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INTRODUCTION

Encyclopedia of Earth and Space Science is a two-
volume reference intended to complement the
material typically taught in high school Earth sci-
ence and astronomy classes, and in introductory col-
lege geology, atmospheric sciences, and astrophysics
courses. The substance reflects the fundamental con-
cepts and principles that underlie the content stan-
dards for Earth and space science identified by the
National Committee on Science Education Standards
and Assessment of the National Research Council for
grades 9-12. Within the category of Earth and space
science, these include energy in the Earth system,
geochemical cycles, origin and evolution of the Earth
system, and origin and evolution of the universe. The
National Science Education Standards (NSES) also
place importance on student awareness of the nature
of science and the process by which modern scientists
gather information. To assist educators in achieving
this goal, other subject matter discusses concepts that
unify the Earth and space sciences with physical sci-
ence and life science: science as inquiry, technology
and other applications of scientific advances, science
in personal and social perspectives including topics
such as natural hazards and global challenges, and
the history and nature of science. A listing of entry
topics organized by the relevant NSES Content Stan-
dards and an extensive index will assist educators,
students, and other readers in locating information
or examples of topics that fulfill a particular aspect of
their curriculum.

Encyclopedia of Earth and Space Science empha-
sizes physical processes involved in the formation and
evolution of the Earth and universe, describes many
examples of different types of geological and astro-
physical phenomena, provides historical perspectives,
and gives insight into the process of scientific inquiry
by incorporating biographical profiles of people who
have contributed significantly to the development
of the sciences. The complex processes related to
the expansion of the universe from the big bang are
presented along with an evaluation of the physical
principles and fundamental laws that describe these
processes. The resulting structure of the universe, gal-

axies, solar system, planets, and places on the Earth
are all discussed, covering many different scales of
observation from the entire universe to the smallest
subatomic particles. The geological characteristics
and history of all of the continents and details of a
few selected important areas are presented, along
with maps, photographs, and anecdotal accounts of
how the natural geologic history has influenced peo-
ple. Other entries summarize the major branches and
subdisciplines of Earth and space science or describe
selected applications of the information and technol-
ogy gleaned from Earth and space science research.

The majority of this encyclopedia comprises 250
entries covering NSES concepts and topics, theories,
subdisciplines, biographies of people who have made
significant contributions to the earth and space sci-
ences, common methods, and techniques relevant
to modern science. Entries average more than 2,000
words each (some are shorter, some longer), and
most include a cross-referencing of related entries
and a selection of recommended further readings. In
addition, one dozen special essays covering a vari-
ety of subjects—especially how different aspects of
earth and space sciences have affected people—are
placed along with related entries. More than 300
color photographs and line art illustrations, includ-
ing more than two dozen tables and charts, accom-
pany the text, depicting difficult concepts, clarifying
complex processes, and summarizing information for
the reader. A glossary defines relevant scientific ter-
minology. The back matter of Encyclopedia of Earth
and Space Science contains a geological timescale,
tables of conversion between different units used in
the text, and the periodic table of the elements.

I have been involved in research and teaching for
more than two decades. I am honored to be a Dis-
tinguished Professor and Yangtze Scholar at China’s
leading geological institution, China University of
Geosciences, in Wuhan. I was formerly the P. C. Rein-
ert Endowed Professor of Natural Sciences and am
the founding director of the Center for Environmental
Sciences at St. Louis University. [ am actively involved
in research, writing, teaching, and advising students.



My research and teaching focus on the fields of plate
tectonics and the early history of the Earth, as well
as on natural hazards and disasters, satellite imag-
ery, mineral and water resources, and relationships
between humans and the natural environment. I have
worked extensively in North America, Asia, Africa,
Europe, the Middle East, and the rims of the Indian
and Pacific Oceans. During this time I have authored
more than 25 books, 600 research papers, and numer-
ous public interest articles, interviews with the media
(newspapers, international, national and local televi-
sion, radio, and international news magazines), and
I regularly give public presentations on science and
society. Some specific areas of current interest include
the following:

@ Precambrian crustal evolution

@ tectonics of convergent margins

e natural disasters: hurricanes, earthquakes,
volcanoes, tsunami, floods, etc.

e drought and desertification

e Africa, Madagascar, China

e Middle East geology, water, and tectonics

I received bachelor and master of science degrees
from the Department of Geological Sciences at the
State University of New York at Albany in 1982
and 1985, respectively, then continued my studies
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in earth and planetary sciences at the Johns Hopkins
University in Baltimore. There I received a master of
arts in 1988 and a Ph.D. in 1990. During this time I
was also a graduate student researcher at the NASA
Laboratory for Terrestrial Physics, Goddard Space
Flight Center. After this I moved to the University of
California at Santa Barbara where I did postdoctoral
research in Earth-Sun-Moon dynamics in the Depart-
ment of Mechanical Engineering. I then moved to the
University of Houston for a visiting faculty position
in the department of geosciences and allied geo-
physical laboratories at the University of Houston.
In 1992 I moved to a research professor position in
the Center for Remote Sensing at Boston University
and also took a part-time appointment as a research
geologist with the U.S. Geological Survey. In 2000 I
moved to St. Louis University, then was appointed to
a distinguished professor position at China Univer-
sity of Geoscience in 2009.

I have tried to translate as much of this experi-
ence and knowledge as possible into this two-volume
encyclopedia. It is my hope that you can gain an
appreciation for the complexity and beauty in the
earth and space sciences from different entries in this
book, and that you can feel the sense of exploring,
learning, and discovery that I felt during the research
related here, and that you enjoy reading the different
entries as much as I enjoyed writing them for you.



ENTRIES CATEGORIZED
BY NATIONAL SCIENCE
EDUCATION STANDARDS
FOR CONTENT

(GRADES 9—12)

hen relevant an entry may be listed under
more than one category. For example, Alfred
Wegener, one of the founders of plate tectonic the-
ory, is listed under both Earth and Space Science
Content Standard D: Origin and Evolution of the

Earth System, and Content Standard D: History and
Nature of Science. Subdisciplines are listed separately
under the category Subdisciplines, which is not a
NSES category, but are also listed under the related
content standard category.

Science as Inquiry

(Content Standard A)

astronomy

astrophysics

biosphere

climate

climate change

Coriolis effect

cosmic microwave background
radiation

cosmology

Darwin, Charles

ecosystem

Einstein, Albert

environmental geology

evolution

Gaia hypothesis

geological hazards

global warming

greenhouse effect

hydrocarbons and fossil fuels

ice ages

life’s origins and early evolution

mass extinctions

origin and evolution of the Earth
and solar system

origin and evolution of the
universe

ozone hole

plate tectonics

radiation
sea-level rise

Earth and Space Science

(Content Standard D):

Energy in the Earth System

asthenosphere

atmosphere

aurora, aurora borealis, aurora
australis

black smoker chimneys

climate

climate change

clouds

convection and the Earth’s
mantle

Coriolis effect

cosmic microwave background
radiation

cosmic rays

Earth

earthquakes

Einstein, Albert

El Nifio and the Southern
Oscillation (ENSO)

electromagnetic spectrum

energy in the Earth system

Gaia hypothesis

geodynamics

geological hazards

geomagnetism, geomagnetic
reversal

geyser

global warming

greenhouse effect

hot spot

hurricanes

ice ages

large igneous provinces, flood
basalt

magnetic field, magnetosphere

mantle plumes

mass wasting

meteorology

Milankovitch cycles

monsoons, trade winds

ocean currents

paleomagnetism

photosynthesis

plate tectonics

precipitation

radiation

radioactive decay

subduction, subduction zone

Sun

thermodynamics

thermohaline circulation

thunderstorms, tornadoes

tsunami, generation mechanisms

volcano



Entries Categorized by National Science Education Standards for Content (Grades 9-12) m

Earth and Space Science

(Content Standard D):

Geochemical Cycles

asthenosphere

atmosphere

biosphere

black smoker chimneys

carbon cycle

climate change

clouds

continental crust

convection and the Earth’s
mantle

crust

diagenesis

Earth

economic geology

ecosystem

environmental geology

erosion

Gaia hypothesis

geochemical cycles

global warming

granite, granite batholith

groundwater

hydrocarbons and fossil fuels

hydrosphere

igneous rocks

large igneous provinces, flood
basalt

lava

lithosphere

magma

mantle

mantle plumes

metamorphism and metamorphic
rocks

metasomatic

meteoric

ocean currents

ophiolites

ozone hole

petroleum geology

photosynthesis

plate tectonics

precipitation

river system

seawater

sedimentary rock, sedimentation

soils

subduction, subduction zone

thermodynamics

thermohaline circulation

thunderstorms, tornadoes

volcano

weathering

Earth and Space Science

(Content Standard D): Origin and

Evolution of the Earth System

accretionary wedge

African geology

Andes Mountains

Antarctica

Arabian geology

Archean

Asian geology

asthenosphere

atmosphere

Australian geology

basin, sedimentary basin

beaches and shorelines

benthic, benthos

biosphere

Cambrian

Carboniferous

cave system, cave

Cenozoic

climate change

continental crust

continental drift

continental margin

convection and the Earth’s
mantle

convergent plate margin
processes

coral

craton

Cretaceous

crust

crystal, crystal dislocations

deformation of rocks

deltas

deserts

Devonian

divergent plate margin processes

drainage basin (drainage system)

Earth

earthquakes

economic geology

Eocene

eolian

erosion

estuary

European geology

evolution

flood

fluvial

flysch

fossil

fracture

geoid

geomorphology

glacier, glacial systems

Gondwana, Gondwanaland

granite, granite batholith

greenstone belts

Grenville province and Rodinia

historical geology

hot spot

hydrocarbons and fossil fuels

hydrosphere

igneous rocks

impact crater structures

Indian geology

island arcs, historical eruptions

Japan

karst

large igneous provinces, flood
basalt

lava

life’s origins and early evolution

lithosphere

Madagascar

magma

mantle

mantle plumes

mass extinctions

mass wasting

mélange

Mesozoic

metamorphism and metamorphic
rocks

meteor, meteorite

Milankovitch cycles

mineral, mineralogy

Neogene

Neolithic

North American geology

ocean basin

ocean currents

oceanic plateau

ophiolites

Ordovician

origin and evolution of the Earth
and solar system

orogeny

ozone hole

paleoclimatology

Paleolithic

paleomagnetism

paleontology

Paleozoic

Pangaea

passive margin

pelagic, nektonic, planktonic

Permian

petroleum geology

petrology and petrography



Phanerozoic

photosynthesis

plate tectonics

Pleistocene

Precambrian

Proterozoic

Quaternary

radiation

radioactive decay

river system

Russian geology

seawater

sedimentary rock, sedimentation

seismology

sequence stratigraphy

Silurian

soils

South American geology

stratigraphy, stratification,
cyclothem

structural geology

subduction, subduction zone

subsidence

Sun

supercontinent cycles

Tertiary

thermohaline circulation

transform plate margin processes

tsunami, generation mechanisms

unconformities

volcano

weathering

Wegener, Alfred

Earth and Space Science

(Content Standard D):

Origin and Evolution of the Universe

asteroid

astronomy

astrophysics

binary star systems

black holes

comet

cosmic microwave background
radiation

cosmic rays

cosmology

dark matter

dwarfs (stars)

Einstein, Albert

galaxies

galaxy clusters

gravity wave

ice ages

interstellar medium

Jupiter

Mars

Mercury

meteor, meteorite

Neptune

nova

origin and evolution of the
universe

planetary nebula

Pluto

pulsar

quasar

radiation

radio galaxies

Saturn

sea-level rise

solar system

star formation

stellar evolution

Sun

universe

Uranus

Venus

Science and Technology

(Content Standard E)

astrophysics

cosmic microwave background
radiation

electromagnetic spectrum

Galilei, Galileo

geochemistry

geochronology

geodesy

geodynamics

geographic information systems

geomagnetism, geomagnetic
reversal

geophysics

gravity wave

gravity, gravity anomaly

Hubble, Edwin

magnetic field, magnetosphere

oceanography

paleomagnetism

radiation

remote sensing

seismology

telescopes

thermodynamics

Science in Personal and Social

Perspectives (Content Standard F)

astronomy

aurora, aurora borealis, aurora
australis

climate change

m Entries Categorized by National Science Education Standards for Content (Grades 9-12)

constellation

cosmology

Darwin, Charles

ecosystem

Einstein, Albert

El Nifio and the Southern
Oscillation (ENSO)

environmental geology

evolution

flood

Gaia hypothesis

geological hazards

global warming

greenhouse effect

hydrocarbons and fossil fuels

hydrosphere

island arcs, historical eruptions

life’s origins and early evolution

mass extinctions

origin and evolution of the
universe

sea-level rise

soils

subsidence

sun halos, sundogs, and sun
pillars

supernova

tsunami, historical accounts

History and Nature of Science
(Content Standard G)
astronomy

Bowen, Norman Levi
Brahe, Tycho

Cloud, Preston
Copernicus, Nicolas
Coriolis, Gustave
Dana, James Dwight
Darwin, Charles
Dewey, John F.

Du Toit, Alexander
Einstein, Albert

Eskola, Pentti

Galilei, Galileo
Gamow, George
Gilbert, Grove K.
Goldschmidt, Victor M.
Grabau, Amadeus William
Halley, Edmond

Hess, Harry
Hipparchus

Holmes, Arthur
Hubble, Edwin

Hutton, James
Huygens, Christian
Kepler, Johannes
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Lawson, Andrew Cooper
Lemaitre, Georges

Lyell, Sir Charles
Milankovitch, Milutin M.
Pettijohn, Francis John
Powell, John Wesley
Ptolemy, Claudius Ptolemacus
Sedgwick, Adam

Smith, William H.

Sorby, Henry Clifton
Steno, Nicolaus

Stille, Wilhelm Hans
Wegener, Alfred

Werner, A. G.

Subdisciplines
astronomy
astrophysics

atmosphere
climate
cosmology
economic geology
evolution
geochemistry
geochronology
geodesy
geodynamics
geological hazards
geomorphology
geophysics
groundwater
historical geology
metamorphism and metamorphic
rocks
meteorology
mineral, mineralogy

oceanography
paleoclimatology
paleomagnetism
paleontology
petroleum geology
petrology and petrography
plate tectonics
sedimentary rock, sedimentation
seismology
sequence stratigraphy
stratigraphy, stratification,
cyclothem
structural geology
thermodynamics
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accretionary wedge Plate tectonic theory rec-
ognizes that the surface of the Earth is broken up
into a few dozen rigid plates that are all moving
relative to one another by sliding along a partially
molten zone deep within the mantle. These plates
can have one of three types of boundaries with each
other, including divergent, convergent, and trans-
form. Divergent margins form where the plates are
moving apart, convergent margins form where the
plates are moving toward each other, and transform
(or strike-slip) margins form where the plates are slid-
ing past each other. Along convergent plate margins,
one tectonic plate is typically pushed or subducted
beneath another plate along deep oceanic trenches.
In most cases a dense oceanic plate is subducted
beneath a less dense, overriding continental plate,
and a chain of volcanoes known as a volcanic arc
forms on the overriding plate. Accretionary wedges
are structurally complex parts of these subduction
zone systems that form on the landward side of the
trench from material scraped off from the subducting
plate, as well as trench fill sediments. They typically
have wedge-shaped cross sections and one of the
most complex internal structures of any tectonic ele-
ment known on Earth. Parts of accretionary wedges
are characterized by numerous thin units of rock
layers that are repeated by numerous faults, known
as thrust faults, along which the same unit may be
stacked upon itself many times. Other parts or other
wedges are characterized by a relatively large section
of rocks with relatively few faults, and still other
sections are dominated by folded units, packages
of rocks. They also host rocks known as tectonic
mélanges that are complex mixtures of blocks and
thin slivers of rocks surrounded by thrust faults. The

rock types in these mélanges are quite diverse and
typically include greywacke, basalt, chert, and lime-
stone, characteristically encased in a matrix of a dif-
ferent rock type (such as shale or serpentinite). Some
accretionary wedges contain small blocks or layers of
high-pressure, low-temperature metamorphic rocks
(known as blueschists) that have formed deep within
the wedge where pressures are high and temperatures
are low because of the insulating effect of the cold
subducting plate. These high-pressure rocks were
brought to the surface by structural processes.
Accretionary wedges grow by the gradual pro-
cess of scraping sedimentary and volcanic rock mate-
rial from the trench and subducting plate, which
constantly pushes new material in front of and under
the wedge as plate tectonics drives plate convergence.
The type and style of material offscraped and incorpo-
rated into the wedge depends on the type of material
near the surface on the subducting plate. Subducting
plates with thin layers of deep-sea sediment such as
chert on their basaltic surface yield packages in the
accretionary wedge dominated by basalt and chert
rock types, whereas subducting plates with thick
sequences of greywacke sediments yield packages
(thrust slices of rock from the subducting plate) in
the accretionary wedge dominated by greywacke.
Prisms of accreted rock at convergent plate boundar-
ies may also grow by a process known as underplat-
ing, where packages are added to the base of the
accretionary wedge, a process that typically causes
folding of the overlying parts of the wedge. The
fronts or toes of accretionary wedges are also char-
acterized by material slumping off of the steep slope
of the wedge into the trench. This material can then
be recycled back into the accretionary wedge to form
even more complex structures. The processes of off-
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scraping and underplating work together and rotate
rock layers and structures to steeper orientations. In
this way rock layers rotate from an orientation that is
near horizontal at the toe of the wedge, to near verti-
cal at the back of the wedge.

Accretionary wedges are thought to behave
mechanically somewhat as if they were piles of sand
or snow bulldozed in front of a plow. They grow
into a triangular wedge shape in cross section that
increases its slope until it becomes oversteepened and
mechanically unstable, which then causes the toe of
the wedge to advance by thrusting, or the top of the
wedge to collapse by normal faulting. Either of these
two processes can reduce the slope of the wedge and
lead it to become more stable. In addition to the
evidence for thrust faulting in accretionary wedges,
structural geologists have documented many exam-
ples of normal faults where the tops of the wedges
have collapsed, supporting models of extensional
collapse of oversteepened wedges.

Accretionary wedges are forming above nearly
every subduction zone on the planet. However, these

accretionary wedges presently border open oceans
that have not yet closed by plate tectonic processes.
Eventually the movements of the plates and conti-
nents will cause the accretionary wedges to become
involved in plate collisions that will dramatically
change the character of the accretionary wedges.
They are typically overprinted by additional shorten-
ing, faulting, folding, and high-temperature meta-
morphism, and intruded by magmas related to arcs
and collisions. These later events, coupled with the
initial complexity and variety, make identification of
accretionary wedges in ancient mountain belts dif-
ficult, and prone to uncertainty.

DESCRIPTION OF A TYPICAL ACCRETIONARY
WEDGE: SOUTHERN ALASKA’S CHUGACH TERRANE
Southern Alaska is underlain by a complex assem-
blage of accreted terranes, including the Wrangellia
superterrane (consisting of three separate terranes
called the Peninsular, Wrangellia, and Alexander
terranes), and farther outboard, the Chugach-Prince
William superterrane. During much of the Meso-

Sliding and disruption

OQD
Q
A

Dewatering and diapirism

Forearc basin

Slope sediments

Gravity sliding

Widening
fault zone

Offscraping: dewatering and stratal disruption
© Infobase Publishing

Fault zone development

Underplating

Cross section of typical accretionary wedge, showing material being offscraped at the toe of the wedge and
underplated beneath the wedge. Water escapes upward through the accretionary wedge, causing the wedge

material to become denser and more compacted.



zoic, the two superterranes formed a magmatic arc
and accretionary wedge, respectively, above a cir-
cum-Pacific subduction zone. The Border Ranges
fault forms the boundary between the Wrangellia
and Chugach-Prince William superterranes; it ini-
tiated as a subduction thrust but has been reacti-
vated in various places as a strike-slip or normal
fault. On the Kenai Peninsula the Chugach terrane
contains two major units. The unit located farther
inland, the McHugh complex, is composed mainly
of basalt, chert, argillite, and greywacke, as well
as several large ultramafic massifs. Pinhead-sized
marine fossils called radiolarians from McHugh
cherts throughout south-central Alaska range in
age from middle Triassic to middle Cretaceous. The
interval during which the McHugh complex formed
by subduction and accretion is not well known but
probably spanned most of the Jurassic and Creta-
ceous. The McHugh has been thrust seaward on
the Eagle River/Chugach Bay fault over a relatively
coherent tract of trench turbidites assigned to the
Upper Cretaceous Valdez Group. After the pro-
tracted episode of subduction-accretion that built
the Chugach terrane, the accretionary wedge was
cut by near-trench intrusive rocks, assigned to the
Sanak-Baranof plutonic belt, probably related to
ridge subduction.

The McHugh complex of south-central Alaska
and its lateral equivalent, the Uyak complex of
Kodiak, are part of the Mesozoic/Cenozoic accretion-
ary wedge of the Chugach terrane. The vast extent of
the McHugh complex has proven to be of value in
reconstructing the tectonics of the Pacific realm and
has been compared with similar tracts such as the
Franciscan complex of California and the Shimanto
Belt of Japan. The evolution of the McHugh and its
equivalents can be broken down into three broad,
somewhat overlapping phases: (1) origin of igne-
ous and sedimentary rocks; (2) incorporation into
the subduction complex (“accretion”), and attendant
deformation and metamorphism; and (3) younger
deformations.

Few fossil ages have been reported from the
McHugh complex, but at several places on the Kenai
Peninsula radiolarian chert depositionally overlies
pillow basalt. Precise radiolarian age calls show that
the base of the chert varies in age from middle Trias-
sic to middle Cretaceous. Greywacke depositionally
overlying chert has yielded Early Jurassic radiolar-
ians. These ages are readily explained by a strati-
graphic model in which the McHugh basalts were
formed by seafloor spreading, the overlying cherts
were deposited on the ocean floor as it was conveyed
toward a trench, and the argillite and greywacke
record deposition in the trench, just prior to subduc-
tion-accretion. The timing of subduction-accretion
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is not well known but probably spanned most of the
Jurassic and Cretaceous.

Limestones within the McHugh complex are of
two categories. A limestone clast in McHugh con-
glomerate has yielded conodonts with a possible age
range of Late Mississippian to Early Pennsylvanian.
This clast could have been shed from the Wrangel-
lia terrane. Most of the dated limestones, however,
are tectonic blocks typically occurring as severely
extended strings of boudins that have yielded Perm-
ian fusulinids or conodonts. Both the fusulinids and
conodonts are of shallow-water, tropical, Tethyan
affinity; the fusulinids are quite distinct from those
of Wrangellia. The limestone blocks might repre-
sent the tops of seamounts that were decapitated at
the subduction zone. If so, some of the ocean floor
offscraped to form the McHugh complex must have
formed in the Paleozoic.

The seaward part of the Chugach terrane is
underlain by the Valdez group of Late Cretaceous
age. On the Kenai Peninsula it includes medium- and
thin-bedded greywacke turbidites, black argillite, and
minor pebble to cobble conglomerate. These strata
were probably deposited in a deep-sea trench and
accreted shortly thereafter. Most of the Valdez group
consists of relatively coherent strata, deformed into
regional-scale tight- to isoclinal folds, cut by a slaty
cleavage. The McHugh complex and Valdez group
are juxtaposed along a thrust, which in the area
of Turnagain Arm has been called the Eagle River
fault, and on the Kenai Peninsula is known as the
Chugach Bay thrust. Beneath this thrust is a mélange
of partially to thoroughly disrupted Valdez group
turbidites. This monomict mélange, which is quite
distinct from the polymict mélanges of the McHugh
complex, can be traced for many kilometers in the
footwall of the Eagle River thrust and its along-strike
equivalents.

In early Tertiary time, the Chugach accretionary
wedge was cut by near-trench intrusive rocks form-
ing the Sanak-Baranof plutonic belt. The near-trench
magmatic pulse migrated 1,370 miles (2,200 km)
along the continental margin, from about 63-65 mil-
lion years ago at Sanak Island in the west, to about
50 million years ago at Baranof Island in the east.
The Paleogene near-trench magmatism was related
to subduction of the Kula-Farallon spreading center.

Mesozoic and Cenozoic rocks of the accretion-
ary wedge of south-central Alaska are cut by abun-
dant late brittle faults. Along Turnagain Arm near
Anchorage, four sets of late faults are present: a
conjugate pair of east-northeast-striking dextral and
northwest-striking sinistral strike-slip faults, north-
northeast-striking thrusts, and less abundant west-
northwest-striking normal faults. All four fault sets
are characterized by quartz = calcite = chlorite fibrous
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slickenside surfaces and appear to be approximately
coeval. The thrust- and strike-slip faults together
resulted in subhorizontal shortening perpendicular to
strike, consistent with an accretionary wedge setting.
Motion on the normal faults resulted in extension of
the wedge but is of uncertain tectonic significance.
Some of the late brittle faults host gold-quartz veins
that are the same age as nearby near-trench intru-
sive rocks. By implication, the brittle faulting and
gold mineralization are probably related to ridge
subduction.

Scattered fault-bounded ultramafic-mafic com-
plexes in southern Alaska stretch 600 miles (1,000
km) from Kodiak Island in the south to the Chugach
Mountains in the north. These generally consist of
dunite +/- chromite, several varieties of peridotite,
which grade upward into gabbronorites. These rocks
are intruded by quartz diorite, tonalite, and grano-
diorite. Because of general field and mineralogic simi-
larities, these bodies are generally regarded as having
a similar origin and are named the Border Ranges
ultramafic-mafic complex (BRUMC). The BRUMC
includes six bodies on Kodiak and Afognak Islands,
plus several on the Kenai Peninsula (including Red
Mountain) and other smaller bodies. In the north-
ern Chugach Mountains the BRUMC includes the
Eklutna, Wolverine, Nelchina, and Tonsina com-
plexes, and the Klanelneechena complex in the cen-
tral Chugach Mountains.

Some models for the BRUMC suggest that all
these bodies represent cumulates formed at the base
of an intraoceanic arc sequence, and were formed at
the same time as volcanic rocks now preserved on the
southern edge of the Wrangellian composite terrane
located in the Talkeetna Mountains. Some of the
ultramafic massifs on the southern Kenai Peninsula,
however, are not related to this arc, but represent
deep oceanic material accreted in the trench. The
ultramafic massifs on the Kenai Peninsula appear to
be part of a dismembered assemblage that includes
the ultramafic cumulates at the base, gabbroic-basalt
rocks in the center, and basalt-chert packages in
the upper structural slices. The ultramafic massifs
may represent pieces of an oceanic plate subducted
beneath the Chugach terrane, with fragments off-
scraped and accreted during the subduction process.
There are several possibilities as to what the oce-
anic plate may have been, including normal oceanic
lithosphere, an oceanic plateau, or an immature arc.
Alternatively, the ultramafic/mafic massifs may rep-
resent a forearc or suprasubduction zone ophiolite,
formed seaward of the incipient Talkeetna (Wrangel-
lia) arc during a period of forearc extension.

See also ASIAN GEOLOGY; CONVERGENT PLATE
MARGIN PROCESSES; DEFORMATION OF ROCKS;
MELANGE; PLATE TECTONICS; STRUCTURAL GEOLOGY.
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African geology The continent of Africa con-
sists of several old nuclei of very old (Archean)
rocks called cratons that were welded together along
younger (Proterozoic) mountain belts called oro-
genic belts that formed during collision of the cra-
tons in the Late Precambrian. The cratons include
the intensely studied Kalahari craton, comprising
two Archean cratons known as the Kaapvaal and
Zimbabwe cratons, plus the less well-known Congo
and West African cratons. The Madagascar craton,
which used to be attached to the African continent,
lies off the coast of East Africa. These cratons are
sutured along orogenic belts colloquially known as
Pan African orogens, a term that is sometimes used
to refer to the belts of rocks affected by complex
igneous, metamorphic, and structural events that
cut across Africa and many other continental masses
between about 1,000 and 500 million years ago.
The northern and southern margins of the Afri-
can continent are affected by Paleozoic-Mesozoic
deformation and mountain building, and the eastern
side of the continent is experiencing active rifting
and breakup into microplates, one of which extends
through Madagascar and links with the Indian-Aus-
tralian ridge.

KALAHARI CRATON
Southern Africa’s Kalahari craton is composed of
two older cratons, the Kaapvaal and Zimbabwe, that
collided and were sutured 2.5 billion years ago along
the Limpopo belt and have acted as a single craton
since that time. For times before 2.5 billion years
ago, therefore, the two parts (Kaapvaal and Zim-
babwe cratons) are discussed separately, but from
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True-color composite satellite image of Africa from
data collected by the Thematic Mapper instrument on
an American Landsat satellite. The Sahara is the
brown (dry) area across the northern part of the
continent, the Congo basin is lush green in the center,
and the steppes of southern Africa are in the south.
Madagascar lies off the southeastern coast. (Earth
Satellite Corporation/Photo Researchers Inc.)

the Proterozoic onward, most geologists refer to the
amalgamated cratons as the Kalahari craton.

Kaapvaal Craton, South Africa

The Archean Kaapvaal craton of southern Africa con-
tains some of the world’s oldest and most intensely
studied Archean rocks, yet nearly 86 percent of the
craton is covered by younger rocks. The craton cov-
ers approximately 363,000 square miles (585,000
km?2) near the southern tip of the African continent.
The craton is bordered on the north by the high-
grade Limpopo mobile belt, initially formed when
the Kaapvaal and Zimbabwe cratons collided at 2.6
billion years ago. On its southern and western mar-
gins the craton is bordered by the Namaqua-Natal
Proterozoic orogens, and it is overlapped on the east
by the Lebombo sequence of Jurassic rocks recording
the breakup of Gondwana.

Most of the rocks composing the Archean base-
ment of the Kaapvaal craton are granitoids and
gneisses, along with less than 10 percent greenstone
belts known locally as the Swaziland Supergroup.
The oldest rocks are found in the Ancient Gneiss
complex of Swaziland, where a 3.65-3.5 billion-
year-old bimodal gneiss suite consisting of interlay-
ered tonalite-trondhjemite-granite and amphibolite
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are complexly folded together with migmatitic gneiss,
biotite-hornblende tonalitic gneiss, and lenses of
3.3-3.0 billion-year-old quartz monzonite. Several
folding and deformation events are recognized from
the Ancient Gneiss complex, whose history spans a
longer interval of 700 million years, longer than the
entire Phanerozoic.

There are six main greenstone belts in the
Kaapvaal craton, the most famous of which is the
Barberton greenstone belt. Although many stud-
ies have attempted to group all of the greenstone
sequences of the Kaapvaal craton into the term Swa-
ziland Supergroup, there is little solid geochrono-
logic or other evidence that any of these complexly



deformed belts are contemporaneous or related to
each other, so this usage is not recommended. Other
greenstone belts include the Murchison, Sutherland,
Amalia, Muldersdrif, and Pietersburg belts. U-Pb
(Uranium-Lead) isotopic ages from these belts span
the interval from 3.5 to 3.0 billion years ago, a
period of 500 million years. The greenstone belts
include structurally repeated and complexly folded
and metamorphosed sequences of tholeiitic basalts,
komatiites, picrites, cherts (or metamorphosed felsic
mylonite), felsic lava, clastic sediments, pelites, and
carbonates. Possible partial ophiolite sequences have
been recognized in some of these greenstone belts,
particularly in the Jamestown section of the Barber-
ton belt.

One of the long-held myths about the structure
of greenstone belts in the Kaapvaal craton is that they
represent steep synclinal keels of supracrustal rocks
squeezed between diapiric granitoids. Detailed struc-
tural studies of the Murchison greenstone belt have
established, however, that there is a complete lack of
continuity of strata from either side of the supposed
syncline of the Murchison belt, and that the structure
is much more complex than the pinched-synform
model predicts. Downward-facing structures and
fault-bounded panels of rocks with opposing direc-
tions of younging (the direction toward the younger
beds) and indicators of isoclinal folding have been
documented, emphasizing that the “stratigraphy” of
this and other belts cannot be reconstructed until
the geometry of deformation is better understood;
early assumptions of a simple synclinal succession
are invalid.

Detailed mapping in a number of greenstone belts
in the Kaapvaal craton has revealed early thrust faults
and associated recumbent nappe-style folds. Most do
not have any associated regional metamorphic fabric
or axial planar cleavage, making their identification
difficult without very detailed structural mapping. In
some cases late intrusive rocks have utilized the zone
of structural weakness provided by the early thrusts
for their intrusion.

A complex series of tectonic events is responsible
for the present structural geometry of the greenstone
belts of the Kaapvaal craton. Early regional recum-
bent folds, thrust faults, inverted stratigraphy, jux-
taposition of deep and shallow water facies, nappes,
and precursory olistostromes related to the north-
ward tectonic emplacement of the circa 3.5 Ga Bar-
berton greenstone collage on gneissic basement have
been documented. The thrusts may have been zones
of high fluid pressure resulting from hydrothermal
circulation systems surrounding igneous intrusions,
and are locally intruded by syn-tectonic 3.43-3.44
billion-year-old felsic igneous rocks. Confirmation
of thrust-style age relationships comes from recent
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U-Pb zircon work, which has shown that older (circa
3.482 + 5§ Ga) Komatii Formation rocks lie on top of
younger (circa 3.453 = 6 Ga) Theespruit Formation.

The Pietersburg greenstone belt is located north
of the Barberton and Murchison belts, near the
high-grade Limpopo belt. Greenschist to amphibo-
lite facies oceanic-affinity basaltic pillow lavas, gab-
bros, peridotites, tuffs, metasedimentary rocks, and
banded iron formation are overlain unconformably
by a terrestrial clastic sequence deposited during a
second deformation event marked by northward-
directed thrusting between 2.98 and 2.69 billion
years ago. Coarse clastic rocks deposited in inter-
montaine basins are imbricated with the oceanic
affinity rocks and were carried piggyback on the
moving allochthon. Syn-thrusting depositional
troughs became tightened into synclinal structures
during the evolution of the thrust belt, and within
the coarse-clastic section it is possible to find thrusts
that cut local unconformities, and unconformities
that cut thrusts.

The granite-greenstone terrane is overlain
unconformably by the 3.1 billion-year-old Pongola
Supergroup that has been proposed to be the old-
est well-preserved continental rift sequence in the
world. Deposition of these shallow-water tidally
influenced sediments was followed by a widespread
granite intrusion episode at 3.0 billion years ago.
The next major events recorded include the forma-
tion of the West Rand Group of the Witwatersrand
basin on the cratonward side of an Andean arc
around 2.8 billion years ago, then further deposi-
tion of the extremely auriferous sands of the Central
Rand Group in a collisional foreland basin formed
when the Zimbabwe and Kaapvaal cratons collided.
This collision led to the formation of a continental
extensional rift province in which the Ventersdorp
Supergroup was deposited at 2.64 billion years ago,
with the extension occurring at a high angle to the
collision. The latest Archean through Early Protero-
zoic history of the Kaapvaal craton is marked by
deposition of the 2.6-2.1 billion-year-old Transvaal
Supergroup in a shallow sea, perhaps related to slow
thermal subsidence following Ventersdorp rifting.
The center of the Witwatersrand basin is marked
by a large circular structure called the Vredefort
dome. This structure, several tens of kilometers
wide, is associated with shock metamorphic struc-
tures, melts, and extremely high-pressure phases
of silica, suggesting that it represents a meteorite
impact structure.

The Bushveld complex is the world’s largest
layered mafic-ultramafic intrusion, located near the
northern margin of the Kaapvaal craton. The complex
occupies an area of 40,000 square miles (65,000 km?)
and intrudes Late Archean-Early Proterozoic rocks
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of the Transvaal Supergroup. Isotopic studies using a
variety of methods have yielded age estimates of 2.0-
2.1 billion years, with some nearby intrusions yielding
ages as young as 1.6 billion years. The complex con-
sists of several lobes with a conelike form, and contains
numerous repeating cycles of mafic, ultramafic, and
lesser felsic rocks. Several types of ores are mined from
the complex, including chromite, platinum-group met-
als, cobalt, nickel, copper, and vanadiferous iron ores.
Nearly 70 percent of the world’s chrome reserves are
located in the Bushveld complex. The mafic phases of
the complex include dunite, pyroxenite, harzburgite,
norite, anorthosite, gabbro, and diorite. The center
of the complex includes felsic rocks, including grano-
phyres and granite.

Much of the Kaapvaal craton is covered by rocks
of the Karoo basin, including fluvial-deltaic deposits
and carbonaceous deposits including coal. The top
of the Karoo Sequence includes mafic and felsic lavas

that were erupted soon before the breakup of Gond-
wana 200 million years ago.

Witwatersrand Basin
The Witwatersrand basin on South Africa’s Kaapvaal
craton is one of the best known of Archean sedi-
mentary basins, and it contains some of the largest
gold reserves in the world, accounting for more than
55 percent of all the gold ever mined. Sediments
in the basin include a lower flysch-type sequence,
and an upper molassic facies, both containing abun-
dant silicic volcanic detritus. The strata are thicker
and more proximal on the northwestern side of
the basin that is at least locally fault-bounded. The
Witwatersrand basin is a composite foreland basin
that developed initially on the cratonward side of
an Andean arc, similar to retroarc basins forming
presently behind the Andes. A continental collision
between the Kaapvaal and Zimbabwe cratons 2.7
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Mineralized conglomerate forming gold ore from the Archean Witwatersrand basin on the Kaapvaal craton

(Brooks Kraft/Corbis)

billion years ago caused further subsidence and depo-
sition in the Witwatersrand basin. Regional uplift
during this later phase of development placed the
basin on the cratonward edge of a collision-related
plateau, now represented by Limpopo Province.
There are many similarities between this phase of
development of the Witwatersrand basin and basins
such as the Tarim and Tsaidam, north of the Tibetan
Plateau.

The Witwatersrand basin is an elongate trough
filled predominantly by 2.8-2.6 billion-year-old
clastic sedimentary rocks of the West Rand and
Central Rand Groups, together constituting the Wit-
watersrand Supergroup. These are locally, in the
northwestern parts of the basin, underlain by the
volcano sedimentary Dominion Group. The structure
strikes in a northeasterly direction parallel with, but
some distance south of, the high-grade gneissic ter-
rane of Limpopo Province. The high-grade metamor-
phism, calc-alkaline plutonism, uplift, and cooling
in the Limpopo are of the same age as and closely
related to the evolution of the Witwatersrand basin.
Strata dip inward with dips greater on the north-
western margin of the basin than on the southeastern
margin. The northwestern margin of the basin is

a steep fault that locally brings gneissic basement
rocks into contact with Witwatersrand strata to the
south. Dips are vertical to overturned at depth near
the fault, but only 20° near the surface, demonstrat-
ing that this is a thrust fault. A number of folds and
thrust faults are oriented parallel to the northwestern
margin of the basin.

The predominantly clastic sedimentary fill of the
Witwatersrand basin has been divided into the West
Rand and the overlying Central Rand Groups, which
rest conformably on the largely volcanic Dominion
Group. The Dominion Group was deposited over
approximately 9,000 square miles (15,000 km?2), but
it is correlated with many similar volcanic groups
along the northern margin of the Kaapvaal craton.
The Dominion Group and its correlatives, and a
group of related plutons, have been interpreted as the
products of Andean arc magmatism, formed above
a 2.8 billion-year-old subduction zone that dipped
beneath the Kaapvaal craton. The overlying West
Rand and Central Rand Groups were deposited in
a basin at least 50,000 square miles (80,000 km?2).
Stratigraphic thicknesses of the West Rand Group
generally increase toward the fault-bounded north-
western margin of the basin, whereas thicknesses of
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the Central Rand Group increase toward the center
of the basin. Strata of both groups thin considerably
toward the southeastern basin margin. The north-
eastern and southwestern margins are poorly defined,
but some correlations with other strata (such as the
Godwan Formation) indicate that the basin was orig-
inally larger than the present basin. Strata originally
deposited north of Johannesburg are buried, removed
by later uplift, omitted by igneous intrusion, and cut
out by faulting.

The West Rand Group consists of southeast-
ward tapering sedimentary wedges that overlie the
Dominion Group, and were deposited directly on
top of granitic basement in many places. The maxi-
mum thickness of the West Rand Group, 25,000 feet
(7,500 m), occurs along the northern margin of the
basin, and the group thins southeast to a preserved
thickness of 2,700 feet (830 m) near the southern
margin. Shale and sandstone in approximately equal
proportions characterize the West Rand Group, and
a thin horizon of mafic volcanics is locally present.
This volcanic horizon thickens to 800 feet (250 m)
near the northern margin of the basin, but is absent
in the south. The West Rand Group contains mature
quartzites, minor chert, and sedimentation patterns
indicating both tidal and aeolian reworking. Much
of the West Rand Group is an ebb-dominated tidal
deposit later influenced by beach-swash deposition.
More shales are preserved near the top of the group.
Overall, the West Rand Group preserves a transition
from tidal flat to beach, then deeper water deposition
indicates a deepening of the Witwatersrand basin
during deposition. Upper formations in the West
Rand Group contain magnetic shales and other fine-
grained sediments suggestive of a distal shelf or epi-
continental sea environment of deposition.

The lower West Rand Group records subsidence
of the Witwatersrand basin since the sediments grade
vertically from beach deposits to a distal shallow
marine facies. This transition means that the water
was becoming deeper during deposition, showing
that there was active subsidence of the basin. Since
there is a lack of coarse, immature, angular con-
glomerate and breccia-type sediments, the subsidence
was probably accommodated by gentle warping and
flexure, not by faulting. A decreasing rate of subsid-
ence and/or a higher rate of clastic sediment supply is
indicated by the progressively shallower-water facies
deposits in the upper West Rand Group. Numer-
ous silicic volcanic clasts in the West Rand Group
indicate that a volcanic arc terrane to the north was
contributing volcanic detritus to the Witwatersrand
basin. Additionally, the presence of detrital ilmenite,
fuchsite, and chromite indicate that an ultramafic
source such as an elevated greenstone belt was also
contributing detritus to the basin.

The Central Rand Group was deposited con-
formably on top of the West Rand Group and attains
a maximum preserved thickness of 9,500 feet (2,880
m) northwest of the center of the basin, and north
of the younger Vredefort impact structure. Sedi-
ments of the Central Rand Group consist of coarse-
grained graywackes and conglomerates along with
subordinate quartz sandstone interbedded with local
lacustrine or shallow marine shales and siltstones.
The conglomerates are typically poorly sorted and
have large clasts with well-rounded shapes, while the
smaller pebbles have angular to subangular shapes.
Paleocurrent indicators show that the sediments pro-
graded into the basin from the northwestern margin
in the form of a fan-delta complex. This is eco-
nomically important because numerous goldfields in
the Central Rand Group are closely associated with
major entry points into the basin. Some transport
of sediments along the axis of the basin is indicated
by paleocurrent directions in a few locations. A few
volcanic ash (tuffaceous) horizons and a thin mafic
lava unit are found in the Central Rand Group in the
northeast part of the basin. The great dispersion of
unimodal paleocurrent directions derived from most
of the Central Rand Group indicates that these sedi-
ments were deposited in shallow-braided streams on
coalescing alluvial fans. The paleorelief is estimated
at 20 feet (6 m) in areas proximal to the source,
and 1-2 feet (0.5 m) in more distal areas. Some of
the placers in the Central Rand Group have planar
upper surfaces, commonly associated with pebbles
and heavy placer mineral concentrations, which may
be attributed to reworking by tidal currents. Clasts in
the conglomerates include vein quartz, quartz aren-
ite, chert, jasper, silicic volcanics, shales and schists,
and other rare rocks.

The Central Rand Group contains a large
amount of molassic-type sediments disposed as sand
and gravel bars in coalesced alluvial fans and fluvial
systems. The West Rand/Central Rand division of
the Witwatersrand basin into a lower flysch-type
sequence and an upper molasse facies is typical of
foreland basins. Extensive mining of paleoplacers
for gold and uranium has enabled mapping of the
dendritic paleodrainage patterns and the points of
entry into the basin to be determined. The source of
the Central Rand sediments was a mountain range
located to the northwest of the basin, and this range
contained a large amount of silicic volcanic material.

The growth of folds parallel to the basin mar-
gin during sedimentation and the preferential filling
of synclines by some of the mafic lava flows in the
basin indicate that folding was in progress during
Central Rand Group sedimentation. Deformation of
this kind is diagnostic of flexural foreland basins, and
studies show that the depositional axis of the basin



migrated southeastward during sedimentation, with
many local unconformities related to tilting during
flexural migration of the depositional centers.

The Witwatersrand basin exhibits many fea-
tures characteristic of foreland basins, including an
asymmetric profile with thicker strata and steeper
dips toward the mountainous flank, a basal flysch
sequence overlain by molassic-type sediments, and
thrust faults bounding one side of the basin. Com-
pressional deformation was in part syn-sedimentary
and associated folds and faults strike parallel to the
basin margins, and the depositional axis migrated
away from the thrust front with time, as in younger
foreland basins. Stratigraphic relationships within
the underlying Dominion Group, the presence of
silicic volcanic clasts throughout the stratigraphy,
and minor lava flows within the basin suggest that
the foreland basin was developed behind a volca-
nic arc, partly preserved as the Dominion Group.
Sediments of the West Rand Group are interpreted
as deposited in an actively subsiding foreland basin
developed adjacent to an Andean margin and fold
thrust belt.

Deformation in Limpopo Province and the north-
ern margin of the Kaapvaal craton are related to a
collision between the northern Andean margin of the
Kaapvaal craton with a passive margin developed on
the southern margin of the Zimbabwe craton that
began before 2.64 billion years ago, when Venters-
dorp rifting, related to the collision, commenced. It is
possible that some of the rocks in the Witwatersrand
basin, particularly the molasse of the Central Rand
Group, may represent erosion of a collisional pla-
teau developed as a consequence of this collision.
The plateau would have been formed in the region
between the Witwatersrand basin and Limpopo
Province, a region characterized by a deeply eroded
gneiss terrane. A major change in the depositional
style occurs in the Witwatersrand basin between the
Central Rand and West Rand Groups, and this break
may represent the change from Andean arc retroarc
foreland basin sedimentation to collisional plateau
erosion—related phases of foreland basin evolution.

Paleoplacers in the Witwatersrand basin have
yielded more than 850 million tons of gold, dwarf-
ing all the world’s other gold placer deposits put
together. Many of the placer deposits (called reefs
in local terminology) preserved detrital gold grains
on erosion surfaces, along foreset beds in cross-
laminated sandstone and conglomerate, in trough
cross-beds, in gravel bars, and as detrital grains in
sheet sands. Most of the gold is located close to the
northern margin of the basin in the fluvial channel
systems. Some of the gold flakes in more distal areas
were trapped by stromatolite-like filamentous algae,
and some appear to have even been precipitated by
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types of algae, although it is more likely that these
are fine, recrystallized grains trapped by algal fila-
ments. Besides gold more than 70 other ore minerals
are recognized in the Witwatersrand basin; most are
detrital grains, and others are from metamorphic
fluids. The most abundant detrital grains include
pyrite, uraninite, brannerite, arsenopyrite, cobalt-
ite, chromite, and zircon. Gold-mining operations
in the Witwatersrand employ more than 300,000
people and have led to the economic success of South
Africa.

ZIMBABWE CRATON
The Zimbabwe craton is a classic granite greenstone
terrane. In 1971 Clive W. Stowe, in a Ph.D. disserta-
tion and publication from the University of London,
proposed a division of the Zimbabwean (then Rho-
desian) craton into four main tectonic units. His first
unit includes remnants of older gneissic basement in
the central part of the craton, including the Rhodes-
dale, Shangani, and Chilimanzi gneissic complexes.
Stowe’s second (northern) unit includes mafic and
ultramafic volcanics overlain by a mafic/felsic vol-
canic sequence, iron formation, phyllites, and con-
glomerates of the Bulawayan Group all overlain by
sandstones of the Shamvaian Group. The third, or
southern, unit consists of mafic and ultramafic lavas
of the Bulawayan Group, overlain by sediments of
the Shamvaian Group. The southern unit is folded
about east-northeast axes. Stowe defined a fourth
unit in the east, including remnants of schist and
gneissic rocks, enclosed in a sea of younger granitic
rocks. Stowe was a leader in recognizing complex
structures in greenstone belts, stating in his disserta-
tion and 1974 paper that the Selukwe greenstone belt
“appears to be part of an imbricated and overturned
lower limb of a large recumbent fold, resting alloch-
thonously on a gneissic basement.” In 1979 John F.
Wilson, a geologist from the Geological Survey of
Rhodesia (now Zimbabwe), proposed a regional cor-
relation between the greenstone belts in the craton.
His general comparison of the compositions of the
upper volcanics in the greenstone belts resulted in
a distinction between the greenstone belts located
in the western part of the craton from those in the
eastern section. The greenstone belts to the west of
his division are composed of dominantly calc-alka-
line rock suites including basalt, andesite, and dacite
flows and pyroclastic rocks. This western section
includes bimodal volcanic rocks consisting of tho-
leiite and magnesium-rich pillow basalt and massive
flows, with some peridotitic rocks alternating with
dacite flows, tuffs, and agglomerates. The eastern
section of the Zimbabwe craton is characterized by
pillowed and massive tholeiitic basalt flows and less
abundant magnesium-rich basalts and their meta-
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morphic equivalents. The eastern section contains a
number of phyllites, banded iron formations, local
conglomerate, and grit and rare limestone. Wilson
identified an area of well-preserved 3.5 billion-year-
old gneissic rocks and greenstones in the southern
part of the province, and named this the Tokwe seg-
ment. He suggested that this may be a “mini-craton,”
and that the rest of the Zimbabwe craton stabilized
around this ancient nucleus.

Despite these early hints that the Zimbabwe cra-
ton may be composed of a number of distinct ter-
ranes, much of the work on rocks of the Zimbabwe
craton has been geared toward making lithostrati-
graphic correlations between these different belts,
and attempting to link them all to a single super-
group-style nomenclature. Many workers attempted
to pin the presumably correlatable 2.7 billion-year-
old stratigraphy of the entire Zimbabwe craton to an
unconformable relationship between older gneissic

rocks and overlying sedimentary rocks exposed in
the Belingwe greenstone belt. More recently, Timo-
thy Kusky, Axel Hoffman, and others have empha-
sized that the sedimentary sequence unconformably
overlying the gneissic basement may be separated
from the mafic/ultramafic magmatic sequences by a
regional structural break, and that the presence of a
structural break in the type of stratigraphic section
for the Zimbabwe craton casts doubt on the sig-
nificance of any lithostratigraphic correlations across
Stowe’s divisions of the craton.

Central Gneissic Unit (Tokwe Terrane)
Three and a half billion-year-old gneissic and green-
stone rocks are well exposed in the area between
Masvingo (Fort Victoria), Zvishavane (Shabani), and
Shurugwi (Selukwe), in the Tokwe segment. The circa
3.5-3.6 billion-year-old Mashaba tonalite forms a
relatively central part of this early gneissic terrane,

The Great Dike, a 2.5 billion-year-old magmatic intrusion in Zimbabwe, seen from the space shuttle Endeavour
during mission STS-54, January 13-19, 1993 (NASA/Photo Researchers, Inc.)



and other rocks include mainly tonalitic to granodio-
ritic, locally migmatitic gneissic units such as the circa
3.475 billion-year-old Tokwe River gneiss, Mushan-
dike granitodiorite (2.95 billion years old), 3.0 bil-
lion-year-old Shabani gneiss, and 3.5 billion-year-old
Mount d’Or tonalite. Similar rocks extend in both
the northeast and southwest directions, but they are
less well exposed and intruded by younger rocks in
these directions. The Tokwe terrane probably extends
to the northeast to include the area of circa 3.5 Ga
greenstones and older gneissic rocks southeast of
Harare. The Tokwe segment represents the oldest
known portion of the Tokwe terrane, which was act-
ing as a coherent terrane made up of 3.5-2.95 billion-
year-old tectonic elements by circa 2.9 Ga.

