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According to Greek Mythology, the giant Typhon is buried under Etna volcano. Whenever the giant stirs, the volcano
erupts violently. Eighteenth century print. (See The History of Volcanology, p. 15.)
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If one could drain the world’s oceans and remove their
sediment cover, one would quickly realize that the ma-
jority of the Earth’s surface is covered with lava flows.
Although the human race has lived in close contact with
volcanic activity since our early origins in the African
Rift Valley, only recently have we begun to comprehend
how volcanically active our planet really is. Even more
recently, exploration of our solar system shows us that
volcanism has played and continues to play an important
role in the early genesis and subsequent evolution of
both the planets and the moons within our solar system
and beyond.

Given our growing awareness of the importance of
volcanism to the past, present, and future history of
Earth and its celestial partners, the publication of the
Encyclopedia of Volcanoes is clearly needed and appropriate
at this time. Thanks to the efforts of Editor-in-Chief
Dr. Haraldur Sigurdsson and his highly qualified Asso-
ciate Editors and contributing authors, the Encyclopedia
of Volcanoes is drawn from a vast and enlarging data
base.

I was first introduced to volcanoes by Dr. Sigurdsson
in the early 1970s. At the time, I was preparing for
the first manned exploration of the Mid-Ocean Ridge
during Project FAMOUS. This was a critical time in
the earth sciences when our community sought to better
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understand this mighty undersea mountain range and
the important role its volcanic and tectonic processes
played in the then newly evolving concept of plate tec-
tonics and seafloor spreading.

I vividly remember traveling with Haraldur to
his native country of Iceland, which sits astride the
Ridge. There we scaled one volcano after another,
including Surtsey, Eldfell, and Krafla. That introduc-
tion to terrestrial volcanism prepared me for the many
years I would spend investigating undersea volcanic pro-
cesses.

Those efforts eventually led to the discovery of hydro-
thermal vents in 1977 and the exotic life forms that live
on the internal energy of the Earth through a process
we now know as chemosynthesis. That effort was fol-
lowed in 1979 with our discovery of high-temperature
“black smokers” and a clearer understanding of the
chemistry of the world’s oceans.

Since that time the study of volcanism has expanded
rapidly, branching out to embrace many fields of re-
search. As a result, the study of volcanism is no longer
an isolated field of research but one closely linked to
other disciplines and areas of research including the
chemistry of the world’s oceans and atmosphere, the
creation of important mineral assemblages, the role vol-
canism has played in the origin of life as well as its
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negative impact upon biological evolution, and most
recently its impact upon mankind itself.

The Encyclopedia of Volcanoes has been an immense
undertaking involving the collective efforts of over 100
international experts on the subject, resulting in a 1000-
page volume broken down into 82 chapters.

Clearly, this volume is the most comprehensive pre-
sentation on this subject, a work important to those in

the field as well as to others seeking a broader under-
standing of this subject.

DRr. ROBERT D. BALLARD

PRESIDENT, INSTITUTE FOR EXPLORATION
AND EMERITUS OF THE WoODs HOLE
OCEANOGRAPHIC INSTITUTION



The Encyclopedia of Volcanoes is a complete reference
guide, providing a comprehensive view of volcanism on
the Earth and on the other planets of the Solar System
that have exhibited volcanic activity. It is the first at-
tempt to gather in one place such a vast store of knowl-
edge on volcanic phenomena.

The volume addresses all aspects of volcanism, ranging
from the generation of magma, its transport and migra-
tion, eruption, and formation of volcanic deposits. It also
addresses volcanic hazards, their mitigation, the moni-
toring of volcanic activity, and economic aspects and, for
the first time, analyzes several specific cultural aspects of
volcanic activity, including the impact of volcanic activity
on archaeology, literature, art, and film. To compose a
single volume thatis a complete reference for such a far-
ranging phenomenon is indeed a daunting task.

ARRANGEMENT OF CONTENT

When the editors began to develop the fundamental
structure of this Encyclopedia, we were faced with two
choices: either constructing a dictionary-like volume
composed of defined terms, arranged in alphabetical
order, or following a thematic approach, where the mul-
titude of volcanic processes are defined, described, and
elaborated in a series of chapters. We have adopted the
latter approach in this volume.

To provide our readers with the best possible treat-
ment of volcanic processes, we have adopted the
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time-honored custom of Denis Diderot and Jean
D’Alembert of recruiting the leading experts in each
branch of volcanology and related fields to author the
chapters that lie outside the expertise of the editors.
When Diderot and D’Alembert began to compile infor-
mation for their monumental 21-volume Encyclopédie
(1751-1765), they went to the carpenters, the masons,
the embroiderers, and the other experts for help with
the specific terms and concepts, in order to get all the
technical details right. Thus they secured an article for
the Encyclopédie, penned by the pioneer field volcanolo-
gist Nicholas Desmarest (1725-1815), on the volcanic
origin of columnar basalt. Similarly, the editors of the
Encyclopedia of Volcanoes have recruited the recognized
authorities in each field or speciality of volcanology to
contribute chapters to this volume. Thus this volume is
the product of over 100 volcanologists, petrologists, and
other scientists who have specialized knowledge about
volcanoes and related processes.

SECTIONAL PLAN

In this volume, the principal aspects of volcanic activity
are dealt with in 82 chapters, divided between nine major
parts. An introduction to each part written by the editors
is provided to give a general perspective of the topics
and processes contained in that part. Each chapter cov-
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ers one fundamental volcanic process in depth and stands
alone as a comprehensive overview of the phenomenon
in question. Nevertheless, the sequence of major parts
and their chapters is intended to be directional and
evolutionary, as far as possible, following magma from
its place of deep origin to the surface of the Earth.

Thus in the first part, the volume commences with
12 chapters on the principal source regions of magmas,
the mantle of the Earth, melting processes, magma gen-
eration, and transport and geochemical evolution of
magmas, as they rise into the Earth’s crust. The second
part addresses the fundamental aspects of distribution
of volcanism in space and time and the range in the
scale of volcanic eruptions, in terms of magnitude and
intensity. In the three subsequent parts, chapters address
the various styles of eruption of magmas, namely, effu-
sive (lavas) versus explosive, and the multitude of types
of volcanic deposits that result.

