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Preface 

| he planets Mercury, Venus, Mars, Jupiter, and Saturn—all visible 

to the naked eye—were known to ancient peoples. In fact, the 

Romans gave these planets their names as they are known today. 

Mercury was named after their god Mercury, the fleet-footed messen- 

ger of the gods, because the planet seems especially fast moving when 

viewed from Earth. Venus was named for the beautiful goddess Venus, 

brighter than anything in the sky except the Sun and Moon. The planet 

Mars appears red even from Earth and so was named after Mars, the 

god of war. Jupiter was named for the king of the gods, the biggest and 

most powerful of all, and Saturn was named for Jupiter’s father. The 

ancient Chinese and the ancient Jews recognized the planets as well, 

and the Maya (250-900 c.£., Mexico and environs) and Aztec 

(ca. 1100-1700 c.£., Mexico and environs) called the planet Venus 

“Quetzalcoatl,” after their god of good and light. 

These planets, small and sometimes faint in the night sky, com- 

manded such importance that days were named after them. The 

seven-day week originated in Mesopotamia, which was perhaps the 

world’s first organized civilization (beginning around 3500 B.C.E. in 

modern-day Iraq). The Romans adopted the seven-day week almost 

4,000 years later, around 321 c.£., and the concept spread through- 

out western Europe. Though there are centuries of translations 

between their original names and current names, Sunday is still 

named for the Sun, Monday for the Moon, Tuesday for Mars, 

Wednesday for Mercury, Thursday for Jupiter, Friday for Venus, and 

Saturday for Saturn. The Germanic peoples substituted Germanic 

equivalents for the names of four of the Roman gods: For Tuesday, 

Tiw, the god of war, replaced Mars; for Wednesday, Woden, the god 

of wisdom, replaced Mercury; for Thursday, Thor, the god of thun- 

der, replaced Jupiter; and for Friday, Frigg, the goddess of love, 

replaced Venus. 

xi 



xi The Sun, Mercury, and Venus 

More planets, of course, have been discovered by modern man, 

thanks to advances in technology. Science is often driven forward by the 

development of new technology, allowing researchers to make meas- 

urements that were previously impossible. The dawn of the new age in 

astronomy, the study of the solar system, occurred in 1608, when Hans 

Lippershey, a Dutch eyeglass-maker, attached a lens to each end of a 

hollow tube, creating the first telescope. Galileo Galilei, born in Pisa, 

Italy, in 1564, made his first telescope in 1609 from Lippershey’s 

model. Galileo soon had noticed that Venus has phases like the Moon 

and that Saturn appeared to have “handles.” These of course were the 

edges of Saturn’s rings, though the telescope was not strong enough to 

resolve the rings correctly. In 1610, Galileo discovered four of Jupiter’s 

moons, which are still called the Galilean satellites. These four moons 

were proof that not every heavenly body orbited the Earth, as Ptolemy, 

a Greek philosopher, had asserted around 140 C.£. Galileo’s discovery 

was the beginning of the end of the strongly held belief that the Earth is 

the center of the solar system, as well as a beautiful example of a case 

where improved technology drove science forward. 

Most of the science presented in this set comes from the startling- 

ly rapid developments of the last hundred years, brought about by 

technological development. The concept of the Earth-centered solar 

system is long gone, as is the notion that the “heavenly spheres” are 

unchanging and perfect. Looking down on the solar system from 

above the Sun’s North Pole, the planets orbiting the Sun can be seen 

to be orbiting counterclockwise, in the manner of the original proto- 

planetary disk of material from which they formed. (This is called pro- 

grade rotation.) This simple statement, though, is almost the end of 

generalities about the solar system. The notion of planets spinning on 

their axes and orbiting around the Sun in an orderly way is incorrect: 

Some planets spin backward compared to the Earth, others planets 

are tipped over, and others orbit outside the ecliptic plane (the imagi- 

nary plane that contains the Earth’s orbit) by substantial angles, the 

dwarf planet Pluto in particular (see the accompanying figure on 

obliquity and orbital inclination). Some planets and moons are hot 

enough to be volcanic, and some produce silicate lava (for example, 

Jupiter’s moon Io), while others have exotic lavas made of molten ices 

(for example, Neptune’s moon Triton). Some planets and even moons 

have atmospheres, with magnetic fields to protect them from the 

solar wind (for example, Venus, Earth, Mars, Io, Triton, and Saturn’s 
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moon Titan), while other planets have lost both their magnetic fields 
and their atmospheres and orbit the Sun fully exposed to its radiation 

and supersonic particles (for example, Mercury). 

Size can be unexpected in the solar system: Saturn’s moon Titan is 
larger than the planet Mercury, and Charon, Pluto’s moon, is almost 

as big as Pluto itself. The figure on page xiv shows the number of 

moons each planet has; large planets have far more than small planets, 

and every year scientists discover new celestial bodies orbiting the gas 

giant planets. Many large bodies orbit in the asteroid belt, or the 

Kuiper belt, and many sizable asteroids cross the orbits of planets as 

they make their way around the Sun. Some planets’ moons are unsta- 

ble and will make new ring systems as they crash into their hosts. 

Many moons, like Neptune’s giant Triton, orbit their planets back- 

ward (clockwise when viewed from the North Pole, the opposite way Obliquity, orbital inclination, 

that the planets orbit the Sun). Triton also has the coldest surface tem- gn rotation direction are 

perature of any moon or planet, including Pluto, which is much far- three physical measurements 

ther from the Sun. The solar system is made of bodies ina continuum _used to describe a rotating, 

of sizes and ages, and every rule has an exception. orbiting body. 

Obliquity, Inclination, Rotation 

Rotation: 

Looking down on the north pole of a planet 
or moon, rotation in this direction is called 

direct, or prograde. Rotation in the opposite 

direction is called indirect, or retrograde; 

Venus, Uranus, and Pluto all have 

retrograde rotation. 

Uranus 

Saturn 
Jupiter 

Inclination: 

Pluto’s orbit is inclined 

to the ecliptic (the 
plane of Earth’s orbit) 
by 17.14 degrees; all the 

other planets have 
inclinations less than 

7 degrees. 
~ Obliquity: 

The angle between the planet's equator 

and its orbital plane is called its obliquity. 

Pluto's obliquity is 122.5 degrees, Venus’s 

is 177.3 degrees, and Mercury's is 0 degrees. 
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Every day new data are streaming back to Earth from space mis- 

sions to Mars. Early in 2004, scientists proved that there was once 

standing liquid water on Mars. Another unmanned mission, this time 

to a comet, determined that the material in a comet’s nucleus is as 

strong as some rocks and not the loose pile of ice and dust expected. 

Information streams in from space observations and Earth-based 

experiments, and scientists attempt to explain what they see, produc- 

ing an equivalent stream of hypotheses about the formation and evo- 

lution of the solar system and all its parts. 

In this age of constant space missions and discoveries, how can a 

printed book on the solar system be produced that is not instantly 

outdated? New hypotheses are typically not accepted immediately by 

the scientific community. The choice of a leading hypothesis among 

competing ideas is really a matter of opinion, and arguments can go 

on for decades. Even when one idea has reached prominence in the 

scientific community, there will be researchers who disagree with it. 

At every point along the way, though, there are people writing books 

about science. Once an explanation reaches the popular press, it is 

often frozen as perpetual truth and persists for decades, even if the 

scientific community has long since abandoned that theory. 

In this set, some statements will be given as facts: the gravitational 
acceleration of the Earth, the radius of Mars, the height of prominences 



from the Sun, for instance. Almost everything else is open to argu- 
mentation and change. The numbers of moons known to be orbiting 
Jupiter and Saturn, for example, are increasing every year as 
observers are able to detect smaller and dimmer objects. These vol- 
umes will present some of the thought processes that have brought 

people to their conclusions (for example, why scientists state that the 

Sun is fueled by nuclear reactions), as well as observations of the solar 

system for which no one has a satisfactory explanation (such as why 

there is no detectable heat flow out of the gas giant planet Uranus). 

Science is often taught as a series of facts for memorization—in fact, 

not until the second half of a doctoral degree do many scientists learn 

to question all aspects of science, from the accepted theory to the data 

itself. Readers should feel empowered to question every statement. 

The Solar System set explores the vast and enigmatic Sun at the 

center of the solar system and also covers the planets, examining 

each and comparing them from the point of view of a planetary sci- 

entist. Space missions that produced critical data for the understand- 

ing of solar system bodies are introduced in each volume, and their 

data and images shown and discussed. The volumes The Sun, Mercury, 

and Venus; The Earth and the Moon; and Mars place emphasis on the areas 

of unknowns and the results of new space missions. The important 

fact that the solar system consists of a continuum of sizes and types of 

bodies is stressed in Asteroids, Meteorites, and Comets. This book discuss- 

es the roles of these small bodies as recorders of the formation of the 

solar system, as well as their threat as impactors of planets. In Jupiter 

and Saturn, the two largest planets are described and compared. In 

the final volume, Uranus, Neptune, Pluto, and the Outer Solar System, 

Pluto is presented not as the final lonely dwarf planet but as the 

largest known of a extensive population of icy bodies that reach far 

out toward the closest stars, in effect linking the solar system to the 

galaxy itself. 

