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There rolls the deep where grew the tree

O earth, what changes hast thou seen!

There where the long street roars hath been

The stillness of the central sea.

The hills are shadows, and they flow

From form to form, and nothing stands;

They melt like mist, the solid lands,

Like clouds they shape themselves and go.

—Alfred Lord Tennyson, 

In Memoriam, 1850

P R E V I E W

ONCE YOU HAVE COMPLETED this chapter, you will

understand Tennyson’s meaning: that the Earth’s

surface—its rocks and topography—is not dormant, but

is actively changing and evolving. The Earth is a

pulsating planetary body, engaging in grand geologic

cycles as its immense ocean basins expand and

contract, and its towering mountains are raised

upward and beveled downward. At first, it’s quite

difficult to understand that mountains and ocean

basins grow; they seem so solid and inert over our

lifetimes. But change they do, as we will discover.

According to current theories, the oceans and

continents are continually created and recreated. “All

that is solid melts into air” when viewed across

dumfounding intervals of geologic time. This colossal

geologic drama is the central topic of this chapter.



The chapter begins with an examination of the drift

patterns of continents (continental drift) and ocean

basins (sea-floor spreading). Then, we’ll inspect the

details of a remarkable scientific idea—global plate

tectonics—that accounts for the geologic and

geophysical properties of the ocean floor and the

land’s mountain ranges. 
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O
ne of the main concerns of marine geolo-

gists is tracing the development of the

ocean basins since their formation on the

Earth. Geologists use the term ocean basin to refer

to the large portion of the oceans’ floor that lies

deeper than 2,000 meters (~6,600 feet) below sea

level. In other words, ocean basins are huge topo-

graphic depressions, literally gigantic holes in the

Earth’s surface. Despite the fact that these basins are

composed of rigid rock, their shape and size change

slowly but surely with time. How is this possible?

Aren’t rocks as solid and unchangeable a natural

material as exist anywhere? Indeed they are—from

year to year, and even from generation to genera-

tion. But when viewed across enormous time spans,

over millions of years, they no longer appear rigid,

but flow ever so slowly (somewhat like a syrupy

fluid) in reaction to the high temperatures and pres-

sures that exist in the Earth’s interior. Even the con-

tinents are not anchored lastingly to one spot on the

Earth’s surface as we portray them on maps, but are

wandering across the globe with the passage of geo-

logic time. As you read this, the building where you

are is drifting slowly, but relentlessly, with the con-

tinent on which it is located. Our maps represent

merely still photographs of continents in motion

over geologic time; the geography we see as so per-

manent is not.

3-1

Continental Drift

A
look at any world map shows the striking

jigsaw-puzzle fit of the coastlines on

either side of the Atlantic Ocean. Promi-

nent bulges of land are matched across the sea by

equally imposing embayments with similar geome-

tries. This parallelism is most noticeable in 

the opposing edges of Africa and South America

(Figure 3–1). In fact, careful matching of the edges of

all the continents shows that they can be reassem-

bled into a single large landmass of immense size.

This implies that the continents have moved vast

distances relative to one another, making the pre-

sent geography of the Earth quite different from

what it was in the geologic past.
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(b) PANGAEA, 200 to 300 MYBP (millions of years before the present)

F I G U R E  3-1

Pangaea. (a) This map, published by Antonio Snider in 1858, shows the rearrangement of the continents into a large landmass. (b) If the continents

are arranged into the megacontinent Pangaea (Laurasia to the north and Gondwanaland to the south), coal beds and glacial deposits that are 200 to

300 million years old fall into latitudinal belts instead of being scattered about everywhere.

(a) FITTING THE CONTINENTS TOGETHER

(b) PANGAEA, 200 TO 300 MYBP (MILLIONS OF YEARS BEFORE THE PRESENT)
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In 1915 Alfred Wegener (1880–1930), a German

meteorologist, published a book in which he pro-

posed a bold new hypothesis for understanding the

Earth’s history—continental drift. According to

Wegener, geologic and paleontological (fossil) infor-

mation indicated that the present continents had

been part of a much larger landmass more than 200

million years ago. He surmised that some 100 mil-

lion to 150 million years before the present, this

large landmass, which he called Pangaea (Figure 3–1),

splintered apart, and the fragments (the present-day

continents) slowly drifted away from one another,

opening new ocean basins between them.

Relying on detailed geographic and geologic

reconstructions and abundant fossil and paleocli-

matological (ancient climates) evidence, Wegener

proposed that Pangaea broke apart along a global

system of fractures, or geologic faults, that shat-

tered the granitic crust of the land. The granite of

the resulting continental fragments, Wegener sur-

mised, “plowed” through the basalt crust of the

oceans. Concurrently, fresh basalt was injected

into the widening gap between the Americas and

Africa-Europe, creating a juvenile Atlantic Ocean.

During this drifting episode, the leading, western

edges of North and South America were buckled

into the Rocky and Andes mountains when the

dense basalt crust of the Pacific Ocean resisted the

drift. Just what caused the continents to drift was

not apparent to Wegener.

The notion that these huge continental masses

of granite were adrift struck many scientists of the

time as being a bit far-fetched, more like science

fiction than natural science. They particularly

objected to Wegener’s assertion that the light

granitic crust of the continents could “plow” its

way through the denser, and therefore stronger,

basalt crust of the oceans. Besides, the geophysi-

cists showed that the driving mechanism for conti-

nental drift proposed by Wegener was not possible

according to their calculations. Though some reac-

tions among geologists to such a new, bold concept

bordered more on fascination than outrage, geo-

logic orthodoxy prevailed, and Wegener’s theory of

continental drift was ignored for more than half a

century. Later work by geological oceanographers

confirmed the mobility of the continents, elevat-

ing the continental-drift idea from the realm of the

impossible to a status as certain as any theory in

science can hold. 

The key to unraveling this mystery turned out to

be the way that ocean basins are created, a process

called sea-floor spreading. Let’s review the scien-

tific evidence that forced geologists and geophysi-

cists to reconsider their ideas about the mobility of

continents and the ocean floor.

3-2

Sea-Floor Spreading

S
ystematic soundings of the deep sea led to a dra-

matic discovery—the presence of a submerged,

continuous mountain range that rises as much

as 3 to 4 kilometers (~1.9 to 2.5 miles) above the

surrounding ocean floor and girdles the entire

Earth. Its total length of over 60,000 kilometers

(~36,365 miles) dwarfs the more familiar mountain

belts on land; yet, humans were unaware of this

majestic, world-encircling mountain range until

the mid-twentieth century! What to make of it?

How and when was it formed? Was this submarine

mountain belt in some way connected to the for-

mation of mountains on land, of which a great deal

was known? Or did it originate in an entirely new

and independent way? Much needed to be learned.

It was apparent that the midocean ridge in the

Atlantic Ocean, aptly called the Mid-Atlantic Ridge

because of its position along the center line of the

Atlantic basin, mimics clearly the shape of the con-

tinental edges of the bordering continents (see 

Figure 2–2). Detailed geophysical surveys of this

midocean ridge revealed a number of remarkable

features. For example, the enormous flanks of the

Mid-Atlantic Ridge rise to a sharp crest. A promi-

nent valley that is 50 kilometers (31 miles) wide and

1 kilometer (0.6 miles) deep runs along the crest line

of the ridge. The floor of this valley is composed of

freshly crystallized young basalt and bounded by

prominent normal faults—topographic scarps (steep

rock faces) where crustal rocks have broken and

dropped past one another creating the valley (Fig-

ure 3–2a). The amount of heat escaping from the

Earth’s interior at the ridge’s crest is as much as ten

times greater than it is for most of the Earth. Also,

the Mid-Atlantic Ridge is cut by long, linear trans-

form faults and fracture zones (see Figure 2–2) that

divide the ridge axis into many segments, each offset
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Crustal motions. (a) The rift valley at the crest of

midocean ridges is formed by tension. Faulting at

the ridge axis consists of normal faults of the rift

valley and transform faults that offset the ridge

crest. (b) Compression has crushed flat-lying 

sedimentary rocks, creating faulted and folded

mountains on land.

from the other. Furthermore, earthquakes are com-

mon and originate at shallow depths of less than 35

kilometers (~22 miles) along both the ridge crests

and the transform faults. Clearly, the Mid-Atlantic

Ridge, as well as other midocean ridges, is geologi-

cally active, being the site of widespread volcanism,

faulting, and earthquakes.