Part V provides comprehensive overviews of volcanic
activity on other members of the Solar System, namely,
on the Moon, Io, Mars, and Venus and the unusual
cryovolcanism on the Galilean satellites of Jupiter. Ex-
traterrestrial volcanology is probably the area of volca-
nologic research that will experience the greatest growth
in the future, as space exploration continues to provide
new discoveries in other worlds. In Part VI the interac-
tions of volcanism with hydrosphere and atmosphere are
discussed, as well as formation of those mineral deposits
that owe their origin to volcanic processes. The impact
of volcanoes on society is explored in Part VII, where the
various types of volcanic hazards are discussed. Volcano
monitoringis treated in Part VIII, along with the mitigat-
ing measures that have been developed to counteractvol-
canic disasters. In the final section of the Encyclopedia,
a variety of economic benefits accruing from volcanism
are described, and the volume closes with four chapters
on the cultural aspects of volcanism and its impact on ar-
chaeology, art, literature, and film.

CONVENTIONS OF STYLE

In this volume, we have adopted the convention of using
lowercase in the spelling of those adjectives that de-
scribe volcanic processes, such as surtseyan and plinian.

As this volume is intended for the general reader,
such distracting paraphernalia as references or footnotes
have been dispensed with as much as possible. Instead,
a section of Further Readings, containing a list of half
a dozen or more major texts on the subject matter, is

provided at the end of each chapter for those interested
in the chief sources.

APPENDIXES

Two appendixes are included in the volume. Appendix
1 consists of a series of tables that give common scientific
and mathematical units and conversion factors. It also
provides a variety of numerical data on the Earth.

Appendix 2 is a table of active volcanoes on Earth,
as compiled by Tom Simkin and Lee Siebert of the
Smithsonian Institution. A listing containing all the vol-
canoes on Earth, with data on their eruptions, is beyond
the feasibility of this work, as this list alone would equal
this volume in length. The editors have therefore opted
to list only historically active volcanoes, i.e., the volca-
noes whose eruptions have been witnessed and docu-
mented, totaling 550 in number. The oldest eruption
in this list is therefore the plinian eruption of Vesuvius
in Italy on 24 August in 79 A.D. This selection of the
historical period is admittedly somewhat arbitrary, as
the “historical period” varies greatly in length from
place to place on Earth. In Europe and Japan the histori-
cal record of volcanism extends back over one thousand
years, whereas in New Zealand and North and South
America, for example, it is merely a matter of a few
centuries, because written records in these regions begin
generally with European settlement.

In Appendix 2 the historically active volcanoes are
listed in alphabetical order, and their locations are given
in terms of longitude and latitude. The tabulation also
includes all of their historic eruptions.
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GUIDE TO THE ENCYCLOPEDIA

The Encyclopedia of Volcanoes is a complete reference
guide to this subject, including studies of the origin
and transport of magma, of eruptions, and of effusive
volcanism and explosive volcanism. Other sections of
the work discuss extraterrestrial volcanism, volcano in-
teractions, volcanic hazards, eruption response and miti-
gation, and economic and cultural aspects of volcanism.
Each article in the Encyclopedia provides a scholarly
overview of the selected topic to inform a broad spec-
trum of readers, from researchers to the interested gen-
eral public.

In order thatyou, the reader, will derive the maximum
benefit from the Encyclopedia of Volcanoes, we have pro-
vided this Guide. It explains how the book is organized
and how information can be located.

ORGANIZATION

The Encyclopedia of Volcanoes consists of 82 individual
articles arranged in a thematic manner; thatis, the place-
ment of a given article is based on its content and not
on its alphabetical wording. Articles on related topics
are placed together in sequence.

Each article is a full-length treatment of the subject
at hand. Thus the Encyclopedia’s format will allow its
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readers to choose their own method for referring to the
work. Those who wish specific information on limited
topics can consult the A-to-Z Article Index (see p. xi) and
then proceed to the desired topic from there. On the
other hand, readers who wish to obtain a full overview of
a larger subject can read the entire series of articles on
this subject from beginning to end; e.g., Eruptions. In
fact, one can even read the entire Encyclopedia in se-
quence, in the manner of a textbook (or a novel), to ob-
tain the ideal view of the complete subject of volcanoes.

ARTICLE FORMAT

Each article in the Encyclopedia of Volcanoes begins at the
top of a right-hand page, so that it may be quickly
located. The author’s name and affiliation are displayed
at the beginning of the article. The text of the article
is organized according to a standard format, as follows:

Outline

Glossary

Defining Statement
Body of the Article
Cross-References
Bibliography
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OUTLINE

Each article in the Encyclopedia begins with an outline
that indicates the general content of the article. This
outline serves two functions. First, it provides a brief
preview of the text, so that the reader can get a sense
of whatis contained there without having to leaf through
all the pages. Second, it serves to highlight important
subtopics that will be discussed in the article. For exam-
ple, the article “Volcanic Plumes” begins with the sub-
topic “Generation of Volcanic Plumes.”

The outline is intended as an overview and thus it
lists only the major headings of the article. In addition,
extensive second-level and third-level headings will be
found within the article.

GLOSSARY

The Glossary contains vocabulary terms that are impor-
tant to an understanding of the article and that may be
unfamiliar to the reader. Each term is defined in the
context of the particular article in which it is used. Thus
the same term may appear as a Glossary entry in two
or more articles, with the details of the definition varying
slightly from one article to another. The Encyclopedia
includes approximately 500 glossary entries.

The following examples are glossary entries that ap-
pear with the article “Flood Basalt Provinces.”

hotspot An area in the Earth’s upper mantle that is hotter
than the ambient temperature.

picrite A volcanic rock with a large proportion of the mag-
nesium-rich mineral olivine.

DEFINING STATEMENT

The text of each article in the Encyclopedia begins with
asingle introductory paragraph that defines the topic un-
der discussion and summarizes the content of the article.
It thus serves the purpose of a brief abstract of the article.
For example, the article “Pyroclastic Surges and Blasts”
begins with the following defining statement:

The recognition that volcanic explosions could
produce density-driven currents that flow rapidly
away from the vent, devastating the landscape and
leaving thin pyroclastic deposits and ash dunes,
was an important step towards our current under-
standing of volcanic systems. Deposits left by these
pyroclastic surges are a key in interpreting the
eruptive history of a volcano and in predicting the
hazards a volcano might pose for the future.

CROSS-REFERENCES

Articles in the Encyclopedia contain references to other
articles. These cross-references appear at the end of the
text for the article. They indicate related articles that
can be consulted for further information on the same
topic, or for information on a related topic. For example,
the article “History of Volcanology” has cross-refer-
ences to “Archaeology and Volcanism,” “Earth’s Volca-
noes and Eruptions: An Overview,” “Mantle of the
Earth,” “Origin of Magmas,” “Plate Tectonics and Vol-
canism,” “Volcanoes in Art,” and “Volcanoes in Litera-
ture and Film.”

FURTHER READING

The Further Reading section appears as the last element
in each article. This section lists other sources outside
the Encyclopedia that will aid the reader in locating
more information on the topic at hand.