The 3.500-2.950 billion-year-old Tokwe ter-
rane also contains numerous narrow greenstone belt
remnants, which are typically strongly deformed
and multiply folded along with interlayered gneiss.
The area in the northeasternmost part of the central
gneissic terrane southeast of Harare best exhibits this
style of deformation, although it continues southwest
through Shurugwi. In the Mashava area west of
Masvingo, ultramafic rocks, iron formations, quartz-
ites, and mica schist are interpreted as 3.5 billion-
year-old greenstone remnants tightly infolded with
the ancient gneissic rocks. The 3.5 billion-year-old
Shurugwi (Selukwe) greenstone belt was the focus
of Clive W. Stowe’s classic studies in the late 1960s,
in which he identified Alpine-type inverted nappe
structures and proposed that the greenstone belt was
thrust over older gneissic basement rocks, forming an
imbricated and inverted mafic/ultramafic allochthon.
This was subsequently folded and intruded by granit-
oids during younger tectonic events.

The Tokwe terrane is in many places uncon-
formably overlain by a heterogeneous assemblage of
volcanic and sedimentary rocks known as the Lower
Greenstones. In the Belingwe greenstone belt this
Lower Greenstone assemblage is called the Mtshin-
gwe Group, composed of mafic, ultramafic, interme-
diate and felsic volcanic rocks, pyroclastic deposits,
and a wide variety of sedimentary rocks. Isotopic
ages on these rocks range from 2.9 to 2.83 billion
years, and the rocks are intruded by the 2.83 billion-
year-old Chingezi tonalite. The Lower Greenstones
are also well developed in the Midlands (Silobela),
Filabusi, Antelope-Lower Gwanda, Shangani, Bubi,
and Gweru-Mvuma greenstone belts. The upper part
of the Lower Greenstones has yielded U-Pb ages of
2.8 billion years in the Gweru greenstone belt, and
2.79 billion years in the Filabusi belt.

The Buhwa and Mweza greenstone belts con-
tain the thickest section of 3 billion-year-old shallow-
water sedimentary rocks in the Zimbabwe craton.
The Buhwa belt contains a western shelf succession
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and an eastern deeper water basinal facies associa-
tion. The shelf sequence is up to 2.5 miles (4 km)
thick and includes units of quartzite and quartz sand-
stone, shale, and iron formation, whereas the eastern
deep-water association consists of strongly deformed
shales, mafic-ultramafic lavas, chert, iron formation,
and possible carbonate rocks. The Buhwa greenstone
belt is intruded by the Chipinda batholith, which has
an estimated age of 2.9 billion years. Shelf-facies rocks
may have originally extended along the southeastern
margin of the Tokwe terrane into Botswana, where
a similar assemblage is preserved in the Matsitama
greenstone belt. Rocks of the Matsitama belt include
interlayered quartzites, iron formations, marbles and
metacarbonates, and quartzofeldspathic gneisses in a
6-12 mile (10-20 km) thick structurally imbricated
succession. The strong penetrative fabric in this belt
may be related to deformation associated with the
formation of the Limpopo belt to the south, but early
nappes and structural imbrication that predate the
regional cleavage-forming event are also recognized.
The Matsitama belt (Mosetse Complex) is separated
from the Tati belt to the east by an accretionary gneiss
terrane (Motloutse Complex) formed during conver-
gence of the two crustal fragments. The Tati and
Vumba greenstone belts (Francistown granite-green-
stone complex) were overturned before penetrative
deformation, possibly indicating that they represent
lower limbs of large regional nappe structures. The
mafic, oceanic-affinity basalts of the Tati belt are
overlain by andesites and other silicic igneous rocks,
and intruded by syn-tectonic granitoids, typical of
magmatic arc deposits. Similar arc-type rocks occur
in the lower Gwanda greenstone belts to the east. The
Lower Gwanda and Antelope greenstone belts are
allochthonously overlain by basement gneisses thrust
over the greenstones prior to granite emplacement.

A second sequence of sedimentary rocks lies
unconformably over the Lower Greenstone assem-
blage and overlaps onto basement gneisses in several
greenstone belts, most notably in the Belingwe belt,
where the younger sequence is known as the Manjeri
Formation. The Manjeri Formation contains con-
glomerates and shallow-water sandstones and locally
carbonates at the base, and ranges stratigraphically
up into cherts, argillaceous beds, graywacke, and
iron formation. The top of the Manjeri Formation is
marked by a regional fault. The Manjeri Formation is
between 800 and 2,000 feet (250-600 m) thick along
most of the eastern side of the Belingwe belt, except
where it is cut out by faulting, and it thins northward
to zero meters north of Zvishavane. It is considerably
thinner on the western edge of the belt. On the scale
of the Belingwe belt, the Manjeri Formation thick-
ens toward the southeast, with some variation in
structural thickness attributed to either sedimentary
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or tectonic ramping. The age of the Manjeri Forma-
tion is poorly constrained and may be diachronous
across strike. However, the Manjeri Formation must
be younger than the unconformably underlying circa
2.8 billion-year-old Ga Lower Greenstones, and it
must be older than or in part contemporaneous with
the thrusting event that emplaced circa 2.7 billion-
year-old magmatic rocks of the Upper Greenstones
over the Manjeri Formation. The Manjeri Formation
overlaps onto the gneissic basement of the Tokwe
terrane on the eastern side of the Belingwe belt,
and at Masvingo, and rests on older (3.5 billion-
year-old Sebakwian Group) greenstones at Shurugwi.
Regional stratigraphic relationships suggest that the
Manjeri Formation forms a southeast-thickening
sedimentary wedge that prograded onto the Tokwe
terrane.

Northern Belt (Zwankendaba Arc)

The northern volcanic terrane includes the Harare
(Salisbury), Mount Darwin, Chipuriro (Sipo-
lilo), Midlands (Silobela and Que Que), Chegutu
(Gatoma), Bubi, Bulawayo, and parts of the Fila-
busi and Gwanda greenstone belts. These contain a
lower volcanic series overlain by a calc-alkaline suite
of basalts, andesites, dacites, and rhyolites. Pyro-
clastic, tuffaceous, and volcaniclastic horizons are
common. Also common are iron formations, and
other sedimentary rocks including slates, phyllites,
and conglomerate. In the Bulawayo-Silobela area
(Mulangwane Range), the top of the upper volca-
nics include a series of porphyritic and amgdaloidal
andesitic and dacitic agglomerate and other pyroclas-
tic rocks.

U-Pb ages from felsic volcanics of the northern
volcanic belt include 2.696, 2.698, 2.683, 2.702, and
2.697 billion years. Isotopic data from the Harare-
Shamva greenstone belt and surrounding granitoids
suggest that the greenstones evolved on older conti-
nental crust between 2.715 and 2.672 billion years
ago. The age of deformation is constrained by a
2.667 billion-year-old syn-tectonic gneiss, a 2.664
billion-year-old late syn-tectonic intrusion, and
2.659 billion-year-old shear zone-related gold miner-
alization. Other posttectonic granitoids yielded U-Pb
zircon ages of 2.649, 2.618, and 26.01 billion years.
Isotopic data for the felsic volcanics suggest that the
felsic magmas were derived from a melt extracted
from the mantle 200 million years before volcanism
and saw considerable interaction between these melts
and older crustal material.

Southern Belt
The southern belt of tholeiitic mafic-ultramafic—-domi-
nated greenstones structurally overlies shallow-water
sedimentary sequences and gneissic rocks in parts

of the Belingwe, Mutare (Umtali), Masvingo (Fort
Victoria), Buhwa, Mweza, Antelope, and Lower
Gwanda belts. The most extensively studied of these
is the Belingwe belt, which many workers have used
as a stratigraphic archetype for the entire Zimba-
bwe craton. The allochthonous Upper greenstones
are here discussed separately from the structurally
underlying rocks of the Manjeri Formation that rest
unconformably on Tokwe terrane gneissic rocks.

The Archean Belingwe greenstone belt in south-
ern Zimbabwe has proven to be one of the most
important Archean terranes for testing models for
the early evolution of the Earth and the formation of
continents. It has been variously interpreted to con-
tain a continental rift, arc, flood basalt, and structur-
ally emplaced ophiolitic or oceanic plateau rocks.
It is a typical Archean greenstone belt, being an
elongate belt with abundant metamorphosed mafic
rocks and metasediments, deformed and metamor-
phosed at greenschist to amphibolite grade. The
basic structure of the belt is a refolded syncline,
although debate has focused on the significance of
early folded thrust faults.

The 3.5 billion-year-old Shabani-Tokwe gneiss
Complex forms most of the terrain east of the belt and
underlies part of the greenstone belt. The 2.8-2.9 bil-
lion-year-old Mashaba tonalite and Chingezi gneiss
are located west of the belt. These gneissic rocks
are overlain unconformably by a 2.8 billion-year-old
group of volcanic and sedimentary rocks known as
the Lower Greenstones or Mtshingwe Group, includ-
ing the Hokonui, Bend, Brooklands, and Koodoovale
Formations. These rocks, and the eastern Shabani-
Tokwe gneiss, are overlain unconformably by a
shallow water sedimentary sequence known as the
Manjeri Formation, consisting of quartzites, banded
iron formation, graywacke, and shale. A major fault
is located at the top of the Manjeri Formation, and
the Upper Greenstones structurally overlie the lower
rocks being everywhere separated from them by this
fault. The significance of this fault, whether a major
tectonic contact or a fold accommodation—related
structure, has been the focus of considerable scientific
debate. The 2.7 billion-year-old Upper Greenstones,
or the Ngezi Group, includes the ultramafic-komati-
itic Reliance Formation, the four-mile (6-km) thick
tholeiitic pillow lava—dominated Zeederbergs Forma-
tion, and the sedimentary Cheshire Formation. All
of the units are intruded by the 2.6 billion-year-old
Chibi granitic suite.

The Lower Greenstones have been almost uni-
versally interpreted to be deposits of a continental
rift or rifted arc sequence. However, the tectonic sig-
nificance of the Manjeri Formation and Upper Green-
stones has been debated. The Manjeri Formation
is certainly a shallow-water sedimentary sequence



that rests unconformably over older greenstones and
gneisses. Correlated with other shallow-water sedi-
mentary rocks across the southern craton, it may
represent the remnants of a passive-margin type of
sedimentary sequence.

Geochemical studies have suggested that the
komatiites of the Reliance Formation in Belingwe
could not have been erupted through continental
crust, but rather that they are similar to intraplate
basalts and distinct from midocean ridge and conver-
gent margin basalts. The geochemistry of the Ngezi
Group in the Belingwe greenstone belt suggests that
it could be a preserved oceanic plateau and that there
was no evidence for them to have been derived from
a convergent margin.

The top of the Manjeri Formation is marked by
a fault, the significance of which has been disputed.
Some scientists have suggested that it may be a fault
related to the formation of the regional syncline,
formed in response to the rocks in the center of the
belt being compressed and moving up and out of
the syncline. Work on the sense of movement on the
fault zone, however, shows that the movement sense
is incompatible with such an interpretation, and that
the fault is a folded thrust fault that placed the Upper
Greenstones over the Manjeri Formation. Therefore,
the tectonic setting of the Upper Greenstones is unre-
lated to the rocks under the thrust fault, and the
Upper Greenstones likely were emplaced from a dis-
tant location. The overall sequence of rocks in the
Upper Greenstones, including several kilometers of
mafic and ultramafic lavas, is very much like rock
sequences found in contemporary oceanic plateaus or
thick oceanic crust, and such an environment seems
most likely for the Upper Greenstones in Belingwe
and other nearby greenstone belts of the Zimbabwe
craton.

Cratonwide Overlap Assemblage
(Shamvaian Group)
The Shamvaian Group consists of a sequence of
coarse clastic rocks that overlie the Upper Green-
stones in several locations. These conglomerates,
arkoses, and graywackes are well known from the
Harare, Midlands, Masvingo, and Belingwe green-
stone belts. The Cheshire Formation, the top unit of
the Belingwe greenstone belt, consists of a heteroge-
neous succession of sedimentary rocks including con-
glomerate, sandstone, siltstone, argillite, limestone,
cherty limestone, stromatolitic limestone, and minor
banded iron formation. The Shamvaian Group is
intruded by the circa 2.6 billion-year-old Chilimanzi
Suite granites, providing an upper age limit on depo-
sition. In the Bindura-Shamva greenstone belt the
Shamvaian Group is 1.2 miles (2 km) thick, begin-
ning with basal conglomerates and grading up into a
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thick sandstone sequence. Tonalitic clasts in the basal
conglomerate have yielded igneous ages of 3.2, 2.9,
2.8, and 2.68 billion years. Felsic volcanics associ-
ated with the Shamvaian Group in several greenstone
belts have ages of 2.66 to 2.64 billion years.

Chilimanzi Suite

The Chilimanzi suite of K-rich granitoids is one of
the last magmatic events in the Zimbabwe craton,
with reported ages of 2.57 to 2.6 billion years. These
granites appear to be associated with a system of
large intracontinental shear zones that probably con-
trolled their position and style of intrusion. These
relatively late structures are related to north-north-
west to south-southeast shortening and associated
southwestward extrusion of crust during the con-
tinental accretion and collision as recorded in the
Limpopo belt.

Accretion of the Archean Zimbabwe Craton
The oldest part of the Zimbabwe craton, the Tokwe
terrane, preserves evidence for a complex series of
tectonomagmatic events ranging in age from 3.6 to
2.95 billion years ago. These events resulted in com-
plex deformation of the Sebakwian greenstones and
intervening gneissic rocks. This may have involved
convergent margin accretionary processes that led
to the development of the Tokwe terrane as a stable
continental nuclei by 2.95 billion years ago.

A widespread unit of mixed volcanic and sedi-
mentary rocks was deposited on the Tokwe terrane
at circa 2.9 billion years ago. These lower green-
stones include mafic and felsic volcanic rocks, coarse
conglomerates, sandstones, and shales. The large
variation in volcanic and sedimentary rock types,
along with the rapid and significant lateral variations
in stratigraphic thicknesses that typify the Lower
Greenstones, are characteristic of rocks deposited
in continental rift or rifted arc settings. The Tokwe
terrane was subjected to rifting at 2.9 Ga, leading
to the formation of widespread graben in which the
Lower Greenstones were deposited. The southeast-
ern margin of the Tokwe terrane may have been
rifted from another, perhaps larger fragment at this
time, along a line extending from the Buhwa-Mweza
greenstone belts to the Mutare belt, allowing a thick
sequence of passive margin-type sediments (pre-
served in the Buwha greenstone belt) to develop on
this rifted margin. Age constraints on the timing of
the passive margin development are not good, but
appear to fall within the range of 3.09 to 2.86 billion
years ago. By 2.7 billion years ago, a major marine
transgression covered much of the southern half of
the Tokwe terrane, as recorded in shallow-water
sandstones, carbonates, and iron formations of the
Manjeri-type units preserved in several greenstone
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belts. The Manjeri-type units overlap the basement
of the Tokwe terrane in several places (e.g., Belingwe,
Masvingo), and lie unconformably over the circa
3.5 and 2.9 billion-year-old greenstones. Regional
stratigraphic relationships suggest that the Manjeri
Formation forms a southeast thickening sedimentary
wedge that prograded onto the Tokwe terrane, in a
manner analogous to the Ocoee-Chilhowee and cor-
relative Sauk Sequence shallow-water progradational
sequence of the Appalachians, and similar sequences
in other mountain ranges. The progradation could
have been driven by sedimentary or tectonic flexural
loading of the margin of the Tokwe terrane, but
most evidence points to the latter cause. The top of
the Manjeri-type units represents a regional detach-
ment surface, on which allochthonous units of the
southern greenstones were emplaced. Loading of the
passive margin by these thrust sheets would have
induced flexural subsidence and produced a foreland
basin that migrated onto the Tokwe terrane.

The 2.7 billion-year-old greenstones are divided
into a northwestern arc-like succession, and a south-
eastern allochthonous succession. The northwestern
arc succession contains lavas with strong signatures of
eruption through older continental crust, and the arc
appears to be a continental margin type of magmatic
province. In contrast, the southern greenstones are
allochthonous and were thrust in place along a shear
zone that is well exposed in several places, including
the Belingwe belt. These southern greenstones have a
stratigraphy reminiscent of thick oceanic crust, sug-
gesting that they may represent an oceanic plateau
that was obducted onto the Tokwe terrane 2.7 bil-
lion years ago. All of the southern greenstones are
distributed in a zone confined to about 100 miles
(150 km) from the line of passive margin-type sedi-
ments extending from Mweza-Buhwa to Mutare.
This “Umtali line” may represent the place where
an ocean or back arc basin opened between 2.9
and 2.8 billion years ago, then closed at 2.7 billion
years, and forms the root zone from which the south-
ern greenstones were obducted. This zone contains
numerous northeast-striking mylonitic shear zones
in the quartzofeldspathic gneisses. Closure of the Sea
of Umtali at circa 2.7 billion years ago deposited a
flysch sequence of graywacke-argillite turbidites that
forms the upper part of the Manjeri Formation, and
formed a series of northeast-striking folds.

The latest Archean tectonic events to affect the
Zimbabwe craton is associated with deposition of
the Shamvaian group, and intrusion of the Chili-
manzi suite granitoids at circa 2.6-2.57 billion years
ago. These events appear to be related to a col-
lision of the now-amalgamated Zimbabwe craton
with northern Limpopo Province, as the Zimba-
bwe and Kaapvaal cratons collided. Interpretations

of the Limpopo orogeny suggest that the Central
Zone of the Limpopo Province collided with the
Kaapvaal craton at circa 2.68 billion years ago, and
that this orogenic collage collided with the southern
part of the Zimbabwe craton at 2.58 billion years
ago. Deposition of the Shamvaian Group clastic
sediments occurred in a foreland basin related to
this collision, and the intrusion of the Chilimanzi
suite occurred when this foreland became thickened
by collisional processes, and was cut by sinistral
intracontinental strike-slip faults. Late folds in the
Zimbabwe craton are oriented roughly parallel to
the collision zone, and appear contemporaneous
with this collision. The map pattern of the southern
Zimbabwe craton shows some interference between
folds of the early generation (related to the closure
of the Sea of Umtali) and these late folds related to
the Limpopo orogeny.

CONGO CRATON

The Congo craton includes a generally poorly known
and underexplored region of Archean rocks that are
exposed around the Congo basin in central Africa.
The craton extends from the Kasai region of the Dem-
ocratic Republic of the Congo into Sudan, Angola,
Zambia, Gabon, and Cameroon, and is known for
containing many greenstone belts, albeit deeply
weathered under thick profiles of laterite soil. Most
parts of the Congo craton are known from separate
regions that outcrop around the Congo basin, and
these areas are generally known as cratons or blocks,
even though they are likely continuous at depth.

The Kasai (and northeast Angolan) block is
exposed over an area 270 miles (450 km) across by
210 miles (350 km) north-south in Kasai, Democratic
Republic of the Congo, Lunda, and Angola. The area
is overlain by a thick Phanerozoic cover, so most
of the Archean rocks are restricted to river valleys.
The Archean rocks are divided into three main divi-
sions, including the circa 3.4 billion-year-old Luanyi
tonalitic-granodioritic gneiss; two belts of younger,
strongly metamorphosed (granulite facies) rocks;
and a still younger granitoid and migmatite com-
plex known as the Dibaya Complex. The age of the
granulite facies events are constrained to be between
2.77 and 2.84 billion years, with a lower pressure
and temperature (retrogressive) metamorphic event
at 2.68 billion years ago. The late-stage Dibaya Com-
plex includes calc-alkaline granites and gneisses that
are strongly deformed and mylonitized locally, with
deformation and migmatization at 2.68 billion years
ago. These different assemblages are cut by the unde-
formed circa 2.59 Ga Malafundi granites.

The Gabon-Chaillu block consists of two
roughly elliptical areas each a couple of hundred
miles (several hundred km) across, in Cameroon,
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Map of the Zimbabwe craton showing the distribution of the old gneissic Tokwe terrane, the northern and
southern magmatic belts, and shelf-type associations. Numbers correspond to individual greenstone belts: 1
Mount Darwin, 2 Chipuriro, 3 Harare, 4 Chegutu, 5 Midlands, 6 Gweru-Mvuma, 7 Shurugwe, 8 Bubi, 9 Bulawayo,
10 Filabusi, 11 Gwanda, 12 Antelope, 13 Lower Gwanda, 14 Tati, 15 Vumba, 16 Mweza, 17 Buhwa, 18 Belingwe,
19 Masvingo, 20 Mutare. Inset is a tectonic cross section showing evolution of the Zimbabwe craton, with the
northern magmatic belt evolving as an Andean-style arc above a major subduction zone from 2.7 to 2.6 billion
years ago, while the southern magmatic belts represent where a small ocean basin closed in the same interval.

Equatorial Guinea, Gabon, and Congo. Rocks in  granitoid gneiss and granodiorite. High-grade meta-
this block include an assemblage of 2.8-3.2 billion-  morphism occurred at 2.9 Ga, corresponding to other
year-old charnockite, migmatite, gneiss, greenstone  high-grade metamorphic events known across central
belts, and late-stage 2.7 billion-year-old granitoid  Africa. Much of the northern part of the block was
plutons. Greenstone belts in the block include com-  reworked by strong northeast-trending folds, faults,
plexly folded pillow basalts, rhyolites, quartzite, and ~ and regional metamorphism at 500 million years
banded iron formation, in structural contact with  ago, in a part of the Central African belt, related to
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the late Proterozoic—early Paleozoic amalgamation of
the supercontinent of Gondwana.

The Kibalian block covers an area about 500
miles (800 km) long by 300 miles (500 km) wide
in northern Zaire and the southern Central African
Republic, to Lake Mobutu in Uganda. The Kibale
and Uele Rivers flow across the block, providing
good exposures of the basement rocks. The block
is bordered in the north by folded Late Protero-
zoic rocks, by the West Nile gneiss Complex on
the west, and on the south by strata of the Congo
basin. The Kibalian block contains a granite-green-
stone assemblage, with granitoids falling into three
groups. An older tonalite-trondhjemite-granodio-
rite group (TTG) has an age of 2.8 billion years,
and younger granites have been dated to be 2.5
billion years old.

The greenstone and schist belts form structur-
ally complex assemblages of mafic schists, intruded
by 2.9 billion-year-old tonalites. Of the 11 major
greenstone belts, most have a similar rock assem-
blage, including the lower Kibalian sequence, con-
sisting of mafic to intermediate volcanic rocks
and banded iron formation, overlain by the upper
Kibalian sequence, consisting of andesite, quartzite,
and banded iron formation. At Mambasa the lower
Kibalian sequence is thought to overlie unconform-
ably the 3.35 Ga Ituri metasedimentary-rich base-
ment gneiss, and is in turn intruded by the 2.5 Ga
old Mambasa granite.

A 600 x 300-mile (1,000 x 500-km) area on the
central plateau of Tanzania and east of Lake Victo-
ria is known as the Tanzania block. The southeast-
ern part of the block near Dodoma contains mainly
granitoids and migmatitic gneisses, with remnants of
schist or greenstone belts. These schist belts contain
assemblages of quartzite, banded iron formation,
schists that locally bear corundum, amphibolite, and
mafic and ultramafic gneiss. The granitoid gneisses
are about 2.6 billion years old, and the craton is
intruded by circa 1.8 Ga late-stage granites. Kimber-
lite pipes locally bring up fragments of older, circa
3.1 Ga gneiss, the oldest rocks recognized in the
Tanzania block. Schist belts in the central plateau
region of Tanzania are very similar to the schist belts
of southeast Uganda, and this forms the basis of cor-
relating the Tanzania and Kibalian blocks as part of
the larger Congo craton.

WEST AFRICAN CRATON
Archean rocks form large sections of the basement
rocks between the Gulf of Guinea and the Atlas
Mountains. These rocks form parts of the Man and
Reguibat shields of the West African craton, and
parts of the Tuareg shield.

The Man shield forms the southern part of the
West African craton along the Gulf of Guinea and
includes the Archean Liberian (Kenema-Man) domain
in the west and the Eburnean (Baoule-Mossi) domain
in the east. The Liberian domain occupies most of
Sierra Leone, Liberia, Guinea, Ivory Coast, and part
of Guinea Bissau. Rocks in this domain include many
structurally complex greenstone remnants consisting
of ultramafic rocks, mafic volcanic rocks and banded
iron formations, granitoid gneiss, and granites, form-
ing a classical granite-greenstone terrain. Some of the
gneisses have been dated to be 3.2-3.0 billion years
old, whereas the greenstones are intruded by granites
that are 2.7 billion years old. Greenstone belts in the
west are generally metamorphosed to amphibolite
facies, comparatively large, being up to 80 miles
(130 km) long, and up to 4 miles (6.5 km) in struc-
tural thickness. Greenstone belts in the southeast are
smaller, being up to 25 miles (40 km) long, thinner,
and show a wide range of metamorphic grades from
greenschist to granulite facies. Greenstone belts in
the east have more quartzite and pelite than those in
the west, and are structurally discordant with base-
ment gneiss and granitoids. Structures across the
Man shield generally strike northerly and formed
in a strong tectonic event at 2.75 billion years ago,
known as the Liberian orogeny, that is superimposed
on structures from an older event, known as the Leo-
nean orogeny.

The westernmost part of the Man shield con-
sists of three narrow belts of Proterozoic-Paleozoic
tectonic activity, known as the Rokelides. Con-
glomerates, sandstones, arkose, and volcanic rocks
of the Rokell River Group unconformably overlie
the older Kenema basement and are increasingly
deformed and metamorphosed to the west. The west-
ern margin of the Rokell River Group is marked by
large thrusts where recumbently folded klippen of
intensely deformed and metamorphosed sedimentary
and volcanic rocks of the late Archean-Proterozoic
Marampa Group were thrust to the east over the
Man shield. Farther west, a 180-mile (300-km) long
belt of granulite facies Archean metasedimentary
rocks of the Kasila Group represent the core of a
deeply eroded orogen. The eastern boundary of the
Kasila Group is a 3-mile (5-km) wide mylonite belt,
interpreted as an Archean suture that formed when
the West African craton collided with the Guiana
shield of South America.

PAN-AFRICAN BELTS AND THE
EAST AFRICAN OROGEN
The East African Orogen encompasses the Arabian-
Nubian shield in the north and the Mozambique
belt in the south. These and several other orogenic
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belts are commonly referred to as Pan-African belts,
recognizing that many distinct belts in Africa and
other continents experienced deformation, metamor-
phism, and magmatic activity in the general period
of 800-450 Ma. Other definitions of the Pan-African
orogens are more restrictive, and consider them to be
confined to a complex collisional system between the
Congo and Kalahari cratons in this time interval, thus
including in Africa the Gareip belt, the Kaoko belt,
Damara orogen, Lufilian arc, Zambezi belt, Malawi
orogen, Mozambique belt, and Luria arc. Pan-Afri-
can tectonothermal activity in the Mozambique belt
was broadly contemporaneous with magmatism,
metamorphism, and deformation in the Arabian-
Nubian shield, and the two are broadly equivalent.
The difference in lithology and metamorphic grade
between the two belts has been attributed to the
difference in the level of exposure, with the Mozam-
bican rocks interpreted as lower crustal equivalents
of the rocks in the Arabian-Nubian shield. Neopro-
terozoic closure of the Mozambique Ocean collapsed
an accretionary collage of arc and microcontinental

terranes and sutured east and west Gondwana along
the length of the East African orogen.

The formation of Gondwana at the end of the
Precambrian and the dawn of the Phanerozoic by the
collision of cratons including the Congo, Kalahari,
India, Antarctica, and South American blocks rep-
resents one of the most fundamental problems being
studied in earth sciences today. Studies of Gondwana
link many different fields, and there are currently
numerous and rapid changes in understanding of
events related to the assembly of Gondwana. One of
the most fundamental and most poorly understood
aspects of the formation of Gondwana is the timing
and geometry of closure of the oceanic basins that
separated the continental fragments that amassed to
form the Late Proterozoic supercontinent. Final col-
lision between East and West Gondwana most likely
occurred during closure of the Mozambique Ocean,
forming the East African orogen.

Recent geochronologic data indicate the pres-
ence of two major “Pan-African” tectonic events
within East Africa. The East African Orogeny (800-
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650 Ma) represents a distinct series of events within
the Pan-African of central Gondwana, responsible
for the assembly of greater Gondwana. Collectively,
paleomagnetic and age data indicate that another
later event at 550 Ma (Kuunga Orogeny) may repre-
sent the final suturing of the Australian and Antarctic
segments of the Gondwana continent.

ATLAS MOUNTAINS
The Atlas Mountains are a series of mountains and
plateaus in northwest Africa extending about 1,500
miles (2,500 km) in southwest Morocco, northern
Algeria, and northern Tunisia. The highest peak in
the Atlas is Jabel Toubkal, at 13,665 feet (4,168 m)
in southwest Morocco. The Atlas Mountains are
dominantly folded sedimentary rocks uplifted in the
Jurassic, and related to the Alpine system of Europe.
The Atlas consists of several ranges separated by
fertile lowlands in Morocco, from north to south
including the Rif Atlas, Middle Atlas, High Atlas
(Grand Atlas), and Anti Atlas. The Algerian Atlas
consists of a series of plateaus including the Tell
and Saharan Atlas rimming the Chotts Plateau, then
converging in Tunisia. The Atlas form a climatic bar-
rier between the Atlantic and Mediterranean basins
and the Sahara, with rainfall falling on north-facing
slopes but arid conditions dominating on the rain-
shadow, south-facing slopes. The Atlas are rich in

mineral deposits including coal, iron, oil, and phos-
phates. The area is also used extensively for sheep
grazing, with farming in the more fertile intermoun-
tain basins.

EAST AFRICAN RIFT SYSTEM
Extensional plate tectonic forces are presently break-
ing Africa apart, with parts of eastern Africa rifting
away from the main continent. The rift valley that
separates these two sections is known as the East
African rift system, or the Great Rift Valley, extend-
ing from the Ethiopian Afar region, through two
segments known as the eastern and western rifts
that bend around Lake Victoria, then extend to the
Mozambique Channel.

The Main Ethiopian and North-Central Afar
rifts are part of the continental East African rift sys-
tem. These two kinematically distinct rift systems,
typical of intracontinental rifting, are at different
stages of evolution. In the north and east the conti-
nental rifts meet the oceanic rifts of Red Sea and Gulf
of Aden, respectively, both of which have propagated
into the continent. Seismic refraction and gravity
studies indicate that the thickness of the crust in the
Main Ethiopian rift is less than or equal to 18.5 miles
(30 km). In Afar the thickness varies from 14 to 16
miles (23-26 km) in the south and to 8.5 miles (14
km) in the north. The plateau on both sides of the rift

Image of digital elevation model of East African Rift at Lake Kivu from data generated by Shuttle Radar Topography
Mission. Area shown covers parts of the Democratic Republic of the Congo, Rwanda, and Uganda. Elevation is color
coded, progressing from green at lower elevations through yellow to brown at higher elevations. A false sun in the

NW (upper left, pixelated area) causes topographic shading. Lake Kivu lies in the East African Rift, which forms a
smooth lava and sediment-filled trough in the area. Two volcanic complexes are shown in the rift, including the
Nyiragongo volcano (the one closer to the lake), which erupted in 2002. Virunga volcanic chain extends east of the rift.



has a crustal thickness of 21.5-27 miles (35-44 km).
Geologic and geodetic studies indicate separation
rates of 0.1-0.2 inches (3—6 mm) per year across the
northern sector of the Main Ethiopian rift between
the African and Somali plates. The rate of spreading
between Africa and Arabia across the North-Central
Afar rift is relatively faster, about 0.8 inches (20 mm)
per year. Paleomagnetic directions from Cenozoic
basalts on the Arabian side of the Gulf of Aden indi-
cate seven degrees of counterclockwise rotation of
the Arabian plate relative to Africa, and clockwise
rotations of up to 11 degrees for blocks in eastern
Afar. The initiation of extension on both sides of
the southernmost Red Sea rift, Ethiopia, and Yemen
appear coeval, with extension starting between 22
and 29 million years ago.

The Ethiopian Afar region is one of the world’s
largest, deepest regions below sea level that is sub-
aerially exposed on the continent, home to some of
the earliest known hominid fossils. The Afar is a hot,
arid region where the Awash River drains northward
out of the East African rift system, and is evaporated
in Lake Abhe before it reaches the sea. This unique
and spectacular region is located in eastern Africa in
Ethiopia and Eritrea, between Sudan, Somalia, and
across the Red Sea and Gulf of Aden from Yemen.
The region is so topographically low because it is
located at a tectonic triple junction, where three main
plates are spreading apart, causing regional subsid-
ence. The Arabian plate is moving northeastward
away from the African plate, and the Somali plate is
moving, at a much slower rate, to the southeast away
from Africa. The southern Red Sea and north-central
Afar Depression form two parallel north-northwest-
trending rift basins, separated by the Danakil Horst,
related to the separation of Arabia from Africa. Of
the two rifts, the Afar depression is exposed at the
surface, whereas the Red Sea rift floor is submerged
below the sea. The north-central Afar rift is complex,
consisting of many grabens and horsts. The Afar
Depression merges southward with the northeast-
striking Main Ethiopian rift, and eastward with the
east-northeast-striking Gulf of Aden. The Ethiopian
Plateau bounds it on the west. Pliocene volcanic
rocks of the Afar stratoid series and the Pleistocene
to recent volcanics of the Axial Ranges occupy the
floor of the Afar Depression. Miocene to recent detri-
tal and chemical sediments are intercalated with the
volcanics in the basins.

South of the Ethiopian rifts, the eastern branch of
the main East African rift strikes southward through
Kenya, forming Lake Turkana across the Kenya high-
lands, and forming the famous Ngorongoro crater,
where millions of wildlife gather for scarce water in
the deep rift valley. The western branch of the main
East Africa rift strikes southward from Ethiopia and
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Sudan into Uganda, forming a series of deep, steep-
sided lakes including Lakes Albert, Edward, Kivu,
Tanganyika, and Malawi. Some of these lakes are
more than a mile (1.6 km) deep, and are fed by drain-
age systems that remain on the floor of the rift, while
drainage on the rift shoulders carries water away
from the central rift.

See also ARCHEAN; BASIN, SEDIMENTARY BASIN;
CONVERGENT PLATE MARGIN PROCESSES; CRATON;
DEFORMATION OF ROCKS; DESERTS; DIVERGENT PLATE
MARGIN PROCESSES; GREENSTONE BELTS; MADAGAS-
CAR; OROGENY; PRECAMBRIAN.
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Andes Mountains The Andes are a 5,000-mile
(8,000-km) long mountain range in western South
America, running generally parallel to the coast,
between the Caribbean coast of Venezuela in the
north and Tierra del Fuego in the south. The moun-
tains merge with ranges in Central America and the
West Indies in the north, and with ranges in the
Falklands and Antarctica in the south. Many snow-
covered peaks rise more than 22,000 feet (6,000 m),
making the Andes the second-tallest mountain belt
in the world, after the Himalayan chain. The highest
range in the Andes is the Aconcauga on the central
and northern Argentine-Chilean border. The high,
cold Atacama desert is located in the northern Chile
sub-Andean range, and the high Altiplano Plateau is
situated along the great bend in the Andes in Bolivia
and Peru.

The southern part of South America consists of a
series of different terranes (belts of distinctive rocks)
added to the margin of the supercontinent of Gond-
wana in late Proterozoic and early Proterozoic times.
Subduction and the accretion of oceanic terranes
continued through the Paleozoic, forming a 155-mile
(250-km) wide accretionary wedge. The Andes devel-
oped as a continental margin volcanic arc system on
the older accreted terranes, formed above a complex
system of subducting plates from the Pacific Ocean.
They are geologically young, having been uplifted
mainly in the Cretaceous and Tertiary (roughly the
past 100 million years), with active volcanism, uplift,

Alpamayo Peak in the Cordilleras Mountains, Peruvian
Andes (Galyna Andrushko, Shutterstock, Inc.)

and earthquakes. The specific nature of volcanism,
plutonism, earthquakes, and uplift are found to be
strongly segmented in the Andes, and related to the
nature of the subducting part of the plate, including
its dip and age. Regions above places where the sub-
ducting plate dips more than 30 degrees have active
volcanism, whereas regions above places where the
subduction zone is subhorizontal do not have active
volcanoes.

The Altiplano is a large, uplifted plateau in the
Bolivian and Peruvian Andes of South America. The
plateau has an area of about 65,536 square miles
(170,000 km?), and an average elevation of 12,000
feet (3,660 m) above sea level. The Altiplano is a sed-
imentary basin caught between the mountain ranges
of the Cordillera Oriental on the east and the Cordil-
lera Occidental on the west. The Altiplano is a dry
region with sparse vegetation, and scattered salt flats.
Villagers grow potatoes and grains, and a variety
of minerals are extracted from the plateau and sur-
rounding mountain ranges.

Lake Titicaca, the largest high-altitude lake
navigable to large vessels in the world, is located at
the northern end of the Altiplano. Sitting at 12,500
feet (3,815 m) above sea level, the lake straddles
the border between Peru and Boliva. The lake basin
is situated between Andean ranges on the Alti-
plano plateau, and is bordered to the northeast
by some of the highest peaks in the Andes in the
Cordillera Real, where several mountains rise to
over 21,000 feet (6,400 m). Covering 3,200 square
miles, Lake Titicaca is the largest freshwater lake



in South America, although it is divided into two
parts by the Strait of Tiquina. The body of water
north of the strait is called Chucuito in Bolivia and
Lake Grande in Peru, and south of the strait the
smaller body of water is called Lake Huinaymarca
in Bolivia and Lake Pequeno in Peru. Most of the
lake is 460-600 feet (140-180 m) deep, but reaches
920 feet (280 m) deep near the northeast corner of
the lake. The lake is fed by many short tributar-
ies from surrounding mountains, and is drained
by the Desaguadero River, which flows into Lake
Poopo. However, only 5 percent of water loss is
through this single outlet—the remainder is lost
by evaporation in the hot, dry air of the Altiplano.
Lake levels fluctuate on seasonal and several lon-
ger-time cycles, and the water retains a relatively
constant temperature of 56°F (14°C) at the surface,
but cools to 52°F (11°C) below a thermocline at 66
feet (20 m). Salinity ranges from 5.2-5.5 parts per
thousand.

Lake Titicaca, translated variously as Rock of
the Puma or Craig of Lead, has been the center of
culture since pre-Inca times (600 years before pres-
ent [b.p.]), and its shoreline is presently covered by
Indian villages and terraced rice fields. Some of the
oldest civilizations are preserved in ruins around
Lake Titicaca, including those at Tiahuanaco, on the
southern end of the lake, and others on the many
islands in the lake. Ruins of a temple on Titicaca
Island mark the spot where Inca legends claim that
Manco Capac and Mama Ocllo, the founders of the
Inca dynasty, were sent to Earth by the Sun.

The northern Andes are drained to the east by the
world’s second-longest river, the Amazon, stretching
3,900 miles (6,275 km) from the foothills of the
Andes to the Atlantic Ocean. The southern Andes
are drained to the east by the Parand River, and a
number of smaller rivers run down the steep western
slope of the Andes to the Pacific Ocean. The Amazon
begins where the Ucayili and Maranon tributaries
merge, and drains into the Atlantic near the city
of Belém. The Amazon carries the most water and
has the largest discharge of any river in the world,
averaging 150 feet (45 m) deep. Its drainage basin
amounts to about 35 percent of South America,
covering 2,500,000 square miles (6,475,000 km?2).
The Amazon lowlands in Brazil include the largest
tropical rain forest in the world. In this region the
Amazon is a muddy, silt-rich river with many chan-
nels that wind around numerous islands in a complex
maze. The delta region of the Amazon is marked by
numerous fluvial islands and distributaries, as the
muddy waters of the river get dispersed by strong
currents and waves into the Atlantic. A strong tidal
bore, up to 12 feet (3.7 m) high, runs up to 500 miles
(800 km) upstream.
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The Amazon River basin occupies a sediment-
filled rift basin, between the Precambrian crystal-
line basement of the Brazil and Guiana shields. The
area hosts economic deposits of gold, manganese,
and other metals in the highlands, and detrital gold
in lower elevations. Much of the region’s economy
relies on the lumber industry, with timber, rubber,
vegetable oils, Brazil nuts, and medicinal plants sold
worldwide.

Spanish commander Vincent Pinzon was prob-
ably the first European in 1500 to explore the lower
part of the river basin, followed by the Spanish
explorer Francisco de Orellana in 1540-41. Orel-
lana’s tales of tall, strong female warriors gave the
river its name, borrowing from Greek mythology.
Further exploration by Pedro Teixeira, Charles Dar-
win, and Louis Agassiz led to greater understanding
of the river’s course, peoples, and environment, and
settlements did not appear until steamship service
began in the middle 1800s.

See also CONVERGENT PLATE MARGIN PROCESSES;
PLATE TECTONICS; SOUTH AMERICAN GEOLOGY.
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Antarctica The southern continent, Antarctica, is
located nearly entirely below the Antarctic Circle (66°
337 39”) and is distributed asymmetrically around the
south pole. The continent covers approximately 5.46
million square miles (14 million km?), is nearly com-
pletely covered in ice, and has several large ice shelves
extending off the mainland into surrounding oceans.
Antarctica is surrounded by relatively isolated waters
of the Southern Ocean, comprised of southern reaches
of the Atlantic, Pacific, and Indian Oceans. Antarctica
is the fifth-largest continent, covering an area equal
to 57 percent of North America, or nearly 1.5 times
the size of the United States including Alaska. The
Russian explorers Mikhail Lazarev and Fabian Got-
tlieb von Bellingshausen first discovered the continent
in 1820, and the Scottish cartographer John Bar-
tholomew named it in 1890. In 1959 12 countries
(later joined by more, to bring the total to 46) signed
the Antarctic Treaty, prohibiting military activity and
mining in Antarctica, and promoting cooperative sci-
entific and environmental work.

The ice sheet covering Antarctica is the world’s
largest reservoir of fresh water (although frozen)
and averages more than a mile (1.6 km) thick. The
weight of this ice causes the underlying continent
to be depressed by more than 1.5 miles (2.5 km). A
small amount of rock is exposed in the Transantarc-
tic Mountains and in the Dry Valleys area.
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The Transantarctic Mountains divide the con-
tinent in two, stretching from the Ross Sea to the
Wedell Sea. Western Antarctica (using the Green-
wich meridian that runs nearly along the Transant-
arctic Mountains) is covered by the West Antarctic
Ice Sheet, which some climatologists warn could
collapse, raising sea levels by 10 feet (3 m) or more
in a short time. The Antarctic Peninsula, Marie Byrd
Land, and the area east and north of the Transant-
arctic Mountains are part of West Antarctica. The
eastern part of Antarctica is a large Precambrian cra-
ton known as East Antarctica, with ages extending
to at least 3 billion years. The rocks of the ancient
craton, however, were reworked in younger moun-
tain-building events, including an Early Paleozoic
event during which East Antarctica was incorpo-
rated into Gondwana.

Most of western Antarctica was built up through
the accretion of microplates that include the Ells-
worth Mountains terrane, the Antarctic Peninsula,
Marie Byrd Land, and an unnamed block of igne-
ous and metamorphic rocks. Compared with the
subdued (subglacial) topography of East Antarctica,
western Antarctica has relatively rugged, mountain-
ous topography.

The Transantarctic Mountains are up to 15,000
feet (4,570 m) high, and were formed during the
Ross orogeny 500 million years ago. In contrast,
the Ellsworth Mountains reach 16,000 feet (4,880
m) and were formed about 190 million years ago in

the Early Mesozoic. The Antarctic Peninsula is the
youngest addition to Antarctica, formed mostly in
the Late Mesozoic to Early Cenozoic Andean orog-
eny (80-60 million years ago). Most activity in the
Transantarctic Mountains was in the period of the
breakup of Gondwana, as this region became a con-
vergent margin continuous with the Andes of South
America.

GEOLOGY, PALEONTOLOGY, AND PALEOCLIMATE
The Precambrian basement rocks of East Antarctica
comprise the East Antarctic craton, with Archean
cores surrounded by Proterozoic orogenic belts with
younger deformation and metamorphism than the
Archean blocks. These Archean cores include coastal
areas of western Dronning Maud Land, Enderby
Land, the Prince Charles Mountains, and the Vest-
fold Hills. The rocks in the Vestfold Hills include 2.5
billion-year-old gneisses derived from igneous rocks,
and some indications of 2.8 billion-year-old gneisses
in the area. The best known part of the East Antarc-
tic craton is the Napier Complex in Enderby Land.
This Archean granulite-gneiss belt includes 2.8 to 3.0
billion-year-old metamorphosed igneous gneisses,
with some indication that initial igneous activity in
the area may extend back to 3.8 billion years. Several
deformation and metamorphic events are recorded
at about 2.8 billion years ago, and a very high tem-
perature metamorphic event recorded at 2.51-2.47
billion years ago. Additional deformation is recorded

Transantarctic Mountains (North Victoria Land) in Antarctica (Hinrich Baesemann/dpa/Landov)



as East Antarctica became part of Gondwana, near
the end of the Precambrian.

East Antarctica was part of Gondwana in the
Early Paleozoic, resting in equatorial latitudes and
accepting marine deposits of fossiliferous limestones
from the tropical seas. These limestones are rich in
trilobite and invertebrate fossils. West Antarctic was
in the northern hemisphere in the Paleozoic, and not
yet sutured with East Antarctica. By the Devonian,
Gondwana, with East Antarctica, had drifted into
southern latitudes and experienced a cooler climate,
but still has a good fossil record of land plants in
sandstone and siltstone beds exposed in the Ellsworth
and Pensacola Mountains. The end of the Devonian
(360 million years ago) witnessed a major glaciation
as Gondwana became centered on the South Pole.
Despite the glaciation, East Antarctica remained veg-
etated, and by the Permian many swamps across
Antarctica were flourishing with the fernlike Glos-
sopteris fauna, known throughout much of Gond-
wana. By the end of the Permian the climate over
much of Gondwana had turned hot and dry.

The end-Permian warming caused the polar ice
caps on Eastern Gondwana, including Antarctica, to
melt, and the continent became a vast desert. Still,
seed ferns and giant reptiles, including Lystrosau-
rus, inhabited the land, and thick beds of sandstone
and shale were deposited on the East Antarctic plat-
form. The Antarctic Peninsula was forming during
the Jurassic (206-146 million years ago), and beech
trees began to take over the floral assemblage. West
Antarctica had accreted to the East Antarctic craton
and was covered in conifer forests through the Creta-
ceous, gradually replaced by the beech trees toward
the end of the period. The seas around Antarctica
were inhabited by ammonites.

Modern-day Antarctica began to take shape in
the Cenozoic. The Antarctic Peninsula and Western
Antarctica are an extension of the Andes of South
America.

CLIMATE AND ICE CAP
The climate of Antarctica is the coldest, driest, and
windiest on Earth, with the lowest recorded tempera-
ture being -129°F (-89°C) from the Vostok weather
station, located at two miles (three km) elevation in
Antarctica. Despite being covered in ice, the climate
of Antarctica is best described as a dry or polar des-
ert, since the amount of precipitation is so low, with
the South Pole receiving fewer than four inches (10
cm) of rainfall equivalent each year. Although it is
covered in ice, interior Antarctica is technically the
largest desert on Earth. Temperatures show a consid-
erable range, from -112°F to -130°F (-90°C to -90°C)
in interior winters, to 41°F to 59°F (5°C to 15°C)
along the coastline in summer. In general, the eastern
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Ice calving from an ice front off Adelaide Island,
Antarctica (British Antarctic Survey/Photo
Researchers, Inc.)

part of the continent is colder than the western part,
because it has a higher elevation.

Although 98 percent of Antarctica is covered in
ice, a few places are ice-free. The Dry Valleys are the
largest area on Antarctica not covered by ice. The
Dry Valleys, located near McMurdo Sound on the
side of the continent closest to New Zealand, have
a cold desert climate and receive only four inches
(10 cm) of precipitation per year, overwhelmingly
in the form of snow. The Dry Valleys are one of
the coldest, driest places on Earth and are used by
researchers from the National Aeronautics and Space
Administration (NASA) as an analog for conditions
on Mars. No vegetation exists in the Dry Valleys, but
a number of unusual microbes live in the frozen soils
and form cyanobacterial mats in places. In the South-
ern Hemisphere summer, glaciers in the surrounding
Transantarctic Mountains release significant quanti-
ties of meltwater so that streams and lakes form over
the thick permafrost in the valleys.

The edge of the continent is often hit by strong
katabatic winds, formed when high-density air forms
over the ice cap, and then moves rapidly downhill,
typically along glaciated valleys, at times reaching
hurricane strength in force. High-density air often
forms over the ice cap because the ice cools the air
through radiative cooling effects, making it denser.
This dense air then finds the lowest points to flow
downhill, and because of the high elevation of cen-
tral Antarctica the winds pick up enormous speed
through gravitational energy, until they roar out of
the coastal valleys as exceptionally cold channels of
hurricane-force winds.

ANTARCTIC ICE CAP AND GLOBAL WARMING
The Antarctic ice cap is huge, containing more than
70 percent of the fresh water on the planet. It is about
the same size as the Laurentide ice sheet that covered
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the northern part of North America in the last ice
age. If the ice in the Antarctic ice cap all melted,
sea levels would rise by 230 feet (70 m), yet there is
no evidence that the south polar ice cap is melting,
and it has been stable for about the past 5 million
years. Many models predict that global warming
may increase precipitation in Antarctica and actually
cause the ice cap to increase in volume and lower sea
levels by 0.04 inches (0.09 cm) per year.

The ice cap consists of a vast area of ice more
than one mile (1.6 km) thick, covering nearly all
of East Antarctica in Queen Maud Land and Wil-
kes Land. The geology of this region is understood
through nunataks, isolated peaks piercing through
the ice cap mostly near the coast, and in the Trans-
antarctic Mountains. Likewise, most of West Ant-
arctica is covered by ice, including Marie Byrd Land,
Ellsworth Land, Palmer Land, and the Antarctic Pen-
insula. The large Ross Ice Shelf is located between
Marie Byrd Land and the Transantarctic Mountains,
while on the other side of the continent, the Ronne
Ice Shelf fills the space between the Antarctic Penin-
sula and the Transantarctic Mountains.

Global warming is not significantly affecting
most of Antarctica, since the interior of the conti-
nent is isolated from the global climate system. The
ice cap in central Antarctica is presently growing in
volume, whereas some of the peripheral ice shelves,
such as along the northern parts of the Antarctic
Peninsula, are losing volume. For instance, in 2003
parts of the Larsen ice shelf on the northern Antarctic
Peninsula began collapsing from a combination of
global warming and other cyclical processes. Farther
south on the Peninsula, the Wilkins ice shelf lost
220 square miles (570 km?) of ice in 2008, but it
is still not well established whether these giant col-
lapses result from global warming or whether similar
processes have existed for many thousands of years.
In support of the latter idea is the observation that
the overall amount of sea ice around Antarctica has
remained stable over the past 30 years, although
there is considerable variation month to month and
year to year.

See also CONVERGENT PLATE MARGIN PROCESSES;
CRATON; GLACIER, GLACIAL SYSTEMS; GLOBAL WARM-
ING; GONDWANA, GONDWANALAND.
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Arabian geology The Arabian Peninsula can
be classified into two major geological provinces,
including the Precambrian Arabian shield and the
Phanerozoic cover. The Arabian shield comprises the
core and deep-lying rocks of the Arabian Peninsula,
a landmass of near trapezoidal shape bounded by
three water bodies. The Red Sea bounds it from the
west, the Arabian Sea and the Gulf of Aden from
the south, and the Arabian Gulf and Gulf of Oman
bound it on the east.

The Precambrian Shield is located along the
western and central parts of the peninsula. It narrows
in the north and the south but widens in the central
part of the peninsula. The shield lies between lati-
tudes 12° and 30° north and between longitudes 34°
and 47° east. The Arabian shield is considered part
of the Arabian-Nubian shield formed in the upper
Proterozoic Era and stabilized in the Late Proterozoic
around 600 million years ago. The shield has since
subsided and been covered by thick deposits of Pha-
nerozoic continental shelf sediments along the mar-
gins of the Tethys Ocean. Later in the Tertiary the
Red Sea rift system rifted the Arabian-Nubian shield
into two fragments.