On land, large mountain belts such as the Appa-

lachians, the Rockies, the Alps, and the Himalayas

are the result of tremendous pressures that squeeze

rocks together, causing them to be folded and

faulted. Folds result from compressional forces (Fig-

ure 3–2b). This is analogous to laying the palms of

your hands flat on a tablecloth and bringing them

together. This action results in the cloth being

folded by compression. The rocks of the midocean

ridges are not folded. Rather, all the geologic evi-

dence indicates that these mountains have been

stretched and pulled apart, creating the normal

faults at the shoulders of the crestal rift valley and

allowing molten (melted) basalt to rise along the

cracks and spill out on the surface as lava. This

“pull-apart” force, called tension, is equivalent to

grabbing a tablecloth with both hands and pulling

it apart, ripping the fabric. Unlike the normal

faults, where rocks have moved vertically, a care-

ful examination of the transform faults indicates

that the sense of relative motion of the broken

rocks is lateral, or as geologists say, strike-slip.

There are two distinct types of fault systems

associated with midocean ridges (see Figure 3–2a),

and the two should not be confused. The normal

faults that occur along the edges of the rift valleys

are zones where the crustal rocks are displaced ver-

tically in a relative sense. The transform faults off-

set the ridge axis and represent fractures in the

crust where the movement of rocks is essentially

horizontal.

The oddest and most problematic feature of the

midocean ridges pertains to their magnetic proper-

ties. To investigate these properties, magnetome-

ters, instruments that detect and measure the

intensity of magnetism, were towed by ships back

and forth across the crests of the midocean ridges.



Such a survey was conducted across the axis of the

Reykjanes Ridge, part of the Mid-Atlantic Ridge

just southwest of Iceland (Figure 3–3). Each mag-

netic profile across this ridge showed alternating

high magnetic readings (positive peaks) and low

magnetic readings (negative peaks). These high and

low variations are termed magnetic anomalies,

because each is higher or lower than the predicted

value for the Earth’s magnetic field at that locality

and, hence, are considered to be anomalous (not

normal). This means simply that positive magnetic

anomalies are stronger than expected, negative

readings weaker than expected.

Even more baffling to geologists investigating

this issue was the fact that the magnetic highs and

magnetic lows could be traced from profile to pro-

file, so that a pattern of magnetic “stripes” of alter-

nating positive and negative intensity became evi-

dent. This is the case for the Reykjanes Ridge (see

Figure 3–3). Here distinct magnetic anomaly

stripes are evident, running parallel to the ridge

line. More surprisingly, these magnetic bands are

symmetrically distributed about the ridge axis.

That is, each magnetic anomaly on one flank of the

ridge has a counterpart on the opposite flank at the

same distance from the ridge crest. In Figure 3–3

note that the central anomaly A, located over the

ridge crest, is flanked by anomalies B and B', C and

C', each pair being equidistant from the ridge line.

This regular, symmetric pattern of magnetic

anomaly stripes has been found along most of the

midocean-ridge system, and is seen as one of its

fundamental properties. What created such regu-

larity, and what could possibly be its significance?

Answers to these questions awaited the study of

the magnetic properties of rocks on land.

THE GEOMAGNETIC FIELD

The Earth’s magnetic (geomagnetic) field can be

compared to a large, powerful bar magnet, a dipole

(having two poles) placed at the center of the Earth

and oriented nearly parallel to its rotational axis

(Figure 3–4a). This dipole creates a magnetic field,

invisible lines of magnetic force that surround the

Earth and are capable of attracting or deflecting

magnetized material. This magnetic field is what

“pulls” the magnetized needle of a compass, allow-

ing you to navigate by determining the direction of

the north magnetic pole. The intensity of the geo-

magnetic field is strongest at the magnetic poles,

where magnetic lines of force are vertically ori-

ented. They point out of the Earth’s surface near

the south pole and into the Earth’s surface near the

north pole (Figure 3–4b). The magnetic field lines

(which, remember, are invisible) intersect the

Earth’s surface at angles that vary directly with lat-

itude (see Figure 3–4b). At 45° N latitude, for exam-

ple, your compass needle would point toward the

north magnetic pole and would be tilted into the

ground at an angle of about 45 degrees. At 45° S lat-

itude, the needle would point toward magnetic

north and be tilted into the air at about 45 degrees
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F I G U R E  3-3

Magnetic anomaly stripes. Magnetic anomaly stripes run paral-

lel and are symmetrically arranged on both sides of the 

midocean ridge axis. For example, anomalies B and C on the

eastern ridge flank have counterparts B' and C' on the western

flank that are the same distance from the crestal anomaly A.

[Adapted from Heirtzler, J. R., et al., Deep Sea Research 13

(1966): 427–33.]
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(see top lava layer in column C of Figure 3–4a).

Near the equator, the magnetic lines of force lie

parallel to the Earth’s surface; so the needle has no

tilt and merely points to the north magnetic pole. 

When lava extrudes and cools, minerals crystal-

lize systematically out of solution as the lava

solidifies into a rock, in the same way that solid

ice crystals form in liquid water that is cooled

below its freezing temperature. A few of these

early forming minerals are magnetic and tend to

align themselves with the geomagnetic field in a

way that is similar to the pull on your compass

needle. As other minerals crystallize, they lock in

and trap, so to speak, the alignment of these mag-

netic grains. This means that the rocks record the

strength and direction of the geomagnetic field at

the time they crystallized into a solid. This “fos-

sil” magnetization, called paleomagnetization, is

quite stable over geologic time, particularly in

basalts, and provides a clear magnetic record

unless the rock has been reheated or deformed.

As paleomagnetic measurements on sequences

of basalt flows were collected from a particular

area, something quite odd appeared in the data.

Many of the samples from the same area, but of dif-

ferent ages, seemed to be magnetized in the

“wrong” way; that is, they showed a reverse mag-

netization, a magnetic orientation exactly oppo-

site to that of the present-day field. For example, in

an area located at 50°N latitude, the paleomag-

netic orientation of the basalts either pointed into

the ground at an angle of 50 degrees (normal mag-

netization, i.e., in proper orientation with the 

present-day magnetic lines of force) or out of the

ground at an angle of 50 degrees (reverse magneti-

zation, i.e., in direct opposition to the present-day

magnetic force field). What could this possibly

mean? Furthermore, paleomagnetic studies in

many volcanic terrains showed that basalts of a

particular age are either all normally or all

reversely magnetized, regardless of where they

erupted on the Earth’s surface (see Figure 3–4a). All

these data taken together could mean only one

thing—the geomagnetic field had flipped repeat-

edly back and forth over time (see Figure 3–4b),

sometimes oriented as it is at present (normal

polarity) and sometimes oriented in the opposite

direction (reverse polarity). This information led to

the development of a paleomagnetic polarity time

scale that simply depicts the times when the geo-

magnetic field had a normal or reverse polarity (Fig-

ure 3–4c). During any reverse polarity, the north-

seeking compass needle would point to the south

rather than to the north geographic pole. As we

shall see, this knowledge of magnetic field rever-

sals finally helped geologists understand the sig-

nificance of magnetic anomaly stripes on the sea

floor.

SPREADING OCEAN RIDGES

Harry Hess, a geophysicist at Princeton University,

proposed in 1960 that the ocean floor was broken

into large blocks that were moving relative to one

another. Few geologists accepted this radical

hypothesis. By the mid-1960s, however, geologists

and geophysicists studying all the data pertaining

to the midocean ridges proposed a bold new

hypothesis: new ocean floor and crust are created

continuously by the intrusion and extrusion of

basalt at the crest of all midocean ridges. According

to the British geophysicists Fred Vine and Drum-

mond Matthews, as the basalt extrusions cool and

solidify, they become magnetized and record the

Earth’s magnetic-field orientation. Gradually, 

the newly formed crust moves laterally down the

flanks of the midocean ridges, making space at 

the crest for the formation of more basalt crust.