The entries in this section are for the benefit of the
reader, to provide references for further research or
browsing on the given topic. Thus they consist of a
limited number of entries. They are not intended to
representa complete listing of all the materials consulted
by the author or authors in preparing the article. The
Further Reading section is in effect an extension of the
article itself, and it represents the author’s choice as to
the best sources available for additional information.

INDEX

The Subject Index for the Encyclopedia of Volcanoes con-
tains more than 3800 entries, arranged alphabetically.
Reference to the general coverage of a topic appears as
a marginal entry, such as an entire section of an article
devoted to the topic. References to more specific aspects
of the topic then appear below this in an indented list.

ENCYCLOPEDIA WEBSITE

The Encyclopedia of Volcanoes maintains its own editorial
Website on the Internet at:

http://www.apnet.com/volcano/

This site provides complete information about the
contents of the Encyclopedia. For information about
other current Academic Press reference works, such as
the Encyclopedia of the Solar System, go to:

http://www.apnet.com/reference/
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GLOSSARY

convection The process by which the Earth’s mantle loses
heat, producing currents of solid but deformable rock
that rise toward the surface and contribute to plate
motion.

eclogite A rock type common in the Earth’s mantle, with
the same chemical composition as basalt, but with a
mineral assemblage that is stable at high pressure.

intensity The rate of flow of magma out of a volcano during
eruption, expressed as mass eruption rate (MER) in kilo-
grams per second (kg/s).

magnitude The size of a volcanic eruption, expressed as
the volume of material erupted, usually in cubic kilome-
ters (km?).

peridotite The principal rock that forms the Earth’s upper
mantle, consisting mainly of the mineral olivine, with
lesser amounts of pyroxene, garnet, and/or spinel. It is
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the source of basaltic magmas, which are formed from
peridotite by partial melting.

photodissociation Chemical reactions that occur in the at-
mosphere, due to ultraviolet radiation.

proterozoic eon The period in Earth’s history that be-
gan 2.5 billion years ago and ended 0.57 billion years
ago.

pyroclasts Fragmentary material ejected during a volcanic
eruption, including pumice, ash, and rock fragments.

radionuclides Chemical elements that undergo spontane-
ous and time-dependent decay, resulting in the forma-
tion of other elements and the release of radioactive
energy in the form of heat.

stromatolites The earliest calcium carbonate-secreting or-
ganisms on Earth, first appearing during the Proterozoic.
Their activity contributed to drawing down carbon diox-
ide from the atmosphere and fixing it in limestone and
other sedimentary rocks, contributing to changing atmo-
spheric chemistry and climate.

subduction The process of sinking of crustal plates into
the Earth’s mantle. Subduction causes magma genera-
tion and results in buildup of island arcs above subduc-
tion zones.

volatiles Those chemical compounds or elements con-
tained in magmas that are generally released as gases to
the atmosphere during a volcanic eruption. They include
water, carbon dioxide, and sulfur dioxide. They are gen-
erally dissolved in the magma prior to eruption or when
the magma is under high pressure, but exsolve during
ascent of the magma to the surface.

Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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volcanic aerosol Tiny particles of sulfuric acid droplets,
formed by reactions between volcanic sulfur dioxide gas
and water vapor in the stratosphere. The resulting aero-
sol dust veil has important effects on backscattering and
absorption of solar radiation and leads to a net surface
cooling on the Earth, with possible climate change.

I. THE MELT OF THE EARTH

Volcanic eruptions are the most awesome and powerful
display of nature’s force. The idea that terra firma may
explode under our feet and bombard us with glowing
hot ejecta seems almost incomprehensible. Every year
about 50 volcanoes throughout the world are active
above sea level, threatening the lives and property of
millions of people. A single eruption can claim thou-
sands of lives in an instant. For example, in the 1902
eruption of Mont Pelée on the Caribbean island of Mar-
tinique, a flow of hot ash and gases overwhelmed the city
of St. Pierre, killing all but one of its 28,000 inhabitants.
More recently, a mudflow triggered by the 1985 erup-
tion of the volcano Nevado del Ruiz in Colombia killed
nearly all of the 25,000 inhabitants of the town of
Armero.

The relationship between people and volcanoes is as
old as the human race. Our earliest ancestors evolved
in the volcanic region of the East African Rift, where
their activities and remains are preserved by volcanic
deposits, such as the stunning 3.7-million-year-old Aus-
tralopithecus hominid footprints crisscrossing a volcanic
ash deposit at Laetoli. In fact, the wealth of information
we now have on early hominid evolution has only been
made possible because of the rapid burial and excellent
preservation of their remains in volcanic deposits. Is it
a mere sport of nature that humans evolved in a volcanic
region, or was this African volcanic environment espe-
cially favorable to human evolution? Was it the abun-
dant game and fertility of the volcanic plains, with their
rich soils? We shall probably never know the answer,
but humans quickly learned to make use of volcanic
rocks in toolmaking and captured fire from volcanoes,
to open up the realms of the dark and the cold for
further expansion of the race.

When humans first sought explanations for volcanic
phenomena, they linked these violent processes to my-
thology and religion. But with the rise of Western phi-
losophy and learning, Greek scholars in the third cen-
tury before Christ began the search for the actual
physical causes of volcanism, as outlined in Chapter 2.

The Greeks speculated that eruptions were the result
of the escape of highly compressed air and gases inside
the Earth, but later the Romans proposed that volcanoes
were natural furnaces in which combustion of sulfur,
bitumen, and coal took place. This search for the actual
causes of volcanism on Earth and other planets has
continued to our day, but we now have many of the
answers.

Volcanology is the study of the origin and ascent of
magma through the planet’s mantle and crust and its
eruption at the surface. Volcanology deals with the phys-
ical and chemical evolution of magmas, their transport
and eruption, and the formation of volcanic deposits at
the planetary surface. Some volcanic processes consti-
tute a major natural hazard, whereas others are highly
beneficial to society. Thus, the study of volcanism has
far-ranging significance for society. For most people,
volcanology conjures up a picture of an erupting vol-
cano. Volcanoes and their eruptions, however, are
merely the surface manifestation of the magmatic pro-
cesses operating at depth in the Earth, and thus the
study of the volcanism is inevitably highly interdisciplin-
ary, most closely linked to geophysics, petrology, and
geochemistry.