In this set we hope to change the familiar litany Mercury, Venus, 

Earth, Mars, Jupiter, Saturn, Uranus, Neptune, and Pluto into a more 

complex understanding of the many sizes and types of bodies that 

orbit the Sun. Even a cursory study of each planet shows its unique- 

ness along with the great areas of knowledge that are unknown. These 

titles seek to make the familiar strange again. 

Preface XV 
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Introduction 

[: 350 B.c.E., Aristotle, the great Greek philosopher, published De 

Caelo (On the heavens), one of the most influential books in the his- 

tory of science. Aristotle wrote that the Earth is the center of the solar 

system and that all the other bodies in the solar system orbit the Earth 

while set into a complex series of spheres. In his philosophy, the Earth 

was the only site of change, of birth, life, death, and decay, while the 

heavenly spheres were perfect and eternally changeless. Aristotle’s sys- 

tem of spheres could not be reconciled with the apparent motions of 

the planets, which include speeding up, slowing down, and even mov- 

ing backward (known as retrograde motion). About 500 years later, 

Ptolemy, a second Greek philosopher, published his masterwork He 

Megalé Syntaxis (Almagest, or The mathematical compilation). In the 

Almagest, Ptolemy develops a complex mathematical explanation for the 

apparent movement of the planets and thus supports the Aristotelian 

theory sufficiently for it to live on as the primary theory for the struc- 

ture of the solar system for almost 2,000 years. The Aristotelian and 

Ptolemaic theory of an Earth-centered solar system thus may be one of 

the longest-lived theories in the history of science. 

In 1514 c.£., Nicolaus Copernicus, a Prussian scientist and canon in 

the Catholic Church, published a tiny unsigned pamphlet called the 

Commentariolus (Little commentary). In this little handwritten book, he 

posits that the center of the universe is not the Earth but near the Sun; 

that the distance from the Earth to the Sun is imperceptible compared 

to the distance to the stars; and that the apparent retrograde motion of 

the planets is due to observing them from the orbiting Earth. These 

axioms, now all known to be absolutely true, were earthshaking at the 

time (Copernicus delayed a full publication of his theories until just 

before his death in 1543, when De Revolutionibus Orbium [On the revolu- 

tions of the celestial spheres] was published with the help of an assis- 

tant). Galileo Galilei, the great Italian astronomer who lived from 1564 

to 1642, was a great advocate of the Copernican system, for which he 

xix 
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was condemned by the Inquisition of heresy and lived the remainder 

of his life under house arrest. Galileo was fortunate not to have been 

executed for his belief that the universe did not orbit the Earth. 

Galileo’s trial, held in 1633, further drove any Copernicans in 

Catholic countries into secrecy, and the theory was not held by a 

majority of natural philosophers until the late 17th century. The 

development of physics and in particular the theory of gravitation 

showed that only the Sun could be the center of the solar system, and 

slowly the world of science was won over to a Sun-centered system. 

The Sun’s huge mass (greater than 99 percent of the total mass of 

the solar system) controls the orbits of all the planets and smaller 

bodies of the solar system, and its radiation and magnetic field domi- 

nate the space environments of the inner planets and define the size of 

the solar system itself. The Sun, therefore, takes its deserved place at 

the beginning of this six-book set, which covers the state of scientific 

knowledge of the solar system’s planets and smaller bodies, starting 

from the center, the Sun, and moving outward, as shown in the depic- 

tion of the solar system on page xxi. 

Had Jupiter been 15 times more massive, it also would have begun 

nuclear fusion reactions and become a small star itself. Instead, the Sun 

is the sole star of this solar system. The intense heat of fusion and its 

complex and powerful magnetic fields are just beginning to be under- 

stood, though the importance of the Sun’s energy has been recognized 

by mankind since prehistory. A description of the current thoughts on 

solar system formation is included in this part, as well as the changing 

effect of the Sun’s energy on the planets as the Sun evolves. 

Mercury, the topic of the second part of this volume, is the subject 

of intense scientific attention this year because of the launch of the 
Messenger mission. MESSENGER is only the second spacecraft to visit 
the planet (Mariner 10, which flew by the planet three times in 1974 

and 1975, was the first), and its advanced instruments should produce 
invaluable information about the planet. 

Though Mercury is far closer to the Earth than Jupiter or Saturn, 
more is known about those distant gas-giant planets than about 
Mercury. Mercury is the least visited of terrestrial planets, as shown 
in the figure on page xxii. Mercury, Uranus, and Neptune have each 
been visited one time by space missions, and only Pluto has never 
been visited. Since space missions deliver the bulk of information 
about planets, Mercury is little-known. 
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All Orbits: Asteroid Belt, Kuiper Belt, Oort Cloud 
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This book covers the innermost solar system, including the Sun, Mercury, and Venus, whose orbits are highlighted 

here. All the orbits are far closer to circular than shown in this oblique view, which was chosen to show the 

inclination of Pluto's orbit to the ecliptic. 
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Mercury is exceptionally difficult to see because, from the point of 

view of the Earth, it is always close to the Sun. The Sun’s brightness 

either damages instruments that attempt to view Mercury or simply 

makes Mercury a dim and ill-resolved speck in comparison. 

Mercury’s orbit shows that is it unusually heavy, compared to the 

other terrestrial planets (Venus, Earth, and Mars), probably due to iron. 

enrichment. Mercury also has a magnetic field, which is unexpected 

for a planet without internal movements manifested by volcanic activ- 
ity. (Mercury appears to have had no volcanic activity for billions of 
years.) Mercury’s density and its magnetic field are mysteries scien- 
tists hope to solve with the help of data from Messenger and the 

planned European mission BepiColombo. 

The last part of this volume discusses Venus, the sister planet to 
the Earth in size and distance to the Sun, though the two planets 
could not be more different in other ways. Lacking surface water and 
plate tectonics, Venus’s surface is characterized by immense, roughly 
circular features sometimes hundreds of kilometers across volcanic 
and tectonic centers bounded by faults, some depressed and others 
raised in their centers. Venus’s surface temperature is a blazing 855°F 
(457°C), hotter even than Mercury. The surface is dominated by 



dense clouds of acid that create a pressure about 90 times that of the 
Earth’s. Venus thus forms a perfect laboratory for studying the long- 
term effects of small differences in climate. It is the product of run- 
away greenhouse heating, where the Sun’s energy is trapped within 
the atmosphere rather than reflected or radiated back into space. 

This same greenhouse effect is occurring on Earth, with the alter- 

ations in the atmosphere caused by humankind. Though humans may 

eventually drive the climate to dangerously high temperatures, it will 

not reach the extremes of Venus, where a human visitor would be 

simultaneously crushed by the atmospheric pressure, burned by its 

heat, and asphyxiated by its acids. The differences between Earth and 

Venus are exceptional, considering their similar positions in the solar 

system. Venus is also the subject of intense scientific interest and will 

receive more spacecraft visits in upcoming decades, adding to the 

16 missions that have thus far taken images or sent probes into the 

planet’s atmosphere. 

The conditions on Mercury and Venus today are the direct conse- 

quences of orbiting so close to the immensely powerful Sun, which 

baked and stripped Mercury of its atmosphere and which created the 

intense greenhouse heat on Venus. As the Sun’s energy output changes 

over the coming hundreds of millions of years, the climates on the 

Earth and Mars will change as well. 

Introduction 
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Part One: The Sun 





ast acts about the Sun 

| his set begins with the Sun, the center of the solar system, around 

which orbit all the planets, asteroids, and comets. The visible sur- 

face of the Sun is called the photosphere. Since the Sun is a ball of hot gases 

and plasma, it has no solid surface like those of the Earth, Mars, Venus, and 

Mercury. The Sun is large because of the pressure of the radiation from its 

center: There is so much radiation that it literally inflates the Sun, prevent- 

ing it from collapsing under its own weight into a denser body. 

The center of the Sun is a core where the nuclear reactions occur that 

provide the energy for the entire solar system. The energy created in the 

core is transported through the bulk of the Sun (through layers called the 

radiative and convective zones) to reach the photosphere. In the photo- 

sphere, the energy from the center of the Sun has lessened to the point 

that it can interact with atoms, and the atoms give off visible light. 