This process, called sea-floor spreading, leads to

ocean basins that widen with time. Vine and

Matthews hypothesized that, as the sea floor

spreads, the basalts become normally or reversely

magnetized depending on the orientation of the

geomagnetic field at their time of cooling (see Fig-

ure 3–4b). All basalts that are normally magnetized

have a fossil magnetization that is aligned with the

Earth’s present-day magnetic field. This magnetic

parallelism causes a reinforcement, so that a mag-

netometer measures a higher than normal reading,

resulting in a strong or positive magnetic anomaly

(Figure 3–4d). In contrast, all rocks that formed dur-

ing a period of reverse polarity have a fossil mag-

netic orientation opposite to that of the present-

day geomagnetic field. This contrary alignment

reduces the magnetic reading over reversely mag-

netized basalt, producing a low or negative mag-

netic anomaly. Because sea-floor spreading is 



symmetrical, the basalt crust is split at the crest

into halves, creating pairs of magnetic anomaly

stripes of about equal width that are symmetrically

disposed about the ridge axis (Figure 3–5a). In other

words, the magnetic profiles on either flank of the

midocean ridges are mirror images of each other. In

effect, the pattern of magnetic anomaly stripes is

equivalent to a tape recording of the Earth’s mag-

netic-field reversals of the past. 

In the vicinity of the Mid-Atlantic Ridge, sea-

floor spreading is causing symmetrical expansion

of the Atlantic Ocean basin; the ocean is growing in

size as fresh basalt is extruded at its center. In the

process, continents on either side of the basin are

traveling along with the moving ocean floor as part

of the plate—which explains continental drift as

Wegener described it, but does away with the idea of

light granitic crust plowing through denser oceanic

crust. Rather, the granite of the continents is simply

being carried along by the expanding sea floor.

Moreover, if we reverse the process of sea-floor

spreading and go back into the distant geologic past,

the Atlantic basin shrinks in size until it disappears,

and all the continents rejoin one another into a

much larger continental landmass, Pangaea. When

in the distant past did this colossal megacontinent

break apart? At what rate does the sea floor spread?

Actually, it turns out to be easy to measure rates

of spreading using magnetic profiles measured 

perpendicular to the crests of midocean ridges (Fig-

ure 3–5b). The timing of geomagnetic polarity

reversals is easily established by dating basalt

flows. This, then, makes it possible to infer the age

of the magnetic anomaly stripes of the sea floor,

because each of these formed during unique mag-

netic reversals. For example, if a particular anom-

aly from a strip of ocean floor formed during a

reversal that occurred 10 million years ago, then

that piece of sea floor, now located 100 kilometers

(~62 miles) from the ridge crest, must have moved

100 kilometers flankward since it was extruded

and solidified at the ridge axis. Dividing that dis-

tance of transport (100 kilometers) by the age of the

sea floor (10 million years) yields an average

spreading rate of 10 kilometers per million years or

1 centimeter per year for each flank of the ridge.

Many such determinations indicate that spreading

rates for the midocean ridges range between 1 and

10 centimeters per year (~0.5 and 4 inches per year)
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(b) GEOMAGNETIC POLARITY REVERSALS
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F I G U R E  3-4

Paleomagnetism. (a) The lava sequences in areas A, B, and C have alternating directions of rock magnetization. The

lavas at each site are stacked on top of one another, with the oldest lava on the bottom and the youngest on top of the

sequence. Note that the volcanic rocks of the same age in all areas are either all normally or all reversely magnetized.

This effect results from the geomagnetic dipole flipping its polarity back and forth over geologic time. (b) During normal

polarity, the geomagnetic north pole lies near the geographic north pole. During a reversal, the geomagnetic north pole

flips with the geomagnetic south pole so that it lies adjacent to the geographic south pole. (c) Based on numerous

analyses of lava flows on land, the pattern of polarity reversals of the Earth’s magnetic field has been accurately estab-

lished. [Adapted from A. Cox, Science 163 (1969): 237–245.] (d) A magnetometer measures simultaneously both the

Earth’s magnetic field and the fossil magnetization in the rocks. A magnetic high results from the rock magnetization

reinforcing the Earth’s magnetic field, so that the reading is higher than expected. A magnetic low results from rock

magnetization opposing the earth’s magnetic field, so that the reading is lower than expected.
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for each flank, a speed comparable to the growth

rate of a human fingernail! Every 70 years, roughly

a human life span, ocean basins widen by 3 to 

14 meters (~10 to 45 feet).

Several important findings are explained by the

sea-floor spreading model. For instance, sea-floor

spreading means that the oceanic crust that lies to

either side of the ridge moves apart. This separation

produces tensional forces that create normal faults

and rift valleys at ridge crests. Also, spreading of the

ocean floor implies that the basaltic crust becomes

increasingly older with distance from the ridge line.

Eventually, as the basaltic crust is transported

down the ridge flank, it becomes covered with sed-

iment. This sedimentary cover gets steadily thicker

with distance from the ridge axis, because the older

the sea floor, the longer is its history of sediment

accumulation. 

3-3

Global Plate Tectonics

T
he axis of midocean ridges is a narrow, linear

zone where basaltic crust forms and then

moves away from the ridge crest at a rate of

several centimeters per year. Since the breakup of

Pangaea during Jurassic time (some 150 million

years ago), the Atlantic Ocean has grown from a

young, narrow basin to its current size. This has

been true for the other ocean basins as well. The

presence of magnetic anomaly stripes parallel to

the crest and flanks of midocean ridges in the

Indian, Arctic, and Pacific Oceans indicates that

their floors are spreading and that these basins
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F I G U R E  3-5

Sea-floor spreading. (a) Sea-floor spreading com-

bined with geomagnetic polarity reversals create

the magnetic anomaly stripes that are symmetri-

cally arranged about the axis of active midocean

ridges. (b) The rate of sea-floor spreading is easily

calculated using the age and distance from the

ridge crest of any magnetic anomaly stripe.
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must be widening as well. If all these oceans are

expanding, then the Earth’s diameter must be

increasing proportionately in order to accommo-

date all this new surface area. Think about an

orange. If you wanted to add more peel, you would

need to make the orange bigger, that is, increase its

diameter. However, geologists have determined

that the diameter of the planet has not changed

appreciably for hundreds of millions, if not a bil-

lion, years. What to do? There is one way around

this problem. If the Earth’s size is fixed, then the

addition of new ocean floor by sea-floor spreading

must somehow be offset by the destruction of an

equivalent area of ocean floor somewhere else. If

that were the case, then sea-floor spreading could

occur on the Earth with a fixed diameter. Well, let’s

assume that this is the case. Where, then, are the

areas in which oceanic crust is being destroyed?

SUBDUCTION ZONES

It stands to reason that if crustal rocks are being

crushed and destroyed at a rate comparable to their

formation at midocean ridges, this activity should

generate earthquakes, a shaking of the ground caused

by the deformation of rocks. An examination of

world seismicity—the frequency (number), magni-

tude (strength), and distribution of earthquakes—

reveals two distinct groupings of earthquakes on the

Earth (Figure 3–6a). One grouping consists of a narrow

clustering of shallow, relatively weak disturbances

that closely follow the crest line of the spreading mid-

ocean ridges and their transform faults. The earth-

quakes along the ridge axis result from volcanism and

normal faulting along the crestal rift valley; those

along the transform faults are generated by the strike-

slip motion of the crust to either side of the fault.

But, what is the significance of the second group-

ing of seismic events, which appears as a broad band

of strong, shallow-to-deep earthquakes that follow

the western edges of North and South America, arc

around the western and northwestern Pacific, and

extend across the southern Asian mainland through

the Himalayas and across the European Alps (see

Figure 3–6a)? The frequency and magnitude of the

earthquakes in this seismic belt signify intense tec-

tonism, a term that denotes deformation (buckling,

folding, faulting, crushing) of the crust. Let’s exam-

ine this second band of seismicity more closely, and

see whether or not it represents zones where signif-

icant amounts of crustal rocks are being destroyed.

Around the Pacific Ocean, earthquakes are asso-

ciated with deep-sea trenches and volcanic arcs.

The distinctive volcanic landmasses have been

built up by the abundant extrusion of andesite, a

lava with a chemical composition intermediate

between granite and basalt (see Table 2–2). Further-

more, sedimentary and volcanic deposits, which lie

between the active volcanoes and the deep-sea

trench, are highly deformed, buckled, and fractured,

implying that the oceanic crust here is being short-

ened by powerful compressional forces, crudely

analogous to the effect of pushing together the two

sides of a tablecloth and creating folds in the fabric. 

The distribution of earthquakes provides another

crucial piece of evidence to indicate that the Earth’s

crust is being compressed and shortened at these tec-

tonic zones. The accurate recording of seismicity at

volcanic arc-trench systems discloses that earth-

quakes are not randomly distributed here, but are

arranged in quite an orderly pattern. Although shallow

earthquakes are scattered throughout the belt, inter-

mediate and deep earthquakes originate within an

inclined zone that is tilted away from the deep-sea

trench toward the volcanic arc and that extends down-

ward to depths as great as 700 kilometers (~434 miles).

