ccccceoveiiiieiiiiieiie e 94
4.4.1  Global Warming ..........ccceereeeiuerneeriieeneesiieeneesieeneessseesseenns 95
4.4.2 The Destruction of the Ozone Layer..........ccccceecverirevieennnns 98
443 ACIARAIN ..ccviiviiciiceeeeeceee et 99
4.4.4  S0il Problems .........cccveieiiiiieiie et 101
4.4.5 Water PoOIIUtiON........cccoeiiiiiiiiiiieciiecceeeeee e 103
4.4.6 Waste Problems...........ccoveeeiiiiiiiiiecieeeee e 103
4.4.77 Provisions for Earth’s Resources
and Environmental Problems ..............ccccceeeviiieniiieciieeee. 105
4.5 Chapter SUMMATY ....ccccveeitierieerieerieereenteenieesseenieesseesseessseessnesseenses 108

RETEICNCES ..o e e e et e e 109



Contents xi

5 The Universe and Solar System .............cccccoecieriiienieniiienieniieenieeieeneens 111
5.1 Origin and Evolution of the Universe...........ccoeceereervieeneesiieeneennnenn 111
5.1.1 Big Bang Universe .......ccoecverveeiieeniienieeniesieeneesieesvesveenens 111
5.1.2  Evolution of Stars.......c.ccoecverieeiieenienieerie et 112
5.2 Formation of the Protosolar SyStem...........ceecvercvieniensieeneenieeneenenenn 113
5.3 Planets in the Solar SYStemM .......cccccevivrieriierieniieie et 116
5.3.1 Comparative Planetology ........cccccevvvervieeniiriieenienieeneeeieene 116
5.3.2 The Earth’s MOON.......cccevciiirieeiieniieeieeiee et 117
5.3.3 The Earth-Type Planets........cccccceevveevieenieniieenienieenreeeeenes 117
5.3.4 The Giant PIanets .........ccceceevieriieenieeiieeniesieenee e eveenens 120
5.3.5 Asteroids, Kuiper Belt Objects (KBOs), and Comets........... 120
5.3.6 Characteristic Differences Between
the Earth and Other Planets.........c.cccoecveeviiiiiieniencienieeienne, 121
5.4 Chapter SUMIMATY .......coecuieriieriieenieesteeneesieestesreenseessseesseesseesseessses 122
REFEIENCES ...vvieiiieiieeeece ettt ettt es 123
6 Evolution of the Earth System..................ccccooeieiiniinieeeeeeeee, 125
6.1  GEOCHIONOIOZY ...cuevieiieiiieiieeieeee ettt et es 125
6.1.1 Relative Age Dating.......cccceevvervieenieeiieeienieenee e 126
6.1.2 Radiometric (Absolute) Age Dating ........ccccceeveercvverveneennne. 126
6.2  Origin and Evolution of the Earth System ..........cccccoeeveviiiviieneennnen. 129
6.2.1 Formation of Early Earth
(About 4.6-3.0 Billion Years Ag0) ......ccceeverreecueeruenrieennenns 129
6.2.2 From 3.0 to 2.0 Billion Years Ag0.....c.cccceevvveervercreervenreenne. 135
6.2.3 2.0 Billion Years Ago to Present........cccceceeevvveniencieeneeneeenne. 138
6.2.4  Origin of Life ...coccevviienieeiiiieeeeeceee e 142
6.2.5 Extraterrestrial Life .......cccccovviiriiiniiniiiniiiieeieeeeeeeeeee 144
6.2.6 The Biosphere Deep Underground............c.cceevvercreerurennenne. 145
6.2.7 The Evolution of Life.........ccccceevieriiniiiiniiiiienienieeeeeieene 146
6.2.8  Mass EXUINCHON.......c.cevieriiirieeieeiie ettt 147
6.2.9 Climate Change in the Tertiary and Quaternary ................... 150
6.2.10 Anthropogenic Influence on the
Earth’s Changing Environment ............cocceevvveenieniieeneennennne. 152
6.2.11 Prediction of Earth’s Environment in the Future ................ 153
6.3 Chapter SUMIMATY .......coocvieriieeiieeieeeieeneesieenieesreesteeeseeseeesseesaeesnseas 155
REFEIENCES ...vvieiiieiieeee ettt ettt es 156
7 A Modern View on Nature and Humans ...............ccoccovveviiininnncennnne 159
7.1 ANthrOPOCENITISIN...ccuvieiiieiieeieeiieeieesieeeteenitesteerteeereeseeesbeenaeesaeees 159

7.2 NAtUIECENIIISITL ..eoeeuvvrrieeieeireeeeeeeeireeeeeeeetereeeeeesareeeeeesisreeeeeeessrareeeens 160



Xii Contents

7.3 A New View of Nature and HUmMans..........cceceeeeveevierveeneeniieeneenenenn 161
7.3.1 Earth Environment Co-oriented SOCI€tY .......ccccevcvveruvernennne. 161

7.3.2 Earth and Planetary System Science.........c.ccceeceeveveervennennne. 162

7.4 Chapter SUMIMATY .......coecvteriieriieenieesieeneesreeneesreesseesseesseesseesseessses 163
RETEIENCES . .vvieiiieeieeiie ettt st s 163
AFEEIWOT........oiiiiiiiieiicec ettt ettt e s be e sbaesaeeaeeeas 165



Chapter 1

Introduction to Earth and Planetary System
Science: A New View of the Earth, Planets,
and Humans

Earth and planetary system science has been developing very rapidly recently due
to (1) the establishment of plate tectonics and development of plume tectonics that
provide explanations for the movement of the solid earth, (2) development of obser-
vation technologies and analysis of the earth and other planets, and (3) considerable
research into the interactions between nature and humans such as the earth’s envi-
ronmental, resources, and disaster problems.

Plate tectonics can explain geological processes in the earth’s solid surface envi-
ronment, but cannot describe what occurs deep in the earth’s interior, in the mantle
and core. Recently, the concept of plume tectonics was proposed, resulting in a bet-
ter understanding of the dynamics of the earth’s interior and the genesis of earth-
type planets. The development of observation and analysis technologies is
accelerating, and this development may become very rapid in the near future. For
example, simulations of global material circulation between the fluid and solid parts
of the earth could be used to elucidate the origin and evolution of the earth and
planets. The interaction between humans and nature poses more difficulties than the
other two developments noted above because current methodologies do not yet
offer solutions to its problems. With this purpose in mind, scientific understanding
of the earth and other planets is the first step. Earth itself is not independent from
any external system. It interacts with other bodies and is open to energy and mass
exchange with the outside. The earth and planets did not form in isolation. The
earth’s history is intimately related to other planets in the solar system, and we need
to know that history as well as the earth’s present-day conditions to truly understand
our own planet. Knowledge about the other planets has been expanding rapidly in
recent years. Therefore, in this book the features of the earth, together with those of
the other planets, will be described and the relationship between them will be con-
sidered. We present basic information about the earth and planets (e.g. their con-
stituents and chemical and isotopic compositions) and describe the interactions in
the earth/planets system. Recently, the earth itself as a system, particularly at the

N. Shikazono, Introduction to Earth and Planetary System Science, 1
DOI 10.1007/978-4-431-54058-8_1, © Springer 2012



2 1 Introduction to Earth and Planetary System Science...

surface, environment has been modified by human activity. Thus, nature—human
interactions will also be considered. Then, a new view of the earth, planets and
humans will be presented.

Keywords Catastrophism e Earth and planetary system science ¢ Earth system
e Earth’s environment ® Nature—humans interactions ® Uniformitarianism

1.1 What Is the Earth and Planetary System?

1.1.1 Hierarchy in the Earth and Planetary System

The atmosphere, the hydrosphere and the geosphere (lithosphere), which are the
main components of the earth, interact with each other. Thus, we can regard the earth
as a system. The earth system is composed of subsystems (reservoirs) such as the
atmosphere (thermosphere, mesosphere, and troposphere), the hydrosphere (seawater
and terrestrial waters), and lithosphere (geosphere) (crust, mantle, and core) (Fig. 1.1).
Each subsystem is divided into several parts. For example, the crust is divided into
oceanic crust and continental crust. Oceanic crust is composed of basalt and ultrama-
fic rocks, while continental crust contains granitic rocks, volcanic rocks (basalt,
andesite, dacite, and rhyolite), sedimentary rocks, and metamorphic rocks. These
rocks, in turn, consist of minerals, and minerals are composed of elements. Therefore,
the earth system can be characterized as a hierarchy (Fig. 1.2). Most of the planets
in the solar system have an atmosphere and a solid portion made of silicates and/or
metals (Fig. 1.3). Water in the solar system is mostly in its solid state (ice) except in
the surface environment of the earth where liquid water is present.

1.1.2 Interactions Between Subsystems

Heat and mass transfer occur between subsystems. For example, in recent years,
anthropogenic emission of CO, gas to the atmosphere due to human activity (i.e.
burning of fossil fuel) has been increasing. The increase in atmospheric CO, con-
centration causes an increase in the CO, concentration of seawater. This kind of
mass transfer between the atmosphere and seawater is always occurring.

Heat also transfers between subsystems. For example, magma ascends from
deeper parts of the earth associated with heat and mass transfer. Magma is generally
generated in the upper and lower mantle. For example, generation of hot spot magma
as seen in Hawaii is related to plume activity. Lower mantle exchanges heat and
mass with the core. Hydrothermal solutions also transfer significant amounts of heat
and mass in relatively shallower parts of the crust (generally less than 10 km). These
examples illustrate how heat and mass are exchanged continuously between subsys-
tems in the earth system.
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Fig. 1.1 Constituents of earth system

1.1.3 Earth as a System

It is essential to understand the general principle of a system to understand the earth
and planetary system. Generally, “open” and “closed” systems are defined as those
that exchange heat and mass with other systems and systems that do not, respec-
tively (Fig. 1.4). The forces that drive heat and mass transfer include chemical
potential and temperature and pressure gradients. They cause diffusion, reaction
and advection (flow). The characteristics of the earth as a system and its subsystems
(its compositional and spatial distributions) change irreversibly over time due to
heat and mass exchange. These temporal changes are represented by differential
equations. The most important purpose of earth and planetary system sciences is to
elucidate the irreversible changes that the system undergoes. The first step in this
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endeavor is to describe the natural system from various points of view (geology,
chemistry, physics, biology, etc.). Then modeling of the system is required. Various
models such as time-independent and dependent models, linear and nonlinear mod-
els, and deterministic and probabilistic models have been used to simulate the earth
as a system. Therefore, first, we have to decide which model we should choose.

In the field of earth and planetary system sciences, the following should be inves-
tigated: (1) Different kinds of subsystems (e.g. the atmosphere, hydrosphere, and
geosphere), (2) subsystem components (rocks, minerals, ions, complexes, colloids,
etc.), (3) the chemical and physical states of the components of the subsystems (e.g.
temperature, pressure, chemical, and isotopic composition), (4) interactions between
subsystems (input and output fluxes of mass and energy), (5) the changes in subsys-
tems’ characteristics over time, and (6) the mechanisms of mass and heat transfer
that determine flux caused by diffusion, reaction, and advection.

There are various interactions between subsystems. We discuss the chemical
reactions between aqueous solutions and the solid phase (water—rock interactions)
in detail in this text. More detailed discussions on mass transfer mechanisms can be
found in “Chemistry of Earth Systems” and “Environmental Geochemistry of the
Earth System” published by the author (Shikazono 1997, 2010).

1.2 What Is the Earth’s Environment?

The time scale used to discuss “earth’s environmental problems” is generally short
compared with the history of the earth from its origin to its present state. “Earth’s
environment” is influenced by direct interaction between nature and humans. We
call this viewpoint “earth’s environment in a narrow sense”, and will discuss it in
Chap. 4. We will also consider the long-term, global scale earth environment, which
we term the “earth’s environment in a broad sense” (Fig. 1.5) in more detail.

Earth environment
in broad sense

- Universe .
Earth environment

in narrow sense

o +Earth J
<
- \_\
=
=] —Mineral:*\
=9
w2
- Atom
Fig. 1.5 Earth environments
in a narrow sense and a broad
sense in spatial scale and > ! - !
Formation Formation Present Future

temp oral scale diagram of universe of earth .
(Shikazono 1992) Time scale
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Fig. 1.6 Relationship between spatial scale and temporal scale for the geologic events and envi-
ronmental problems (modified after NASA 1986)

Figure 1.6 shows the relationship between geologic events and environmental
problems and the temporal and spatial scales of the earth’s environment as discussed
in this book.

