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I. New Crust Grows at Divergent (Spreading) Boundaries

Figure 1.—A, "Black Smoker" (hydrothermal vent) jetting
hot (364°C) seawater darkened by tiny metal-sulfide
particles. White objects clustered on the vent chimney are
shrimp. Photograph by Peter Rona (Rutgers University),
used with permission. B, Doughnut-shaped, multi-ringed
mound formed by thousands of years of deposits from
hydrothermal activity like that shown in A. Image is from
sidescan sonar, an important technique that uses
reflected sound to "illuminate” features on either side of
an instrument package towed near the sea floor. This

mound, from the "TAG" hydrothermal
field, is the largest discovered to
date; other known similar
hydrothermal features are much
smaller and have been T
documented only by scientists in
bmersibles.

Most plate boundaries lie submerged below the seas, and thre
world's lava (average ~4 km?/yr) erupts unseen along narrow dive
(spreading or rifting) plate boundaries (red lines on main map). Cols
circulates down through cracks lacing these boundaries, becomes hea
volcanic rocks, and locally re-emerges as hot "smokers" (fig. 1). New o
crust, commonly capped by erupted lava (figs. 2, 3), is created by solidif;
of molten rock (magma) rising from the mantle, contmually fil]ing the

7)—submarine equivalents of the San Andreas fault (see inset :
inactive extensions (together called fracture zones) track the

accompanied by earthquakes (see main map). Along
faulting locally exposes deep crustal rocks, but volcanis
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Figure 3.—Lava pillar—hollow and 2 m high,”
with a crinoid (top) attached—on the fast-
spreading East Pacific Rise. This pillar formed =
when cold seawater, trapped below a lava
flow, escaped upwards in a thin stream,
quenching the molten lava ponded around it.
The pillar's ribbed surface resulted from
discontinuous draining of the still-fluid
lava pond, leaving behind telltale
"bathtub rings" marking pauses,
during which lava solidified where
its surface intersected the pi]]ar :
Photograph, used with
permission, from Rodey
Batiza (National Science
Foundation) and John _

Sinton (University of
Hawsaii) from the
submersible Alvin.
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Figure 4.—A, Schematic cross section showing inferred
- . : structure and rock types at a slow-spreading plate
,____S_IT f’.ﬂ;iﬁﬂg}a‘?ﬁ,ﬂ'L boundary along the Mid-Atlantic Ridge. Along such
boundaries, the maximum local relief can be as much as
2,000 m. Modified from Pearce (2002). B, Computer
image of multibeam-mapped topography (see "More
about this map" discussion) of a slow-spreading part
(here 22 mm/yr) of the Mid-Atlantic Ridge, illustrating a
transform fault (black line) and other discontinuities
4 offsetting the spreading axis (red line). Modified from
- j Carbotte and Scheirer (2004). Used with permission of
Partial melt - Cambridge University Press.
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INTRODUCTION

Our Earth is a dynamic planet, as clearly illustrated on the main map (on front) by its
topography, over 1,500 volcanoes, 44,000 earthquakes, and 170 impact craters.
These features largely reflect the movements of Earth's major tectonic plates and many
smaller plates or fragments of plates (including microplates). Volcanic eruptions and
earthquakes are awe-inspiring displays of the powerful forces of nature and can be
extraordinarily destructive. On average, about 60 of Earth's 550 historically active
volcanoes are in eruption each year. In 2004 alone, over 160 earthquakes were
magnitude 6 or above, some of which caused casualties and substantial damage.

THE DYNAMIC EARTH

As the main map shows, earthquakes and volcanoes are not randomly scattered over
Earth's surface. Instead, most are concentrated along certain continental edges, along
island chains, or along oceanic ridge crests. Although geologists have long known this,
it has been only in the past 40 years that a concept has emerged to satisfactorily link
these observations. This unifying concept, called plate tectonics (see Kious and Tilling,
1996), is now widely accepted and has revolutionized the earth sciences. Table 4 in the
online version of this map (http://www.minerals.si.edu/minsci/tdpmap) lists some
notable milestones and pioneers in the development of the plate tectonics theory.

Earth's outermost layer (the relatively stiff and rocky lithosphere) is a mosaic of large
tectonic plates that move relative to one another at speeds measured in tens of
millimeters per year—or about the same rate as our fingernails grow. Plates are cold,
dense, and strong enough to resist most large deformation. They average about 80 km
thick, but are generally thicker under continents than under oceans. Plates are
composed of Earth's relatively thin surface rind (the crust) and the topmost 75 km of its
2,900-km-thick mantle. Over 50 separate plates are recognized by some specialists
(for example, Bird, 2003), but the 15 that we name cover more than 95 percent of
Earth's surface.