For example, seismicity plotted on a cross section 

of the Tonga Trench in the southwestern Pacific (Fig-

ure 3–6b) appears as a band of earthquakes dipping at

about 45 degrees. This feature, called the Benioff zone

after its discoverer, the American seismologist Hugo

Benioff, has been found at other deep-sea trench sites

as well. What could this odd pattern possibly mean?

An analysis of earthquake waves reveals that

the rocks immediately beneath the Benioff zone

are sliding downward relative to the rocks above

them, suggesting that large slabs of rocks are con-

verging, with one mass riding over the other (see

Figure 3–6b). The slab going down generates strong

earthquakes as its upper surface slips and scrapes

against the rocks above it. Also, as it plunges into

the hot interior of the Earth, it melts partially at

depths of 100 to 200 kilometers (~62 to 124 miles).

The hot, buoyant molten fraction then rises to the

surface and spews out of volcanic island arcs as

andesite lava. These sites where basaltic crust is

being destroyed are called subduction zones.



This is exactly what we hoped to find. The vol-

canic arc-trench systems are consuming the ocean

floor that is being created at the spreading midocean

ridges. Interestingly, few subduction zones are evi-

dent in the Atlantic, Indian, and Arctic oceans; here

the spreading midocean ridges are the principal tec-

tonic features. Only along the edges of the Pacific

Ocean do we find nearly continuous subduction

zones, where rates of sea-floor consumption are esti-

mated to be about 15 to 45 centimeters per year (~6

to 18 inches per year). These rates of subduction are

much higher than are the rates of ocean-floor pro-
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F I G U R E  3-6

Global seismicity (1961–1967). (a) Most earthquakes (repre-

sented by black dots) clearly coincide with midocean ridges,

transform faults, and deep-sea trenches. [Adapted from 

Isacks, B., et al., J Geophys Res. 73 (1968): 5855–5900.] 

(b) Sketch map of the south Fiji Basin and cross section show-

ing a plot of earthquakes that clearly defines a Benioff zone.

This indicates that the Pacific plate is being subducted

beneath the south Fiji Basin. [Adapted from Wyllie, P. J., The

Way the Earth Works. John Wiley & Sons, Ltd., 1976.]
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duction at midocean ridges, because there are more

spreading sites than subduction zones on the

Earth’s surface. Calculations indicate that the rates

of production and destruction of ocean floor for the

entire planet are about equal, indicating that the

Earth’s diameter and surface area have been con-

stant over geologic time. 

One additional conclusion should be obvious to

you as well. The absence of subduction zones in the

Atlantic, Indian, and Arctic oceans indicates that

these basins are expanding with time, occupying

more and more of the Earth’s surface as they grow

progressively larger. This, in turn, implies that the

Pacific Ocean is shrinking rapidly in a geologic sense

at a pace equal to the combined production rates of

the entire midocean ridge system. Otherwise a bal-

ance between formation and destruction of ocean

crust could not exist, and the Earth’s surface area

and diameter would have had to increase, which we

know has not happened. Also, bear in mind that

although the size of the Pacific basin is diminishing

over time, new ocean floor continues to be created

along its midocean ridge, the East Pacific Rise, as

clearly indicated by earthquakes and fresh basalt at

the ridge crest and the presence of magnetic anom-

aly stripes that run parallel to the ridge axis. 

PLATE-TECTONIC MODEL

We can combine all that we have learned about the

sea floor so far into a unified concept known as

global plate tectonics. This theory formulated in

the 1960s revolutionized thinking about the geo-

logic history of the Earth. Basic to the theory is the

idea that the Earth’s surface is divisible into a

series of plates with edges that are defined by seis-

micity (Figure 3–7a). These plates may consist

mainly of sea floor, or more commonly some com-

bination of sea floor (ocean crust) and landmass

(continental crust). The plate boundaries extend

downward through the entire lithosphere, which

is the brittle outer shell of the Earth that includes

the crust and uppermost mantle (Figure 3–7b). Geol-

ogists refer to them, therefore, as lithospheric

plates.

Seismicity and volcanism are not randomly dis-

tributed over the Earth’s surface; rather, they are

largely confined to the edges of the plates. There

are three fundamental types of plate boundaries

(Table 3–1):

1. Midocean ridges are boundaries where two plates

under tension move apart from one another. Each

plate grows by the process of sea-floor spreading,

which adds new lithosphere (crust plus upper man-

tle) to the trailing edges of the two diverging plates.

2. Subduction zones are plate boundaries where

compression is dominant, as two plates converge,

one overriding and destroying the other. The

ocean floor can be thrust downward beneath

another ocean plate (ocean-ocean collision), 

common in the western Pacific, or beneath a 

continent, as along western South America

(ocean-continent collision), where the andesite

volcanoes, rather than being submarine land-

forms, appear as volcanic peaks in the high

Andes. Subduction zones are also present where

two or more continental masses are actively col-

liding (continent-continent collision), as along

the Himalayan mountain range of Asia. On a

globe with a fixed surface area over geologic time,

subduction (plate destruction) at convergent

boundaries is balanced by sea-floor spreading

(plate growth) at divergent edges. 

3. Transform faults are plate boundaries where

ocean floor is neither created nor destroyed.

Rather, the lithosphere along transform faults is

conserved as plates slide laterally (strike-slip

motion) past one another. Although there are

various transform boundaries, the most com-

mon type is the one that connects two midocean

ridge segments such that they are offset from

each other. An example of such a transform

boundary slices across southern California (see

boxed feature, “The San Andreas Fault”).

Thus, the distribution of seismicity indicates

clearly that the Earth’s outer shell is fragmented

into a mosaic of plates (see Figure 3–7a) that

diverge (spreading ridges), converge (subduction

zones), or slide past one another (transform faults).

The plate edges are, however, not merely surface

ruptures. They extend downward through the

entire lithosphere, which includes the crust and

the uppermost mantle. The lithosphere, which is



100 to 150 kilometers (~62 to 93 miles) thick, has

appreciable strength and rigidity and it overlies a

hotter, partially melted, and hence ductile (plastic-

like) layer of the mantle, the asthenosphere (see

Figure 3–7b). If drawn to scale, the lithospheric

plates are pancake thin, because they are between

ten and fifty times wider than they are thick. 

Although the actual driving mechanism that

causes the plates to move is still being investi-

gated, there is little doubt that thermal convection

(heat transfer by fluid motion) of the plasticlike

rocks of the asthenosphere plays an important role.

As heat builds up in the Earth’s interior, the rocks

in the asthenosphere become less dense than those
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Lithospheric plates. (a) The edges of large

lithospheric plates are indicated by bands

of seismicity. The arrows indicate relative

plate motions. [Adapted from Stowe, K. S.

Ocean Science. John Wiley & Sons, Ltd.,

1983).] (b) A brittle lithospheric plate,

which includes the crust and the upper

mantle, overlies and moves relative to the

plasticlike asthenosphere. [Adapted from 

Dewey, J. F., Scientific American 266

(1972): 56–58.]
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above and convect (rise) upward. This process is

most obvious at the spreading ocean ridges, where

a large quantity of internal heat associated with

molten rocks is being dissipated by convective

heat transfer. These slow-moving currents in the

asthenosphere exert drag on the bottom of the

lithospheric plates, setting them in motion (Fig-

ure 3–8). Furthermore, the cold, dense edge of the

downgoing lithosphere at subduction zones pulls

the plate downward as it sinks into hotter and less

dense asthenosphere. An accurate understanding

of these driving mechanisms must await addi-

tional theoretical and experimental studies.

Most of the volcanic outpourings on the Earth’s

surface occur at the plate boundaries. Basalt lava

spews out of the spreading ocean ridges, and

andesite lava is produced at subduction zones.

Less common, but impressive, outpourings of lava

also occur in the interior of plates, thousands of

kilometers away from the plate edges. A case in

point is a west-to-northwest-trending linear chain

of volcanoes located in the center of the Pacific

plate, the Hawaiian Islands (Figure 3–9a). These

volcanic mountains are created as the Pacific plate

drifts slowly over a deep-seated “hot spot” called a

mantle plume (Figure 3–9b). Mantle plumes are

places where molten rock originates deep below

the asthenosphere, probably very near the outer

core. This molten rock rises and melts its way

through the lithosphere, spilling out as lava on the

top of the plate (Figure 3–9c). With time, large quan-

tities of lava are added to the pile, creating a vol-

canic cone that towers above the ocean floor.