Though the photosphere is the layer of the Sun visible to the eye, above 

the photosphere are several additional layers of hotter material that are 

not visible to the human eye because that material does not emit light in 

the visible spectrum. The image of the Sun in the upper color insert on 

page C-1 shows the energy the Sun emits with wavelengths Of L7 15195. 

and 284 angstroms, all within the ultraviolet spectrum (not visible to the 

human eye). This energy range highlights the loops and spots in the chro- 

mosphere, the layer of the Sun just outside the photosphere, normally 

invisible to the eye. The Sun’s gigantic magnetic field powers the outer- 

most layer of the Sun, the corona, which forms huge loops and ejects 

great bubbles of matter and is the source of the solar wind. 

The final product from the Sun, the solar wind, consists of particles 

emitted at supersonic speeds, along with radiation. The Sun also creates an 

immense magnetic field that flows through the entire solar system and well 
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beyond Pluto. Thus though the Sun is often thought of as simply another 

object in the solar system, it could be thought of as the solar system 

itself, with the planets and other bodies simply afterthoughts swimming 

through the Sun’s huge flowing volume of flowing particles and magnet- 

Fundamental Information about the Sun 

| he Sun contains 99.6 percent of the mass in the solar system, as shown in the table 

below. Its huge mass generates the nuclear reactor in its interior that produces almost all 

the energy for the planets—running their weather systems, shaping their magnetic fields, 

and making life possible on Earth. Though there is the remote possibility of life on Europa 

and on Mars in the past, Earth remains the only place in the universe that life is known 

to exist. 

FUNDAMENTAL FACTS ABOUT THE SUN 

equatorial radius where atmospheric 

pressure is one bar 

ellipticity 

volume 

mass 

average density 

acceleration of gravity where 

atmospheric pressure is one bar 

magnetic field strength near sunspots 

magnetic field strength in polar regions 

rotational period 

432,000 miles (695,000 km), or 10 times 

Jupiter's radius and 104 times Earth’s radius 

0.00005 (almost a perfect sphere) 

3.38 X 10” cubic miles (1.41 X 10° km), or 

1,306,000 times the volume of the Earth 

4.385 X 10°° pounds (1.989 X 10°° kg), or 

333,000 times the mass of Earth 

87.9 pounds per cubic feet (1,410 kg/m?) 

900 feet per second squared (274.4 m/sec’), 

or 28 times the gravitational acceleration on 

Earth's surface 

0.1 to 0.4 T, as much as 20,000 times stronger 

than Earth’s magnetic field 

~0.001 T 

at its equator the surface rotates once every 

25.38 Earth days; near the poles, rotation 

takes as long as 36 Earth days (this is called 

differential rotation) 
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ic field. The size of the Sun and other basic statistics are listed in the side- 
bar “Fundamental Information about the Sun,” on page 4. 

Each large object in the solar system has its own symbol, a sort of 
astronomer’s shorthand. The symbol for the Sun is shown in the figure 
below. 

The solar wind and the magnetic field of the Sun affect everything 
in the solar system. Planets with their own magnetic fields are pro- 
tected from the Sun’s solar wind and magnetic field to a large degree, 
but planets with weak or nonexistent fields are bombarded by the 
particles of the solar wind and have their atmospheres removed by the 
Sun’s magnetic field. The energy of the Sun in the form of light and 
heat reaches all the objects in the solar system, even the most distant. 

Though the large planets still emit heat from their interiors from 

radioactive decay, most of the energy for everything that happens in the 

solar system comes from the Sun. On the Earth, the Sun’s energy and 

water combine to make life possible: Plants use water and the heat 

and light of the Sun to grow, and animals eat those plants, forming the 

basis for the food chain. 

Following his publication of the theory of relativity, Albert Einstein 

published a series of papers addressing relativistic effects on gravity. 

He predicted that masses actually warp space itself in their near envi- 

rons. Mercury, the planet that orbits closest to the Sun, has irregular- 

ities in its precession (gradual change of the orientation of the orbit in 

space) of its elliptical orbit that could not previously be explained. 

Symbol for the Sun 
Many solar system objects 

have simple symbols; this is 

the symbol for the Sun. 
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(For a long time, people looked for a planet orbiting closer to the Sun 

than Mercury, with a gravity field that could alter Mercury’s orbit as 

the closer planet lapped Mercury.) Einstein asked Erwin Finlay 

Freundlich, an astronomer at the Royal Observatory in Berlin, to 

look into Mercury’s orbital discrepancy by carefully measuring 

Mercury’s orbit. Freundlich published his results in 1913 and thus 

was among the first scientists brave enough to contradict Newton’s 

theories and support Einstein’s. His paper and subsequent papers by 

Einstein showed that Mercury’s orbital irregularities are perfectly 

explained by the predicted relativistic effects of the Sun’s giant gravi- 

ty field. This announcement pleased Einstein greatly and settled a 

centuries-old debate about Mercury. 



Formation of the Sun 
and the Planets 

| he study of the formation of the universe, the galaxy, and the 

solar system is known as cosmology. Cosmology is a relatively 

new science: Until the last half of the 20th century there were little data 

to help along hypotheses. With the development of radiodating, the age 

of the solar system was determined, and with the development of better 

telescopes, other examples of young solar systems in this galaxy could be 

found. Before these pieces of evidence could be brought together, the 

science of solar system origins was similarly primitive. Some scientists 

though that planets were rare in the universe, and no one had a clear the- 

ory for their formation. 

Thanks to technological developments, there is now a good theory for 

solar system formation. The solar system is thought to have formed from 

an interstellar cloud of dust and gas that began to collapse upon itself 

through gravity, and then to spin. Astronomers see many clouds of dust 

and gas at great distances from this solar system. Some of these clouds are 

large, quiet masses of gas that slowly coalesce into stars here and there 

throughout their interiors. These giant molecular clouds, as they are 

called, slowly evolve without much interaction with surrounding bodies. 

Other clouds, called HII regions, form in an intense radiational environ- 

ment near a massive star. Smaller stars like the Sun condense from the HII 

regions, and later, when the nearby massive star dies in a supernova, they 

are sprayed with an isotope of iron that is only made in the center of massive 

stars. Evidence for this isotope of iron in primitive meteorites in this solar 

system indicates that it formed near such a massive star. 

After the death of the massive nearby star, the dust cloud around the 

new small star can begin to condense into planets through gravitational 

7 
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attraction to its central star. As the cloud becomes denser in the cen- 

ter, that dense center attracts matter in from the edges of the cloud 

more strongly by gravitational attraction. If spinning material is 

brought closer to the axis of its spin, it spins faster, like a spinning ice 

skater when he or she pulls in his or her arms (this is caused by con- 

servation of angular momentum). The cloud contracts, spins faster, 

and flattens into a disk, called the protoplanetary disk, since it is the 

last structure prior to formation of the planets (see the sidebar 

“Protoplanetary Disks,” on page 9.) 

The center of this disk accumulates the greatest amount of mass, 

through gravitational attraction, and that central mass eventually con- 

denses to the point that nuclear fusion begins in its center and the Sun 

is born. The Sun is in the “yellow dwarf” star category, joined by other 

small stars in the universe. The majority of stars contain from 0.3 to 

three times the mass of the Sun, though giant stars as large as 27 solar 

masses are found occasionally. The initial collapse under the influence 

of gravity of primordial material to form the Sun is thought to have 

taken about 100,000 years, based on computer modeling. This col- 

lapse is very fast in geological terms, only about 1/50,000 of the age 

of the solar system. 

Because such a protoplanetary disk would have its highest temper- 

atures in the center, from the heat caused by collapse of material 

inward and then later by the early heat of the Sun, gaseous elements 

and molecules nearer the Sun would be heated to temperatures high 

enough to keep them as gases, rather than solid ices. At distances from 

the Sun less than two AU (one AU, or astronomical unit, is the equiva- 

lent of about 93 million miles, or 150 million kilometers), only met- 

als and silica-based molecules and compounds (called “silicates”) 

could condense and form planets. The inner, terrestrial planets are 

thought to have formed at temperatures up to almost 3,630°F 
(2,000°C). This is the reason that the terrestrial planets, which 
include Mercury, Venus, Earth, and Mars, are made primarily of sili- 
cates and metals. (Their material is also similar to the asteroids in the 
asteroid belt between Mars and Jupiter.) The material that makes up 
the inner planets is denser than the gases and ices that make up much 
of the outer planets. The relationship between density and distance 

from the Sun is shown in the figure on page 10. 

The elements that make up silicates and metals, primarily oxygen, 
silica, iron, magnesium, calcium, nickel, chromium, manganese, sodi- 
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Protoplanetary Disks 
ee text about solar system formation mentions the “protoplanetary disk,” and 

most simply state that the spinning cloud of dust flattens into a disk. But why should it? 
There is evidence that it does because the planets in this solar system all move in the 
same direction around the Sun (thought of as the result of forming out of a uniformly 
spinning cloud) and because their orbits are in or close to the plane of the Sun’s equator 
(thought to be the result of forming out of a disk, rather than a sphere). 