Plates move on a viscous, slowly flowing layer of hotter, softer mantle (the
asthenosphere). Plate movement represents the top of a large-scale circulation system
(convection)—driven by Earth's escaping heat—that extends deep into the mantle.
Mantle flow is like the sluggish movement in a pot of thick soup boiling on a stove.
Such flow transports the plates horizontally on Earth's surface. Where plates grind
against each other, stresses can build up and be relieved intermittently when rocks
break or slide along faults, causing earthquakes. Near some plate boundaries, molten
rock (magma) can rise to the surface from as deep as many tens of kilometers and
erupt to form volcanoes. Some plate boundaries cannot be narrowly defined, but
instead are diffuse, encompassing broad areas (see interpretive map of plate tectonics,
on front).

Most deformation associated with plate movements is concentrated in the boundary
zones between shifting plates, explaining why so many earthquakes and volcanoes are
found along or near plate boundaries. Nevertheless, active volcanism and large

Subduction zones occur where a plate created by sea-floor
spreading comes together or converges with another plate by
sinking (or subducting) beneath it. A deep trench typically forms
on the ocean floor where the subducting plate bends downward
toward the deep mantle (figs. 1-3). More than 75 percent of all
earthquakes occur in subduction zones, by slip between plates and
rupture within descending plates (called slabs), forming inclined
zones to depths as great as 690 km below the surface. Huge
amounts of oceanic crust (~20 km®/yr, or ~3 km?/yr of sea-floor
area) are consumed along trenches during subduction. As slabs
sink deep into hotter mantle, they warm, lose most of their stored
water, and eventually soften to a state incapable of producing
either volcanoes or earthquakes.

Subduction earthquakes have caused untold damage throughout
human history, killing over 400,000 people in the past 40 years
alone. This figure includes the effects of large shallow earthquakes
that displace the sea floor, generating high-speed ocean waves
(called tsunamis) that can travel great distances, devastating
coastal communities (see fig. 4 and table 3).

The process of volcano building begins with the initially cold slab
descending into the hotter mantle, warming and dehydrating as the

water it contains is "sweated out." These low-density fluids can
then migrate upward, triggering partial melting of the hot, weak
mantle above. Because this melted material (or magma) is less
dense than the surrounding solid mantle, it rises buoyantly (or
"floats"). Some of the magma accumulates in near-surface magma
chambers, and some migrates to Earth's surface where it erupts
and forms chains of volcanoes—called island arcs in oceans or
volcanic arcs on land—that typically parallel the nearby trench
(see schematic cross section, on front, and fig. 3).
Subduction-zone eruptions can be either explosive, producing
airborne and ground-hugging fragmental deposits, or non-
explosive, producing lava flows. Arc volcanoes built from both
fragmental materials and lava flows are typically steep-sided cones
called stratovolcanoes (fig. 5). Volcanic arcs contain nearly 80
percent of historically active land volcanoes, including those

producing some of Earth's most destructive eruptions (see table 2).

Some island arcs, such as those north of New Zealand, have

localized plate divergence behind them (back-arc spreading)

resembles spreading at midocean divergent plate bounda
During subduction, sediments and crustal rocks on

part of the downgoing slab can be scraped off and ad

accreted) to the upper plate. The sinking plate can

mechanically erode the bottom of the upper plate. Som

the eroded material also can be added to the botto

II. Sea Floor Disappears as Plates Sink Along Deep Ocean Trenches

142°57'39" 141218
4193816 ——— T T 272056

Figure 2,—Oblique view showing
faulting of the sea floor where the
Pacific plate bends and starts its
descent, forming the Japan Trench,
here over 7 km deep (see profile
below image). Bending breaks the top
of the slab, producing valleys and
ridges that are roughly parallel to the
trench. Image by Joel E. Robinson
(USGS) from data collected by the
* Japan Hydrographic Department.
Vertical exaggeration: image, ~10x;
profile, ~20x.
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Figure 1.—Japan's subduction zones are the most Figure 3.—Cross secﬂon A-A'(shown in figure 1) of the Pacific plate subducting under
closely studied in the world. Here, the Pacific plate Japan. The color part of this figure is a computer image showing variations in seismic
sinks beneath Honshu Island, forming a deep wave speeds. Seismic waves pass rapidly through the relatively cold Pacific plate (dark-blue
trench, island-arc volcanoes, and a triple junction areas) and pass more slowly through the surrounding, hotter mantle (light-blue to reddish
where it meets the Philippine plate. See main map areas). Earthquakes (white dots) occur within the cold, strong slab as well as within the
for explanation of symbols. The approximate area overriding plate. Shallow crust under the active volcanoes is hot (yellow areas) and
- seismically active because rising magma weakens and promotes fracturing of the overlying
rock. Modified from Zhao and others (1992). See main map for explanation of symbols.
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World map of volcanoes, earthquakes, impact craters, and plate tectonics
By Tom Simkin, R.I. Tilling, P.R. Vogt, S.H. Kirby, Paul Kimberly, and D.B. Stewart

[lI. Colliding Continents Squeeze Up Mountain Ranges

Figure 1.—Convergence of the India and Eurasia plates closed a pre-existing ocean, leading to conti-
nental collision (see paleogeographic maps and timeline below). This collision caused compression
(squeezing) across a broad, diffuse boundary zone, producing Earth's highest land—the Himalaya and
Tibetan Plateau. Compression is mostly taken up within the Himalaya-Tibetan region but extends far into
the Eurasia plate. The approximate a f figure 2 is shown by the blue outline.