In this volume, we examine volcanology in the widest
sense, covering not only the traditional aspects of the
generation of magmas (traditionally the domain of pe-
trology and geochemistry) and their transport and erup-
tion (the field of traditional volcanology), but also the
multitude of effects that volcanism has on the environ-
ment and on our society and culture. Volcanism is the
best way to probe the interior of Earth. Adopting an
anthropomorphic view, we could regard magma as the
sweat of the Earth, resulting from the labors of moving
the great crustal plates around on the planet’s surface
and maintaining the Earth’s mantle well stirred. The
analogy is not that far fetched, because magma and vol-
canism in general are also a means of heat loss for the
Earth. For the Earth scientist, these fluids emerging
from the Earth carry valuable clues about the internal
constitution of our planet. Just as the medical doctor
analyzes the various fluids of the human body, the geo-
chemist samples and analyzes the magmatic liquids that
issue from Earth’s volcanoes.

For the human race, the Earth is a blessed planet,
because of its position in the solar system and because
of its physical dimensions and vigorous dynamic internal
processes, among which volcanism plays a fundamental
role. Our Earth is just sufficiently far away from the
Sun to benefit from its heat, but not so close as to lose
its crucial oceans by rapid evaporation or its precious
water by photodissociation at the top of the atmosphere
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and subsequent escape to space. The Earth is cool
enough that liquid water stays on its surface—but not
so cool that all water freezes. Earth’s gravity is suffi-
ciently high to exceed the escape velocity of water and
carbon dioxide molecules, allowing it to retain a unique
atmospheric composition, with enough carbon dioxide
to create a comfortable greenhouse and to provide the
building blocks for life, as well as to shield us against
harmful solar ultraviolet radiation. Earth’s internal heat
reservoir is not so hot that it makes life unbearable
because of continuous volcanic eruptions, but is suffi-
cient to drive mantle convection and plate tectonics. The
volcanism resulting from plate tectonics continuously
recycles volatile elements such as water, carbon dioxide,
and sulfur between the inner Earth and its surface reser-
voirs: the oceans and atmosphere. It is a very ancient
cycle. In the distant history of the primitive Earth, the
original atmosphere and oceans probably resulted from
the early degassing of the interior of the globe, largely
through volcanic activity.

Volcanism is flux of energy and matter. Itis an expres-
sion of the storehouse of Earth’s inner energy, derived
in part from cooling of an originally hot planet and in
part from heat resulting from the radioactive decay of
naturally occurring uranium, potassium, thorium, and
other radionuclides present deep in the Earth. Thus,
volcanic eruptions are the surface expression of these
deep Earth processes. When viewed on a geologic time-
scale, the motions of the inner Earth are veritable storms
raging within the planet, with thunderheads rising up
through the mantle to form plumes that break the sur-
face as great volcanic hot spots. Other internal storms
also lead to convective rollover of the mantle, pulling
and pushing along the great crustal plates at the surface,
resulting in volcanic activity where plates converge or
are pulled apart. When we compare Earth to the other
planets in the solar system, we may wonder why our
home planet is so prone to volcanic eruptions. The
logical question is, however, why does the Earth have
such vigorous plate tectonics, the driving force of vol-
canism?

II. VOLCANISM AND
PLATE TECTONICS

Earth may be unique among the planets in the solar
system in that its outer rigid skin—the crust and litho-
sphere—is continuously being destroyed and regener-
ated. It has active plate tectonics, where the heat and

smoke of volcanism rise from the two main battlefields
between the plates: the rifts or ocean ridges and the
subduction zones. The most important consequence of
plate tectonics, discussed in Chapter 6, is geologic re-
cycling of materials, turning the Earth into an immense
chemical factory where volcanism plays a crucial role.
As great crustal plates are pulled apart in the ocean
basins, the solid but mobile Earth’s mantle below the
rift responds to the decrease in overburden and rises
upward to fill in the rift. When the rising peridotite
mantle experiences a decrease in pressure, it spontane-
ously undergoes melting, without addition of heat. The
reader who does not have a background in petrology or
volcanology should pause at this point and ponder the
last sentence, for here lies the key to an understanding
of the vast majority of volcanic processes: decompression
melting, as described further in Chapter 4. It may be
difficult at first to comprehend that rock may melt, with-
out addition of heat, simply because the pressure acting
on it decreases, but this is the most common melting
process in the Earth. The idea that melting could occur
simply as a result of the decrease of pressure (decompres-
sion melting) dates back to the beginning of the 19th
century, but it was not generally accepted by geologists
until the latter part of the 20th century. Early volcanolo-
gists knew that the Earth’s interior was hot but solid,
and from the basic principles of thermodynamics that
were developed in the 1830s, they could theorize that
melting would occur if pressure decreased, that is, if
the mantle rock were brought upward to a region of
shallower depth in the Earth. It was only with the advent
of the theory of plate tectonics that a mechanism for
vertical motion leading to decompression was dis-
covered.

The interstitial melt that forms during decompres-
sion, behaving rather like the water that seeps between
the sand grains on the beach, forms no more than a few
percent of the rising mantle during melting. But the
new basaltic magma is less dense and rises faster than
the mantle. It collects into pockets that form magma
reservoirs, eventually pushing its way upward into the
rift in the midocean ridge, to erupt as lava from fissures
on the ocean floor. Thus, volcanism is continuously
adding new mantle-derived volcanic crust to the plate
margins, temporarily welding together the rifted plates,
until they break again in another eruption (Fig. 1).

But why are the plates moving apart? Are they being
pushed or are they sliding “downhill” because of the
elevated position of the midocean ridge? Are they being
dragged along by the convection of the underlying man-
tle? Or are they pulled along by the subduction of the
old, cold, and therefore dense leading edge of the plate
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into the mantle? To comprehend the fundamental un-
derlying causes of volcanism in island arcs and midocean
ridges, we need to answer this important question. Em-
pirical evidence shows that the plates today are moving
primarily because of the force we call slab pull. The
plates that are moving fastest are all attached to long
and very active subduction zones. Once the cold leading
edge of the plate enters the mantle, its fate is sealed: It
will subduct. Solid-state phase transitions occur in the
minerals making up the plate, converting low-pressure
minerals into a much more dense high-pressure assem-
blage, thus increasing the bulk density of the plate to a
point where it exceeds the density of the upper mantle
and spontaneously sinks, dragging along with it the
attached plate at the surface.