1.3 Development of Earth and Planetary System Science

1.3.1 Geology, Geochemistry, and Geophysics

Geology started in Ancient Greece. In its early stages, geology developed in rela-
tionship with mining activity. Agricola (1494—1555), a pioneer in mineralogy, who
was born in Sachsen, southern Germany, described and classified minerals. At that
time, the differences between rocks, minerals and fossils was not recognized.
Agricola called them all “fossils”. In the eighteenth century, the geological study of
rocks began. James Hutton (1726-1797) studied mineralogy and geology in
Edinburgh, Scotland. He (1788) emphasized the importance of igneous activity in
the formation of rocks. His theory is called “plutonism”. In contrast, A. G. Werner
(1749-1817) of the Bergakademie Freiberg mining school in Germany thought that
all types of rocks formed in oceans. His theory is called “neptunism”. After consid-
erable debate between plutonists and neptunists, neptunism was defeated ca. 1820.
Hutton thought geologic events were the accumulation of present-day geologic
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phenomena that change very slowly. His manner of thinking led to Charles Lyell’s
(1830) “uniformitarianism”. Lyell’s theory can be represented by the phrase “the
present is a key to the past” which means that present and past geologic events are
both governed by the same rules. Uniformitarianism significantly influenced
Darwin’s theory of evolution. “Catastrophism” is a theory from the early nineteenth
century by G. D. Cuvie (1769-1832) that contrasts with uniformitarianism. An
example of catastrophism is the story of Atlantis which tells us that Atlantis, which
lay somewhere in the mid-Atlantic ocean sank suddenly to the seafloor one night
12,000 years ago because of an earthquake and volcanic eruption. This theory was
also consistent with Noah’s Ark of the Old Testament. Later, when a method for
determining the earth’s age was developed, it became clear that earth has been
changing for around 4.6 billion years, so uniformitarianism appeared to be more
plausible than catastrophism. However, recent findings of an iridium-rich layer at
the unconformity between the Cretaceous and Tertiary ages and evidence of a mass
extinction at that time (Alvarez et al. 1980), neither of which are known to be occur-
ring at the present time, can be explained by catastrophism (a bolide impact) and not
by uniformitarianism. After the middle of the nineteenth century, geology and min-
eralogy developed a great deal through the use of analytical equipment. For exam-
ple, minerals came to be identified using the optical properties they exhibit under
the microscope. Also, the X-ray diffraction method came to be used for determining
crystal structures. Numerous chemical analyses of rocks and minerals were per-
formed. For example, V.M. Goldschmidt (1888-1947) investigated metamorphic
rocks and classified the elements they contain as siderophile (Fe, Co, Ni, etc.), chal-
cophile (Cu, Ag, Zn, Cd, Hg, etc.), lithophile (alkali earth, rare earth, etc.), and
atmophile (H, N, C, (O), and inert gases (Ar, Xe, etc.)). Geochemistry began in the
nineteenth century and developed in the early twentieth century. Harold Urey
(1893-1981) established isotope geochemistry in middle of the twentieth century.

Geophysics began late in the nineteenth century. One early development in that
field was when Lord Kelvin (William Thompson) (1867-1934) estimated the age of
earth to be 2x 107 years based on calculations of the thermal history starting with
the earth as a molten body. In 1896, Antoine Henri Becquerel (1852-1908) discov-
ered radioactivity. After the discovery of radium by Pierre Curie (1859-1906) and
Marie Curie (1867-1934) in 1898, many radioactive elements were discovered and
ages of the earth’s solid materials were determined using various radioactive meth-
ods such as U-Pb dating. Since that time, considerable numbers of geophysical stud-
ies on the thermal structure of the earth and seismic and electromagnetic observations
have been carried out. In the 1940s and 1950s, global weather forecasting began.
Plate tectonic theory, which synthesized the solid earth sciences (geology, geophys-
ics, etc.), was proposed in the 1960s. By the 1980s, it was an established theory that
aided understanding of the dynamic solid earth (e.g. mountain building and earth-
quakes). Plate tectonics, however, focuses on earth’s solid surface, mainly the crust,
and cannot explain activity deeper in the earth’s interior, in the mantle and core.
Recently, the theory of plume tectonics was proposed to explain the earth’s interior
dynamics. It is noteworthy that igneous activities in the terrestrial planets in the
solar system like Venus and Mars can be explained by this theory.
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1.3.2 A New View of the Earth, Planets, and Humans:
Earth and Planetary System Science

Recently, the field called “earth system science”, which integrates various fields of
earth science including geophysics, geology, geochemistry, geography, meteorol-
ogy, oceanography, etc. has been developed. The concept of earth system science
was proposed by NASA (1986). The author published “An Introduction to Earth
System Science” (Shikazono 1992) and “The Chemistry of the Earth System”
(Shikazono 1997, 2010). Earth system science as treated by the author is a wider
field than NASA’s; we treat not only earth’s surface environment, which is NASA’s
main focus, but also earth’s interior, how the earth has changed over time (history,
evolution) and nature—human interactions such as use of resources and environ-
mental problems. In the United States, starting in the late 1990s after NASA’s
proposal, several books on earth system sciences were published (Gradel and
Crutzen 1993; Stanley 1998; Kump et al. 1999; Skinner et al. 1999; Jacobsen et al.
2000; Ernst 2000; Rollinson 2003). These books focus mainly on the global mate-
rial cycle, biogeochemical cycle, ocean system and interactions between the atmo-
sphere, biosphere, ocean, and the earth’s surface environment. Earth system science
as envisioned by NASA (1986) focuses on technological management of the global
system. This has resulted in an insufficient understanding of humans and the bio-
sphere and diversity in the earth system (Sacks 2002). Along with its focus on the
development of technology, NASA (1986) bases its concept of the earth system on
the delineation of the lithosphere, hydrosphere, and atmosphere in the earth sys-
tem, Suess’s (1875) idea of the biosphere coined by Vernadsky (1926, 1997), and
Hutton’s (1788) characterization of the earth as a “superorganism”. It is important
to review these early studies for their views and concepts of the earth and its
subsystems.

In Japan several important works were published before NASA (1986) that
regarded earth as a system. These works include Shimazu (1967, 1969), Takeuchi
and Shimazu (1969), Makino (1983), Hamada (1986), and Hanya and Akiyama
(1989). For example, Shimazu (1967) emphasized that nature is seamless, meaning
natural phenomena interrelate with earth other. Takeuchi and Shimazu (1969)
divided earth science development into three generations: first—description and
classification, second—analysis and reduction, and third—integration. Third gen-
eration earth science is systems engineering on earth. In 2005, the earth and plane-
tary union was created by the Japan Geoscience Union to establish earth and
planetary system science.

The content of this book is consistent with the development of earth and plane-
tary system science. In Chap. 2, the material aspects of the constituents (subsys-
tems) of the earth system are described. In Chap. 3, the dynamical aspects of the
solid and fluid portions of the earth (global cycles of solids and fluids, plate tecton-
ics and plume tectonics) are considered. Chapter 4 covers basic nature—human inter-
actions (disasters, resources, and environmental problems). In Chaps. 5 and 6,
historical changes in the solar system, planets and the earth and the evolution of
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the earth and planetary system are reviewed and described. In Chap. 7, modern
views on nature, the earth and planets are summarized, and the author’s new idea of
“earth’s environmental co-oriented society” will be presented.

1.4 Chapter Summary

1. The entire earth can be regarded as a system that we call the “earth system”. The
earth system consists of several subsystems: the atmosphere, hydrosphere, bio-
sphere, humans, and lithosphere (geosphere). The earth is open to other planets
with regard to mass and energy flow so the system that comprises the earth and
planets in the solar system is called the “earth and planetary system”.

2. These subsystems interact with each other, and each subsystem is open to mass
and energy flow to and from other systems.

3. The characteristics of the subsystems and the earth and planetary system change
irreversibly over various temporal and spatial scales.

4. There are two ways of viewing the environment: considering it in a narrow sense
or a broad sense. We focus here on the environment of the earth in a broad sense
from its origin through the present to the future and from local to global scales.

5. Descriptive, analytical and static studies on the earth and planets were done in
the early stages of earth sciences. Recently, research in the field has developed
into genetic, historical, dynamic, and integrated studies. In the 1990s, earth sys-
tem science was established by unifying many fields of earth sciences, and in the
early 2000s, earth system science is evolving into earth and planetary system
science, focusing on the interaction between humans and nature as well as the
interactions between non-human subsystems and the irreversible evolution of the
earth and other planets.
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Chapter 2
Components of the Earth System

The earth and planets in the solar system are characterized by their vertical zonal
structure. The structure and composition of the earth are briefly summarized below.

The earth can be divided into two parts: the fluid earth and the solid earth. The
fluid earth consists of the atmosphere and hydrosphere. The atmosphere is mostly in
a gaseous state, mainly consisting of N, and O,. The hydrosphere is mainly water
(H,0) with many components dissolved in it. Most of the crust, mantle, and core are
in a solid state. However, liquid (magma) exists in the crust, mantle, and outer core.
It is primarily liquid Fe and Ni mixed with less than 10% light elements (O, H, S,
Si, and K) by weight.

This chapter describes the characteristics of the fluid earth (the atmosphere and
hydrosphere), the solid earth (the crust, mantle, and core), and earth’s surface envi-
ronment (the soils and biosphere).

The origins and formation processes of these structures are considered in Chap. 6.

Keywords Atmosphere ¢ Biosphere ¢ Cosmic abundant of elements ¢ Geosphere
* Ground water * Hydrosphere * Meteorites * Riverwater ® Rocks * Seawater

2.1 Fluid Earth

2.1.1 The Atmosphere

The atmosphere is a thin envelope of gases surrounding the solid earth (Fig. 2.1).
The temperature and composition of the atmosphere are distributed heterogeneously,
and their variations can be used to subdivide the atmosphere into the troposphere,
stratosphere, mesosphere, and thermosphere (Fig. 2.2). The troposphere, which
extends from the surface 10-15 km upward, is a region of intense convective mix-
ing. In the troposphere, the temperature decreases with altitude due to expansion of
air heated at the surface. In the stratosphere the temperature increases with increasing

N. Shikazono, Introduction to Earth and Planetary System Science, 11
DOI 10.1007/978-4-431-54058-8_2, © Springer 2012
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Fig. 2.1 Vertical zonal structure of earth
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altitude up to approximately —2°C at 50 km above the surface from —50°C at
10-15 km above the surface. This is due to solar ultraviolet radiation and absorption
of infrared radiation by ozone in the stratosphere. In the mesosphere, which ranges
from about 50-90 km above the surface, the temperature decreases rapidly with

altitude, caused by a rapidly decreasing ozone concentration.

In the thermosphere, above about 90 km from the surface, the temperature of the
constituent gases again increases with altitude, reaching to 1,200°C at 500 km from
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Table 2.1 Compositions of earth’s atmosphere (Kawamura and Iwaki 1988)

Constant component Variable component
Volume (%) Volume (ppm)  Source Atmosphere
N, 78.084+0.004 o, Ultravioletray ~ 0-0.07 ppm (summer)
o, 20.746+£0.002 0-0.02 ppm (winter)
CO, 0.033+0.001 SO, Industry 0-1 ppm
Ar 0.934+0.001 NO, Industry 0-0.02 ppm
Ne 18.18+0.04 Oxidation of Not certain
biogenic CH,0
He 5.24+0.004
Kr 1.14£0.014 I Industry Less than 10~ g/m?
Xe 0.087+0.001 NaCl Seasalt 10~ g/m?
H, 0.5 NH, Industry O-trace
CH, 2 CcO Industry O-trace
N,O 0.5+0.1 H,0 Evaporation 0.35 g/m?

the surface. At that height, solar ultraviolet radiation photons associated with light
of wavelength less than about 120 mm are largely absorbed by O, and N, in the
thermosphere and converted to heat.

The atmosphere is mostly composed of three elements—nitrogen (N), oxygen
(O), and argon (Ar)—with minor concentrations of other elements and compounds
(Table 2.1).

The concentration of the major components (N,, O,, and Ar) is relatively
constant, mixed by convection currents from the surface to an altitude of about
80 km. The concentration is particularly uniform up to about 12 km above the
surface. In contrast, at 100 km above the surface, the concentration of N, is smaller,
while H, and He concentrations are larger than at lower altitudes.

Data available on the concentrations of minor and trace gases—H,, N, O, Xe,
CO, O,, NH,, CH,0, NO, NO,, SO,, chlorofluorocarbons (CFCl,, CF,Cl,), carbon
tetrachloride (CCl,), and methyl chloride (CH,Cl)—in the atmosphere is very sparse
compared with information about the major components. Recently, data on minor
and trace components consisting of aerosols and solid and liquid particles in
suspension in the air have been obtained. Aerosols include particles derived natu-
rally from weathering, volcanic ash, marine salt (NaCl), etc., sulfate particles from
dimethyl sulfide (DMS) and anthropogenic particles from the burning of biomass
and fossil fuels. Much of the minor and trace components and aerosols are of human
origin, such as emissions from factories, cars, power plants, etc. They are heteroge-
neously distributed in the atmosphere and so are called variable components. The
concentrations of the major components are relatively constant so they are called
constant components. The average concentrations of the major and minor compo-
nents in the atmosphere are shown in Table 2.1. The heterogeneous concentrations
of the minor components are caused by their varying sources and high rates of
dissolution into rainwater.