Phanerozoic cover rocks unconformably over-
lie the eastern side of the Arabian shield, forming
the Tuwaiq Mountains, and these rocks dip gently
toward the east. Parts of the Phanerozoic cover are
found overlying parts of the Precambrian shield, such
as the Quaternary lava flows of Harrat Rahat in the
middle and northern parts of the shield, as well as
some sandstones, including the Saq, Siq, and Wajeed
sandstones in different parts of the shield. The Pha-
nerozoic rocks are well exposed again in tectonic
uplifts in the Oman (Hajar) Mountains in the east,
where the geology is well known.

TECTONIC MODELS OF THE ARABIAN SHIELD
The Arabian shield includes an assemblage of Middle
to Late Proterozoic rocks exposed in the western
and central parts of the Arabian Peninsula and over-
lapped to the north, east, and south by Phanero-
zoic sedimentary cover rocks. Several parts of the
shield are covered by Tertiary and Quaternary lava
flows that were extruded along with rifting of the
Red Sea starting about 30 million years ago. Rocks
of the Arabian shield may be divided into assem-
blages of Middle to Late Proterozoic stratotectonic
units, volcanosedimentary, and associated mafic to
intermediate intrusive rocks. These rocks are divided
into two major categories, the layered rocks and the
intrusive rocks. Researchers variously interpret these
assemblages as a result of volcanism and magmatism
in continental basins or above subduction zones.
More recently workers suggested that many of these
assemblages belong to Late Proterozoic volcanic-arc
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American Landsat image of Arabia. The Rub’a Khali (Empty Quarter) desert forms the great yellow sand sheet in
the southern part of the peninsula, the Arabian shield forms the dark-colored terrane in the west, and the Semail
ophiolite (oceanic crust and lithosphere) forms the dark area in the southeast. The fertile Mesopotamia area (in
dark green, between the Tigris and Euphrates Rivers) separates Arabia from the Zagros Mountains of

Iran. (Earth Satellite Corporation/Photo Researchers, Inc.)

systems that comprise distinct tectonic units or ter-
ranes, recognized following definitions established in
the North America cordillera.

Efforts in suggesting models for the evolution of
the Arabian shield started in the 1960s. Early workers
suggested that the Arabian shield experienced three
major orogenies in the Late Proterozoic Era. They also
delineated four classes of plutonic rocks that evolved
in chemistry from calc-alkaline to peralkaline through
time. In the 1970s a great deal of research emerged
concerning models of the tectonic evolution of the
Arabian shield. Two major models emerged from this
work, including mobilistic plate tectonic models and a
nonmobilistic basement-tectonic model.

The main tenet of the plate tectonic model is that
the evolution of the Arabian shield started and took
place in an oceanic environment, with the formation

of island arcs over subduction zones in a huge oceanic
basin. On the contrary, the basement-tectonic model
considers that the evolution of the Arabian shield
started by the rifting of an older craton or continent
to form intraoceanic basins that became the sites of
island arc systems. In both models, late stages of the
formation of the Arabian-Nubian shield are marked
by the sweeping together and collision of the island
arcs systems, thrusting of the ophiolites onto conti-
nents, and cratonization of the entire orogen, form-
ing one craton attached to the African craton. Most
subsequent investigators in the 1970s supported one
of these two models and tried to gather evidence to
support that model.

As more investigations, mapping, and research
were carried out in the 1980s and 1990s, a third
model invoking microplates and terrane accretion
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Simple map showing the geology of the Arabian Peninsula

was suggested. This model suggests the existence of
an Early to mid-Proterozoic (2.0-1.63 billion-year-
old) craton that was extended, rifted, then dispersed,
causing the development of basement fragments that
were incorporated as allochthonous microplates into
younger tectonostratigraphic units. The tectonostrati-
graphic units include volcanic complexes, ophiolite
complexes, and marginal-basin and fore-arc strato-
tectonic units that accumulated in the intraoceanic
to continental-marginal environments that resulted
from rifting of the preexisting craton. These rocks,
including the older continental fragments, constitute
five large and five small tectonostratigraphic terranes

accreted and swept together between 770 and 620
million years ago to form a neocraton on which
younger volcanosedimentary and sedimentary rocks
were deposited. Most models developed in the period
since the early 1990s represent varieties of these three
main classical models, along with a greater appre-
ciation of the formation of the supercontinent of
Gondwana in the formation of the Arabian-Nubian

shield.

GEOLOGY OF THE ARABIAN SHIELD
Peter Johnson of the U.S. Geological Survey and
his coworkers have synthesized the geology of the



Arabian shield and proposed a general classification
of the geology of the Arabian shield that attempts
to integrate and resolve the differences between the
previous classifications. According to this classifi-
cation, the layered rocks of the Arabian shield are
divided into three main units separated by periods
of regional tectonic activity (orogenies). This gives
an overall view that the shield was created through
three tectonic cycles. These tectonic cycles include
early, middle, and late Upper Proterozoic tectonic
cycles.

The early Upper Proterozoic tectonic cycle covers
the period older than 800 million years and includes
the oldest rock groups that formed before and up to
the Aqiq orogeny in the south and up to the Tuluhah
orogeny in the north. In this general classification the
Aqiq and Tuluhah orogenies are considered part of
one regional tectonic event, or orogeny, that is given
a combined name of Aqiq-Tuluhah orogeny.

The middle Upper Proterozoic tectonic cycle is
considered to have taken place between 700 and 800
Ma. It includes the Yafikh orogeny in the south and
the Ragbah orogeny in the north. These two orog-
enies were combined into one regional orogeny, the
Yafikh-Ragbah orogeny.

The late Upper Proterozoic tectonic cycle took
place in the period between 700 and 650 Ma. It
includes the Bishah orogeny in the south and the
Rimmah orogeny in the north. These two orogenies
are combined into one regional orogeny, the Bishah-
Rimmah orogeny.

CLASSIFICATION OF ROCK UNITS
The layered rocks in the Arabian shield are classified
into three major rock units, each of them belonging
to one of the three tectonic cycles mentioned above.
These major layered rock units are the lower, middle,
and upper layered rock units.

The lower layered rock unit covers those rock
groups that formed in the early upper Proterozoic
tectonic cycle (older than 800 Ma) and includes
rocks with continental affinity. The volcanic rocks
that belong to this unit are characterized by tholei-
itic basalt compositions and by the domination of
basaltic rocks older than 800 Ma. The rock groups of
this unit are located mostly in the southwestern and
eastern parts of the shield.

The rock groups of the lower layered unit
include rocks formed in an island arc environment
and characterized by basic tholeiitic volcanic rocks
(Baish and Bahah Groups) and calc-alkaline rocks
(Jeddah Group). In some places these rocks overlie
highly metamorphosed rocks of continental origin
(Sabia Formation and Hali schists) considered to
have been brought into the system either from a
nearby craton such as the African craton, or from
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microplates rifted from the African plate such as the
Afif microplate.

The middle layered rock unit includes the layered
rock groups that formed during the middle upper
Proterozoic tectonic cycle between 700 and 800 Ma
ago. The volcanic rocks are predominately interme-
diate igneous rocks characterized by a calc-alkaline
nature. These rocks are found in many parts of the
shield with a greater concentration in the north and
northwest, and scattered outcrops in the southern
and central parts of the shield.

The upper-layered rock unit includes layered
rock groups that formed in the late upper Proterozoic
tectonic cycle in the period between 700 and 560 Ma
ago and are predominately calc-alkaline, alkaline
intermediate, and acidic rocks. These rock groups are

found in the northeastern, central, and eastern parts
of the shield.

INTRUSIVE ROCKS
Intrusive rocks that cut the Arabian shield are divided
into three main groups, called (from oldest to young-
est) Pre-orogenic, Syn-orogenic, and Post-orogenic.

The preorogenic intrusions cut through the
lower-layered rocks unit only and not the other lay-
ered rock units. They are considered older than the
middle-layered rock unit but younger than the lower-
layered rock unit. These intrusions are characterized
by their calcic to calc-alkaline composition. They are
dominated by gabbro, diorite, quartz-diorite, trond-
hjemite, and tonalite. These intrusions are found in
the southern, southeastern, and western parts of the
shield and coincide with the areas of the lower-lay-
ered rocks unit. These intrusions are assigned ages
between 700 and 1,000 million years. Geochemical
signatures including strontium isotope ratios show
that these intrusions were derived from magma that
came from the upper mantle.

The synorogenic intrusions cut the lower and the
layered rock units, as well as the preorogenic intru-
sions but do not cut or intrude the upper-layered
rock units. These intrusions are considered older
than the upper-layered rocks unit and younger than
the preorogenic intrusions, as well as the lower- and
the middle-layered rocks units, and they are assigned
ages between 620 and 700 million years. Their chem-
ical composition is closer to the granitic calc-alka-
line to alkaline field than the preorogenic intrusions.
These intrusions include granodiorite, adamalite,
monzonite, granite, and alkali granite, with lesser
amounts of gabbro and diorite in comparison with
the preorogenic intrusions. The general form of these
intrusions is batholithic bodies that cover wide areas.
They are found mostly in the eastern, northern, and
northeastern parts of the Arabian shield. The initial
strontium ratio of these intrusions is higher than that
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Map showing the main tectonic terranes of the Arabian shield

of the preorogenic intrusions and indicates that these
intrusions were derived from a magma generated in
the lower crust.

Postorogenic intrusions cut through the three
upper Proterozoic-layered rocks units as well as the
pre- and synorogenic intrusions. These are assigned
ages between 620 and 550 million years. They form
circular, elliptical, and ringlike bodies that range in
chemical composition from alkaline to peralkaline.
These intrusions include peralkaline granites such
as riebeckite granite, alkaline syenite, pink granite,

biotite granite, monzogranite, and perthite-biotite
granite.

Ringlike bodies and masses of gabbro are also
common, and the postorogenic magmatic suite
is bimodal in silica content. These intrusions are
scattered in the Arabian shield, but they are more
concentrated in the eastern, northern, and central
parts of the shield. The initial strontium ratio of the
postorogenic intrusions ranges between 0.704 and
0.7211, indicating that these intrusions were derived
from a magma generated in the lower crust.




OPHIOLITE BELTS
Mafic and ultramafic rocks that comply with the
definition of the ophiolite sequence are grouped into
six major ophiolitic belts. Four of these belts strike
north, while the other two strike east to northeast.
These ophiolite belts include

Amar-Idsas ophiolite belt

Jabal Humayyan-Jabal Sabhah ophiolite
belt

Bijadiah-Halaban ophiolite belt
Hulayfah-Hamdah “Nabitah” ophiolite belt
Bir Umg-Jabal Thurwah ophiolite belt

Jabal Wasq-Jabal Ess ophiolite belt

These rocks were among other mafic and ultra-
mafic rocks considered as parts of ophiolite sequences,
but later only these six belts were considered to
comply with the definition of ophiolite sequences.
However, the sheeted dike complex of the typical
ophiolite sequence is not clear or absent in some of
these belts, suggesting that the dikes may have been
obscured by metamorphism, regional deformation,
and alteration. These belts are considered to repre-
sent suture zones where convergence between plates
or island arc systems took place, and are considered

as the boundaries between different tectonic terranes
in the shield.

NAJD FAULT SYSTEM

One of the most striking structural features of the
Arabian shield is the existence of a fault system
in a zone 185 miles (300 km) wide with a length
of nearly 750 miles (1,200 km), extending from
the southeastern to the northwestern parts of the
shield. This system was generated just after the end
of the Hijaz tectonic cycle, and it was active from
630 to 530 Ma, making it the last major event of
the Precambrian in the Arabian shield. These faults
are left-lateral strike-slip faults with a 150-mile
(250 km) cumulative displacement on all faults in
the system.

The main rock group formed during and after
the existence of the Najd fault system is the Jibalah
Group. This group formed in the grabens that
were formed by the Najd fault system and are the
youngest rock group of the Precambrian Arabian
shield. The Jibalah Group formed between 600
and 570 Ma ago. The Jibalah Group is composed
of coarse-grained clastic rocks and volcanic rocks
in the lower parts, stromatolitic and cherty lime-
stone and argillites in the middle parts, and fine-
grained clastic rocks in the upper parts. These
rocks were probably deposited in pull-apart basins
that developed in extensional bends along the Najd
fault system.
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TECTONIC EVOLUTION OF THE ARABIAN SHIELD
The Arabian shield is divided into five major ter-
ranes and tectonostratigraphic units separated by
four major suture zones, many with ophiolites along
them. The five tectonic terranes include the Asir,
Al-Hijaz, Midyan, Afif, and Ar-Rayn. The first three
terranes are interpreted as interoceanic island arc
terranes, while the Afif terrain is considered conti-
nental, and the Ar-Rayn terrain is considered to be
probably continental. The four suture zones include
the Bir Omq, Yanbu, Nabitah, and Al-Amar-Idsas
belts. These suture zones represent the collision and
suturing that took place between different tectonic
terranes in the Arabian shield. For example, the
Bir Omgq belt represents the collision and suturing
between two island arc terranes of Al-Hijaz and Asir,
while the Yanbu suture zone represents the collision
zone between the Midyan and Al-Hijaz island arc
terranes. The Nabitah zone represents collision and
suturing between a continental microplate (Afif) in
the east and island arc terranes (Asir and Al-Hijaz) in
the west; Al-Amar Idsas suture represents a collision
and suturing zone between two continental micro-
plates, Afif and Ar-Rayn.

Five main stages are recognized in the evolution
of the Arabian shield, including rifting of the African
craton (1,200-950 million years ago), formation of
island arcs over oceanic crust (950-715 million years
ago), formation of the Arabian shield craton from
the convergence and collision of microplates with
adjacent continents (715-640 million years ago),
continental magmatic activity and tectonic deforma-
tion (640-550 million years ago), and epicontinental
subsidence (550 million years ago).

Information about the rifting stage (1,200-950
million years ago) is limited, but the Mozambique
belt in the African craton underwent rifting in the
interval between 1,200 and 950 million years ago.
This rifting formed an oceanic basin along the
present northeastern side of the African craton.
This was a part of the Mozambique Ocean that
separated the facing margins of East and West
Gondwana. Alternatively there may have been
more than one ocean basin, separated by rifted
microcontinental plates such as the Afif microcon-
tinental plate.

The island arc formation stage (950-715 million
years ago) is characterized by the formation of oce-
anic island arcs in the oceanic basins formed in the
first stage. The stratigraphic records of volcanic and
sedimentary rocks in the Asir, Al-Hijaz, and some
parts of the Midyan terranes present rocks with ages
between 900 and 800 million years. These rocks are
of mafic or bimodal composition, and are considered
products of early island arcs, particularly in the Asir
terrain. These rocks show mixing or the involvement
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of rocks and fragments formed in the previous stage
of rifting of the African craton.

The formation of island arc systems did not
take place at the same time, but rather different arc
systems evolved at different times. The Hijaz terrain
is considered the oldest island arc, formed between
900 and 800 million years ago. This terrane may
have encountered continental fragments now rep-
resented by the Khamis Mushayt Gneiss and Hali
Schist, which are considered parts of, or derived
from, the old continental crust from the previous
stage of rifting.

Later on in this stage (760-715 million years
ago) three island arc systems apparently formed
simultaneously. These are the Hijaz, Tarib, and Taif
island arc systems. These island arc systems evolved
and formed three crustal plates, including the Asir,
Hijaz, and Midyan plates. Later in this stage the
Amar Andean arc formed between the Afif plate
and Ar-Rayn plate, and it is considered part of the
Ar-Rayn plate. Oceanic crustal plateaus may have
been involved in the formation of the oceanic crustal
plates in this stage.

In the collision stage (715-640 million years
ago) the five major terranes that formed in the previ-
ous stages were swept together and collisions took
place along the four suture zones mentioned above.
The collision along these suture zones did not take
place at the same time. For example, the collision
along the Hijaz and Taif arcs occurred around 715
million years ago, and the collision along Bir Omgq
suture zone took place between 700 and 680 million
years ago, while the island arc magmatic activity in
the Midyan terrain continued until 600 million years
ago. The collision along Nabitah suture zone was
diachronous along strike. The collision started in
the northern part of the Nabitah suture between Afif
and the Hijaz terranes at about 680 to 670 million
years ago, and at the same time the southern part of
the suture zone was still experiencing subduction.
Further collision along the Nabitah suture zone shut
off the arc in the south, and the Afif terrain collided
with the Asir terrain. As a result, the eastern Afif
plate and the western island arc plates of the Hijaz
and Asir were completely sutured along the Nabitah
orogenic belt by 640 Ma. In this stage three major
magmatic arcs developed, and later on in this stage
they were shut off by further collision. These arcs
include the Furaih magmatic arc that developed on
the northern part of the Nabitah suture zone and on
the southeastern part of the Hijaz plate, the Sodah
arc that developed on the eastern part of the Afif
plate, and an Andean-type arc on the eastern part of
the Asir plate.

The Ar-Rayn collisional orogeny along the Amar
suture was between the two continental plates of Afif

and Ar-Rayn, and took longer than any other col-
lisions in the shield (from 700 to 630 million years
ago). Many investigators suggest that the Ar-Rayn
terrain is part of a bigger continent, which extends
under the eastern Phanerozoic cover and is exposed
in Oman. This terrane may have collided with or into
the Arabian shield from the east and was responsible
for the development of the Najd left-lateral fault
system.

By 640 million years ago the five major ter-
ranes had collided with each other, forming the four
mentioned suture zones, and the Arabian shield was
stabilized. Since then, the shield behaved as one litho-
spheric plate until the rifting of the Red Sea. Oro-
genic activity inside the Arabian shield, however,
continued for a period of about 80 million years after
collision, during which time the Najd fault system
developed as the last tectonic event in the Arabian
shield in the late Proterozoic Era.

After development of the Najd fault system,
tectonic activity in the Arabian shield ended, and
the Arabian-Nubian shield subsided and was pene-
plained, as evidenced by the existence of epiconti-
nental Cambro-Ordovician sandstone covering many
parts of the shield in the north and the south. The
stratigraphic records of the Phanerozoic cover show
that the Arabian shield has been tectonically stable
with the exception of ophiolite obduction in Oman
and collision along the margins of the plate during
the closure of the Tethys Sea until rifting of the Red
Sea in the Tertiary.

PHANEROZOIC COVER OF THE ARABIAN SHIELD:
OMAN MOUNTAINS

The northern and eastern parts of the Arabian Pen-
insula are composed of a series of sandstone, lime-
stone, siltstone, evaporates, and rare volcanic rocks
deposited in the Paleozoic, Mesozoic, and Cenozoic.
These rocks are known as the Arabian platform, the
youngest rocks of which consist of unconsolidated
sands, silts, gravels, and sabkha deposits such as
those that cover much of Kuwait, the Gulf States,
and upper layers on the Arabian platform.

The Phanerozoic rocks of the Arabian platform
dip to the east very gently, and gradually increase
in thickness from a few feet where they overlie the
Precambrian Arabian shield in the east, to more than
six miles (10 km) in thickness in Oman, eastern Saudi
Arabia, and beneath Kuwait. Since some of the thick-
est sections of the Arabian platform are known from
Oman, these rocks are described in detail using the
exposures in the northern Oman (Hajar) Mountains
as examples.

The Oman, or Hajar, Mountains in northern
Oman and the United Arab Emirates are located
on the northeastern margin of the Arabian plate,



60-120 miles (100-200 km) from the active defor-
mation front in the Gulf of Oman between Arabia
and the Makran accretionary wedge of Asia. They
are made up of five major structural units ranging
in age from Precambrian to Miocene. These include
the pre-Permian basement, Hajar Unit, Hawasina
nappes, Semail ophiolite and metamorphic sole, and
postnappe structural units.

The Hajar Mountains reach up to 1.8 miles (three
km) high, displaying many juvenile topographic fea-
tures such as straight mountain fronts and deep,
steep-walled canyons that may reflect active tecto-
nism causing uplift of these mountains. The present
height and ruggedness of the Hajar mountainous
area is a product of Cretaceous ophiolite obduc-
tion, Tertiary extension, and rejuvenated uplift and
erosion that was initiated at the end of the Oligo-
cene and continues to the present. The Sayq Plateau
southwest of Muscat is 1.2-1.8 miles (2-3 km) in
elevation. Jabal Shams on the margin of the Sayq Pla-
teau is the highest point in Arabia, rising more than
1.8 miles (3 km) in the central Hajar Mountains. The
heights decrease gradually northward, reaching 1.2
miles (2 km) on the Musandam peninsula. There the
mountain slopes drop directly into the sea.

Pre-Permian rocks are exposed mainly in the
Jabal Akhdar, Saih Hatat, and Jabal J’Alain areas.
The oldest structural unit includes a Late Proterozoic
basement gneiss correlative with the Arabian-Nubian
shield, overlain by a Late Proterozoic/Ordovician
volcano-sedimentary sequence. The latter is divided
into the Late Proterozoic/Cambrian Huqf Group
and the Ordovician Haima Group. The Huqf Group
is composed mainly of diamictites, siltstone, gray-
wacke, dolostone, and intercalated mafic volcanics.
The Ordovician Haima Group consists of a series
of sandstones, siltstones, quartzites, skolithos-bear-
ing sandstones, and shales, interpreted as subtidal to
intertidal deposits.

The Hajar Unit represents the main part of the
Permian/Cretaceous Arabian platform sequence
that formed on the southern margin of the Neo-
Tethys Ocean. These carbonates form most of the
rugged peaks of Jabal Akhdar, form a rim around
the southwestern parts of Saih Hatat, and continue
in several thrust sheets in the Western Hajar region.
They are well exposed on the Musandam peninsula.
The Hajar Unit contains the Akhdar, Sahtan, Kahm-
mah, and Waisa Groups of mainly carbonate litholo-
gies, overlain by the Muti Formation in the eastern
Hajar, and the equivalent Ruus al Jibal, Elphinstone,
Musandam, and Thamama Groups on the Musan-
dam peninsula.

The Hawasina nappes consist of a series of Late
Permian/Cretaceous sedimentary and volcanic rocks
deposited in the Hawasina basin, between the Ara-
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bian continental margin and the open Neo-Tethys
Ocean. The Hawasina nappes include the Hamrat
Duru, Al Aridh, Kawr, and Umar Groups. Chaotic
deposits of the Baid Formation are interpreted as a
foundered carbonate platform. The Hamrat Duru
Group includes radiolarian chert, gabbro, basaltic
and andesitic pillow lava, carbonate breccia, shale,
limestone, and sandstone turbidites. The Al Aridh
Group contains an assemblage of basaltic andesite,
hyaloclastite and pillow lavas, micrites, pelagic car-
bonates, carbonate breccias, chert, and turbidites.
This is overlain by the Kawr Group, which includes
basalts, andesites, and shallow marine carbonates.
The Umar Group contains basaltic and andesitic pil-
low lavas, cherts, carbonate breccias, and micrites.

SEMAIL OPHIOLITE

The Semail nappe forms the largest ophiolitic sheet in
the world, and it is divided into numerous blocks in
the northern Oman Mountains. The Semail ophiolite
contains a complete classic ophiolite stratigraphy,
although parts of it are unusual in that it contains
two magmatic sequences, including upper and lower
units. The upper magmatic unit grades downward
from radiolarian cherts and umber of the Suhaylah
Formation, to basaltic and andesitic pillow lavas
locally intruded by trondhjemites, through a sheeted
diabase dike unit, and into massive and layered gab-
bros, and finally into cumulate gabbro, wehrlite,
dunite, and clinopyroxenite. This upper magmatic
sequence grades down from basaltic pillow lavas,
into a sheeted dike complex, through isotropic
then layered gabbros, then into cumulate gabbro
and dunite. The Mohorovicic discontinuity is well
exposed throughout the northern Oman Mountains,
separating the crustal and the mantle sequences. The
mantle sequence consists of tectonized harzburgite,
dunite, and lherzolite, cut by pyroxenite dikes, and
local chromite pods.

The metamorphic sole, or dynamothermal aure-
ole, of the Semail ophiolite formed through meta-
morphism of rocks immediately under the basal
thrust, heated and deformed during emplacement of
the hot allochthonous sheets. In most places it con-
sists of two units including a lower metasedimentary
horizon, and an upper unit of banded amphibolites.
The metamorphic grade increases upward through
the unit to upper amphibolite facies near the contact
with the Semail nappe.

Postnappe units consist of Late Cretaceous
and Tertiary rocks. The Cretaceous Aruma Group
consists of a lower unit of Turonian-Santonian
polymict conglomerate, sandstone and shale of the
Qahlah Formation, and an upper unit of Campan-
ian-Maastrictian marly limestone and polymict brec-
cia (Thagab Formation). The Tertiary Hadhramaut
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Group comprises Paleocene to Eocene limestones,
marly limestone, dolostone, conglomerate, and sand-
stones that outcrop along the southern edge of the
Batinah coastal plain at the border with the northeast
flank of the Hajar Mountains.

QUATERNARY GEOLOGY OF NORTHERN ARABIA
Several levels of Quaternary fluvial terraces are pre-
served along the flanks of the Hajar Mountains in
Oman. These can be divided in most places into an
older lower-cemented terrace and an upper younger-
uncemented terrace group. The lower-cemented ter-
race is one of the youngest geological units and has
been used as a time marker to place constraints on

the ages of structures. The terraces are younger than
and unconformably overlie most faults and folds, but
in several places faults and fracture intensification
zones cut through the Quaternary terraces, provid-
ing some of the best evidence for the young age of
some of the faults along the northeastern edge of the
Arabian plate. These terraces grade both northward
and southward into coalesced alluvial fans, forming
bajada flanking the margins of the mountains. The
northern alluvial plains grade into a narrow coastal
plain along the Gulf of Oman.

The Oman (Hajar) Mountains are situated at the
northeastern margin of the Arabian plate. This plate
is bounded to the south and southwest by the active



spreading axes of the Gulf of Aden and the Red Sea.
On the east and west its border is marked by trans-
current fault zones of the Owen Fracture Zone and
the Dead Sea Transform. The northern margin of the
plate is marked by a complex continent-continent
to continent-oceanic collision boundary along the
Zagros and Makran fold and thrust belts.

Rocks of the Hajar Supergroup preserve a his-
tory of Permian through Cretaceous subsidence of
the Arabian platform on the margin of the Neo-
Tethys Ocean. Formations that now comprise the
Hawasina nappes have biostratigraphic ages of 260-
95 Ma, interpreted to have been deposited on the
continental slope and in abyssal environments of the
Neo-Tethys Ocean. By about 100 Ma ago, spreading
in the Neo-Tethys generated the oceanic crust of the
Semail ophiolite, which was detached in the oceanic
realm and thrust over adjacent oceanic crust soon
after its formation. Metamorphic ages for the initia-
tion of thrusting range from 105 Ma to 89 Ma. The
ophiolitic nappes moved toward the Arabian mar-
gin, forming the high-grade metamorphic sole dur-
ing transport, and progressively scraping off layers
of the Hawasina sediments and incorporating them
as thrust nappes to the base of the ophiolite. The
ophiolite reached the Arabian continental margin
and was thrust over it before 85-75 Ma, as indicated
by greenschist facies metamorphism in the metamor-
phic sole and by deformation of the Arabian margin
sediments. Initial uplift of the dome-shaped basement
cored antiforms of Jabel Akhdar and Saih Hatat
may have been initiated during the late stages of the
collision of the ophiolite with the Arabian passive
margin, and may have been localized by preexisting
basement horst and graben structures. The location
and geometry of these massive uplifts is probably
controlled by basement ramps. Uplift of these domes
was pronounced during the Oligocene/Miocene, as
shown by tilting of Late Cretaceous/Tertiary forma-
tions on the flanks of the domes. Uplift of the domes
may have begun in the Oligocene, resulting from the
propagation of a fault beneath the southern limbs of
the folds. The uplift of the domes includes a com-
plex history, involving several different events. Some
uplift of the domes continues at present, whereas
much of the Batinah coastal plain is subsiding.

In most of the Hajar Mountains, the Hawasina
nappes structurally overlie the Hajar Supergroup, and
form a belt of north or northeastward dipping thrust
slices. On the southern margins of Jabal Akhdar,
Saih Hatat, and other domes, however, the Hawa-
sina form south-dipping thrust slices. Major val-
leys typically occupy the contact between the Hajar
Supergroup and the Hawasina nappes, because of the
many, easily erodable shale units within the Hawa-
sina nappes. Several very large [~6 mile (10 km)
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scale] allochthonous limestone blocks known as the
“Oman Exotics” are also incorporated into melange
zones within the Hawasina nappes. These form light-
colored, erosionally resistant cuestas, including Jabal
Kawr and several smaller mountains south of Al
Hamra.

South and southwest of the belt of ophiolite
blocks, sediments of the Hamrat Duru Group are
complexly folded and faulted in a regional foreland-
fold-thrust belt and then grade into the Suneinah
foreland basin. The Hamrat Duru rocks include radi-
olarian cherts, micritic limestones, turbiditic sand-
stones, shales, and calcarenite, all complexly folded
and thrust faulted in an 18.5-mile (30-km)-wide fold/
thrust belt.

A belt of regional anticlinal uplifts brings up car-
bonates of the Hajar Supergroup in the central part
of the basin, as exposed at Jabal Salakh. These elon-
gate anticlinal domes have gentle to moderate dips
on their flanks, and are cut by several thrust faults
that may be linked to a deeper system. This could be
a blind thrust, or the folds could be flower structures
developed over deep strike-slip faults. South of the
Jabal Salakh fold belt, the surface is generally flat
and covered by Miocene/Pliocene conglomerates of
the Barzaman Formation, and cut by an extensive
network of Quaternary channels of the active alluvial
plain.

Tertiary/Quaternary uplift of the northern Oman
Mountains may account for the juvenile topography
of the area. One of the best pieces of evidence for
young uplift of the Northern Oman Mountains comes
from a series of uplifted Quaternary marine terraces,
best exposed in the Tiwi area 31-62 miles (50-100
km) southeast of Muscat. The uplift is related to the
contemporaneous collision between the northeastern
margin of the Arabian plate and the Zagros fold
belt and the Makran accretionary prism. The Hajar
Mountains lie on the active forebulge of this colli-
sion, and the fault systems are similar to those found
in other active and ancient forebulge environments.
The amount of Quaternary uplift, estimated between
300 and 1,600 feet (100-500 m), is also similar to
uplift in other forebulge environments developed on
continental margins. This Quaternary uplift is super-
imposed on an older, Cretaceous/Tertiary (Oligo-
cene) topography.

CENOZOIC GEOLOGY OF
NORTHERN ARABIAN PLATE: KUWAIT
Kuwait is located in the northwest corner of the
Arabian Gulf between 28°30” and 30° north lati-
tude, and 46°30” to 48°30" east longitude. It is
approximately 10,700 square miles (17,818 km?);
the extreme north-south distance is 120 miles (200
km), the east-west distance is 100 miles (170 km).
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To the south it shares a border with Saudi Arabia; to
the west and north, it shares a border with Iraq. The
semiarid climate of Kuwait is characterized by two
seasons: a long, hot, humid summer, and a relatively
cold, short winter. Summer temperatures range from
84.2 to 113°F (29-45°C), with relatively high humid-
ity. The prevailing shamal winds from the northwest
bring severe dust and sand storms from June to early
August, with gusts up to 60 miles per hour (100 km/
hr). Winter temperatures range from 46.4 to 64.4°F
(8-18°C). Occasionally samum winds (meaning poi-
son wind, describing the extremely hot and dry winds
from the Sahara that can reach 130°F [55°C] bring
more heat to people’s bodies than can be removed by
transpiration, and they lead to many cases of heat-
stroke. These winds come from the southwest during
November. Annual precipitation averages 4.5 inches
(11.4 mm) and rapidly infiltrates the sandy soil, leav-
ing no surface water except in a few depressions.
Most of the limited rainfall occurs in sudden squalls
during the winter season.

Most of Kuwait is a flat, sandy desert. There is
a gradual decrease in elevation from an extreme of
980 feet (300 m) in the southwest near Shigaya to sea
level. The southeast is generally lower than the north-
west. There are no mountains or rivers. The country
can be divided into roughly two parts, including
a hard, flat stone desert in the north with shallow
depressions and low hills running northeast to south-
west. The principal hills in the north are Jal al-Zor
(475 feet or 145 m) and the Liyah ridge. Jal al-Zor
runs parallel to the northern coast of Kuwait Bay for
a distance of 35 miles (60 km). The southern region
is a treeless plain covered by sand. The Ahmadi Hills
(400 feet or 125 m) are the sole exception to the flat
terrain. Along the western border with Iraq lies Wadi
Al-Batin, one of the few valleys in Kuwait. The only
other valley of note is Ash Shaqq, a portion of which
lies within the southern reaches of the country. Small
playas, or enclosed basins, are covered intermittently
with water. During the rainy season they may be
covered with dense vegetation; during the dry season
they are often devoid of all vegetation. Most playas
range between 650 and 985 feet (200-300 m) in
length, with depths from 16 to 50 feet (5-15 m).

There are few sand dunes in Kuwait, occurring
mainly near Umm Al-Neqqa and Al-Huwaimiliyah.
The dunes at Umm Al-Neqqa are crescent-shaped
barchan dunes with an average width of 550 feet
(170 m) and average height of 25 feet (8 m). Those
near Al-Huwaimiliyah are smaller, averaging 65 feet
(20 m) wide and 7 feet (2 m) height, and are clustered
into longitudinal dune belts. Both mobile and stable
sand sheets occur in Kuwait. A major mobile sand
belt crosses Kuwait in a northwest to southeast direc-
tion, following the prevailing wind pattern. Smaller

sheets occur in the Al-Huwaimiliyah area, in the
Al-Qashaniyah in the northeast, and in much of the
southern region.

During the past few years overgrazing and an
increase of motor vehicles in the desert have caused
great destruction to the desert vegetation. Stabilized
vegetated sheets have changed to mobile sheets as the
protective vegetation is destroyed. The largest stabile
sheet occurs at Shugat Al-Huwaimiliyah. Recently
smaller sheets have begun to develop at Umm Al-
Neqga and Burgan oil field owing to an increase in des-
ert vegetation resulting from a prohibition of traffic.

Kuwait Bay is a 25-mile (40-km) long indenta-
tion of marshes and lagoons. The coast is mostly
sand interspersed with sabkhas and gravel. Sabkhas
are flat, coastal areas of clay, silt, and sand often
encrusted with salt. The northern portion of the bay
is very shallow, averaging fewer than 15 feet (5 m).
This part of the shore consists mostly of mud flats
and sandy beaches. The more southern portion is rel-
atively deep, with a bed of sand and silicic deposits.
Most of the ports are situated in the southern area.

Kuwaiti territory includes 10 islands. Most are
covered by scrub and a few serve as breeding grounds
for birds. Bubiyan, the largest island, measuring
approximately 600 square miles (1,000 km?2), is a
low, level bare piece of land with mud flats along
much of its north and west coasts that are covered
during high tides. It is connected to the mainland by
a concrete causeway. To its north lies Warba, another
low-lying island covered with rough grass and reeds.
East of Kuwait Bay and on the mud flats extending
from Bubiyan lie three islands: Failaka, Miskan, and
Doha. Failaka is the only inhabited island belonging
to Kuwait. A small village, located near an ancient
shrine, is set on a 30-foot (9-m) hill at the northwest
point of the island. The rest of the island is flat with
little vegetation. There are a few trees in the center
of the island, and date trees are grown in the village.
West of Kuwait City in the bay are two islets: Al-
Qurain and Umm Al-Naml. On the south side of the
gulf lie three more small islands: Qaruh, Kubbar, and
Umm Al-Maradim. The last two are surrounded by
reefs on three sides.

Kuwait occupies one of the most petroleum-rich
areas in world, situated in a structurally simple region
on the Arabian platform in the actively subsiding
foreland of the Zagros Mountains to the north and
east. Principal structural features of Kuwait include
two subsurface arches (Kuwait arch and Dibdibba
arch) and the fault-bounded Wadi Al-Batin. Faults
defining Wadi Al-Batin are related to Tertiary exten-
sion in the region. The Kuwait and Dibdibba arches
have no geomorphic expression, whereas the younger
Bahra anticline and Ahmadi ridge have a surface
expression and are structurally superimposed on the
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Kuwait arch. Major hydrocarbon accumulations are
associated with the Kuwait arch. The subsurface
stratigraphy of Kuwait includes a nearly continuous
section of Arabian platform sediments ranging in
age from Cambrian through Holocene, although the
pre-Permian rocks are poorly known. The Permian
through Miocene section is 3.5-4 miles (6-7 km)
thick in Kuwait but thickens toward the northeast.
These rocks include continental and shallow marine
carbonates, evaporites, sandstones, siltstones, and
shales, with less common gravels and cherts. Plio-
Pleistocene sand and gravel deposits of the Dibdibba
Formation outcrop in northwestern Kuwait, and
Miocene sands, clay, and nodular limestone of the
Fars and Ghar Formation outcrop in the southeast. A
small area of Focene limestone and chert (Dammam
Formation) outcrops south of Kuwait City on the
Ahmadi Ridge.

The structural arches in Kuwait are part of a
regional set of north-trending arches known as the

Arabian folds, along which many of the most impor-
tant oil fields in the Arabian Gulf are located. These
arches are at least mid-Cretaceous. The orientation of
the Arabian folds has been interpreted to be inherited
from older structures in the Precambrian basement,
with possible amplification from salt diapirism. The
north-south trends may continue northward beneath
the Mesopotamian basin and the Zagros fold belt.
The northwest trending anticlinal structures of
the Ahmadi ridge and Bahra anticline are younger
than the Arabian folds, and related to the Zagros col-
lision, initiated in post-Eocene times. These younger
folds seem to have a second-order control on the dis-
tribution of hydrocarbon reservoirs in Kuwait, as oil
wells (and after the First Gulf War in 1990, oil lakes)
are concentrated in northwest trending belts across
the north-striking Kuwait arch. The Kuwait arch has
a maximum structural relief in the region between
Burgan and Bahra, with closed structural contours
around the Wafra, Burgan, Magwa, and Bahra areas,
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and a partial closure indicating a domal structure
beneath Kuwait City and Kuwait Bay. The superpo-
sition of the Kuwait arch and the shallow anticlinal
structure of the Ahmadi ridge forms a total structural
relief of at least one mile (1.6 km).

The northwest-trending Dibdibba arch repre-
sents another subsurface anticline in western Kuwait.
The ridge is approximately 45 miles (75 km) long,
and is an isolated domal structure, but has not to
date yielded any significant hydrocarbon reservoirs.

Wadi Al-Batin is a large valley, 4-6 miles (7-10
km) wide, with relief of up to 185 feet (57 m). In
the upper valley of the wadi, the valley sides are
steep, but in southwestern Kuwait few ravines have
steep walls taller than 15 feet (5 m). The wadi has
a length of more than 45 miles (75 km) in Kuwait,
and extends 420 miles (700 km) southwestward into
Saudi Arabia, where it is referred to as Wadi Ar-
Rimah. The ephemeral drainage in the wadi drains
from the southwest, and has transported Quaternary
and Tertiary gravels consisting of igneous and meta-
morphic rock fragments from the Saudi Arabian and
Syrian deserts during Pleistocene pluvial episodes.
The wadi widens toward the northeast and becomes
indistinguishable from its surroundings northwest of
Kuwait City. Ridges made of Dibdibba gravel define
paleodrainage patterns of a delta system draining
Wadi Al-Batin, and many of these gravel ridges stand
out as prominent lineaments. Some of these gravel
ridges are marked by faults on at least one side, sug-
gesting a structural control on the drainage pattern.

Numerous small and several relatively large
faults are revealed on seismic reflection lines across
the wadi, and hydrological pumping tests show a
break in the drawdown slope at the faults. The steep
Miocene-late Eocene faults parallel to the wadi have
displaced the block in the center of the wadi upward
by 15-20 feet (25-35 m) relative to the strata outside
the wadi, and those displacements die out toward the
northeast.

See also CONVERGENT PLATE MARGIN PROCESSES;
DESERTS; GONDWANA, GONDWANALAND; OPHIOL-
ITES; PALEOZOIC; PETROLEUM GEOLOGY; PHANERO-
z01C; PROTEROZOIC.
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Archean (Archaean) Earth’s first geological
eon for which there is an extensive rock record, the
Archean also preserves evidence for early primitive
life-forms. The Archean is second of the four major
eons of geological time: the Hadean, Archean, Pro-
terozoic, and Phanerozoic. Some time classification
schemes use an alternative division of early time, in
which the Hadean, Earth’s earliest eon, is consid-
ered the earliest part of the Archean. The Archean
encompasses the one and one-half billion-year-long
(Ga = giga année, or 10? years) time interval from
the end of the Hadean eon to the beginning of the
Proterozoic eon. In most classification schemes it
is divided into three parts called eras, including the
Early Archean (4.0-3.5 Ga), the Middle Archean
(3.5-3.1 Ga), and the Late Archean, ranging up to
2.5 billion years ago.

Gneisses are strongly deformed rocks with a
strong layering formed by the parallel alignment of
deformed and flat minerals. The oldest known rocks
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on Earth are the 4.0 billion-year-old Acasta gneisses
from northern Canada that span the Hadean-Archean
boundary. Single zircon crystals from the Jack Hills
and Mount Narryer in western Australia have been
dated to be as old as 4.1-4.3 billion years. The old-
est well-documented and extensive sequence of rocks
on Earth is the Isua belt, located in western Green-
land, estimated to be 3.8 billion years old. Life on
Earth originated during the Archean, with the oldest
known fossils coming from the 3.5 billion-year-old
Apex chert in western Australia, and possible older
traces of life found in the 3.8 billion-year-old rocks
from Greenland.

Archean and reworked Archean rocks form
more than 50 percent of the continental crust and are
present on every continent. Most Archean rocks are
found in cratons or as tectonic blocks in younger oro-
genic belts. Cratons are low-relief, tectonically stable
parts of the continental crust that form the nuclei
of many continents. Shields are the exposed parts
of cratons, other parts of which may be covered by
younger platformal sedimentary sequences. Archean
rocks in cratons and shields are generally divisible
into a few basic types. Relatively low-metamorphic-
grade greenstone belts consist of deformed metavol-
canic and metasedimentary rocks. Most Archean
plutonic rocks are quartz and feldspar—-dominated
tonalites, trondhjemites, granodiorites, and granites
that intrude or are in structural contact with strongly
deformed and metamorphosed sedimentary and vol-
canic rocks in greenstone belt associations. Together
these rocks form the granitoid-greenstone associa-
tion that characterizes many Archean cratons. Gran-
ite-greenstone terranes are common in parts of the
Canadian shield, South America, South Africa, and
Australia. Low-grade cratonic basins are preserved
in some places, including southern Africa and parts
of Canada. High-grade metamorphic belts are also
common in Archean cratons, and these generally
include granitic, metasedimentary, and metavolcanic
gneisses that were deformed and metamorphosed at
middle to deeper crustal levels. Some well-studied
Archean high-grade gneiss terranes include the Lewi-
sian and North Atlantic Province, the Limpopo belt
of southern Africa, the Hengshan of north China,
and parts of southern India.

The Archean witnessed some of the most dra-
matic changes in Earth in the history of the planet.
During the Hadean, the planet experienced frequent
impacts of asteroids, some of which were large
enough to melt parts of the outer layers of Earth and
vaporize the atmosphere and oceans. Any attempts
by life to get a foothold on the planet in the Hadean
would have been difficult, and if any organisms were
to survive this early bombardment, they would have
to have been sheltered in some way from these dra-



Map of the world showing the distribution of Archean cratons, Precambrian crust, and Phanerozoic rocks (beige)
(modified from Timothy Kusky and Ali Polat)

matic changes. Early atmospheres of Earth were
blown away by asteroid and comet impacts, and
by strong solar winds from an early T-Tauri phase
of the Sun’s evolution. Free oxygen was either not
present or present in much lower concentrations, and
the atmosphere evolved slowly to a more oxygenic
condition.

Earth was also producing and losing more heat
during the Archean than in more recent times, and the
patterns, styles, and rates of mantle convection and
the surface style of plate tectonics must have reflected
these early conditions. Heat was still left over from
early accretion, core formation, late impacts, and
decay of some short-lived radioactive isotopes such
as iodine 129. In addition, the main heat-producing
radioactive decay series were generating more heat
then than now, since more of these elements were
present in older half-lives. In particular uranium 2335,
uranium 238, thorium 232, and potassium 40 were
cumulatively producing two to three times as much
heat in the Archean as at present. Since scientists
know from the presence of rocks that formed in the
Archean that the planet was not molten then, this
heat must have been lost by convection of the mantle.
It is possible that the temperatures and geothermal

gradients were 10-25 percent hotter in the mantle
during the Archean, but most of the extra heat was
likely lost by more rapid convection and by the for-
mation and cooling of oceanic lithosphere in greater
volumes. The formation and cooling of oceanic litho-
sphere is presently the most efficient mechanism of
global heat loss through the crust, and this mecha-
nism was even more efficient in times of higher heat
production. A highly probable scenario for removing
the additional heat is that more ridges were present,
producing thicker piles of lava, and moving at faster
rates in the Archean compared to the present. There
is currently much debate and uncertainty about the
partitioning of heat loss among these mechanisms,
and it is also possible that changes in mantle viscosity
and plate buoyancy would have led to slower plate
movements in the Archean as compared with the
present.

GRANITE-GREENSTONE TERRANES
Archean granitoid-greenstone terrains are one of
the most distinctive components of Archean cra-
tons. About 70-80 percent of the Archean crust
consists of granitoid material, most of which are
compositionally tonalites and granodiorites (com-



prised of the minerals quartz, feldspar, and biotite).
Many of these are intrusive into metamorphosed and
deformed volcanic and sedimentary rocks in green-
stone belts. Greenstone belts are generally strongly
deformed and metamorphosed, linear to irregularly
shaped assemblages of volcanic and sedimentary
rocks. They derive their name from the green-col-
ored metamorphic minerals chlorite and amphibole,
reflecting the typical greenschist to amphibolite facies
metamorphism of these belts. Early 19th century
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South African workers preferred to use the name
schist belt for this assemblage of rocks, in reference
to the generally highly deformed nature of the rocks.
Volcanic rocks in greenstone belts most typically
include basalts flows, many of which show pillow
structures where they are not too intensely deformed,
and lesser amounts of ultramafic, intermediate, and
felsic rocks. Ultramafic volcanic rocks with quench-
textures and high magnesium oxide (MgO) contents,
known as komatiites, are much more abundant in

Satellite image of the Pilbara craton in northwestern Australia, showing prominent light-colored igneous
batholiths that intruded darker colored greenstone belts consisting of metamorphosed and strongly deformed

volcanic and sedimentary rocks (Nick Short)



m Archean

Archean greenstone belts than in younger orogenic
belts, but they are generally only a minor component
of greenstone belts. Some literature leads readers to
believe that Archean greenstone belts are dominated
by abundant komatiites; however, this is not true.
There have been an inordinate number of studies of
komatiites in greenstone belts since they are such an
unusual and important rock type, but the number
of studies does not relate to the abundance of the
rock type. Sedimentary rocks in greenstone belts are
predominantly greywacke-shale sequences (or their
metamorphic equivalents), although conglomerates,
carbonates, cherts, sandstones, and other sedimen-
tary rocks are found in these belts as well.

Suites of granitoid rock now deformed and
metamorphosed to granitic gneisses typically
intrude the volcanic and sedimentary rocks of the
greenstone belts. The deformation of the belts has
in many cases obscured the original relationships
between many greenstone belts and gneiss terrains.
Most of the granitoid rocks appear to intrude the
greenstones, but in some belts older groups of gra-
nitic gneisses have been identified. In these cases
it has been important to determine the original
contact relationships between granitic gneisses and
greenstone belts, as this relates to the very uncer-
tain tectonic setting of the Archean greenstones.
If contact relationships show that the greenstone
belts were deposited unconformably over the gran-
itoid gneisses, then it can be supposed that green-
stone belts represent a kind of continental tectonic
environment unique to the Archean. In contrast, if
contact relationships show that the greenstone belts
were faulted against or thrust over the granitoid
gneisses, then the greenstone belts may be alloch-
thonous (far-traveled) and represent closed ocean
basins, island arcs, and other exotic terrains similar
to orogenic belts of younger ages.

Before the mid 1980s and 1990s, many geolo-
gists believed that many if not most greenstone belts
were deposited unconformably over the granitoid
gneisses, based on a few well-preserved examples at
places including Belingwe, Zimbabwe; Point Lake,
Yellowknife, Cameron River, and Steep Rock Lake,
Canada; and in the Yilgarn of western Australia.
However, more recent mapping and structural work
on these contact relationships have revealed that
all of them have large-scale thrust fault contacts
between the main greenstone belt assemblages and
the granitoid gneisses, and these belts have since been
reinterpreted as allochthonous oceanic and island arc
deposits similar to those of younger mountain belts.

The style of Archean greenstone belts varies in an
age-dependent manner. Belts older than 3.5 billion
years have sediments including chert, banded iron
formation, evaporites, and stromatolitic carbonates,

indicating shallow-water deposition, and contain
only very rare conglomerates. They also have more
abundant komatiites than younger greenstone belts.
Younger greenstone belts seem to contain more inter-
mediate volcanic rocks such as andesites, and have
more deep-water sediments and conglomerates. They
also contain banded iron formations, stromatolitic
carbonates, and chert. Since so few early Archean
greenstone belts are preserved, it is difficult to know
whether these apparent temporal variations represent
real-time differences in the style of global tectonics or
are a preservational artifact.

GRANULITE-GNEISS BELTS

High-grade granitoid gneiss terrains form the second
main type of Archean terrain. Examples include the
Limpopo belt of southern Africa, the Lewisian of
the North Atlantic Province, the Hengshan of north
China, and some less-well-documented belts in Sibe-
ria and Antarctica. The high-grade gneiss assemblage
seems similar in many ways to the lower-grade green-
stone belts, but more strongly deformed and meta-
morphosed, reflecting burial to 12.5-25 miles (20-40
km) depth. Strongly deformed mylonitic gneisses and
partially melted rocks known as migmatites are com-
mon, reflecting the high degrees of deformation and
metamorphism. Most of the rocks in the high-grade
gneiss terranes are metamorphosed sedimentary
rocks, including sandstones, greywackes, carbon-
ates, as well as layers of volcanic rocks. Many are
thought to be strongly deformed continental margin
sequences with greenstone-type assemblages thrust
over them, deformed during continent-continent col-
lisions. Most high-grade gneiss terrains have been
intruded by several generations of mafic dikes, reflect-
ing crustal extension. These are typically deformed
into boudins (thin layers in the gneiss), making them
difficult to recognize. Some high-grade gneiss terrains
also have large layered mafic/ultramafic intrusions,
some of which are related to the mafic dike swarms.

The strong deformation and metamorphism in
the Archean high-grade gneiss terranes indicates that
they have been in continental crust that has been
thickened to double crustal thicknesses of about 50
miles (80 km), and some even more. This scale of
crustal thickening is typically associated with conti-
nental collisions and/or thickened plateaus related to
Andean-style magmatism. High-grade gneiss terrains
are therefore typically thought to represent conti-
nent-continent collision zones.

CRATONIC BASIN ASSOCIATION
A third style of rock association also typifies the
Archean but is less common than the previous two
associations. The cratonic basin association is char-
acterized by little-deformed and -metamorphosed



sequences of clastic and carbonate sedimentary
rocks, with a few intercalated volcanic horizons.
This category of Archean sequence is best developed
on South Africa’s Kaapvaal craton, and includes the
Pongola, Witwatersrand, Ventersdorp, and Trans-
vaal Supergroups. These groups include sequences
of quartzites, sandstones, arkoses, carbonates, and
volcanic rocks, deposited in shallow marine to lacus-
trine basins. They are interpreted to represent rift,
foreland basin, and shallow marine cratonic eperic
sea-type deposits, fortuitously preserved although
only slightly metamorphosed and deformed. Several
shallow-water carbonate shelf associations are also
preserved, including the 3.0-Ga Steep Rock platform
in Canada’s Superior Province, and possibly also the
2.5-Ga Hamersley Group in western Australia.

EARLY LIFE
Life clearly had already established itself on Earth by
the Early Archean. The geologic setting and origin
of life are topics of intense current interest, research,
and thought by scientists and theologians. Any mod-
els for the origin of life need to explain some observa-
tions about early life from Archean rock sequences.