Many such cones rise out of the water as islands.

Eventually, the motion of the plate, as a result of

sea-floor spreading, transports the newly formed

island beyond the mantle plume cutting off its

supply of lava. At this stage, the island stops grow-

ing, and erosion begins to wear down its rocks.

Concurrently, a new volcanic island forms updrift

over the plume and grows in size until drift takes

it, too, beyond its source of lava. The growth of

volcanic islands by mantle-plume injection results

in the formation of a linear chain, such as the

Hawaiian Islands. The islands become older, more

eroded, and lower in elevation downdrift. Chains

of volcanic islands that trace the path of a plate

over a hot spot have been discovered all over the

world. 

Recent findings indicate that mantle plumes

are not fixed in place as originally thought. During

Leg 197 on the drilling ship JOIDES Resolution

(see Figure 1–10b), John Tarduno of the University

of Rochester, NY, and his colleagues, relying on

paleomagnetic data, discovered that the mantle

plume that created the Emperor Seamount Chain

(see Figure 3–9a) drifted south at a rate of more

than 4 cm/yr between 81 million and 47 million

years ago, obviously implying that the rate of sea

floor spreading based on the age of the volcanic

islands is greatly exaggerated. In other words, the

drift of the lithospheric plate over the mantle

plume reflected both sea-floor spreading to the

north and migration of the mantle plume to the

T A B L E  3-1.

Characteristics of plate boundaries
Relative Plate

Type Motion Topography Earthquakes Volcanism Examples

Midocean ridge Divergent Ocean ridge Shallow, weak Volcanoes and Mid-Atlantic

to moderate intensity lava flows Ridge

Subduction zone Convergent

Ocean-ocean Deep-sea trench Shallow to deep, Volcanic Aleutian

collision and volcanic arc weak to strong intensity arcs Islands

Ocean-continent Deep-sea trench Shallow to deep, Volcanic Andes

collision and volcanoes weak to strong intensity arcs Mountains

Continent-continent Mountain belt Shallow to deep, None Himalayan

collision weak to strong intensity Mountains

Transform fault Strike slip Offset ridge crest Shallow, weak None San Andreas

to moderate intensity Fault
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F I G U R E  3-9

Volcanic chains and mantle plumes. (a) Some volcanoes are not asso-

ciated with the edges of plates. They form long, linear chains with the

age of the volcanoes increasing systematically from one end to the

other, as illustrated here for the Hawaiian Islands and their submarine

continuation, the Emperor Seamount Chain. [Adapted from Dalrymple,

G. B., et al., American Scientist 6 (1973): 294–308; D. A. Claque and 

R. D. Jarrard, Geological Society of America Bulletin 84 (1975):

1135–1154.] (b) The linear volcanic chains trace the drift path of a plate

over a mantle plume. The volcanoes on each island become extinct and

erode once they are transported away from the mantle plume. 

(c) Kilauea, an active volcano spewing out lava and ash, is located at the

southeastern end of the island of Hawaii. The very hot lava is igniting

vegetation in its path, but some trees can withstand the flow briefly. 
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Plate mechanics. Convection in the asthenosphere drags lithospheric plates away from the crests of ocean ridges. Also, the leading edge of

the plate in subduction zones is cold and dense and may be “pulling” the plate down into the asthenosphere.

DRIVING MECHANISMS FOR PLATE MOTIONS
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south (Figure 3–10a). This discovery has fostered

new ways of thinking about mantle plumes in gen-

eral. For example, some geologists have recently

hypothesized that not only is the base of the plume

mobile, but also the conduit feeding lava to the

lithospheric plate above may have large bends in it

as a consequence of convective currents in the hot

mantle mesosphere (Figure 3–10b). These hypothe-

ses are being tested both theoretically and empiri-

cally to assess their validity and, if correct, their

implications for Earth’s history. With the discov-

ery that both plates and mantle plumes move, the

geologic history of ocean basins and the underlying

mantle becomes much more complicated and chal-

lenging to interpret. That’s what makes science so

exciting!

THE OPENING AND CLOSING

OF OCEAN BASINS

During the course of several hundred million years,

ocean basins have evolved through distinct stages

of development that are directly linked to global

plate tectonics (Figure 3–11). The initial stage in the

Wilson cycle (named after its originator) of basin

F I G U R E  3-10

The dynamics of mantle plumes. (a) The linear volcanic chains associated with mantle plumes not only reflect the drift of the litho-

spheric plate over the plume (upper diagram), but also the migration of the mantle plume itself (lower diagram). (b) The lava conduit

of the mantle plume feeding the volcano above may have large bends in it due to the convective flow of hot mantle rock. (Adapted

from Tarduno, J. A., Scientific American 298 (2008): 88–93.)
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F I G U R E  3-11

Ocean-basin evolution. The Wilson cycle depicts ocean-basin development as proceeding through a sequence of distinct stages.

[Adapted from Wilson, J. T., American Philosophical Society Proceedings 112 (1968): 309–320; Jacobs,  J. A., et al., Physics and Geol-

ogy (New York: McGraw-Hill, 1974).]
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evolution begins with splintering of the granitic

crusts of continents. This results in the formation

of long, linear rift valleys, a process that is now

occurring in East Africa. The basin at this time is

embryonic. The continent is fractured by a system

of normal faults, and basalt escapes to the surface

and spills out onto the floor of the rift valley. The

next stage, a juvenile ocean basin, occurs once the

continents are separated into two independent

masses. Basaltic crust forms between them along a

young, spreading ocean ridge. This stage is exempli-

fied at present by the Red Sea (see boxed feature,

“The Red Sea”). With continued sea-floor spread-

ing, these narrow seaways expand into mature,

broad ocean basins, such as the present Atlantic

Ocean. Continued widening of the basin eventually
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T
he edges of most plates are

underwater and are therefore

studied by indirect methods of

observation and sampling such as those

described in the featured box, “Probing

the Sea Floor” in Chapter 2. An exception

is a spectacular exposure of a complex

fault system known as the San Andreas

fault, which slices through the country-

side of western and southern California

(Figure B3–1a). Aerial views of the land-

scape that borders the San Andreas fault

show a linear topography (Figure B3–2a)

underlain by fractured crustal rocks that

have been forced upward into craggy

mountains or downward into splintered

valleys. Earthquakes in this region 

(Table B3–1) are frequent and powerful,

as rocks on either side of the fault alter-

nately grab and slip past one another,

often with dire consequences for people

and their structures (Figure B3–2b). The

reason for this tectonic activity is now

well understood, because this 1,300 kilo-

meter-long (~806 miles) fault system rep-

resents a plate boundary, a transform

fault that separates the Pacific plate from

the North America plate. Remarkably, it

runs right through southern California.

The San Andreas fault is a long trans-

form fault that joins two spreading ridges,

one located in the Gulf of California, the

other off the northwestern United States

and southwestern Canada (Figure B3–1a).

Examining maps of plate boundaries (see

Figure 3–7a) one gains the impression

that the breaks are clean, the sort that

one could perhaps straddle, each foot

placed firmly on a different plate. These

maps, in a sense, are cartoons, meant to

suggest, rather than precisely delineate,

the edges of the plates. The San Andreas

fault is not a single fracture, but a com-

plex system of intertwined breaks that

have splintered the rocks that outcrop on

either side of the boundary. In fact, both

ends of the transform boundary on land

splay out, or bifurcate, into a branching

network of faults (Figure B3–1b). As

along any transform boundary, the domi-

nant motion is strike-slip, meaning that

the crust is being sheared horizontally,

that is, parallel to the fault trace. Irregular-

ities in the trace of the transform fault

can, however, lead to localized compres-

sion (pushing together) or tension (pulling

apart). This happens at a number of spots

along the San Andreas fault, where the

geometry of the fault trace leads either to

compression and transverse topography,

such as the San Gabriel Mountains near

Los Angeles, or to tension and “pull-apart”

basins (Figure B3–1c), such as Death Val-

ley in east central California.

In an effort to gauge the probability of

earthquakes in the region, new instru-

ments have been developed that measure

seismicity and small changes in the

ground’s elevation and in its horizontal

displacement. The slippage rate, which is

not uniform along the fault’s length, is

estimated to be between 1 and 10 cen-

timeters (~0.5 and 4 inches) per year.