For example, SO, gas contained in emissions from factories is soluble in rainwater,
as is HCI. These gases are removed from the atmosphere quickly. The solubility of
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Table 2.2 Abundance of water in the hydrosphere (modified after Skinner 1976)

Place Amount (1) (%)
Fresh lake 125x 10" 0.009
Saline lake and island sea 104x10" 0.008
Average riverwater 1x10" 0.0001
Soil water 67x10" 0.005
Shallow ground water (less than 80 m depth) 4,170x 105 0.31
Deep ground water 4,170% 105 0.31
Glacier 29,000x 10" 2.15
Atmosphere 13x10" 0.001
Ocean 1,320,000 x 10" 97.2
Table 2.3 Average Cl- 19.353
composition of major Na* 10.766
elements .in §eawater (salinity SO > 2708
35%0) (Nishimura 1991) Mg42* 1293
Ca* 0.413
K* 0.403
CO.» 0.142
Br- 0.674

*HCO," is included in CO,>

gases in water is highly dependant on the gas species. Solubility differences also cause
minor and trace components in the atmosphere to be heterogeneously distributed.

2.1.2 The Hydrosphere

The hydrosphere consists of all the water on the earth. Earth’s water is mostly com-
posed of seawater, terrestrial waters, including riverwater, lakewater, ground water,
etc., and frozen water in the polar ice caps, ice sheets, and glaciers. The earth’s
water is 97% is seawater and 2% frozen water (Table 2.2).

2.1.2.1 Seawater

Seawater has a relatively constant composition (Table 2.3) compared with other
geologic bodies (e.g. rocks, terrestrial waters). Seawater near the coasts and in the
open sea have different compositions. The salinity of seawater near the coast is
lower than that in the open sea mainly because of riverine input.

Seawater in closed areas like bays or inland seas is generally anoxic due to the
consumption of O, dissolved in the seawater by the oxidation of organic matter.

The temperature of seawater varies as a function of depth. In shallower zones
(from 100 to 1,000 m deep) the water temperature is high, while in deeper zones it is
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cold. The temperature in shallow seawater changes rapidly between 100 and 1,000 m
in depth. The shallow layer above the zone where the temperature change occurs is
called surface layer seawater and the layer below it is called deep layer seawater.

The average composition of the major elements in seawater is presented in
Table 2.3. Na* is the most abundant cation but Ca?*, Mg?*, and K* are also found in
high concentrations. Cl- is the most highly concentrated anion. The concentration of
sulfate (SO,*) is also high. The sum of the concentrations of the six components
listed above exceeds 99.81% of the total concentration of dissolved species. Seawater
concentrations are relatively constant compared with the concentrations in terres-
trial waters, but this varies by location and depth. For example, the pH of surface
seawater is about 8.2, but the pH decreases with depth, because of the formation of
calcium carbonate by marine organisms like coral, foraminifers, and urchins, which
proceeds according to the following reactions:

Ca® + 2HCO,” — CaCO, +H,0+CO,
CO, +H,0 > H" +HCO,”
The dissolution of calcium carbonate, which is written as

CaCO, +H" — Ca> +HCO,~

causes the pH to increase.

The concentrations of the minor elements vary with depth. There are three types
of this variation. The first is where a concentration is constant with depth (e.g. U and
Mo). This type of elements forms stable complexes. The second variation is where
a concentration increases with depth. Most elements (30 elements) belong to this
type. Their chemical features are similar to nutrient elements, (N, P, and Si), which
are used in biological processes, so this is called the nutrient type. The third varia-
tion is represented by Al and Pb, which are abundant in the shallow layer and
depleted in the deep layer. They are removed by scavenging and their residence time
(the ratio of the total quantity of any component to its rate of input or output) is short
(Al: 10? years, Pb: 10?6 years) (Holland 1978). The concentrations of elements in
seawater are governed mainly by biological activity, interaction with sediments, and
the reactions involving CO,.

2.1.2.2 Riverwater

Ca?* has the highest concentration among all the cations in riverwater (Table 2.4).
Ca** is derived from the dissolution of calcium carbonate (calcite) in limestone and Ca
silicates in rocks. This is represented by the reaction

(Ca0)+2H,CO, — Ca’* +2HCO,” +H,0

where (Ca0) is the CaO component in minerals.
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Table 2.4 Average chemical composition of riverwater (mg/l). Japanese
riverwater; Kobayashi (1960), World riverwater; Livingstone (1983)

Japan World Japan World
Na* 6.7 6.3 HCO, 31.0 58.4
K* 1.19 2.3 Nojks 10.6 11.2
Mg* 1.9 4.0 Fe 0.24 0.67
Ca* 8.8 15.0 Sio, 19.0 13.1
CI- 5.8 7.8

Mg*, K*, and Na* are also derived mainly from silicates. HCO,™ is the most
abundant anion. Two thirds of the HCO,™ in riverwater is derived from atmospheric
CO,, plant decomposition, and photosynthesis, and a small proportion comes from
the oxidation of organic matter in sediments.

Riverwater originates as rainwater, ground water, spring water, and surface water.
The mixing ratio of these waters determines the chemical composition of riverwater.
The chemical composition of major elements such as Si in ground water and spring
water are considerably influenced by water—rock interaction and the geology of the
watershed. Rainwater penetrates deeper underground, which brings it to react with
the surrounding soils and rocks. During these reactions, cations like Ca?* and Na*
are released from the soils and rocks. The concentrations of the cations are largely
dependant on the kinds of rocks and minerals with which the water comes in con-
tact. In contrast, if the time that it takes for rainwater to reach the river is very short,
the chemical composition of the riverwater is not so different from that of the rain-
water. In watershed where limestone is widely distributed, the chemical composi-
tion of riverwater comes close to an equilibrium state with respect to carbonates.

Seawater salt particles in the atmosphere influence the chemical composition of
riverwater near the sea coast. For example, the concentrations of Na* and CI~ in the
riverwater on Japanese Islands surrounded by the ocean are high (Table 2.4). Hot
springs and volcanic gases related to volcanic activity also influence riverwater
chemistry. For example, the acidity of riverwater is enhanced by inputs from hot
springs, volcanic gases, and sublimates such as native sulfur. Anthropogenic activi-
ties influence the chemical composition of riverwater in urban area to a considerable
degree due to inputs of various waste waters and wastes. Acid rain also has an
effect, reducing the pH of riverwater (Sect. 4.4.3).

2.1.2.3 Ground Water

Ground water is water that originated as rainwater that penetrated underground.
During the penetration and flow of ground water, water reacts with the surrounding
rocks and soils, causing changes in the chemical composition of the water (Fig. 2.3).
The chemical composition of ground water is determined by the kinds of rocks and
minerals it encounters, reaction time, and flow rate. The reaction time and flow rate
depend on chemical and physical properties of the rocks, especially grain size,
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Fig. 2.3 A confined water reservoir is created where water enters an aquifer sandwiched between
two confining aquifers. The artesian well flows in response to the pressure difference between the
height of the water table in the recharge area and the bottom of the well before the well as drilled
(Holland and Petersen 1995)

porosity, and permeability. These properties vary widely so the chemical composi-
tions of ground water are different in different areas. The chemical properties of
rainwater also control the chemical composition of ground water. Rainwater is usu-
ally slightly acidic (pH~5.6) due to the dissolution of atmospheric CO,. Recently,
acid rain caused by human activities such as the burning of fossil fuels has become
common (Sect. 4.4.3). This acid rain penetrates underground, resulting in the release
of various elements from minerals and enhancement of pH by the reaction
(Fig. 2.4)

MO +2H" - M** +H,0

where MO is the MO component in a mineral, and M is a divalent cation (e.g. Ca*
and Mg?). and

CaCO, +H,CO, — Ca® +2HCO,”
MgCO, +H,CO, — Mg’ +2HCO,"

Deep ground water is sometimes in equilibrium with rocks and minerals, whether
they be silicates (montmorillonite, kaolinite, feldspar, and opal) or carbonates (calcite
and dolomite). Ground water with slow flow rates and long reaction times tends to
achieve equilibrium, while the high flow rates and short reaction times in shallow
ground water systems do not.
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Fig. 2.4 Penetration of rainwater into soil and rocks and reactions between water and rocks

2.1.2.4 Classification of Earth’s Water

Various kinds of water are distributed in the earth system. They include seawater,
riverwater, ground water, lakewater, soilwater, water in organisms, water in minerals,
and rainwater. Water exists not only in the hydrosphere; but also in the atmosphere as
rainwater, snow, fog, hail, and water vapor; the lithosphere as water adsorbed onto min-
erals, water in crystal structures, and fluid inclusions in crystals; and the biosphere.

The abundance of types of water in earth’s system is shown in Table 2.2. The
most abundant is seawater (97%). The other relatively abundant types are terrestrial
water (ground water, riverwater, and lakewater) and ice (glaciers and ice sheets).
The other types occur in very small amounts, but they are used in various fields as
water resources (Sect. 4.4.5).

2.2 Solid Earth (the Geosphere)

2.2.1 The Earth’s Interior Structure

Direct and indirect approaches can be used to estimate the composition and structure
of the earth’s interior. Drillholes, xenoliths in volcanic rocks, and geological surveys of
the earth’s surface tell us directly about the composition of the earth’s interior.
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The deepest people have drilled is about 10 km. However, there is a plan to drill
deeper for the purpose of seismic study and exploration of mineral and fossil fuel
resources in Japan. If this plan is implemented, we may get more information on
deeper parts of the earth. However, drilling data cannot give us three-dimensional
information on the earth’s interior. A xenolith is a rock fragment contained in igne-
ous rocks that are derived from magma deeper in the interior. We can know about
mantle material from xenoliths. They are usually composed of olivine, and so are
called olivine nodules. The distribution of olivine nodules is very restricted, and so
they do not provide information on the composition of the entire mantle.

In contrast, indirect approaches give us useful data on large parts of the earth’s
interior. These include high temperature and pressure experiments, and gravity,
seismic, and electric conductivity measurements.

A phase diagram for minerals can be constructed based on high temperature and
pressure experiments examining the stability of minerals. From the phase diagrams
and the mineralogy of xenoliths, we can estimate the temperature and pressure con-
ditions under which the xenolith material formed. Igneous rocks form by the solidi-
fication of magma. Data from the combination of high temperature and pressure
experiments with mineralogy can provide the information necessary to deduce the
temperature and pressure of the magma from which igneous rocks formed. However,
magmatic composition is not identical to that of the mantle material. It depends on
the degree of melting, temperature, pressure, and source materials.

Seismic waves are the most useful tool for deciphering the structure of earth’s
interior. An earthquake generates various kinds of waves. These seismic waves
include surface waves, which travel only across the surface, and body waves which
travel through the earth’s interior. Among the waves, P waves (primary waves) and
S waves (secondary waves) are useful in understanding the earth’s interior. The
velocities of P and S waves depend on the density and elastic constants of the mate-
rial through which they pass, and they are subject to reflection and refraction at
surfaces of discontinuity. From the relationship between the velocities of P and S
waves and depth, we know discontinuities exist in the earth’s interior (Fig. 2.5). The
velocities of P and S waves are represented by the equations

Vp® =(Ks+4/3u)/p

Vst =ul/p

where Vp and Vs are the velocities of P and S waves, respectively, p is the density of
the material, Ks is the bulk modulus, and u is the rigidity. Using these equations,
seismic data and some plausible assumptions of the parameter values, we can deduce
the density and pressure distributions in the earth’s interior.

2.2.2 The Composition of the Crust

The crust extends from the surface of the earth to Mohorovicic’s (Moho’s) discon-
tinuity, which is the first plane of unconformity, or boundary between the mantle
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Fig. 2.5 Earth’s interior structure (modified after Sugimura et al. 1988)

and crust. The thickness of the crust varies considerably. Oceanic crust is thin,
between 10 and 13 km deep. Below active mountain belts, however, it can descend
to as deep as 65 km from an average of about 35 km.

The average chemical composition of upper continental crust has been estimated
from large amounts of analytical data on surface rocks and large river sediments
(Table 2.5). From these data it is certain that the average composition of continental
crust is approximately granite:basalt=1:1.