Not all convergent plate boundaries involve subduction of oceanic
lithosphere. When continental portions of converging plates collide,
neither is subducted because both have low density and cannot easily
sink deep into the denser mantle beneath. Such collision produces
horizontal deformation (squeezing) and uplift of continental crust to
build mountains and plateaus (figs. 1-4). "Continent-continent" col-
lisions typically follow closure (by subduction) of a pre-existing ocean
basin that formerly had separated the continents.

During collision, the crust of one plate shortens and thickens, and
the adjacent plate thrusts under it, building high mountains such as the
Himalaya, Alps, Caucasus, and Zagros. These regions of present-day
mountain building experience frequent large and destructive shallow
earthquakes (fig. 5). In some collision zones, such as those in Romania,

Figure 2.—View from space looking west showing (left to n'ght}: (1) the Ganges River Plain (blue area),
(2) the white snow-and-cloud-covered Himalaya, with many peaks exceeding 7,300 m elevation, and
(3) the Tibetan Plateau (brown, with blue lakes), at an average elevation of more than 4,880 m, higher
than the Rocky Mountains. Space Shuttle image from NASA, no. STS41G-120-22.

Figure 3.—At 8,848 m
elevation, Mount Everest
(Chomolongma in Tibetan) is
the world's highest mountain.
The peak is still rising a few
millimeters per year as
collision continues to occur.
Marine fossils found in rocks
high on Mount Everest attest
to their large vertical uplift
from the former sea floor.
Photograph by Michael Searle
(Oxford University), used with
permission.
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global Mid-Oceanic Ridge (MOR) (figs. 4, 5, 7). This Im Afghanistan, and Burma (Myanmar), earthquakes at depths greater than

carth q . te i . . imm f : : B ; i ; A =R 5 e : - : 4 =Y §

ocean floor is Earth’s longest and most prominent mountain : eys, if present, tend to be less prominent topographically. Because the I T | ol e forces.uakes e ARG " T4 y 4 g ' /) T\ MR, i AL gl L e | Y S o = Tk - J*20 ' 60 km can occur in previously subducted oceanic lithosphere. Because

65,000 km long, as much as 1,000 km wide, and rising 3,000 m or more rocks alonegéliast-zreadmg :él%e;s;re youngd :ﬁnd hot, earmquaTl;les ;t;fcunhg there il Rie, /PR = s by i e : e : ' ' ‘oF 4 S R B T % £ of active convergence, low-density continental rocks become sutured O, Himalaya

above the flanking deep basins. The MOR results from thermal expansion: the are too weak to be measur istant seismic instruments. The ditference il / iy ' FEATURES OF THE MAP orm e combined processes of accretion, thickening together across the plate boundary, and are preserved as mountain O Piate-botindary thrustsarthaike Tibetsn Plateay
closer to the ridge crest, the younger and hotter the plate; therefore the more between these types of ridges reflects different temperature conditions. At thel o o (by squeezing), underplating, and volcanism. South America's belts in plate interiors (for example, Appalachians, Caledonides, and o Central Indian Plateau I e , _

expanded and higher above the colder, older plate, hence deeper sea floor. ridge crest, faster spreading prevents deep penetration of the overlying ocean's Topography lofty, 8,000-km-long Andes mountain chain formed by such Urals), providing evidence of ancient, now inactive, collision zones. G tean el Eurasia plate (Lithosphare)

ndia ni.’..-!!-f‘.-‘ﬂioap;j_-

cold temperatures, thereby favoring higher temperatures and allowing more
molten rock (magma) to be produced at shallower depths.

Some ridges are offset by transform faults that remain active in one place for
many millions of years. Other ridge offsets, especially along fast-spreading
boundaries (fig. 5B), are active for much shorter times and may move along some
ridges that lengthen (propagate) during spreading. MOR spreading boundaries are
not always perpendicular to the nearest transform. Oblique (non-perpendicular)

Unlike most subduction zones, continental collision zones produce little

or no active volcanism. Bhuj 2001
The grandest of continental collision zones thrusts the India plate M7

under the Eurasia plate, shortening and thickening the crust to produce Asthenosphere