First, all the particles in the dust cloud are being attracted toward its center by gravity. 
Most of the particles are in orbits around a central spin axis for the cloud, and these 
orbits have a wide variety of radii: Some particles are close to the spin axis, and some are 
far away. The particles in orbits feel a centripetal force pulling them in and an opposing 
centrifugal force pushing them out. (These are the forces a person feels when spun fast 
on a fair ride or when sliding on the seat when a car corners fast.) They also feel a uni- 
versal gravitational pull toward the center of the cloud. Their centripetal and centrifugal 
forces keep the particle in an orbit, not allowing it to go directly toward the cloud’s cen- 
ter despite the gravitational force, and so the net result is that the gravitational force 
pulls the particles down to an equatorial plane without being able to pull them entirely 
into the center of gravity. There are also some particles that are on the spin axis, and 
since they have no centripetal or centrifugal forces, they simply move down or up the 
spin axis under the force of gravity, so the axis of spin flattens most easily and first. 

In the equatorial plane, contraction is slowest because the orbits go out to the far- 
thest distance from the gravitational center. When a particle is pulled in toward the grav- 
itational center, its velocity increases (conservation of angular momentum again). 

Particles on the equatorial plane are pulled inward by gravity to the point that their 
velocity is high enough to keep them in orbit despite their gravitational attraction toward 
the center, and they are then at some stable orbit. This contributes to the assembly of 
dense elements in the inner solar system (their higher density makes their gravitational 

pull stronger and requires a smaller and faster orbit to balance it) and lighter elements in 

the outer solar system: This is part of the story of why the inner planets are rocky and 

the outer planets gaseous. 

um, and potassium, are not the most common elements in the solar 

system. The most common elements in the solar system are hydrogen 

and helium, the major constituents of the Sun. Where, then, are 
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All Planets: Planetary Density 
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The innermost planets, made 

of metals and silicates, are far 

denser than the outer planets, 

which consist mainly of ices 

and gases. The density 

gradient in the planets is a 

result of density gradients in 

the solar nebula. 

Density of Sun and All Planets 

Neptune 

\g Jupiter 

30 

AU from the Sun 

Density of Sun and Terrestrial Planets 

1 

AU from the Sun 

hydrogen and helium found in the planets? The simplest explanation 

follows the understanding that different elements have different 

weights and condense at different temperatures, as described in the 

sidebar “Elements and Isotopes,” on page 11. 

At distances farther from the early Sun, temperatures in the proto- 

planetary disk were cool enough that the most common molecules in 

the solar system could condense and form planets (condensation tem- 

peratures are shown in the table on page 13). Molecules such as car- 

bon dioxide (CO,), water (H,O), methane (CH,), and ammonia 

(NH,) condensed into ices and were abundant enough that, along 
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Elements and Isotopes 

Avi the materials in the solar system are made of atoms or of parts of atoms. A family 
of atoms that all have the same number of positively charged particles in their nuclei 
(the center of the atom) is called an element: Oxygen and iron are elements, as are alu- 
minum, helium, carbon, silicon, platinum, gold, hydrogen, and well over 200 others. Every 
single atom of oxygen has eight positively charged particles, called protons, in its nucleus. 
The number of protons in an atom’s nucleus is called its atomic number: All oxygen 
atoms have an atomic number of 8, and that is what makes them all oxygen atoms. 

Naturally occurring nonradioactive oxygen, however, can have either eight, nine, or 10 
uncharged particles, called neutrons, in its nucleus, as well. Different weights of the same 
element caused by addition of neutrons are called isotopes. The sum of the protons and 
neutrons in an atom’s nucleus is called its mass number. Oxygen can have mass numbers 
of 16 (eight positively charged particles and eight uncharged particles), I7 (eight protons 
and nine neutrons), or 18 (eight protons and 10 neutrons). These isotopes are written as 
"O, "O, and ®O. The first, '°O, is by far the most common of the three isotopes of oxygen. 

Atoms, regardless of their isotope, combine together to make molecules and com- 
pounds. For example, carbon (C) and hydrogen (H) molecules combine to make methane, 
a common gas constituent of the outer planets. Methane consists of one carbon atom 
and four hydrogen atoms and is shown symbolically as CH,. Whenever a subscript is 
placed by the symbol of an element, it indicates how many of those atoms go into the 

makeup of that molecule or compound. 

Quantities of elements in the various planets and moons, and ratios of isotopes, are 
important ways to determine whether the planets and moons formed from the same 
material or different materials. Oxygen again is a good example. If quantities of each of 

the oxygen isotopes are measured in every rock on Earth and a graph is made of the 

ratios of "O/'O versus °O/'°O, the points on the graph will form a line with a certain 
slope (the slope is 1/2, in fact). The fact that the data forms a line means that the 

material that formed the Earth was homogeneous; beyond rocks, the oxygen isotopes 

in every living thing and in the atmosphere also lie on this slope. The materials on the 

Moon also show this same slope. By measuring oxygen isotopes in many different kinds 

of solar system materials, it has now been shown that the slope of the plot "0/"O 

versus O/'®O is one-half for every object, but each object’s line is offset from the 

others by some amount. Each solar system object lies along a different parallel line. 

(continues) 
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Elements and Isotopes (continued) 

At first it was thought that the distribution of oxygen isotopes in the solar system 

was determined by their mass: The more massive isotopes stayed closer to the huge 

gravitational force of the Sun, and the lighter isotopes strayed farther out into the solar 

system. Studies of very primitive meteorites called chondrites, thought to be the most 

primitive, early material in the solar system, showed to the contrary that they have het- 

erogeneous oxygen isotope ratios, and therefore oxygen isotopes were not evenly spread 

in the early solar system. Scientists then recognized that temperature also affects oxygen 

isotopic ratios: At different temperatures, different ratios of oxygen isotopes condense. 

As material in the early solar system cooled, it is thought that first aluminum oxide 

condensed, at a temperature of about 2,440°F (1,340°C), and then calcium-titanium oxide 

(CaTiO,), at a temperature of about 2,300°F (1,260°C), and then a calcium-aluminum- 

silicon-oxide (Ca Al,SiO_), at a temperature of about 2,200°F (1,210°C), and so on through 

other compounds down to iron-nickel alloy at 1,800°F (990°C) and water, at -165°F 

(-I]0°C) (this low temperature for the condensation of water is caused by the very low 

pressure of space). Since oxygen isotopic ratios vary with temperature, each of these 

oxides would have a slightly different isotopic ratio, even if they came from the same 

place in the solar system. 

The key process that determines the oxygen isotopes available at different points in 

the early solar system nebula seems to be that simple compounds created with °O are 

relatively stable at high temperatures, while those made with the other two isotopes 

break down more easily and at lower temperatures. Some scientists therefore think that 

"O and °O were concentrated in the middle of the nebular cloud, and '"°O was more 

common at the edge. Despite these details, though, the basic fact remains true: Each 

solar system body has its own slope on the graph of oxygen isotope ratios. 

Most atoms are stable. A carbon-|2 atom, for example, remains a carbon-12 atom 

forever, and an oxygen-l6 atom remains an oxygen-1l6 atom forever, but certain atoms 

eventually disintegrate into a totally new atom. These atoms are said to be “unstable” 

or “radioactive.” An unstable atom has excess internal energy, with the result that the 

nucleus can undergo a spontaneous change toward a more stable form. This is called 

“radioactive decay.’ Unstable isotopes (radioactive isotopes) are called “radioisotopes.” 
Some elements, such as uranium, have no stable isotopes. The rate at which unstable 

elements decay is measured as a “half-life,” the time it takes for half of the unstable 

atoms to have decayed. After one half-life, half the unstable atoms remain: after two 

half-lives, one-quarter remain, and so forth. Half-lives vary from parts of a second to 
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millions of years, depending on the atom being considered. Whenever an isotope decays, 
it gives off energy, which can heat and also damage the material around it. Decay of 
radioisotopes is a major source of the internal heat of the Earth today: The heat 
generated by accreting the Earth out of smaller bodies and the heat generated by 
the giant impactor that formed the Moon have long since conducted away into space. 

with some silicate and metal components, they could form the cores of 
the giant planets Jupiter, Saturn, Uranus, and Neptune. Once these 
giant condensed cores formed, they had enough gravitational attrac- 
tion to pull in the clouds of hydrogen (H,) and helium (He) gases that 
form by far the majority of all matter in the universe. 