2.2.3 Composition of the Mantle

The mantle reaches from Mohorovicic’s discontinuity to a depth of 2,900 km. It can
be divided into the upper and lower mantles based on seismic velocity measurements.
The boundary between the upper and lower mantle lies at a depth of about 680 km.
There is a low velocity zone where the velocity of seismic waves is slower than in the
other parts of mantle. This zone is considered to be partially molten. The average
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Table 2.5 Average chemical composition of major elements in upper continental crust (wt%)
(Rudnick and Gao 2004)

Clarke and Goldschmidt Condie Taylor and Wedepohl Rudnick and
Washington (1924) (1933) (1993) McLennan (1985) (1995) Gao (2004)
Si0,  60.30 62.22 67.0 65.89 66.8 66.62
TiO, 1.07 0.83 0.56 0.50 0.54 0.64
ALO, 15.65 16.63 15.14 1517 15.05 15.40
FeO'  6.70 6.99 4.76 4.49 4.09 5.04
MnO 0.12 0.12 - 0.07 0.07 0.10
MgO  3.56 3.47 2.45 2.20 2.30 2.48
CaO  5.18 3.23 3.64 4.19 4.24 3.59
Na,0 392 2.15 3.55 3.89 3.56 3.27
K,0 3.19 4.13 2.76 3.89 3.19 2.80
P,0, 0.3l 0.23 0.12 0.15 0.15 0.15

FeO': Total iron (FeO +Fe,0,)

Table 2.6 Major element chemical composition of primitive mantle (wt%) (Palme and O’Neil 2004)

Ringwood McDonough Allegre Palme and

(1979) and Sun (1995) et al. (1995) O’Neil (2004)
MgO 38.1 37.8 37.77 36.77+0.44
ALO, 3.3 44 4.09 4.49+0.37
Sio, 45.1 45.0 46.12 45.40+0.30
CaO 3.1 35 3.23 3.65+0.31
FeO! 8.0 8.1 7.49 8.10+0.05
Total 97.6 98.8 98.7 98.41+0.10

Primitive mantle: mantle before the separation of crust, FeO": Total iron (FeO +Fe 0,)

chemical composition of the mantle has been estimated from analytical data on igneous
rocks and xenoliths, high temperature and pressure experiments, and the velocity of
seismic waves. Mineral phases change with depth in the mantle, varying with tem-
perature and pressure (Fig. 2.5). For example, quartz (Si0,) and pyroxene (MgSiO,)
change to stishovite (SiO,) and perovskite (MgSiO,), respectively, under higher pres-
sures. Estimates of the average chemical composition of mantle calculated by previ-
ous researchers are in general agreement with each other (Table 2.6). It has been
generally inferred that the chemical composition of the mantle is relatively uniform.
However, it was found that isotopic compositions of, for example, Pb and Sr in the
mantle are heterogeneous, suggesting varying compositions of major and minor ele-
ments in the mantle. Thus three-dimensional variations in chemical and isotopic
compositions of the mantle and their causes need to be investigated.

2.2.4 The Composition of the Core

The core is the part of the earth deeper than about 2,890 km below the surface. The
core is divided into an inner core and an outer core. S waves do not travel through
the outer core, indicating that the outer core is in a liquid state. The inner core is
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Table 2.7 Estimated composition of major elements (wt%) and minor elements (ppm) core in
(McDonough 2004)

H 600 Zn 0 Pr 0

Li 0 Ga 0 Nd 0
Be 0 Ge 20 Sm 0

B 0 As 5 Eu 0

C (%) 0.12 Se 8 Gd 0

N 75 Br 0.7 Tb 0

O (%) 0 Rb 0 Dy 0

F 0 Sr 0 Ho 0
Na (%) 0 Y 0 Er 0
Mg (%) 0 Zr 0 Tm 0
Al (%) 0 Nb 0 Yb 0

Si (%) 6.0 Mo 5 Lu 0

P (%) 0.20 Ru 4 Hf 0

S (%) 1.90 Rh 0.74 Ta 0
Cl 200 Pd 3.1 w 0.47
K 0 Ag 0.15 Re 0.23
Ca (%) 0 Cd 0.15 Os 2.8
Sc 0 In 0 Ir 2.6
Ti 0 Sn 0.5 Pt 5.7
A% 150 Sb 0.13 Au 0.5
Cr (%) 0.90 Te 0.85 Hg 0.05
Mn 300 1 0.13 Tl 0.03
Fe (%) 85.5 Cs 0.065 Pb 0.4
Co 0.25 Ba 0 Bi 0.03
Ni (%) 5.20 La 0 Th 0
Cu 125 Ce 0 U 0

solid, composed predominantly of iron and nickel (Table 2.7). The density of the
inner core is 10% lower than an iron—nickel alloy, indicating that it contains about
8—10% light elements including S, H, O, and Si.

2.2.5 The Lithosphere and Asthenosphere

Seismic studies have revealed that S wave velocity decreases rapidly at a depth of
about 60-80 km depth. This range is called the low velocity zone. Electric conduc-
tivity also changes here. The lithosphere and asthenosphere are above and below the
low velocity zone, respectively (Fig. 2.6). The part below the asthenosphere is called
the mesosphere (Fig. 2.6). The lithosphere is divided into more than ten plates and
consists of the crust and upper mantle. The lithosphere varies from about 40-100 km
thick, averaging about 70 km. The structure and composition of the lithosphere
lying under oceanic crust is relatively constant, but continental crust is composed of
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Fig. 2.6 The structure of earth’s interior (modified after Sullivan 1974). Right side: present-day
view; left side: previous view

various (igneous, metamorphic, and sedimentary) kinds of rocks. The classification
of the lithosphere, asthenosphere, and mesosphere is consistent with the concept of
plate tectonics and is different from the division of the earth’s interior into only the
crust, mantle, and core. Plate tectonics is described in Sect. 3.4.1.3.

2.2.6 Average Composition of the Earth as a Whole

It is generally said that the earth was formed from chondrites. Chondrites are mainly
composed of silicates, iron sulfide (troilite, FeS), and iron—nickel alloys. They are
primitive meteorites and are characterized by having chondrules, which are small
particles of silicates. We can deduce the average composition of the earth as a whole
from models that begin with the origin of earth and estimates of the relative amounts
and compositions of the mantle and core (Tables 2.6 and 2.7). The alkali element
contents of the earth are relatively smaller than in chondrites and some minor ele-
ments differ from chondrites. However, the earth’s average elemental abundance
has been deduced mainly based on chondrite models (Table 2.8).

By weight, 90% of the entire earth is made up of Fe, O, Si, and Mg. Other elements
over 1% by weight include Na, Ca, Al, and S. K, Cr, Co, P, Mn, and Ti are each 0.1-
1% by weight. Thus the earth is essentially made up of these 14 elements. This is simi-
lar to the overall abundance in the cosmos and the chemical features of meteorites. Fe
and Si occur in cosmic abundances and Mg, Ni, Na, K, and Al are similar to their
abundance in meteorites. Volatile elements such as He, H, Ar, Cr, and Xe are very
small in abundance compared with the cosmos, as are C, N, and O. The depletion of
volatile elements in the earth is possibly due to intense degassing at an early stage of
the formation of the earth and degassing from source materials before its formation.
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Table 2.8 Average earth composition (ppm) (McDonough 2004)

H 260 Zn 40 Pr 0.17
Li 1.1 Ga 3 Nd 0.84
Be 0.05 Ge 7 Sm 0.27
B 0.2 As 1.7 Eu 0.10
C 730 Se 2.7 Gd 0.37
N 25 Br 0.3 Tb 0.067
O (%) 29.7 Rb 0.4 Dy 0.46
F 10 Sr 13 Ho 0.10
Na (%) 0.18 Y 2.9 Er 0.30
Mg (%) 154 Zr 7.1 Tm 0.046
Al (%) 1.59 Nb 0.44 Yb 0.30
Si (%) 16.1 Mo 1.7 Lu 0.046
P 715 Ru 1.3 Hf 0.19
S 6,350 Rh 0.24 Ta 0.025
Cl 76 Pd 1 "% 0.17
K 160 Ag 0.05 Re 0.075
Ca (%) 1.71 Cd 0.08 Os 0.9
Sc 10.9 In 0.007 Ir 0.9
Ti 810 Sn 0.25 Pt 1.9

A% 105 Sb 0.05 Au 0.16
Cr 4,700 Te 0.3 Hg 0.02
Mn 800 I 0.05 Tl 0.012
Fe (%) 32.0 Cs 0.035 Pb 0.23
Co 880 Ba 4.5 Bi 0.01
Ni (%) 1.82 La 0.44 Th 0.055
Cu 60 Ce 1.13 U 0.015

The crust of the earth is characterized by depleted amounts of Mg and Cr and
enriched Al K, Na, and Ca, resulting from enrichment of feldspar in the crust.

2.2.7 The Cosmic Abundance of Elements

The cosmic abundance of elements is considered to be approximately equal to the
elemental abundance in the primitive solar system. The cosmic abundance is esti-
mated from chemical compositions of ClI chondrites and stars, especially the atmo-
sphere of the sun (Fig. 2.7). CI chondrites are the most primitive meteorites, so their
composition reflects that of the primitive solar nebula, but the chondrites are depleted
in volatiles. Therefore, we estimate the cosmic abundance of volatiles based on
atmospheric data from the sun. The uncertainties of these data are large, but the
cosmic abundance can be estimated using Suess’s nuclear systematics, in which the
logarithm of the abundance of odd numbered elements varies smoothly with A
(mass number) when A >50 (Table 2.8, Fig. 2.8).



2.2 Solid Earth (the Geosphere) 25

100

10° -

Abundance of sun
—_ — —_
[« [« [«
€] ™ S
T T T

—_
(=]
T

100
Ue

102

10

10! 1 10 10 10 104 10° 100

Abundance of Cl-chondrite

Fig. 2.7 Comparison of elemental abundance of sun and that of C1-chondrite (Ebihara 2006)

50F0 I I I I I I I I [ 1 @ Refractories
[z 7 m Siderophiles
G

P 1 @ volatiles 1300-600K

g Ge 4 Volatiles < 600K

s 10 0 — T r . —
2 C LES ]
e S 05 ‘ k‘ [} —
— B Kr 2% -
5 B Rb + 4
a - se¥7

8 Zr X

= ° ¢

5 1= Nb 4 —
s F °

2 05 1 u

. Te
< E .\ ?.O bd g Cd : ;'l. 0 f
I In + Sb ;
01 I N I Y M B! [ s [T [
70 80 90 100 110 120 130 140

Mass Number

Fig. 2.8 Elemental abundance and odd number elements (Anders and Ebihara 1982). | ,Si=1x10°



26

2 Components of the Earth System

Table 2.9 Cosmic abundances of the elements (atoms/10°Si) (Anders and Ebihara 1982)

Element Cameron (1982) Anders and Ebihara (1982)
1 H 2.66x10'° 2.72%x 10"
2 He 1.8x10° 2.18x10°
3 Li 60 59.8
4 Be 1.2 0.78
5 B 9 24
6 C 1.11x107 1.21x107
7 N 2.31x10° 2.48x10°
8 (0] 1.84x 107 2.01x107
9 F 780 843
10 Ne 2.6x10° 3.76x10°
11 Na 6.0 x 10* 5.70x10*
12 Mg 1.06x 10° 1.075%x 10°
13 Al 8.5x10* 8.49x10*
14 Si 1.00x 10° 1.00x 10°
15 P 6,500 1.04 x 10*
16 S 5.0x10° 5.15%10°
17 Cl 4,740 5,240
18 Ar 1.06x 10° 1.04x10°
19 K 3,500 6,770
20 Ca 6.25%10* 6.11x10*
21 Sc 31 33.8
22 Ti 2,400 2,400
23 \" 254 295
24 Cr 1.27x10* 1.34x10*
25 Mn 9,300 9,510
26 Fe 9.0x10° 9.00x 10°
27 Co 2,200 2,250
28 Ni 4.78x10* 49.3x10*
29 Cu 540 514
30 Zn 1,260 1,260
31 Ga 38 37.8
32 Ge 117 118
33 As 6.2 6.79
34 Se 67 62.1
35 Br 9.2 11.8
36 Kr 41.3 453
37 Rb 6.1 7.09
38 Sr 22.9 23.8
39 Y 4.8 4.64
40 Zr 12 10.7
41 Nb 0.9 0.71
42 Mo 4.0 2.52
44 Ru 1.9 1.86
45 Rh 0.40 0.344
46 Pd 1.3 1.39

(continued)
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Table 2.9 (continued)

Element Cameron (1982) Anders and Ebihara (1982)

47 Ag 0.46 0.529
48 Cd 1.55 1.69
49 In 0.19 0.184
50 Sn 3.7 3.82
51 Sb 0.31 0.352
52 Te 6.5 491
53 I 1.27 0.90
54 Xe 5.84 4.35
55 Cs 0.39 0.372
56 Ba 4.8 4.36
57 La 0.37 0.448
58 Ce 1.2 1.16
59 Pr 0.18 0.174
60 Nd 0.79 0.836
62 Sm 0.24 0.261
63 Eu 0.094 0.0972
64 Gd 0.42 0.331
65 Tb 0.076 0.0589
66 Dy 0.37 0.398
67 Ho 0.092 0.0875
68 Er 0.23 0.253
69 Tm 0.035 0.0386
70 Yb 0.20 0.243
71 Lu 0.035 0.0369
72 Hf 0.17 0.176
73 Ta 0.020 0.0226
74 w 0.30 0.137
75 Re 0.051 0.0507
76 Os 0.69 0.717
77 Ir 0.72 0.660
78 Pt 1.41 1.37
79 Au 0.21 0.186
80 Hg 0.21 0.52
81 Tl 0.19 0.184
82 Pb 2.6 3.15
83 Bi 0.14 0.144
90 Th 0.045 0.0335
92 U 0.027 0.0090




28 2 Components of the Earth System

Table 2.10 Classification of chondrite Numbers
meteorites (modified after
Matsuhisa and Akagi 2005)

Carbonaceous chondrite (C chondrite)

Cl1 5
CM 171
CR 78
coO 85
Ccv 49
CK 73
CH 11
CB 5
Ordinary chondrite (O chondrite)

H 6,962
L 6,213
LL 1,048
Enstatite chondrite (E chondrite)

EH 125
EL 38
R chondrite 19
K chondrite 3
Differentiated meteorite

A chondrite 554
Ironstone meteorite 110
Iron meteorite 770
Mercurian meteorite (SNC) 26
Moon meteorite 18

2.2.8 Meteorites

Many meteorites have been discovered on the surface of the earth. Many studies on
meteorites have revealed their composition, texture and origins. Meteorites are clas-
sified into several groups by composition and texture (Table 2.10). The main types
are (1) Chondrites (93%), (2) Irons, averaging 98% metal (6%), (3) Stony irons,
averaging 50% metal and 50% silicate (1%), and (4) Aerolites or stones.

