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CONTINUUM MECHANICS IN THE EARTH SCIENCES

Continuum mechanics lies at the heart of studies into many geological and geo-
physical phenomena, from earthquakes and faults to the fluid dynamics of the
Earth. Based on the author’s extensive teaching and research experience, this inter-
disciplinary book provides geoscientists, physicists and applied mathematicians
with a class-tested, accessible overview of continuum mechanics.

Starting from thermodynamic principles and geometrical insights, the book sur-
veys solid, fluid, and gas dynamics. In later review chapters, it explores new aspects
of the field emerging from nonlinearity and dynamical complexity, and provides a
brief introduction to computational modeling. Simple, yet rigorous, derivations are
used to review the essential mathematics, assuming an undergraduate geophysics,
physics, engineering or mathematics background. The author emphasizes the full
three-dimensional geometries of real-world examples, enabling students to apply
these in deconstructing solid-Earth and planet-related problems.

Problem sets and worked examples are provided, making this a practical
resource for graduate students in geophysics, planetary physics and geology, as
well as a beneficial tool for professional scientists seeking a better understanding
of the mathematics and physics underlying problems in the Earth sciences.

W I L L I A M I . N E W M A N is a Professor in the Department of Earth and Space
Sciences as well as the Departments of Physics and Astronomy, and Mathemat-
ics at UCLA, where he has taught for over 30 years. A unifying feature of his
research is the role of chaos and complexity in nature, in applications ranging from
geophysics to astrophysics as well as mathematical, statistical, and computational
modeling in condensed matter physics, climate dynamics, and theoretical biology.
Professor Newman is a former member of the Institute for Advanced Study in
Princeton, a John Simon Guggenheim Memorial Foundation Fellow, and has held
appointments as the Stanislaw Ulam Distinguished Scholar at the Center for Non-
linear Studies, Los Alamos National Laboratory, and as the Morris Belkin Visiting
Professor in Computational and Applied Mathematics at the Weizmann Institute
of Science, Israel. For six months he also worked with colleagues in the Russian
Academy of Sciences in Moscow on modeling earthquake events. He has served
in an editorial capacity for the Journal of Geophysical Research and Nonlinear
Processes in Geophysics, and has held elective office as chair of the Division of
Dynamical Astronomy of the American Astronomical Society.
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Preface

This book is the outcome of an introductory graduate-level course that I have given
at the University of California, Los Angeles for a number of years as part of our
program in Geophysics and Space Physics. Our program is physics-oriented and
draws many of its students from the ranks of undergraduate physics and, some-
times, mathematics majors, in addition to geophysics and occasionally geology
majors. Accordingly, this text approaches the subject by promoting a physics-
based understanding of the basic principles with a relatively rigorous mathematical
approach. Since the needs of this course were rather unique, blending concepts in
physics and mathematics with the Earth sciences, I approached teaching the sub-
ject by drawing on many sources in developing the necessary material. (Throughout
this volume, I refer to materials that provide more complete treatments of the topics
which we only have time to overview.) In contrast to other sources, I wanted this
course to treat not only classical methods but survey some of the ideas emerging in
the geosciences that were drawn directly from current ideas in physics, especially
nonlinear dynamics. Over time, the material developed more coherence and my
lecture notes for this academic quarter-long course evolved into this text.

The subject of continuum mechanics is predicated on the notion that many nat-
ural phenomena have a fundamentally smooth, continuous nature. This constitutes
the basis for solid and fluid mechanics, major components of this course. However,
there are also some important departures from the continuum assumption which
must be reviewed and this is done in the later chapters. Thus, this text surveys a
mixture of traditional as well as contemporary topics.

I begin by introducing the mathematical notation, stress principles, and kine-
matic description that is common to almost all books on this subject. However, I
emphasize the three-dimensionality that prevails in many geoscience problems and
the techniques needed to accommodate that geometric complexity. The fundamen-
tal laws and equations are introduced employing a thermodynamic basis for their
derivation, rather than simply assuming an underlying linearity, as is done in most
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x Preface

engineering texts. Mathematical derivations are provided where they have proven
to be helpful during lecture presentations. Linear elasticity is then introduced, cov-
ering many issues encountered in statics and dynamics, including the equations
for seismic wave propagation. Exercises are provided at the end of each of these
chapters.

Since this graduate course was designed to be given during an academic quar-
ter, rather than a semester, I chose to develop four additional chapters to survey a
number of themes that emerge from continuum mechanics that could be introduced
if sufficient time were available. (During a semester-long offering, the four added
survey chapters can be augmented by readings from the various books and other
materials cited.) Because each of these chapters present brief surveys, I preface
each of them by citing representative books in the literature that can provide much
greater detail. Classical fluid flow is introduced, including some elements of per-
turbation theory as well as the application of eddy viscosities and the scaling laws
often encountered in turbulent flows. Additional attention is placed on geophysical
fluid flows and their associated power laws, and we consider how complications
in the underlying physics can sometimes break these simple scalings. Since the
complexity of these real-world problems often compels us to use the computer to
simulate these continua, the penultimate chapter provides a brief survey of some
of the current computational methodologies available, so that students pursuing
the current literature will have a basic understanding of how numerical results are
obtained. Finally, I go on to survey a number of themes germane to nonlinearity in
the Earth, beginning with some of the phenomenology of earthquakes, including
self-similar scaling and fractals, and some current thinking on models including
percolation and self-organized criticality. While not designed to be an in-depth
introduction, these additional chapters have been constructed to provide graduate
students relatively early in their studies a taste for some of the topics that have
grown to be important. At the same time, this material is designed to help them
learn enough of the prevailing ideas to be able to benefit from seminars and other
venues where these topics are discussed. While the final two chapters do not have
exercises provided, they have proven useful in relating some of the more conven-
tional topics associated with continuum mechanics to real geoscience problems
and, therefore, help provide an entrée for graduate students into these arenas.

The Earth and space environment provide both an important testing ground for
many ideas in continuum mechanics, as well as a cogent need for the development
of this subject. Indeed, it is the art of bridging the physics and mathematics of con-
tinuum mechanics with their application to the geosciences that poses the greatest
challenge and provides the greatest benefits.

While completing this volume, my editors at Cambridge University Press, Susan
Francis and Laura Clark, asked me to provide a cover image for this book and
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Preface xi

recommended that a photograph be adopted, instead of a geometrical design or
blank cover as is so often employed in technical books. For this purpose, I selected
a photograph that my daughter, Jenny, and I had taken several years ago of Dev-
ils Tower in northeastern Wyoming. This picture provides a beautiful illustration of
the competition of two very different processes encountered in continuum mechan-
ics in the formation of this remarkable geologic feature. Devils Tower is an igneous
intrusion that rises 386 m above the surrounding sedimentary terrain and the Belle
Fourche River. As the basalt cooled, the outer surface cooled at a more rapid pace
than the flow material inside, and thermal conduction from the interior could not
keep up with the exterior cooling and circumferential contraction. Columnar frac-
tures and joints emerged during the cooling process and yielded a set of parallel
prismatic columns presenting a hexagonal pattern. A number of aspects relating to
the formation of Devils Tower remain controversial. Nevertheless, this American
national monument serves as a striking example of the interplay between the dif-
ferent kinds of geology, physics, mathematics, and geometry that define continuum
mechanics.
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