Evidence for early life comes from two separate
lines. The first includes remains of organic com-
pounds and chemical signatures of early life, and the
other line consists of fossils, microfossils, and micro-
structures. The best organic evidence for early life
comes from kerogens, which are nonsoluble organic
compounds or the nonextractable remains of early
life that formed at the same time as the sediments
in which they are found. Other extractable organic
compounds such as amino acids and sugars may also
represent remains of early life, but they are soluble
in water and may have entered the rocks after the
deposition of the sediments. Therefore most work
on the biochemistry of early life has focused on the
nonextractable kerogens. Biological activity changes
the ratio of some isotopes, most notably carbon 13/
carbon 12, producing a distinctive biomarker that
is similar in Archean through present-day life. Such
chemical evidence of early life has been documented
in Earth’s oldest sedimentary rocks, the 3.8-Ga Isua
belt in Greenland.

The earliest known fossils come from the 3.5-
3.6-Ga Apex chert of the Pilbara craton in western
Australia. Three distinctive types of microfossils have
been documented from the Apex chert. These include
spheroidal bodies, 5-20 microns (one micron = 10-¢
m) in diameter, some of which have been preserved
in the apparent act of cell division. These microfossils
are similar to some modern cyanobacteria, and show
most clearly that unicellular life existed on Earth by
3.5 Ga. Simple rod-shaped microfossils up to one
micron long are also present in the Apex chert, and
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their shapes and characteristics are also remarkably
similar to modern bacteria. Less distinctive filamen-
tous structures up to several microns long may also
be microfossils, but they are less convincing than
the spheroidal and rod-shaped bodies. All of these
show, however, that simple, single-celled, probably
prokaryotic life-forms were present on Earth by 3.5
billion years ago, 1 billion years after Earth formed.

Stromatolites are a group of generally dome-
shaped or conical mounds, or sheets of finely lam-
inated sediments produced by organic activity.
They were most likely produced by cyanobacteria
(formerly called blue-green algae) that alternately
trapped sediment with filaments that protruded
above the sediment/water interface and secreted a
carbonate layer during times when little sediment
was passing to be trapped. Stromatolites produced
a distinctive layering by preserving this alternation
between sediment trapping and secretion of carbon-
ate layers. Common in the Archean and Proterozoic
record, stromatolites show that life was thriving in
many places in shallow water and was not restricted
to a few isolated locations. The oldest stromatolites
known are in 3.6 billion-year-old sediments from
the Pilbara craton of western Australia, with many
examples in early, middle, and late Archean rock
sequences. Stromatolites seem to have peaked in
abundance in the Middle Proterozoic, and largely
disappeared in the Late Proterozoic with the appear-
ance of grazing metazoans.

See also ATMOSPHERE; CRATON; ORIGIN AND
EVOLUTION OF THE EARTH AND SOLAR SYSTEM; PHA-
NEROZOIC; PRECAMBRIAN; PROTEROZOIC.
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Asian geology Asia is one of the most geologi-
cally and geomorphologically diverse continents on
Earth, stretching from the Arctic to tropical regions,
and from the world’s highest peaks to broad plains,
deserts, steeps, and deep basins. The range in age of
features in Asia spans most of geological time, from
3.8 to 3.5 billion-year-old gneiss in China, to active
volcanoes and sedimentary deposits across Asia. The
India-Asia collision has resulted in Asia’s being the
most tectonically active region of continental crust
in the world.

CHINA
China contains some of the most complex geology
in the world, ranging from a number of ancient
Archean cratons, to active tectonic belts, and off-
shore marine basins. The geomorphology changes
from deep marine basins, to coastal plains, flat
steppes, deserts, mountains, and the highest plateau
of uplifted crust in the world. With such diversity it is
fortunate that China has a long history of geological
exploration and records, although much of this is not
easily accessible to the Western world. Metallurgi-
cal exploration and workings go back to prehistoric
times in China, and the oldest natural gas well in the
world was dug in Sichuan Province in the 12th cen-

tury. Paleontology started in China, with the studies
of the scholar Yen Cheng-ching, and ideas about
mountain building processes may have first origi-
nated in China as shown by the works of Chu Hsi,
who described mountains as features uplifted from
oceans, which then became eroded by streams, form-
ing sedimentary basin deposits. Geology became a
formal discipline in China with the establishment of
a geology department at Peking University in 1909,
through the efforts of Dr. F. Solger from Germany
and Dr. Amadeus Grabau from the United States,
who studied the stratigraphy of China for many
years, and became known as the father of Chinese
geology. Grabau also authored numerous books and
proposed ideas on the origin of mountains, continen-
tal crust, and cycles in Earth history, based mainly on
his studies in China.

GEOMORPHOLOGY
China is geomorphologically diverse, consisting of
about 33 percent mountains, 25 percent plateaus
(including Tibet), 20 percent basins, and 10 percent
hilly terrain. In general, the land surface slopes from
the high regions including Tibet in the west, to the
1,100-mile (1,800-km) coastline in the east.

Satellite image of Asia (M-Sat Ltd. Photo Researchers,
Inc.)



There are three main physiographic provinces of
China based on elevation. The Tibetan, or Qinghai-
Xizang Plateau, in the south rises generally to more
than 2.5 miles (4 km) above sea level, including the
Himalaya Mountains, which rise above 3.7 miles
(6 km), with many peaks surpassing 5 miles (8 km)
above sea level. Mount Everest (Jolmo Lungma) is
the highest peak in the world, reaching 29,133 feet
(8,882 m) above sea level. A series of basins and
plateaus are located north and east of the Tibetan,
or Qinghai-Xizang, Plateau, with elevations between
0.5 and 1.3 miles (1-2 km). The most important
plateaus in this region include the Inner Mongolia
Plateau or steppe, the loess plateau, and the Yunnan-
Guizhou Plateau, whereas the large basins include
the Sichuan, Junggar, and Tarim. Eastern China con-
sists mostly of hills lower than a half-mile (1 km)
and broad plains, including the Northeast, Lower,
Northern, and Upper Chang Jiang (Yangtze River)
plains, whereas the low mountains include the Shan-
dong and Southern Hills.

Mountains (the word shan means “mountain” in
Chinese) in China are divided into different groups
according to their orientations, or trend (measured
relative to geographic north). These include the E-
W, or Altaid, trend, with major belts including the
Tienshan, Kunlun, Tanglha, Kangkar Tesi, Qinling,
Himalaya, Yinshan, and Nanling. Interestingly, the
age of the activity becomes younger from north to
south, reflecting processes related to the India-Asia
collision. The NE-SW (Cathysian) trending moun-
tains include the Greater Kingham, Taihang, Chang-
bai, and Wui, mostly in eastern China. The N-S
trending mountains include the Helan, Luban, and
Hengduan. Other mountains trend NW-SE, such as
the Karakoram and Altai Mountains in the west, and
the Lesser Kinghan in the northeast.

The Tibet, or Qinghai-Xizhang, Plateau is the
world’s largest region of thickened, uplifted crust;
it formed in response to the collision of India with
Asia after the Cretaceous. Many rivers in Asia have
their source on this plateau, and changing climate
conditions with loss of glacial ice imperils many of
these rivers. Many tectonically controlled lakes on
the Tibet Plateau have formed in fault-controlled
basins largely since the Eocene. In southwestern
China the Yunnan-Guizhou Plateau has an average
elevation of about 1.2 miles (2 km), but decreases to
the east. This uplifted plateau is comprised largely
of limestones and other soluble rocks, so as the
uplift proceeded and groundwater levels dropped, a
spectacular karst landscape developed across much
of this plateau, forming some of the world’s most
impressive karst landscapes, such as the stone forest
of Kunning and the karst towers of Guilin. Many
Mesozoic red beds lie in the western part of this
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plateau. The Great Wall of China was built along
the north edge of the loess plateau, which has an
average elevation of 0.6 miles (1 km) over an area
of 156,000 square miles (400,000 km?), encom-
passing the Yinshan, Qinling, Qilian, and Taishan
Mountains. Wind-blown dust and silt on the plateau
and extending eastward to the Yellow Sea form
the thickest and most extensive loess deposits in
the world. In most places the loess is 150-250 feet
(50-80 m) thick, but in places is up to 3,200 (975 m)
feet thick. The dust originates in the Gobi and Ordos
desert basins to the west, with much being deposited
during the Quaternary, formed during the Pleis-
tocene ice ages when strong winds blew from the
NW to the SE. The plateau of Inner Mongolia has a
similar height to the loess plateau, but this region is
being actively extended and eroded, after a period of
uplift in the Cenozoic.

China has many large basins of diverse ori-
gin. The Tarim, Junggar, and Qiadam basins in the
west are relic back-arc basins developed on the mar-
gins of the Paleotethys Ocean, although the basins
have complex older histories. The Tarim basin, one
of the largest interior basins in the world, has a
Precambrian basement, overlain by thick Mesozoic
and Cenozoic rocks, whereas the Junggar basin has
Paleozoic basement overlain by Mesozoic and Ceno-
zoic basinal sequences. The Sichuan basin has a
complex history, including Precambrian basement
overlain by Paleozoic and Mesozoic red beds, includ-
ing foreland basin deposits from the Longmen and
Qinling orogens. The Ordos basin has Precambrian
platformal sediments overlain by Paleozoic through
Tertiary sedimentary layers. In the east the Bohai,
or North China, basin is a complex rift-pull-apart
basin of Paleogene age that has huge hydrocarbon
reserves, including the Shenli, Dagong, and Renqin
oil fields. In the north the Songliao basin is a Late
Mesozoic rift basin that developed behind an active
margin. On the eastern coast of China the East and
South China Seas form passive margin-type basins
formed in back-arc environments above the Pacific
seduction system.

One of the world’s great deserts, the Gobi,
located in central Asia, encompasses more than
500,000 square miles (1,295,000 km?) in Mongolia
and northern China. The desert covers the region
from the Great Khingan Mountains northwest of
Beijing to the Tien Shan north of Tibet, but the
desert is expanding at an alarming rate, threaten-
ing the livelihood of tens of thousands of farmers
and nomadic sheepherders every year. Every spring
dust from the Gobi covers eastern China, Korea, and
Japan, and may extend at times around the globe.
Northwesterly winds have removed almost all the
soil from land in the Gobi, depositing it as thick loess
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in eastern China. Most of the Gobi is situated on a  imentary deposits that host some of the world’s most
high plateau resting 3,000-5,000 feet (900-1,500 m)  spectacular early animal fossils. One of the best stud-
above sea level, and it contains numerous alkaline  ied sequences is the Doushantuo Formation of phos-
sabkhas and sandy plains in the west. Regions in  phatic sedimentary rocks exposed in south China’s
the Gobi include abundant steppes, high mountains,  Guizhou Province, dated to be 580-600 million years
forests, and sandy plains. The Gobi has yielded many  old. The Sinian fauna is therefore older than the well-
archaeological, paleontological, and geological finds, = known Ediacaran metazoan fauna, and is currently
including early stone implements, dinosaur eggs, and  the oldest-known assemblage of multicellular animal

mineral deposits and precious stones including tur-  fossils on the Earth. The macrofossil assemblages are
quoise and jasper. associated with prokaryotic and eukaryotic micro-
fossils, and display remarkably well-preserved cel-

ARCHEAN CRATONS lular and tissue structures and even remnants of

China includes several blocks of ancient continental ~ organic material known as kerogen. Many of the
crust known as cratons. These include the North  fossils are unusual acritarchs, organic walled fossils
China craton, South China craton (including the  with peripheral processes such as spines, hairs, and
Cathaysia and Yangtze blocks), and the Tarim block.  flagellum, which cannot be confidently placed into
Parts of northeastern and southern China in these  any living plant or animal group classification. Sci-
cratons are well known for Late Proterozoic—age sed-  entists are currently debating the origin of some of



the fossils, whether they may be metazoan embryos,
multicellular algae, filamentous bacteria, acritarchs,
or phytoplankton.

North China Craton and Tarim Block

The North China craton occupies about 1 million
square miles (1.7 million km?2) in northeastern China,
Inner Mongolia, the Yellow Sea, and North Korea,
and apparently shares an early geological history
with the poorly known Tarim block to the west. It
is bounded by the Qinling-Dabie Shan orogen to the
south, the Yinshan-Yanshan orogen to the north,
the Longshoushan belt to the west, and the Qing-
long-Luznxian and Jiao-Liao belts to the east. The
North China craton includes a large area of intermit-
tently exposed Archean crust, including circa 3.8-2.5
billion-year-old gneiss, tonalite, trondhjemite, and
granodiorite. Other areas include granite, migmatite,
amphibolite, ultramafite, mica schist and dolomitic
marble, graphitic and other metasedimentary gneiss,
banded iron formation (BIF), and metaarkose. The
Archean rocks are overlain by the 1.85-1.40 bil-
lion-year-old Mesoproterozoic Changcheng (Great
Wall) system. In some areas in the central part of
the North China craton 2.40-1.90 billion-year-old
Paleoproterozoic sequences deposited in cratonic
rifts are preserved.

The North China craton is divided into two
major blocks separated by the Neoarchean Central
orogenic belt, in which virtually all isotopic ages on
the rocks fall between 2.55 and 2.50 billion years.
The Western block, also known as the Ordos block,
is a stable craton with a thick mantle root, no earth-
quakes, low heat flow, and lack of internal deforma-
tion since the Precambrian. In contrast, the Eastern
block is atypical for a craton in that it has numerous
earthquakes, high heat flow, and a thin lithosphere
reflecting the lack of a thick mantle root. The North
China craton is one of the world’s most unusual cra-
tons in that it had a thick tectosphere (subcontinental
lithospheric mantle) developed in the Archean, which
was present through the Ordovician, as shown by
deep xenoliths preserved in Ordovician kimberlites.
The eastern half of the root, however, appears to
have delaminated or otherwise disappeared during
Paleozoic, Mesozoic, or Cenozoic tectonism. This is
demonstrated by Tertiary basalts that bring up man-
tle xenoliths of normal “Tertiary mantle” with no
evidence of a thick root. The processes responsible
for the loss of this root are enigmatic but are prob-
ably related to the present-day high-heat flow, Pha-
nerozoic basin dynamics, and orogenic evolution.

The Central orogenic belt includes belts of tonal-
ite-trondhjemite-granodiorite, granite, and supra-
crustal sequences metamorphosed from granulite to
greenschist facies. It can be traced for about 1,000
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miles (1,600 km) from west Liaoning to west Henan.
Widespread high-grade regional metamorphism
including migmatization occurred throughout the
Central orogenic belt between 2.6 and 2.5 billion
years ago, with final uplift of the metamorphic ter-
rain at 1.9-1.8 billion years ago associated with
extensional tectonism or a collision on the northern
margin of the craton. Amphibolite to greenschist-
grade metamorphism predominates in the south-
eastern part of the Central orogenic belt, but the
northwestern part of the orogen is dominated by
granulite-facies to amphibolite-facies rocks, includ-
ing some high-pressure assemblages (10-13 kilobars
at 850 = 50°C). The high-pressure assemblages can
be traced for more than 400 miles (700 km) along
a linear belt trending east-northeast. Internal (west-
ern) parts of the orogen are characterized by thrust-
related horizontal foliations, flat-dipping shear zones,
recumbent folds, and tectonically interleaved high-
pressure granulite migmatite and metasediments. It
is widely overlain by sediments deposited in rifts
and continental shelf environments, and intruded
by several dike swarms (2.4-2.5, and 1.8-1.9 billion
years ago). Several large anorogenic granites with
ages of 2.2-2.0 billion years are identified within the
belt. Recently two linear units have been documented
within the belt, including a high-pressure granulite
belt in the west and a foreland-thrust fold belt in
the east. The high-pressure granulite belt is sepa-
rated by normal-sense shear zones from the Western
block, which is overlain by thick metasedimentary
sequences younger than 2.4 billion years that meta-
morphosed 1.86 billion years ago.

The Hengshan high-pressure granulite belt is
about 400 miles (700 km) long, consisting of sev-
eral metamorphic terrains, including the Hengshan,
Huaian, Chengde, and west Liaoning complexes.
The high-pressure assemblages commonly occur as
inclusions within intensely sheared tonalite-trond-
hjemite-granodiorite (2.6-2.5 billion years) and gra-
nitic gneiss (2.5 billion years) and are widely intruded
by K-granite (2.2-1.9 billion years) and mafic dike
swarms (2.40-2.45 Ga, 1.77 billion years). Locally,
khondalite and turbiditic slices are interleaved with
the high-pressure granulite rocks, suggesting thrust-
ing. The main rock type is garnet-bearing mafic gran-
ulite with characteristic plagioclase-orthopyroxene
corona around the garnet, which shows rapid exhu-
mation-related decompression. A constant-tempera-
ture decompressive pressure-temperature-time path
can be documented within the rocks, and the peak
pressures and temperatures are in the range of 1.2-
1.0 GPa, at 1,290-1,470°F (700-800°C). At least
three types of geochemical patterns are shown by
mafic rocks of the high-pressure granulites, indicat-
ing a tectonic setting of active continental margin or
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island arc. The high-pressure granulites were formed
through subduction-collision, followed by rapid
rebound-extension, recorded by 2.5-2.4 billion-year
old mafic dike swarms and rift-related sedimentary
sequences in the Wutai Mountai-Taihang Mountain
areas.

The Qinglong foreland basin and fold-thrust
belt is north- to northeast-trending and is now pre-
served as several relict-folded sequences (Qinglong,
Fuping, Hutuo, and Dengfeng). Its general sequence
from bottom to top can be further divided into three
subgroups of quartzite-mudstone-marble, turbidite,
and molasse, respectively. The lower subgroup of
quartzite-mudstone-marble is well preserved in cen-
tral sections of the Qinglong foreland basin (Taihang
Mountain), with flat-dipping structures, interpreted
as a passive margin developed before 2.5 Ga on the
Eastern block. It is overlain by lower-grade turbi-
dite and molasse-type sediments. The western margin
of Qinglong foreland basin is intensely reworked
by thrusting and folding and is overthrust by the
overlying orogenic complex (including the tonalitic-
trondhjemitic-granodiorotic gneiss, ophiolites, accre-
tionary prism sediments). To the east its deformation
becomes weaker in intensity. The Qinglong foreland
basin is intruded by a gabbroic dike complex consist-
ing of 2.4 billion-year-old diorite and is overlain by
graben-related sediments and flood basalts. In the
Wautai and North Taihang basins, many ophiolitic
blocks are recognized along the western margin of
the foreland thrust-fold belt. These consists of pillow
lava, gabbroic cumulates, and harzburgite. The larg-
est ophiolitic thrust complex imbricated with fore-
land basin sedimentary rocks is up to 5 miles (10 km)
long, preserved in the Wutai-Taihang Mountains.

Several dismembered Archean ophiolites have
been identified in the Central orogenic belt, includ-
ing some in Lioning Province, at Dongwanzi, north
of Zunhua, and at Wutai Mountain. The best stud-
ied of these are the Dongwanzi and Zunhua ophiol-
itic terranes. The Zunhua structural belt of eastern
Hebei Province preserves a cross section through
most of the northeastern part of the Central orogenic
belt. This belt is characterized by highly strained
gneiss, banded iron formation, 2.6-2.5 billion-year-
old greenstone belts, and mafic to ultramafic com-
plexes in a high-grade ophiolitic mélange. The belt
is intruded by widespread 2.6-2.5 billion-year-old
tonalite-trondhjemite gneiss and 2.5 billion-year-
old granites, and is cut by ductile shear zones. The
Neoarchean high-pressure granulite belt (Chengde-
Hengshan HPG) strikes through the northwest part
of the belt. The Zunhua structural belt is thrust over
the Neoarchean Qianxi-Taipingzhai granulite-facies
terrane, consisting of high-grade metasedimentary
to charnockitic gneiss forming several small dome-

like structures southeast of the Zunhua belt. The
Zunhua structural belt clearly cuts across the dome-
like Qian’an-Qianxi structural patterns to the east.
The Qian’an granulite-gneiss dome (3.8-2.5 bil-
lion years old) forms a large circular dome in the
southern part of the area and is composed of tonal-
itic-trondhjemitic gneiss and biotite granite. Meso-
archean (2.8-3.0 billion years old) and Paleoarchean
(3.50-3.85 billion years old) supracrustal sequences
outcrop in the eastern part of the region. The Qin-
glong Neoarchean amphibolite to greenschist-facies
supracrustal sequence strikes through the center of
the area and is interpreted to be a foreland fold-
thrust belt, intruded by large volumes of 2.4 billion-
year-old diorite in the east. The entire North China
craton is widely cut by at least two Paleoproterozoic
mafic dike swarms (2.5-2.4, 1.8-1.7 billion years
old), associated with regional extension. Mesozoic-
Cenozoic granite, diorite, gabbro, and ultramafic
plugs occur throughout the NCC and form small
intrusions in some of the belts.

The largest well-preserved sections of the Dong-
wanzi ophiolite are located approximately 120 miles
(200 km) northeast of Beijing in the northeastern part
of the Zunhua structural belt, near the villages of
Shangyin and Dongwanzi. The belt consists of prom-
inent amphibolite-facies mafic-ultramafic complexes
in the northeast sector of the Zunhua structural belt.
The southern end of the Dongwanzi ophiolite belt
near Shangyin is complexly faulted against granulite-
facies gneiss, with both thrust faults and younger
normal faults present. The main section of the ophio-
lite dips steeply northwest, is approximately 30 miles
(50 km) long, and is 3-6 miles (5-10 km) wide. A U/
Pb-zircon age of 2.5035 billion years for two gabbro
samples from the Dongwanzi ophiolite shows that
this is the oldest, relatively complete ophiolite known
in the world. Parts of the central belt, however, are
intruded by a mafic/ultramafic Mesozoic pluton with
related dikes.

A high-temperature shear zone intruded by the
2.4 Ga old diorite and tonalite marks the base of the
ophiolite. Exposed ultramafic rocks along the base of
the ophiolite in the ophiolite include strongly foliated
and lineated dunite and layered harzburgite. Aligned
pyroxene crystals and generally strong deformation
of serpentinized harzburgite resulted in strongly foli-
ated rock. Harzburgite shows evidence for early high-
temperature deformation. This unit is interpreted to
be part of the lower residual mantle, from which the
overlying units were extracted.

The cumulate layer represents the transition zone
between the lower ultramafic cumulates and upper
mafic assemblages. The lower part of the sequence
consists of layers of pyroxenite, dunite, wehrlite,
lherzolite and websterite, and olivine gabbro-lay-



ered cumulates, all formed by heavy crystals sinking
through the magma and settling on the bottom of
the magma chamber. Many layers grade from dunite
at the base, through wehrlite, and are capped by
clinopyroxene. Basaltic dikes cut through the cumu-
lates and are similar mineralogically and texturally to
dikes in the upper layers.

The gabbro complex of the ophiolite is up to
three miles (5 km) thick and grades up from a zone
of mixed layered gabbro and ultramafic rocks to one
of strongly layered gabbro that is topped by a zone
of isotropic gabbro. Thicknesses of individual lay-
ers vary from centimeter to meter scale and include
clinopyroxene and plagioclase-rich layers. Layered
gabbros from the lower central belt alternate between
fine-grained layers of pyroxene and metamorphic
biotite that are separated by layers of metamorphic
biotite intergrown with quartz. Biotite and pyroxene
layers show a random orientation of grains. Coarse-
grained veins of feldspar and quartz are concentrated
along faults and fractures. Plagioclase feldspar shows
core replacement and typically has irregular grain
boundaries. The gabbro complex of the ophiolite
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has been dated by the U-Pb method on zircons to be
2,504 + 2 million years old.

The sheeted dike complex is discontinuous over
several kilometers. More than 70 percent of the dikes
are unusual in that only one half of each dike is
preserved. In most tectonic settings dikes have fine-
grained chill margins on both margins where they
intruded and cooled against country rocks, crystal-
lizing quickly and forming two parallel chill margins
with finer-grained crystals than in the slower-cool-
ing interior of the dikes. Dikes in ophiolites often
show dikes with only one chill margin, where new
dikes successively intrude the center of the previ-
ously intruded dike, in a setting where the crust is
being extended and filled by new dikes. When the
next dike intruded, it intruded along the center of the
last dike, and this happened several times in a row,
leaving a dike complex with chill margins preserved
preferentially on one side. One-way chill margins are
preferentially preserved on their northeast side of the
dikes in the Dongwanzi ophiolite. Gabbro screens
are common throughout the complex and increase
in number and thickness downward, marking the
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transition from the dike complex to the fossil magma
chamber. In some areas the gabbro is cut by basaltic-
diabase dikes, but in others it cuts through xenoliths
of diabase, suggesting comagmatic formation.

The upper part of ophiolite consists of altered
and deformed pillow basalts, pillow breccias, and
interpillow sediments (chert and banded iron forma-
tions). Many of the pillows are interbedded with
more massive flows and cut by sills; however, some
well-preserved pillows show typical lower cuspate
and upper lobate boundaries that define stratigraphic
younging. Pyroxenes from pillow lavas from the
ophiolite have been dated by the Lu-Hf method to
be 2.5 billion years old, the same age as estimated for
the gabbro and mantle sections.

The base of the ophiolite is strongly deformed,
and intruded by the 2.391 billion-year-old Cuizhangzi
diorite-tonalite complex. The Dongwanzi ophiolite is
associated with a number of other amphibolite-facies
belts of mafic plutonic and extrusive igneous rocks in
the Zunhua structural belt. These mafic-to-ultramafic
slices and blocks can be traced regionally over a large
area from Zunhua to West Liaoning (about 120 miles
or 200 km). Much of the Zunhua structural belt is
interpreted as a high-grade ophiolitic mélange, with
numerous tectonic blocks of pillow lava, BIF, dike
complex, gabbro, dunite, serpentinized harzburgite,
and podiform chromitite in a biotite-gneiss matrix,
intruded extensively by tonalite and granodiorite.
Cross-cutting granite has yielded an age of 2.4 billion
years. Blocks in the mélange correlate with the Dong-
wanzi and other ophiolitic fragments in the Zunhua
structural belt. This correlation is supported by the
isotopic system of Rhenium (Re)-Osmium (Os), since
Re-Os age determinations on several of these blocks
reveal that they are 2.54 billion years old.

The Eastern and Western blocks of the North
China craton collided at 2.5 billion years ago during
an arc/continent collision, forming a foreland basin
on the Eastern block, a granulite facies belt on the
Western block, and a wide orogen between the two
blocks. This collision was followed rapidly by post-
orogenic extension and rifting that formed mafic dike
swarms and extensional basins along the Central
orogenic belt, and led to the development of a major
ocean along the north margin of the craton. An arc
terrane developed in this ocean and collided with
the north margin of the craton by 2.3 Ga, forming
an 850-mile (1,400-km) long orogen known as the
Inner Mongolia—Northern Hebei orogen. A 1,000-
mile (1,600-km) long granulite-facies terrain formed
on the southern margin of this orogen, representing a
120-mile (200-km) wide uplifted plateau formed by
crustal thickening. The orogen was converted to an
Andean-style convergent margin between 2.20 and
1.85 billion years ago, recorded by belts of plutonic

rocks, accreted metasedimentary rocks, and a pos-
sible back arc basin. A pulse of convergent deforma-
tion is recorded at 1.9-1.85 billion years across the
northern margin of the craton, perhaps related to a
collision outboard of the Inner Mongolia—Northern
Hebei orogen, and closure of the back arc basin. This
event caused widespread deposition of conglomerate
and sandstone of the basal Changcheng Series in a
foreland basin along the north margin of the craton.
At 1.85 billion years the tectonics of the North China
craton became extensional, and a series of aulacogens
and rifts propagated across the craton, along with
the intrusion of mafic dike swarms. The northern
granulite facies belt underwent retrograde metamor-
phism, and was uplifted during extensional faulting.
High-pressure granulites are now found in the areas
where rocks were metamorphosed to granulite facies
and exhumed two times, at 2.5 and 1.8 billion years
ago, respectively, exposing rocks that were once at
lower crustal levels. Rifting led to the development
of a major ocean along the southwest margin of the
craton, where oceanic records continue until 1.5 bil-
lion years ago.

South China Craton

The South China craton is divided into the Yangtze
craton and the Cathaysia block, joined together in a
plate collision in the late Mesoproterozoic. Radio-
metric dating of two ophiolite suites in the eastern
part of the suture between the Yangtze and Cathay-
sia blocks gives ages of 1.03 to 1.02 billion years for
the age of this collision. Late Mesoproterozoic suture
zones have been also reported from the northwestern
and northern margins of the Yangtze block. An ophi-
olitic mélange in western Sichuan (the northwestern
margin) that contains gabbro and diabase has been
dated isotopically to be 1.01 billion years old. Zircon
ages of 1.3 and 1.0 billion years have been determined
from igneous intrusions at the northern margin of the
Yangtze block. The late Mesoproterozoic continen-
tal collision belts in and around the South China
block corresponded to one of the central Grenvillian
sutures of the Rodinian supercontinent that brought
together Australia, Yangtze, and Cathaysia-Lauren-
tia at about 1 billion years ago.

The stratigraphy, tectonic evolution, and paleo-
magnetic features of the southern North China cra-
ton differ from those of the South China craton
and suggest that north China became a part of the
Rodinia supercontinent about 1 billion years ago,
when the southern border of the North China craton
lay adjacent to Siberia. The south and north China
blocks became parts of the Rodinia supercontinent
independently about 1 billion years ago.

The breakup of Rodinia was probably initiated
by a mantle plume that rose beneath the supercon-



tinent 820 million years ago. The Kangdian rift in
the southwestern border of the South China block
and the Nanhua rift along the boundary between
the Yangtze and Cathaysia blocks formed as a result
of the breakup of Rodinia. The 800-700 million-
year-old intrusion ages of granitic gneisses in the
northern border of the South China block are also
associated with rifting of the South China block from
Rodinia. The separation of the South China block
from Rodinia must have occurred after 750 million
years ago. Likewise, on the southern borders of the
North China block, rather weak magmatic activity
and metamorphism at about 800-600 million years
ago has been identified, which may relate to the rift-
ing of the North China block from Rodinia.
Following the breakup of Rodinia during the
late Neoproterozoic, several microcontinents and
immature island arcs amalgamated through colli-
sion and accretion to form Gondwana during the
Pan-African orogeny. The South and North China
cratons probably converged with each other dur-
ing the early Cambrian and lay close to Australia
by the mid and late Cambrian. The Paleo-Tethys
Ocean opened in the Devonian, moving the North
and South China blocks northward, and the Paleo-
Tethys Ocean between two blocks disappeared in the
Middle Triassic by subduction of all oceanic crust
in the ocean. The presence of 450-400 million-year-
old ophiolites, arc-related 470-435 million-year-old
metamorphism, and 210-330 million-year-old eclog-
ites in the Qinling-Dabie-Sulu collision belt indicate
that opening of the Paleo-Tethys had started in the
mid-Ordovician instead of the Devonian.

CENTRAL ASIAN OROGENIC BELT
The Paleoasian, or Turkestan, Ocean was present
on the northern side of the North China craton
and Tarim block throughout the Paleozoic, with
Paleotethys to the south. Several subduction zones
were active during this interval, leading to continen-
tal growth through accretion of terranes along the
northern margin of the cratons and the generation
of arc-magmas. These terranes north of the Archean
cratons host more than 900 late Paleozoic to Early
Triassic plutons, formed during closure of the Paleo-
Asian Ocean at the end of the Permian. Closure is
marked by the Solonker suture and 300-250 mil-
lion-year-old south-directed subduction beneath the
accreted terranes along the northern side and the
northern margin of the cratonic blocks. Continued
convergence from the north during the Triassic and
Jurassic caused postcollisional thrusting and consid-
erable crustal thickening on the northwest side of the
cratons. The northeastern margin of the North China
craton with a Permian shelf sequence collided with
the Khanka block in the Late Permian to Early Trias-
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sic, as indicated by syncollisional granites. Many of
the subsequent later Mesozoic granitoids, metamor-
phic core complexes, and extensional basins, located
south of the Solonker suture in the northern part
of the craton and the adjacent Paleozoic accretion-
ary orogen, may be related to postcollisional Jura-
Cretaceous collapse of the massive Himalayan-style
Solonker orogen and plateau.

DABIE SHAN-SULU TONGBAI
CENTRAL CHINA OROGEN

The Qinling-Dabie-Sulu, or Dabie Shan, is the
world’s largest ultrahigh pressure metamorphic belt,
containing Triassic (220-240 Ma) high-pressure,
low-temperature (eclogite) facies metamorphic rocks
formed during the collision of the North and South
China cratons. Most remarkably, the orogen con-
tains coesite and diamond-bearing eclogite rocks,
indicating metamorphic burial to depths exceeding
60 miles (100 km). The Dabie Shan metamorphic
belt stretches from the Tanlu fault zone between
Shanghai and Wuhan, approximately 1,250 miles
(2,000 km) to the west northwest to the Qaidam
basin north of the Tibetan Plateau. The orogen is
only 30-60 miles (50-100 km) wide in most places,
and it separated the North China craton on the north
from the Yangtze craton (also called the South China
block) on the south. A small tectonic block or terrane
known as the South Qinling is wedged between the
North and South China cratons in the orogen and is
thought to have collided with the North China cra-
ton in the Triassic, before the main collision.

The Qinling-Dabie-Sulu orogen is marked by
numerous terranes forming the irregular suture
between the North China and South China cratons.
It is a major part of the E-W-trending Central China
orogen that extends for 900 miles (1,500 km) east-
ward from the Kunlun Range, to the Qinling Range,
and then 370 miles (600 km) farther east through
the Tongbai-Dabie Range. Its easternmost extent,
offset by movement along the Tan-Lu fault system,
continues northeastward through the Sulu area of the
Shandong Peninsula then into South Korea. The Sulu
belt may extend through the southern part of South
Korea. The intermittent presence of ultrahigh-pres-
sure diamonds, eclogites, and felsic gneisses indicates
very deep subduction along a cumulative 2,500-mile
(> 4,000-km) long zone of collisional orogenesis.

The rifting and collisional history throughout
the Paleozoic of the North China and Tarim cra-
tons with blocks and orogens to the south, such as
the North Qinling terrane, the South Qinling ter-
rane, and eventually (in the Triassic) the South China
craton, have been complicated and controversial.
In the early Paleozoic northward subduction of the
Qaidam-South Tarim plate (possibly connected with
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the South China plate) took place beneath the active
southern margin of the NCC. The North China cra-
ton, probably together with the Tarim block, col-
lided with the South Tarim-Qaidam block in the
Devonian, then with the South China block in the
Permo-Triassic. This latter collision resulted in expo-
sure of ultrahigh-pressure rocks from approximately
60-120 miles (100-200 km) depth in the Dabie Shan,
and westward sliding or escape of the South Tarim-
Qaidam block, and caused uplift of a large plateau
(Huabei Plateau) in the eastern North China craton.
Younger extrusion tectonics related to Himalayan
collisions farther west resulted in approximately 300
miles (500 km) of left-lateral motion along the Altyn-
Tagh fault, separating the North China craton from
the South Tarim-Qaidam block, slicing and sliding to
the west the arc that formed on the southern margin
of the craton during early Paleozoic subduction.

The terrane accretion and eventual “continent-
continent” collision along the southern margin of the
North China and Tarim cratons are defined by a geo-
metrically irregular suture, defining a diachronous
convergence with a complex spatial and temporal
pattern. Many models of extrusion tectonics, such as
eastward, vertical (upward), and lateral, have been
proposed for the Qinling-Dabie orogen in the last
decade. Vertical movement along a paleosubduction
zone was important to Triassic uplift of the ultra-
high-pressure rocks in the eastern part of the orogen.
An orogen-parallel, eastward extrusion occurred dia-
chronously between 240 and 225-210 Ma. Creta-
ceous to Cenozoic unroofing was initially dominated
by eastward tectonic escape in the early Cretaceous
and then by Pacific subduction in the mid-Creta-
ceous. The Triassic Dabie high-pressure (HP)-UHP
metamorphic rocks were originally located beneath
the Foping dome, located in the narrowest part of the
Qinling belt, and these rocks were extruded eastward
to their present-day location.

TIBETAN PLATEAU

The Tibetan Plateau is the largest high area of thick-
ened continental crust on Earth, with an average
height of 16,000 feet (4,880 m) over 470,000 square
miles (1,220,000 km?2). Bordered on the south by the
Himalayan Mountains, the Kunlun Mountains in the
north, the Karakoram on the west, and the Hengduan
Shan on the east, Tibet is the source of many of the
largest rivers in Asia. The Yangtze, Mekong, Indus,
Salween, and Brahmaputra Rivers all rise in Tibet,
and flow through Asia, forming the most important
source of water and navigation for huge regions.

Southern Tibet merges into the foothills of the
northern side of the main ranges of the Himalaya,
but are separated from the mountains by the deeply
incised river gorges of the Indus, Sutlej, and Yarlung

Zangbo (Brahmaputra) Rivers. Central and northern
Tibet consists of plains and steppes that are about
3,000 feet (1,000 m) higher in the south than the
north. Eastern Tibet includes the Transverse ranges
(the Hengduan Shan) that are dissected by major
faults in the river valleys of the northwest-southeast—
flowing Mekong, Salween, and Yangtze Rivers.

Tibet has a high plateau climate, with large diur-
nal and monthly temperature variations. The center
of the plateau has an average January temperature
of 32°F (0°C), and an average June temperature of
62°F (17°C). The southeastern part of the plateau
is affected by the Bay of Bengal summer monsoons,
whereas other parts of the plateau experience severe
storms in fall and winter months.

Geologically, the Tibetan Plateau is divided into
four terranes, including the Himalayan terrane in the
south, and the Lahasa terrane, the Qiangtang ter-
rane, and Songban-Ganzi composite terrane in the
north. The Songban-Ganzi terrane includes Trias-
sic flysch and Carboniferous-Permian sedimentary
rocks, and a peridotite-gabbro-diabase sill complex
that may be an ophiolite, overlain by Triassic flysch.
Another fault-bounded section includes Paleozoic
limestone and marine clastics, probably deposited
in an extensional basin. South of the Jinsha suture,
the Qiangtang terrane contains Precambrian base-
ment overlain by Early Paleozoic sediments that are
up to 12 miles (20 km) thick. Western parts of the
Qiangtang terrane contain Gondwanan tillites, and
Triassic-Jurassic coastal swamp and shallow marine
sedimentary rocks. Late Jurassic—Early Cretaceous
deformation uplifted these rocks, before they were
unconformably overlain by Cretaceous strata.

The Lhasa terrane collided with the Qiangtang
terrane in the Late Jurassic and formed the Bangong
suture, containing flysch and ophiolitic slices, that
now separates the two terranes. It is a composite
terrane containing various pieces that rifted from
Gondwana in the Late Permian. Southern parts of
the Lhasa terrane contain abundant Upper Creta-
ceous to Paleocene granitic plutons and volcanics, as
well as Paleozoic carbonates, and Triassic-Jurassic
shallow marine deposits. The center of the Lhasa ter-
rane is similar to the south but with fewer magmatic
rocks, whereas the north contains Upper Cretaceous
shallow marine rocks that onlap the Upper Juras-
sic—Cretaceous suture.

The Himalayan terrane collided with the Lhasa
terrane in the Middle Eocene, forming the ophio-
lite-decorated Yarlungzangbo suture. Precambrian
metamorphic basement is thrust over Sinian through
Tertiary strata, including Lower Paleozoic carbon-
ates and Devonian clastics, overlain unconformably
by Permo-Carboniferous carbonates. The Himalayan
terrane contains Lower Permian Gondwanan flora,
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An 80-mile (130-km) wide view of the Himalayas from /International Space Station, January 28, 2004—Mount
Everest is shown in the upper center, Makalu is at the top left. The view looks south: Tibet is at the bottom, and
Nepal is the land beyond Everest. (NASA/Photo Researchers, Inc.)

and probably represents the northern passive margin
of Mesozoic India, with carbonates and clastics in
the south, thickening to an all clastic continental rise
sequence in the north.

The Indian plate rifted from Gondwana and
started its rapid (3.2-3.5 inches per year, 80-90 mm/
yr) northward movement about 120 million years
ago. Subduction of the Indian plate beneath Eurasia
until about 70 million years ago formed the Creta-
ceous Kangdese batholith belt, containing diorite,
granodiorite, and granite. Collision of India with
Eurasia at 50-30 million years ago formed the Lha-
goi-Khangari belt of biotite and alkali granite, and
the 20-10 million-year-old Himalayan belt of tour-
maline-muscovite granites.

Tertiary faulting in Tibet is accompanied by vol-
canism, and the plateau is presently undergoing east-
west extension with the formation of north-south
graben associated with hot springs, and probably
deep magmatism. Seismic reflection profiling has
detected some regions with unusual characteristics
beneath some of these grabens, interpreted by some
seismologists as regions of melt or partially molten
crust.

Much research has focused on the timing of the
uplift of the Tibetan Plateau and modeling the role
this uplift has had on global climate. The plateau
strongly affects atmospheric circulation, and many
models suggest that the uplift may contribute to
global cooling and the growth of large continental
ice sheets in latest Tertiary and Quaternary times.
In addition to immediate changes to air-flow pat-
terns around the high plateau, the uplift of large
amounts of carbonate platform and silicate rocks
exposes them to erosion. The weathering of these
rocks causes the exposed rocks to react with atmo-
spheric carbon dioxide, which combines these ions
to produce bicarbonate ions such as are used to
form calcium carbonate (CaCQOj3), drawing down the
atmospheric carbon dioxide levels and contributing
to global cooling.

The best estimates of the time of collision
between India and Asia is between 54 and 49 million
years ago. Since then convergence between India and
Asia has continued, but at a slower rate of 1.6-2.0
inches per year (40-50 mm/yr), and this convergence
has resulted in intense folding, thrusting, shorten-
ing, and uplift of the Tibetan Plateau. Timing the
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uplift to specific altitudes is difficult, and consider-
able debate has centered on how much earlier than
50 million years ago the plateau reached its current
height of 16,404 feet (5 km). Most geologists would
now agree that this height was attained by 13.5
million years ago, and that any additional height
increase is unlikely since the strength of the rocks
at depth has been exceeded, and the currently active
east-west extensional faults are accommodating any
additional height increase by allowing the crust to
flow laterally.

When the plateau reached significant heights,
it began to deflect regional air-flow currents that in
turn deflect the jet streams, causing them to meander
and change course. Global weather patterns were
strongly changed. In particular, the cold polar jet
stream is now at times deflected southward over
North America, northwest Europe, and other places
where ice sheets have developed. The uplift increased
aridity in Central Asia by blocking moist airflow
across the plateau, leading to higher summer and
cooler winter temperatures. The uplift also intensified
the Indian Ocean monsoon over what it was before
the uplift, because the height of the plateau intensi-
fies temperature-driven atmospheric flow as higher
and lower pressure systems develop over the plateau

during winter and summer. This has increased the
amount of rainfall along the front of the Himalayan
Mountains, where some of the world’s heaviest rain-
falls have been reported, as the Indian monsoons are
forced over the high plateau. The cooler temperatures
on the plateau led to the growth of glaciers, which in
turn reflect back more sunlight, further adding to the
cooling effect.

Paleoclimate records show that the Indian Ocean
monsoon underwent strong intensification 7-8 mil-
lion years ago, in agreement with some estimates of
the time of uplift, but younger than other estimates.
The effects of the uplift would be different if the
uplift had occurred rapidly in the Late Pliocene-Pleis-
tocene (as suggested by analysis of geomorphology,
paleokarst, and mammal fauna), or if the uplift had
occurred gradually since the Eocene (based on lake
sediment analysis). Most geologists accept analysis
of data that suggest that uplift began about 25 mil-
lion years ago, with the plateau reaching its current
height by 14 or 15 million years ago. These estimates
are based on the timing of the start of extensional
deformation that accommodated the exceptional
height of the plateau, sedimentological records, and
uplift histories based on geothermometry and fission
track data.
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HIMALAYA MOUNTAINS

The world’s tallest mountains, as well as those
exhibiting the greatest vertical relief over short dis-
tances, form the Himalaya range that developed in
the continent-continent collision zone between India
and Asia. The range extends for more than 1,800
miles (3,000 km) from the Karakorum near Kabul
(Afghanistan), past Lhasa in Tibet, to Arunachal
Pradesh in the remote Assam province of India. Ten
of the world’s 14 peaks that rise to more than 26,000
feet (8,000 m) are located in the Himalaya, including
Mount Everest, 29,035 feet (8,850 m), Nanga Parbat,
26,650 feet (8,123 m), and Namche Barwa, 25,440
feet (7,754 m). The rivers that drain the Himalaya
include some with the highest sediment outputs in
the world, including the Indus, Ganges, and Brahma-
putra. The Indo-Gangetic plain on the southern side
of the Himalaya represents a foreland basin filled by
sediments eroded from the mountains and deposited
on Precambrian and Gondwanan rocks of peninsu-
lar India. The northern margin of the Himalaya is
marked by the world’s highest and largest uplifted
plateau, the Tibetan Plateau.

The Himalaya is one of the youngest mountain
ranges in the world but has a long and complicated
history. This history is best understood in the context
of five main structural and tectonic units within the
ranges. The Subhimalaya includes the Neogene Siwa-
lik molasse, bounded on the south by the Main Fron-
tal Thrust, which places the Siwalik molasse over
the Indo-Gangetic plain. The Lower or Subhima-
laya is thrust over the Subhimalaya along the Main
Boundary Thrust and consists mainly of deformed
thrust sheets derived from the northern margin of the
Indian shield. The High Himalaya is a large area of
crystalline basement rocks, thrust over the Subhima-
laya along the Main Central Thrust. Further north,
the High Himalaya sedimentary series, or Tibetan
Himalaya, consists of sedimentary rocks deposited
on the crystalline basement of the High Himalaya.
Finally, the Indus-Tsangpo suture represents the
suture between the Himalaya and the Tibetan Pla-
teau to the north.

Sedimentary rocks in the Himalaya record events
on the Indian subcontinent, including a thick Cam-
brian-Ordovician through Late Carboniferous/Early
Permian Gondwanan sequence, followed by rocks
deposited during rifting and subsidence events on the
margins of the Tethys and Neotethys Oceans. The
collision of India with Asia was in progress by the
Early Eocene. This collision exposed the diverse rocks
in the Himalaya, revealing a rich geologic history that
extends back to the Precambrian, where shield rocks
of the Aravalli Delhi cratons are intruded by 500 mil-
lion-year-old granites. Subduction of Tethyan oceanic
crust along the southern margin of Tibet formed an
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Andean-style arc represented by the Transhimalaya
batholith that extends west into the Kohistan island
arc sequence, in a manner similar to the Alaskan
range—Aleutians of western North America. The
obduction of ophiolites and high-pressure (blueschist
facies) metamorphism dated to have occurred around
100 million years ago is believed to be related to
this subduction. Thrust stacks began stacking up on
the Indian subcontinent, and by the Miocene, deep
attempted intracrustal subduction of the Indian plate
beneath Tibet along the Main Central Thrust formed
high-grade metamorphism and generated a suite of
granitic rocks in the Himalaya. After 15-10 million
years ago, movements were transferred to the south
to the Main Frontal Thrust, which is still active.

CENOZOIC TECTONICS OF ASIA

Many large Mesozoic and Cenozoic basins cover the
eastern North China craton and extend northward
into Mongolia. The development of these large basins
was concentrated in two time periods, the Jurassic to
Cretaceous and the Cretaceous to present. An over-
all NW-SE-trending extensional stress field during
formation of these basins was related to changes in
convergence rates of India-Eurasia and Pacific-Eur-
asia combined with mantle upwelling. Two stages
of basin formation may have been related to litho-
sphere erosion that began in the Early Jurassic or to
subduction of the Kula plate beneath eastern China
in Jurassic-Cretaceous time and later subduction of
the Pacific plate. Geophysical and geochemical data
show that the areas of thinner lithosphere corre-
spond to the deepest Cenozoic basins. Kimberlites
found in these basins provide the only direct source
of information about the underlying mantle.

The Cretaceous-Tertiary Tieling basin in north-
ern Liaoning Province hosts Mesozoic-Tertiary kim-
berlites. Phanerozoic lithosphere beneath the Tan-Lu
fault was replaced by hotter, more fertile material
that may be related to the Tertiary rifting of the
Shanxi highlands. Furthermore, the Eocene Luliang
kimberlites imply Phanerozoic-type mantle was in
place by the end of the Cretaceous. Another kimber-
lite within a narrow Cenozoic basin lying along the
Tan-Lu fault in Tieling County shows similar Pha-
nerozoic-type mantle related to rifting. Garnet tem-
peratures at shallow depths indicate that significant
cooling occurred after the Phanerozoic mantle was
emplaced beneath this area.

Cenozoic Extension in the Shanxi Graben
and Bohai Sea Basins
Cenozoic extensional deformation in the central
North China craton is localized in two elongate gra-
ben systems surrounding the Ordos block: the S-
shaped Weihe-Shanxi graben system (Shanxi grabens
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for short) to the east and southeast and the arc-shaped
Yinchuan-Hetao graben system to the northwest.
The southwestern margin of this block corresponds
to a zone of compression, through which the North
China craton is in direct contact with the Tibetan Pla-
teau. The subsidence in these grabens began during
the Eocene and extended to the whole graben system
during the Pliocene. The Shanxi graben system was
the last to be initiated in northern China at about 6
million years ago. These two extensional domains
show differences in the thickness of the crust and
lithosphere, which change sharply across the eastern
edge of the Taihangshan Massif on the eastern side
of the Shanxi graben system. The Shanxi graben
system consists of a series of en echelon depressions
bounded by normal faults. The S-shaped geometry
of the Shanxi graben system has two broad exten-
sional domains in the north and south, and a narrow
transtensional zone in the middle. Satellite image
interpretation and field analyses of active fault mor-
phology show predominantly active normal fault-
ing. Right-lateral strike-slip motion along faults that
strike more northerly suggest that the Shanxi graben
system is a right lateral transtensional shear zone, or
alternatively, an oblique divergent boundary between
blocks within northern China.

North-northeast—oriented initial extension along
the footwall of range-frontal fault zones in northern
Shanxi predates the Pliocene opening of the Shanxi
graben and may be coincident with the Miocene
Hannuoba basalt flow. The direction of extension
that prevailed during the initiation and evolution of
the Shanxi graben system shows a northward clock-
wise rotation, from N300-330°E along its southern
and middle portion to N330-350°E across the north-
ern part. Late Quaternary active fault morphology
implies that the opening of the Shanxi graben system
proceeded by northward propagation. This open-
ing mode reflects a counterclockwise rotation of the
Taihangshan Massif with respect to the Ordos block
around a pole located outside the block.

During the Miocene, the regions of rifting in
northern China were subjected to regional subsid-
ence and the eruption of widespread basalt flows.
Basalt volcanism, dated to have occurred between
25 and 10 million years ago, was extensive in Mon-
golia and eastern China, including in the areas of
the above rifts. This volcanism was related to exten-
sion in response to rollback of the subducted Pacific
plate beneath eastern Asia. Miocene normal fault-
ing occurred particularly in the offshore part of the
Bohai Sea basin, where this normal fault set strikes
more easterly.

Miocene extension in north China may have
shared a common mechanism with that of the open-
ing of the Japan Sea. First, the opening of the Japan

Sea began at the end of the Oligocene, around 28
million years ago, or earlier to the Middle Miocene,
about 18 million years ago; the youngest dredged
basaltic volcanic rocks were dated as 11 million
years old. Second, the spreading direction of the
Japan Sea is roughly N-S to NNE-SSW, consistent
with the Miocene stretching direction in northern
China. Finally, the same extensional stress regime
trending ENE to NE has been documented in north-
eastern Japan (east of the Japan Sea) based on the
direction of dike swarms and dated at 20-15 million
years old.

PACIFIC PLATE SUBDUCTION

Subduction along the Pacific margin of China was
active from 200 to 100 Ma, soon after closure of
the ocean basins on the northern side of the North
China craton. Westward-directed oblique subduction
was responsible for the generation of arc magmas,
deformation, and possibly mantle hydration during
this interval. Although the duration and history of
Mesozoic subduction beneath the eastern margin of
China is not well known, the active margin stepped
outward by the Cenozoic, from which a better record
is preserved. Numerous plate reconstructions for the
Cenozoic of Asia and the eastern Pacific basin show
that a wide scenario of different plates, convergence
rates, and angles of subduction definitely relate to
some of the processes of basin formation, magma-
tism, and deformation in easternmost China.