Earth's highest mountains, the Himalaya (figs. 1-4). This deformation NOT T0 SCALE Asthenosphere

extends tl.lousands _Of kilomete.rs nortl.l of the Himalaya into the heart of  Fygyre 4, —Schematic diagram showing the India plate (brown) thrusting under the Eurasia plate
the Eurasia plate (fig. 1), forming a diffuse plate boundary zone (see (tan), effectively doubling the plate thickness under the Himalaya. Many destructive earthquakes
interpretive map of plate tectonics, on front). The deforming crust occur in the foothills near the shallow thrust boundary between the two colliding plates, including
caught in the collision zone is squeezed and shoved sideways toward tzhgods‘?a{‘# 1\3;-8 Kana?s.f? :haﬂhqltﬁke bgic}jgosby aﬂ: "2"- quﬂStfaﬁthﬂgth?-ﬁ meﬂﬂ]}q‘lﬁ:ﬁ
Southeast Asia—a process dubbed escape tectonics. In many collision il Sl o M T hkch.
zones, deformation is broadly distributed, highly complex, and cannot e ke wicnds el Sy e ofi201 Modttisd fzom Rouer Bl
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be characterized by a sharply defined plate boundary. (University of Colorado)

Relief along the MOR is greatest along transform faults that offset the
spreading ridge, forming the characteristic step-like plate margin pattern (see
main map and interpretive map of plate tectonics, on front). For example, in
the equatorial Atlantic Ocean, the Romanche Fracture Zone—7,728 m at its
deepest—is even deeper than several subduction zone trenches (see inset I).
Spreading (total opening) rates range from about 150 mm/yr along the East
Pacific Rise (figs. 5, 8) to less than 10 mm/yr along the Arctic extension of the
Mid-Atlantic Ridge. Scientists generally consider rates of less than 60 mm/yr as spreading (for example, north of 30.5° N. in fig. 4B) is most common at slow-
"slow" and rates greater than 90 mm/yr as "fast." Spreading "half rates" are not spreading ridges. Some rifts may even overlap along fast-spreading boundaries
always the same on opposing sides of the plate boundary, however. Note how (fig. 5B).
the present boundary is closer to the eastern than to the western lines of equal Luckily for scientists, the oceanic crust operates like a giant "tape recorder” that
age (0.78 Ma) in the southern part of figure 7. remembers its creation and thus the rates at which its plates separated over time.
Local relief and structures along the ridge crests range widely, depending on As new oceanic crust forms along the MOR axis, it cools and becomes magne-
spreading rate. High relief (1-2 km) and a prominent axial rift valley are tized, locking in Earth's magnetic field at the time. Most of this magnetization
characteristic of slow-spreading MOR segments, where a combination of resides in tiny magnetite crystals "frozen" in the erupted lava as it solidifies into

crust as small but measurable, ridge-parallel stripe-like magnetic anomalies

(magnetic striping). Magnetic-anomaly maps made by ships or airplanes can be
used to calculate the magnetization of the crust (fig. 7). Because the times of
magnetic reversals have been independently dated, the stripe-like pattern of
normally and reversely magnetized crust allows the calculation of past rates of sea-
floor spreading. From these data, and traces of transform faults, past plate
motions can be reconstructed and continents reassembled!

The "embryo" of a future midocean ridge segment begins to take shape when
continental crust starts to split apart along active rift zones, as in east Africa.
There, geologically young volcanoes (Mt. Kilimanjaro), basins formed by down-

Earth's topographic features are largely the expression of plate tectonics, modified by Proc == prduaug Ry high‘f'St vglcanoes e bl

erosion. In the oceans, however, scattering of light in seawater prevents "seeing" most
of the sea floor from aircraft or orbiting satellites. Radar waves, like light waves, also
cannot penetrate deep into seawater, but they have been used successfully to map the
ocean surface from satellites. This mapping technique (satellite radar altimetry)
involves the measurement of small undulations of the sea surface—tens of kilometers
across but only a few centimeters to meters in height—produced by slight differences in
gravitational attraction of sea-floor mountains and valleys. These small variations in sea-
surface height mimic, and are proportional to, the actual topographic features of the
sea floor. Satellite-radar data provide global coverage, but resolve only the larger sea-
floor features. Photographs or high-resolution topography are available for only a tiny
fraction of 1 percent of the world's ocean floor. (See inset I for examples of sea-floor
mapping at various scales.)

The sea-floor topography shown on the main map was produced from satellite-radar
mapping of the sea surface, augmented in places by data obtained by ship-based
acoustic (echo-sounding) techniques. Sea-floor topography is typically "visualized" as
computer-generated, colored maps. In reality, however, the deep ocean floor is sunless,
totally dark, unless artificially and briefly lit. Land-surface topography is obtained by
using similar satellite technology, but here radar mapping from space gives a direct
measure of surface features. Shading—as if the topographic images were illuminated by : : : !
an artificial sun at 20° above the northwestern horizon—helps the visualization of SRR iﬁiﬁfﬁ?ﬁ;&?ﬁ {—,,As;g‘a mﬁ;‘"{:’f{gf‘" mﬁﬁ}“;}iﬂﬁﬂ?ﬁﬁ'ﬁ:ﬁfﬂﬂw@ﬁfﬁ?ﬂ
features. - = R o Collection. © MK Krafft CRI Nancy-Lorraine (http://www.imagesdevolcans.fr ).