How was this cycle of plate tectonics started, or has
it always operated on Earth? We do not yet know the
answer, but its operation goes back at least to the Proter-
ozoic eon (0.57-2.5 billion years ago). One fascinating
idea is that subduction was literally initiated by biologi-
cal processes on Earth. When the stromatolites, the
first calcium carbonate-secreting organisms, began to
flourish in the Earth’s oceans, they mined the abundant
CO; from the planet’s atmosphere and fixed it into
dense rock: limestone. In the process, they and other
carbonate-fixing organisms gave off the oxygen that cre-
ated for us an atmosphere that is fit to breathe. When the
great masses of dense limestone rock first accumulated
around the continental margins late in the Proterozoic,
they may have downwarped the underlying oceanic crust
to such an extent that the high pressure resulted in
conversion of low-pressure basaltic crust to its high-
pressure form of eclogite. With a density greater than
that of the upper mantle, the eclogite crust would sink
into the mantle and pull along with it the attached crustal

FIGURE 1 Most of Earth’s volcanism occurs at the junctions
of the dozen or so plates that make up the exterior shell of the
Earth. Midocean ridge volcanism occurs at the boundaries where
plates are pulling apart. Arc volcanism occurs where plates are
converging, above the subduction zones. Below the plates resides
the asthenosphere, the part of the Earth’s mantle from which
most magmas originate. (After Allegre, 1992.)

FIGURE 2 Arc volcanism above a subduction zone. The
descent of the cold subducting plate causes upwelling of hotter
mantle below the volcanic arc. Furthermore, volatile components,
such as water, are released from the subducting plate to the
overlying mantle wedge, promoting melting of the mantle and
formation of magmas that feed the arc volcanoes above. The
dashed lines are isotherms of temperature distribution in the
mantle and subducting plate (in degrees centigrade).

plate, initiating subduction and setting in motion the
first plate tectonic cycle (Fig. 2).

Il1l. THE MIDOCEAN RIDGE

A remarkable discovery made only 35 years ago was that
the vast majority of volcanism on Earth—perhaps more
than 80% —occurs at depths beneath the ocean waves.
Although we had an inkling of the importance of the
global midocean ridge system, its importance was only
revealed in the 1960s with the exploration of the ocean
floor and establishment of a global seismic network. We
cannot generally witness this type of volcanic activity
on the ocean floor, but in certain regions, such as Ice-
land, the midocean ridge literally grows out of the ocean
or is exposed on land. In November 1963, as I tossed
aboutin the frigid and turbulent waters south of Iceland,
I had the privilege of witnessing the result of the rifting
of the Mid-Adantic Ridge and the growth of the volcanic
island of Surtsey.

Normally, the basaltic eruptions on the ridge are effu-
sive and create pillow lava flows on the ocean floor. At
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these depths in the ocean the pressure is so high that
seawater does not boil explosively even in contact with
the red-hot lava. On the other hand, when the underwa-
ter volcano grows and reaches shallow levels, the style
of activity changes dramatically, as we observed when
Surtsey emerged. Violent explosions sent showers of
black ash, lapilli, and muddy steam over our boat, as the
hot magma flashed the seawater to superheated steam
in shallow water. The steam explosions literally tore
apart the molten lava and generated a type of eruption
that we now know as surtseyan.

Hydrothermal activity is an important consequence
of volcanic activity at the midocean ridge, and this pro-
cess has made its imprint on the chemical composition
of the oceans. The injectin of magma into the fractured
volcanic crust at the midocean ridge sets in motion a
vigorous hydrothermal system. In a way, this system is
rather like the radiator on the front of the great magma
engine. It circulates cold seawater from the ocean down
through the fractured crust, where it encounters hot
volcanic or intrusive rocks at depth, in proximity to
young dikes or even close to the magma reservoir. Here
the water is heated. It exchanges chemicals with the
rocks, leaving some chemicals from seawater behind and
picking up others from the rock that is hydrothermally
altered in the process. The heated seawater transports
metal-rich solutions toward the surface.

Volcanism on the midocean ridge has a profound
impact on the chemistry of the oceans. The hydrother-
mal circulation process is so forceful at the midocean
ridges that the entire mass of the world’s ocean is recy-
cled through the hot volcanic crust at a rate of about
1.5 X 10" kg/year. This rate is sufficient to cycle the
entire ocean through the midocean ridge about once in
5 million years. This huge flux of seawater through
the oceanic crust has greatly influenced the chemical
composition of the oceans through time, resulting in
addition and removal of certain chemicals from seawa-
ter. This process leads, for example, to the addition
of calcium, potassium, and lithium to seawater, from
magmas and rocks at the ocean ridges, and the removal
of, for example, magnesium from seawater into the oce-
anic crust. The discovery of midocean ridge hydrother-
mal activity has explained several puzzles regarding the
“sources” and “sinks” of several chemical components
in the ocean geochemical cycle. Thus, the midocean
ridges are major sinks for magnesium and sulfate and
an important source of calcium and manganese.

Hydrothermal fluids also transport metals in solution
toward the surface. Upon emerging onto the ocean
floor, the solutions cool and precipitate metals, leading
to the formation of iron-manganese-rich sediments at

the midocean ridge. Locally, the hydrothermal solutions
emerge through vents on the ocean floor at very high
temperature (350°C). These solutions carry high con-
centrations of metals and precipitate sulfides, sulfates,
and oxides around the vent, to form chimneys up to
10 m high that belch out hot solutions. The solutions
precipitate various minerals as they emerge into the
ocean, forming black smokers. These solutions are very
rich in silica, hydrogen sulfide, manganese, carbon diox-
ide, hydrogen, and methane, as well as potassium, cal-
cium, lithium, rubidium, and barium. Minerals precipi-
tated on the ocean floor by this process include pyrite
(FeS,), chalcopyrite (CuFeS;), and sphalerite (ZnS). The
high concentrations of hydrogen sulfide in these vents
support a unique biological assemblage, including sul-
fide-oxidizing bacteria, which form the basis of a food
chain.

IV. THE SUBDUCTION FACTORY

The vast majority of land or island volcanoes on Earth
are in volcanic arcs above subduction zones. Although
they represent only about 10-20% of the volcanism on
Earth, the arc volcanoes are most important in terms
of their impact on our society. Because they are subaerial
and vent directly into the atmosphere, their eruptions
can affect our atmosphere. Furthermore, the regions
around arc volcanoes are often densely populated and
thus may be regions of high risk.

Whatever mechanism may have initiated it, subduc-
tion is a dominant component in the great geologic
machine that processes and recycles the Earth’s oceanic
crustand upper mantle. Although the 100-km-thick sub-
ducting plate is composed primarily of oceanic crust and
upper mantle rocks, it also contains a sliver of sediment
at its upper surface and water, carbon dioxide, and other
volatile elements bound in clays and other hydrous min-
erals. In this fashion, the volatile elements are returned
to the Earth’s mantle from whence they came originally,
when they were emitted as volcanic gases in eruptions
during the degassing of the early Earth.