There are three types of chondrites: carbonaceous, ordinary, and enstatite chon-
drite. They contain chondrules, which are small particles of silicate several millime-
ters in diameter. Chondrites are ultramafic in composition and generally consist of
olivine and pyroxene, but sometimes glass carbonaceous chondrites contain CAls
which are calcium- and aluminum-rich and Si-poor inclusions. CAls are thought to
have been heated to elevated temperatures, but the source of the heat required to do
so is uncertain.

The composition of the earth is similar to that of chondrites, indicating that the
earth originated mainly from materials similar to them. Normal chondrites are the
most common and can be subclassified into H, L, and LL types. Carbonaceous chon-
drites contain appreciable amounts of volatiles like carbon, water, and organic matter
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Fig. 2.9 Structure of Si-O
tetrahedron

in addition to silicates. These volatiles are similar in composition to the atmosphere
of the sun, indicating that it is the most primitive chondrite in the solar system.

Some chondrites do not contain chondrules, such as evolved stony chondrites
(stony irons and irons). Some chondrites discovered on the earth have been deter-
mined to come from Mars and the Moon.

Iron meteorites consist of a nickel (Ni)—iron (Fe) alloy and are characterized by
Widmanstitten figures that are intergrowths of lamellae of Ni-rich taenites (Ni and
Fe) in Ni-poor Ni-Fe alloys (kamacite).

Stony iron meteorites are composed of Ni—Fe alloys and silicates in approxi-
mately equal amounts. The dominant silicate is olivine. Pyroxene occurs sometimes
in small amounts. The silicates are distributed in the iron—nickel alloy.

2.2.9 Materials in the Solid Earth

2.2.9.1 Minerals

The solid part of the earth is composed of rocks made from minerals. A mineral is
defined as a natural, inorganic, crystalline substance.

Most rocks are composed of crystalline minerals. However, some are noncrystal-
line and amorphous materials like volcanic glass, although these occur in small
amounts.

The most abundant element in the crust and mantle is oxygen (O). Next is silicon
(Si). Oxygen combines with silicon to form SiO,*, which is the basic unit of silicate
minerals. SiO,* is tetrahedral in form. It has a pyramidal structure with four sides,
composed of a central silicon ion (Si**) surrounded by four oxygen ions (Fig. 2.9).

Usually, foreign cations such as Ca’*, Mg?*, Na*, and K* are contained in silicate
crystals, together with anions such as SiO,*".

Silicate minerals are classified into several groups according to their degree of
polymerization as measured by the number of nonbridging oxygens (those bonded
to just one Si**) (Table 2.1). They include the monomer silicates olivine and garnet,
the chain silicates that make up the pyroxene group, double-chain silicates known
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5A

Fig. 2.10 Combination models of (a) independent silicon tetrahedra such as occur in olivine and
garnet, (b) paired tetrahedra as found in epidotes, and (c) six-member tetrahedral rings character-
istic of the mineral beryl. Small black spheres represent silicon, large open spheres represent oxy-
gen (Ernst 1969, 2000)

Table 2.11 The structural classification of silicate minerals (Mason 1958)

Silicon:oxygen

Classification Structural arrangement ratio Examples

Nesosilicates Independent tetrahedra 1:4 Forsterite, Mg,SiO,

Sorosilicates Two tetrahedra sharing 2:7 Akermanite, Ca,MgSi,0,
one oxygen

Cyclosilicates ~ Closed rings of tetrahedra each ~ 1:3 Benitoite, BaTiSi,0,
sharing two oxygens Beryl, ALBe,Si O,

Inosilicates Continuous single chains of 1:34:11 Pyroxene, e.g., enstatite,
tetrahedra each sharing two MgSiO, Amphiboles,
oxygens. Continuous double e.g., anthophyllite,
chains of tetrahedra sharing Mg, (8i,0,,),(OH),
alternately two and three
oxygens

Phyllosilicates ~ Continuous sheet of tetrahedra ~ 2:5 Talc, Mg.Si O, (OH),
each sharing three oxygens Phlogopite,

KMg,(AlSi,0,))(OH),

Tektosilicates Continuous framework 1:2 Quartz, SiO, Nepheline,

of tetrahedra each sharing NaAlSiO,

four oxygens

as the amphibole group, sheet silicates that make up the mica group and clay miner-
als, and framework silicates including quartz and the feldspar group (Fig. 2.10).

Representative silicate minerals are quartz, feldspar, pyroxene, olivine, mica,
amphibole, and garnet. These minerals occur heterogeneously in earth’s interior.
Feldspar and quartz are the most common minerals in continental crust. In the upper
mantle, pyroxene, olivine and garnet occur abundantly.
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temperature + muscovite

Fig. 2.11 The reaction series of mineral crystallization from a cooling, chemical differentiating
magma. The discontinuous sequence of minerals is illustrated on the /eft, the continuous sequence
on the right, An: anorthite (Bowen’s reaction series) (Ernst 1969)
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Fig. 2.12 Weathering sequence of silicate minerals (Goldich’s weathering series) (Goldich 1938;
Lasaga 1981)

Deeper in the earth’s interior, denser minerals, instead of above silicates, are
stable. For example, stishovite and perovskite appear in deeper regions instead of
quartz and garnet, respectively. Olivine changes to perovskite. In stishovite and per-
ovskite crystals, SiO,* is enclosed by six O* ions (six coordinations) and the basic
unit is octahedral.

The crystallization sequence of silicate minerals in magma, known as Bowen’s
reaction series (Fig. 2.11) and their weathering sequence, known as Goldich’s
weathering series (Fig. 2.12) can be explained by the crystal structure of silicate
minerals. Silicate minerals with a high degree of polymerization of the silicate ions
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(e.g. quartz and feldspar) are more resistant to chemical weathering and form at
later stages when magma crystallizes.

Each mineral consists of several major elements and is represented by a chem-
ical formula. For example, quartz is SiO,. Three types of feldspar, Na-feldspar
(NaAlSi,0,), K-feldspar (KAISi,O,) and Ca feldspar (CaAl,Si,O,), are common.
These feldspars form solid solutlons For example, the NaA181 ,0,—KAISi,0,
solid solution is discontinuous, but the CaAl,Si,0,~NaAlSi,O, solld solutlon 1s
continuous at high temperatures, and the MgZSiO4—FeZSiO4 solid solution (oliv-
ine) is continuous. The isomorphous substitution of ions in crystal structures
depends on ionic radii, crystal structure, temperature, pressure, composition, and
the thermochemical properties of the mother solution, e.g. magma or an aqueous
solution. For example, the ionic radii of Fe>* and Mg?* are very similar, and so
their substitution results in the formation of continuous solid solutions like
Mg-Fe olivine.

The difference between the ionic radii of Na* and K* is large, so their substitution
results in the formation of discontinuous solid solutions like Na—K feldspar. In crys-
tals where bonding has a covalent character, isomorphous substitution is prevented.

The minerals other than silicate minerals mainly found near the surface environment
include carbonate (e.g. CaCO3, CaMg(CO3)2, MgCO3, FeCO3), sulfate (e.g. CaSO,,
CaSO,-2H,0, BaSO,, SrSO,), sulfide (e.g. FeS,, FeS, ZnS, PbS, CuFeS,), oxide
(e.g. Fezog, Fe30,), hydroxide (e.g. Fe(OH),, Al(OH)) and halide (e.g. NaCl,
KCI). These minerals form from aqueous solution (e. g. seawater, hydrothermal
solution) such as evaporate, limestone and hydrothermal ore deposits.

2.2.9.2 Rocks

Rock is classified according to its genesis and chemical and mineralogical composi-
tions. From a genetical point of view, it is divided into igneous, metamorphic, and
sedimentary rocks. Igneous rocks, which are volcanic, are classified into basalt,
andesite, dacite, rhyolite, etc. based on chemical composition, mainly their SiO,
contents by weight percent.

2.2.9.3 Igneous Rock and Igneous Activity

Igneous rock forms through the crystallization of molten magma, which is generally
silicate melt. Minerals crystallize from the molten magma mainly due to changes in
temperature and pressure. The chemical compositions of magma and minerals form-
ing from it are different, with the crystallization process causing the changes. For
example, the SiO, content of olivine, which forms early in magma’s crystallization,
is lower than that of the coexisting magma. Thus, the crystallization of olivine
results in the enrichment of the SiO, content of magma compared with olivine. The
SiO, content of magma increases as the crystallization process proceeds. After the
crystallization of olivine, ferromagnesian minerals like pyroxene, biotite, and
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amphibole crystallize. In late stages of the crystallization process, feldspar (Na feld-
spar and K feldspar) and quartz crystallize.

The SiO, content of magma varies with the degree of crystallization. From SiO,
content, igneous rock is classified into ultramafic rock (e.g. peridotite) that is about
40% by weight SiO,, mafic rock (e.g. basalt) that is about 50% SiO,, intermediate
rock (e.g. andesite) that is about 60% SiO,, and felsic rock (e.g. rhyolite) that is
about 70% SiO,. These rock types are subclassified depending on (1) the presence
or absence of quartz, (2) the content ratio of feldspars, and (3) the kinds of mafic
minerals present (Fe- and Mg-bearing minerals like olivine and pyroxene).

Next, the crystallization process during the cooling of magma is considered
based on its phase diagram. The thermochemical stability fields of minerals are
determined by temperature, pressure, and bulk chemical composition. A phase dia-
gram of binary (A, B) solid solution systems is shown in Fig. 2.13. In this tempera-
ture-composition diagram, the solidus (line EIHF) and liquidus (line EGJF) show
the chemical compositions of the solid and liquid phases, respectively, at equilibrium
with liquid and solid forms at constant temperature, pressure and bulk composition.
The assumed initial temperature and composition of magma are plotted as point D
in Fig. 2.13. Decreasing temperature causes crystallization at G.

As the temperature decreases from G, the compositions of the solid and liquid
phases change as [ - H, and G—J, respectively. At H, the liquid phase disappears
and only the solid phase exists. The composition of the solid phase (A/B ratio) at
this point is AC:BC.

A solid solution whose composition changes continuously is termed continuous.
An example such a solid solution is albite, or Na-feldspar (NaAlSi,O,) with anorth-
ite, or Ca-feldspar (CaAl,Si,O,) in solid solution. The anorthite component of this
solid solution decreases with decreasing temperature.

A phase diagram showing the stability fields of minerals that do not form solid
solutions is given in Fig. 2.14. At temperatures above line EIF, the liquid phase is
stable. In the region encompassed by EIG and FIH, the liquid and solid phases are
both stable. In the region GABH, solid phases A and B are stable. If the initial tem-
perature and composition are plotted at D and the temperature decreases to J, the
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Fig. 2.14 Phase diagram of
binary (A, B) discontinuous
solid solution system
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A phase crystallizes. Further decreasing the temperature results in the temperature-
composition trend ] — I. At I the liquid phase disappears and the solid phase B appears.
As magma cools, there are discontinuous and continuous reaction sequences called
Bowen’s reaction series. The discontinuous reaction series proceeds from early to late
stage crystallization from olivine to pyroxene to amphibole to mica to quartz and the
continuous reaction series is Ca-rich feldspar (anorthite) to Na-rich feldspar (albite).
Heavy minerals (e.g. magnetite, Fe,O,) crystallized from magma sink to the bottom of
the magma chamber. In this case, crystals separate from magma in a process called
fractionational crystallization. However, if a mineral crystallizes very slowly, it is
called equilibrium crystallization. Strictly, crystallization does not occur in equilib-
rium conditions, but here equilibrium crystallization does not mean fractional crystal-
lization. Fractional and equilibrium crystallizations are a source of the diversity of
magmas and igneous rocks with different mineralogical and chemical compositions.

Magma composition changes as magmas are mixed and contaminated by host
rocks. Primary basaltic magma is generated in the lower mantle. If mafic minerals such
as olivine and pyroxene crystallize fractionally out from basaltic magma, the SiO,
content of the basaltic magma increases. As the fractional crystallization proceeds, the
magma becomes andesitic and finally dacite and rhyolite with high SiO, contents form.
Although this process can produce felsic magma, most instances of felsic magma form
by the melting of lower crust materials having high SiO, contents. Felsic magma
formed in this way mixes with basaltic magma to form andesitic magma.

Different kinds of magma are formed by a variety of processes during the melt-
ing of source materials, the ascent of magma toward the surface and its solidifica-
tion. The diverse compositions of magma are caused by the source rocks from which
it is generated, the degree of partial melting of the source rocks, and the tempera-
ture, pressure and water content of magma.

For example, the water content of magma significantly influences its liquidus and
solidus. Heat supplied to source rocks changes the degree of partial melting, result-
ing in different magma compositions. In the early stages of the study of magma
genesis, fractional crystallization from primary magma (basaltic magma) was
thought to be an important process causing the diversity of igneous rock. However,
at present, other processes like magma mixing, contamination, the degree of partial
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melting, and water content are thought to be the important processes and factors
causing magma’s variability.