The long-lived subduction beneath eastern China
may have led to the formation of the many Meso-
zoic basins in this region. When oceanic lithosphere
subducts, it adds water to and thereby weakens the
upper mantle. It lowers the melting temperature,
and decreases its strength. This may be the principal
cause of the fragmentation of the oceanic lithosphere
in the western Pacific.

ZAGROS AND MAKRAN MOUNTAINS
The Zagros are a system of folded mountains in west-
ern and southern Iran, extending about 1,100 miles
(177 km) from the Turkish-Russian-Iranian border,
to Zendam fault north of the Strait of Hormuz. The
Makran Mountains extend east from the Zagros,
through the Baluchistan region of Iran, Pakistan,
and Afghanistan. The mountains form the south-
ern and western borders of the Iranian Plateau and
Dasgt-e Kavir and Lut Deserts. The northwestern
Zagros are forested and snow-capped, and include
many volcanic cones, whereas the central Zagros
are characterized by many cylindrical folded ridges
and interridge basins. The southwest Zagros and
Makran ranges are characterized by more subdued
topography with bare rock, sand dunes, and lowland
salt marshes. Many major oil fields are located in the
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western foothills of the central Zagros, where many Southwestern central Iran has been an active
salt domes have punctured through overlying strata  continental margin since the Mesozoic, with at least
creating many oil traps. three main phases of magmatic activity related to
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subduction of Tethyan oceanic crust beneath the
mountain ranges. Late Cretaceous magmatism in
the Makran formed above subducting oceanic crust
related to the Oman ophiolite preserved on the Ara-
bian continental margin. In the late Eocene the axis
of active magmatism shifted inland away from the
Mesozoic magmatic belt, but then shifted back dur-
ing the Oligocene-Miocene. The Oligocene-Miocene
magmas are also related to subduction of oceanic
crust, suggesting that the Arabian-Iranian collision
did not begin until the Miocene. Most of the south-
ern Zagros consists of folded continental margin
sediments of the Arabian platform, deformed since
the Miocene and mostly since the Pliocene. In con-
trast, the Makran is an oceanic accretionary wedge
consisting of folded Cretaceous to Eocene flysch-
and ribbon-chert-bearing mélange resting above the
subducting oceanic crust of the Gulf of Oman. A
large ophiolitic sheet is thrust over the ophiolitic
mélange and flysch and is part of a large ophiolitic
belt that stretches the length of the Makran-Zagros
ranges, falling between the Cenozoic volcanics and
accretionary wedge/folded platform rocks of the
Makran and Zagros. The main differences between
the Zagros and the Makran exist because continent/
continent collision has begun in the Zagros, but has
not yet begun in the Makran.

Iran is seismically active, as shown by the dev-
astating magnitude 6.7 earthquake that destroyed
the ancient walled fortress city of Bam on Decem-
ber 26, 2003, killing an estimated 50,000 people.
The Zagros belt is extremely active, where thrust-
style earthquakes occur beneath a relatively ductile
layer of folded sedimentary rocks on the surface. The
Makran accretionary wedge is also seismically active,
especially along the boundary where the subduction
zone and upper-plate accretionary wedge meet. The
boundary between the Makran and Zagros is a struc-
turally complex region where many strike-slip faults,
including the Zendan fault and related structures,
rupture to the surface. The Bam earthquake was a
strike-slip earthquake, related to this system of struc-
tures. The central Iranian plateau is also seismically
active, and experiences large-magnitude earthquakes
that rupture to the surface.

ENVIRONMENTAL DISASTER OF THE ARAL SEA
The Aral Sea is a large inland sea in southwestern
Kazahkstan and northwest Uzbekistan, east of the
Caspian Sea. The Aral Sea is fed by the Syr Darya
and Amu Darya Rivers, which flow from the Hindu
Kush and Tien Shan Mountains to the south, and is
very shallow, attaining a maximum depth of only 220
feet (70 m). In the latter half of the 20th century the
Soviet government diverted much of the water from
the Syr Darya and Amu Darya for irrigation, and

this has had dramatic effects on the inland sea. In the
1970s the Aral was the world’s fourth-largest lake,
covering 26,569 square miles (68,000 km?2). It has an
average depth of 52.5 feet (16 m), and was the source
of about 45,000 tons of carp, perch, and pike fish
caught each year. Since the diversion of the rivers, the
Aral has shrunk dramatically, retreating more than
31 miles (50 km) from its previous shore, lowering
the average depth to fewer than 30 feet (9 m), reduc-
ing its area to fewer than 15,376 square miles (40,000
km?2), and destroying the fishing industry in the entire
region. Furthermore, since the lake bottom has been
exposed, winds have been blowing the salts from the
evaporated water around the region, destroying local
farming. The loss of evaporation from the sea has
even changed the local climate, reducing rainfall and
increasing temperatures, all of which exacerbate the
problems in the region. Disease and famine have fol-
lowed, devastating the entire Central Asian region.

See also ARABIAN GEOLOGY; ATMOSPHERE;
CONVERGENT PLATE MARGIN PROCESSES; CRATON;
FLOOD; INDIAN GEOLOGY; PRECAMBRIAN; RuUSSIAN
GEOLOGY; SUPERCONTINENT CYCLES.
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asteroid Asteroids and comets are space objects
that orbit the Sun. When these objects enter the
Earth’s atmosphere, they may make a streak of light
known as a meteor, and if they are not burned up
in the atmosphere, the remaining rocky or metallic
body is known as a meteorite. By definition, asteroids
are a class of minor planets that have a diameter
fewer than 620 miles (1,000 km), whereas planets
are roughly spherical objects that orbit the Sun and
have a diameter greater than 620 miles (1,000 km).
Comets are partly icy bodies that may have rocky
cores and typically orbit the Sun in highly ellipti-
cal paths. Most streaks of light known as meteors
are produced by microscopic or dust-sized parti-
cles entering the atmosphere. Larger objects falling
to Earth from space make a larger streak of light,
known as a fireball, as they burn up on entry through
the atmosphere.

Earth formed through the accretion of many
asteroids about 4.5 billion years ago. As the solar
system was condensing from a spinning disk of gas
and dust particles, these particles began to collide,
sometimes sticking to other particles. Gradually the
particles became bigger and bigger until they were
large rocky and metallic asteroids, which collided
with each other until some became so large that
they began collecting other asteroids through their
gravitational attraction. These protoplanets swept
their orbits clear of other asteroids and gradually
grew larger in the process. Many of the protoplanets
grew large enough to start melting internally, pro-
ducing layered planetary bodies with dense cores and
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lighter crusts. At this late stage many protoplanets,
including Earth, experienced collisions with other
large protoplanets, causing catastrophic melting and
fragmentation of the earliest planetary crusts. As
this late-stage accretion period ended, Earth went
through a period called the late bombardment, when
many smaller meteorites were still falling to Earth,
causing local disruption of the crust. Since then the
number of meteorites that hit Earth has been gradu-
ally decreasing, but in the rare events when medium
or large objects from space hit Earth, the results can
be devastating.

Meteorites are rocky objects from space that strike
Earth. When meteorites pass through Earth’s atmo-
sphere, they get heated and their surfaces become ion-
ized, causing them to glow brightly, forming a streak
moving across the atmosphere known as a shooting
star or fireball. If the meteorite is large enough, it
may not burn up in the atmosphere and will then
strike Earth. Small meteorites may just crash on the
surface, but the rare, large object can excavate a large
impact crater, or do worse damage. At certain times
of the year Earth passes through parts of the solar
system that are rich in meteorites, and the night skies
become filled with shooting stars and fireballs, some-
times as frequent as several per minute. Examples of
these high-frequency meteorite encounters, known
as meteor showers, include the Perseid showers that
appear around August 11 and the Leonid showers
that appear about November 14.

A large body of evidence now suggests that an
impact with a space object, probably a meteorite,
caused the extinction of the dinosaurs and 65 per-
cent of all the other species on the planet at the
end of the Cretaceous Period 66 million years ago.
The meteor impact crater is apparently preserved
at Chicxulub on Mexico’s Yucatidn Peninsula, and
the impact occurred at a time when the world’s bio-
sphere was already stressed, probably by massive
amounts of volcanism, global atmospheric change,
and sea-level fall. The volcanic fields that were being
laid down for a few million years before the mass
extinction and death of the dinosaurs are preserved
as vast lava plains in western India known as the
Deccan traps. Impacts and massive volcanism can
both dramatically change the global climate on scales
that far exceed the changes witnessed in the past few
thousands of years, or in the past hundred years as
a result of human activities such as burning fossil
fuels. These changes have dramatic influences on
evolution and the extinction of species, and current
research suggests that impacts and volcanism have
been responsible for most of the great extinctions of
geological time.

Impacts cause earthquakes of unimaginable mag-
nitude, thousands of times stronger than any ever
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observed on Earth by humans. If a meteorite lands
in the ocean, it can form giant tsunamis hundreds if
not thousands of feet (m) tall that sweep across ocean
basins in minutes, and run up hundreds of miles (km)
onto the continents. Impacts kick up tremendous
amounts of dust and hot flaming gases that scorch
the atmosphere and fill it with Sun-blocking dust
clouds for years. Global fires burn most organic mat-
ter in a global fireball, and these fires are followed
by a period of dark deep freeze, caused by the atmo-
spheric dust blocking out warming sunlight. This
may be followed rapidly by a warm period after the
dust settles, caused by the extra CO; released in the
atmosphere by the impact. These severe and rapid
changes in atmospheric and oceanic temperature and
chemistry kill off many of the remaining life-forms in
the oceans.

Collisions of asteroids with each other in the
early history of the solar system led to the formation
of planets but left many asteroids and other debris
scattered at different places in the solar system. After
the initial periods of accretion of the planets, the
bombardment of the planets by asteroids decreased,
but some bodies still fall to the planets as meteorites.
Most are small and burn up before they hit the sur-
face, but others have inflicted tremendous disruption
on the planet. However, collisions of comets with
Earth are largely responsible for bringing the lighter,
volatile elements, including those that make up the
planet’s air and oceans, to Earth. It is also probable
that asteroids or comets brought primitive organic
molecules or even life to the planet.

ORBITS OF ASTEROIDS AND COMPOSITIONAL
CLASSIFICATION OF METEORITES
Understanding of the composition of meteorites and
asteroids has evolved with time. Early studies relied
on meteorites, the bodies that had fallen to Earth,
since no space travel or observations in space were
possible during the previous centuries. Recently
space missions to asteroids and remote sensing have
enabled observations of asteroids in space to be inte-
grated with the data from samples taken from mete-

orites collected on Earth.

The ice content in asteroids generally increases
as the distance of their orbits from the Sun increases.
Geologists classify meteorites collected on Earth
according to the composition (reflected in the types
of minerals present) and how much they have been
metamorphosed, or changed by events that have
subjected the meteorites to higher temperatures and
pressures. Many meteorites were part of planetesi-
mals (small planets) that had formed iron-rich cores,
and then were probably destroyed in a catastrophic
collision with another large asteroid early in the his-
tory of the solar system, spreading the asteroid debris

of both planetesimals across the solar system. Other
asteroids, comets, and meteorites appear not to have
ever been part of larger planets, and may represent
some of the primordial matter from the solar nebula
from which the solar system formed.

Meteorites are classified on the basis of their
composition and structure. The aim of such a classifi-
cation scheme is to group together all the known bod-
ies that may share a common parent body, whether it
was a large asteroid, comet, planet, or moon. This is
achieved by placing known asteroids into groups and
subgroups based on their important mineralogical,
physical, chemical, and isotopic properties.

Meteorites are made from material similar to
that which makes up the Earth, including common
silicate minerals, plus iron and nickel metals. Some
meteorites also contain small lumps of material
called chondrules, which represent melt droplets that
formed before the meteorite fragments were accreted
to asteroids, and thus represent some of the oldest
material in the solar system. Some meteorites also
contain presolar grains, often comprising tiny carbon
crystals in the form of diamonds.

Traditional classification schemes for meteor-
ites broke them into three main groups based on
composition. These groups include stony meteorites
composed mosty of rocky material, iron meteor-
ites composed mostly of metallic material, and mix-
tures called stony-iron meteorites. These groups were
then divided into subgroups; for instance, the stony
meteorites were divided into chondrites and achron-
drites according to whether or not they contained
chondrules. The iron meteorites were divided into
textural groups including structures such as octa-
hedrites, hexahedrites, and ataxites. More recently
these textures have not been used for classification
but only for descriptive purposes, and the iron mete-
orites are further divided according to their chemis-
try. Stony-iron meteorites were divided into pallasites
and mesosiderites.

More modern schemes use a simpler classifi-
cation, in which meteorites are classified as either
chondrites or nonchondrites. The nonchrondrites
are divided into primitive and differentiated types.
The differentiated nonchondrites have three groups,
including the achondrites, stony-irons, and irons.

Recognizing meteorites on Earth is difficult since
they have similar minerals to many Earth rocks.
Many meteorites develop a fused crust on their
surface from the heat during entry through Earth’s
atmosphere. Most of the meteorites from Earth used
for classifications have been collected from Antarc-
tica, where the only place for rocks on the ice fields
to come from is space. Most, about 85 percent of all
meteorites falling on Earth, are chondrites, thought
to represent largely primitive solar material. For the



nonchrondrites, many classifications and descrip-
tions are aimed at determining whether they come
from larger parent bodies that broke up during early
impacts, and if so, what the characteristics of this
parent body may have been.

Chondrites

Chondrites are meteorites that have chemical com-
positions similar to that of the Sun. Since the Sun
makes up about 99 percent of the mass of the solar
system, it is assumed that the composition of the Sun
represents the average composition for the entire
solar system, and that this average composition
resembles the original composition of the solar sys-
tem when it was formed. Therefore since chondrites
and the Sun have similar compositions, chondrites
are thought to have very primitive compositions that
are close to the average starting material that formed
the solar system.

Chondritic meteorites contain small round nod-
ules called chondrules that consist of a mixture of
crystals and glass. Most interpretations for the origin
of chondrules suggest that they represent small drop-
lets of liquid that condensed during the earliest stages
of the formation of the solar system, before they
were incorporated into the meteorites. Chondrules
that have been dated yield isotopic ages of 4.568
billion years, the time that the solar system began to
condense from the solar nebula. Thus, chondrules
represent small remnants of the earliest solar sys-
tem material. Other chondritic meteorites, such as
the famous Allende meteorite, that have been dated
also give ages of 4.566 billion years, similar to that
obtained from the chondrites.

Many experiments have been done on chon-
drules to determine their exact components and the
conditions in which they formed since they are inter-
preted to have formed during the early stages of the
formation of the solar system. Knowing the condi-
tions of their formation yields information about the
conditions in the early solar system and solar nebula.
Most experiments show that the chondrules formed
at temperatures of at least 2,700°F (1,500°C) and
that the chondrules cooled rapidly. Some chondrules
contain unusual minerals. One group of these con-
tains a suite of very high-temperature minerals and is
called calcium-aluminum inclusions (CAls), typically
exhibiting textures like concentric skins of an onion.
Experiments on the temperature of formation of these
CAlIs indicate that they formed at temperatures of at
least 3,100°F (1,700°C) and underwent slow cooling.
From these extraordinarily high temperatures scien-
tists infer that these CAls represent the oldest parts of
the oldest fragments of the early solar system.

Most chondritic meteorites consist of mixtures
of chondrules and the minerals olivine and pyroxene,

asteroid m

and show little evidence of being heated or meta-
morphosed since they formed. Some, however, show
textures like partial melting that indicate they were
heated to temperatures of up to 1,800°F (1,000°C)
after they formed. Still others are cut by veins that
have minerals with water in their structures such
as carbonates, sulfates, and magnetite. Thus water
existed in the asteroid belt in the early solar system.
The range in the amount of heating of chondrites
likely reflects that they were incorporated into a
larger body, with the higher temperature heating
happening deeper inside this now-destroyed asteroid
or protoplanetary body.

Isotopic dating techniques have shown that most
chondritic meteorites cooled within 60 million years
of the time of the formation of the solar system. Some
time after that, impacts in the asteroid belt between
the orbits of Mars and Jupiter broke the larger proto-
planets or asteroid parent bodies into smaller pieces
now preserved as the asteroid belt. Some chondrites
are composed of strongly fragmented rock called
breccia, produced by these early collisions in the
asteroid belt. Calculations of the pressures needed
to produce these breccias indicate that the pressures
reached 75 giga Pascals, or the equivalent of 750,000
times the atmospheric pressure on Earth.

Chondritic meteorites are divided into a number
of classes with similar compositions and textures,
thought to represent formation in similar parts of the
solar system. These in turn are divided into groups
thought to represent fragments of the same parent
body.

The main classes of chondrites include the
ordinary chondrites, carbonaceous chondrites, and
enstatite chondrites. Some classifications add fur-
ther subdivisions based on the type of alteration or
metamorphism, such as alteration by water, or meta-
morphism by late heating. Ordinary chondrites are
thought to have formed in parent bodies that were
100-120 miles (165-200 km) in diameter. Carbo-
naceous chondrites contain organic material such as
hydrocarbons in rings and chains, and amino acids.
Even though these organic molecules can serve as
building blocks of life, no life has been found on any
meteorites unless they were contaminated on Earth.
Enstatite chondrites contain small sulfide minerals
that indicate very rapid cooling, suggesting that the
original material came from deep in a larger body
that was broken apart by strong impacts, and the
deep material cooled quickly in space after the vio-
lent collisions. The enstatite chondrites typically have
impact breccias in their structures.

Achondrites
Achondrite meteorites resemble typical igneous rocks
found on Earth. They formed by crystallizing from a
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Computer artwork of main asteroid belt of the solar
system (not to scale), between orbits of Mars and
Jupiter (Mark Garlick/Photo Researchers, Inc.)

silicate magma and are remnants of larger bodies in
the solar system that were large enough to undergo
differentiation and internal melting. These meteorites
do not contain chondrules or remnant pieces of the
early solar system since they underwent melting and
recrystallization.

Some achondrites have been shown to have ori-
gins on the Earth’s moon and on Mars. They formed
by crystallization from magma on these bodies, and
were ejected from the gravitational fields of these bod-
ies during large-impact events. The debris from these
impacts then floated in space until being captured
by the gravitational field of Earth, where they fell as
meteorites. These meteorites are named for the places
they have fallen on Earth, and include shergottites
(Shergotty [Shergahti], India), nakhlites (El Nakhla,
Egypt), and chassignites (Chassigny, France) (collec-
tively named SNC meteorites after these three falls).
SNC achondrites have ages between 150 million and
1.3 billion years, billions of years younger than other
meteorites and the age of the solar system. These ages
mean that the SNC meteorites must have come from
a large planet that was able to remain hot and sustain

magma for a considerable time after formation at 4.56
billion years ago. Chemical analysis of the SNC mete-
orites revealed that most match the bulk chemistry
of Mars, confirming the link. Analysis of the damage
done to the surface of these meteorites by cosmic rays
as they were in space has yielded estimates for the time
of transit from the ejection during impact on Mars to
the landing on Earth at fewer than 2 million years.
Thus most of the SNC meteorites originated from
meteorite impacts on Mars in the past 1-20 million
years. An estimated billion tons of material has landed
on Earth that was originally ejected by meteorite
impact on Mars. A smaller number of SNC meteorites
have been shown to come from the Earth’s moon.

Other achondrites formed on other bodies that
have been destroyed by giant impacts. For example,
the howardites, eucrites, and diogenites are thought
to have formed in one body, the largest remnant of
which is the asteroid 4 Vesta, currently orbiting the
Sun in the asteroid belt. The eucrites and diogenites
represent basaltic magma produced on this early
protoplanet and destroyed by a large impact at 4.4
billion years ago, within a hundred million years
of the formation of the solar system. Eucrites are
basalts that contain the minerals clinopyroxene and
plagioclase, diogenites contain orthopyroxene that
formed layers of dense crystals called cumulates, and
howardites are breccias of these rocks that formed
during the giant impact that destroyed the parent
achondrite body.

A number of unusual achondrites have no
known parent bodies. These include the acapulco-
ites, angrites, brachinites, lodranites, and urelites.
Some of these are relatively primitive—for instance,
the urelites formed early in the solar system evolu-
tion, were heated inside a large parent body and
crystallized at 2,300°F (1,250°C), were destroyed
in a massive impact, then cooled at 50°F (10°C) per
hour in the cold vacuum of space. One arubite shows
a remarkably fast cooling rate of 1,800°F (980°C)
per hour, probably coming from deep within the
parent body then being suddenly frozen in space.
Brachinites show some of the earliest igneous activity
known from any asteroid body, showing the earliest
time at which planets may have begun accreting in
the early solar system. The crystallized magmas from
these bodies have given ages of 4.564 billion years,
meaning that the accretion of planetesimals to a size
that could partially melt from the solar nebula hap-
pened within § million years.

Iron Meteorites
Iron meteorites consist of iron, 5-20 percent nickel,
and some minor metals, and they contain almost no
silicate minerals. They are thought to represent the
differentiated cores of large planetesimals or proto-



planets that formed in the early solar system in the
asteroid belt, grew large enough to melt partially
and differentiate into core and mantle and crust,
then were broken apart by large impacts exposing
the core material to outer space. Iron meteorites
therefore represent valuable samples of the cores of
planetary bodies.

Iron meteorites are famous for exhibiting a criss-
cross texture known as the Widmannstatten texture
best shown in polished metallic surfaces. This is
produced by intergrown blades of iron and nickel
minerals; the size of the blades is related to the cool-
ing rate of the minerals. The slower the cooling, the
larger the crystals grow, so it is possible to calculate
the cooling rate of the early planetesimals using the
Widmannstatten texture, and from that infer the size
of the early planetesimals. A range of different cool-
ing rates and sizes has been determined, from 210°F
(100°C) per hour in a body of fewer than 48 miles
(80 km) in diameter, to cooling at 9°F (5°C) per year
in a body up to 210 miles (340 km) in diameter. Just
like the chondrites, the iron meteorites are estimated
to have formed into the parent bodies or planetesi-
mals within 5 million years of the formation of the
solar system. Additional analysis of the cosmic ray
interaction of the surfaces of the iron meteorites can
tell the amount of time that they have been exposed
and traveling through space. In this case the expo-
sure age, dating from the time of breakup of the
parent body to the time the meteorites fell to Earth,
is remarkably different from other meteorites. The
iron meteorite parent bodies apparently broke up by
impacts only between 200 million and 1 billion years
ago, and thus had survived as large bodies in the
asteroid belt for 3.5 to 4.5 billion years.

Iron meteorites are divided into groups on the
basis of texture, how the iron and nickel minerals are
intergrown, and the sizes of the crystals. The main
groups include octahedrites, hexahedrites, and atax-
ites. They are further divided into a large number of
classes based on their chemical characteristics, which
indicate that they formed in at least several different
parent bodies.

Stony-Iron Meteorites

As the name implies, stony-iron meteorites consist of
mixtures of metal and silicate (rocky) components,
resembling a cross between achondrites and iron
meteorites. They are thought to come from the part
of a planetesimal or parent body near the boundary
of the core and mantle, incorporating parts of each in
the meteorite.

Stony-iron meteorites are classified into pallas-
ites and mesosiderites. Pallasites contain a mixture of
Widmannstatten-textured iron phases and large yel-
low to green olivine crystals, formed along the core-

asteroid m

mantle boundary of the parent body. Mesosiderites
consist of silicate minerals with inclusions of iron
that melted in the core of the parent body. Meso-
siderites are puzzling, because the silicate phases are
magmatic rocks that formed near the surface of the
parent body, and the iron phases are melts from the
core of the body. Ages for mesosiderites range from
4.4 to 4.56 billion years, so they formed early in the
history of the solar system. Some models suggest that
they are breccias from bodies that only partially dif-
ferentiated in the planetsimal forming stages of the
solar system. These bodies broke up by impact by 4.2
billion years ago, then apparently were reassembled
by gravity within 10-170 million years. The parent
body for the mesosiderites was between 120 and 240
miles (200-400 km) in diameter.

ORBITS AND LOCATION OF ASTEROIDS
IN THE SOLAR SYSTEM

Asteroids have been named and numbered in the
order they were discovered, since the first discovery
of asteroid 1 Ceres in 1801. Most of the large aster-
oids are located in the main asteroid belt between
Mars and Jupiter and are thought to have originated
by numerous collisions between about 50 large plan-
etesimals in the early history of the solar system. In
this belt the vast number of relatively large bodies
meant that there were many mutual collisions, and
they never coalesced into a single large body like the
other planets. There are 33 known asteroids with
diameters larger than 120 miles (200 km), and 1,200
known with diameters larger than 19 miles (30 km).
The largest is 1 Ceres (590 miles, or 960 km), and
the other large asteroids in this belt include 2 Pallas
(350 miles, 570 km), 4 Vesta (326 miles, 525 km), 10
Hygiea (279 miles, 450 km), 15 Eunomia (169 miles,
272 km), and Juno (150 miles, 240 km).

Like planets, asteroids orbit the Sun and rotate
on their axes, although many asteroids have more of
a tumbling motion than the spinning typical of plan-
ets. Many asteroids have unusual shapes, and it is not
unusual for asteroids to resemble familiar objects,
like giant dog bones (216 Kleopatra, 135 miles, 217
km long) tumbling through space. Typical periods
of rotation (corresponding to the length of a day)
range from 3 hours to several Earth days, with most
falling around periods of 9 hours. Many asteroids
are really collections of blocks of rubble all rotating
in the same place. These are thought to be asteroids
that were once single solid masses, but were strongly
fractured and broke apart while in orbit.

Inner Solar System Asteroids
Relatively few asteroids orbit inside the orbit of Jupi-
ter, since the numerous planets and proximity to
the Sun in this region exert many forces that cause
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the orbits of bodies to become unstable. Most aster-
oids that end up orbiting in the inner solar system
(between Jupiter and the Sun) are deflected there by
collisions in the other asteroid belts, and have short
lifetimes before they collide with a planet, are pulled
into the Sun, or are deflected back to outer space.

Despite these forces, a couple of places in the
inner solar system exist where gravitational physics
lets asteroids have stable orbits. Called resonances,
these stable orbits are an effect of the gravity and
different orbital periods of the larger planets in the
inner solar system. Some locations (the resonances)
are at stable locations for bodies that orbit at specific
rates relative to the larger planets. The largest planet,
Jupiter, forms several resonances within which many
asteroids orbits, generally known as Jovian asteroids.
These include the Trojans, which have an orbital
period equal to Jupiter’s; another group known as the
Hildas, which orbit three times for every two orbits
of Jupiter; and the Thule asteroids, which orbit four
times for every three orbits of Jupiter. Just as the
resonances represent stable places for asteroids to
orbit, the gravitational forces of large planets such as
Jupiter cause some places to be particularly unstable
for asteroids. These places devoid of asteroids are
known as Kirkwood Gaps (after their discoverer,
Daniel Kirkwood, who first described them in 1886).

Gravitational physics results in additional loca-
tions that represent stable orbits for asteroids in the
inner solar system. These stable orbits were first
described by the French mathematician Joseph-Louis
Lagrange in the late 18th century. Lagrange showed
that for a two-body system (e.g., the Sun and a large
planet like Jupiter) there are five orbital positions
inside the orbit of the planet where the gravitational
pull of the two large bodies is equal to the centrip-
etal force acting on other bodies between them, and
that the two forces cancel each other and make these
stable orbits. Three of the five Lagrange orbits turn
out to be unstable over long geological periods, but
two yield long-term stable orbits for asteroids. These
two so-called Lagrange points turn out to be in the
orbit of the planet, located 60 degrees ahead and
60 degrees behind the position of the planet. Aster-
oids in the solar system located in these points are
called Trojans, and many asteroids in the inner solar
system fall into this category. Trojans exist for the
Sun-Jupiter gravitational system, for the Sun-Mars
system, and for many other planets in the solar sys-
tem. The most abundant Trojans orbit in synchrone-
ity with Jupiter, then with Mars, on either side of the
main asteroid belt. The Sun-Earth system has dense
concentrations of dust at the Trojan points but no
know asteroids.

Gravitational physics predicts that there are two
main stable regions in the inner solar system where

many asteroids may exist with stable orbits for long
periods of time. The first location is inside the orbit
of Mercury, but no asteroids have yet been identified
in this region. Asteroids that may be in this region
are named Vulcan objects, but have proven difficult
to observe because of their proximity to the Sun. The
second large stable region for asteroids in the inner
solar system is known as the main belt, divided into
several subbelts, between the orbits of Mars and
Jupiter.

Main Asteroid Belt

By far the largest number of asteroids in the inner
solar system are located in the main asteroid belt
between the orbits of Mars and Jupiter. There are
estimated to be between 1.1 and 2 million asteroids
in this belt with diameters greater than half a mile
(1 km), comprising about 95 percent of the known
asteroids. There are probably billions of objects in
this belt with diameters of less than half a mile (1
km). Despite the large number of objects in the main
asteroid belt, the total mass of all asteroids in this
belt is less than one-tenth of 1 percent of the mass of
the Earth, and represents a mass less than the Earth’s
moon.

In 1993 the Galileo spacecraft flew about 1,500
miles (2,400 km) from asteroid Ida at a relative
velocity of 28,000 mph (12.4 km/sec), in the second
encounter of an asteroid by a spacecraft. At the time
of nearest pass, the asteroid and spacecraft were 274
million miles (441 million km) from the Sun. Ida is
about 32 miles (52 km) in length, more than twice as
large as Gaspra, the first asteroid observed by Galileo
in October 1991. Ida is an irregularly shaped aster-
oid placed by scientists in the S class (believed to be
like stony or stony-iron meteorites). It is a member
of the Koronis family, presumed fragments left from
the breakup of a precursor asteroid in a catastrophic
collision. It has numerous craters, including many
degraded craters larger than any seen on Gaspra.
The extensive cratering dispels theories about Ida’s
surface being geologically youthful.

The main asteroid belt is located between 1.7 to
4 astronomical units (A.U., or the distance from the
Sun to Earth) from the Sun, in an unusually large
gap, between the planets of Mars and Jupiter. Early
models for this gap and the asteroids suggested that
perhaps there was once a planet in this gap that was
destroyed by a tremendous impact that resulted in
the formation of the asteroids. Some of the asteroids
obviously come from once-larger objects, since their
metallic material comes from a differentiated core
of a planetlike body, and these differentiated cores
need a planet of at least a few hundred miles (few
hundred km) to form. It is now clear, however, that
the huge gravitational forces from Jupiter are so



large that they would have prevented a large planet
from ever forming in that gap. Models for most of
these asteroids suggest that some formed a number
of several-hundred-mile (km) diameter planetesi-
mals, but that none ever reached true planet size.
These planetesimals then repeatedly crashed into
each other, forming the numerous odd-shaped frag-
ments in the belts. Other asteroids in the main aster-
oid belt have compositions that show that they were
never part of larger bodies, and that they represent
material that is “left over” from the solar nebula,
still floating freely in space. One of the classes of
asteroids, known as carbonaceous chondrites, shows
unmetamorphosed (never heated or put under high
pressure) minerals, demonstrating that they were
never deep in a planetary interior and never located
next to the Sun. The compositions of the main-belt
asteroids show that they formed in about the same
region in which they are located with respect to dis-
tance from the Sun.

The main asteroid belt contains several belts of
asteroids, and these show variations with distance
from the Sun, thought to represent variations in
the original solar nebula and in the different parent
bodies that broke up during formation of the solar
system. One of the main differences is that asteroids
inside 2.5 A.U. have no water, whereas beyond 2.5
A.U. the asteroids have water, the amount increasing
with distance from the Sun. Not coincidentally, the
planets inside the asteroid belt are rocky, whereas
those outside the belt are gaseous and icy.

The innermost group of asteroids in the main
belt, just beyond the orbit of Mars at 1.52 A.U., are
the Hungaria objects, orbiting between 1.78 and 2.0
A.U. These are followed outward by the Flora family
between 2.1 and 2.3 A.U., then the main part of the
main asteroid belt between 2.3 and 3.25 A.U. The
Koronis asteroids are located in this main section
of the main belt, including more than 200 identified
large bodies orbiting around 3 A.U. A gap lies out-
ward of the Koronis asteroids, then the Cybele family
asteroids orbit the Sun at a distance of 3.5 A.U., with
properties suggesting they originated from a single
large planetsimal destroyed early in the history of the
solar system. The outermost part of the main aster-
oid belt is occupied by the Hilda asteroids, orbiting
in a resonance from Jupiter at 3.9 to 4.2 A.U. Beyond
the Hilda family is a gap, followed by the orbit of
Jupiter and its Trojans.

Aten, Apollo, and Amor-Class Asteroids
In addition to the stable belts numerous asteroids in
the inner solar system have unstable orbits, and these
bodies present the greatest threat to Earth and its
inhabitants. The orbits of some of these asteroids cross
the paths of other planets, including Earth, and pose
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an even greater risk of impact. These asteroids are
classified according to their distance from the Sun.

Aten asteroids orbit less than one A.U. and an
orbital period of less than one year, and some of
these cross Earth’s orbit. Many of the more than 220
known Aten objects are being tracked, as they pose
a high risk of impact with Earth. Apollo asteroids
are similar to Atens in that they cross Earth’s orbit,
except they have periods longer than one year. Of the
more than 1,300 known Apollo asteroids, the larg-
est is 1685 Toto, which is 7.5 miles (12 km) across.
Collision of this object with Earth would be cataclys-
mic. More than 13 Apollo asteroids have diameters
greater than 3 miles (5 km), all of which are larger
than the asteroid that hit Earth at the end of the
Cretaceous, killing the dinosaurs and causing a mass
extinction event. Another class of inner planet—cross-
ing asteroids are the Amors, which orbit between
Earth and Mars but do not cross Earth’s orbit. There
are more than 1,200 known Amor objects, and the
moons of Mars (Deimos and Phobos) may be Amors
that were gravitationally captured by Mars.

The asteroid deemed the most threatening to
Earth (among known objects) is 4179 Toutatis. This
asteroid measures a mile (1.6 km) across and orbits in
a plane only one-half a degree different from Earth’s.
Because the asteroid that hit Chicxulub and killed the
dinosaurs was only 6 miles (10 km) across, the devas-
tation potential of a collision of Earth with Toutatis
is colossal. The possibility of a collision is not that
remote—on September 29, 2004, Toutatis passed by
Earth at only four times the distance to the Moon.
The next-largest object in nearly coplanar orbits with
Earth are less than 0.6 miles (1 km) in diameter, but
a collision with these would also produce an impact
crater greater than 15 miles (25 km) across. Impact
statistics predict that objects this size should still be
hitting Earth three times per million years.

Outer Solar System Asteroids

The outer solar system, beyond the orbit of Jupiter, is
awash in asteroids, most of which are icy compared
with the rocky and metallic bodies of the inner solar
system. In addition to the Trojans around Jupiter, a
group of about 13,000 asteroids with highly eccen-
tric and inclined orbits cross the path of Jupiter,
in positions that cause relatively frequent collisions
and deflections of the asteroids into the inner solar
system. Asteroids whose orbits are inside the orbit
of a planet generally do not hit that planet, but only
hit planets closer to the Sun than its orbit. This is an
artifact of the great gravitational attraction of the
Sun, constantly pulling these objects closer in toward
the center of the solar system.

Centaurs, a group of asteroids with highly eccen-
tric orbits that extend beyond yet cross the orbits
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of Jupiter and Saturn, can thus potentially collide
with these planets. Many of these are large bodies
thought to have been deflected inward from the Kui-
per belt, into unstable orbits that have them on an
eventual collision course with the giant planets, or to
be flung into the inner solar system. Coming from so
far out in the solar system, Centaurs are icy bodies.
One Centaur, Chiron, is about 50 miles (85 km) in
diameter, is classified as a minor planet, and exhibits
a cometary tail when at its perihelion but not along
other parts of its orbit. Chiron therefore is classified
as both an asteroid and a comet.

Trans-Neptunian objects are a class of asteroid
that orbit beyond the orbit of Neptune at 30 A.U.,
and beyond into the Kuiper belt, extending from 30
to 49 A.U. Beyond the Kuiper belt is a gap of about
11 A.U. containing relatively few asteroids before
the beginning of the Oort Cloud. The total number
of objects in this belt is unknown but undoubtedly
large, because many are being discovered as the abil-
ity to detect objects at this distance increases. More
than a thousand Trans-Neptunian objects are cur-
rently documented.

Kuiper Belt

The Kuiper belt contains many rocky bodies and
is thought to be the origin of many short-period
comets. Few of the known Kuiper belt objects have
been shown to have frozen water, however, but may
have ices of other compositions. The total mass of
asteroids in the Kuiper belt is estimated at about 20
percent of Earth’s mass, about 100 times as much as
the mass of the main asteroid belt.

Formerly classified as a planet, Pluto, and its
moon, Charon, are Kuiper belt objects. Pluto is one
of the larger Kuiper belt objects, but its size is not
anomalous for the belt—there are thought to be
thousands of Kuiper belt objects with diameters
greater than 600 miles (1,000 km), 70,000 aster-
oids or comets with diameters greater than 60 miles
(1,000 km) and half a million objects with diameters
greater than 30 miles (50 km). Saturn’s moon Phoebe
is an icy captured asteroid that was deflected inward
from the Kuiper belt and gravitationally captured
by Saturn. Its surface shows a mixture of dusty rock
debris and ice.

Oort Cloud
The Oort Cloud is a roughly spherical region con-
taining many comets and other objects, extending
from about 60 A.U. to beyond 50,000 A.U., or about
1,000 times the distance from the Sun to Pluto, or
about one light year. This distance of the outer edge
of the solar system is also about one quarter of the
way to the closest star neighbor, Proxima Centauri.
The Oort Cloud is thought to be the source for long-

period comets and Halley-type comets that enter the
inner solar system. It contains rocky as well as icy
bodies.

The Oort Cloud can be divided into two main
segments including the inner, doughnut-shaped seg-
ment from 50 to 20,000 A.U., and the outer spherical
shell extending from 20,000 to at least 50,000 A.U.
Some estimates place the outer limit of the Oort
Cloud at 125,000 A.U. The inner part of the Oort
Cloud is also known as the Hills Cloud. It is thought
to be the source of Halley-type comets, whereas the
outer Oort Cloud is the source of the long-period
comets that visit the inner solar system. The Hills, or
inner Oort Cloud, contains much more material than
the outer Oort Cloud, yet the outer cloud contains
trillions of comets and bodies larger than 0.8 mile
(1.3 km) across, spaced tens of millions of miles (km)
apart. The total mass of the outer Oort Cloud is esti-
mated to be several Earth masses.

COMPOSITION AND ORIGIN OF ASTEROIDS,
METEORITES, AND COMETS

The asteroid belt is thought to have originated as
a group of larger planetesimals that began to be
formed within 5 million years of the formation of
the solar system, and that soon afterward the plan-
etesimals began to be broken apart by mutual colli-
sions among them. Some collisions happened within
a few tens to hundreds of millions of years after ini-
tial formation of the bodies; others have happened
within the past 200 million years. Most of these
collisions are induced by the gravitational forces
between Jupiter and the Sun.

The composition of asteroids is determined
through remote sensing methods, typically using
reflection spectra from the surfaces of asteroids. Pres-
ently no samples have been returned from explo-
ration missions to asteroids, so it is difficult to
correlate directly their composition with meteorites.
The remote sensing studies of asteroids reveal that
they have a diverse range of compositions and closely
match the range of meteorite compositions found
on Earth. In this way some meteorites have been
matched to remnants of their parent bodies in the
asteroid belt. For instance, asteroid 4 Vesta has the
same composition as and is thought to be the larg-
est remnant of the parent body for the howardite,
eucrite, and diogenite classes of achondrites.

The composition of asteroids changes gradually
with distance from the Sun. The asteroids closest to
Mars are classified as S-type silicate bodies and resem-
ble ordinary chondrites. These are followed outward
by more abundant B- and C-types, containing some
water-rich minerals, and appear to be carbonaceous
chondrites. D- and P-types rise in abundance out-
ward, but these do not have any known correlatives



in meteorites that have fallen to Earth. These dark
objects appear rich in organic material.

The outer solar system asteroids, including
those in the Oort Cloud, are thought to be the rem-
nants of the original protoplanetary disc that the
solar system formed from 4.6 to 4.5 billion years
ago. Many of the objects in the Oort Cloud may
have initially been closer to the Sun, but moved
outward from gravitational perturbations by the
outer planets. The current mass of the Oort Cloud,
three to four Earth masses, is much less than the
50-100 Earth masses estimated to have been ejected
from the solar system during its formation. It is pos-
sible that the outer edges of the Oort Cloud inter-
act gravitationally with the outer edges of other
Oort Clouds from nearby star systems, and that
these gravitational interactions cause comets to be
deflected from the cloud into orbits that send them
into the inner solar system.

Bombardment of Earth by comets early in its
history may have brought large quantities of water
and organic molecules to the planet. In some mod-
els for the evolution of the early Earth, most of the
volatiles initially on the planet were blown away by
a strong solar wind associated with a T-Tauri phase
of solar evolution, and the present-day atmosphere
and oceans were brought to Earth by comets. Small
microcomets continue to bombard Earth constantly,
bringing a constant stream of water molecules to
Earth from space.

SUMMARY

Modern classification schemes for the composition
of asteroids and meteorites divide them into either
chondrites or nonchondrites. The nonchondrites
are divided into primitive and differentiated types.
The differentiated nonchondrites have three groups,
including the achondrites, stony-irons, and irons,
based on the chemistry and texture of the mete-
orites and reflecting their origin. Chondrites have
compositions similar to the Sun, and represent the
average composition of the solar system, thought
to be close to the original composition of the solar
nebula. Many chondrites contain chondrules, which
are small, originally liquid melt drops of the original
material that condensed to form the solar system 4.6
billion years ago. Some chondrites contain calcium-
aluminum inclusions, which may represent presolar
system material. One class of chondrites, carbona-
ceous condrites, contain complex organic molecules.
The variation in chondritic meteorites is thought
to represent formation at different depth in a large,
100-120-mile (165-200-km) wide asteroid destroyed
in a catastrophic collision early in the history of the
solar system, dispersing the fragments across the
solar system.

asteroid

The nonchondrites are divided into primitive
and differentiated types. The differentiated nonchon-
drites have three groups, including the achondrites,
stony-irons, and irons. Achondrites are rocky silicate
igneous rocks, whereas the irons consist of mixtures
of iron and nickle. Stony-irons represent a transi-
tional group. These meteorites are also thought to
have formed in several parent bodies destroyed by
collisions in what is now the asteroid belt, but these
bodies were initially large enough (120-240 miles
[200-400 km]) across that they were able to dif-
ferentiate into crust, mantle, and core. The irons are
from the core of these bodies, the achondrites from
the mantle and crust, and the stony-irons from the
transition zone. Some unusual achondrites have been
shown to have been ejected from the Moon and Mars
during impacts, eventually landing on Earth.

Most meteorites are thought to come from the
asteroid belt, where 1-2 million asteroids with diam-
eters greater than 0.6 miles (1 km) are orbiting the
Sun between Mars and Jupiter. They may get pushed
into Earth-crossing orbits after being deflected by
collisions in the asteroid belt or by gravitational per-
turbations during complex orbital dynamics. Spectral
measurements of some of the asteroids show that
their compositions correlate with the meteorites sam-
pled on Earth, and a crude gradation of compositions
in the asteroid belt is thought to represent both the
original distribution of different parent bodies that
broke up during collisions and the initial composi-
tional trends across the solar nebula. Asteroids closer
to the Sun are rockier, with more silicates and metals,
whereas those farther out have more ices of nitrogen,
methane, and water.

Several different groups of asteroids have unsta-
ble orbits that cross the paths of the planets in the
inner solar system. These objects represent grave
dangers to life on Earth, as any impacts with large
objects are likely to be catastrophic. These Earth and
Mars orbit-crossing asteroids are classified according
to their increasing distance from the Sun into Aten-,
Apollo-, and Amor-class asteroids. Some of these
asteroids are being tracked, to monitor the risk to life
on Earth, since collisions of asteroids of this size are
known to cause mass extinction events, such as the
Cretaceous-Tertiary extinction that killed the dino-
saurs. Major impacts occur on Earth about every
300,000 years.

The outer solar system also hosts belts of aster-
oids, and the number and mass of these objects
pales in comparison with the amount of material
in the inner solar system. There are many names
for asteroids and other bodies orbiting in specific
regions, but the bodies of most significance include
the Trans-Neptunian objects that orbit beyond the
orbit of Neptune at 30 A.U. and into the Kuiper
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belt, that extends to about 49 A.U. Beyond this
there is a relatively empty gap before the begin-
ning of the Oort Cloud at 60 A.U. Most objects
in the Kuiper belt and the Oort Cloud consist of
mixtures of rock and ice, and are the source region
for comets. There are thought to be thousands of
Kuiper belt objects with diameters greater than 600
miles (1,000 km), 70,000 asteroids or comets with
diameters greater than 60 miles (1,000 km), and
half a million objects with diameters greater than
30 miles (50 km).

The Oort Cloud represents the outer reaches of
the solar system, and may actually extend into the
Oort Cloud of the nearby star system, Proxima Cen-
tauri. There are thought to be trillions of comets in
the Oort Cloud over 0.8 miles (1.3 km) in diameter,
totally several Earth masses. The Oort Cloud is the
source of long-period comets, with orbits longer than
200 years. Comets typically have a rocky core and
emit jets of ices consisting of methane, water, and
ammonia, and other ice compounds. Many comets
are coated by a dark surface consisting of complex
organic molecules, and these may be the source for
much of the carbon and volatile elements on the
Earth that presently make up much of the atmo-
sphere and the oceans. Some scientists speculate that
comets may be responsible for bringing the complex
organic molecules to Earth that served as the build-
ing blocks for life.

See also ASTRONOMY; ASTROPHYSICS; COMET;
METEOR, METEORITE; ORIGIN AND EVOLUTION OF
THE EARTH AND SOLAR SYSTEM; SOLAR SYSTEM.

FURTHER READING

Albritton, C. C. Jr. Catastrophic Episodes in Earth His-
tory. London: Chapman and Hale, 1989.

Alvarez, Walter. T Rex and the Crater of Doom. Prince-
ton, N.]J.: Princeton University Press, 1997.

Angelo, Joseph A. Encyclopedia of Space and Astronomy.
New York: Facts On File, 2006.

Chaisson, Eric, and Steve McMillan. Astronomy Today.
2nd ed. Upper Saddle River, N.J.: 2007.

Chapman, C. R., and D. Morrison. “Impacts on the Earth
by Asteroids and Comets: Assessing the Hazard.”
Nature 367 (1994): 33-39.

Cox, Donald, and James Chestek. Doomsday Asteroid: Can
We Survive? New York: Prometheus Books, 1996.
Dressler, B. O., R. A. F. Grieve, and V. L. Sharpton, eds.
Large Meteorite Impacts and Planetary Evolution.
(1994): 348. Boulder, Colo.: Geological Society of

America Special Paper 293.

Elkens-Tanton, Linda T. Asteroids, Meteorites, and Com-
ets. New York: Facts On File, 2006.

Erickson, J. Asteroids, Comets, and Meteorites: Cosmic
Invaders of the Earth. New York: Facts On File,
2003.

Hodge, Paul. Meteorite Craters and Impact Structures of
the Earth. Cambridge: Cambridge University Press
1994.

Krinov, E. L. Giant Meteorites. Oxford: Pergamon Press,
1966.

Lunar and Planetary Laboratory, University of Arizona.
“Students for the Exploration and Development of
Space (SEDS).” Available online. URL: http://seds.Ipl.
arizona.edu/nineplanets/nineplanets/meteorites.html.
Accessed October 26, 2008.

National Aeronautic and Space Administration (NASA).
NASA’s Web site on Lunar and Planetary Science,
including information about all the planets, major
asteroids, near Earth asteroid tracking systems, and
current and past missions to asteroids. Available
online. URL: http://nssdc.gsfc.nasa.gov/planetary/plan-
ets/asteroidpage.html Accessed October 26, 2008.

Wasson, John T. Meteorites: Their Record of Early Solar-
System History. New York: W.H. Freeman, (1985):
267.

asthenosphere The asthenosphere is the layer
of the Earth’s mantle between the lithosphere and the
mesosphere. Its depth in the Earth ranges from about
155 miles (250 km) to zero miles below the midocean
ridges, and 31 to 62 miles (50-100 km) below differ-
ent parts of the continents and oceans. Some old con-
tinental cratons have deep roots that extend deeper
into the asthenosphere. The asthenosphere is char-
acterized by small amounts (1-10 percent) of partial
melt that greatly reduces the strength of the layer
and is thought to accommodate much of the move-
ment of the plates and vertical isostatic motions. The
name derives from the Greek for “weak sphere.”
S-wave seismic velocities clearly demarcate the asthe-
nosphere and show a dramatic drop through the
asthenosphere because of the partial melt present in
this zone. Because of this the asthenosphere is also
known as the low-velocity zone, and it shows the
greatest attenuation, or weakening, of seismic waves
anywhere in the Earth.

The asthenosphere is composed of the rock type
peridotite, consisting primarily of the mineral olivine,
with smaller amounts of the minerals orthopyroxene,
clinopyroxene, and other accessory minerals includ-
ing spinels such as chromite. The term peridotite is a
general term for many narrowly defined ultramafic
rock compositions including harzburgite, lherzolite,
websterite, wehrlite, dunite, and pyroxenite. Peri-
dotites are not common in the continental crust but
are common in the lower cumulate section of ophio-
lites, in the mantle, and in continental layered intru-
sions and ultramafic dikes. Peridotites have unstable
compositions under shallow crustal metamorphic
conditions, and in the presence of shallow-surface



hydrating weathering conditions, they commonly
become altered to serpentinites through the addition
of water to the mineral structures.

The asthenosphere is flowing in response to heat
loss in the deep Earth, and geologists are currently
debating the relative coupling between the flowing
asthenosphere and the overlying lithosphere. In some
models the convection in the asthenosphere exerts
a considerable mantle drag force on the base of the
lithosphere, and significantly influences plate motions.
In other models the lithosphere and asthenosphere
are thought to be largely uncoupled, with the driving
forces for plate tectonics being more related to the bal-
ance between the gravitational ridge push force, slab
pull force, slab drag force, transform resistance force,
and subduction resistance force. There is also a cur-
rent debate on the relationship between upper-man-
tle (asthenosphere) convection and convection in the
mesosphere. Some models propose double or several
layers of convection, whereas other models purport
that the entire mantle is convecting as a single layer.

See also CONVECTION AND THE EARTH’S MAN-
TLE; ENERGY IN THE EARTH SYSTEM; MANTLE; PLATE
TECTONICS.

astronomy Astronomy is the study of celestial
objects and phenomena that originate outside the
Earth’s atmosphere. The name is derived from the
Greek words astron for star and nomos for law
and includes the study of stars, planets, galaxies,
comets, interstellar medium, the large-scale structure
of the universe, and the natural laws that describe
these features. Astronomy is also concerned with
the chemistry and meteorology of stellar objects, the
physics of motion, and the evolution of the universe
through time.

A BRIEF HISTORY OF ASTRONOMY
Ancient cultures were fascinated with the heavens,
and astronomy developed into one of the earliest sci-
ences as these cultures formalized their studies of the
night skies. Much of the work of these early astrono-
mers focused on observations and predictions of the
motions of objects visible to the naked eye, and
some cultures erected large monuments that likely
have astronomical significance. Early Jewish, Chi-
nese, and other cultures established calendars based
on observations and calculations of the Moon cycles,
and these calendars became essential for determining
seasons and knowing when to plant crops. By the
year 1000 B.c.E. Chinese astronomers had calcu-
lated Earth’s obliquity to the ecliptic, or the tilt of
the planet’s axis relative to the orbital plane about
the Sun. Early astronomers included the study of
astrology, celestial navigation, and time calculations
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such as making calendars in their field, but modern
professional astronomy is equivalent to astrophys-
ics, with branches of observational and theoretical
astronomy.