The first solids thought to condense from the protoplanetary disk 
as it cooled are corundum (ALO,), hibonite (CaAl,,O,,), and per- 
ovskite (CaTiO,), followed by zirconium oxide (ZrO,, a rare materi- 
al), titanium oxide (TiO,), and then the minerals pyroxene 

CONDENSATION TEMPERATURES FOR SELECTED 

PLANET-FORMING MATERIALS 

Material Condensation temperature 

corundum (ALO.) 2,730°F (1,500°C) 

olivine ((Fe, Mg).SiO,,, a common silicate 2,190°F-930°F (1,200°C-500°C) 

mineral in the mantles of terrestrial planets) 

iron-nickel alloys (common core-forming 2,010°F-1,830°F (1,I00°C-1,000°C) 

material in terrestrial planets) 

water (HO) IZOD) 

carbon dioxide (CO,) HI2F (-80°C) 

methane (CH,, exists as an ice on Pluto) approximately —370°F (—225°C) 

ammonia (NH,, exists as a gas and an ice on Jupiter) approximately —410°F (—245°C) 
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((Ca,Mg,Fe)SiO,), spinel (MgAl,O,), and olivine ((Fe, Mg),SiO,). 

Volatile compounds like water and methane remain as gases until tem- 

peratures fall below 32°F (0°C), a situation not met in the early pro- 

toplanetary disk until the material was a great distance from the 

center (see the table on page 13). This is thought to be the reason that 

the inner planets—Mercury, Venus, Earth, and Mars—are made pri- 

marily of silicates and metals, while the outer planets—Jupiter, 

Saturn, Uranus, and Neptune—are made primarily of more volatile 

species and contain a large proportion of hydrogen and helium. 

Hydrogen and helium are among the most volatile species, meaning 

that they are least likely to be solids. They both, however, become flu- 

ids and then metals in the high pressures of the interiors of Jupiter 

and Saturn. 



Composition and Internal 
Structure of the Sun 

| he Sun consists of 92.1 percent hydrogen, 7.8 percent helium, 
and 0.1 percent other elements, on an atom basis (in other 

words, by count, not by weight). The abundances of minor elements in 
the Sun is not known because of the difficulty of measuring them 
remotely, and none of the ratios of isotopes in the Sun are known (the 
Genesis space mission is hoping to fill in some of those gaps). Because 
the Sun makes up the vast majority of the mass of the solar system it is 
reasonably assumed that its composition is the same as the original dust 
nebula from which the solar system was made. 

Because of the extreme temperatures in the Sun’s deep interior and in 
its outermost structures, the corona and solar wind, most of the atoms 

have been broken apart into a plasma. Plasma is material made of freely 

moving atomic nuclei, or even separate protons, neutrons, and elec- 

trons, which have been stripped from their nuclei by heat (see the side- 

bar “Elementary Particles,” on page 16). The higher the temperature of 

an atom, the more the electrons vibrate, until they have too much ener- 

gy to continue orbiting the atomic nucleus, and they fly off separately. 

Though the plasma consists of positively, negatively, and neutrally 

charged particles, it is electrically neutral as a whole, since each atom 

was electrically neutral (positive charges equaling negative charges) 

before it was disassociated by heat. 

The core of the Sun takes up about a quarter of its depth and is the site 

of all the nuclear reactions that create the Sun’s energy. Above the core is 

the radiative zone, reaching to 71 percent of the radius of the Sun. In the 

radiative zone, the radiation from the core is still too energetic for plas- 

ma particles to absorb their heat, and the waves simply radiate through 

15 
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Elementary Particles 

Mocca like carbon dioxide (CO,), are built from atoms, which are the basic units of 

any chemical element. The atom in turn is made from the subatomic particles called the 

proton, the electron, and the neutron. Protons and neutrons in turn are made of varieties 

of still smaller particles called quarks, which are members of the most basic group known, 

the fundamental particles. This progression is shown in the table below. 

Known fundamental particles include the lepton, the quark, the photon, the gluon 

(which holds together material in atomic nuclei), and the boson (not discussed here). At 

this time it appears that the two basic constituents of matter are the lepton and the 

quark, and there are believed to be six types of each. Each type of lepton and quark also 

has a corresponding antiparticle—a particle that has the same mass but opposite electri- 

cal charge and magnetic moment (direction in which it is moved by a magnetic field). 

An isolated quark has never been found: Quarks appear to almost always be found in 

twos or threes with other quarks and antiquarks. A theoretically predicted five-quark 

particle, called a pentaquark, has been produced in the laboratory. Four- and six-quark 

particles are also predicted but have not been found. The six quarks have been named 

up, down, charm, strange, top (or truth), and bottom (or beauty). The mass of the truth 

quark is greater than an entire atom of gold and about 35 times heavier than the next 

biggest quark. The truth quark may be the heaviest particle in nature. The quarks found 

in ordinary matter are the up and down quarks, from which protons and neutrons are 

made. A proton, for instance, consists of two up quarks and a down quark, and a neu- 

BUILDING BLOCKS OF MATTER 

Type of matter Built from Example 

molecule atoms CH,, a methane molecule, is built from 

four hydrogen atoms and one carbon 

atom 

atom subatomic particles H, a hydrogen atom, is built from one 

electron and one proton (the variety 

called deuterium also contains a 

neutron) 

subatomic particle fundamental particles a proton is built from two “up” quarks 

and one “down” quark 
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tron consists of two down quarks and an up quark (quarks have fractional charges of 
one-third or two-thirds of the basic charge of the electron or proton). 

The electrons that orbit atomic nuclei are a type of lepton. Like quarks, there are six 
types of leptons. The most familiar lepton is the electron. The other five are the muon, the 
tau particle, and the three types of neutrino associated with each: the electron neutrino, 
the muon neutrino, and the tau neutrino. Neutrinos are made in the Sun and flow outward 
from the Sun continuously and in great numbers. They are almost massless and actually 
pass through matter without interacting with it. Exiting at great speeds from the Sun, they 
pass through the planets and everything on them, including people, all the time. 

The following is a brief list of glossary terms on this topic: 
electron A lepton; the least massive electrically charged particle, hence is absolutely 

stable 

fundamental particle A particle with no internal substructure: quarks, leptons, pho- 
tons, gluons, and bosons are fundamental: all other objects are made from these, 
including protons and neutrons 

lepton A category of fundamental particles; the electrically charged leptons are the 
electron, the muon, the tau, and their antiparticles; electrically neutral leptons are 
called neutrinos 

neutrino A lepton with no electric charge; neutrinos participate only in weak and gravita- 
tional interactions and are therefore very difficult to detect; there are three known types 
of neutrinos, all of which are very light and could possibly have zero mass 

neutron A subatomic particle with no electric charge, made of two down quarks and 
one up quark (held together by gluons); the neutral component of an atomic nucleus 
is made from neutrons; different isotopes of the same element are distinguished by 

having different numbers of neutrons in their nucleus 

photon — The fundamental particle that is the carrier particle of electromagnetic radiation 
proton The most common subatomic particle, with electric charge of +1; protons are 

made of two up quarks and one down quark, bound together by gluons; the nucle- 

us Of a hydrogen atom is a proton. A nucleus with atomic number Z contains Z pro- 
tons; therefore the number of protons is what distinguishes the different chemical 

elements 

positron — The antiparticle of the electron 

quark A category of fundamental particles; quarks combine in groups to make sub- 

atomic particles such as protons and neutrons; the six quarks are named truth, beau- 

ty, charm, strange, up, and down 

subatomic particle A particle used to make atoms; is itself made of fundamental particles 
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Internal Structure of the Sun 

Re antenceeay: 
Seep sina 

cbse 

Solar prominence 

Radiative zone 

Convective zone 

Photosphere 

Chromosphere 

Corona 

The Sun consists of anumber this zone. Above the radiative zone is the convective zone, where the 
of distinct layers, with radiation works to heat the Sun’s matter, and it boils like water in a 

differing temperatures and pot. Finally, above the convective zone is the thin layer called the pho- 

convection patterns. tosphere, from which visible light is radiated and which viewers think 

of as the surface of the Sun as seen from Earth. The layers of the Sun 

are shown in the figure above. 

Though the Sun appears as a discrete disc in the sky, a spherical, 

separate object like a planet, it is actually a continuous body through 

the entire solar system. The Sun is not as dense as Earth’s air until 

depths 10 percent below the photosphere (the surface that is seen in 
visible light). Outside the photosphere, which appears to be the edge 
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of the Sun because it is the only solar structure that is seen in visible 
light, are the transition zone, the corona, and the solar wind. The solar 
wind is a continual, pulsating wave of particles and radiation sent out 
from the Sun that permeates all the space between the planets and 
continues past the orbits of the most distant solar system objects until 
it collides with the radiation of interstellar space. The Sun sends a bil- 
lion kilograms of electrons and protons into space each second, and 
these form the solar wind. Though the solar wind is very sparse, it is a 
major force in solar system space, and the Sun might be thought of 
more accurately as filling the entire solar system, with the orbiting 
planets embedded within it. (The space in the solar system is actually 
filled with three things: the matter of the solar wind, the radiation 
from the Sun, and interstellar cosmic rays, which constantly shoot 
through all the space and matter in the solar system, on paths from 
the distant star systems that created them.) 