A Mercator map projection is used, both for its familiarity and for ease of transferring
information from other Mercator projection maps. This projection exaggerates the
relative size of high-latitude areas, and we have omitted coverage beyond 72° N. and

Fast-spreading Ridge

———— (~10 kilometers) ——

Figurd 51005 hechtine it from "P‘ﬁ[—“i’aﬂsien,"
"Supplément Littéraire lllustré," p. 144) showing rescue
efforts after an M7.8 earthquake in the city of Kangra,
India. Nearly 20,000 people perished, mostly in collapsed
buildings and earthquake-triggered landslides. From the
collection of Roger Bilham (University of Colorado).
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Figure 5.—Volcanoes in Japan produced by subduction. Volcanoes are revered in Japanese culture.
A, Classic woodblock print entitled "Mount Fuji in Clear Weather, " by Hokusai Katsushika
(1760-1849). B, Photograph of snow-covered Mount Fuiji, with a 700-m-wide crater. This 3,776-
m-high stratovolcano, the highest point in Japan, last erupted in 1707. Photograph by Thomas C.
Pierson (USGS). C, Rising ash plume during an eruption in February 1973 of Mount Asama, one of
Japan's most active volcanoes. A darker colored pyroclastic flow (a fast-moving, ground-hugging
mixture of volcanic gases and ash) can be seen sweeping down the volcano's right flank.
Photograph by Shigeo Aramaki, used with permission. D, Japanese woodblock print by Hiroshige II

Figure 4. —Tsunami devastation in northern Sumatra, Indonesm, 2004.

A, Satellite image of Lohkngar (coastal Banda Aceh) before the December

26, 2004, earthquake that triggered deadly tsunamis (see table 3). B, Same

scene 2 days after the tsunamis struck; most buildings have been washed

A away, and the shoreline itself has been heavily eroded, in places entirely

Figure 5.—A, Schematic cross section showmg inferred structum and rock types missing. QuickBird images acquired and processed by DigitalGlobe.
below a fast~spreadmg plate boundary along the East Pacific Rise. Here, the local
relief is only tens of meters, much less than that along slow-spreading ridges
(compare with fig. 4A). Modified from Pearce (2002). B, Computer image of
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;L‘ok;’;c hm: o d;g‘aagf‘;st:ryif ot times of seismic waves at global seismic stations, the known speeds of those waves, and calculated from the same model. Thin arrows in plate interiors show less accurate _ . ¢ et - TR J : 20 Kilauea (Hawaii, U.S.A.) 1983  Start of ongoing rift eruption, longest-running in Hawaii since A.D. 1400; has already created ~2.2 km? of new land. 19.4°N. 155.3° W
Figure 8.—A, Computer image of multibeam-mapped topography (mapped from a S T LR the principle of triangulation. Our ability to locate earthquake epicenters has greatly "absolute" plate motions (over the deeper mantle). : : : ' U
g e s 2 . w " pper Cretaceous i - q : i . i i i o o
surface ship) of the fastest spreading (146 mm/yr) part of the East Pacific Rise, showing Al i e 1 Ma. Map ok Figure 6.—lceland is a "hotspot" (see interpretive map of plate_tect_onics, on improved during the last decade 1 use of sensitive digital seismic inst e : , _ ¢ ¥ _ 21 Ruiz (Colombia) 1985 Small eruption melted |cecap_of 5,389-m hlg.;h volcano; resulting mudflows killed >22,000, in towns 240 km from crater. 4.90 N. 75.30 w
the axial high, small seamounts, and abyssal hills on its flanks. Gray patches indicate front) and one of the few places where the global Mid-Oceanic Ridge system ) ) " ) - . =g | ) B - ; 22 Oshima (Japan) 1986 Highest historical lava fountains (>1,500 m); this island south of Tokyo has erupted more than 80 times since A.D. 605. 34.7°N. 139.4°E.
’ Detailed toj small Sueane Catolle Lamout oharty Enrth bo! level. This southeast-looki rial view shows Krafla improved data processing. On the main map, modem accurate epicenters show that ACKNOWLEDGMENTS ] ; ' LR : = - : 23 Redoubt (Alaska, U.S.A.) 1988  Jumbo jet's engines all fail in ash cloud, but two were restarted 1,500 m above mountains; $80 million damage to plane. 60.5°N. 152.8°W.
areas of no data. B, led topography showing a very part of the axial high, as Observatory). emerges above sea . SOl looking ae; ew shows e il 4l Iafe Botdariee TR 2 di ! : : i : ; bl - : ves: mud el — . .
mapped by the submarine free-swimming, but remotely operated (from surface ship), Volcano, Iceland, erupting on September 8, 1977. Lava fountains spout from most earthq are closely cluster ong plate boundaries. The most demanding w > / / 24 Pinatubo (Philippines) 1991 Evacuations save up to 20,000 lives; mudflow damage, some recurring long after eruption ended, leaves >200,000 homeless. 15.1°N. 120.4°E.