Water may also facilitate plate motion, lower mantle
strength and viscosity, and play a crucial role in lubricat-
ing the subduction zone, because the presence of water
in the subduction zone environment promotes the for-
mation of structurally weak hydrous silicate minerals
that results in rocks of low strength (Fig. 3). Similarly,
water, even in trace amounts, promotes partial melting
by lowering the beginning of melting of mantle rocks.
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FIGURE 3 The solidus defines the location of the beginning
of melting in the Earth’s mantle. The figure shows the effects
of pressure and volatiles (water and carbon dioxide) on the
configuration of the solidus of peridotite, the dominant rock type
in the upper mantle. Right-hand vertical scale is depth below the
surface; left-hand scale is in units of pressure (GPa). The four
solidi shown are the “dry” solidus (neither H,O nor CO, present),
the CO,-saturated solidus, the H,O-saturated solidus, and (inter-
mediate and unlabeled) the H,O-undersaturated solidus (water
is present, but only in sufficient amount to form hydrous miner-
als). The presence of either H,O or CO, has a dramatic effect
of lowering the beginning of melting of the mantle. Under most
Earth conditions, melting is likely to begin in the depth range of
several tens of kilometers.

When this occurs in the upper mantle at the base of
the lithosphere (the low-velocity layer), plate motion is
facilitated. Further, subducted water decreases mantle
density in the wedge below the volcanic arc, promoting
melting and buoyant upwelling of partially molten
mantle material and thus promoting volcanism at the
surface.

The presence of water in the magma further sets the
chemical evolution of the magma on an entirely different
course from “dry” magmas, leading to the silica enrich-
ment typical of magmas in volcanic arcs above subduc-
tion zones, as discussed in Chapters 7 and 8. Without
the subduction of water, the majority of volcanism on
Earth would be submarine, of the type we observe on
the midocean ridge: eruption of basaltic magmas of rela-
tively narrow compositional range, releasing dominantly
carbon dioxide and sulfur dioxide gases to the ocean, but
without emission to the atmosphere. In this subduction-
free world, only a small fraction of volcanism would
release volcanic gases directly to the atmosphere, that
is, the hot spot volcanism of the type we see in Iceland
and Hawaii today.

One of the interesting paradoxes of the Earth is that
subduction occurs because the leading edge of the plate
is cold and dense enough to sink, yet in this apparently
frigid environment, volcanism is a characteristic feature.
How is it that magma generation occurs in the subduc-
tion zone, in response to the descent of the cold plate?
The explanation for this paradox is twofold. On one
hand, the water introduced into the mantle wedge above
the subduction zone lowers the melting point of mantle
rock (peridotite), facilitating magma generation and vol-
canism at the surface (Fig. 3). In addition, the descent
of the plate stirs up the mantle, bringing upward a cur-
rent of warmer mantle material from the depth, again
facilitating melting by decompression and resulting in
magma generation.

It has been suggested that the island arcs above sub-
duction zones are the “kitchen” where continental crust
is made. The process of magmatic differentiation or
geochemical evolution of magmas beneath the volcanic
arcs results in the formation of relatively high-silica
andesitic or rhyolitic magmas that solidify as low-density
rocks, as described in Chapter 8. In the “kitchen,” the
high-silica magmas may be regarded as the cream that
evolves from the primary basaltic magma and rises to
the top. The high-silica rocks are too light to subduct,
and they accumulate in the arc environment, typically at
continental margins. The process by which arc volcanics
and associated intrusive rocks accumulate is referred to
as continental accretion and may be the principal mecha-
nism for continental growth. In this manner, the subduc-
tion zone acts as a giant stll, melting the mantle and
separating the continent-forming material out of the
melts, adding it to the continents and leaving behind a
depleted upper mantle. Thus, the great subduction zone
still treats chemical elements in two ways. Some are
continuously recycled, namely, the volatile components,
such as water and carbon dioxide, whereas others are
largely retained in the arc crust.

To what extent is the water, which drives explosive
volcanism in arcs, derived from the subduction of the
oceans? If the recycling is working, then we should
find geochemical evidence of subducted material in the
magmas erupted from island arc volcanoes. One of the
spectacular success stories of geochemistry is its role in
providing proof of the recycling of certain trace chemical
components. The discovery came with the detection of
the isotope Be!® in arc volcanics. This relatively short-
lived isotope (half-life about 1.5 million years) is derived
solely from reactions in the atmosphere, and it accumu-
lates in marine sediments that may be subducted. The
fact that Be'” is present in some arc magmas in measur-
able amounts is proof that relatively young oceanic sedi-
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ments or fluids must have been subducted and become
incorporated in the magma sources underneath the vol-
canic arcs. Although it is likely that oceanic sediments
and related fluids contribute only 1-2% of the magma
(the rest is mantle contribution), their chemical imprint
is clear and the consequences are evident in the explosive
character of these water-rich magmas.

V. VOLCANOES ON HOT SPOTS

The plate tectonic revolution of the 1960s did not ex-
plain the origin of a number of the better known volca-
noes on Earth, particularly the volcanic islands like
Hawaii, the Galapagos, and Iceland. In many cases they
show no direct relation to plate boundaries and thus do
not fit into the paradigm of plate tectonics. They are
volcanic, however, and have a high eruption rate, which
has earned them the name hot spots. Perhaps the most
insidious hot spot is the Yellowstone volcanic field in
the United States, a hot spot located in the center of a
continental plate. Its prehistoric giant explosive erup-
tions include some of the largest known on Earth, but
because of the long dormant periods, it is a potential
continent-wide or even global volcanic threat that we
often overlook.

Unusual geochemical signatures in the basaltic hot
spot lavas, described in Chapters 7 and 8, suggest a
magma source deeper in the mantle than the midocean
ridge source or a source that has not been tapped before
by earlier magma extraction. This has led to the idea
that hot spot volcanoes are supplied by deep mantle
plumes, focused mushroom-like currents of solid but
hot rock, rising from either the lower mantle or even
from the boundary layer between the mantle and the
core of the Earth. This is a radical idea, but if correct,
it could mean that volcanoes such as Kilauea in Hawaii
bring a signature to the surface from rocks that originally
were near the core of the Earth, some 2900 km below
the volcanoes.

An alternative model for the origin of hot spot mag-
mas brings us back to subduction. It is likely that great
masses of ancient subducted masses of lithosphere reside
within the deep mantle. Here the subducted slab of cold
lithosphere eventually warms up and its density becomes
equal to or even less dense than the surrounding mantle,
causing its rise toward the surface as a plume of rock.
Nearing the surface, the hot material undergoes decom-
pression melting and magma generation. Again, geo-
chemical evidence from volcanics in some hot spots

supports the idea that subducted slabs may be the fuel
for mantle plumes and at least some hot spot magmas.