2.2.9.4 Metamorphic Rock and Metamorphism

Minerals and rocks’ textures change when their temperature and pressure condi-
tions change. This process is called metamorphism. Rock that has suffered meta-
morphism is called metamorphic rock. For example, if the temperature and pressure
of rock consisting of only Na feldspar stays at point B in Fig. 2.15 for a long time,
the following reaction occurs.

NaAlSi,O, (Na-feldspar) — NaAlSi, O (jadeite) + SiO,(quartz)

Natural rocks, however, are more complicated and consist of multiple compo-
nents and phases. Various metamorphic reactions occur simultaneously. Generally,
chemical reactions proceed at higher rates as temperature and pressure increase.
This kind of metamorphism is called progressive metamorphism. However, some
metamorphism also occurs with decreasing temperature and pressure. This is called
retrogressive metamorphism.

There are two types of metamorphism, the regional type and the contact type.
Wide areas of rocks are metamorphosed by regional metamorphism. Regional meta-
morphism is now thought to be caused by the temperature and pressure changes that
accompany plate subduction. These changes may depend on rate of plate subduc-
tion, the subduction slope, and the temperature and pressure distributions in the
subduction zone etc. We can observe regional metamorphic rocks lying on the sur-
face, implying that metamorphic rocks have been uplifted from deeper to shallower
parts of the crust. The uplift mechanism is not well understood.
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The heating of rocks causes contact metamorphism when magma intrudes into
the strata. For example, the heating and recrystallization of limestone by magma,
probably through circulating hot water, results in the formation of marble and horn-
fels, which are representative contact metamorphic rocks.

2.2.9.5 Sedimentary Rock and Sedimentation

Under surface conditions, metamorphic, igneous, and sedimentary rocks suffer
chemical, physical, and biological weathering, which produces secondary minerals
such as clay minerals. Weathered rock fragments are transported by rivers and wind
and are deposited to form river, lake, and seafloor sediments. Representative sedi-
mentary rocks include conglomerate, sandstone, siltstone, and mudstone.

Sediments are classified into gravel, boulders, cobbles, pebbles, sand, silt, mud,
and clay according to their grain size. The sedimentary rocks form from the sedi-
ments. The other representative sedimentary rocks are limestone from shells and
coral reefs, mainly composed of calcium carbonate (CaCoO,, calcite), chert mainly
composed of silica (SiO,, quartz) from diatoms and radiolarian, and evaporite.
Evaporite is formed by the evaporation of shallow seawater pools and ponds, resulting
to the precipitation of salts (gypsum, CaSO - 2H,0; anhydrite, CaSO ¥ halite, NaCl;
calcite, CaCO,, etc.) Sediments being buried is associated with the dissolution and
precipitation of minerals and compaction of the sediments, which reduces their
porosity. This process is called diagenesis. Compact, solidified sediment is called
sedimentary rock.

In earth’s surface environment, mass transfer occurs continuously. This process
changes the surface topography on a geologic time scale. The total amount of sedi-
mentary rock is small compared to igneous rock, but it is very widely distributed.

Mass circulations associated with water and atmospheric circulations are driven
by energy from the sun. The annual amount of energy in the earth’s surface receives
from the sun is 1.3x10%* calories excluding energy absorbed by the atmosphere.
This is considerably larger than the energy from the earth’s interior (Table 2.12).

Table 2.12 Various energy flow (Spilo et al. 1985)

Energy transfer process Flux (cal/yr)
Total radiant energy from sun to universe 2.8x10%
Solar energy input to earth 1.3x10%
Solar energy influencing climate and biosphere 28.6x10%
Energy for vaporization of water 2.2%x10%
Solar energy for photosynthesis 9.4x10%
Energy for primary production 7.2%x10%
Energy from earth’s interior to surface 3.1x10%
Total fossil fuel energy used by humans (1975) 6.0x10"

Total energy used for food by humans (1975) 3.2x10"
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Sedimentation and transportation processes are proceeding, caused by energy
from the sun and from the earth’s interior. Igneous activity and metamorphism
occur, driven by energy derived only from earth’s interior. Thus, these internal
processes are distinctly different from external process such as weathering, erosion,
transportation, and sedimentation, which are mainly caused by external energy from
the sun. However, the rocks that are the source of material for igneous and metamor-
phic rocks are sometimes sedimentary rocks formed through the influence of exter-
nal energy. Thus, the formation of igneous and metamorphic rocks is also influenced
by external energy.

Weathering can be separated into two types, physical and chemical weathering.
For example, temperature differences between day and night cause rocks to expand
and shrink, which causes them to fracture and break down. This physical weather-
ing does is not accompanied by chemical and mineralogical changes.

Chemical weathering is caused by chemical reactions between surface water like
rainwater and rocks and involves chemical and mineralogical changes. Surface
water contains CO, derived from atmospheric CO, and oxidation of organic matter
in soil. Dissolution of CO, into water generates H* by the reaction

H,0+CO, — H,CO,
H,CO, — HCO, +H"

and

H,CO, - CO, +2H"

The pH of rainwater containing CO, in equilibrium with atmospheric CO,
(P, =107 atm) is calculated to be 5.65, and so rainwater is usually acidic. H*
from the dissociation of H2C03 and HCO3‘ reacts with minerals, dissolving cation
from them. For example, silicate minerals react with H* according to the
reaction:

silicate mineral + H* — cation + SiO, + kaolinite (allophone (Al-Si-O-H
amorphous phase), halloysite (metastable phase of kaolinite))

where the reaction coefficients are omitted for simplicity.

The order of solubility of silicate minerals in aqueous solution, calculated based
on thermochemical data is consistent with Goldich’s weathering series that gives the
order of chemical weathering of natural rocks.

Other clay minerals such as smectite also form when silicate minerals dissolve.
The formation of secondary minerals by chemical weathering depends on the degree
of chemical reaction, the water/rock ratio, the type of aqueous solution, the rock and
mineral species, etc.

When rocks weather, elements dissolve into aqueous solutions and are trans-
ported by rivers and ground water. Dissolved species such as ions and complexes, as
well as colloids and fine particles are present in the aqueous solutions.
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2.3 The Soils

Soils are distributed widely in the earth’s surface environment. They are composed
of various constituents including primary minerals in rocks, rock fragments, weath-
ering products (secondary minerals like clays), and organic matter.

In addition to these solids, water, gaseous components, and organisms are found
in soils. The weathering of rocks depends on rainfall, temperature, biological activ-
ity, the kinds and abundance of the rocks, and the amount and type of organic matter
present. Climate and rock types are different in different regions, and so the proper-
ties of the world’s soils vary a great deal, making classification of soils difficult.
According to agricultural classification, there are the following types of soil: pod-
sol, andosol, gley (gley lowland soil), dark red soil, red soil, and yellow soil. Forest
soil includes podsol, brown forest soil, and black soil.

Soils are very important substances for agriculture, forestry, and mining, and
thus we need to understand and improve the properties of soils and eliminate pollu-
tion of soils caused by these activities.

Soils used as mineral resources include bauxite for Al, and laterite for Fe and Ni.
The bauxite is highly aluminous soil and is presently important Al ore. The laterite
is red soil rich in Fe oxicles and/or Al.

2.4 The Biosphere

The biosphere is the sum total of all living and dead organisms on the earth.
Components of the biosphere are found in every subsystem of the earth: surface
water, both terrestrial water and seawater, the atmosphere, soils, and organisms.
Recently, new species of microorganisms have been discovered deep underground,
and on the seafloor and subseafloor. The total amount of organisms is called biomass.
Organisms and other subsystems interact considerably. For example, photosynthetic
reactions reduce atmospheric CO, and generate O,. In the soil oxidation-reduction
reactions (e.g. Fe**+H*+1/40,=Fe*+1/2H,0) occur through bacterial activity
and significantly influence the geochemical behavior of elements including C, Mn,
S, N, and V.

Photosynthetic reactions and the formation of carbonates by organic activity in
aqueous solutions affect water quality.

Biological activity causes the formation of minerals. This process is called biom-
ineralization. For example, coral and foraminifera make carbonates. Radiolaria and
diatoms make shells of silica (SiO,). Fish and mammals form bones and teeth
composed of a phosphate mineral (apatite) inside their bodies. Acids produces by
microorganisms dissolve silicate minerals. Life has evolved by interacting with the
environment surrounding it, developing its remarkable diversity.
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Fig. 2.16 The relationship between the chemical compositions of marine and terrestrial organisms
and those of seawater and terrestrial waters (Nishimura 1991) (a) seawater vs marine plant, (b)
seawater vs marine animal, (¢) river water vs marine plant, (d) river water vs marine plant

The chemical composition of organisms is related to their environment. The
relationship between the chemical compositions of marine and terrestrial organisms
and seawater and terrestrial waters is shown in Fig. 2.16.

The properties and abundances of the constituents that make up the earth’s
surface environment, such as water, the atmosphere, soils, organisms, and humans,
are very diverse. Ecological systems (ecosystems) in which each organism interacts
with every other and exists in response to the flow of energy and mass can be clas-
sified according to the differences in their environments. The most basic subdivision
is into terrestrial and aquatic systems.

The terrestrial ecosystem includes forests, meadows, deserts, and arable land.
The aquatic system is subdivided into freshwater systems forests, rivers, lakes, and
coasts and marine systems (open and coastal oceans). The characteristics of each
ecological system, its diversity, the influence of human activity, and interactions
with other subsystems are different.
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2.5 Chapter Summary

10.

11.

12.

. Earth’s structure is characterized by vertical zones and is divided into the

atmosphere, hydrosphere, geosphere and biosphere.

. The hydrosphere is divided into seawater, terrestrial waters (ground water, riv-

erwater, lakewater, etc.) and frozen water (ice sheets and ice glaciers).

. The earth’s interior structure was determined mainly from seismic wave veloc-

ity data. Seismic waves include surface waves and body waves (P and S
waves).

. The solid earth is divided into the crust (continental and oceanic crust), the

mantle (upper and lower), and the core (inner and outer) based on seismic wave
velocity. The earth’s interior is divided into the lithosphere, asthenosphere, and
mesosphere. The lithosphere is composed of plates.

. The average elemental abundance of the earth as a whole is estimated from the

chemical composition and relative abundance in each subsystem. This abun-
dance is explained relatively well by the chondrite model.

. Minerals are natural, inorganic crystalline substances and are the basic constitu-

ent of rocks. Minerals are classified by their chemical composition and crystal
structure. Although there are many minerals, the most common group is the
silicates, which include quartz, feldspar, olivine, pyroxene, mica, and garnet.

. Rocks are classified into igneous, metamorphic, and sedimentary rocks based

on their genesis.

. Igneous rock is solidified magma. Various igneous rocks are formed by crystal-

lization, fractional crystallization, magma mixing, and contamination. The
degree of partial melting of source rocks, the water contents of magma and the
source rock, the temperature, and the pressure determine the compositions of
magma and igneous rocks.

. Metamorphic rocks form by metamorphism (changes in mineralogy, chemistry,

and texture caused by changes in temperature and pressure) of igneous or sedi-
mentary rocks. The important factors that produce different metamorphic rocks
are temperature, pressure, the original rock, water, and CO,.

Parental rocks are weathered, eroded, and transported by the action of surface
water such as rain, ground water, or riverwater and the atmosphere. Materials
transported mainly by rivers accumulate on the sea bottom as sediments (con-
glomerates, sand, silt, and mud). The sediments become buried, leading to
diagenesis and solidification of the sediments. Solidified sediments are called
sedimentary rock.

Soil occurs widely in earth’s surface environment and is composed of primary
minerals derived from original rock, secondary minerals such as clay minerals
formed by weathering, and organic matter. It is a useful resource for obtaining
metals such as Al, Fe, and Ni and for agriculture and forestry.

The biosphere exists in earth’s surface environment, and it interacts with and
influences other subsystems.
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Chapter 3
Material Circulation in the Earth

The earth system has fluid properties. Convection, circulation and fluid flow
transport heat and materials continuously in the fluid and solid portions of the
earth.

Materials are circulating in the earth’s interior. It is thought that the mantle is
convecting on a global scale. Hydrothermal solutions and seawater are circulating at
midoceanic ridges and back arc basins at subduction zones. The terrestrial geother-
mal system circulates geothermal water that mainly originates from meteoric
sources. Through convection and circulation, elements and materials such as rocks
and minerals are transported locally and globally. The rates of movement of solid,
liquid and gaseous materials differ considerably in different geologic processes.
Earth’s fluid character explains circulation near the earth’s surface and in its interior
via the hydrologic cycle, carbon cycle, solid circulation, plate tectonics, and plume
tectonics.