This rate and the direction of crustal dis-

placement imply that southern California

and Baja are moving to the northwest rel-

ative to North America and, eventually

(some 15 million years into the future),

will become detached and form a large

island off California (Figure B3–1a).

The San Andreas Fault

T H E  O C E A N  S C I E N C E S G E O L O G Y

T A B L E  B3-1.

Major Earthquakes along the San Andreas Fault
Location Year Magnitude

Santa Barbara 1812 7

San Francisco area 1838 7

Fort Tejon 1857 8.3

Hayward 1868 7

San Francisco 1906 8.3

Imperial Valley 1940 7.1

Kern County 1952 7.7

San Fernando Valley 1971 6.5

Santa Cruz Mountains 1989 7.1

Source: Adapted from E. J. Tarbuck and F. K. Lutgens, The Earth (New York: Macmillan,1993).

Visit www.jbpub.com/oceanlink     
for more information.
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F I G U R E  B3-1

The San Andreas fault. (a) The Pacific and North America plates are separated from each other by the San Andreas fault. (b) The San

Andreas fault is a transform fault that slices through western California. (c) Plate slippage along the irregular trace of the San Andreas

fault produces localized zones of compression and tension, which create transverse mountains and “pull-apart” basins respectively.
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(a) SAN ANDREAS FAULT

(b) DAMAGE IN OAKLAND, CALIFORNIA, FROM 1989 LOMA
PRIETA EARTHQUAKE CENTERED NEAR SANTA CRUZ, 
CALIFORNIA
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(c) FAULT GEOMETRY

F I G U R E  B3-2

Plate slippage along the San Andreas fault. (a) Aerial photograph of a segment of the San Andreas fault 100 miles north of Los Angeles.

(b) Tragic damage in Oakland, California, from the 1989 Loma Prieta earthquake.



leads to instability, and the broad plate ruptures

where the lithosphere is old and is supporting a

heavy load of sediment. This tends to occur at con-

tinental margins because of the tremendous pile of

sediment that accumulates there. The process of

subduction begins where one side of the now-frag-

mented plate overrides the other. The ocean basin

then enters a declining stage as the ocean litho-

sphere, and ultimately the spreading ocean ridge

itself, are subducted and disappear from the face of

the Earth, a situation that is currently happening to

the East Pacific Rise in the Pacific Ocean (see boxed

feature, “The San Andreas Fault”). As the basin

continues to close up, the terminal stage is reached.

Continents and subduction zones on either side of

the basin collide, crushing and uplifting the sedi-

mentary deposits of the basin into a young moun-

tain belt of folded and faulted marine sedimentary

rocks. Finally, the two colliding continental masses

become sutured (fused) tightly together, and the

sedimentary deposits and the ocean crust are buck-

led in a viselike grip and forced upward into a

majestic, towering mountain range. A fine example

of this suturing stage is the Himalayan range, where

sedimentary rocks with marine fossils attest to a

time when they were submerged in seawater in an

ocean basin that once existed between India and

mainland Asia (Figure 3–12). Remarkably, the top of

the world, Mount Everest, was once an ocean basin

at the very bottom of the world.

A SUMMARY OF GLOBAL

PLATE TECTONICS

We’ve covered a lot of ground, so to speak, in this

chapter. Let’s take a moment to reflect about the

chapter’s main points; these may have become lost

among the details that were needed to flesh out the

concept of global plate tectonics. The main idea is

that many features of the Earth’s surface—its volca-

noes, earthquakes, ocean ridges, deep-sea trenches,

mountain belts, magnetic anomaly stripes—can be

understood as the result of the interactions between

lithospheric plates. Some of these plates are moving

apart at midocean ridges. This process, called sea-

floor spreading, is occurring in all the ocean basins

and results in the formation of new sea floor and the

drift of continents. Other pairs of lithospheric plates

are actively colliding. One overriding plate forces
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T H E  P R O C E S S  O F  S C I E N C E

The Scientific Process: Sea-Floor Spreading

A
n essential part of the scientific

method is the falsification of

hypotheses. This means that

one should be able to test any valid sci-

entific hypothesis in such a way that it

can be disproved by the test results. Let’s

examine an actual test of a hypothesis. In

1963 the British geologists Fred Vine and

Drummond Matthews proposed that the

symmetrical magnetic anomaly stripes

that lie parallel to midocean ridges in all

the oceans were the result of sea-floor

spreading (see Figure 3–5). If correct, the

hypothesis of sea-floor spreading had

revolutionary implications for interpreting

the geological development of ocean

basins. But how exactly to test this radical

idea? Actually, this turned out to be quite

easy. Marine geologists reasoned that, if

all of the sea floor were created along the

crests of spreading ocean ridges, as pro-

posed by Vine and Matthews, then it

stands to reason that the age of the

ocean crust should increase with the dis-

tance from the ridge axis. Also, the older

the basaltic crust of the sea floor, the

thicker must be its sediment cover. In

other words, the Vine-Matthews model of

sea-floor spreading predicts clearly that

the crust should get older and be buried

by a thicker blanket of sediment with

increasing distance from the ridge crest.

These were testable predictions.

To make these observations, geologists

on the drilling ship Glomar Challenger (see

Figure 1–10a) could, for the first time, drill

anywhere in the ocean in thousands of

meters of water. It was relatively simple to

drill through the sediment layers to the

underlying basaltic crust on the flanks of

the ocean ridges. The total thickness of the

sediment cover at the drilling site could

thus be determined and paleontologists

could obtain samples of the remains of

microfossils embedded in the sediment that

was deposited directly on the basalt. At any

particular site the fossils could then be used

to establish the age of the oldest layer of

sediment, which would be very close to the

age of the basalt directly beneath it. The

data obtained from numerous drill sites

indicated that both the age of the oldest

sediment and the total thickness of the sed-



another downward into the asthenosphere, where it

melts to produce andesite lava. This lava feeds vol-

canoes on the surface. The process, called subduc-

tion, occurs principally around the edges of the

Pacific Ocean. Over geologic time, the quantity of

new lithosphere produced at spreading ridges has

equaled the quantity that has been consumed at

subduction zones. Plate boundaries where the litho-

sphere is conserved (neither created nor destroyed)

are called transform faults. These immense frac-

tures separate two plates that are sliding laterally

past each other. 

The granite of the continents is imbedded in the

lithospheric plates and is swept passively across

the Earth’s surface as the ocean floors spread and

grow in size. When continents on two separate

plates meet at a subduction zone, they collide and

squeeze the intervening marine sediments tightly,

lifting them skyward to create a high, folded moun-

tain belt. This very process is presently uplifting

the Himalayas, as India collides with the Asian

mainland (see Figure 3–12).

This is the basic theory of global plate tecton-

ics, a magnificent and unexpected discovery of

modern oceanography. With this background, we

can move ahead to the study of marine sediments,

examining the origin of these materials that col-

lect on the sea bottom and their history of trans-

port by the moving lithospheric plates.

3-4

Future Discoveries

A
great deal of effort is being directed at

understanding how undersea eruptions

have affected ocean processes and marine

life. Mantle plumes like the one that created the

Hawaiian Islands may generate megaplumes,

immense twisting, swirling “mushroom clouds”

of very hot water that are tens of kilometers (>6.2

miles) broad. Megaplumes carry gases such as 
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iment cover increased systematically with

the increasing distance from the ridge axis.

The conclusion was inescapable: the

hypothesis of sea-floor spreading that Vine

and Matthews proposed was not falsified

by the test. This meant that sea-floor

spreading offered a legitimate new model

for interpreting the geologic history of the

Earth’s ocean basins.

The map in Figure B3–3 shows the

global age pattern of the oceanic crust

determined from a synthesis of all the lat-

est research findings. The youngest

oceanic crust (red color) is associated

everywhere with the crest of the spread-

ing ridges. The age of the basalt increases

systematically with increasing distance

from the ridge crest, with the oldest crust

(blue color) located far down the flanks 

of the spreading ridges.

F I G U R E  B3-3

Age of the ocean crust. Age determination indicates that the basaltic crust gets older with

increasing distance from the crest of spreading ocean ridges.
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Collision of continents and mountain

building. (a) This sequence of maps dis-

plays the changing world geography

since the time of Pangaea, the mega-

continent of the Permian Period. Note

the drift track of India and its eventual

collision and suturing with Asia, raising

the Himalayas. (b) These diagrams

depict the collision and suturing of the

India and Asia plates. The Himalayas

were raised when the ocean sedimen-

tary layers were crushed between the

two continental masses. (c) These

Himalayan peaks with their great relief

and high elevations are the result of

compression associated with the colli-

sion of Asia and India. This photograph

was taken out of the window of the

space station from an altitude of 

200 nautical miles.
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T
he Red Sea (Figure B3–4a) is 

a roughly rectangular basin about

1,900 kilometers (~1,178 miles)

long and about 300 kilometers 

(~186 miles) wide (Figure B3–4b). Much

of the sea bottom is quite shallow, with

an average water depth of 490 meters

(~1,617 feet) and a maximum water

depth of 2,850 meters (~9,405 feet).