This map is a joint product of the Volcano Hazards Program and the Earthquake
Hazards Program of the U.S. Geological Survey, the Global Volcanism Program of
the Smithsonian Institution, and the U.S. Naval Research Laboratory. Many
institutions and individuals helped us in its preparation in important ways, most
notably R.G. Bilham and E.R. Engdahl (University of Colorado); S.M. Carbotte
(Lamont-Doherty Earth Observatory); D.C. DeMets (University of Wisconsin); dJ.
Hasse (Naval Ice Center); M. Holzer (Chatham High School, N.dJ.); W.-Y. Jung (U.S.
Naval Research Laboratory); J.R. Keith, J.E. Robinson, M.J. Rymer, S.P. Schilling,
and D.W. Scholl (all U.S. Geological Survey); and S. Stein (Northwestern
University). Additional valuable help has been provided by: S. Aramaki, M. Beddoe,

a 900-m-long fissure—part of the spreading Mid-Atlantic Ridge—and feed 25 Juan de Fuca Ridge (off northwestern U.S.A.) 1993 First well-documented deep ocean eruption—world's most common type, but never witnessed—along divergent boundary (see insetl). 46.5°N. 129.6°W

lava flows advancing over snow-covered ground. During this intermittent
eruption, lasting from 1975 to 1984, the fissure widened by 8 m.
Photograph by Sigurdur Thorarinsson.

test of earthquake-location accuracy is along oceanic plate boundaries that are typically
distant from seismic stations on land. Comparison of the new earthquake locations with
the similarly improved mapping of oceanic plate boundaries shows that most of these
earthquakes occur neatly along transform fault segments. In contrast, spreading ridge
crests, linked by these transforms, generate few detectible earthquakes, because plates
there are too thin and weak to allow large stresses to build.

A small number of intraplate earthquakes are shown (as hexagons) on the main map
despite their pre-1900 dates or failure to meet the precise location criteria of the main
data set. These—as shown by notable earthquakes nos. 1, 4, and 5 (table 3)—are
important reminders that devastating earthquakes also occur, albeit rarely, far from

Autonomous Benthic Explorer (ABE) skimming back and forth 5 to 40 m above the
deep sea floor. Note the narrow (50-m-wide), 10-m-deep central fissure valley, the
remains of a long lava lake that drained through channels feeding lobes to the west
Images from Marie-Héléne Cormier (Lamont-Doherty Earth Observatory).
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Copyright 2000 American Geophysical Union. Mauna Loa a 0135510 shield volcano, as ! _ 26 Sumatra-Andaman (Indonesia) 2004 MB9.0+ earthquake ruptures >1,000 km of subduction boundary; tsunamis kill a record ~230,000, some deaths as distant as Africa. 33°N. 96.0°E.

viewed from the Hawaiian Volcano

Observatory. Photograph by Robert L.

Tilling (USGS). [Craters li -  age, oldest (no. 1) to youngest (no. 25)}—selected from the 170 known
<% craters in sting of the 25 craters. Ma=million years ago. D=diameter]

Kious, W.J., and Tilling, R.I,, 1996, This dynamic Earth; The story of plate tectonics: Reston, Va., U.S.
Geological Survey General Interest Publication, 77 p. (Also available online at
http://pubs.usgs.gov/publications/text/dynamic.htm] )