VI. VOLCANISM ON OTHER WORLDS

Those who expected that volcanism on other planets of
the solar system would be similar to that on Earth were
in for a series of big surprises when exploration of the
planets began in earnest. Early ideas on extraterrestrial
volcanism were largely directed toward the Moon,
where craters were seen to be abundant. In 1665 Robert
Hooke first proposed the presence of volcanoes on the
Moon, but he had observed the lunar craters telescopi-
cally. In the 18th century, Pierre Laplace proposed that
meteorites were volcanic material ejected from the
Moon. Volcanism on the Moon did not seem such a
bad idea at the time, considering its cratered and pock-
marked visage. In 1785, however, Immanuel Kant
pointed out that most lunar craters were much larger
than any volcanic features known on Earth, and Kant
proved to be correct in his assessment that the lunar
craters are not of volcanic origin; we now know that
most are the products of meteorite bombardment. Ex-
ploration of the lunar surface during the Apollo program
revealed vast areas or “oceans” of volcanic rocks, known
as Maria, but they turned out to be extremely old, mostly
on the order of 3.7 billion years (Chapter 45).

One of the major surprises—and a disappointment
to volcanologists—has been that most of the planets are
volcanically “dead.” That disappointment was, however,
compensated by the discovery of spectacular volcanism
on lo, where sulfur-rich magma fountains are ejected
to heights of hundreds of kilometers (Chapter 46). But
ITo has more surprises. Its volcanism is most likely not
the result of internal thermal energy, as on Earth, but
rather due to the tidal energy transferred from the gravi-
tational pull of the giant parent planet Jupiter, causing
the interior of Io to heat up. We will no doubt have
many similar volcanic surprises awaiting us when we
explore other strange worlds in the future.

VIlI. VOLCANIC PROCESSES

A bewildering variety of volcanic processes occur at the
surface during an eruption, and the list of the volcanic
rock types and types of volcanic deposits is seemingly
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endless. Fortunately, as volcanology has progressed in
the latter half of the 20th century from a descriptive
endeavor to a truly interdisciplinary science, we have
discovered the major factors that control eruption pro-
cesses and account for the diversity of the products, as
described in parts II, III, and IV of this volume. Although
each eruption is unique, and each volcano seems to have
its distinct “personality,” several fundamental parame-
ters dictate the style of eruption (Table I).

By far the most important parameter is the mass erup-
tion rate (eruption intensity), which depends on the
rate of supply of magma during eruption. The observed
range in mass eruption rates on Earth is huge, more
than at least three orders of magnitude, and extending
beyond 10° kg/s. It is beyond our comprehension to
visualize 1 million tons of red-hot molten rock jetting
out of the crater of a volcano every second—not for a
few seconds, but for hours or days, such as occurs during
large ignimbrite-forming eruptions. We are accustomed
to referring to such events as “explosions,” but that is
somewhat of a misnomer, because they are not instanta-
neous bursts, but rather sustained emissions of magma
and gases; only the onset is really explosive. The mass
eruption rate is truly a measure of eruption intensity,
because it controls the height of the eruption column
in explosive events and the length of lava flows in effu-
sive eruptions.

As shown in Fig. 4, eruption intensity shows a good
correlation with the total mass or volume of magma
erupted (magnitude). Although we may intuitively ex-
pect that the largest magma bodies within the Earth
result in the highest magnitude (largest volume) erup-
tions, but why they should also be the highest intensity
events is not immediately obvious. The flow rate is, of
course, a function of the magma pressure and the diame-
ter of the conduit. The explanation may lie in the time
it takes for the volcano to widen its conduit by erosion
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FIGURE 4 The figure shows the range in volcanic intensity
and magnitude for a number or eruptions on Earth, shown as
log units. The magma discharge rate (intensity) during a volcanic
eruption can range from 10¢ to 10" kg/s in the most violent
events. The total erupted mass (magnitude) can range to more
than 10'® kg, equivalent to a magma volume of several thousand
cubic kilometers.

during eruption and allow more magma to pass to the
surface. In most major explosive eruptions, the intensity
increases with time during the event, and it is most
logical to assume that this is simply due to gradual wid-
ening of the conduit as it is eroded by the passage of
hot magma and the explosive blast of rock, ash, and
pumice fragments.

During an explosive eruption, as mass eruption rate
increases, so does the height of the eruption column,
attaining more than 40 km in the Earth’s atmosphere
for the largest eruptions. Although this correlation is in
part related to increase in the height of the jet of magma
and pyroclasts emerging from the vent, it is really more
influenced by the thermal energy from the eruption,

TABLE I Some Factors That Influence Volcanic Processes

Influences magma viscosity and affects energy available for eruption plume rise.

Factor Typical range Comments
Magma temperature 800-1250°C

Magmatic water 0.1-6 wt% H,O

Magma viscosity 102-10'° poise

Mass eruption rate 106—>10° kg/s

External water
Crystal content

0.01-0.5 vol. fract.

0-50%

Controls magma fragmentation through the vesiculation process.

Determines flow properties of magmas, vesiculation, bubble growth; controls
the rise and escape of bubbles out of magmas.

The rate of flow of magma out of the vent is single most important factor.
The fraction of external water that mixes with magma in the conduit or vent.

Affects bulk viscosity and thus rheology of magma.
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available to drive a convective plume. In fact, most of
the eruption column above a volcano is a thermal plume,
where heat is transferred from the hot pyroclasts to
the surrounding air, which in turn convects vigorously,
mixes with the ash and other pyroclasts, and drives the
plume sky-high.

Paradoxically, however, when the mass eruption rate
reaches a critical value, the eruption column ceases
to rise; in fact, the column begins to collapse. The pro-
cess of column collapse generates the most destructive
phase of volcanic eruptions and produces pyroclastic
flows and surges: hot ground-hugging cloudlike density
currents of ash, pumice, volcanic gases, and heated en-
trained air.

It seems at first paradoxical that the column should
collapse with increasing mass eruption rate, but the ex-
planation lies in the efficiency of mixing of air with the
mixture of pyroclasts erupting from the vent. Under
conditions of moderate mass eruption rate, the erupting
mixture entrains and mixes with a large volume of air,
which is heated, becomes buoyant, and contributes to
the rapid rise of the eruption column. As the mass erup-
tion rate increases, however, pyroclasts in the interior
of the column become isolated from the atmosphere
and have less opportunity to mix with air. Consequently,
the entraining of air is no longer contributing to the
bouyancy of the column; it becomes denser and collapses
as a fountain of hot ash, gases, and pumice, to generate
a density current.