A revolution in astronomy and science was
marked by Polish astronomer Nicolaus Copernicus’s
(1473-1543) proposal in his book De revolutioni-
bus orbium coelestium (On the revolutions of the
heavenly spheres), where he proposed that the Earth
is not the center of the universe as most previous sci-
entists believed, but that the Earth and other planets
orbit around the Sun. Astronomy changed from its
classical period to its modern period with the inven-
tion of the telescope in the late 16th century. Some
of the early Islamic scholars described the optics of
lenses required for telescopes, but the first surviving
instruments are from the Netherlands, invented by
eye spectacle makers Hans Lippershey and Zacha-
rias Janssen of Middleberg, and Jacob Matius of
Alkaamar. In 1602 Galileo Galilei, a physicist from
Tuscany, improved on these designs and produced
a telescope that earned him the nickname father
of modern observational astronomy. These designs
were further improved by the English physicist Isaac
Newton in 1668.

The German astronomer and natural philosopher
Johannes Kepler (1571-1630) further described and
refined the laws of planetary motion. Newton further
explained these laws in his law of universal gravita-
tion, still used as a general approximation for most
gravity-driven processes. Albert Einstein’s general
theory of relativity more accurately describes grav-
ity, but Newton’s laws work for most applications.
Further significant advances in astronomy came with
the inventions of new technologies, including pho-
tography and the spectroscope. Spectroscopic obser-
vations of the Sun by Bavarian optician Joseph von
Fraunhofer (1787-1826) showed about 600 spectral
bands present, which were correlated with different
elements by the German physicist Gustav Kirchhoff
in 1859. Spectral observations of other stars revealed
similar spectral bands, and hence similar composi-
tions to the Sun.

SUBDISCIPLINES OF MODERN ASTRONOMY
One relatively newer goal of modern astronomy is
to describe and characterize objects in the distant
universe, with the Milky Way galaxy being recog-
nized as a distinct and related group of stars only
in the 20th century. This realization was followed
by recognition of the expansion of the universe as
described by Hubble’s law, as well as distant objects
such as quasars, pulsars, radio galaxies, black holes,
and neutron stars.

The field of observational astronomy is based on
data received from electromagnetic radiation from
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celestial objects and is divided into different sub-
fields based on the wavelengths being studied. Radio
astronomy deals with interpreting radiation received
from celestial objects where the radiation has a wave-
length greater than one millimeter, and is commonly
used to study supernovae, interstellar gas, pulsars,
and galactic nuclei. Radio astronomy uses wave the-
ory to interpret these signals, since these long wave-
lengths are more easily assigned wavelengths and
amplitudes than shorter wavelength forms of radia-
tion. Most radio emissions from space received on
Earth are a form of synchrotron radiation, produced
when electrons oscillate in a magnetic field, although
some is also associated with thermal emission from
celestial objects, and interstellar gas is typically asso-
ciated with 21-cm radio waves.

Infrared astronomy works with infrared wave-
lengths (longer than the wavelength of red light) and
is used primarily to study areas such as planets and
circumstellar disks that are too cold to radiate in the
visible wavelengths of the electromagnetic spectrum.
The longer infrared wavelengths are able to penetrate
dust clouds, so infrared astronomy is also useful for
observing processes such as star formation in molec-
ular clouds and galactic cores blocked from observa-
tions in the visible wavelengths. Infrared astronomy
observatories must be located in outer space or in
high dry locations since the Earth’s atmosphere is
associated with significant infrared emissions.

Optical astronomy, the oldest form of observa-
tional astronomy, uses light recorded from the visible
wavelengths. Most optical astronomy is now com-
pleted by using digital recording apparatus, speeding
analysis. Ultraviolet astronomy (observations in the
ultraviolet wavelengths) is used to study thermal
radiation and the emission of spectral lines from hot
blue stars, planetary nebula, supernova, and active
galactic nuclei. Like infrared observatories, ultravio-
let observation stations must be located in the upper
atmosphere or in space, since ultraviolet rays are
strongly absorbed by Earth’s atmosphere.

The study and analysis of celestial objects at X-
ray wavelengths is known as X-ray astronomy. X-ray
emitters include some binary star systems, pulsars,
supernova remnants, elliptical galaxies, galaxy clus-
ters, and active galactic nuclei. X-rays are produced
by celestial objects by thermal and synchrotron emis-
sion (generated by the oscillation of electrons around
magnetic fields), but are absorbed by the Earth’s
atmosphere, so they must be observed from high-
altitude balloons, rockets, or space. The study of the
shortest wavelengths of the electromagnetic spec-
trum, known as gamma-ray astronomy, can so far be
observed only by indirect observations of gamma ray
bursts from objects including pulsars, neutron stars,
and black holes near galactic nuclei.

See also ASTROPHYSICS; BLACK HOLES; CON-
STELLATION; COSMOLOGY; GALAXIES; GALAXY CLUS-
TERS; ORIGIN AND EVOLUTION OF THE UNIVERSE;
UNIVERSE.
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astrophysics Astrophysics is the branch of
astronomy that examines the behavior, physical
properties, and dynamic processes of celestial objects
and phenomena. Astrophysics includes study of the
luminosity, temperature, density, chemical compo-
sition, and other characteristics of celestial objects
and aims at understanding the physical laws that
explain these characteristics and behavior of celes-
tial systems. Astrophysics is related to observational
astronomy, as well as cosmology, the study of the
theories related to the very large-scale structure and
evolution of the universe. Astrophysicists study these
systems using principles from different subfields in
physics and astronomy, including thermodynamics,
mechanics, electromagnetism, quantum mechanics,
relativity, nuclear and particle physics, and atomic
and molecular physics.

Much of astrophysics is founded on formulat-
ing theories based on observational astronomy using
principles of quantum mechanics and relativity.
Theoretical astrophysicists use analytical models and
complex computational and numerical models of the
behavior of celestial systems to understand better the
origin and evolution of the universe and to test for
unpredicted phenomena. In general theoretical mod-
els of celestial behavior are tested with the observa-
tions and constraints from astronomical studies, and
the agreement (or lack thereof) between the model
and the observed behavior is used to refine the mod-
els of celestial evolution.

Current topics of research in astrophysics include
celestial and stellar dynamics and evolution, the
large-scale structure of the universe, cosmology and
the origin and evolution of the universe, models for
galaxy formation, the physics of black holes, quasars,
and phenomena such as gravity waves, and implica-
tions and tests of models of general relativity.

See also ASTRONOMY; BLACK HOLES; CONSTELLA-
TION; COSMOLOGY; GALAXIES; GALAXY CLUSTERS; ORI-
GIN AND EVOLUTION OF THE UNIVERSE; UNIVERSE.
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atmosphere Thin sphere around the Earth con-
sisting of the mixture of gases we call air, held in
place by gravity. The most abundant gas is nitrogen
(78 percent), followed by oxygen (21 percent), argon
(0.9 percent), carbon dioxide (0.036 percent), and
minor amounts of helium, krypton, neon, and xenon.
Atmospheric (or air) pressure is the force per unit
area (similar to weight) that the air above a certain
point exerts on any object below it. Atmospheric
pressure causes most of the volume of the atmo-
sphere to be compressed to 3.4 miles (5.5 km) above
the Earth’s surface, even though the entire atmo-
sphere is hundreds of kilometers thick.

The atmosphere is always moving, because the
equator receives more of the Sun’s heat per unit area
than the poles. The heated air expands and rises to
where it spreads out, then it cools and sinks, and
gradually returns to the equator. This pattern of
global air circulation forms Hadley cells that mix
air between the equator and midlatitudes. Similar
circulation cells mix air in the middle to high lati-
tudes, and between the poles and high latitudes. The
effects of the Earth’s rotation modify this simple
picture of the atmosphere’s circulation. The Coriolis
effect causes any freely moving body in the Northern
Hemisphere to veer to the right, and toward the left
in the Southern Hemisphere. The combination of
these effects forms the familiar trade winds, easterlies
and westerlies, and doldrums.

The atmosphere is divided into several layers,
based mainly on the vertical temperature gradients
that vary significantly with height. Atmospheric pres-
sure and air density both decrease more uniformly
with height, and therefore are not a useful way to dif-
ferentiate between different atmospheric layers.

The lower 36,000 feet (11,000 m) of the atmo-
sphere, the troposphere, is where the temperature
generally decreases gradually, at about 70°F per mile
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Structure of the atmosphere showing various layers

and temperature profile with height
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(6.4°C per km), with increasing height above the sur-
face. This is because the Sun heats the surface, which
in turn warms the lower part of the troposphere.
Most of the familiar atmospheric and weather phe-
nomena occur in the troposphere.

Above the troposphere is a boundary region
known as the tropopause, marking the transition
into the stratosphere. The stratosphere in turn con-
tinues to a height of about 31 miles (50 km). The
base of the stratosphere contains a region known
as an isothermal, where the temperature remains
the same with increasing height. The tropopause is
generally at higher elevations in summer than win-
ter and is also the region where the jet streams are
located. Jet streams are narrow, streamlike channels
of air that flow at high velocities, often exceeding
115 miles per hour (100 knots). Above about 12.5
miles (20 km), the isothermal region gives way to
the upper stratosphere, where temperatures increase
with height, back to near surface temperatures at 31
miles (50 km). The heating of the stratosphere is due
to ozone at this level absorbing ultraviolet radiation
from the Sun.

The mesosphere lies above the stratosphere,
extending between 31 and 53 miles (50-85 km). An
isothermal region known as the stratopause separates
the stratosphere and mesosphere. The air temperature
in the mesosphere decreases dramatically above the
stratopause, reaching a low of -130°F (-90°C) at the
top of the mesosphere. The mesopause separates the
mesosphere from the thermosphere, a hot layer where
temperatures rise to more than 150°F (80°C). The
relatively few oxygen molecules at this level absorb
solar energy and heat quickly, and temperatures may
change dramatically in this region in response to
changing solar activity. The thermosphere continues
to thin upward, extending to about 311 miles (500
km) above the surface. Above this level, atoms dis-
sociate from molecules and are able to shoot outward
and escape the gravitational pull of Earth. This far
region of the atmosphere is sometimes referred to as
the exosphere.

In addition to the temperature-based division
of the atmosphere, it is possible to divide the atmo-
sphere into different regions based on their chemical
and other properties. Using such a scheme, the lower
46.5-62 miles (75-100 km) of the atmosphere may
be referred to as the homosphere, which contains a
well-mixed atmosphere with a fairly uniform ratio
of gases from base to top. In the overlying hetero-
sphere, the denser gases (oxygen and nitrogen) have
settled to the base, whereas lighter gases (hydrogen
and helium) have risen to greater heights, resulting in
chemical differences with height.

The upper parts of the homosphere and the
heterosphere contain a large number of electrically

charged particles known as ions. Also called the ion-
osphere, this region strongly influences radio trans-
missions and the formation of the aurora borealis
and aurora australis.

The production and destruction or removal
of gases from the atmospheric system occur at
approximately equal rates, although some gases are
gradually increasing or decreasing in abundance,
as described below. Soil bacteria and other bio-
logic agents remove nitrogen from the atmosphere,
whereas decay of organic material releases nitrogen
back to the atmosphere. However, decaying organic
material removes oxygen from the atmosphere by
combining with other substances to produce oxides.
Animals also remove oxygen from the atmosphere
by breathing, whereas photosynthesis returns oxy-
gen to the atmosphere.

Water vapor is an extremely important gas in
the atmosphere, but it varies greatly in concentration
(0—4 percent) from place to place and from time to
time. Though water vapor is normally invisible, it
becomes visible as clouds, fog, ice, and rain when the
water molecules coalesce into larger groups. In the
liquid or solid state, water constitutes the precipita-
tion that falls to Earth and is the basis for the hydro-
logic cycle. Water vapor is also a major factor in heat
transfer in the atmosphere. A kind of heat known as
latent heat is released when water vapor turns into
solid ice or liquid water. This heat, a major source
of atmospheric energy, is a major contributor to the
formation of thunderstorms, hurricanes, and other
weather phenomena. Water vapor may also play a
longer-term role in atmospheric regulation, as it is a
greenhouse gas that absorbs a significant portion of
the outgoing radiation from the Earth, causing the
atmosphere to warm.

Carbon dioxide (CO,), although small in con-
centration, is another very important gas in the
Earth’s atmosphere. Carbon dioxide is produced
during decay of organic material, from volcanic out-
gassing, deforestation, burning of fossil fuels, and
cow, termite, and other animal emissions. Plants take
up carbon dioxide during photosynthesis, and many
marine organisms use it for their shells, made of
CaCOs (calcium carbonate). When these organisms
(for instance, phytoplankton) die, their shells can sink
to the bottom of the ocean and be buried, removing
carbon dioxide from the atmospheric system. Like
water vapor, carbon dioxide is a greenhouse gas that
traps some of the outgoing solar radiation reflected
from the earth, causing the atmosphere to warm up.
Because carbon dioxide is released by the burning
of fossil fuels, its concentration is increasing in the
atmosphere as humans consume more fuel. The con-
centration of CO; in the atmosphere has increased by
15 percent since 1958, enough to cause considerable



global warming. Estimates predict that the concen-
tration of CO, will increase by another 35 percent by
the end of the 21st century, further enhancing global
warming.

Other gases also contribute to the greenhouse
effect, notably methane (CHy), nitrous oxide (NO,)
and chlorofluorocarbons (CFCs). Methane concentra-
tion is increasing in the atmosphere and is produced
by the breakdown of organic material by bacteria in
rice paddies and other environments, termites, and
the stomachs of cows. Produced by microbes in the
soil, NO; is also increasing in concentration by 1 per-
cent every few years, even though it is destroyed by
ultraviolet radiation in the atmosphere. Chlorofluo-
rocarbons have received much attention since they
are long-lived greenhouse gases increasing in atmo-
spheric concentration as a result of human activity.
Chlorofluorocarbons trap heat like other greenhouse
gases, and also destroy ozone (O3), a protective blan-
ket that shields the Earth from harmful ultraviolet
radiation. Chlorofluorocarbons were used widely as
refrigerants and as propellants in spray cans. Their
use has been largely curtailed, but since they have
such a long residence time in the atmosphere, they
are still destroying ozone and contributing to global
warming, and will continue to do so for many years.

Ozone is found primarily in the upper atmo-
sphere where free oxygen atoms combine with oxy-
gen molecules (O,) in the stratosphere. The loss of
ozone has been dramatic in recent years, even leading
to the formation of “ozone holes” with virtually no
ozone present above the Arctic and Antarctic in the
fall. There is currently debate about how much of the
ozone loss is human-induced by chlorofluorocarbon
production, and how much may be related to natural
fluctuations in ozone concentration.

Many other gases and particulate matter play
important roles in atmospheric phenomena. For
instance, small amounts of sulfur dioxide (SO,) pro-
duced by the burning of fossil fuels mixes with water
to form sulfuric acid, the main harmful component
of acid rain. Acid rain is killing the biota of many
natural lake systems, particularly in the northeast-
ern United States in areas underlain by granitic-type
rocks, and it is causing a wide range of other envi-
ronmental problems across the world. Other pollut-
ants are major causes of respiratory problems and
environmental degradation, and the major increase
in particulate matter in the atmosphere in the past
century has increased the hazards and health effects
from these atmospheric particles.

AIR PRESSURE
The weight of the air above a given level is known
as air pressure. This weight produces a force in all
directions caused by constantly moving air molecules
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bumping into one another and other objects in the
atmosphere. The air molecules in the atmosphere
are constantly moving with each air molecule aver-
aging a remarkable 10 billion collisions per second
with other air molecules near the Earth’s surface. The
density of air molecules is highest near the surface,
decreases rapidly upward in the lower 62 miles (100
km) of the atmosphere, then decreases slowly upward
to above 310 miles (500 km). Gravity pulls air mol-
ecules toward the Earth, and they are therefore more
abundant closer to the surface. Pressure, including
air pressure, is measured as the force divided by the
area over which it acts. The air pressure is greatest
near the Earth’s surface and decreases with height
because there is a greater number of air molecules
near the Earth’s surface (the air pressure represents
the sum of the total mass of air above a certain point).
A one-square-inch column of air extending from sea
level to the top of the atmosphere weighs about 14.7
pounds (6.67 kg). The typical air pressure at sea level
is therefore 14.7 pounds per square inch (2.62 kg per
square cm). It is commonly measured in units of mil-
libars (mb) or hectopascals (hPa), and also in inches
of mercury. Standard air pressure in these units equals
1,013.25 mb, 1,013.25 hPa, and 29.92 in of mercury.
Air pressure is equal in all directions, unlike some
pressures (such as a weight on one’s head) that act in
one direction. This explains why objects and people
are not crushed or deformed by the pressure of the
overlying atmosphere.

Air pressure also changes in response to tem-
perature and density, as expressed by the following
gas law:

pressure = temperature x density x constant

where the gas constant is equal to 2.87 x 106 erg/g K.

From this gas law it is apparent that at the
same temperature, air at a higher pressure is denser
than air at a lower pressure. Therefore high-pres-
sure regions of the atmosphere are characterized by
denser air, with more molecules of air than areas
of low pressure. These pressure changes are caused
by wind that moves air molecules into and out of a
region. When more air molecules move into an area
than move out, the area is called an area of net con-
vergence. Conversely, in areas of low pressure, more
air molecules are moving out than in, and the area is
one of divergence. If the air density is constant and
the temperature changes, the gas law states that at a
given atmospheric level, as the temperature increases,
the air pressure decreases. With these relationships, if
either the temperature or the pressure is known, the
other can be calculated.

If the air above a location is heated, it will expand
and rise; if air is cooled, it will contract, become
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denser, and sink closer to the surface. Therefore
the air pressure decreases rapidly with height in the
cold column of air because the molecules are packed
closely to the surface. In the warm column of air the
air pressure will be higher at any height than in the
cold column of air, because the air has expanded and
more of the original air molecules are above the spe-
cific height than in the cold column. Therefore warm
air masses at high height are generally associated with
high-pressure systems, whereas cold air aloft is gener-
ally associated with low pressure. Heating and cool-
ing of air above a location induces the air pressure to
change in that location, causing lateral variation in air
pressure across a region. Air will flow from high-pres-
sure areas to low-pressure areas, forming winds.

The daily heating and cooling of air masses by
the Sun can in some situations cause the opposite
effect, if it is not overwhelmed by effects of the heat-
ing and cooling of the upper atmosphere. Over large
continental areas, such as the southwestern United
States, the daily heating and cooling cycle is associ-
ated with air pressure fall and rise, as expected from
the gas law. As the temperature rises in these loca-
tions the pressure decreases, then increases again in
the night when the temperature falls. Air must flow
in and out of a given vertical column on a diurnal
basis for these pressure changes to occur, as opposed
to having the column rise and fall in response to the
temperature changes.

ROLE OF THE ATMOSPHERE IN GLOBAL CLIMATE
Interactions among the atmosphere, hydrosphere,
biosphere, and lithosphere control global climate.
Global climate represents a balance between the
amount of solar radiation received and the amount
of this energy retained in a given area. The planet
receives about 2.4 times as much heat in the equa-
torial regions compared to the polar regions. The
atmosphere and oceans respond to this unequal heat-
ing by setting up currents and circulation systems
that redistribute the heat more equally. These circu-
lation patterns are in turn affected by the ever-chang-
ing pattern of the distribution of continents, oceans,
and mountain ranges.

The amounts and types of gases in the atmo-
sphere can modify the amount of incoming solar radi-
ation, and hence global temperature. For instance,
cloud cover can cause much of the incoming solar
radiation to be reflected back to space before being
trapped by the lower atmosphere. On the other hand,
greenhouse gases allow incoming short wavelength
solar radiation to enter the atmosphere, but trap this
radiation when it tries to escape in its longer wave-
length reflected form. This causes a buildup of heat
in the atmosphere, and can lead to a global warming
known as the greenhouse effect.

The amount of heat trapped in the atmosphere
by greenhouse gases has varied greatly over Earth’s
history. One of the most important greenhouse gases
is carbon dioxide (CO,). Plants, which release O,
to the atmosphere, now take up CO, by photosyn-
thesis. In the early part of Earth’s history (in the
Precambrian before plants covered the land surface),
photosynthesis did not remove CO, from the atmo-
sphere, with the result that CO, levels were much
higher than at present. Marine organisms remove
atmospheric CO;, from ocean surface water (which is
in equilibrium with the atmosphere) and use the CO,
along with calcium to form their shells and mineral-
ized tissue. These organisms make CaCOj (calcite),
which is the main component of limestone, a rock
composed largely of the dead remains of marine
organisms. Approximately 99 percent of the plan-
et’s CO; is presently removed from the atmosphere/
ocean system because it is locked up in rock deposits
of limestone on the continents and on the seafloor.
If this amount of CO, were released back into the
atmosphere, the global temperature would increase
dramatically. In the early Precambrian, when this
CO; was free in the atmosphere, global temperatures
averaged about 550°F (290°C).

The atmosphere redistributes heat quickly by
forming and redistributing clouds and uncondensed
water vapor around the planet along atmospheric
circulation cells. Oceans are able to hold and redis-
tribute more heat because of their greater amount
of water, but they redistribute this heat more slowly
than the atmosphere. Surface currents form in
response to wind patterns, but deep ocean currents
that move more of the planet’s heat follow courses
more related to the bathymetry (topography of the
seafloor) and the spinning of the Earth than they are
related to surface winds.

The balance of incoming and outgoing heat from
the Earth has determined the overall temperature of
the planet through time. Examination of the geologi-
cal record has enabled paleoclimatologists to recon-
struct intervals when the Earth had glacial periods,
hot dry episodes, hot wet, or cold dry cycles. In most
cases the Earth has responded to these changes by
expanding and contracting its climate belts. Warm
periods see an expansion of the warm subtropical
belts to high latitudes, and cold periods see an expan-
sion of the cold climates of the poles to low latitudes.

HADLEY CELL
Hadley cells are the globe-encircling belts of air that
rise along the equator and drop moisture as they rise
in the Tropics. As the air moves away from the equa-
tor at high elevations, it cools, becomes drier, then
descends at 15-30°N and S latitude, where it either
returns to the equator or moves toward the poles.



The locations of the Hadley cells move north and
south annually in response to the changing appar-
ent seasonal movement of the Sun. High-pressure
systems form where the air descends, characterized
by stable clear skies and intense evaporation because
the air is so dry. Another pair of major global cir-
culation belts is formed as air cools at the poles
and spreads toward the equator. Cold polar fronts
form where the polar air mass meets the warmer air
that has circulated around the Hadley cell from the
Tropics. In the belts between the polar front and the
Hadley cells, strong westerly winds develop. The
position of the polar jet stream (formed in the upper
troposphere), which is partly fixed in place in the
Northern Hemisphere by the high Tibetan Plateau
and the Rocky Mountains, controls the position of
the polar front and extent of the west-moving wind.
Dips and bends in the jet stream path are known
as Rossby waves, and these partly determine the
location of high- and low-pressure systems. These
Rossby waves tend to be semistable in different
seasons and have predictable patterns for summer
and winter. If the pattern of Rossby waves in the jet
stream changes significantly for a season or longer,
storm systems may track to different locations than
normal, causing local droughts or floods. Changes in
this global circulation can also change the locations
of regional downwelling, cold dry air. This can cause
long-term drought and desertification. Such changes
can persist for periods of several weeks, months, or
years, and may explain several of the severe droughts
that have affected Asia, Africa, North America, and
elsewhere.

JET STREAMS
Jet streams are high-level, narrow, fast-moving cur-
rents of air typically thousands of kilometers long,
hundreds of kilometers wide, and a couple of miles
(several kilometers) deep. Jet streams typically form
near the tropopause, six to nine miles (10-15 km)
above the surface, and can reach speeds of 115-230
miles per hour (100-200 knots). Rapidly moving
cirrus clouds often reveal the westerly jet streams
moving air from west to east. Several jet streams are
common—the subtropical jet stream forms about
eight miles (13 km) above the surface, at the pole-
ward limit of the tropical Hadley cell, where a tropo-
spheric gap develops between the circulating Hadley
cells. The polar jet stream forms at about a six-mile
(10-km) height, at the tropospheric gap between the
cold polar cell and the midlatitude Ferrel cell. The
polar jet stream is often associated with polar front
depressions. The jet streams, especially the subtropi-
cal jet, are fairly stable and drive many of the planet’s
weather systems. The polar jet stream tends to mean-
der and develop loops more than the subtropical
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jet. A third common jet stream often develops as an
easterly flow, especially over the Indian subcontinent
during the summer monsoon.

ATMOSPHERIC EVOLUTION
Considerable uncertainty exists about the origin
and composition of the Earth’s earliest atmosphere.
Many models assume that methane and ammonia
dominated the planet’s early atmosphere, instead of
nitrogen and carbon dioxide, as it is presently. The
gases that formed the early atmosphere could have
come from outgassing by volcanoes, from extrater-
restrial sources (principally cometary impacts), or,
most likely, both. Alternatively, comets may have
brought organic molecules to Earth. A very large late
impact is thought to have melted outer parts of the
Earth, formed the Moon, and blown away the earli-
est atmosphere. The present atmosphere must there-
fore represent a later, secondary atmosphere formed
after this late impact.

The earliest atmosphere and oceans of the Earth
probably formed from early degassing of the interior
by volcanism within the first 50 million years of
Earth history. It is likely that our present atmosphere
is secondary, in that the first, or primary, atmosphere
would have been vaporized by the late great impact
that formed the Moon, if it survived being blown
away by an intense solar wind when the Sun was in a
T-Tauri stage of evolution. The primary atmosphere
would have been composed of gases left over from
accretion, including primarily hydrogen, helium,
methane, and ammonia, along with nitrogen, argon,
and neon. Since the atmosphere has much less than
the expected amount of these elements, however, and
is quite depleted in these volatile elements relative
to the Sun, it is thought the primary atmosphere has
been lost to space.

Gases are presently escaping from the Earth dur-
ing volcanic eruptions, and also being released by
weathering of surface rocks. The secondary atmo-
sphere was most likely produced from degassing of
the mantle by volcanic eruptions, and perhaps also by
cometary impact. Gases released from volcanic erup-
tions include N, S, CO,, and H,O, closely matching
the suite of volatiles that the present atmosphere
and oceans comprise. But there was little or no free
oxygen in the early atmosphere, as oxygen was not
produced until later, by photosynthetic life.

The early atmosphere was dense, with H,O,
CO,, S, N, HCI. The mixture of gases in the early
atmosphere would have made greenhouse condi-
tions similar to that presently existing on Venus.
But, since the early Sun during the Hadean Era was
approximately 25 percent less luminous than today,
the atmospheric greenhouse kept temperatures
close to their present range, where water is stable
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Major atmosphere circulation patterns on the Earth, in map view (top), and in cross section (bottom)

and life can form and exist. As the Earth cooled,
water vapor condensed to make rain that chemi-
cally weathered igneous crust, making sediments.
Gases dissolved in the rain made acids, including
carbonic acid (H,CO3), nitric acid (HNO3), sulfuric
acid (H,SOy4), and hydrochloric acid (HCI). These

acids were neutralized by minerals (which are bases)
that became sediments, and chemical cycling began.
These waters plus dissolved components became the
early hydrosphere, and chemical reactions gradually
began changing the composition of the atmosphere,
getting close to the dawn of life.



During the early Archean, the Sun was only
about 70 percent as luminous as it is presently, so
the Earth must have experienced a greenhouse warm-
ing effect to keep temperatures above the freezing
point of water, but below the boiling point. Increased
levels of carbon dioxide and ammonia in the early
atmosphere could have acted as greenhouse gases,
accounting for the remarkable maintenance of global
temperatures within the stability field of liquid water,
allowing the development of life. Much of the car-
bon dioxide that was in the early atmosphere is now
locked up in deposits of sedimentary limestone, and
in the planet’s biomass. The carbon dioxide that
shielded the early Earth and kept temperatures in the
range suitable for life to evolve now forms the bodies
and remains of those very life-forms.

See also AURORA, AURORA BOREALIS, AURORA
AUSTRALIS; CLIMATE; CLIMATE CHANGE; GREEN-
HOUSE EFFECT; WEATHERING.
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aurora, aurora borealis, aurora australis
Auroras Borealis and Aurora Australis are glows in
the sky sometimes visible in the Northern and South-
ern Hemispheres, respectively. They are informally
known as the northern lights and the southern lights.
The glows are strongest near the poles, and originate
in the Van Allen radiation belts, regions where high-
energy charged particles of the solar wind that travel
outward from the Sun are captured by the Earth’s
magnetic field. The outer Van Allen radiation belt
consists mainly of protons, whereas the inner Van
Allen belt consists mainly of electrons. At times elec-
trons spiral down toward Earth near the poles along
magnetic field lines and collide with ions in the ther-
mosphere, emitting light in the process. Light in the
aurora is emitted between a base level of about 50-65
miles (80-105 km), and an upper level of about 125
miles (200 km) above the Earth’s surface.

The solar wind originates when violent collisions
between gases in the Sun emit electrons and protons
that escape the gravitational pull of the Sun and
travel through space at about 250 miles per second

aurora, aurora borealis, aurora australis

(more than 1 million km/hr) as a plasma known as
the solar wind. When these charged particles move
close to Earth, they interact with the magnetic field,
changing its shape in the process. The natural undis-
turbed state of the Earth’s magnetic field is broadly
similar to a bar magnet, with magnetic flux lines
(of equal magnetic intensity and direction) coming
out of the south polar region, and returning into the
north magnetic pole. The solar wind deforms or dis-
torts this ideal state into an elongate teardrop-shaped
configuration known as the magnetosphere. The
magnetosphere has a rounded compressed side facing
the Sun, and a long tail (magnetotail) on the opposite
side that stretches past the orbit of the moon. The
magnetosphere shields the Earth from many of the
charged particles from the Sun by deflecting them
around the edge of the magnetosphere, causing them
to flow harmlessly into the outer solar system.

Solar
Sun SN
wind

.'Earth

Magnetosphere
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North Pole

B Magnetic north pole

(A) Drawing of magnetosphere, showing asymmetric
shape created by distortion of the Earth’s magnetic
field by the solar wind (B) Earth, showing typical
auroral ring with the greatest intensity of auroral
activity about 20-30° from the magnetic pole, where
magnetic field lines are most intense
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Active aurora borealis arc in Alaska (Roman Krochuk, Shutterstock, Inc.)

The Sun periodically experiences periods of high
activity when many solar flares and sunspots form.
During these periods the solar wind is emitted with
increased intensity, and the plasma is emitted with
greater velocity, in greater density, and with more
energy than in its normal state. During these peri-
ods of high solar activity the extra energy of the
solar wind distorts the magnetosphere and causes
more electrons to enter the Van Allen belts, causing
increased auroral activity.

When the electrons from the magnetosphere are
injected into the upper atmosphere, they collide with
atoms and molecules of gases there. The process
involves the transfer of energy from the high-energy
particles of the magnetosphere to the gas molecules
from the atmosphere, which become excited and
temporarily jump to a higher energy level. When
the gas molecules return to their normal, regular
energy level, they release radiation energy in the
process. Some of this radiation is in the visible spec-
trum, forming the aurora borealis in the Northern
Hemisphere and the aurora australis in the Southern
Hemisphere.

Auroras typically form waving sheets, streaks, and
glows of different colors in polar latitudes. The colors
originate because different gases in the atmosphere

emit different characteristic colors when excited by
charged particles from the magnetosphere, and the
flickering and draperies are caused by variations in
the magnetic field and incoming charged particles.
The auroras often form rings around the magnetic
poles, being most intense where the magnetic field
lines enter and exit the Earth at 60-70° latitude.

See also MAGNETIC FIELD, MAGNETOSPHERE; SUN.

Australian geology The geologic history of
Australia spans almost all of the history of the Earth,
hosting the oldest known terrestrial mineral grains
dated to be 4.4 billion years old. The region contains
active deposition of lake sediments in the desert inte-
rior and some of the world’s most diverse carbonate
reefs located offshore its northeast coastline. The
geology of Australia can be divided into provinces of
several ages, including the Archean Pilbara, Yilgarn,
Kimberly, and Gawler cratons, which are encased in
Proterozoic orogenic belts including the Musgrave
orogen and Arunta Inlier. Paleozoic orogens include
the Lachlan and Tasman orogens in the east, whereas
the northern and northeastern edges of the Australia
plate are involved in active convergent tectonic activ-
ity. Mesozoic to recent sedimentary basins in Aus-



tralia include the Perth and Bowen basins; Sydney,
Gunnedah, and Ipswich basins; and the large active
desert drainage system of Lake Eyre in the Australian
midcontinent.

ARCHEAN CRATONS
Archean rocks form the core of the Australian con-
tinent and include the cratonic nuclei of the Yilgarn,
Plibara, Gawler, and Kimberly cratons. Archean
rocks may also underlie portions of some of the Pro-
terozoic basins and orogens, but less is known about
the rocks at great depths in Australia.

The Pilbara craton, located in northwestern
Australia, contains mainly low- to medium-grade
Archean rocks with the metavolcanic and metasedi-
mentary rocks confined to relatively narrow belts
between broad domal granitoid-gneiss domes typi-
cally 50-60 miles (~100 km) in width. Early ideas
that the greenstones and metasedimentary rocks were
simply deposited on top of older granitoids then later
deformed by folding as their density caused them to
sink into rheologically soft granitoids have proven to
be myths. Detailed structural analysis has shown that
the greenstones were emplaced structurally upon the
gneissic and granitoid rocks, then deformed several
times before the late open folding caused by the dom-
ing of the granitoids.

The granitoid rocks of the domal structures are
of four basic types: older migmatitic, gneissic and
foliated granodiorites, tonalites, and trondhjemites,
in turn intruded by coarse-grained porphyritic grano-
diorite and then unfoliated post-tectonic granites.
The older gneissic rocks range in age from 3.5 to
3.3 billion years, whereas the younger intrusives are
between 3.05 and 2.85 billion years old. The domes
in the Pilbara are not formed by intrusion-related
processes, but rather reflect complex, large-scale fold-
ing events. Much of the doming occurred at 3.0-2.95
billion years ago in a cratonwide event.

The metavolcanic and sedimentary rocks between
the domal granitoids, known as the Pilbara Super-
group, comprise three groups: the Warrawoona,
George Creek, and Whim Creek sequences. Nowhere
can it be shown that these rocks were deposited on
the older gneissic rocks, though some groups argue
that the entire sequence was deposited on continen-
tal basement, and others argue the supergroup is an
allochthonous (exotic and far traveled) assemblage
emplaced on the gneisses by thrusting and tectonic
processes. Some of the rock sequences within the
Pilbara Supergroup are calc-alkaline volcanic assem-
blages that resemble younger island arc sequences,
and others are tholeiitic mafic volcanic and plutonic
sequences that resemble younger ocean floor assem-
blages. These rocks are significantly disrupted and
repeated along many thin shear zones and interca-
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lated with sedimentary rocks in a manner like many
younger accretionary prisms found at convergent
margins, so some interpretations of the Pilbara sug-
gest that it may represent an ancient accretionary
orogen, formed at 3.5 billion years ago and disrupted
by collisional tectonic events between 3.5 and 2.8 bil-
lion years ago.

The southern margin of the Pilbara craton and
northern margin of the Yilgarn is covered by thick
sedimentary deposits of the Hamersley and Nabberu
basins, including spectacular banded-iron formations
(BIF). The Mount Bruce Supergroup of the Ham-
ersley basin includes thick deposits of clastic and
chemical sediments divided into the lower Fortescue
Group containing mafic volcanics, the 1.3-mile (2.5-
km) thick Middle Hamersley Group consisting of
banded-iron formation, shale, dolostone, and fewer
diabasic intrusions and felsic volcanics. The upper-
most rocks in the basin include shales, sandstones,
and glacial deposits of the Turee Creek Group. The
Hamersley Group is marked by thin layers of BIF that
are remarkably continuous over thousands of square
miles (km?) and contain roughly 30 percent iron,
making these rocks a significant economic resource.
The Hamersley basin is deformed into a regional
synclinorium structure, and only weakly metamor-
phosed, with dips of strata typically fewer than 10
degrees. The ages of these rocks include an estimate
of 2.49 billion years for the Hamersley Group, and
all groups in the basin are cut by intrusives dated
between 2.4 and 2.3 billion years old.

The Yilgarn craton occupies the southwestern
part of the Australian continent, covering an area

Satellite image mosaic of Australia, consisting of
more than 1,000 merged images (Earth Satellite
Corporation/Photo Researchers, Inc.)
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600 miles (1,000 km) long by 420 miles (700 km)
across. The craton is subdivided into four major
provinces including a dominantly gneissic terrane,
the Western Gneiss Terrane in the southwest, and
then low-to-medium-grade granite-greenstone ter-
ranes of the Murchison Province in the northwest,
the Southern Cross Province in the center of the cra-
ton, and the Eastern Goldfields in the east. All of the
belts in the Yilgarn craton were affected by a regional
metamorphic and plutonic intrusion event at 2.7-2.6
billion years ago.

The Western Gneiss Terrane consists mainly
of quartzofeldspathic gneiss derived from sedimen-
tary protoliths, then intruded by migmatitic to por-
phyritic granitoids. The Narryer Gneiss Complex

in the northern part of the terrane includes lay-
ers of metamorphosed conglomerates, sandstones,
pelites, and carbonate rocks and is interpreted as a
strongly metamorphosed shallow water sedimentary
sequence. Clastic zircons from the Narrier Complex
have yielded many ancient zircons with ages from
3.6 to 3.5 billion years ago, and one sample dated by
Australian geologist Simon Wilde has yielded an age
of 4.4 billion years, a mere 100 million years after
the formation of the Earth. Geochemical analysis of
this zircon grain by Simon Wilde and his colleagues
has shown that the zircon was derived from a rock
that interacted with the early hydrosphere of the
Earth, showing that oceans existed on Earth by 4.4
billion years ago.



The Murchison, Southern Cross, and Eastern
Goldfields Provinces are all dominated by different
types of granitoid and gneissic rocks, with about
30 percent of the outcrop area consisting of green-
stone belts and metasedimentary terrains. Most of
these strike roughly north-northwest and have broad
synclinal structures disrupted by numerous faults,
reflecting their complex history. These rocks include
tholeiitic basalts and ultramafic rocks near the base
of most successions, with felsic volcanic rocks and
clastic sedimentary rocks at the tops of the succes-
sions. Ages on the volcanics range from 3.05 to 2.69
billion years. Some models for the volcanic groups
suggest that the repetitive sequences from mafic to
felsic volcanics are depositional, whereas others have
suggested that thrust faults repeat the stratigraphic
sequence.

Late-stage major ductile transcurrent shear zones
cut the Yilgarn craton and form many of the bound-
aries between different belts and terranes. The 186-
mile (300-km) long Koolyanobbing shear zone in
the Southern Cross Province is a four- to nine-mile
(6- to 15-km) wide zone with a gradation from foli-
ated granitoid, through protomylonite, mylonite, to
ultramylonite, from the edge to the center of the
shear zone. Shallowly plunging lineations and a vari-
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ety of kinematic indicators show that the shear zone
is a major sinistral fault, but regional relationships
suggest that it does not represent a major crustal
boundary or suture. Fault fabrics both overprint and
appear coeval with late stages in the development of
the regional metamorphic pattern, suggesting that
the shear zone was active around 2.7 to 2.65 Ga.

The granitoid intrusives in the Yilgarn craton
account for about 70 percent of the outcrop area.
These include 2.9-2.6 billion-year-old tonalitic to
granodioritic phases, and 2.7-2.6 billion-year-old
granodiorite to granite. The older granitoids have
geochemical affinities to convergent margin arc mag-
mas, whereas the younger granitoids may be related
to post-collisional melting such as characterizes many
younger convergent and collisional mountain belts in
Phanerozoic orogens.

The Gawler craton is a relatively small block
located in areas surrounding the Eyre Peninsula in
south-central Australia, and is younger than the Pil-
bara and Yilgarn. It contains rocks that formed in
convergent margins between 2.5 and 1.5 billion years
ago, then became relatively stable after an orogenic
event between 1.9 and 1.84 billion years ago, prob-
ably reflecting the incorporation of the block into the
Rodinian supercontinent.

Hamersley Gorge on the margin of the Pilbara craton, Australia, showing red banded-iron formation

(imagebroker/Alamy)
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The Kimberly block of northern Australia is
thought to be an Archean craton, but it is covered
by thick deposits of the Kimberly basin. This block
is bounded on the southeast by the Halls Creek belt
and on the southwest by the King Leopold belt, both
of which are Proterozoic orogenic belts that experi-
enced strong deformation in the Barramundi orogeny
at 1.85 billion years ago. After this major deforma-
tion event the Kimberly block was covered by up
to three miles (five km) of uniformly bedded quartz
sandstones, shales, limestones, and flood basalts.

PROTEROZOIC GNEISS BELTS AND BASINS

The Archean cratons of Australia are welded together
by several Proterozoic orogenic belts, the most impor-
tant of which include the Musgrave orogen and its
continuation to the west as the Paterson orogen that
together link north and south Australia. The Capri-
corn orogen is located between the Pilbara and Yil-
garn cratons; convergent tectonism across this belt
joined those cratons and their flanking sedimentary
basin sequences in the Paleoproterozoic at around
2.2 billion years ago, with remnants preserved in
the Bangemall basin, Gascoyne Complex, and the
Glengarry, Yerrida and Padbury basins. Other Paleo-
proterozoic orogenic segments in central Australia
are deeply buried by younger Proterozoic-Palaeozoic
rocks of the Officer and Amadeus basins.

In eastern Australia rocks in the Mount Isa
Complex were complexly deformed into fold-thrust
belt structures in the Paleoproterozoic, while rocks
farther south in the Broken Hill Inlier were expe-
riencing high-grade metamorphism and polyphase
deformation.

PHANEROZOIC OROGENS AND BASINS

The main area of Phanerozoic deformation and
activity in Australia is along the east coast, in the
Lachlan fold belt and Tasman orogen. The Lachlan
fold belt contains Cambrian ophiolitic sequences that
were thrust on top of the Australian continent in
the Ordovician in the Lachlan Orogeny. This orog-
eny was associated with many classical Alpine-type
events including the formation of flysch and molasse
belts, strongly deformed zones with serpentinitic and
ophiolitic mélange, and affected a large part of the
New South Wales region of Australia. Tectonic activ-
ity continued in this belt through the Silurian with
the formation of volcanic arcs in the New England
orogen and the intrusion of belts of granitic batho-
liths. The high topography formed in the east during
the Early Paleozoic was significantly eroded in the
Devonian, with thick clastic sequences reaching into
the continental interior.

In the Carboniferous eastern Australia collided
with parts of South America and New Zealand as

part of the amalgamation of the Gondwanan super-
continent; this collision formed high, Tibetan-style
mountain ranges on the east coast. These ranges
have since been nearly completely eroded, and just
their deeper-level roots remain as testimony to this
event.

The Permian-Triassic saw the establishment of
major subduction zones along the east coast in the
Hunter-Bowen Orogeny, which was initiated as an
arc colliding with Australia and then conversion of
this margin to a convergent tectonic setting, with
related deformation continuing until the Middle Tri-
assic at 230-225 million years ago. A major glacia-
tion event in the Permian caused accelerated erosion
of these mountain ranges, particularly in central and
western Australia. Glacial tillite deposits from this
event cover large parts of central Australia.

The environment of the Jurassic changed such
that most of western Australia experienced tropical
weathering in a savanna to jungle setting, and several
offshore oil basins formed including the Gippsland,
Bass, and Otway basins in Victoria. Coal-bearing
strata were laid down across northern Australia,
while passive margin sedimentation continued in the
Perth basin in the west.

Antarctica rifted from Australia in the Jurassic.
Rift-sedimentation and subsidence continued in the
Cretaceous and developed into seafloor spreading and
the separation of Tasmania from the Australian main-
land. These rifted to passive margins, then developed
extensive coral reefs in the northeast, and rare intra-
plate volcanic centers formed through the Tertiary.

GREAT BARRIER REEF

As the largest coral reef in the world, the Great Bar-
rier Reef forms a 1,250-mile (2,010-km) long break-
water in the Coral Sea along the northeast coast of
Queensland, Australia. The reef has been designated
a World Heritage area, the world’s largest such site.
The reef comprises several individual reef complexes
including 2,800 individual reefs stretching from the
Swain reefs in the south to the Warrier reefs along
the southern coast of Papua New Guinea. Many
reef types are recognized including fringing reefs,
flat platform reefs, and elongate ribbon reefs. The
reef complexes are separated from the mainland of
Queensland by a shallow lagoon ranging from 10 to
100 miles (16-160 km) wide.

There are more than 400 types of coral known on
the Great Barrier Reef, as well as 1,500 species of fish,
400 species of sponges, and 4,000 types of mollusk,
making it one of the world’s richest sites in terms of
faunal diversity. Additionally, the reefs are home to
animals including numerous sea anemones, worms,
crustaceans, echinoderms, and an endangered mam-
mal known as the dugong. Sea turtles feed on abun-



dant algae and sea grass, and the reef is frequented by
humpback whales that migrate from Antarctic waters
to have babies in warm waters. Hundreds of bird
species have breeding colonies in the islands and cays
among the reefs, and these birds include beautiful her-
ons, pelicans, osprey, eagles, and shearwaters.

The reefs also hide dozens of shipwrecks and
have numerous archaeological sites of significance to
the Aboriginal and Torres Strait Islander peoples.

LAKE EYRE
The center of Australia is covered by a shallow, fre-
quently dry salt lake that occupies the lowest point on
the continent, at 39 feet (12 m) below sea level. The
lake occupies 3,430 square miles (8,884 km?), but the
drainage basin is one of the world’s largest internally
draining river systems covering 1.2 million square
miles (1.93 million km?), with no outlet to the sea. All
water that enters the Lake Eyre basin flows into the
lake and eventually evaporates, leaving salts behind.
Lake Eyre is located in the driest part of Australia,
where the evaporation potential is 8.175 feet (2.5 m),
but the annual precipitation is only half an inch (1.25
centimeters). However, flows in the river system are
highly variable and unpredictable, since rare rainfall
events may cause flash flooding. All rivers in the sys-
tem are ephemeral, typically with no water in the sys-
tem. Aridity increases downstream toward the lake,
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and the basin is characterized by huge braided stream
networks, floodplains, and waterholes. The stream
systems leading into Lake Eyre are one of the largest
unregulated river systems in the world.

See also ARCHEAN; BASIN, SEDIMENTARY BASIN;
CONVERGENT PLATE MARGIN PROCESSES; CRATON;
DESERTS; DIVERGENT PLATE MARGIN PROCESSES;
GoNDWANA, GONDWANALAND; GREENSTONE BELTS;
HISTORICAL GEOLOGY; OPHIOLITES; PASSIVE MAR-
GIN; PLATE TECTONICS.
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basin, sedimentary basin A depression in
the surface of the Earth or other celestial body is
known as a basin. When this depression becomes
filled with sediments, it is known as a sedimentary
basin. There are many types of basins, including
depressed areas with no outlet or with no outlet for
deep levels (such as lakes, oceans, seas, and tidal
basins), and areas of extreme land subsidence (such
as volcanic calderas or sinkholes). In contrast, drain-
age basins include the total land area that contributes
water to a stream. Drainage (river or stream) basins
are geographic areas defined by surface slopes and
stream networks where all the surface water that falls
in the drainage basin flows into that stream system or
its tributaries. Groundwater basins are areas where
all the groundwater is contained in one system, or
flows toward the same surface water basin outlet.
Impact basins are circular depressions excavated
instantaneously during the impact of a comet or
asteroid with the Earth or other planetary surface.
Areas of prolonged subsidence and sediment
accumulation are known as sedimentary basins, even
though they may not presently be topographically
depressed. Several types of sedimentary basins exist
and are classified by their shape and relationships to
bordering mountain belts or uplifted areas. Foreland
basins are elongate areas on the stable continent sides
of orogenic belts, characterized by a gradually deep-
ening, generally wedge-shaped basin, filled by clastic
and lesser amounts of carbonate and marine sedi-
mentary deposits. The sediments are coarser-grained
and of more proximal varieties toward the mountain
front, from where they were derived. Foreland basins
may be several hundred feet to about 12 miles (100
meters to 20 km) deep and filled entirely by sedimen-
tary rocks, and are therefore good sites for hydro-

carbon exploration. Many foreland basins have been
overridden by the orogenic belts from where they
were derived, producing a foreland fold-thrust belt,
and parts of the basin incorporated into the orogen.
Many foreland basins show a vertical profile from a
basal continental shelf type of assemblage, made up
dominantly of limestone, upward to a greywacke/
shale flysch sequence, into an upper conglomerate/
sandstone sequence known as molasse.

Rift basins are elongate depressions in the Earth’s
surface in which the entire thickness of the litho-
sphere has ruptured in extension. They are typically
bounded by normal faults along their long sides, and
display rapid lateral variation in sedimentary facies
and thicknesses. Rock types deposited in the rift
basins include marginal conglomerate, fanglomerate,
and alluvial fans, grading basinward into sandstone,
shale, and lake evaporite deposits. Volcanic rocks
may be intercalated with the sedimentary deposits
of rifts, and in many cases include a bimodal suite
of basalts and rhyolites, some with alkaline chemical
characteristics.

Several other less common types of sedimen-
tary basins form in different tectonic settings. For
instance, pull-apart rift basins and small foreland
basins may form along bends in strike-slip fault sys-
tems, and many varieties of rift and foreland basins
form in different convergent margin and divergent
margin tectonic settings.

FORELAND BASINS
Foreland basins are wedge-shaped sedimentary basins
that form on the continentward side of fold-thrust
belts, filling the topographic depression created by
the weight of the mountain belt. Most foreland
basins have asymmetric, broadly wedge-shaped pro-



files with the deeper side located toward the moun-
tain range, and a flexural bulge developed about 90
miles (150 km) from the foothills of the mountains
where the deformation front is located. The Indo-
Gangetic plain on the south side of the Himalaya
Mountains is an example of an active foreland basin,
whereas some ancient examples include the Creta-
ceous Canadian Rockies Alberta foreland basin, the
Cenozoic flysch basins of the Alps, and the Ordovi-
cian and Devonian clastic wedges in the Appalachian
foreland basins. Foreland basins are characterized by
asymmetric subsidence, with greater amounts near
the thrust front. Typical amounts of sudsidence fall
in the range of about 0.6 miles (1 km) every 2 to 5
million years.

Deformation such as folding, thrust faulting, and
repetition of stratigraphic units may affect foreland
basins near the transition to the mountain front.
These types of foreland basins appear to have formed
largely by the flexure of the lithosphere by the weight
of the mountain range, with the space created by the
flexure filled in by sediments eroded from the uplifted
mountains. Sedimentary facies typically grade from
fluvial/alluvial systems near the mountains to shal-
low marine clastic environments farther away from
the mountains, with typical deposition of flysch
sequences by turbidity currents. These deposits may
be succeeded laterally by distal black shales, then
shallow water carbonates over a cross-strike distance
of several hundred miles (kilometers). There is also
often a progressive zonation of structural features
across the foreland basin, with contractional defor-
mation (folds and faults) affecting the region near
the mountain front, and normal faulting affecting the
area on the flexural bulge a few tens to hundreds of
kilometers from the deformation front. Sedimentary
facies and structural zones all may migrate toward
the continent in collisional foreland basins.

A second variety of foreland basin is found on
the continentward side of noncollisional mountain
belts such as the Andes, and these are sometimes
referred to as retroarc foreland basins. They differ
from the collisional foreland basins described above
in that the mountain ranges are not advancing on
the foreland, and the basin subsidence is a response
to the weight of the mountains, added primarily by
magmatism.

Another variety of foreland basins, known as
extensional foreland basins, include features such as
impactogens and aulacogens, which are extensional
basins that form at wide angles to the mountain
front. Impactogens form during the convergence,
whereas aulacogens are reactivated rifts that formed
during earlier ocean opening. Many of these basins
have earlier structural histories, including forma-
tion as a rift at a high angle to an ocean margin.
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These rifts are naturally oriented at wide angles to
the mountain ranges when the oceans close, and
become sites of enhanced subsidence, sedimentation,
and locally additional extension. The Rhine graben
in front of the Alpine collision of Europe is a well-
known example of an aulacogen.