Miiller, R.D., Roest, W.R., Royer, J.-Y., Gahagan, L.M., and Sclater, J.G., 1997, Digital isochrons of the No. on
world's ocean floor: Journal of Geophysical Research (Solid Earth and Planets), v. 102, no. B2, p. : m‘ap , lmp'ortanca Lat Long
3211-3214. Copyright 1997 American Geophysical Union. Figure 4.—A high Iavat fc‘n_.mtam ' . - T : -
. o jetting from the Pu‘u ‘0‘G vent on 2 Vredefort (South Africa) 202314 Largest known structure (D=300 km); unique textural features indicate high-pressure shock impact. 27.0° S. 27.5°E.
Pearce, Julian, 2002, The oceanic lithosphere: JOIDES Journal, v. 28, no. 1, p. 61-66. * Kilauea's east-rift zone in 1984; 3 Sudbury (Ontario, Canada) 1850+3 This large crater (D=200 km) is the only one with shock-melted body that hosts rich nickel-copper ore deposits. 46.6° N. 81.2° W.
Pierce, K.L., and Morgan, L.A., 1992, The track of the Yellowstone hot spot; Volcanism, faulting, and Figure 1.—The Hawaiian Islands form helicopter (circled) gives scale. 8 Clearwater (Quebec, Canada) 290420 Rare paired craters (D=26 and 36 km) formed by two close but separate bolides. 56.2° N. 74.5°'W. T - . f o g F Lllt Ak
uplift, chap. 1 of Link, P.K., Kuntz, M.A., and Platt, L.B., eds., Regional geology of eastern Idaho and the southeastern end of the Hawaiian Photograph by Mardie Lane (Hawaii 13 Chicxulub (Mexico) 64.9810.056 Produced K/T (dinosaur) extinction event and global ejecta (with "fingerprint" iridium layer); see inset VI. 21.3°N. 89.5° W. ; rans onn 4 a: LA 7 A
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are the North Anatolian fault (Turkey) and the San Andreas fault system (California). The
San Andreas system is a family of related faults in a diffuse plate boundary zone (see
interpretive map of plate tectonics, on front); this and similarly broad zones elsewhere also
can be described as consisting of one or more microplates. Although most of the motion
between the North America and Pacific plates occurs along the San Andreas fault itself,
substantial movements also involve many smaller faults in a wide zone from western Nevada
to offshore California (figs. 1, 2). Sudden movements within this system have produced
many damaging earthquakes, including the famous M7.8 San Francisco shock of 1906 (fig.
3), the M7.1 Imperial Valley earthquake of 1940 (fig. 4), and the M6.7 Northridge jolt
of 1994 (table 3, no. 23).
The surface expressions of continental transform plate boundaries depend
largely on the orientation of the boundary in relation to the direction of plate
motion across the boundary. For the San Andreas system, faults that veer
to the left (or to the west when looking north) of the direction of Pacific
plate motion produce compressive (squeezing) deformation and uplift,
thus forming mountains such as the Transverse Ranges in
southern California (figs. 1, 2). This deformation also splinters
) the western fringe of the North America plate, forming a
?} , microplate extending from the San Andreas fault to
& smaller faults east of the Sierra Nevada. Conversely,
fault segments that veer to the right cause
: . N7y extensional ("pull-apart") deformation and
Witk o) - < 3 ai subsidence, producing topographic lows,
Carrizo Plain * Tr AR e 4 such as the Salton Sea in southern
' g ' ' California (figs. 1, 2). Strands of the San
Andreas fault with trends that more closely
parallel plate motion directions show
smaller scale features, such as offsets of
stream channels (fig. 5) or rows of trees
(fig. 4). Natural or manmade features also
can be shifted by slow fault movements
(fault creep), rather than by sudden

those of I-lawail nearly OQ : om the nearest plate boundary (fig. 1). The
Hawaiian Islands are the above-sea-level summits of volcanoes that form the
southeastern end of the Hawaiian Ridge-Emperor Seamount Chain (figs. 1, 2).
This 6,000-km-long, mostly submarine volcanic mountain range formed over
the past 80 million years by the combined processes of magma formation,
eruption, and movement of the Pacific plate over a mantle source—called a
melting anomaly or hotspot— generally assumed to be relatively fixed in
position. The sharp bend in the chain (fig. 1) is still not well understood despite
intensive research. A recent explanation is that the northern segment (Emperor
Seamount Chain) formed as the hotspot migrated southward until about 45 Ma,
when its position became fixed. Then the northwesterly plate movement
prevailed, forming the Hawaiian Ridge "downstream" from the hotspot.

Many scientists attribute the Hawaiian and some other hotspots to narrow
plumes of hot, but not molten, material rising through the mantle (fig. 3). Partial
melting of the mantle produces new magma that collects into blobs that rise
through the overriding plate and ultimately erupt to form a new volcano on the
sea floor. After many eruptions, the growing submarine volcano may emerge
above sea level as an island volcano. Continued movement of the Pacific plate
eventually carries each volcano away from the sustaining hotspot. Then,
severed from their feeding magma sources, the eruptions ultimately cease. Even
as a new volcano grows over the hotspot, it undergoes erosion. However, once
eruptive activity stops, the volcano subsides as the plate cools and contracts,
eventually sinking below sea level to form a flat-topped seamount. Recently
active Hawaiian volcanoes—Kilauea, Mauna Loa, and the present-day
submarine but growing La'ihi (figs. 2, 3}—presumably still lie above, and are
presently tapping, the Hawaiian hotspot. Midplate oceanic lavas are more fluid
than those that build stratovolcanoes along convergent plate boundaries; they
usually erupt nonexplosively, and some eruptions can last for decades (figs. 2,
4). Over geologic time, repeated outpourings of fluid lava, which can travel
great distances from eruptive vents, form gently sloping shield volcanoes such
as Hawaii's Mauna Loa (fig. 5).

Intraplate volcanism also occurs in continental interiors. For example, the
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d sediment that hide them on Earth. Other
lanets also lack the post-impact tectonics and
- erosion that destroy craters on our planet. This
Apollo 11 photograph shows part of our
- moon's far side. The largest crater shown,

Figure 7.—Map showing the Yellowstone caldera and older
volcanic centers {outlined in red). The southwest-trending
alignment and age progression of these centers are thought to
represent the "volcanic trail" of a continental hotspot fed by a
mantle plume. Modified from Pierce and Morgan (1992, pl. 1.)