Running along the center of the Red Sea

is a narrow trough with an average depth

of about 1,000 meters (3,300 feet).

Basalt—new ocean crust—is being

injected into this deep axial trough as

Arabia drifts away from Africa. In effect,

the Red Sea is a miniature ocean

(Figure B3–4c), a classic juvenile ocean

basin that is slowly widening as a result

of sea-floor spreading. This process was

The Red Sea

T H E  O C E A N  S C I E N C E S G E O L O G Y

F I G U R E  B3-4

The Red Sea. (a) This satellite image

shows the terrain of the Red Sea region.

(b) The Red Sea is a juvenile ocean basin

that has just recently opened up as the

Arabian plate separates from the African

plate. (c) New oceanic crust is forming in

the axial trough of the Red Sea by the

process of sea-floor spreading. [Adapted

from D. A. Ross, Mineral Resources Bulletin

22 (1977): 1–14.]
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responsible for the opening of the

Atlantic Ocean, and this is what the

Atlantic basin must have looked like in

its early development as Africa and

Europe moved away from North and

South America.

It appears as if the Red Sea basin

began to develop some 20 million to 30

million years ago as the granitic crust of

East Africa and Arabia was stretched until

it broke apart along a system of normal

faults. These large faults have splintered

the thick granitic crust into large blocks

(see Figure B3–4c). The sediments that

blanket the sea bottom include salt

deposits up to 7 kilometers (~4.3 miles)

thick. Their presence indicates that much

of the ocean dried up periodically as its

water was evaporated and salt deposits

were laid down on its bottom. To imagine

what this was like, fill a glass with seawa-

ter and leave it in the sun for a few days.

What will happen, of course, is that the

water will disappear because of evapora-

tion, and the bottom of the glass will be

encrusted with salt. 

Not only is there salt on the sea floor,

but the water itself, which fills the deeps

of the axial trough—such as the Atlantis II

deep (Figure B3–5), the Discovery deep,

and the Oceanographer deep—is unusu-

ally salty. It is so much saltier than nor-

mal seawater that it is referred to as

brine. This brine is hot (50 to 60°C) and

filled with dissolved metals. The source of

the unusual salt and metal content of 

the water in these deeps is the flow of

groundwater (subterranean water)

through fractures in the underlying rocks.

This briny groundwater is heated as it

flows through the hot crust, becoming

corrosive and leaching metals from the

basalt rocks. The heated, high-salinity,

metalliferous water is discharged along

fractures and faults on the bottom of the

deeps, where it is trapped because of its

high density. As the levels of dissolved

metals (iron, manganese, copper, silver,

lead, and zinc) build up, many of them

are precipitated as sulfide deposits that

impart bright colors to the sediment.

Geochemical surveys indicate that the

metal deposits of the Atlantis II deep are

sufficiently concentrated to be exploited

commercially. Several field tests indicate

that it is feasible to mine this resource.

High-pressure water jets (large, powerful

hoses in effect) lowered from a vessel

could convert the bottom sediment into a

mud slurry, which would then be pumped

to the surface at a rate estimated to be

about 200,000 tons each day! This enor-

mous volume of slurry would have to be

processed aboard the mining vessel while

at sea, because it would be too expensive

to transport it to land. Unfortunately,

once processed, the residue would

become a major waste-disposal problem,

because it contains highly toxic heavy

metals. Engineers have developed a pro-

cessing technique whereby only 1 per-

cent of the metal concentrate would be

transported to a smelter on land. The

remaining 99 percent of the slurry would

be diluted with seawater and treated 

with chemicals before being discharged

into water deeper than 1,000 meters

(~3,300 feet). Marine life is sparse at

those depths in the Red Sea so the engi-

neers reason that the effect of the metal

toxins on the ecosystem of the area

would be minimized.

F I G U R E  B3-5

The Atlantis II deep. Groundwater flowing through fractures in the basaltic crust is acidic

and corrosive. These hot salty fluids leach out metals from the rocks. When they seep out

of fractures, the very dense water is trapped in the deeps. [Adapted from H. Backer, Erz-

metall 26 (1973): 544–555.]
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Lithospheric plates are moving apart at midocean ridges because of sea-floor spreading.

Oceanic crust, once created, will slowly move away from the axis of the ridge. This means that

the sea floor will have a speed. Speed is distance (d ) traveled per unit of time (t ), or

speed = d/t.

The sea floor is moving slowly, such that its speed cannot be measured directly with a stopwatch. Yet we can easily determine its

speed (its spreading rate) by noting the age of the sea floor at any distance from the ridge. The older the sea floor is, the farther it will

be from the ridge axis. Also, the faster the rate of sea-floor spreading, the farther the sea floor of a particular age will be from the ridge

axis. Let’s calculate a sea-floor spreading rate.

First, assume that we obtain a piece of basalt 400 kilometers from the ridge axis and determine its age to be 10 million years old.

This implies that this rock took 10 million years to travel a distance of 400 kilometers. The number 400 can be expressed as 4 � 102

(i.e., 4 times 100). The number 10 million can be expressed as 107 (i.e., 10 times itself seven times). If this notation is unclear, review

the Math Box called “Powers of 10” in Chapter 2. The rate of the sea-floor spreading is

speed = spreading rate = d/t = 4 � 102 km/107 yr.

When you divide powers of 10, you merely subtract the exponents. So,

4 � 102 km/107 years = 4 � 10(2-7) km/yr = 4 � 10-5 km/yr

is the rate of sea-floor spreading for this ridge.

Let’s now convert this rate to centimeters per year (cm/yr), which would make more intuitive sense to us. The trick, as 

discussed in the Chapter 1 Math Box “Conversions,” is to keep tab of the units.

(4 � 10-5 km/yr) (103m/km) (102 cm/m) = (4 � 10-5) (103) (102) cm/yr.

When you multiply powers of ten, you merely add their exponents. So,

(4 � 10-5) (103) (102) cm/yr = 4 � 10(-5+3+2) cm/yr = 4 � 100 cm/yr.

Because any number raised to a power of zero is 1,

4 � 100 cm/yr = 4 cm/yr.

This is the spreading rate for that side or flank of the midocean ridge.

S C I E N C E  B Y  N U M B E R S

Sea-Floor Spreading Rates

carbon dioxide and methane and countless

microbes as they spin and drift about in the ocean

for months, moving hundreds of kilometers away

from their site of origin. Some biologists believe

that life itself may have begun at the bottom of the

sea in sea-floor geysers located at spreading ridge

crests.  These hydrothermal vents may have been

sites where raw inorganic materials were miracu-

lously shaped by chemical reactions into simple

organic compounds that ultimately led to the ori-

gin of life some four billion years ago. So the study

of megaplumes and hydrothermal systems may

lead to new theories about the origin of life and its

dispersal throughout the world’s oceans.

Other exciting new research in marine geology

involves probing the Earth’s interior to determine

(c) PROMINENT HIMALAYAN PEAKS

F I G U R E  3-12

(continued)
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1. Geologic and paleontological evidence supports

the existence in the geologic past of an immense

landmass known as Pangaea (Figure 3–1b). Begin-

ning about 150 million years ago, Pangaea broke

apart, and the pieces drifted across the Earth’s

surface to form today’s continents. This process is

called continental drift.

2. Studies of the magnetic properties of the sea floor

reveal that the crests of the midocean ridges are

sites where new oceanic crust is forming. The

divergence of the basaltic crust away from the

crestline of the ridge—a process called sea-floor

spreading—leads to the expansion of ocean

basins (Figure 3–2a) and to the drift of the conti-

nents. The repeated flipping back and forth of the

geomagnetic poles causes basalts ejected at

spreading ocean ridge crests to be normally and

reversely magnetized, giving rise to a symmetric

pattern of magnetic anomaly stripes that run

parallel to the ridge axis (Figures 3–3 and 3–5).

These magnetic anomaly stripes can be used to

date the basaltic rock and to calculate the rate of

sea-floor spreading.