Solar Core 

The core is thought to be as hot as 28 ,080,000°F (15,600,000°C) and 
to sustain pressures as high as 2,961,000 atm (300 GPa). The pressure 
at the center of the Earth is thought to be between 3,553,000 atm 
(360 GPa) and 3,750,000 atm (380 GPa) but temperatures are far 
lower. The Sun’s temperatures and pressures allow the nuclear reac- 

tions that provide the energy for the Sun to proceed. 

In the core, the Sun creates its energy by a process called hydrogen 
burning. In this process, four hydrogen nuclei are fused to create one 
helium nucleus. Since the hydrogen nuclei each consist of one proton, 

while the helium nucleus consists of two protons and two neutrons, 

several hydrogen nuclei are required to make one helium nucleus. The 

process takes several steps because the positive electrical charges of 

the protons repel each other, and it would be virtually impossible to 

cause four to collide at the same instant. 

The process of creating the helium nucleus is called the proton- 

proton chain because it uses the protons one at a time. Hans A. 

Bethe, professor of physics at Cornell University, and Charles 

Critchfield, then a graduate student of George Gamow at George 

Washington University, first demonstrated in the late 1930s how a 

series of nuclear reactions could make the Sun shine. Bethe won the 

Nobel Prize in physics in 1967 for their work (Critchfield had since 

died). 
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Further reactions create heavier elements, starting with beryllium and lithium. 
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In the first step of the proton-proton chain, two protons (the 

stripped nuclei of hydrogen atoms, denoted 'H) come together to 

form a deuteron (D), which is a nucleus with one proton and one 

neutron. In the process, they emit two subatomic particles: a positron 

and an electron neutrino (these particles are defined in the sidebar 

“Elementary Particles,” on page 16). Another proton ('H) then col- 

lides with the deuteron (D) to form the nucleus of a rare isotope of 

helium, consisting of two protons and one neutron (denoted *He), 
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and in the process, they emit a gamma ray. Finally, two of these *He 
nuclei fuse to create a ‘He nucleus, and in the process return two 'H 
to the plasma in the core. The steps in the proton-proton chain are 
shown in the figure on page 20. 

The basic law of physics that allows radiation energy to be pro- 
duced from matter is the famous equation that Albert Einstein first 
stated: 

E=mc 

This equation states that energy, E, is equal to mass, m, times the 
speed of light squared, c?. What this means is that mass and energy are 
interchangeable, a critical and revolutionary concept. Because the 
speed of light is such a huge number (9.8 X 108 feet per second, or 
2.9979 X 108 meters per second), only a small amount of mass is 
needed to create a large amount of energy. One gram of hydrogen can 
be converted to energy equivalent to 20 kilotons of explosive! 

But where in the proton-proton chain is the lost mass that makes 
all the energy that the Sun emits? After careful measurements, scien- 
tists were able to determine that a *He nucleus is just seven-tenths of 
| percent (0.7 percent) less massive than four protons. This tiny 
amount of lost mass is converted into energy each time one proton- 
proton chain is completed, and through Einstein’s equation, creates 
all the energy that the Sun radiates. Every second, the Sun creates 1038 
helium nuclei from about 700 million tons of hydrogen. In this 
process, every second, 5 million tons (0.7 percent) of this matter dis- 

appears as pure energy, creating the radiation that shines from the 

Sun. 

There was a further mystery about hydrogen burning that needed 

to be solved: Protons are positively charged and therefore repel each 

other. Electrical forces work strongly over a wide range of distances 

between the protons, from long distances down to an atomic-scale 

separation. If the protons move closer than a certain extremely small 

distance, a stronger force, called the nuclear force (the force that 

bonds protons and neutrons together in an atomic nucleus), takes 

over and pulls the protons together with great strength. The hotter 

the protons are, the more energy they have to collide with each other 

and push close together despite the electrical repulsive force. 

Unfortunately, the temperature required to allow protons to come 
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close enough for the strong nuclear force to take over is 11 billion 

degrees, about 10 times as hot as the center of the Sun. So how do 

protons ever combine to make deuterons? 

The answer was also provided by Einstein, along with Louis de 

Broglie, at the time a professor of theoretical physics at the Henri 

Poincaré Institute, and Satyendranath Bose, a professor of physics at 

the University of Dacca. They explained in the 1920s that protons 

could act as waves or particles or have characteristics of both at the 

same time (this is also a result of the equivalency of matter and ener- 

gy, stated in E = mc’). If the wave positions of two protons can extend 

past their particle size enough to overlap, then the protons can over- 

come the electrical force and be pulled together by the nuclear force. 

This is called tunneling. The average proton in the Sun has a velocity of 

2.03 X 10° feet per second (6.2 X 10° m/s), which along with the 

density of protons in the Sun’s core caused each proton to collide 

with other protons 20 million times per second. Tunneling is such a 

delicate process, however, that it takes the average proton 1075 colli- 

sions before tunneling occurs! 

In total, the process of hydrogen burning produces, along with a 

helium atom (*He), a positron, an electron neutrino, two protons, 

and one gamma ray. The gamma rays move outward from the core of 

the Sun, colliding with and being absorbed by atoms, and then being 

reemitted. If they moved out of the Sun unimpeded at their original 

energies, they would pass out of the Sun in less than two seconds. 

Because of their constant collisions, the passage of a single gamma 

ray from the core of the Sun into space takes about 1 million years, 

and all the collisions and reemissions take away so much of the 

gamma ray’s energy that by the time it passes out of the surface of 

the Sun it has been reduced from a gamma ray to the wavelength of 

visible light. 

Though it is a small star, the Sun gives off 9.20 X 10?3 calories per 

second (3.85 X 1076 J/s; a joule/second is a watt; for more informa- 

tion, see Appendix 1, “Units and Measurements”). The Sun seems to 

be the great constant in the life of Earth, but its luminosity has 

changed over time, and it will continue to change as the Sun ages. 

The neutrinos created by hydrogen burning pass relatively unob- 
structed through the layers of the Sun and stream out into space at the 
unimaginable rate of 10°8 every second. Because neutrinos interact 

very little with matter, they pass through the Sun—as well as through 
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atmospheres, planets, and even our own bodies—unobstructed. 
Every second, 150 million neutrinos pass through every cubic cen- 
timeter of your body! 

If neutrinos refuse to interact with mass and seem to have none 
themselves, how does anyone know they exist? When instruments 
had been developed that could accurately measure radioactivity, 
people found that radioactive rocks gave off energy that varied by 
unpredictable amounts. In a kind of radiodecay called B-decay (beta 
decay), a neutron turns into a proton and emits an electron. When 
measured in the lab, electrons emerged from the reaction with val- 
ues of energy that varied over a wide range, rather than with one 
fixed and predictable energy value. More distressingly, no electron 
that emerged had enough energy to balance the reaction (remember 
that the fundamental law of physics is that energy is always con- 
served, whether as electromagnetic radiation or as mass). In 1930, 
physicist Wolfgang Pauli proposed a “desperate way out” of the B- 
decay problem: A low-mass, unseen, unknown particle was emitted 
at the same time as the electron. However, there was absolutely no 
evidence for such a thing to occur. This kind of complex and unsup- 
ported theory is often called “desperate pleading” in science. Of 
course Pauli was right: In 1956, neutrinos were first detected as 
flashes of light in a 2,640-gallon (10,000-L) tank of water placed 
next to a nuclear reactor. 