EjectaSss==riea
curtain-
A

Figure 2.—View from space looking northwest showing a part of the San Andreas
fault system (main fault shown by heawy red line, less active faults shown by thin
red lines). Major surface expressions of the transform plate motion in this zone
{(white block arrows) depend on the interplay between fault orientation and direc-
tion of plate motion. Image from NASA, no. STS103-701-39; faults drawn by
Michael Rymer (USGS).

ado Plateau. Photograph by John S.
used with permission.

Figure 2. —Oblique view of the princlpal Hawalj.an Islands and (the sﬂll submarlne) Ls" ihl Volcano Inset gives a closer view of three
of the five volcanoes that form the Island of Hawai'i (historical lava flows are shown in red). The longest duration historical
eruption on Kilauea's east-rift zone at Pu‘u ‘0’6 (inset), which began in January 1983, continues unabated (as of spring 2006).
View prepared by Joel E. Robinson (USGS).

Figure 1.—Map of California showing
the main fault (heavy red line) and the
less active strands (thin red lines) that
together compose the San Andreas fault system. Los Angeles
This system is part of a long, diffuse continental
transform plate boundary that accounts for about
75 percent of the motion between the Pacific and
North America plates (see fig. 2). USGS imagery
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Asthenosphere. larger craters may have been eroded away or covered by younger rocks.
One of the best-known and well-preserved craters is the Barringer (Meteor) Crater in
Arizona, which was formed about 50,000 years ago (fig. 2). The incoming object is estimated
to have measured about 50 m across and to have traveled at 65,000 km/hr (fig. 3). An impact
crater this small might be formed somewhere on Earth every 1,000 years on average, whereas
a 100-km-diameter crater might be produced once every 25 to 50 million years.
Most scientists—after lively debate—now accept the 1980 hypothesis that a bolide, ~10 km
in diameter, impacted Earth 65 million years ago and was largely responsible for abrupt
changes in the fossil record. These changes, including the extinction of dinosaurs, define the
boundary between the Cretaceous and Tertiary Periods (commonly called the "K/T Boundary")
of geologic time (see timeline below). The crater resulting from this impact is thought to be the . :
now-buried 170-km-wide Chicxulub structure in Mexico (fig. 4). This impact involved a huge “54 YUCATAN PENINSULA
energy release, equivalent to that of an M13 earthquake, dwarfing the world's largest historical - L x\‘.“"\ Jiookm
= [

space of the shallow (3- to 5-m-deep), subtle trough
expressing the southern rim of the crater, which is
deeply buried by younger sediments. The Chicxulub
impact event caused widespread extinctions 65 million
years ago. Image from NASA, no. PIA03379.

B, Gravity-gradient map of the same area. Gravity
measurements, processed to emphasize edges of dense
rock bodies, reveal the multi-ring structure characteristic
of large impact craters. Yellow to red colors indicate
sharp boundaries between rock bodies of differing
densities. White dots indicate surface sinkholes. Their
locations reflect present-day ground-water flow along
rock fractures influenced by Chicxulub's subsurface
crater rim. Modified from Geological Survey of Canada,
Natural Resources Canada, image on Web site
http://miac.uqac.ca/

volcanic plateau lies at the northeastern end of the Snake River Plain, a zone of
geologically young (<17 Ma) volcanism that slashes across the Rocky
Mountains, a mountain belt composed primarily of much older rocks (2,790-65
Ma). The geologic ages of the volcanic centers of the Snake River Plain are
progressively older to the southwest (fig. 7). This age progression has been
interpreted as resulting from volcanism associated with the passage of the North
America plate over a Yellowstone hotspot, presumably sustained by a long-
lived, relatively fixed, mantle plume. However, we emphasize that commonly
held ideas such as rooting of thermal plumes deep in the mantle (>200 km) are
topics of ongoing scientific debate. Yellowstone's most recent volcanic activity
occurred about 70,000 years ago, but ground-deformation measurements
indicate that the caldera is restless. The dynamics of its still-hot subsurface
magmatic system are evident from its present-day spectacular expressions of
geothermal energy, including Earth's most active geyser system (fig. 8).

The Hawaiian Hotspot

Figure 3.—A schematic cut-away view along the island chain,
showing the inferred mantle plume that has sustained the
Hawaiian hotspot on the overriding Pacific plate. The geologic
ages of the oldest volcano on each island are progressively older
to the northwest, consistent with the hotspot model for the origin
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Figure 8. -—-Hlstoric 1 872] photograph taken during
the Hayden Survey, showing a towering fountain of
water and steam jetting from Old Faithful Geyser in a
region of Wyoming later designated as the first U.S.
national park (Yellowstone). Its periodic, powerful
bursts of geothermal energy continue to fascinate
park visitors. Photograph by William Henry Jackson.

bu.lldmg damage caused by the earthquake of 1906. Smoke in backgron.md is from i

approaching fires that were ultimately more damaging than the shaking itself. Photograph by
Amold Genthe (American 1869-1942); silver gelatin print; image 200 x 329 mm (77/s x 1215/ in).
Courtesy of Fine Arts Museumns of San Francisco, Museum Collection A046248.

earthquake (M9.5, Chile, 1960).
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