The second factor that influences volcanic processes,
listed in Table I, is the concentration of magmatic water.
Water is almost absent in the basaltic magmas erupted
on the midocean ridge, but occurs in concentrations of
up to 6% in the high-silica magmas of island arcs (Chap-
ter 9). The role of water is twofold, both as the agent
that causes vesiculation and fragmentation of magmas
and as an important component in accelerating the
magma and pyroclasts out of the vent. It is the presence
or amount of water in the magma that primarily deter-
mines the division between effusive and explosive erup-
tions, but only a little water goes a long way. With a
few percent of water dissolved under high pressure at
depth, the magma begins to grow steam bubbles as it
rises to the surface. The solubility of water decreases
rapidly with decreasing pressure, and the volume frac-
tion of the exsolving steam grows fast. If the bubbles
are unable to rise and escape from the magmatic liquid,
they will continue to expand undil they burst and tear
apart the magma into pyroclasts of ash and pumice. As
the exsolution and volume expansion of water occur in
the conduit of the volcano, this will result in a great

volume increase of the erupting magma mixture, propel-
ling it out of the vent.

Magma viscosity is another important factor affecting
flow properties of magmas and determining the ability
of steam bubbles to rise and escape out of the magma.
Viscosity is influenced by temperature, magma composi-
tion, and crystal content. In high-temperature and low-
silica basaltic magmas, the viscosity is so low that gas
bubbles can generally rise in the magma, whereas in
high-silica low-temperature magmas, the high viscosity
inhibits bubble rise; they move passively with the magma
in the conduit, up toward the vent (Chapter 14).

All of the factors just mentioned are internal to magma
or the volcanic system, but a number of external parame-
ters can also influence the volcanic process. The most
important of these factors is external water. Magmas
rising through the crust and to the Earth’s surface have
a high probability of encountering water, either in the
form of oceans, lakes, glaciers, or as water-rich rock
formations. We saw earlier, in connection with the 1963
Surtsey eruption, that the interaction of external water
and magma is relatively passive when it occurs in regions
of high hydrostatic pressure, such as in the deep ocean,
but violent explosions will, on the other hand, occur in
shallow water. Similarly, magma rising through highly
porous and water-logged rocks at shallow levels in the
crust can result in explosive eruption because of the
conversion of water to steam in contact with the magma.
Thus even “dry” basaltic magmas, virtually devoid of
magmatic water, can erupt with explosive violence if
external water is at hand.

VIIl. THE IMPACT OF VOLCANISM

As emphasized earlier, volcanism is the surface manifes-
tation of deep Earth processes, and eruptions are merely
the smoke rising from the “subduction factory” or the
midocean ridge “kitchen.” In the greater scheme of
things, volcanic activity is thus a part of a geodynamic
system that is essential for maintaining a balanced envi-
ronment for life on Earth. On a local scale, however,
both hazards and benefits are associated with volcanoes,
as discussed in Chapters 56 to 67 and 76 to 82, respec-
tively.

Despite their awe-inspiring, spectacular, and even
deadly fireworks, volcanic eruptions have not been na-
ture’s most deadly hazard in living memory. The princi-
pal volcanic disasters since 1700 have taken a total of
260,000 lives, which pales in comparison with the death
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toll from earthquakes and tropical storms. The deadliest
disaster known was probably the 1556 Huahsien earth-
quake in China, which killed more than 820,000 people.
In 1976 the magnitude 7.8 Tangshan earthquake, also
in China, killed more than 240,000 people. The worst
hurricane in history occurred in 1970 in the Ganges
Delta in Bangladesh, with a loss of 500,000 lives. Yet
living with a dormant or active volcano, looming large
above village or town, is a visible and permanent threat
and qualitatively different from the transient threat of
a hurricane or a sudden earthquake.

When we view volcanic hazards, however, we must
take the long view and keep in mind that the historical
period is too short to display the full range of the magni-
tude and intensity of volcanic eruptions that the Earth
can muster. Even in the 6000-year life span of our civili-
zation, we have been spared a mega-eruption of the type
that can occur. We are all familiar with the concept of
the storm of the century—an event so large thatitoccurs
only very rarely—but the probability of its recurrence
increase with time. Similarly, high-magnitude and high-
intensity volcanic eruptions are low-probability events,
but they will recur in the future. In our limited human
experience, we have the eruption of the type that occurs
once in 100 years, such as Krakatau in 1883, or the
eruption that occurs once in 1000 years, which must be
regarded as the Tambora eruption of 1815. What about
the 10,000 or 100,000 or every million years eruption?
The Toba eruption on Sumatra, about 75,000 years ago,
is probably at the upper limit of eruptions that can occur
on the Earth, emitting 2000 km’ of magma. That there
is an upper limit on the magnitude of eruptions is itself
an interesting concept, but most likely any larger magma
chamber cannot be contained in the Earth’s crust and
will spontaneously erupt. Because the Toba event oc-
curred in the far distant past, our information of its
environmental impact is still blurred, but a cataclysmic
event of this type would have a catastrophic impact on
global society today, as discussed in Chapter 67. When
we take the geologic perspective of time and volcanism,
we are therefore reminded of the the chilling words of
the American historian Will Durant: “Civilization exists
by geologic consent, subject to change without notice.”
The Tambora eruption on the island of Sumbawa in
Indonesia in 1815 gives an inkling of what may happen
in such a volcanic event.

The regional impact of the 1815 Tambora eruption
in the East Indies has been dimmed by the passage of
time, and only incomplete counts exist, but they indicate
anatural disaster of enormous gravity for the Indonesian
people. The disaster struck both on the island of Sum-

bawa, where Tambora is located, and on the neighboring
islands of Lombok, Flores, South Sulawesi, and Bali.
Even Java was not spared. During the climax of the
explosive eruption on April 10, 1815, hot pyroclastic
flows swept down all flanks of the volcano and wiped
out the feudal kingdoms of Tambora on the north side
and Sanggar on the east side of the mountain. In the
Kingdom of Tambora, the loss of life was so complete
that it extinguished the Tambora language, probably
the easternmost Austro-Asiatic language at the time,
with more than 10,000 people killed outright in the pyro-
clastic flows. The blanket of ash fallout on Sumbawa also
destroyed all the crops, resulting in a famine immediately
after the eruption. It was accompanied by a variety of dis-
eases, and clean water was not to be had anywhere. For
some reason, the island’s climate changed, becoming so
hot and dry that crops would not grow—probably be-
cause of the destruction of the vegetation and higher run-
off. An additional 38,000 people died of starvation and
disease, having lost 75% of their livestock, and 36,000
fled the island. It took the i