Scientists have spent entire careers trying to detect and count neu- 
trinos, and the best efforts to date have only been able to detect 
between one-third and two-thirds of the number predicted by theory. 
Whether the error is in the detection or in the theory has yet to be 

determined. One experiment to detect neutrinos was built in a 1.24- 

mile- (2-km-) deep mine in Sudbury, Ontario. There, a tank 13 yards 

(12 m) in diameter was filled with heavy water, so called because each 

molecule of this water is created with a deuterium atom rather than a 

hydrogen atom. Deuterium is an atom with a proton and a neutron in 

its nucleus, where hydrogen has only a proton (regular water is shown 

chemically as H,O, meaning two hydrogens and one oxygen bonded 

together, and heavy water is sometimes shown as D,O, for two deu- 

teriums and one oxygen). Heavy water is used because neutrinos have 

a weak interaction with it: When a neutrino collides with a molecule 

of heavy water, a tiny flash of light is emitted. The flashes can be then 

counted. 
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Radiative Zone 

From the top of the core to about 71 percent of the radius of the Sun 

is the area called the radiative zone. When the gamma rays produced 

by hydrogen burning in the core pass through the radiative zone, they 

are so energetic that rather than heating the plasma of the Sun in this 

region they simply collide and are reemitted over and over. The 

repeated collisions slowly remove energy from the gamma rays, 

lengthening their wavelengths and lowering their frequencies. Energy 

transfer in the radiative zone, therefore, is by continuous absorption 

and reemission of electromagnetic waves, which bounce ever closer 

to the surface of the Sun. Despite the intense electromagnetic radia- 

tion bouncing around in the radiative zone, the matter is relatively 

calm and stationary, especially when compared to the convective 

zone above it. From the temperature of the core, 28,080,000°F 

(15,600,000°C), it takes 170,000 years for the colliding and 

rebounding gamma rays to pass upward and gradually drop to a tem- 

perature of 2,700,000°F (1,500,000°C). At this temperature, atoms 

and particles in the Sun can absorb the radiation and become hotter 

themselves; this transition marks the bottom of the convective zone. 

Convective Zone 

By the time it reaches the top of the radiative zone, the electromagnet- 

ic radiation from the Sun’s core has lost enough energy that matter in 

the convective zone can absorb the waves and become hotter itself. This 

hot matter circulates upward in a process called convection, and in this 

way energy is passed through the convective zone by hot matter. 

Convection is mixing due to temperature or density differences in a liq- 

uid or gas. One example of convection is boiling oatmeal in a pot: Heat 

put in at the bottom of the pot causes the water and oatmeal at the bot- 

tom to expand. Almost every material expands when it is heated, and 

since it retains its original mass, it becomes less dense. Lowering the 

density of the material at the bottom makes it buoyant, and it rises to 

the top. Cooler material from the top sinks to the bottom to take its 

place, and the cycle continues. Convection can create “cells,” regular 

patterns of circulation with material moving up and down. 

Temperatures in the Sun become cooler with distance from the 

core. Though the temperature at the top of the radiative zone is still in 
the millions of degrees, by the time material reaches the edge of the 
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convective zone, the temperature has fallen to about 11 ,000°F 
(6,000°C), even though the convective zone takes up less than the 
final third of the Sun’s radius. The Sun’s material forms giant convec- 
tion cells as it transfers heat from the top of the radiative zone to the 
surface. A complex pattern called granulation is visible in white light: 
These “granules” are the shapes of the tops of convective cells inside 
the Sun. The normal pattern of convective cells creates about a mil- 
lion granules over the surface of the convective zone, of which each 
granule is 870 miles (1,400 km) across. 

In addition to the normal granules, giant convective cells up to 
21,700 miles (35,000 km) in diameter are seen, called “supergranules.” 
Material flowing to create the supergranules has a velocity between 160 
and 1,300 feet per second (50 and 400 m/s). Supergranules therefore 
seem like a contradiction: The supergranules themselves rotate a few 
percent faster than the gas from which they are made. The supergran- 
ules seem to be waves moving through the surface of the convective 
zone, much like waves on the oceans of Earth. 

The rotation of the Sun can be measured by observing the motion 
of sunspots—dark, cooler markings on the photosphere of the Sun, 
just above the convective zone. The Sun rotates west to east (in a pro- 
grade, or direct, sense), just like the Earth. Unlike the Earth, different 
latitudes on the Sun rotate at different rates. This is called differential 
rotation. The differential rotation persists into the Sun about one- 
third of the way to the core. Beneath this point, the Sun behaves as a 
solid body and rotates at the same rate at all latitudes, as the Earth 
does. The point where the Sun stops rotating differentially is the bot- 

tom of the convective zone. This means that velocities in the Sun 

change sharply at this boundary, creating a shear zone about 12,400 

miles (20,000 km) thick, known as the tacholine. The relative speeds 

of material on each side of the tacholine oscillate on a 16-month peri- 

od. When the Sun’s material at 0.72 of the Sun’s radius is moving 

quickly, the material at 0.63 solar radii is moving slowly, and then the 

relative velocities change such that the deep material is moving fast 

and the shallow material slowly. 

Magnetic Field 
The Sun’s magnetic field is immense and influential to all aspects of 

solar structure, and it extends far out into the solar system. The mag- 

netic field is included here in the structure of the Sun, not because it 

¥ > 25 
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is a discrete layer, but because it is believed to originate at the base of 

the convective zone. The hot gases and plasma inside the Sun are good 

conductors of electricity. The area of the tacholine, where on one side 

the gases are convecting and on the other side they are stationary, is a 

similar structure to the core of the Earth and is thus thought to be 

where the Sun’s magnetic field is generated. 

Most of the time the Sun, like Earth, has a north and a south mag- 

netic pole, with magnetic field lines flowing out of the south magnet- 

ic pole and into the north magnetic pole. This arrangement is called a 

dipolar field, since it has two poles. At solar maximum (the maximum 

of the sunspot cycle and of all solar activity, occurring every 11 years 

or so), the most recent space missions have shown that the Sun’s mag- 

netic field becomes chaotic. This is to be expected, since the magnet- 

ic field controls the Sun’s activity, from sunspots to prominences 

(shown in the upper color insert on page C-2) to loops and coronal 

mass ejections, but now the Sun’s magnetic field can be accurately 

tracked. For nearly a month beginning in March 2000, the Sun’s south 

magnetic pole faded, and a north pole emerged to take its place. The 

Sun had two north poles. As outrageous as this may sound, it is appar- 

ently a common occurrence at solar maximum. The south magnetic 

pole migrated north and formed a band roughly around the Sun’s 

equator. By May 2000, the south pole had returned to its usual place, 

but in 2001, the Sun’s magnetic field reversed itself and through 2003 
remained with the south magnetic pole at the north rotational pole 
and vice versa. Though the Sun’s magnetic field most generally resem- 
bles a dipole, there are other, more complex configurations possible 
for magnetic fields. The next most complex after the dipole is the 
quadrupole, in which the field has four poles equally spaced around 
the sphere of the planet. After the quadrupole comes the octupole, 
which has eight poles. The Earth’s magnetic field is thought to degen- 
erate into quadrupole and octupole fields as it reverses, and then 
reforms into the reversed dipole field. The Sun’s magnetic field also 
showed complex combinations of quadrupole and octupole fields 
when it went through its solar maximum contortions. 

Photosphere 
The photosphere is only 310 miles (500 km) thick. This is the outer- 
most layer of the Sun that emits energy in the visible light spectrum, 
and so it is the layer that seems to define the surface of the Sun. The 
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photosphere maintains a steady average temperature of 9,900°F 
(5,500°C). The photosphere oscillates by 30 miles (50 km) in height, 
five or six times per half hour. These are giant acoustic compressions 
and are detected by the Doppler effect in wavelengths of solar spec- 
tral lines (see the sidebar “Doppler Effect,” below). Scientists from the 
SOHO (Solar and Heliospheric Observatory) mission have taken 
images showing “sunquakes” creating waves similar to those formed 
by a pebble falling into water, though these waves were formed by the 
eruption of a solar flare. The waves accelerated from 22,000 miles per 
hour (14,000 k/h) to more than 10 times that speed and carried the 
energy equivalent to 40,000 times the devastating San Francisco 
earthquake of 1906. 

Doppler Effect 

yar is produced by waves passing through a substance. The sound of a voice is 
produced by vibrations of the vocal chords making waves in air. These waves strike the 
eardrum and allow the person to hear them. Sounds can pass through water as well, but 
no sound passes through space because space is a near vacuum with no substance to 
carry the sound waves. For more on waves, wavelength, and frequency, see appendix 2, 

“Light, Wavelength, and Radiation.” 

The term Doppler effect is most often used to describe the ways sounds appear to 

change when an observer is standing still and the object making the sounds is moving 

past. A good example is the sound of a car horn while the car is speeding past: As the 

car approaches, the car horn sounds shriller, until after it passes, when the sounds 

becomes deeper and deeper. The car horn produces a uniform sound, and to the driver, 

the sound does not seem to change: It only seems to change for the observer, standing 

still as the car rushes past. 

In 1842, Christian Doppler, director of the Institute of Physics at Vienna University, 

explained this effect in a presentation regarding the colors of starlight to the Royal 

Bohemian Society of Sciences. Though he applied the science to stars moving toward or 

away from the Earth, the same physics apply to the sounds of objects moving toward or 

away from an observer. As the speeding, noisy object is coming toward an observer, the 

wavefronts of the sound it is producing are pressed closer together by the object’s 

(continues) 
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Doppler Effect (continued) 

movement, and the sound the observer hears seems to have a higher and higher fre- 

quency. Frequency is the number of wavefronts that strike the ear per second, and the 

higher the frequency, the higher the pitch of the sound. When the noisy object passes 
the observer, the frequency of the wavefronts seem to be less and less, spreading out 
behind the speeding object, and so the noise the observer hears seems lower in pitch. 