RIFTS

Active rift systems may exhibit very steep escarp-
ments that drop from the rift shoulders to the base
of the rift valley floor, typically forming an elongate
depression that may extend for hundreds or even
thousands of miles. The world’s best known example
of a continental rift is the East African rift, extend-
ing from the Ethiopian Afar to Mozambique. Other
spectacular examples include Lake Baikal in Siberia,
the Rio Grande in the desert southwest of Arizona
and New Mexico, and the Alaotra rift in Madagas-
car. Most of these rifts have coarse-grained sediments
deposited along their margins, and fine-grained and
even lake sediments in their centers. Volcanic centers
are sporadically developed.

Many rifts in continents are associated with
incipient breaking apart of the continent to form
an oceanic basin. These types of rift system typi-
cally form three arms that develop over domed areas
above upwelling mantle material, such as is observed
in east Africa. Two of the three arms may link with
other three-pronged rift systems developed over adja-
cent domes, forming a linked elongate rift system
that then spreads to form an ocean basin. This type
of development leaves behind some failed rift arms
that will come to reside on the margins of young
oceans when the successful rift arms begin to spread.
These failed rift arms then become sites of increased
sedimentation and subsidence, and also tend to be
low-lying areas, and form the tectonic setting where
many of the world’s major rivers flow (for example,
the Nile, Amazon, and Mississippi). Other rifts form
at high angles to collisional mountain belts, and still
others form in regions of widespread continental
extension such as the basin and range province of the
southwestern United States.

PULL-APART BASIN
Pull-apart basins are elongate depressions that
develop along extensional steps on strike-slip faults.
Pull-apart basins are features that develop in trans-
tensional regions, in which the principal stresses are
compressional, but some areas within the region are
under extension due to the obliquity of the major
stress direction with respect to the plane of failure.
This results in extension of the crust along releasing
bends, leading to a break in the crust and the forma-
tion of basins. Some pull-apart basins show several
progressive stages in their formation. Others initiate
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along a fracture, and progress into lazy Z or S shapes,
and finally progress into a basin that ranges in length-
to-width ratio from 2:1 to 10:1. These types of basins
are characterized by steep sides on major fault bound-
aries with normal faults developing on their shorter
sides. Continuous movement along the major faults
tends to offset deposits from their source inlet to the
basin. These basins are characterized by rapid depo-
sition and rapid facies changes along or across the
width of the basin and gradual facies change along
the longest axis of the basin. Pull-apart basin deposits
are typically made mostly of coarse fanglomerate,
conglomerate, sandstone, shales, and shallow water
limestones and evaporites. Bimodal volcanics and vol-
canic sediments are also found interbedded within the
basin deposits. These bimodal volcanics are typical
of those found in rift settings, but here they are in a
transtensional regime. Transcurrent faults can pen-
etrate down deep into the crust, reaching the upper
mantle and providing a conduit for magma.

See also CONVERGENT PLATE MARGIN PROCESSES;
DIVERGENT PLATE MARGIN PROCESSES; DRAINAGE
BASIN (DRAINAGE SYSTEM); OCEAN BASIN; PLATE TEC-
TONICS; TRANSFORM PLATE MARGIN PROCESSES.
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beaches and shorelines A beach is an accu-
mulation of sediment exposed to wave action along
a coastline, whereas the shoreline environment is a
more encompassing area including beaches, islands,
and near-shore areas that are in some way affected
by coastal processes. The beach extends from the
limit of the low-tide line to the point inland where
the vegetation and landforms change to that typical
of the surrounding region. This may be a forest, a
cliff, dune, or lagoon. Many beaches merge imper-
ceptibly with grasslands, or forests, whereas others
end abruptly at cliffs or other permanent features,
including artificial seawalls that have been built in

many places in the past century. A beach may occupy
bays between headlands, it may form elongate strips
attached (or detached, in the cases of barrier islands)
to the mainland, or it may form spits that project out
into the water. To understand a beach it is necessary
also to consider the nearshore environment, the area
extending from the low-tide line out across the surf
zone. The nearshore environment may include sand-
bars, typically separated by troughs. The width of
nearshore environments is variable, depending on the
slope of the seafloor, wave dynamics, and availability
of sediment. Most nearshore environments include
an inner sandbar located about 100-1635 feet (30-50
m) offshore, and another bar about twice as far off-
shore. The inner bar is often cut by rip channels that
allow water that piles up between the bar and beach
to escape back to sea, often generating dangerous
rip currents that can drag unsuspecting swimmers
rapidly out to sea.

In the eastern United States, Florida is known for
wide sandy beaches, the Outer Banks of the Caroli-
nas are famous for barrier island beaches, and Maine
is well known for its beautiful rocky shorelines. The
western coast has many rocky shorelines in Wash-
ington, Oregon, and California, whereas the Gulf of
Mexico has low relief beaches, barrier islands, and
some mangrove-dominated shorelines.

Most sandy beaches develop typical profiles
that change through the seasons and include several
zones. These are the ridge and runnel, foreshore,
backshore, and storm ridge. The ridge and runnel
is the most seaward part of the beach, characterized
by a small sandbar called a ridge, and a flat-bottom
trough called the runnel, and is typically fewer than
30 feet (10 m) wide. The runnel is covered by water
at high tide and has many small sand ripples that
get extensively burrowed into by worms, crabs, and
other beach life.

The foreshore, or beach face, is a flat, seaward-
sloping surface that grades seaward into the ridge
and runnel, or the intertidal zone if the ridge and
runnel are not present. A narrow zone of gravel or
broken shells may be present at the small slope-break
between the foreshore and the ridge and runnel. The
foreshore contains the swash and backwash zone,
where waves move sand diagonally up the beach face
parallel to the wave incidence direction, and gravity
pulls the water and sand directly down the beach face
parallel to the slope. This diagonal, then beach-per-
pendicular motion produces a net transport of sand
and water along the beach, known as longshore drift
and longshore currents.

The backshore extends from a small ridge and
change in slope at the top of the foreshore known
as a berm, to the next feature (dune, seawall, forest,
lagoon) toward the land. This area is generally flat



beaches and shorelines

A Swash zone |

i

| /
| /
i

/ Surf zone Wavelength

Barrier island
beach berm

Lagoon

]

Winter profile

Summer profile
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winter showing how large winter storms erode the beach and smaller summer waves rebuild the beach

or gently landward sloping. The backshore area is
usually dry and above the high-water mark except
during large storms, so the backshore area is mainly
affected and shaped by wind. Some backshore areas
are characterized by multiple berms, and others have
none. On gravel beaches, found in high-energy envi-
ronments, the backshore area may be replaced by a
storm ridge marked by a ridge of gravel that may
be several to 10 feet (3 m) high. These ridges form
because incoming waves have the velocity to move
gravels up the beach face, but since these gravels are
porous, the water sinks into the gravel before it can
drag the gravel back down the beach face, causing its
accumulation in a large ridge.

Beaches are highly variable in the width and
heights of these various zones. Some beaches are
steep, whereas others are flat. Beaches that have flat
slopes are said to be dissipative in that they take the
energy from waves and gradually dissipate it across
the intertidal zone. These types of beaches often have
multiple sand bars in the nearshore environment.
Reflective beaches are those with steep gradients,
and these tend to take much of the wave energy and
reflect it back to sea. Reflective beaches do not gener-

ally have nearshore bars and are erosive. Dissipative
beaches tend to be depositional, as they are actively
accreting sediment.

The shape of a beach is largely controlled by the
nature of the waves, tides, currents, and, to a lesser
extent, wind. Waves move the sediment onshore,
and are then transported along the beach face by
the longshore currents, and perhaps blown to the
backshore by wind. Tides change the areas to which
waves direct their energy vertically up and down,
bringing the sediment alternatively to different sec-
tions of the beach. Out of all these processes, the
currents produced by the waves on the beach are the
most important. These currents include longshore
currents, rip currents, onshore-offshore currents pro-
duced in the swash zone, and combined currents.

Beaches are very dynamic environments and are
always changing, being eroded and redeposited con-
stantly from day to day and from season to season.
They are typically eroded to thin strips, known as
storm beaches, by strong winter storms and built up
considerably during summer, when storms tend to be
less intense. The wide summer beaches are known as
accretionary beaches. The processes controlling this
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BEAUTY AND THE BEACH: RETHINKING COASTAL LIVING

Civilized societies have built villages,
cities, and industrial sites near the
sea for thousands of years. Coastal set-
tings offer beauty and commercial con-
venience but also invite disaster with
coastal storms, tsunami, and rising sea
levels. In 2004 and 2005 the world wit-
nessed two furious incursions of the sea
into heavily populated coastal regions,
killing hundreds of thousands of people
and causing trillions of dollars in damage.
Coastal communities are experiencing
early stages of a new incursion, as global
sea levels slowly and inexorably rise,
increasing the likelihood of additional,
even more devastating disasters. These
events demand serious reconsideration of
priorities about further developing fragile
and changing coastlines. Most pressing
is a scientific reevaluation of the wisdom
of rebuilding areas such as New Orleans,
Louisiana, where sinking areas presently
far below sea level doom residents to
further, more serious disasters and tre-
mendous loss of life. Allowing large, gen-
erally poor segments of the population to
exist at great risk of death and property
loss is socially irresponsible. Reconstruc-
tion funds may be better used to relocate
large parts of the nation’s population that
have been displaced by coastal disasters
to safer regions.

The year 2005 began with cleanup
and recovery efforts from the tragic
December 26, 2004, earthquake and tsu-

nami that devastated coastal regions of
the Indian Ocean. One of the worst natu-
ral disasters of the 21st century unfolded
following a magnitude 9.0 earthquake
off the northern Sumatra coast. Within
minutes of the earthquake a mountain of
water 100 feet (30 m) tall was ravaging
northern Sumatra, sweeping into coastal
villages and resort communities with a
fury that crushed all in its path, removing
buildings and vegetation, and in many
cases eroding shoreline areas down
to bedrock. Scenes of destruction and
devastation rapidly moved up the coast
of nearby Indonesia, then across the
Indian Ocean to India and Africa. Build-
ings, vehicles, trees, boats, and other
debris in the water formed projectiles
that smashed into other structures at
30 miles (50 km) per hour, leveling all
in their path, and killing nearly a quarter
million people.

Areas in the United States at greatest
risk for tsunamis are along the Pacific
coast, including Hawaii, Alaska, Wash-
ington, Oregon, and California. Although
most tsunamis are generated by earth-
quakes, others are generated by land-
slides, volcanic eruptions, meteorite
impacts, and possibly gas releases from
the deep ocean. Any of these events may
happen at any time, in any of the world’s
oceans, including the Gulf of Mexico,
which is prone to tsunamogenic subma-
rine landslides.

Hurricanes Katrina (2005) and Rita
(2005) devastated the Gulf Coast, inun-
dating New Orleans with up to 23 feet
(7 m) of water. Large sections of the city
are uninhabitable, having been destroyed
by floods and subsequent decay by con-
taminated water and toxic mold. The
natural human inclination to respond to
the disaster is to rebuild the city grander
and greater than before, yet years after
the disaster fewer than half of the resi-
dents of the city have been able to return
to their former homes. This is not the
most scientifically sound response, and
could lead to even greater human catas-
trophes and financial loss in the future.
New Orleans is located on a coastal delta
in a basin that is up to 12 feet (3—4 m)
below sea level and is sinking at rates
of up to an inch (several mm to 2 cm)
per year, so that much of the city could
be 3-7 feet (1-2 m) farther below sea
level by the end of the century. As New
Orleans continues to sink, tall levees built
to keep the Gulf, Mississippi River, and
Lake Pontchartrain out of the city have
to be repeatedly raised, and the higher
they are built the greater the likelihood of
failure and catastrophe.

Flood protection levees that reach 20
feet (6 m) tall built along the Mississippi
keep the river level about 25-30 feet
(4-5 m) above sea level at New Orleans.
If these levees were to be breached,
water from the river would quickly fill in

seasonal change are related to the relative amounts
of energy in summer and winter storms—summer
storms (except for hurricanes) tend to have less energy
than winter storms, so they produce waves with rela-
tively short wavelengths and heights. These waves
gradually push the offshore and nearshore sands up
to the beach face, building the beach throughout the
summer. In contrast, winter storms have more energy
with longer wavelength, higher amplitude waves.
These large waves break on the beach, erode the
beach face, and carry the sand seaward, depositing
it in the nearshore and offshore environments. In
some cases, especially along the rocky Pacific coasts,

storms may remove all the sand from beaches, leav-
ing only a rocky bedrock bench behind until the
small summer waves can restore the beach. Storm
beaches, however, tend to be temporary conditions
as the wave energy decreases right after the storms.
Even between winter storms the beach may tend to
rebuild itself to a wider configuration.

BARRIER ISLANDS
Barrier islands are narrow linear mobile strips of
sand up to about 30-50 feet (10-15 m) above sea
level, and typically form chains located a few to tens
of miles offshore along many passive margins. They
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the 6-12 foot (2—4 m) deep depression
with up to 25 feet (8 m) of water and
leave a path of destruction where the
torrents of water raged through the city.
These levees also channel the sediments
that would naturally get deposited on the
flood plain and delta far out into the Gulf
of Mexico, with the result being that the
land surface of the delta south of New
Orleans has been sinking below sea level
at an alarming rate. A total land area the
size of Manhattan is disappearing every
year, meaning that New Orleans will be
directly on the Gulf by the end of the cen-
tury. Alarming poststorm assessments of
damage from Hurricanes Katrina and Rita
push that estimate forward by years.

The projected setting of the city in
2100 is in a bowl up to 30 feet (5 m) below
sea level, directly on the hurricane-prone
coast, and south of Lake Ponchartrain (by
then part of the Gulf). The city will need
to be surrounded by 50-100 foot (15-30
m) tall levees that will make the city look
like a fish tank submerged off the coast.
The levee system will not be able to pro-
tect the city from hurricanes any stronger
than Katrina. Hurricane storm surges and
tsunami could easily initiate catastrophic
collapse of any levee system, initiating a
major disaster. Advocates of rebuilding are
suggesting elevating buildings on stilts or
platforms, but forget that the city will be
3-6 meters below sea level by 2090, and
that storm surges may reach 30—35 feet
(10 m) above sea level. A levee failure in
this situation would be catastrophic, with
a debris-laden wall of water 45-50 feet
(15 m) tall sweeping through the city at 30

miles (50 km) per hour, hitting these build-
ings-on-stilts with the force of Niagara
Falls, and causing a scene of devastation
like the Indian Ocean tsunami.

Sea-level rise is rapidly becoming
one of the major global hazards that
humans must deal with, since most of the
world’s population lives near the coast
in the reach of the rising waters. The
current rate of rise of an inch (a couple
cm) every 10 years will have enormous
consequences. Many of the world’s large
cities, including New York, Houston, New
Orleans, and Washington, D.C., have
large areas located within 10-20 feet (a
few meters) of sea level. If sea levels
rise even a few feet (1 m), many of the
city streets will be underwater, not to
mention basements, subway lines, and
other underground facilities. New Orleans
will be the first under, lying a remarkable
10-15 feet (3—5 m) below the projected
sea level on the coast at the turn of the
next century. At this point governments
should not be rebuilding major coastal
cities in deep holes along the sinking,
hurricane-prone coast. Governments,
planners, and scientists must begin to
make more sophisticated plans for action
during times of rising sea levels. The first
step would be to use the reconstruction
money for rebuilding New Orleans as a
bigger, better, stronger city in a location
where it is above sea level, and will last
for more than a couple of decades, saving
the lives and livelihoods of hundreds of
thousands of people.

New Orleans is sinking farther below
sea level every year and getting closer

to the approaching shoreline. Sea level
is rising, and more catastrophic hurri-
canes and floods are certain to occur
in the next 100 years. Americans must
decide whether to spend hundreds of
billions of tax dollars to rebuild a city
with historic and emotional roots where
it will be destroyed again, or to move the
bulk of the city to a safer location before
subsidence increases and another disas-
ter strikes. The costs of either decision
will be enormous. The latter makes more
sense and will eventually be inevitable.
The city could be moved in the slump
following the destruction by Hurricane
Katrina, saving lives, or residents could
wait until an unexpected category five
superhurricane makes a direct hit and
kills hundreds of thousands of people.
Katrina was a warning, New Orleans is
sinking below sea level, and it is time to
move to high and dry ground.
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are separated from the mainland by the back-barrier
region, which is typically occupied by lagoons, shal-
low bays, estuaries, or marshes. Barriers are built by
vertical accumulation of sand from waves and wind
action. Barrier islands are so named because they
form a natural protection of the shoreline from the
forces of waves, tsunami, tides, and currents from
the main ocean. Many barrier islands have become
heavily developed, however, as they offer beautiful
beaches and resort-style living. The development of
barrier islands is one of the most hazardous trends
in coastal zones, since barriers are simply mobile
strips of sand that move in response to changing sea

levels, storms, coastal currents, and tides. Storms
are capable of moving the entire sandy substrate out
from underneath tall buildings.

The size of barrier islands ranges from narrow
and discontinuous strips of sand that may be only a
few hundred feet wide, to large islands that extend
many miles in width and length. The width and
length is determined by the amount of sediment
available, as well as a balance between wave and
tidal energy. Most barriers are built of sand, either
left over from glaciations, as in New England, eroded
from coastal cliffs, or deposited by rivers along deltas
such as at the end of the Mississippi River in the Gulf
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Photo of waves crashing on beach (Stephanie Coffman, Shutterstock, Inc.)

of Mexico. Barrier island systems need to be discon-
tinuous, to allow water from tidal changes to escape
back to sea along systems of tidal inlets.

Subenvironments of barriers are broadly sim-
ilar to those of beaches; they include the beach,
barrier interior, and landward interior. The beach
face of a barrier is the most dynamic part of the
island, absorbing energy from waves and tides, and
responding much as beaches on the mainland do.
The backside of the beach on many barrier islands is
marked by a long frontal or foredune ridge, followed
landward by secondary dunes. Barrier islands that
have grown landward with time may be marked by
a series of linear ridges that mark the former posi-
tions of the shoreline and foredune ridges, separated
by low areas called swales. The landward margins
of many barriers merge gradually into mud flats, or
salt marshes, or may open into lagoons, bays, or tidal
creeks.

About 15 percent of the world’s coastlines have
barrier islands offshore, with most located along pas-
sive-margin continental shelves, which have shallow
slopes and a large supply of sediment available to
build the barriers. In the United States the eastern
seaboard and Gulf of Mexico exhibit the greatest

development of barrier island systems. It seems that
areas with low tidal ranges in low to middle climate
zones have the most extensively developed barrier
systems.

Barrier systems are of several types. Barrier spits
are attached to the mainland at one end and terminate
in a bay or the open ocean on the other end. They are
most common along active tectonic coasts, although
Cape Cod in Massachusetts is one of the better-
known examples of a spit formed along a passive
continental margin. Some spits have ridges of sand
that curve around the end of the spit that terminates
in the sea, reflecting its growth. These are known as
recurved spits. Sandy Hook, at the northern end of
the New Jersey coast, is a recurved spit. Spits form
as longshore currents carry sediment along a coast-
line, and the coastline makes a bend into a bay. In
many cases the currents that carry the sand continue
straight and carry the sediment offshore, depositing
it in a spit that juts out from the mouth of the bay.
Many other subcategories of spits are known and
classified according to specific shape. Some, known
as tombolos, may connect offshore islands with the
mainland, whereas others have cuspate forms or jut
outward into the open water.



In some cases barriers grow completely across a
bay and seal off the water inside it from the ocean.
These are known as welded barriers and are most
common along rocky coasts such as in New England
and Alaska. Welded barriers seem also to form pref-
erentially where tidal energy is low, as this prevents
the tides from creating tidal channels that allow salty
water to circulate into the bay. Some also form dur-
ing onshore migration of barriers during times of
sea-level rise, when the barrier sands get moved into
progressively narrowing bays as they are forced to
move inland. Since they are cut off from the ocean,
bays that form behind welded barriers tend to be
brackish or even filled with freshwater.

Barriers form by a variety of different mecha-
nisms in different settings, but the most common
mechanisms include the growth and accretion of
spits that become breached during storms, growth
as offshore sandbars, and as submergence of former
islands during times of sea-level rise. Barriers are
constantly moving and respond to storms, currents,
waves, and sea-level rise by changing their position
and shape. Barriers moving onshore are known as
retrograding barriers; they move by a process of
rolling over, where sand on the outer beach face is
moved to the backshore, then overrun by the next
sand from the beach face. A continuation of this pro-
cess leads the barrier to roll over itself as it migrates
onshore. Prograding barriers are building themselves
seaward, generally through a large sediment sup-
ply, whereas aggrading barriers are simply growing
upward in place as sea levels rise.

COASTAL DUNES

Many coastal areas have well-developed sand dunes
in the backshore area, some of which reach heights
of several tens or even hundreds of feet (tens of
meters). The presence or absence of dunes, and
their shape and height, is mostly controlled by the
amount of sediment supply available, although wind
strength and type and distribution of vegetation
also play significant roles. Dunes are fragile ecosys-
tems that can easily be changed by disturbing the
vegetation or beach dynamics, yet their importance
is paramount to protecting inland areas from storm
waves and surges, tsunami, and other hazards from
the ocean.

Most coastal dunes are of the linear type, known
as foredunes, which form elongate ridges parallel to
the beach just landward of the foreshore. In some
cases numerous foredunes are present, with the ones
closest to land being the oldest and the younger ones
forming progressively seaward of these older dunes.

Sand dunes in the backbeach area are built by
the windblown accumulation of sand derived from
the foreshore area. The sands may grow far into
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the backshore environment, in some cases extending
miles inland if not obstructed by vegetation, cliffs, or
constructions such as buildings or seawalls. Vegeta-
tion is extremely effective at stabilizing mobile sand,
and many examples of sand being trapped by plants
are visible on beaches of the world.

Dunes are built by the slow accumulation of
sand moved by wind, but may be rapidly eroded by
storm surges and wave attack when the sea surface is
elevated on storm surges. A single storm can remove
years of dune growth in a few hours, transporting the
dune sand offshore or along shore. Examples of this
process were all too clear from Hurricanes Katrina in
Louisiana and Mississippi in 2005 and Ike along the
Texas coast in 2008. Likewise, tsunamis can remove
entire dune fields in a single devastating event, as
seen in many places during the Indian Ocean tsunami
of December 2004. Rising sea levels pose a huge
threat to many existing coastal dune fields, since a
rise in sea level of one foot (0.3 m) on flat terrain can
be equated with a 100-foot (305 m) landward migra-
tion of the shoreline, and the removal of the dune
field from one location to an area farther inland, or
to its complete elimination.

COASTAL LAGOONS

Lagoons are a special, rather rare class of restricted
coastal bays that are separated from the ocean by an
efficient barrier that blocks any tidal influx, and they
do not have significant freshwater influx from the
mainland. Water enters lagoons mainly from rainfall
and occasional storm wash-over. Evaporation from
the lagoon causes their waters to have elevated salin-
ity and distinctive environments and biota.

Most lagoons are elongate parallel to the coast
and separated from the ocean by a barrier island or
in some cases by a reef. They are most common in dry
or near-desert climates, since freshwater runoff needs
to be very limited to maintain lagoon conditions.
Lagoons are therefore common along coasts includ-
ing the Persian Gulf, North Africa, southeast Africa,
Australia, Texas, Mexico, and southern Brazil.

Many lagoons show large seasonal changes in
salinity, with nearly fresh conditions during rainy
seasons and extremely salty conditions as the waters
evaporate and even dry up in the dry seasons. Nor-
mal marine and estuarine organisms cannot tolerate
such wide variations in salinity, so typically large
numbers of a relatively few specialized species of
organisms are found in lagoons. Some species of fish,
such as the killifish, can regulate the salinity in their
bodies to match that of the outside waters, so they
are well suited for the lagoon environment. Certain
species of gastropods (snails) are also very tolerant to
variations in salinity, and are found in large quanti-
ties in some lagoons.
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Block diagram of types of dunes including (A) barchan, (B) transverse, (C) barchanoid, (D) linear, (E) parabolic,
and (F) star. Graph (triangular) illustrates which types of dunes form under different conditions of wind, sand
supply, and vegetative cover.



As the water in lagoons evaporates in summer
months, it deposits chemical sediments known as
evaporates and carbonates. These typically include
a sequence of minerals from aragonite to calcite to
gypsum to halite. Many ancient lagoon environ-
ments are recognized by the presence of this repeat-
ing sequence of evaporate and carbonate minerals in
the rock record.

Lagoons are not significantly influenced by
waves or tides, and are dominated by effects of the
wind. Winds can induce circulation in lagoons or
even waves during windstorms. Small wind tides in
lagoons may transport more water to one side of the
lagoon, and deposit fine-grained sediments on this
one side as the waters retreat when the wind dies out.
During large ocean storms tidal surges may overtop
the barrier to the lagoon, bringing a surge of seawa-
ter and sediment into the lagoon. During storms, and
during the daily sea breeze cycle, sand from the beach
and coastal dunes can be transported into lagoons.
This can be a major contributor to sediment accu-
mulation in some lagoons, and in some examples
sand dunes from the beach are moving landward
into lagoons, migrating over lagoonal sediments and
vegetation.

Sediments deposited in lagoons include layers of
chemical sediments that precipitated from the water
as it evaporated, leaving behind the elements initially
dissolved in the water as sedimentary layers. These
sediments are most commonly fine-grained, clay-
sized calcite and aragonite, and micrite, a form of
carbonate mud. Many lagoons are covered by mucky
micrite layers that have green slimy microorganisms
known as cyanobacteria, or blue-green algae, grow-
ing along the edges of the lagoon in the mud and
forming matlike pads surrounding the central, water-
filled part of the lagoon. Many times these mudflats
and algal pads are dried out and cracked by the Sun,
forming thin flakes that can be blown around by
the wind. Lagoons also have sediments such as sand
grains carried by the wind, and the skeletal and other
remains of the organisms that lived in the lagoon.
Sand washed into lagoons from storms often forms
small, fan-shaped bodies known as wash-over fans
that cover parts of the lagoon on its seaward side.

TIDAL INLETS
Tidal inlets are breaks in barrier island systems that
allow water, nutrients, organisms, ships, and people
easy access and exchange between the high-energy
open ocean and the low-energy back-barrier environ-
ment consisting of bays, lagoons, tidal marshes, and
creeks. Most tidal inlets are within barrier island
systems, but others may separate barrier islands from
rocky or glacial headlands. Tidal inlets are extremely
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important for navigation between sheltered ports on
the back-barrier bays and the open ocean; thus they
are the sites of many coastal modifications such as
jetties, breakwaters, and dredged channels to keep
the channels stable and open.

Strong tidal currents move water into and out
of tidal inlets as the tides wax and wane, and also
carry out of the channel large amounts of sediment
brought in by waves and long shore transport. Never
try to swim in a tidal inlet. As tides rise on the ocean
side of tidal inlets the water rises faster than on the
inside of the inlet, since the inlet is narrow and it
takes a long time for the water to move into the
restricted environment behind the barrier. The dif-
ference in elevation causes the water to flow into
the inlet with a strong current, called a flood-tidal
current. As the tide falls outside the inlet, the reverse
happens—as the tide falls quickly on the outside of
the barrier, the sea surface is higher inside the inlet
and a strong current known as an ebb-tidal current
then flows out of the inlet, returning the water to the
ocean. Considering the amount of time that it takes
for water to flow into and out of tidal inlets, it is
apparent that times of high and low tide may be con-
siderably different on the two sides of barrier systems
connected by tidal inlets.

The sides of tidal inlets are often marked by
curved sand ridges of recurved spits, formed as waves
are refracted into the barrier and push the sand into
ridges. The strongest currents in tidal inlets are found
where the inlet is the narrowest, a place with the
deepest water called the inlet throat. Water rushes
at high velocity into and out of this throat, carrying
sand into and out of the back-barrier environment.
Since the velocity of the water decreases after it
passes through the throat, large lobes and sheets of
sand are typically deposited as tidal deltas on both
the inside and the outside of tidal inlets. The delta
deposited by the incoming (flood) tide on the inside
or landward side of the inlet is known as a flood-tidal
delta, whereas the delta deposited on the outside of
the inlet by the ebb tide is known as an ebb-tidal
delta.

Tidal inlets form by a variety of mechanisms.
The most common is during the formation and evo-
lution of barrier systems along coastal platforms on
passive margins, where barrier islands emerged as
glaciers retreated and sea levels rose onto the conti-
nental shelves in Holocene times. Sea levels rose more
slowly about 5,000 years ago, and enhanced coastal
erosion provided abundant sand to create the bar-
rier island systems. Continued rising sea levels plus
diminished sediment supplies and the many modifica-
tions of the shoreline by humans has led to increased
erosion along much of the world’s coastlines. With
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this trend many barriers have been breached or cut
through during storms. Typically this happens when
an incoming storm erodes the foredune ridge, and
waves top the barrier island, washing sand into the
back barrier region, often making a shallow channel
through the barrier. As the storm and elevated tides
recede, the water in the back barrier bay, lagoon,
or tidal marsh is left high, then begins to escape
quickly through the new shallow opening, deepen-
ing it rapidly. If the tides can continue to keep this
channel open, a new tidal inlet is established. Many
tidal inlets along the Outer Banks barrier islands of
North Carolina have formed in this way. Any homes
or roads that were in the way are gone.

Tidal inlets may also form by longshore currents,
building a spit across a bay or drowned river valley.
As the spit grows across an open bay, the area open
to the sea gradually becomes narrower until it begins
to host strong tidal currents, when it becomes deep
and reaches an equilibrium between the amount of
sediment transported to the inlet by longshore drift
and the amount of sand moved out of the inlet by
tidal currents and waves.

INTERTIDAL FLATS
Many coastlines have flat areas within the tidal range
sheltered from waves, dominated by mud, and devoid
of vegetation that are accumulating sediment, known

as intertidal (or just tidal) flats. The width of tidal
flats depends on the tidal range and the shape and
morphology of the coastline or bay where they are
located. Some large bays with large tidal ranges, such
as the Bay of Fundy in eastern Canada, are dominated
by tidal flats. Tidal flats are typically flat areas cut
by many channels and dominated by mud and sandy
sediment. Many may have layers of shell debris and
ecosystems of organisms specially adapted to this
environment. They are alternately covered at high
water and exposed to the atmosphere at low tide.

The sand, mud, and shell fragment layers that
most tidal flats comprise are distributed in ways that
reflect the distribution of energy in this environment.
Sands are typically located near the base of the inter-
tidal zone where energy from tides is the highest,
and these sands gradually merge with and then give
way to muds toward the upper parts of the zone, and
away from the ocean. At any given location within
the tidal flats the sediments tend to be rather uni-
form, because of the similar conditions that persist
and repeat at any given location.

Modern tidal flat environments are inhabited by
a variety of organisms specially adapted to this harsh
environment, including specialized snails, worms,
amphipods, oysters, mussels, and other bivalves.
Many of these organisms survive by burrowing into
the mud for protection; in doing so they destroy the




fine-scale layering in the mud by a process called
bioturbation. The mud in many tidal flats is also
inhabited by microscopic filamentous cyanobacte-
ria (commonly called blue-green algae) that produce
slimy mats that cover many mud surfaces and hold
the mud particles together during the ebb and flow of
the tides. These mucaceous mats also trap mud and
other sediments, helping to build up the sedimentary
accumulation in these environments.

Tidal flats often expose sediments in which the
sedimentary particles are arranged in specific, pecu-
liar, and repeating forms known as sedimentary
structures. Familiar types of sedimentary structures
include sedimentary layers; ripples, produced by cur-
rents moving the sedimentary particles as sets of
small waves; mega-ripples, large ripples formed by
unusually strong currents; mudcracks, produced by
muddy sediments being dried by the Sun and shrink-
ing and cracking; and other structures produced by
organisms. These latter structures include burrows
from worms, bivalves, and other organisms, trails,
and footprints.

Most tidal flats are cut by a network of tidal
channels that may contain water even at low tides.
These form a network of small to large channels but
differ from normal streams in that they carry water
in different directions with the ebb and flood of the
tides. As the tide rises into tidal flats strong currents
that range up to several feet (1 m) per second bring
the tidal wave through these channels, moving sedi-
ments throughout the flats. Tidal flats tend to build
themselves slowly seaward, out from the bays or
estuaries that they initially grow around. They may
eventually fill in the bays and estuaries up to the sand
dunes or berm in the back-beach area or coastal bar-
rier. Most tidal flats are not significantly affected by
waves. Exceptionally large flats, however, such as
the Wadden Sea area of the North Sea on Germany’s
coast are significantly affected by waves for several
hours of each high-tide stand.

COASTAL WETLANDS AND MARSHES

Many bays, estuaries, and coastal tidal flats are bor-
dered inland by a vegetated intertidal area containing
grasses or shrublike mangrove swamps. Mangroves
do not tolerate freezing conditions so are found only
at low latitudes, whereas salt marshes are found at all
latitudes. These coastal wetlands or salt marshes host
a range of water salinities, from salty and brackish to
nearly fresh. As estuaries age or mature, they tend to
become progressively filled in first by tidal flats, then
by salt marshes or coastal wetlands. Thus the degree
to which estuaries are filled in can indicate the state
of their maturity.

Salt marshes form on the upper part of the inter-
tidal zone where organic rich sediments are rarely
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disturbed by tides, providing a stable environment for
grasses to take root. The low marsh area is defined as
the part of the marsh that ranges from the beginning
of vegetation to the least mean high tide. The high
marsh extends from the mean high tide up to the
limit of tidal influence. Different genera and species
of grass form at different latitudes and on different
continents, but in North America high parts of salt
marshes are dominated by Juncus grasses, known
also as needle- or black-rush, which can be 5 to 6 feet
(2 m) tall, with sharp, pointed ends. Low parts of salt
marshes tend to be dominated by dense growths of
knee-high Spartina grasses.

Salt marshes must grow upward to keep up with
rising sea levels. To do this they accumulate sedi-
ments derived from storm floods moving sediment
inland from the beach environment, from river floods
bringing in sediment from the mainland, and from
the accumulation of organic material that grew and
lived in the salt marshes. When plants in salt marshes
are suddenly covered by sediment from storms or
floods, they quickly recover by growing up through
the new sediment, thereby allowing the marsh to
survive and grow upward. Some salt marshes grow
upward so efficiently that they raise themselves
above tidal influence and eventually become a fresh-
water woodland environment. With the increasing
rate of sea-level rise predicted for the next century,
however, many scientists are concerned that sea level
will start to rise faster than marsh sedimentation can
keep pace with it. This problem is particularly exac-
erbated in places where the normal supply of river
and flood sediments is cut off, for instance, by levees
along rivers. If this happens, many of the fragile and
environmentally unique coastal marsh settings will
disappear. Marshes are among the most productive
of all environments on Earth; they serve as nurser-
ies for many organisms and are large producers of
oxygen through photosynthesis. The disappearance
of coastal marshes is already happening at an alarm-
ing rate in places such as the Mississippi River delta,
where coastal subsidence, loss of delta replenish-
ment, together with sea-level rise leads to more than
0.39 inches (1 cm) of relative sea-level rise each year.
Salt marshes are disappearing at an alarming rate
along the Mississippi River delta, as discussed in a
later chapter.

Many coastal marshes in low latitudes are cov-
ered with dense mangrove tidal forest ecosystems,
known also as mangals. These have fresh to brackish
water and are under tidal influence. Mangrove stands
have proven to be extremely effective protective bar-
riers against invaders from the sea, including hostile
armies, storm surges, and tsunamis. The destruction
of many coastal mangrove forests in recent years has
proven catastrophic to some regions, such as areas
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inundated by the 2004 Indian Ocean tsunami that
were once protected by mangroves. Many local gov-
ernments removed the mangroves to facilitate devel-
opment and shrimp farming, but when the tsunami
hit, it swept far inland in areas without mangroves,
and was effectively stopped in places where the
mangroves were still undisturbed. There are many
examples of places where mangrove-dominated
coasts have withstood direct hits from hurricanes
and storm surges, yet protected the coastline to the
extent that there was little detectable change after
the storm.

Several dozen or more types of mangroves are
known, occurring on many coasts of North America,
Africa, South America, India, Southeast Asia, and
elsewhere around the Pacific. Mangroves prefer pro-
tected, low-energy coasts such as estuaries, lagoons,
and back-barrier areas. Mangroves develop extensive
root systems and propagate by dropping seeds into
the water, where they take root and spread. Man-
grove stands have also been known to be uprooted
by storms, float to another location, and take root in
the new setting.

The extensive root network of mangrove stands
slows many tidal currents and reduces wave energy
by a factor of 10, forming lower-energy conditions
inside the mangrove forest. These lower-energy con-
ditions favor the deposition of sediment, enhancing
seaward growth of the mangrove forest.

DELTAS
Deltas are low flat deposits of alluvium at the mouths
of streams and rivers that form broad triangular- or
irregular-shaped areas that extend into bays, oceans,
or lakes. They are typically crossed by many dis-
tributaries from the main river and may extend for
a considerable distance underwater. When a stream
enters the relatively still water of a lake or the ocean,
its velocity and its capacity to hold sediment drop
suddenly. Thus the stream dumps its sediment load
there, and the resulting deposit is known as a delta.
The term delta was first used for these deposits by
Herodotus in the fifth century B.C.E., for the triangu-
lar-shaped alluvial deposits at the mouth of the Nile
River. The stream first drops the coarsest material,
then progressively finer material further out, form-
ing a distinctive sedimentary deposit. In a study of
several small deltas in ancient Lake Bonneville in
Utah, Nevada, and Idaho, Grover Karl Gilbert in
1890 recognized that the deposition of finer-grained
material farther away from the shoreline also cre-
ated a distinctive vertical sequence in delta depos-
its. The resulting foreset layer is thus graded from
coarse nearshore to fine offshore. The bottomset
layer consists of the finest material, deposited far
out. As this material continues to build outward, the

stream must extend its length and forms new depos-
its, known as topset layers, on top of all this. Topset
beds may include a variety of subenvironments, both
subaqueous and subaerial, formed as the delta pro-
grades seaward.

Most of the world’s large rivers such as the
Mississippi, the Nile, and the Ganges, have built
enormous deltas at their mouths, yet all of these are
different in detail. Deltas may have various shapes and
sizes or may even be completely removed, depending
on the relative amounts of sediment deposited by
the stream, the erosive power of waves and tides,
the climate, and the tectonic stability of the coastal
region. The distributaries and main channel of the
rivers forming deltas typically move to find the short-
est route to the sea, and this causes the shifting of the
active locus of deposition on deltas. Inactive areas,
which may form lobes or just parts of the delta,
typically subside and are reworked by tidal currents
and waves. High-constructive deltas form where the
fluvial transport dominates the energy balance on the
delta. These deltas are typically elongate, such as the
modern delta at the mouth of the Mississippi, shaped
like a bird’s foot, or they may be lobate, such as the
older Holocene lobes of the Mississippi that have
now largely subsided below sea level.

High-destructive deltas form where the tidal and
wave energy is high and much of the fluvial sediment
gets reworked before it is finally deposited. In wave-
dominated high-destructive deltas sediment typically
accumulates as arcuate barriers near the mouth of the
river. Examples of wave-dominated deltas include the
Nile and the Rhone deltas. In tide-dominated high-
destructive deltas, tides rework the sediment into
linear bars that radiate from the mouth of the river,
with sands on the outer part of the delta sheltering a
lower-energy area of mud and silt deposition inland
from the segmented bars. Examples of tide-domi-
nated deltas include the Ganges and the Kikari and
Fly River deltas in the Gulf of Papua, New Guinea.
Other rivers drain into the sea in places where the
tidal and wave current is so strong that these systems
completely overwhelm the fluvial deposition, remov-
ing most of the delta. The Orinoco River in South
America has had its sediment deposits transported
southward along the South American coast, with no
real delta formed at the mouth of the river.

Where a coarse sediment load of an alluvial fan
dumps its load in a delta, the deposit is known as
a fan-delta. Braid-deltas are formed when braided
streams meet local base level and deposit their coarse-
grained load.

Deltas create unique, diverse environments where
fresh and saltwater ecosystems meet, and swamps,
beaches, and shallow marine settings are highly var-
ied. Deltas also form some of the world’s great-



est hydrocarbon fields, as the muds and carbonates
make good source rocks and the sands make excel-
lent trap rocks.

GLACIATED COASTS

Glaciated and recently deglaciated coastlines offer a
variety of environments that are significantly differ-
ent from other coastal features so far discussed. Some
coastlines, such as many in Antarctica, Greenland,
and Alaska, have active glaciers that reach the sea,
whereas other coasts, such as from New England
northward into Canada, Scandinavia, and parts of
the Far East have recently been deglaciated (within
the past 18,000 years).

The primary effects of glaciers on coastlines
include the carving out of wide U-shaped glacial
valleys and erosion of loose material overlying bed-
rock, the deposition of huge quantities of sediment
especially near the termini of glaciers, and lowering
of global sea levels during periods of widespread
glaciation. In addition, many coastal areas that
had thick ice sheets on them were depressed by
the weight of the glaciers, and have been slowly
rebounding upward since the weight of the glaciers
was removed. This glacial rebound causes coastal
features to move seaward and former beaches and
coastlines to be uplifted.

When glaciers move across the land surface,
they can erode bedrock by a combination of grind-
ing and abrasion, plucking material away from the
bedrock, and ice wedging where water penetrates
cracks, expands as it freezes, and pushes pieces of
bedrock away from its base. The material removed
from the bedrock and overburden is then transported
with the glacier to its end point, often at the coast,
where it may be deposited as a pile of gravel, sand,
and boulders known as a glacial moraine. Some gla-
cial moraines are relatively small and outline places
where individual glaciers flowed out of valleys and
ended at the sea. These form where the glaciers were
relatively small and were confined to valleys. Other
glacial moraines are huge, and mark places where
continental ice sheets made their farthest movement
southward, depositing vast piles of sand and gravel at
their terminus. On the eastern seaboard of the United
States, New York’s Long Island and Massachusetts’s
Cape Cod, Martha’s Vineyard, and Nantucket Island
represent the complex terminal moraine from the
Pleistocene ice sheets. In places like New England
that were covered by large continental ice sheets, the
glaciers tended to scour the surface to the bedrock,
leaving behind irregular and rocky coasts character-
ized by promontories and embayments, islands, but
only rare sandy beaches.

Depositional features on deglaciated coasts are
varied. Glacial drift is a general term for all sediment
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deposited directly by glaciers, or by glacial meltwa-
ter in streams, lakes, and the sea. Till is glacial drift
that was deposited directly by the ice. It is a non-
sorted random mixture of rock fragments. Glacial
marine drift is sediment deposited on the seafloor
from floating ice shelves or bergs, and may include
many isolated pebbles or boulders that were initially
trapped in glaciers on land, then floated in icebergs
that calved off from tidewater glaciers. These rocks
melted out while over open water, and fell into the
sediment on the sea bottom. These isolated drop-
stones are often one of the hallmarks of ancient gla-
ciation in rock layers that geologists find in the rock
record. Stratified drift is deposited by meltwater and
may include a range of sizes, deposited in different
fluvial or lacustrine environments.

Terminal or end moraines are ridgelike accu-
mulations of drift deposited at the farthest point of
travel of a glacier’s terminus. Terminal moraines
may be found as depositional landforms at the bases
of mountain or valley glaciers marking the locations
of the farthest advance of that particular glacier, or
may be more regional in extent, marking the farthest
advance of a continental ice sheet. There are sev-
eral different categories of terminal moraines, some
related to the farthest advance during a particular
glacial stage, and others referring to the farthest
advance of a group of or all glacial stages in a region.
Continental terminal moraines are typically suc-
ceeded poleward by a series of recessional moraines
marking temporary stops in the glacial retreat or
even short advances during the retreat. They may
also mark the boundary between a glacial outwash
terrain and a knob and kettle or hummocky terrain
toward more poleward latitudes from the moraine.
The knob and kettle terrain is characterized by knobs
of outwash gravels and sand separated by depres-
sions filled with finer material. Many of these kettle
holes were formed when large blocks of ice were left
by the retreating glacier, and the ice blocks melted
later, leaving large pits where the ice once was. Kettle
holes are typically filled with lakes; many regions
characterized by many small lakes have a recessional
kettle hole origin.

Glacial erratics are glacially deposited rock frag-
ments with compositions different from underlying
rocks. In many cases the erratics are composed of
rock types that do not occur in the area they are
resting in, but are found only hundreds or even
thousands of miles away. Many glacial erratics in the
northern part of the United States can be shown to
have come from parts of Canada. Sediment deposited
by streams washing out of glacial moraines, known
as outwash, is typically deposited by braided streams.
Many of these glacial outwash braided streams form
on broad plains known as outwash plains. When



IEIM beaches and shorelines

glaciers retreat, the load is diminished, and a series of
outwash terraces may form.

Drumlins are teardrop-shaped accumulations of
till that are up to about 150 feet (50 m) in height,
and tend to occur in groups of many drumlins. These
have a steep side that faces in the direction that the
glacier advanced from and a back side with a more
gentle slope. Drumlins are thought to form beneath
ice sheets and record the direction of movement of
the glacier. Drumlin coasts are found on the east-
ern side of Nova Scotia and in Massachusetts Bay,
including many in Boston Harbor. A final common
depositional landform of glaciers found on many
coasts are eskers, elongate ridges of sands and gravel
that may extend many miles but be only a few tens
of feet (several m) wide. These represent the paths
of meltwater streams that flowed inside and under-
neath the glaciers, depositing the sand and gravel in
the stream bed, which got left behind as the glacier
retreated.

Coastlines that were mountainous when the gla-
ciers advanced had their valleys deepened by the
glaciers carving out their floors and sides, creating
fjords. Fjords are steep-sided glacial valleys that open
to the sea. Southern Alaska has numerous fjords that
have active tidewater glaciers in them, which are now
experiencing a phase of rapid retreat. The Hudson
River valley and Palisades just north of New York
City comprise a fjord formed in the Pleistocene, and
many fjords are found in Scandinavia, New Zealand,
Greenland, Chile, and Antarctica.

ROCKY COASTS

Rocky coastlines are most common along many con-
vergent tectonic plate boundaries and on volcanic
islands, but may also be found on recently deglaci-
ated coasts and along other uplifted coasts such as
southern Africa and recently uplifted coasts such as
along the Red Sea. Rocky coasts are the most com-
mon type of coastline in the world, forming on the
order of 75 percent of the world’s coasts. The mor-
phology of rocky coastlines is determined mainly by
the type of rock, its internal structure and tectonic
setting, as well as the physical, chemical, and biologi-
cal processes operating on the coastline. Coastlines
with mountains and steep slopes under the sea tend
to have large waves, since little of the wave energy is
dissipated by shallow water as the waves approach.
These large waves erode the coast and also transport
any sand that tends to accumulate offshore, so it is
rare to find sandy beaches on steep, rocky coastlines.
Some tropical islands have exposures of jagged lime-
stone along their coastlines. Much of this limestone
formed as shallow water mud and reefs, and was
exposed above sea level when sea levels fell during
the Pleistocene.

The rates of geological processes and change
along rocky coastlines are much slower than along
sandy beaches, so it is often difficult to notice change
over individual lifetimes. Rocky coastlines are experi-
encing erosion over geological time periods, however,
through a combination of waves, rain, ice wedging
during the freeze-thaw cycle, and chemical and bio-
logical processes. Waves that continuously pound on
rocky coastlines are the most effective erosive agents,
slowly wearing down the rock and, in some cases,
quarrying away large boulders. When waves carry
sand and smaller rocks, these particles are thrown
against the coastal rocks, causing significant abra-
sion and erosion. Abraded rock surfaces tend to be
smooth, whereas those eroded by wave quarrying are
irregular.

In higher latitudes subject to the freeze-thaw
cycle, water often gets trapped in cracks and joints in
the rock and then freezes. Since water expands by 9
percent when it freezes, this creates large stresses on
the rock around the crack, often enough to expand
the crack and eventually contribute to causing blocks
of rock to separate from the main rocky coast and
become a boulder.

Biological processes also contribute to the ero-
sion of rocks along rocky coasts. Microscopic blue-
green algae burrow into limestone, using the calcium
carbonate (CaCOQj3) as a nutrition source and causing
the limestone to be more easily weathered away, a
fraction of an inch (mm) at a time. Other organisms,
such as sea urchins, abalone, chitons, and other inver-
tebrates, bore into rocky substrate, slowly eroding
the coast. Rocks along the coast are also subject to
chemical weathering, like other rocks in other envi-
ronments. Limestones may be dissolved by acid rain,
and feldspars in granites and other rocks may be con-
verted by hydrolysis into soft, easily eroded clay.

The relative strength of these processes is deter-
mined by several factors, including rock type, climate,
wave energy, rock structure, tidal range, and sea
level. Soft rocks such as sandstones are easily eroded,
whereas granites weather much more slowly and
typically form headlands along rocky coasts. Highly
fractured rocks tend to break and erode faster, espe-
cially in climates with a significant freeze-thaw cycle.
In humid wet climates chemical erosion may be more
important than the freeze-thaw cycle. Wave height
and energy is important, as waves exert their great-
est erosive power at just above the mean high-water
level and are very effective at slowly removing rocks,
seawalls, and other structures, particularly in places
where sandy beaches are absent. Sandy beaches
absorb wave energy, so when beaches are absent the
waves are much more erosive. Areas with small tidal
ranges tend to focus the wave energy on a small area,
whereas areas with large tidal ranges tend to change



the area being attacked by waves. Thus tides and
relative sea level also influence the effectiveness of
waves in eroding the coast.

Many rocky coasts are bordered by steep cliffs,
many of which are experiencing active erosion. The
erosion is a function of waves’ undercutting the base
of the cliffs and oversteepening the slopes, which
then collapse to form a pile of boulders that are then
broken down by wave action. On volcanic islands,
such as Hawaii and Cape Verde, some large, amphi-
theater-shaped cliffs were formed by giant landslides
when large sections of these islands slumped into
the adjacent ocean, creating the cliffs and generat-
ing tsunamis. In contrast, cliffs of unconsolidated
gravels and sand attempt to recover to the angle of
repose by rain water erosion or slumping from the
top of the cliff. This erosion can be dramatic, with
many tens of feet removed during single storms.
The material eroded from the cliffs replenished the
beaches, and without the erosion the beaches would
not exist. Coarser material is left behind as it cannot
be transported by the waves or tidal currents while
the finer-grained material is carried out to sea. The
remaining coarse-grained deposits typically form a
rocky beach with a relatively flat platform known as
a wave-cut terrace.

Some rocky shorelines are marked by relatively
flat bedrock platforms known as benches, ranging
from a few tens of feet (m) to thousands of feet (1
km) wide, typically followed inland by cliffs. These
benches may be horizontal, gently seaward dipping,
or inclined as many as 30 degrees toward the sea.
Benches are formed by wave abrasion and quarrying
of material away from cliffs, and develop along with
cliff retreat from the shoreline. The waves must have
enough energy to remove the material that falls from
the cliffs, and the waves abrade the surface during
high tides. Benches developed on flat-lying sedimen-
tary rocks tend to be flat, whereas those developed
on other types of rocks may be more rugged. An
unusual type of chemical weathering may also play a
role in the formation of wave-cut benches. The alter-
nate wetting and drying leaves sea salts behind that
promote weathering of the rock, making it easier for
the waves to remove the material.

Along many coastlines, wave-cut benches or plat-
forms may be found at several different levels high
above sea level. These marine terraces generally form
where tectonic forces are uplifting the coastline, such
as along some convergent margins, and can be used
to estimate the rates of uplift of the land if the ages of
the various marine terraces can be determined.

A variety of other unusual erosional landforms
are found along rocky shorelines, particularly where
cliffs are retreating. Sea stacks are isolated columns
of rock left by retreating cliffs, with the most famous

beaches and shorelines m

being the Twelve Apostles, along the southern coast
of Australia. Arches are sometimes preserved in areas
of seastacks that have developed in horizontally lay-
ered sedimentary rocks, where waves erode tunnels
through headlands.

REEF SYSTEMS

Reefs are wave-resistant, framework-supported car-
bonate or organic mounds generally built by car-
bonate-secreting organisms, or in some usages the
term may be used for any shallow ridge of rock
lying near the surface of the water. Reefs contain a
plethora of organisms that together build a wave-
resistant structure to just below the low-tide level
in the ocean waters and provide shelter for fish and
other organisms. The spaces between the framework
are typically filled by skeletal debris, which together
with the framework become cemented together to
form a wave-resistant feature that shelters the shelf
from high-energy waves. Reef organisms (presently
consisting mainly of zooxanthellae) can survive only
in the photic zone, so reef growth is restricted to the
upper 328 feet (100 m) of the seawater.