Keywords Carbon cycle * Global geochemical cycle * Hydrologic cycle * Japanese
island » Material circulation ¢ Plume tectonics ® Residence time ¢ Subduction ¢ Plate
tectonics

3.1 Interactions in the Multispheres

Figure 3.1 shows the interactions between the multispheres in the earth system.
Various materials and energies circulate within the system. The interactions occur
not only between those subsystems that contact each other directly but also those that
do so only indirectly. For example, plates generated at midoceanic ridges move later-
ally and subduct to the mantle. This is accompanied by magma generation deeper in
the subduction zone. Magma then ascends to the upper part of the crust. The earth’s
surface environment is influenced considerably by the earth’s interior activity as well
as by external factors. For example, a meteorite impacts the earth’s surface. If it is a

N. Shikazono, Introduction to Earth and Planetary System Science, 43
DOI 10.1007/978-4-431-54058-8_3, © Springer 2012
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large body or bolide impact, mass extinction may result (Sect. 6.2.8). In the early
stages of the earth’s history, planetesimal and meteorite impacts on the earth’s sur-
face were very intense, and rapid degassing from the earth’s interior occurred. This
period is called the heavy bombardment period. Even at present, light gases like H,
and He are being released from the earth’s interior to the atmosphere.

The discussion above indicates that the earth is composed of several subsystems
that interact, with inflows and outflows of materials and energy continuously and
irreversibly occurring between subsystems. The various and complicated interac-
tions occurring in earth’s surface environment are considered in this book.

3.2 Hydrologic Cycle

Ocean water is heated by sun energy and evaporates, then falls as rain back into the
ocean. The rates of annual water evaporation and rainfall are the nearly same in
order of magnitude (Fig. 3.2). Inputs of water to the ocean from sources such as
riverwater and rainfall and ocean output through evaporation are nearly balanced on
a long-term scale. That means the amount of seawater is in a steady state. For the
ocean as a whole, this cycle is nearly balanced. Locally, however, evaporation flux
exceeds rainfall flux in arid regions. If evaporation proceeds considerably, salt
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precipitates from evaporating seawater, resulting in the formation of evaporite (e.g.
Dead Sea). Water moves not only between the atmosphere and the ocean, but also
between the terrestrial environment, plants and the atmosphere. Figure 3.2 shows
water circulation in the earth’s surface environment.

Water circulates also globally in earth’s interior system, including in the mantle.
At midoceanic ridges, seawater circulates and reacts with oceanic crust, forming
hydrous alteration minerals. The sediments above oceanic plates contain consider-
able amounts of seawater as interstitial water and hydrothermal solution originated
from seawater. The hydrothermal solution reacts with oceanic crust, forming altera-
tion minerals containing water. The oceanic crust, containing water, subducts with
the plate. During the subduction, part of the water is released and moves upwards.
Of the remaining water that subducts deeper, some is contained in magma and
escapes as volcanic gas. Water generated by metamorphic dehydration reactions
also moves upwards. It is known that most hydrous minerals decompose at depths
shallower than 100 km. However, lawsonite (CaAl,Si,O,(OH),H,0) is stable below
this depth. At high temperatures and pressures, lawsonite decomposes, releasing
water. The water generated by the decomposition moves upwards and reacts with
lehrzorite (a kind of ultramafic rocks) and brucite (Mg(OH),)-like rocks in the man-
tle wedge to form hydrous minerals such as serpentine. If serpentine moves to
deeper parts, it may change to wadsleyite, a high pressure modification of olivine
Mg, SiO,. Thus, stable hydrous minerals and considerable amounts of water may
be present in the mantle, and convection can carry some of the water upward upon
its release from the decomposing hydrous minerals.

3.3 Carbon Cycle

It is important to consider the carbon cycle in the earth system for the following
reasons: (1) increasing atmospheric CO, concentrations play an important role in
global warming, (2) the carbon cycle has a significant affect on the energy cycle in
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Table 3.1 The carbon content of important reservoirs (subsystems) (in units of 10" g) (Holland

1978)

The carbon content of important reservoirs (in units of 10 g)

1 Atmosphere 690
2 Terrestrial biosphere 450
3 Dead terrestrial organic matter 700
4 Marine biosphere 7
5 Dead marine organic matter 3,000
6 Dissolved in seawater 40,000
7 Recycled elemental carbon in the lithosphere 20,000,000
8 Recycled carbonate carbon in the lithosphere 70,000,000
9 Juvenile carbon 90,000,000

the earth system, (3) carbon played important role in the origin of the atmosphere,
seawater and life, and (4) carbon influences the cycles of other elements (S, O, etc.)
in the earth system.

To consider the carbon cycle, we first need to know the amount of carbon stored
in each reservoir or subsystem. Table 3.1 indicates that the amount of carbon in the
geosphere is very large compared with other reservoirs like seawater, the atmo-
sphere, and the biosphere. Fluxes between reservoirs are also summarized in
Table 3.1 The dominant chemical state of carbon is different in different reservoirs.
Itis CO, in the atmosphere, organic carbon in the biosphere, HCO; in seawater, and
carbonates and carbon in the geosphere. Dominant reactions causing the transfer of
carbon between reservoirs are (1) photosynthetic reactions, (2) carbon oxidation—
reduction reactions, and (3) reactions between minerals and aqueous solutions.
These reactions can be expressed as the following: photosynthesis, CO,+H,0—
CH,0+0,; respiration decomposition of organic matter, CH,0+0,— CO,+H,0;
dissolution of calcite, CaCO3 +2 H*—>Ca*>+ CO,+H,0; dissolution of dolomite,
CaMg(CO,),+2 H*— Ca**+Mg* +2HCO,; dissolution of wollastonite, CaSiO, +
2CO,+H,0—Ca*+2HCO, +8Si0,; and dissolution of Mg-pyroxene (MgSiO),
MgSiO, +2CO,+H,0 —Mg* +2HCO, +Si0,.

Wollastonite is not common mineral. Ca-feldspar (CaAl,Si,O,) is a more abun-
dant Ca silicate mineral, but for simplicity of discussion, only the dissolution of
wollastonite is listed above to represent Ca-silicate minerals. These dissolution reac-
tions are caused by chemical weathering of silicate and carbonate rocks. HCO,™ and
cations, especially Ca**, Mg?*, produced by these reactions are transported by ground
water and rivers to the ocean and combine to form carbonates in reactions given by

Ca* + 2HCO,” — CaCo, (calcite, aragonitee)+ CO, +H,0
Mg** + 2HCO,” — MgCO, (magnesite )+ CO, + H,0

Combining these with the reactions accompanying the formation of carbonates
and weathering reaction of silicates, we obtain



3.3 Carbon Cycle 47

Table 3.2 The transfer rates of carbon between reservoirs (in units of 10 g/year) (Holland

1978)

From To Process (in 10" g/year)
1 2 Net photosynthesis on land 48

2 1 Rapid decay of terrestrial organic matter 23

1 4 Net photosynthesis at sea 35

4 1 Rapid decay of marine organic matter 5

2 3 Accumulation of dead terrestrial organic matter 25

4 5 Accumulation of dead marine organic matter 30

3 1 Decay of dead terrestrial organic matter 25

5 1 Decay of dead marine organic matter 30

CaSiO, + CO, - CaCO, + SiO,

MgSiO, +CO, —» MgCO, +SiO,

In these reactions, atmospheric CO, is transformed into carbonates. If carbonates
settle onto the ocean floor, they subduct with the oceanic plate to deeper parts of the
earth. CO, degasses by igneous and metamorphic reactions to the oceans and the
atmosphere. This long-term carbon cycle is global and so is called the global carbon
cycle.

As shown in Table 3.2, carbon fluxes from the geosphere to other reservoirs are
small compared with other fluxes. Generally, the rate of inorganic reaction is
smaller than that of organic and biogenic reactions. Most of the carbon in seawater
and the atmosphere originated from the decomposition of carbon in dead organic
matter. The carbon fluxes from the decomposition of organic matter and from the
burning of fossil fuels including oil, coal, and natural gas are estimated to be
83x 10" and 4.2 x 10"g/year, respectively. Therefore, the anthropogenic emission
of carbon to the atmosphere is roughly 1/20 of the carbon flux due to the decompo-
sition of organic matter. CO, in the atmosphere, transferred there by anthropogenic
and natural processes is removed from the atmosphere and the hydrosphere to the
biosphere by biological activity. Carbon is transferred to the atmosphere and the
hydrosphere via weathering (Fig. 3.3) and also hydrothermal solutions, volcanic
gasses, and gasses released by metamorphism. These fluxes are summarized in
Fig. 3.3.

The carbon cycle relates to the oxygen cycle, which is obvious from the
reaction

“CH,0” +0, = CO, +H,0

where “CH,O” is used as shorthand notation to represent organic matter.
Therefore, it is obvious that the carbon cycle has a large influence on atmo-
spheric O,.
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Fig. 3.3 A portion of the carbon cycle emphasizing C transfer during weathering and sedimentation
(Holland 1978). Figure is carbon contents in units of 10° g of C and transfer rates in units of 10"° g
of Clyear

3.3.1 Global Geochemical Cycle and Box Model

As noted earlier, the earth system is composed of subsystems. These subsystems
can be envisioned as boxes. Mass transfer occurring between the boxes is solved
based on global material cycle models.
For simplicity, mass transfer between two boxes (Fig. 3.4) is considered below.
Fluxes between two boxes (box 1 and box 2) are represented by

E, =k,M, (3.1
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Fig. 3.4 A coupled two reservoir model system with fluxes proportional to the mass of the emit-
ting reservoirs (Jacobsen et al. 2000)

E, =k,M, (3.2)

where F , and F, are flux from box 1 to box 2 and from box 2 to box 1, respectively.
M, and M, are the masses in box 1 and box 2, respectively, and k,, and k, are rate
constants for mass transfer from box 1 to box 2 and from box 2 to box 1,
respectively.

Residence time (7) is given by

T=M/F=1/k (3.3)
The change of mass with time in boxes 1 and 2 is given by

dM, /dt = F, —F, = k, M, —k,,M, (3.4)

-
dM, /dt=F, -F, =k, M, -k,M, (3.5)

If mass does not change with time, the steady state condition is given by
dM, /dt=dM, /dt=F, -F, =k, M, -k ,M, =0 (3.6)

In this case, F, =F , and k M =k, M..
Next, we consider the nonsteady state where

M, +M, = M = constant (3.7)

This condition means no input from other boxes to box 1 or box 2 and no output
from box 1 or box 2 to other boxes. From (3.4), (3.5), and (3.7), we obtain

Ml = MIO + k21(M12 +M21 )/(klz + k2] ) _{(k12M12 - klezo)
/(k12 + kz] )}exp{_(klz + kz] )t} (38)

Mz = M20 + k12 (MIZ + le) / (k12 + k21) - {(klezo - klZMIO)
Ik, +ky)) fexpi{—(k,, +k;,)t} (3.9

where M, and M, are equal to M, and M, (t=0), respectively.

Equations 3.8 and 3.9 indicate that the change of mass with time beginning at
t=0 depends on the response time, 1/(k ,+k,,). The responses of reservoirs (boxes)
that undergo perturbations (rapid flux increases or decreases) can be determined
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Fig. 3.5 A coupled two reservoir (seawater, atmosphere) system

based on (3.8) and (3.9). In a two-box model, the differential equations can be
solved easily if the values of the parameters k and M are known. However, a mul-
tibox model is difficult to solve based on analytical methods. Numerical and matrix
solution methods are useful for determining changes of mass over time. Examples
of applications of these methods to the global geochemical cycle can be found in
Berner et al. (1983), a BLAG model; and Berner (1994), which are GEOCARB
models, Chameides and Perdue (1997) and Kashiwagi and Shikazono (2003).

Rapid increases in human activity have caused a perturbation in the CO, concen-
tration of the atmosphere. We consider the response of the atmosphere to this per-
turbation and the change of mass of carbon in the biosphere.

The changes in M, the amount of carbon in the atmosphere (box 1), and M, the
amount of carbon in the biosphere (box 2) with time are given by (Lasaga 1981) as

M, =690 + 50 exp(=0.11015t) (3.10)

M, = 450 — 50exp(~0.11015t) (3.11)

where t is time in years and the values of initial mass are M| =740 and M, =400.

Ten years later, the amounts of carbon in the atmosphere and the biosphere are
calculated to be 707 x 10° and 433 x 103 g, respectively.

Carbon in the atmosphere moves into seawater, as well as into the biosphere. The
interaction between the atmosphere and seawater will be considered below.

Here, the atmosphere and seawater are regarded as box 1 and box 2, respectively
(Fig. 3.5).

Using the amount of carbon in box 1 and box 2 and fluxes from box 1 to box 2
and from box 2 to box 1 (80 Gt/year), the rate constant, k, can be estimated. Using
estimated k values, we can calculate changes in the amount of carbon in the atmo-
sphere and seawater over time (Fig. 3.6). In this case, the amount of carbon in the
atmosphere and seawater settles at a constant value (a steady state condition) ten
thousand years later.

The exchange reaction for carbon between seawater and the atmosphere consid-
ered above is C02+H20:HC03*+H*. Howeyver, in addition to this reaction, there
are reactions in seawater as follows.

Ca™ + 2HCO, = CaCO, +CO, +H,0 (3.12)

HCO, +H' = CH,0+0, (3.13)
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Fig.3.6 Atmospheric CO, variation with time for atmosphere—seawater system (Shikazono 2007).
Thick curve is for the amount of present-day atmospheric CO,=5.5x10' mol and oceanic
CO,=3.3x10” mol. The other curves are for the different initial amounts of atmospheric and
oceanic CO,

These reactions are caused by biological activity. If we take these reactions into
account, a three-box model has to be used to represent the atmosphere, seawater,
and the biosphere.