3. Basaltic crust is being destroyed at subduction

zones, which are associated with volcanic arcs

and deep-sea trenches. Here, large slabs of rock

are being compressed as they converge and over-

ride one another, producing an inclined plane of

earthquakes called the Benioff zone (Figure 3–6b).

4. The global distribution of earthquakes indicates

the Earth’s surface is broken into a mosaic of

irregularly shaped plates. Each plate, which is 

100 to 150 kilometers (~62 to 93 miles) thick, con-

sists of the entire crust and the uppermost mantle,

which combined constitute the lithosphere 

(Figures 3–7 and 3–8). The lithospheric plates are

cold, rigid, and brittle, and overlie a hot, ductile

(plasticlike) layer of the mantle, the asthenosphere.

5. Lithospheric plates have three kinds of bound-

aries (Table 3–1): spreading ridges that are under

tension, where new lithosphere is formed; sub-

duction zones that are under compression, where

lithosphere is destroyed; and transform faults,

where lithosphere is preserved as plates slip later-

ally (strike-slip motion) past one another.

K EY CONCEPTS

S TUDY GUIDE

how the planet works. For example, geophysicists

have uncovered old, cold slabs of subducted litho-

sphere in the Earth’s upper mantle; others may,

perhaps, be deep in the lower mantle as well.

These “fossil” slabs are surviving remnants of

plate tectonic events that occurred during the

Earth’s ancient geologic past. Understanding how

they got there and what happens to them over

time will give geologists a clearer and more com-

plete view of the Earth’s history and geochemical

evolution.

Recently, a synthesis of satellite measure-

ments, computer models, and laboratory experi-

ments seems to verify that magnetic polarity

reversals are the result of complicated convective

flow patterns in the electrically conducting, liq-

uid iron of the outer core. For the first time, the-

ory and computer models are providing clues

about how polarity reversals have occurred in the

past and how they may occur in the future. Work

continues on these fruitful lines of research.

Finally, mountain belts, such as the Himalayas

and Alps, are being mapped in detail. Their com-

plicated patterns of deformed rocks are revealing

important insights into collisions between conti-

nents along subduction zones.
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REVIEW OF BASIC CONCEPTS

1. Explain the concepts of continental drift, sea-

floor spreading, and global plate tectonics. How

are they similar and how are they different?

2. What exactly is a magnetic anomaly, and why

does it appear as a stripe on the sea floor?

3. How do plate motions differ among a spreading

ridge, a transform fault, and a subduction zone?

Which of the three is characterized by the strongest

earthquakes, the deepest earthquakes? Why?

4. How specifically have the following originated?

a. the Mid-Atlantic Ridge

b. the Himalayan Mountains

c. the Red Sea

d. the San Andreas Fault

e. the Hawaiian Islands

5. Where in the oceans would you go to collect a

sample of basalt, a sample of andesite? Give the

reason for your choices.

6. Account for the formation and symmetry of mag-

netic anomaly stripes associated with midocean

ridges.

7. Cite a variety of evidence that supports the

notion of (a) continental drift, (b) sea-floor spread-

ing, (c) subduction.

CRITICAL-THINKING ESSAYS

1. Why do magnetic anomaly stripes of similar age

have the same magnetic polarity, regardless of

where they are discovered in the ocean?

2. It is unlikely that magnetic anomaly stripes older

than about 200 million years will be found any-

where in the oceans. Why? Does this mean that

seafloor spreading did not occur before 200 mil-

lion years ago?

3. In which ocean is the oldest oceanic crust likely

to be found? Why?

4. Examine Figure B3–3 in the featured box “The

Scientific Process: Sea-Floor Spreading.” Using

the age of the basaltic crust, is the North Pacific

spreading at a faster or slower rate than the North

Atlantic, than the Indian Ocean? Explain your

reasoning.

5. Assume that you discover a series of large subma-

rine volcanoes on the deep-ocean floor of the

Pacific. How would you determine whether or

QUESTIONS

6. The vast majority of volcanoes are formed at plate

boundaries. Many lie along subduction boundaries

where the lithosphere has melted as it was forced

downward into the Earth’s hot interior by an over-

riding lithospheric plate. Other volcanoes form

along the crests of spreading ocean ridges as well,

as lithospheric plates diverge and lava spills out of

fractures onto the sea floor. In contrast, some lin-

ear chains of volcanoes form on the plate interior,

far from its edges, as the lithosphere drifts slowly

over a mantle plume, or “hot spot,” in the under-

lying asthenosphere. The mantle plume feeds lava

to the plate’s surface and creates a long, linear

chain of volcanoes that mark the track of the

plate over the mantle plume (Figure 3–9). These

hotspots are now known to be mobile and not

fixed as was originally believed.

7. Ocean basins undergo a regular evolutionary his-

tory related to plate tectonics (Figure 3–10). A

narrow, embryonic basin forms between the

splintered pieces of a continent; expands into a

broad, mature ocean basin by the mechanism of

sea-floor spreading; declines into old age as the

basin is consumed by subduction; and disappears

as colliding continental masses become tightly

sutured together and form an immense mountain

belt on land.
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andesite (69)

asthenosphere (72)

Benioff zone (69)

compression (63)

continental drift (62)

lithosphere (71)

lithospheric plate (71)

magnetic anomaly

stripe (64)
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normal fault (62)

normal polarity (65)

paleomagnetism (65)

paleontology (62)

Pangaea (62)
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thermal convection (72)
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K EY WORDS*

not these volcanoes had been created by a mantle

plume?

6. If the Atlantic, Indian, and Arctic Oceans are all

expanding in size over time, what will be the fate

of the Pacific Ocean in the distant future?

Explain.

7. Referring to the maps of Figures 3–7a and B3–4b,

predict how the Red Sea basin will evolve over

the next few hundred million years. Explain.

8. Referring to the maps of Figures 3–7a and B3–1,

where will Baja end up several hundred million

years into the future? Explain.

9. Examine Figure 3–9a. How do you account for the

difference in the trend of the Hawaiian Ridge and

The Emperor Seamount Chain? In Figure 3–9a,

has the rate of seafloor spreading varied over the

past 70 million years? Explain.

DISCOVERING WITH NUMBERS:

1. Convert 33 kilometers into centimeters: 4.1 � 106

cm into kilometers (see Appendix II).

2. Assume that magnetic anomaly C in Figure 3–3

is 650,000 years old. Calculate a spreading rate

for the sea floor. Now, using the calculated sea-

floor spreading rate, estimate the age of magnetic

anomaly B in Figure 3–3.

3. Assume that you are conducting geophysical

work on the flank of a spreading ocean ridge that

trends directly north-south. As the captain steers

the vessel to the east, your magnetometer mea-

sures a series of magnetic highs and lows. A

strong, broad magnetic high is positioned directly

over the ridge crest. It is followed to the east by a

magnetic low of modest width and, at 45 kilome-

ters from the ridge crest, a narrow but prominent

magnetic high. Determine the age of this latter

magnetic high by consulting Figure 3–4c, and

then determine the spreading rate in centimeters

per year for this midocean ridge.

4. In Problem 3 above, how many kilometers from

the ridge crest would you have to sail to the west

in order to be positioned over ocean crust that is

15 million years old?

5. Examine Figure B3–4b in featured box “The Red

Sea.” If the Red Sea began to develop some 20 to

30 million years ago, calculate a spreading rate 

in cm/yr.

6. Examine Figure B3–1 in featured box “The San

Andreas Fault,” and calculate the rate of strike-

slip faulting along the San Andreas Fault in cm/yr.

7. Consult Figure 3–9a. Given that 10 degrees of lati-

tude equals about 1,110 kilometers, calculate an

approximate rate of sea-floor spreading in centime-

ters per year for the North Pacific plate, assuming

that mantle plumes do not drift over time.

8. Now assume that the mantle plume is drifting to

the southeast at ~4cm/yr. What then would be the

sea-floor spreading rate of the lithosphere in this

case? Explain your reasoning.

*Numbers in parentheses refer to pages.
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Tools for Learning is an on-line review area loca-

ted at this book’s web site OceanLink (www.jbpub.

com/oceanlink). The review area provides a variety

of activities designed to help you study for your

class. You will find chapter outlines, review ques-

tions, hints for some of the book’s math questions

(identified by the math icon), web research tips for

selected Critical Thinking Essay questions, key

term reviews, and figure labeling exercises. 

T OOLS FOR LEARNING