Reefs are built by a wide variety of organisms,
today including red algae, mollusks, sponges, and
cnidarians (including corals). The colonial Sclerac-
tinia corals are presently the principal reef builders,
producing a calcareous external skeleton character-
ized by radial partitions known as septa. Inside the
skeleton are soft-bodied animals called polyps, con-
taining symbiotic algae essential for the life cycle of
the coral and the building of the reef structure. The
polyps contain calcium bicarbonate that is broken
down into calcium carbonate, carbon dioxide, and
water. The calcium carbonate is secreted to the reef
building its structure, whereas the algae photosyn-
thesize the carbon dioxide, producing food for the
polyps.

There are several different types of reefs, classi-
fied by their morphology and relationship to nearby
landmasses. Fringing reefs grow along and fringe
the coast of a landmass and are often discontinuous.
They typically have a steep outer slope, an algal ridge
crest, and a flat, sand-filled channel between the reef
and the main shoreline. Barrier reefs form at greater
distances from the shore than fringing reefs, and are
generally broader and more continuous than fringing
reefs. They are among the largest biological struc-
tures on the planet—for instance, the Great Barrier
Reef of Australia is 1,430 miles (2,300 km) long. A
deep, wide lagoon typically separates barrier reefs
from the mainland. All of these reefs show a zonation
from a high-energy side on the outside or windward
side of the reef, grow fast, and have a smooth outer
boundary. In contrast, the opposite side of the reef
receives little wave energy and may be irregular and
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poorly developed, or grade into a lagoon. Many reefs
also show a vertical zonation in the types of organ-
isms present, from deepwater to shallow levels near
the sea surface.

Atolls or atoll reefs form circular-, elliptical-, or
semicircular-shaped islands made of coral that rise
from deep water; atolls surround central lagoons,
typically with no internal landmass. Some atolls do
have small central islands, and these, as well as parts
of the outer circular reef, are in some cases covered
by forests. Most atolls range in diameter from half a
mile to more than 80 miles (1-130 km), and are most
common in the western and central Pacific Ocean
basin and in the Indian Ocean. The outer margin of
the semicircular reef on atolls is the most active site
of coral growth, since it receives the most nutrients
from upwelling waters on the margin of the atoll.
On many atolls coral growth on the outer margin is
so intense that the corals form an overhanging ledge
from which many blocks of coral break off during
storms, forming a huge pile of broken reef debris
at the base of the atoll called talus slope. Volcanic
rocks, some of which lie more than half a mile (1 km)
below current sea level, underlay atolls. Since cor-
als can grow only in very shallow water fewer than
65 feet (20 m) deep, the volcanic islands must have
formed near sea level, grown coral, and subsided
over time, with the corals growing at the rate that the
volcanic islands were sinking.

Charles Darwin proposed such an origin for
atolls in 1842 based on his expeditions on the HMS
Beagle from 1831 to 1836. He suggested that vol-
canic islands were first formed with their peaks
exposed above sea level. At this stage coral reefs were
established as fringing reef complexes around the
volcanic island. He suggested that with time the vol-
canic islands subsided and were eroded, but that the
growth of the coral reefs was able to keep up with the
subsidence. In this way, as the volcanic islands sank
below sea level, the coral reefs continued to grow and
eventually formed a ring circling the location of the
former volcanic island. When Darwin proposed this
theory in 1842, he did not know that ancient, eroded
volcanic mountains underlay the atolls he studied.
More than 100 years later, drilling confirmed his pre-
diction that volcanic rocks would be found beneath
the coralline rocks on several atolls.

With the advent of plate tectonics in the 1970s
the cause of the subsidence of the volcanoes became
apparent. When oceanic crust is created at midocean
ridges, it is typically about 1.7 miles (2.7 km) below
sea level. With time, as the oceanic crust moves away
from the midocean ridges, it cools and contracts,
sinking to about 2.5 miles (4 km) below sea level. In
many places on the seafloor small volcanoes form on
the oceanic crust a short time after the main part of

the crust formed at the midocean ridge. These volca-
noes may stick above sea level a few hundred meters.
As the oceanic crust moves away from the midocean
ridges, these volcanoes subside below sea level. If the
volcanoes happen to be in the tropics where corals
can grow, and if the rate of subsidence is slow enough
for the growth of coral to keep up with subsidence,
then atolls may form where the volcanic island used
to be. If corals do not grow or cannot keep up with
subsidence, then the island subsides below sea level
and the top of the island gets scoured by wave ero-
sion, forming a flat-topped mountain that continues
to subside below sea level. These flat-topped moun-
tains are known as guyots, many of which were
mapped during exploration of the seafloor associated
with military operations of World War II.

Reefs are extremely sensitive and diverse envi-
ronments and cannot tolerate large changes in tem-
perature, pollution, turbidity, or water depth. Reefs
have also been subject to mining, destruction for nav-
igation and even sites of testing nuclear bombs in the
Pacific. Thus human-induced and natural changes in
the shoreline environment pose a significant threat to
the reef environment.

See also CORAL; DELTAS; ESTUARY; HURRICANES;
OCEAN BASIN; SEA-LEVEL RISE.

FURTHER READING

Beatley, Timothy, David J. Brower, and Anna K. A.
Schwab. Introduction to Coastal Management. Wash-
ington, D.C.: Island Press, 1994.

Davis, R., and D. Fitzgerald. Beaches and Coasts. Malden,
Mass.: Blackwell, 2004.

Dean, C. Against the Tide: The Battle for America’s
Beaches. New York: Columbia University Press,
1999.

Dolan, Robert, Paul J. Godfrey, and William E. Odum.
“Man’s Impact on the Barrier Islands of North Caro-
lina.” American Scientist 61 (1973): 152-162.

Kaufman, W., and Orrin H. Pilkey Jr. The Beaches are
Moving. Durham, N.C.: Duke University Press, 1983.

King, C. A. M. Beaches and Coasts. London: Edward
Arnold, 1961.

Komar, Paul D., ed. CRC Handbook of Coastal Processes
and Erosion. Boca Raton, Fla.: CRC Press, 1983.
Longshore, David. Encyclopedia of Hurricanes, Typhoons,
and Cyclones, New Edition. New York: Facts On File,

2008.

Nordstrom, K. F., N. P. Psuty, and R. W. G. Carter.
Coastal Dunes: Form and Process. New York: John
Wiley & Sons, 1990.

Pilkey, O. H., and W. J. Neal. Coastal Geologic Hazards.
In The Geology of North America, Volume 1-2, The
Atlantic Continental Margin, edited by R. E. Sheridan
and J. A. Grow. Boulder, Colo.: Geological Society of
America, 1988.



U.S. Army Corps of Engineers Engineer Research and
Development Center home page. Available online.
URL: http://www.erdc.usace.army.mil/. Updated
August 22, 2008.

U.S. Army Corps of Engineers home page. Available online.
URL: http://www.usace.army.mil/. Updated Septem-
ber 17, 2008.

Williams, Jeffress, Kurt A. Dodd, and Kathleen K. Gohn.
Coasts in Crisis. Reston, Va. United States Geological

Survey, Circular 1075, 1990.

benthic, benthos The benthic environment
includes the ocean floor and the benthos are those
organisms that dwell on or near the seafloor. Bot-
tom-dwelling benthos organisms include large plants
that grow in shallow water, as well as animals that
dwell on the seafloor at all depths.

Many of the sediments on the deep seafloor are
derived from erosion of the continents and carried to
the deep sea by turbidity currents, carried by wind
(e.g., volcanic ash), or released from floating ice.

benthic, benthos m

Other sediments, known as deep-sea oozes, include
pelagic sediments derived from marine organic activ-
ity. When small organisms such as diatoms die in the
ocean, their shells sink to the bottom and over time
can make significant accumulations. Calcareous ooze
occurs at low to middle latitudes where warm water
favors the growth of carbonate-secreting organisms.
Calcareous oozes are not found in water more than
2.5-3 miles (4-5 km) deep because this water is under
such high pressure that it contains a lot of dissolved
CO,, which dissolves carbonate shells. The depth
below which all calcium-bearing shells and tests dis-
solve is known as the calcium carbonate compensa-
tion depth. Siliceous ooze is produced by organisms
that use silicon to make their shell structure.

The benthic world is amazingly diverse, yet parts
of the deep seafloor are less explored than the surface
of the Moon. Organisms that live in the benthic com-
munity generally use one or more of three main strat-
egies for living. Some attach themselves to anchored
surfaces and get food by filtering it from the seawa-
ter. Other organisms move freely about on the ocean

Benthic organisms including crabs, anemones, clams, and mussels on ocean floor (TheSupe87, 2008,

Shutterstock, Inc.)
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bottom and get their food by predation. Still oth-
ers burrow or bury themselves in the ocean bottom
sediments and obtain nourishment by digesting and
extracting nutrients from the benthic sediments. All
the benthic organisms must compete for living space
and food, with other factors including light levels,
temperature, salinity, and the nature of the bottom
controlling the distribution and diversity of some
organisms. Species diversification is related to the
stability of the benthic environment. Areas that expe-
rience large variations in temperature, salinity, and
water agitation tend to have low species diversifica-
tion, but may have large numbers of a few different
types of organisms. In contrast, stable environments
tend to show much greater diversity, with a larger
number of species present.

There are a large number of different benthic
environments. Rocky shore environments in the
intertidal zone have a wide range of conditions from
alternately wet and dry to always submerged, with
wave agitation and predation being important fac-
tors. These rocky shore environments tend to show
a distinct zonation in benthos, with some organisms
inhabiting one narrow niche and other organisms
in others. Barnacles and other organisms that can
firmly attach themselves to the bottom do well in
wave-agitated environments, whereas certain types
of algae prefer areas from slightly above the low-tide
line to about 33 feet (10 m) depth. The area around
the low-tide mark tends to be inhabited by abundant
organisms, including snails, starfish, crabs, mussels,
sea anemones, urchins, and hydroids. Tide pools are
highly variable environments that host specialized
plants and animals including crustaceans, worms,
starfish, snails, and seaweed. The subtidal environ-
ment may host lobster, worms, mollusks, and even
octopus. Kelp, brown benthic algae, inhabit the sub-
tidal zone in subtropical to subpolar waters and
can grow down to a depth of about 130 feet (40
m), often forming thick underwater forests that may
extend along a coast for many kilometers.

Sandy and muddy bottom benthic environments
often form at the edges of deltas, sandy beaches,
marshes, and estuaries. Many of the world’s tem-
perate to tropical coastlines have salt marshes in
the intertidal zone and beds of sea grasses growing
just below the low-tide line. Surface-dwelling organ-
isms in these environments are known as epifauna,
whereas organisms that bury themselves in the bot-
tom sand and mud are called infauna. Many of
these organisms obtain nourishment either by filter-
ing seawater that they pump through their digestive
system or by selecting edible particles from the sea-
floor. Deposit-feeding bivalves such as clams inhabit
the area below the low-tide mark, whereas other
deposit feeders may inhabit the intertidal zone. Other

organisms that inhabit these environments include
shrimp, snails, oysters, tube-building crustaceans,
and hydroids.

Coral reefs are special benthic environments that
require warm water greater than 64.4°F (18°C) to
survive. Colonial animals secrete calcareous skele-
tons, placing new active layers on top of the skeletons
of dead organisms, and thus build the reef structure.
Encrusting red algae, as well as green and red algae,
produce the calcareous cement of the coral reefs.
The reef hosts a huge variety and number of other
organisms, some growing in symbiotic relationships
with the reef builders, others seeking shelter or food
among the complex reef. Upwelling waters and cur-
rents bring nutrients to the reef. The currents release
more nutrients produced by the reef organisms. Some
of the world’s most spectacular coral reefs include
the Great Barrier Reef, off the northeast coast of
Australia, reefs along the Red Sea and Indonesia, and
reefs in the Caribbean and south Florida.

Unique forms of life were recently discovered
deep in the ocean near hot vents located along the
midocean ridge system. The organisms that live in
these benthic environments are unusual in that they
get their energy from chemosynthesis of sulfides
exhaled by hot hydrothermal vents, and not from
photosynthesis and sunlight. The organisms that
live around these vents include tube worms, sulfate-
reducing chemosynthetic bacteria, crabs, giant clams,
mussels, and fish. The tube worms grow to enormous
size, some being 10 feet (3 m) long and 0.8-1.2
inches (2-3 cm) wide. Some of the bacteria that
live near these vents include the most heat-tolerant
(thermophyllic) organisms recognized on the planet,
living at temperatures of up to 235°F (113°C). They
are thought to be some of the most primitive organ-
isms known, being both chemosynthetic and ther-
mophilic, and may be related to some of the oldest
life-forms that inhabited the Earth.

The deep seafloor away from the midocean ridges
and hot vents is also inhabited by many of the main
groups of animals that inhabit the shallower conti-
nental shelves. The number of organisms on the deep
seafloor is few, however, and the animals tend to be
much smaller than those at shallower levels. Some
deepwater benthos similar to the hot-vent communi-
ties have recently been discovered living near cold
vents above accretionary prisms at subduction zones,
near hydrocarbon vents on continental shelves, and
around decaying whale carcasses.

See also BEACHES AND SHORELINES; BLACK
SMOKER CHIMNEYS; CONTINENTAL MARGIN.

binary star systems Most stars are parts of
systems that include two or more stars that rotate in
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NASA image captured by Chandra X-Ray Observatory of two white dwarf stars in binary star system J0806 (UP/
Photo/NASA/Landov)

orbit around each other. When the system consists of
two stars, it is known as a binary star system. Larger
groups of stars are known as multiple star systems,
or star clusters. Optical doubles are stars that appear
to be binaries but are actually not related and just
appear to be close in their visible configuration. In
binary systems the two stars rotate about their com-
mon center of mass (the center of mass of both stars
combined) and are held in place by the mutual gravi-
tation attraction between them.

Binary star systems are classified according to
how they appear to astronomers on Earth. Simple
visual binaries are systems in which the two stars
are far enough apart to be visibly distinct when
viewed through a telescope from Earth, and each
star is bright enough to be monitored separately
from the other. In other cases the binary system may
be too far, or the stars too close or small, to be vis-
ibly distinct from Earth, but the rotation of the stars
around each other can be detected spectroscopically
by observing shifts in the frequency and wavelength
of a wave for an observer moving relative to the
source of the waves, known as Doppler shifts, as
each star alternately moves toward and away from
the observer on Earth as the stars rotate around

each other. The Doppler shift is recorded as a shift
toward the blue end of the spectrum as the star
moves toward the observer, and a redshift as the star
moves away. Binary systems that can be detected
only by using these spectroscopic Doppler shifts are
known as spectroscopic binaries, and they are of two
main types. Double-line spectroscopic binaries con-
tain two distinct sets of spectral lines, one for each
star, that shift back and forth from blue to redshifts
as the star moves alternately toward and away from
the observer. In these systems both stars are large and
bright enough to be distinguished spectroscopically.
In other systems one star may be too small or faint
to be distinguished from the other, and the result is
a single-line system in which one set of spectroscopic
lines is observed to shift back and forth, caused by
the stars rotating around each other even though
they are too close to be resolved individually.

A rare class of binary star systems is known as
eclipsing binaries. In these systems the orbital plane
of the binary system is aligned nearly head-on with
the line of sight from Earth, so as each star passes in
front (in the line of sight) of the other, it blocks the
light coming from the blocked star, and the amount
of light observed from Earth alternately changes as
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each star passes periodically in front of the other.
Observations of eclipsing binaries can yield informa-
tion about each star’s mass, orbits, orbital periods,
radii, and luminosity or brightness.

The range in the orbital periods of binary star
systems is very large, spanning from hours to centu-
ries. Knowledge of the orbital periods, plus the dis-
tance to the binary system, can be used to determine
additional physical properties of the binary system,
such as the combined mass of the stars. If the dis-
tance of each star from the center of mass of the sys-
tem can be measured, then the individual masses of
each star can also be determined. Calculations based
on observations of binary star systems have formed
the basis for most of what is known about the masses
of stars in the solar system.

See also ASTRONOMY; ASTROPHYSICS; EINSTEIN,
ALBERT; ELECTROMAGNETIC SPECTRUM; UNIVERSE.
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biosphere The biosphere encompasses the part
of the Earth that is inhabited by life, and includes
parts of the lithosphere, hydrosphere, and atmo-
sphere. Life evolved more than 3.8 billion years ago,
and has played an important role in determining the
planet’s climate and insuring that it does not venture
out of the narrow window of parameters that allow
life to continue. In this way the biosphere functions
as a self-regulating system that interacts with chemi-
cal, erosional, depositional, tectonic, atmospheric,
and oceanic processes on the Earth.

Most of the Earth’s biosphere depends on pho-
tosynthesis for its primary source of energy, driven
ultimately by energy from the Sun. Plants and many
bacteria use photosynthesis as their primary meta-
bolic strategy, whereas other microorganisms and
animals rely on photosynthetic organisms as food
for their energy, and thus use solar energy indirectly.
Most of the organisms that rely on solar energy
live, by necessity, in the upper parts of the oceans
(hydrosphere), lithosphere, and lower atmosphere.
Bacteria are the dominant form of life on Earth
(comprising about 5 x 1030 cells), and also live in the
greatest range of environmental conditions. Some of
the important environmental parameters for bacteria
include temperature, between -41 to 235°F (-5 to

113°C), pH levels from 0 to 11, pressures between a
near vacuum and 1,000 times atmospheric pressure,
and supersaturated salt solutions to distilled water.

Bacteria and other life-forms exist with dimin-
ished abundance to several miles (kilometers) or
more beneath the Earth’s surface, deep in the oceans,
and some bacterial cells and fungal spores are found
in the upper atmosphere. The lack of nutrients and
the lethal levels of solar radiation above the shielding
effects of atmospheric ozone limit life in the upper
atmosphere.

Soils and sediments in the lithosphere contain
abundant microorganisms and invertebrates at shal-
low levels. Bacteria exist at much deeper levels and
are being found in deeper and deeper environments
as exploration continues. Bacteria are known to exist
to about two miles (3.5 km) in pore spaces and
cracks in rocks, and deeper in aquifers, oil reservoirs,
and salt and mineral mines. Deep microorganisms do
not rely on photosynthesis, but rather use other geo-
chemical or geothermal energy to drive their meta-
bolic activity.

The hydrosphere and especially the oceans teem
with life, particularly in the near-surface photic zone
environment where sunlight penetrates. At greater
depths below the photic zone most life is still driven
by energy from the Sun, as organisms rely primar-
ily on food provided by dead organisms that filter
down from above. In the benthic environment of the
seafloor there may be as many as 10 billion (1019)
bacteria per milliliter of sediment. Bacteria also exist
beneath the level that oxygen can penetrate, but the
bacteria at these depths are anaerobic, primarily sul-
fate-reducing varieties. Bacteria are known to exist to
greater than 2,789 feet (850 m) beneath the seafloor.

In 1977 a new environment for a remarkable
group of organisms was discovered on East Pacific
Rise and observed directly in 1979 by geologist Peter
Lonsdale and his team from Woods Hole Oceano-
graphic Institute in Massachusetts using the deep-sea
submarine ALVIN. The organisms survive on the
seafloor along the midocean ridge system, where hot
hydrothermal vents spew heated nutrient-rich waters
into the benthic realm. In these environments seawa-
ter circulates into the ocean crust where it is heated
near oceanic magma chambers. This seawater reacts
with the crust and leaches chemical components from
the lithosphere, then rises along cracks or conduits to
form hot black and white smoker chimneys that spew
the nutrient-rich waters at temperatures of up to
662°F (350°C). Life has been detected in these vents
at temperatures of up to 235°F (113°C). The vents
are rich in methane, hydrogen sulfide, and dissolved
reduced metals such as iron that provide a chemical
energy source for primitive bacteria. Some of the
bacteria around these vents are sulfate-reducing che-



mosynthetic thermophyllic organisms, living at high
temperatures using only chemical energy and there-
fore exist independently of photosynthesis. These
and other bacteria are locally so great in abundance
that they provide the basic food source for other
organisms, including spectacular worm communities,
crabs, giant clams, and even fish.

See also ATMOSPHERE; BENTHIC, BENTHOS; BLACK
SMOKER CHIMNEYS; SUPERCONTINENT CYCLES.
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black holes The final stage of stellar evolution
for stars with a large mass may be a black hole, a
superdense collection of matter that has collapsed
from a giant star or stars, and has such a strong grav-
ity field that nothing can escape from it, not even
light. Black holes are known by physicists as a singu-
larity, a point with zero radius and infinite density.
These dense but invisible objects form when a star
has at least three solar masses left in its core after
it has completed burning its nuclear fuel. This stage
of stellar evolution is typically marked by the star
experiencing a supernova explosion, after which, if
enough mass is left over, the star’s nucleus collapses
to a small point and warps space-time, forming a
black hole. Black holes have such a strong gravita-
tional field that they apparently draw material into
them that is never to be seen again.

Black holes are one of the possible end states
of old stars. Stars that have a low total mass (less
than 1.4 solar masses) end their evolution as a white
dwarf, whereas stars with masses between 1.4 and
three solar masses may end their life cycle as a small
dense mass known as a neutron star. When the mass
of the dying star is greater than three solar masses,
the star collapses as the nuclear fuel runs out. The
gravitational attraction of the mass is so great that
electrons and even neutrons cannot support the core
against its own gravity, so it continues to collapse
into what is called a singularity. There is no force
known in nature that is strong enough to resist the
gravitational attraction of a collapsing star once the
pressure is so great that the neutrons degenerate and
collapse. The force is so strong that not even light
can escape from inside a black hole, hence the name.

The concept of a black hole as an infinitesimally
small singularity with infinite mass is difficult to com-
prehend, in part because it is not adequately explained
by the classical Newtonian laws of physics, or gravi-
tational theory. To understand fully the workings
of black holes it is necessary to move into the realm
of quantum mechanics and Albert Einstein’s theory
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of relativity. A quantitative treatment of relativity is
beyond the scope of this book, but many aspects of
Einstein’s theories can be understood qualitatively.
To understand how black holes work, it is necessary
to know that nothing can travel faster than the speed
of light, and that the gravitational force acts on every-
thing, including electromagnetic radiation, or light.

To understand black holes, it is necessary to
understand the concept of escape velocity. Objects
on Earth must move 6.8 miles (11 km) per second
to escape the pull of the Earth’s gravitational attrac-
tion and move into open space. Escape velocity v, for
any planetary or stellar object is proportional to the
square root of the mass—of the body being escaped
from divided by the square root of its radius 7, which
is the distance from the center of the body being
escaped from and the location where the moving
object is escaping. This can be written as

2GM
r

where G is the gravitational constant, 6.67428 x 10"
Mm3kgs!. This relationship means that for objects
denser and smaller than the Earth but with the same
mass, the escape velocity would need to be faster
for any object to escape its gravitational field. As a
massive object such as a huge star begins to collapse,
therefore, the escape velocity required for anything
to leave its gravitational field rises rapidly as the star
shrinks from a large radius to a small object a frac-
tion of its original size. If the star shrinks to a quarter
of its original size, the escape velocity doubles—and
as a star experiences a rapid collapse after a super-
nova, the escape velocity rises to such extremely high
values that it is virtually impossible for any object
to escape the star’s gravitational pull. If an object
the size of the Earth were to collapse to about 1/3
inch (1 cm), the escape velocity would be 186,000
miles per second (300,000 km/sec), the speed of light.
From Einstein’s theory of relativity, which states that
even light is attracted by gravity, it becomes clear
that at some point during the collapse of massive
stars even light will no longer be able to escape the
gravitational pull of the body, and the collapsed star
will become dark forever. Since some large stars col-
lapse to a size smaller than an elementary particle,
the escape velocity becomes infinitely high, and the
gravitational attraction becomes stronger and stron-
ger. At this point the black hole can pull objects in,
but nothing can ever escape. That is the meaning of
the term black hole. The only way to detect a black
hole is by its immense gravitational field, which can
deflect light as it bends toward the huge gravitational
pull. Astronomers use sophisticated measurements to
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tell when a star moves optically behind a black hole,
and they can measure the deflection of the light. This
allows for the determination of some of the physical
properties (like mass, charge, and angular momen-
tum) of the black hole.

Every object with a specific mass has a critical
radius at which the escape velocity equals the speed
of light. When the object is compressed to that radius,
nothing can escape its gravitational pull—not even
light—and the object becomes invisible. This critical
radius is known as the Schwarzschild radius, named
after the German physicist Karl Schwarzschild, who
first described this phenomenon. The Sun has a
Schwarzschild radius of about 9.8 feet (3 m), but
stars with the mass of the Sun do not usually col-
lapse to become black holes since they are too small.
The smallest stellar objects that form black holes
have about three solar masses, and the Schwarzschild
radius for these stars is about 5.6 miles (9 km).

Another concept useful for understanding black
holes is that of the event horizon, which is the surface
of an imaginary sphere with a radius equal to the
Schwarzschild radius, centered on a collapsing star.
The event horizon is an imaginary surface, but can
be thought of as the surface of the black hole, since
beyond the event horizon, no event that happens
can ever be heard, seen, or detected by any known
means. The event horizon does not represent the size
of the material that collapsed to form the black hole.
Since this material should theoretically collapse to a
tiny singularity, it merely represents the radius past
which the gravitational pull of the dense black hole
at the center of the sphere is so strong that nothing
can escape once inside that radius.

Black holes are said to warp the space-time con-
tinuum in the way we understand it from a classical
Newtonian mechanical way. According to Einstein’s
theory of relativity, all matter tends to warp space
in its vicinity, and objects respond to this warp
by changing their direction of movement as they
approach other objects. Newtonian physics would
describe this as a gravitational pull, whereas relativ-
ity theory suggests that the objects are just following
the curved space that was distorted by the nearby
massive object. The more massive the objects, the
more they curve the space. In the case of black holes
the warping of space is extreme because of the huge
mass in the black hole, and at the event horizon,
space is actually folded over upon itself, such that
objects that cross the event horizon disappear from
space forever.

As material falls into a black hole, the gravi-
tational stresses are so great that they distort and
tear apart objects as they plunge toward the event
horizon. These objects become heated and emit radi-
ation, so the regions surrounding black holes are

sometimes emitters of strong radiation. Once the
material crosses the event horizon, however, nothing
can escape, not light, not radiation, and the mass is
never seen or heard from again.

The gravity fields of black holes are so strong
that it is virtually impossible to get close to one with-
out being physically torn apart by the strong gravity,
and the difference in the strength of the gravity from
one end of any approaching object (or person) and
the other end. Nonetheless it is interesting and infor-
mative to discuss what it might be like to approach,
and even enter, a black hole. The first thing an out-
side observer of an object approaching a black hole
would notice is that light, and other electromagnetic
radiation coming from the object, shows a redshift
(toward longer wavelengths) that increases as the
object gets closer to the event horizon. This is not
a Doppler shift caused by the motion of the object,
as the object near the black hole would exhibit the
redshift even if it were motionless with respect to the
observer. This redshift is a quantum mechanical effect
known as a gravitational redshift. Einstein’s general
theory of relativity shows that as photons (light) try
to escape a strong gravitational field, they have to
use up some of their energy. Photons are light, and
they always move at the speed of light, so this loss of
energy is equated with a decrease in frequency, or a
lengthening of the wavelength of the light (or other
electromagnetic radiation) coming from the object
approaching the black hole. The distant observer
measures this as a redshift. Interestingly, an observer
on the object emitting the radiation would see no
redshift, and the radiation (light) would have the
same energy and wavelength as when it was emitted.
These gravitational redshifts have been measured on
light coming from many dense objects in the uni-
verse, and objects even the size of Earth and the Sun
have detectable gravitational redshifts. The largest,
by far, are from black holes.

Black holes distort the space-time contin-
uum. Another strange quantum mechanical effect
explained in Einstein’s theory of general relativity
is time dilation near massive objects such as black
holes. A distant observer looking at a clock on the
object approaching the black hole would notice that
the clock (and time itself) moves progressively slower
and slower as the object approaches the black hole’s
event horizon. When the object is at the event hori-
zon, the clock (and time) would appear to stand still,
and from the perspective of the outside observer,
the object would be frozen at the event horizon
forever, never entering past it. However, from the
perspective of anyone on the object approaching
the event horizon, there is no difference in the way
time passes; each second seems like one second. The
object and observer would simply pass through the



event horizon and notice nothing different (assuming
they could withstand the strong gravitational forces).
Time dilation is difficult to understand but can be
thought of in the same way that the redshift of elec-
tromagnetic radiation occurs. If time is considered to
be measured, for instance, as the passage of a wave-
length of light, each second corresponding to the
passage of one wave crest, then as the wavelengths
are increased by the gravitational redshift, the time
is also gradually expanded until it appears to stop by
the outside observer.

No one really knows what happens inside the
event horizon of a black hole. The laws of physics
do not adequately explain such dense small objects
as singularities, and some new concepts are being
investigated by physicists, such as a merging of the
laws of quantum mechanics and general relativity
into the field of quantum gravity—but these investi-
gations are incomplete. There are many ideas, some
approaching science fiction, that have been proposed
for what may happen near the singularity at the cen-
ter of the black hole’s event horizon. Some models
suggest that new states of matter are created; others
have suggested that black holes may be gateways
for matter and energy to enter other universes or to
travel in time.

Black holes are difficult to detect, since they are
invisible. Their huge gravitational field, however,
and the energy released by matter outside the event
horizon as it falls into the black hole may be detect-
able. There are several good candidates for possible
black holes in the Milky Way Galaxy. The best may
be a massive but invisible body in a binary star sys-
tem known as Cygnus X-1. This possible black hole
is orbiting with a supergiant star companion, and is
known as a powerful X-ray source (presumably from
the material approaching the event horizon). This
binary star system has an orbital diameter of 12.4
million miles (20 million km) and an orbital period
of 5.6 days, and the mass of the system is 30 times
that of the Sun. Calculations show that the invisible
component of this binary system has a mass of 5-10
times that of the Sun, enough to have formed a black
hole. In this system it appears that hot gases are
flowing from the supergiant star into the black hole
companion, and this is the source of the X-ray radia-
tion. Other calculations show that the invisible part
of this binary star is small, less than 186,000 miles
(300,000 km) across, and other calculations show
that it is likely less than 186 miles (300 km) across.
Thus Cygnus X-1 is one of the most likely candidates
for a black hole in the Milky Way Galaxy. There are
nearly a dozen other black hole candidates in the
Milky Way Galaxy, and as the observational pow-
ers of physicists increase with new space-borne tele-
scopes, more and more are being discovered. What

black smoker chimneys

is needed is a breakthrough in the field of quantum
gravity to understand what may really happen under-
neath the event horizon.

See also ASTRONOMY; ASTROPHYSICS; BINARY
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black smoker chimneys Black smoker chim-
neys are hydrothermal vent systems that typically
form near active magmatic systems along the mid-
ocean ridge system, approximately 2 miles (3 km)
below sea level. They were first discovered by deep
submersibles exploring the oceanic ridge system
near the Galdpagos Islands in 1979, and many other
examples have been documented since then, includ-
ing a number along the mid-Atlantic ridge.

Black smokers are hydrothermal vent systems
that form by seawater percolating into fractures in
the seafloor rocks near the active spreading ridge,
where the water gets heated to several hundred
degrees Celsius. This hot pressurized water leaches
minerals from the oceanic crust and extracts other
elements from the nearby magma. The superheated
water and brines then rise above the magma cham-
ber in a hydrothermal circulation system and escape
at vents on the seafloor, forming the black smoker
hydrothermal vents. The vent fluids are typically
rich in hydrogen sulfides (H,S), methane, and dis-
solved reduced metals, such as iron. The brines may
escape at temperatures greater than 680°F (360°C),
and when these hot brines come into contact with
cold seawater, many of the metals and minerals in
solution rise in plumes, since the hot fluids are more
buoyant than the colder seawater. The plumes are
typically about 0.6 miles (1 km) high and 25 miles
(40 km) wide and can be detected by temperature
and chemical anomalies, including the presence of
primitive helium 3 isotopes derived from the mantle.
These plumes may be rich in dissolved iron, manga-
nese, copper, lead, zinc, cobalt, and cadmium, which
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Black smoker chimney from the East Pacific Rise
showing tube worms feeding at base of the
chimney (Science Source/Photo Researchers, Inc.)

rain out of the plumes, concentrating these elements
on the seafloor. Manganese remains suspended in the
plumes for several weeks, whereas most of the other
metals are precipitated as sulfides (e.g., pyrite, FeS,;
chalcopyrite, CuFeS;; sphalerite, ZnS), oxides (e.g.,
hematite, Fe,Oj3), orthohydroxides (e.g., goethite,
FeOOH), or hydroxides (e.g., limonite, Fe(OH);).
A group of related hydrothermal vents that form
slightly farther from central black smoker vents,
known as white smokers, typically have vent tem-
peratures between 500 and 572°F (260-300°C).

On the seafloor along active spreading ridges
the hydrothermal vent systems form mounds that
are typically 164-656 feet (50-200 m) in diameter,
and some are more than 66 feet (20 m) high. Clusters
of black smoker chimneys several meters high may
occupy the central area of mounds and deposit iron-
copper sulfides. White smoker chimneys typically
form in a zone around the central mound, deposit-
ing iron-zinc sulfides and iron oxides. Some mounds
on the seafloor have been drilled to determine their

internal structure. The Trans-Atlantic Geotraverse
(TAG) hydrothermal mound on the mid-Atlantic
ridge is capped by central chimneys made of pyrite,
chalcopyrite, and anhydrite, overlying massive pyrite
breccia, with anhydrite-pyrite and silica-pyrite-rich
zones found a few to tens of meters below the sur-
face. Below this the host basalts are highly silicified,
then at greater depths form a network of chlori-
tized breccia. White smoker chimneys made of pyrite
(FeS;) and sphalerite (ZnS) rim the central mound.
In addition to the sulfides, oxides, hydroxides, and
orthohydroxides, including several percent copper
and zinc, the TAG mound contains minor amounts
of gold.

Seafloor hydrothermal mounds and particularly
the black smoker chimneys host a spectacular com-
munity of unique life-forms, found only in these
environments. Life-forms include primitive sulfate-
reducing thermophilic bacteria, giant worms, giant
clams, crabs, and fish, all living off the chemosyn-
thetic metabolism made possible by the hydrother-
mal vent systems. Life at the black smokers draws
energy from the internal energy of the Earth (not
the Sun), via oxidation in a reducing environment.
Some of the bacteria living at these vents are the most
primitive organisms known on Earth, suggesting that
early life may have resembled these chemosynthetic
thermophilic organisms.

Black smoker chimneys and the entire hydrother-
mal mounds bear striking similarities to volcanogenic
massive sulfide (VMS) deposits found in Paleozoic
and older ophiolite and arc complexes including the
Bay of Islands ophiolite in Newfoundland, the Troo-
dos ophiolite in Cyprus, and the Semail ophiolite
in Oman. Even older VMS deposits are common
in Archean greenstone belts, and these are typically
basalt or rhyolite-hosted chalcopyrite, pyrite, sphal-
erite, copper-zinc-gold deposits that many workers
have suggested may be ancient seafloor hydrothermal
vents. Interestingly, complete hydrothermal mounds
with preserved black and white smoker chimneys
have been reported recently from the 2.5 billion-year-
old North China craton, in the same belt that the
world’s oldest well-preserved ophiolite is located.

The tectonic setting for the origin of life on
the early Earth is quite controversial. Some favor
environments in shallow pools, some favor deep
ocean environments where the organisms could get
energy from the chemicals coming out of seafloor
hydrothermal vents. The discovery of black smoker
types of hydrothermal vents in Archean ophiolite
sequences is significant because the physical condi-
tions at these midocean ridges more than 2.5 bil-
lion years ago would have permitted the inorganic
synthesis of amino acids and other prebiotic organic
molecules. Some scientists think that the locus of



precipitation and synthesis for life might have been
in small iron-sulfide globules, such as those that form
around black smokers. Black smoker chimneys may
provide a window into the past and the origin of life
on Earth.

See also ASIAN GEOLOGY; BENTHIC, BENTHOS;
BIOSPHERE; GREENSTONE BELTS; OPHIOLITES.
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Bowen, Norman Levi (1887-1956) Canadian
Petrologist, Geologist Dr. Norman Levi Bowen
was one of the most brilliant igneous petrologists of
the 20th century. Although he was born in Ontario,
Canada, he spent most of his productive research
career at the Geophysical Laboratories of the Carn-
egie Institute in Washington, D.C. Bowen studied
the relationships between plagioclase feldspars and
iron-magnesium silicates in crystallizing and melting
experiments. From these experiments he derived the
continuous and discontinuous reaction series explain-
ing the sequence of crystallization and melting of
these minerals in magmas. He also showed how
magmatic differentiation by fractional crystallization
can result from a granitic melt from an originally
basaltic magma through the gradual crystallization
of mafic minerals, leaving the felsic melt behind.
Similarly he showed how partial melting of one rock
type can result in a melt with a different composi-
tion than the original rock, typically forming a more
felsic melt than the original rock and leaving a more
mafic residue (or restite) behind. Bowen also worked
on reactions between rocks at high temperatures and
pressures, and the role of water in magmas. In 1928
Bowen published his pioneering book, The Evolution
of Igneous Rocks.

N. L. Bowen is most famous for his works on
the origin of igneous rocks, through the processes
of magmatic differentiation by partial melting and
magmatic differentiation by fractional crystalliza-
tion. The phrase “magmatic differentiation by partial
melting” refers to the process of forming magmas
with differing compositions through the incomplete
melting of rocks. For magmas formed in this way
the composition of the magma depends on both the
composition of the parent rock and the percentage
of melt. If a rock melts completely, the magma has
the same composition as the rock. However, rocks
contain many different minerals, all of which melt at
different temperatures. So if a rock is slowly heated,
the resulting melt or magma will initially have the
composition of the first mineral that melts, and then
the first plus the second minerals that melt, and so
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on. If the rock melts completely, the magma will
eventually end up with the same composition as
the starting rock, but this does not always happen.
Oftentimes the rock only partially melts, so that the
minerals with low melting temperatures contribute
to the magma, whereas the minerals with high melt-
ing temperatures did not melt and are left as a resi-
due (or restite). In this way the end magma can have
a different composition than the rock from which it
was derived.

Just as rocks partially melt to form different
liquid compositions, magmas may solidify to dif-
ferent minerals at different times to form different
solids (rocks). This process also results in the con-
tinuous change in the composition of the magma—if
one mineral is removed, the resulting composition
is different. If some process removes these solidified
crystals that have been removed from the system of
melts, a new magma composition results.

The removal of crystals from the melt system
may occur by several processes, including the squeez-
ing of melt away from the crystals or by sinking of
dense crystals to the bottom of a magma chamber.
These processes lead to magmatic differentiation by
fractional crystallization, as first described by Bowen,
who systematically documented how crystallization

Norman Levi Bowen (Queens University Archives)
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of the first minerals changes the composition of the
magma and leads to the formation of progressively
more silicic rocks with decreasing temperature.

See also IGNEOUS ROCKS; PETROLOGY AND
PETROGRAPHY.
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Brahe, Tycho (1546-1601) Danish Nobleman,
Astronomer Tycho Brahe was born as Tyge Otte-
sen Brahe on December 14, 1546, in Scania, a region
of Denmark now part of Sweden. He was born to
nobility, the son of Otte Brahe and Beate Bille, at his
family’s ancestral home, Knutstorp Castle. His father
was a nobleman in the court of the Danish king, and
he had an older and a younger sister, and a twin
brother who died soon after birth. Tycho’s uncle,
Danish nobleman Jorgen Brahe, took him from his
parents when he was two years old, and from then
he lived at his uncle’s home at Tosterup Castle. Brahe
was educated at a Latin school from age six until he
was 12. He enrolled at the University of Copenha-
gen in 1559 at age 13 and studied law but gradually
became more interested in astronomy. One of the
defining moments in his career was at Copenhagen,
when he witnessed an eclipse on August 21, 1560,
at the precise time that was predicted by his pro-
fessors and astronomers. Tycho purchased a book,
called an ephemeris, that gives tables and positions of
astronomical objects in the sky at different times. He
studied this and many other texts for several years
until he came to realize in 1563 that most astronomi-
cal texts of the time disagreed with one another. He
wrote that astronomy could not progress by the
types of haphazard observations that he was reading
and suggested that long-term systematic study of the
heavens was needed. With the naked eye and the help
of his sister Sophia he made many measurements of
the stars and planets and improved many astronomi-
cal instruments. Brahe’s work preceded the invention
of the telescope, however, and later observations by
German astronomer Johannes Kepler using the tele-
scope proved to be more accurate than Brahe’s.

In 1565 Brahe’s uncle Jorgen Brahe died after
a night of heavy drinking with Frederick II, king of

Denmark, when both men fell off a bridge into a
river. Jorgen saved Frederick but caught pneumonia
and later died. The next year Brahe and his friends
were attending a dance at their professor’s house
and, after drinking considerably, he fought a duel
with his fellow nobleman Manderup Parsbjerg in
which Brahe lost part of his nose. This caused him
to spend the rest of his life wearing prosthetic noses
to hide his disfigurement. In 1571 Brahe’s father died
following a long illness, after which the son started
building an astronomical observatory and alchemis-
try laboratory at Herrevad Abbey near Ljungbyhed,
Scania (present-day southwest Sweden).

At the age of 26 Tycho Brahe fell in love with a
commoner, Kirsten Jorgensdatter, and they moved
to Copenhagen and were married three years later.
They had eight children, six of whom lived to adult-
hood, and the couple stayed together until Brahe died
in 1601 at the age of 54. Brahe became quite wealthy
and hosted many parties in his castle, at which his
tame pet elk and dwarf Jepp, who acted as court
jester, were usually present. Brahe thought the dwarf
was clairvoyant and had him spend meals under the
table. At one of Brahe’s parties the elk consumed too
much beer and fell down a flight of stairs and died.
On October 10, 1601, Brahe became ill at a banquet
and died 11 days later. His death was a mystery for
years, many having thought he died of bacteria from
drinking too much at the banquet. Since manners at
the time did not allow one to get up and leave during
a meal, his bladder was thought to have stretched and
caused infection. But exhumation of his remains has
shown that he more likely died of mercury poisoning,
either accidentally by swallowing mercury-tainted
medicine, or possibly by being murdered. The book
Heavenly Intrigue: Jobhannes Kepler, Tycho Brabe,
and the Murder Behind One of History’s Greatest
Scientific Discoveries by Joshua Gilder and Anne-
Lee Gilder (2005) speculates that Johannes Kepler
is likely to have poisoned Brahe, having the means,
motive, and opportunity.

SCIENTIFIC DISCOVERIES
Tycho Brahe grew up in a scientific era in which
Aristotelian ideas that the universe was unchang-
ing followed the principle of celestial immutabil-
ity. While based at his observatory at Herrevad,
Brahe made many observations on the planets and
stars. On November 11, 1572, he made a discovery
that changed the thinking about the universe. He
observed a very bright star that appeared in the con-
stellation Cassiopeia and showed that no star had
been visible in that location before. At first other
astronomers suggested that the bright object must be
located below the orbit of the Moon, since Aristotle
showed that the heavens were unchanging. Tycho



Brahe’s systematic observations showed clearly that
the object was far away and thus outside the Moon’s
orbit—it was a new object not previously observed.
His continued observations over the next several
months showed that the new star did not move rela-
tive to the planets. The world was convinced that the
heavens now were changeable, and he published his
observations in De Stella Nova in 1573, naming his
new star a “nova.” This nova, or new star, is now
known to have been the supernova SN1572.

In addition to discovering the Cassiopeia super-
nova, Brahe became known as the best observational
astronomer of the era before telescopes. He pub-
lished in a star catalog many accurate observations
on the positions of planets and stars. He proposed
a model for the motion of the stars and planets in
which the Sun orbited Earth, and the other plan-
ets orbited the Sun, a model that was a compro-
mise between the Ptolemaic (named after the Greek
astronomer Claudius Ptolemaeus, 83-168) view of
the universe and Copernicus’s heliocentric model,
in which the planets orbited the Sun. This became
known as the Tychonic System, even though it was
originally proposed by the Greek philosopher Pon-
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ticus Heraclides in the fourth century B.C.E. The
Tychonic system explained most of the observations
of the motion of the planets, while still satisfying
the powerful Catholic Church, which held that the
Earth was the center of the universe. Brahe’s obser-
vations were considered valid for some time after his
death, as Kepler used Brahe’s measurements of the
motion of Mars to calculate the laws of planetary
motion and to argue that the Copernican model with
the Sun at the center of the universe was correct and
that the other planets and Sun and stars were not
orbiting Earth.
See also ASTRONOMY; SUPERNOVA.
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Cambrian The first geologic period of the Paleo-
zoic Era and the Phanerozoic Eon, the Cambrian
began 544 million years (Ma) ago and ended 505
million years ago. It is preceded by the Late Protero-
zoic Eon and succeeded by the Ordovician Period.
The Cambrian System refers to the rocks deposited
during this period. The Cambrian is named after
Cambria, the Roman name for Wales, where the first
detailed studies of rocks of this age were completed.

The Cambrian is sometimes called the age of
invertebrates. Until this century scientists thought
the Cambrian marked the first appearance of life
on Earth. As the oldest period of the Paleozoic Era,
meaning “ancient life,” scientists now recognize the
Cambrian as the short period in which a relatively
simple pre-Paleozoic fauna suddenly diversified in
one of the most remarkable events in the history
of life. For the 4 billion years before the Cam-
brian explosion, life consisted mainly of single-celled
organisms, with the exception of the remarkable
Late Proterozoic soft-bodied Ediacaran (Vendian)
fauna, sporting giant sea creatures that all went
extinct by or in the Cambrian and have no counter-
part on Earth today. The brief 40-million-year Cam-
brian saw the development of multicelled organisms,
as well as species with exoskeletons, including tri-
lobites, brachiopods, arthropods, echinoderms, and
crinoids.

At the dawn of the Cambrian most of the world’s
continents were distributed within 60°N/S of the
equator, and many of the continents that now form
Asia, Africa, Australia, Antarctica, and South Amer-
ica were joined together in the supercontinent of
Gondwana. These continental fragments had broken
off an older supercontinent (Rodinia) between 700

and 600 million years ago, then joined together in
the new configuration of Gondwana, with the final
ocean closure of the Mozambique Ocean between
East and West Gondwana occurring along the East
African orogen at the Precambrian-Cambrian bound-
ary. Even though the Gondwana supercontinent had
formed only at the end of the Proterozoic, it was
already breaking up and dispersing different conti-
nental fragments by the Cambrian.

Closure of the Mozambique Ocean in Neopro-
terozoic times sutured East and West Gondwana
and intervening arc and continental terranes along
the length of the East African orogen. Much active
research in the earth sciences is aimed at providing
a better understanding of this ancient mountain belt
and its relationships to the evolution of crust, climate,
and life at the end of the Precambrian and the opening
of the Phanerozoic. There have been numerous rapid
changes in our understanding of events related to the
assembly of Gondwana. The East African orogen
encompasses the Arabian-Nubian shield in the north
and the Mozambique belt in the south. These and
several other orogenic belts are commonly referred to
as Pan-African belts, as many distinct belts in Africa
and other continents experienced deformation, meta-
morphism, and magmatic activity in the general
period 800-450 Ma. Pan-African tectonic activity in
the Mozambique belt was broadly contemporaneous
with magmatism, metamorphism, and deformation
in the Arabian-Nubian shield. Geologists attribute
the difference in lithology and metamorphic grade
between the two belts to the difference in the level of
exposure, with the Mozambican rocks interpreted as

lower crustal equivalents of the rocks in the Arabian-
Nubian shield.
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Paleogeographic plate reconstruction of the world during Late Precambrian times (modeled after Kent Condie

and Robert Sloan)

The timing of Gondwana’s amalgamation coin-
cides remarkably with the Cambrian explosion of life,
which has focused the research of many scientists on
relating global-scale tectonics to biologic and climatic
change. The dramatic biologic, climatic, and geologic
events that mark Earth’s transition into the Cambrian
are likely linked to the distribution of continents and
the breakup and reassembly of a supercontinent. The
formation and dispersal of supercontinents causes
dramatic changes in the Earth’s climate, and changes
the distribution of environmental settings for life to
develop within. Plate tectonics and the formation
and breakup of the supercontinents of Rodinia and
Gondwana set the stage for life to diversify during the
Cambrian explosion, bringing life from the primitive
forms that dominated the Precambrian to the diverse
fauna of the Paleozoic. The breaking apart of super-
continents creates abundant shallow and warm-water
inland seas, as well as shallow passive margins along
the edges of the rifted fragments. As rifting separated
continental fragments from Rodinia, they moved
across warm oceans, and new life-forms developed
on these shallow passive margins and inland seas.
When these “continental icebergs” carrying new life
collided with the supercontinent Gondwana, the

new life-forms could rapidly expand and diversify,
then compete with the next organism brought in by
the next continent. This process happened over and
over again, with the formation and breakup of the
two Late Proterozoic—Cambrian supercontinents of
Rodinia and Gondwana.

North America began rifting away from Gond-
wana as it was forming, with the rifting becoming
successful enough to generate rift-type volcanism by
570 million years ago and an ocean named lape-
tus by 500 million years ago. The Iapetus Ocean
saw some convergent activity in the Cambrian but
experienced major contractional events during the
Middle Ordovician. North and south China had
begun rifting off of Gondwana in the Cambrian, as
did Kazahkstan, Siberia, and Baltica (Scandinavia).
The margins of these continental fragments subsided
and accommodated the deposition of thick, carbon-
ate passive-margin sequences that heralded the rapid
development of life, and some of which are now
petroleum provinces.

A Middle Cambrian sequence of fine-grained
turbidites near Calgary, Alberta, Canada has yielded
a remarkable group of extremely well-preserved
fauna. In 1909 Charles D. Walcott discovered the
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Sketches of some of the remarkable fauna from the Burgess shale, including (a) Pikaia, (b) Hallucigenia, (c)

Opabinia, and (d) Anomocaris

Burgess shale, which preserved organisms deposited
in a lagoon that was buried suddenly in anaerobic
muds, which so well preserved the organisms that
even the soft parts show fine detail. Fossils from the
Burgess shale and related rocks have revealed much
of what we know about the early life-forms in the
Cambrian and represent the earliest-known fauna.
The Burgess shale has yielded some of the best-pre-
served jellyfish, worms, sponges, brachiopods, tri-
lobites, arthropods, mollusks, and first invertebrate
chordates.

One of the important steps for the rapid expan-
sion of life-forms in the Cambrian was the rapid
radiation of acritarchs, small spores of planktonic
algae such as green algae or dinoflagellates. The acri-
tarchs were the primary source of food and the base
of the food chain for the higher animals that later
developed. Acritarchs appeared first during the Late
Proterozoic, but 75 percent of all their taxa became
extinct in the Late Proterozoic glaciation. The Late
Proterozoic—Cambrian transition also saw the first

appearance of trace fossils of soft-bodied organisms,
showing that they developed and rapidly diversified
in this period. Traces of worm paths are most com-
mon where they searched for food or burrowed into
soft sediments.

Shelly fossils first appeared slightly later in the
Cambrian, during the Tommotian, a 15-million-year
stage added to the base of the Cambrian timescale in
the 1970s. Most of the early shelly fossils were small
(1-2 mm) conical shells, tubes, plates, or spicules
made of calcite or calcium phosphate. They represent
different phyla, including mollusks, brachiopods,
armored worms, sponges, and archeocyathid reefs.
The next major phase of the Cambrian radiation
saw calcite shells added to trilobites, enabling their
widespread preservation. Trilobites rapidly became
abundant, forming about 95 percent of all preserved
Cambrian fossils. But since trilobites form only 10
percent of the Burgess shale, this number could be
biased in favor of the hard-shelled trilobites over
other soft-bodied organisms. Trilobites experienced
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Mid-Cambrian sea life reconstruction (Tom McHugh/Photo Researchers, Inc.)

five major extinctions in the Cambrian, each one
followed by an adaptive radiation and expansion
of new species into vaca