Next, let us consider the carbon cycle in the seawater—atmosphere (fluid earth)—
crust (solid earth) system in which the response of each subsystem, particularly the
solid earth, is very slow. Here, the atmosphere and seawater can be modeled as one
box by assuming that equilibrium between the atmosphere and seawater has been
attained. This assumption is reasonable because the reaction rate between the atmo-
sphere and seawater is very rapid. Although the solid earth consists of the crust,
mantle and core, the mantle and core are not considered in this model.

Changes in the amount of carbon in the two boxes (the crust and seawater + atmo-
sphere) over time were calculated using values of rate constant (k) estimated from
the amounts of carbon in the boxes and the fluxes today (Fig. 3.7). We assumed that
k does not change with time and the atmosphere and seawater are in equilibrium
with respect to CO,.

Figure 3.7 show the changes of the amounts of carbon in the crust over time for
the last 30 Ma. This shows it takes 10° years to attainment a steady state condition.
This suggests that the geosphere (crust) does not play an important role in the effi-
cient removal of atmospheric CO, produced by human activity.

The calculations shown above seem to be useful in making a first approximation
of the response of reservoirs to an external perturbation. However, the following
problems remain.

1. The real natural system is more complicated than a two-box system, and consists
of multiple boxes.

2. The results of calculations based on the two-box model cannot be evaluated by
comparing with the changes in the real system.

3. k is not constant but rather variable with time.
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Fig. 3.7 Carbon cycle between atmosphere. ocean (fluid earth) and crust (solid earth) (Shikazono
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Fig. 3.8 The preindustrial, steady-state global cycle for C using eight-box model (Chameides and
Perdue 1997). The boxes represent specific reservoirs, with the numbers inside the boxes being
reservoir amounts in units of Gtons C (1 Gton C=1x10°tons=1x 10" g) and the arrows fluxes
between reservoirs with the numbers having units of Gtons C/year. The heavy arrows denote the
pathways by which anthropogenic activities perturb the global cycle

4. Flux from human activity into the atmosphere is assumed to be simultaneous, but
it should be expressed as a function of time.
5. We assumed that F is linearly correlated with M, but this is uncertain.

Chameides and Perdue (1997) performed model calculations taking into account
problems 1-4. They considered seven boxes: the atmosphere, terrestrial living
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organisms, the surface seawater, deep seawater, living marine organisms, organic
matter in sediments, and carbonate sediments.
According to the multibox model, the change of mass with time is expressed as

N
dM, (t)/dt=Y KM, (t) (i=12...N)
j=1

(3.14)
K; = kj—)i(i:tj)
(&)
K, =-| Dk,
! Ljﬂ J)
Assuming eight boxes in Fig. 3.8 and steady state conditions, we obtain
dM,/dt=F, +F,+F, +F, -F,-F,=0
dM, /dt=F,-F, -F, =0
: (3.15)

We can obtain k values from (3.15). Then, using initial values of mass, assuming
constant values of k and using the differential matrix equation, we can calculate how
M changes with time (Chameides and Perdue 1997).

Figure 3.9 shows the results for the case where CO, input from humans to the
atmosphere changes rapidly in 1920. This calculation does not agree with records of
the change of atmospheric CO, over time. The most serious problem with this cal-
culation method is that this does not take into account time-dependent k. In contrast,
using a pseudo-nonlinear model that assumes that k is variable with time produces
results that agree fairly well with the historical data. The pseudo-nonlinear model,
then, is more useful for predicting atmospheric CO, concentration in the future. It
has its own problems, however, including the following:

1. Predicting future atmospheric CO, concentration is difficult because we are not
very certain of parameter values and
2. The assumption of F=kM is difficult to apply to a real system.

Changes in atmospheric CO, concentration depend on many anthropogenic factors
like economics, ethics, policy, science, and technology. We do not discuss these issues
here, but limit our consideration to the models and their applicability. The pseudo-
nonlinear box model is based on the equation F=kM where k is a function of time.
However, in real system, the nonlinear equation F=kM" seems more appropriate.
We need to know reaction coefficient (n) value and the rate-limiting mechanism to
use this model.

For example, the flux of carbon from the left to right side of the equation for
photosynthetic reactions (CO,+H,0=CH,0+0,) is given by Holland (1978) as

F=a{l-exp(-bP.y,) }- ¢ (3.16)
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Fig. 3.9 The impact of human activities in the global C cycle since 1860. (a) Anthropogenic CO,
emissions since 1860. (b) The atmospheric C reservoir (left-hand axis) and CO, mixing ratio (right
hand axis) as a function of year since 1860 (Chameides and Perdue 1997)

F does not correlate linearly with P
absence of CO,).

Next, we consider the mass transfer between the geosphere and the hydrosphere.
The transfer of carbon between the crust and seawater is given by the reaction

0o (a,b: constant, c: respiration rate in the

CaSiO, +CO, = CaCO, +SiO, (3.17)

Equation 3.17 is a simplified reaction and can be derived from the following two
reactions.

CaSiO, +2C0, +2H,0 = 2HCO,” +Ca** + SiO, (3.18)
Ca® +2HCO,” = CaCO, +CO, +H,0 (3.19)

Atmospheric CO, is fixed as CaCO, through reactions (3.18) and (3.19) for
weathering, precipitation of CaCO, in the ocean and sedimentation on the seafloor.



3.3 Carbon Cycle 55

In order to estimate the carbon flux using these reactions, the reaction rates in
(3.18) and (3.19) must be estimated. These reaction rates do not have a simple linear
relatlpn with P?Oz. The gengral equation expressing dissolution and precipitation
reactions of solid phases is given by

dC/dt =k(c™ —-1)" (3.20)

where C is concentration, ¢ is the saturation index, equal to I.A.P./Keq (LLA.P is the
ion activity product, and Keq is the equilibrium constant), k is apparent reaction rate
constant, and m and n are constant coefficients.

This equation means that the reaction rate (dC/dt) does not depend on concentra-
tion in a linear relationship. In one component system, the precipitation rate is rep-
resented by

dC/dt=—k {(C/C,)"~1}" (3.21)

where Ceq is the equilibrium concentration.
Here, we assume that the reaction occurs irreversibly.
In the case of m=1 and n=1, (3.21) is converted into

dC/dt=-k(C-C,) (3.22)

If C>>Ceq (far from equilibrium conditions), we obtain
dC/dt=-kC (3.23)

This equation indicates that the flux decreases linearly with time.
The relationship between V, C and M is given by

vVC=M (3.24)

where V is volume of the system and M is the mass of the water.

If V is constant, d(M/V)/dt=—k(M/V) and dM/dt=-kM.

This indicates M decreases linearly with time. Therefore, a linear relation,
F=kM, is established if n=1, m=1 and the system is far from equilibrium. In this
case, a pseudo-nonlinear multibox model is useful for deriving the relation between
mass and time. The pseudo-nonlinear model has been successfully used to simulate
the biogeochemical cycles of C, S, P, N, and O (Chameides and Perdue 1997).

A global sulfur cycle model and flux is shown in Fig. 3.10 and Table 3.3, respec-
tively. The change in the amounts of S in the soils and the atmosphere with time
after rapid addition of anthropogenic S by influences the preindustrial global S
cycle, which had been in steady state.

It is noteworthy that the time needed to attain steady state is very short, about
30 years, about the same as for the N cycle, but shorter than the carbon cycle, which
takes more than 100 years.
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Fig. 3.10 Global sulfur cycle (Chameides and Perdue 1997)

Table 3.3 Preindustrial fluxes of sulfur for the five-steady reservoir steady state model (Chameides
and Perdue 1997)

Fluxes

Flux (Tmoles year')
Weathering=0.4
Volcanoes=0.1

Total=0.5
Volcanoes=0.033
Weathering=0.6
Volcanoes=0.15
Total=7.5
Volcanoes=0.067

) Reduced S emissions=0.6
River runoff=0.85

Wet and dry deposition=1.1
Seasalt deposition=0.1
Total=1.2

Wet and dry deposition=0.6
Seasalt deposition=1.3
Total=1.9

Reduced S emissions=1.0
Seaspray=1.4

Total=2.4

Gypsum deposition=0.533
Pyrite deposition=0.817

From oxidized S sediments to soils (F,_,) to atmosphere (F_ )

1-3

From reduced S sediments to soils (F, ,) to atmosphere (F, )

23

From soils to atmosphere (F, ) to ocean (F,

34

—5

From atmosphere to soils (F

.,y toocean (F,_)

From ocean to atmosphere (F,_,) to oxidized sediments (F
to reduced sediments (F;_ )

5%1)




3.3 Carbon Cycle

Fig. 3.11 The cycles of Hg
at preindustrial (a) and
postindustrial (b) stages
(Garrels et al. 1975)
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The anthropogenic influences on other elements’ global cycles could be studied,
but few such works have been carried out. The cycles of toxic base metals (Hg, Mn,
Pb, etc.) in the pre- and postindustrial stages have been studied (Fig. 3.11) (Garrels
et al. 1975), but no computations on the cycles are available.

3.3.1.1 Factors Controlling the Chemical Composition of Seawater

Inputs from riverwater to the ocean and outputs from the ocean by sedimentation
are important factors controlling the chemical composition of seawater. Residence
time (t) of an element in seawater is defined as

t=A,/(dAy, /dt)

(3.25)
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Fig. 3.12 Various processes controlling chemical composition of seawater (Shikazono 1992)

where A is the total amount of a given element in seawater and dA, /dt is the flux
of the element from riverwater to the ocean. The t of various elements can be calcu-
lated because the values for dA, /dt and A are known (Table 3.4). Residence times
vary widely in a range of 10>~10® years. One important factor controlling 7 is the
chemical state of the element in seawater. Elements with large t values such as alkali
earth, alkaline elements, and halogens are stable as ions and complexes in seawater.
Base metal elements with small T values tend to be present as fine particles and col-
loids. These particles and colloids settle onto the seafloor in a short time.

Seawater’s chemical composition is determined not only by riverine input and
sedimentation, but also by evaporation, weathering of seafloor basalt, formation of
evaporites, aerosol fall, biological activity, circulation of seawater and hydrothermal
activity at midoceanic ridges, island arcs and back arcs, volcanic gas inputs, seepage
from seafloor sediments near subduction zones and continental coasts, and mass trans-
fer between bottom seawater and interstitial water in seafloor sediments and anthropo-
genic pollution (Fig. 3.12). The most important factor controlling the concentration is
different for different elements. For example, the removal of Mg from seawater
through the circulation of seawater and hydrothermal solutions below the seafloor,
such as happens at midoceanic ridges, has a considerable effect on seawater’s Mg
concentration. Alkali elements such as Li and K and base metal elements such as Cu
and Zn are released from the oceanic crust by hydrothermal solutions into seawater.
Potassium is removed from seawater and precipitated in clay minerals in weathered
basalt. Ca transported by hydrothermal solutions to seawater precipitates as carbonate
through biological activity. Carbonate dissolves in deep seawater. The seawater depth
below where carbonate dissolves is called the CCD (carbon compensation depth).
Silica in seawater is enriched into the shells of diatoms and radiolaria. Dead diatoms
settle onto the seafloor, resulting in their being the main component of biogenic SiO,
in sediments. The marine snow settling onto the sea bottom adsorbs dissolved species
and colloids and adsorbed matter can also desorb during settling. Thus, we are certain
that biological activity is very important for controlling seawater chemistry.
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3.4 Circulation of the Solid Earth and Associated Interactions

3.4.1 Plate Tectonics

3.4.1.1 Theory of Continental Drift

Alfred Wegener (1880-1930), a German meteorologist and geographer posited that
all the continents had once been assembled into a supercontinent, which he named
Pangaea, meaning “all Earth”. He thought that Pangaea had become separated into
several continents, which drifted into the positions they occupy today. His continen-
tal drift theory was based on evidence of similarities between the coast lines
(Fig. 3.13), geological structures, mountain ranges, fossils, and distributions of past
climate zones, as witnessed by the presence of glaciers coal, or rock salt, of two
continents that are very distant from each other today. However, many scientists,
particularly geophysicists, rejected this idea because it did not include any physical
mechanism that could drive the motion of the continents. But in the 1950s, paleo-
magnetic data supporting this view became available. Paleomagnetic characteristics
of many rock samples from many locations in various continents clearly indicated
that if the magnetic poles have been fixed, the continents have been drifting.

3.4.1.2 Ocean Floor Spreading

In 1950s, mountain ranges called ridges, which run long distances (totaling about
60,000 km) under the center of many oceans, were discovered on the seafloor. Detailed
investigation revealed ridge valleys, or rifts, in the middle of these ridges. Rifts are
observed on the continents. Figure 3.14 shows a cross section of a rift valley in east
Africa. The topography of this rift valley is notably similar to that of the midatlantic
rift. Deep lakes like Lake Tanganyika are distributed along the rift valley.

Many measurements revealed a strong correlation between seafloor topography
and continental heat <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>