The Doppler effect for sound can be expressed as an equation for f the frequency 
perceived by the observer: 

Ji 

1 —— 

Vv 
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where : is the actual frequency of the sound, v_ is the speed of the source, and v is the 
speed of the sound through the air. If the source is approaching the listener, its velocity 
vis positive, and the frequency the listener hears is higher than f.. If the source is mov- 
ing away from the listener, its velocity v_is negative, and the frequency the listener hears 
is lower than f,. 

Now imagine the source is moving at or above the speed of sound in the medium. The 
speed of sound in air at sea level is about 1,115 feet per second (340 m/s). If the source’s 
speed is equal to the speed of sound (v_ = v), the source's speed is called Mach 1; if the 
source's speed is twice the speed of sound (v. = 2y), it is called Mach 2, and so forth. The 
wavefronts in front of the source are now cascading behind the sound source in a cone. 
As a result, an observer in front of the source will detect nothing until the source arrives, 
for Mach 1, or until it has passed, for higher Mach numbers. The pressure front will be 
quite intense (a shock wave), due to all the wavefronts adding together, and will not be 
perceived as a pitch but as a bang or crack of sound and a physical feeling of pressure as 
the pressure wall passes. Pressure fronts from jets flying above Mach | can shake objects 
off shelves and even break glass. 

A similar effect happens to light. The equations and relationships are more complex 
and involve some special relativity, one of the contributions of Albert Einstein. The princi- 
pal, though, is the same: Light seen on Earth emitted from objects moving away is shifted 
toward lower frequencies (“red shift”), and light emitted from objects moving toward the 
Earth is shifted toward higher frequencies (“blue shift”). The Doppler effect, then, allows 
scientists to determine the movement of celestial objects relative to Earth. 
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Because the convection that creates the magnetic field is so 
active, and because the surface of the Sun rotates faster at its equa- 
tor than it does nearer the poles, the magnetic field itself is twisted 
as it is formed. When particularly concentrated twisted areas of the 
magnetic field emerge into the photosphere, they create both 
sunspots and especially active regions and can even trigger solar 
flares. Sunspots are usually about 8,670°F (4,800°C), about 1,830°F 
(1,000°C) cooler than their surroundings. The largest sunspots have 
diameters on the order of five times the diameter of the Earth and 
can actually be seen with the naked eye, though of course, to 
restate, no one should ever look directly at the Sun because its 
intense radiation will permanently damage the eyes. Because they 
are visible without telescopes or special instruments, sunspots were 
first reported by the Chinese some 2,000 years ago. The sunspots 
shown in the lower color insert on page C-1 appeared on 
September 20, 2000, during an especially active period for the Sun. 
This cluster is more than 10 times the area of the Earth’s surface and 
was the largest sunspot group seen in nine years. 

Sunspots can last months or only a few hours. The image of the 
whole Sun shown here was taken on October 28, 2003, as a part of 
NASA’s catalog that contains one sunspot image of the Sun for every 
day (http: //sohowww.nascom.nasa.gov). Sunspots can coalesce or 
move past or even through each other. Each cluster is assigned a num- 
ber and tracked as it moves across the Sun’s surface. In this image, 

shown in the upper color insert on page C-3, the lower cluster is 

numbered 0486, and the central cluster is 0484. 

Simple sunspots have a dark center, called the umbra, almost 

invariably making up 17 percent of the area of the sunspot, for 

unknown reasons. The umbra is surrounded by a lighter penumbra, 

consisting of radial light and dark filaments, along which matter is 

flowing at a few kilometers per second. Sunspots usually form at 

about 40° latitude on the Sun and move toward the equator progres- 

sively during a regular cycle. About every 11 years, there is a maxi- 

mum number of sunspots, and then fewer and fewer, until the next 

cycle begins again. The solar cycle is commonly described as exactly 

11 years, but it actually varies from about nine to 14 years. David 

Hathaway and Bob Wilson, scientists at NASA’s Marshall Space Flight 

Center, have analyzed records of sunspots and found that the solar 

minimum occurs about 34 months after the first day with no 
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sunspots. In the most recent cycle, the first day with no sunspots 

occurred January 18, 2004. According to their hypothesis, the solar 

minimum will occur in 2006. After the solar minimum, solar activity 

rises sharply and should reach its next maximum in only four years, in 

2010. The solar cycle is not forever unchanging, though: From the 

years 1645 to 1715, there were very few sunspots visible on the Sun 

at all, and no one knows why. 

The increased activity of the Sun as it approaches maximum is 

shown in the series of images in the lower color insert on page C-2 in 

the ultraviolet taken by the SOHO mission. These images record 

emissions from excited iron atoms in coronal plasma heated to above 

1 million degrees. As the Sun reaches its maximum activity, the mag- 

netic field also becomes more and more active, creating more and 

more loops of plasma following magnetic field lines. 

Chromosphere 
The chromosphere is a 15,500-mile- (25,000-km-) thick layer over 

the photosphere. The chromosphere is dimmer and more diffuse than 

the photosphere, so it cannot be seen without devices called spectro- 
helioscopes or during solar eclipses, when it appears as a bright red 
crescent a few seconds before and after totality of the eclipse. Both 
the chromosphere and corona just beyond it are so diffuse that they 

would count as vacuums on Earth. 

Though dim and diffuse, the chromosphere is an astonishingly 
active region, with many different dynamic structures. Narrow, 
pointed plasma jets called spicules rise 9,300 miles (15,000 km) from 
the Sun for durations of five to 10 minutes. These jets are moving at 
12—20 miles per second (20—30 km/s) and are only a couple of miles 
wide. There may be a half-million spicules on the chromosphere at 
any time, and they tend to cluster into “hedgerows” or “tufts.” 
Sunspots also extend into the chromosphere as dark areas and are 
associated with various structures called surges, sprays, and loops. 
Much more massive loops of cool gas called filaments stretch up to 
halfway across the face of the Sun, appearing as dark threads. When 
they are seen from the side (so that they appear to extend into space), 
they are called prominences. As shown in the upper color insert on 
page C-4, prominences and filaments are the same phenomenon— 
thin arches of chromospheric material drawn out by the magnetic 
field and seen from different angles. 
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Prominences can be 60,000 miles (100,000 km) long, and their 

temperatures vary from 9,000°F—27,000°F (5,000°C—15,000°C), 

hundreds of times cooler and denser than the rest of the chromos- 

phere. The prominences (or filaments) shown in the lower color 

insert on page C-4 in ultraviolet light were precursors to a coronal 

mass ejection, an immense solar event described later in this chapter. 

The strangest thing about the chromosphere, and one of the main 

mysteries about the Sun, is its temperature structure. From a low of 

about 9,900°F (5,500°C) in the photosphere, temperatures actually 

rise through the chromosphere. In the top 300 miles (500 km) of the 

chromosphere, the temperature rises to 36,000°F (20,000°C). This 

makes little obvious sense: Since the source of the heat is in the Sun’s 

core, one would assume it would be the hottest. In fact the corona, 

further out from the surface of the Sun, is hotter still. 

Transition Zone 

The transition zone is a thin layer separating the chromosphere from 

the corona, but it has distinctive properties. The transition zone is 

tens of kilometers thick. Its temperature rises from 36,000°F 

(20,000°C) on its inside edge to 3,600,000°F (2,000,000°C) at its 

outside edge. The abruptness of the temperature change is thought to 

be linked to the Sun’s magnetic field, but it makes little sense when 

compared to temperature transition on Earth. On Earth, abrupt tem- 

perature changes rapidly smooth out through heat conduction or con- 

vection. The transition zone on the Sun is maintained by physics that 

are not yet fully understood. 

Corona 
The corona is dimmer and more diffuse than the chromosphere, so 

like the chromosphere, it cannot be seen except during eclipses, 

when it shines pearly white, mainly from reflected sunlight. The 

corona reaches out from the Sun millions of kilometers, emitting 

energy in the ultraviolet spectrum, and structures called arches, 

loops, plumes, and streamers rise from it. The corona is highly vari- 

able in density, and less dense areas called coronal holes allow the 

Sun’s magnetic field to stream outward. The corona is the major 

source of the solar wind, consisting largely of protons and elec- 

trons. The image of the shining corona shown in the upper color 

insert on page C-5 was taken by the SOHO craft, an international 
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cooperative effort between the European Space Agency (ESA) and 

the National Aeronautics and Space Administration (NASA). The 

SOHO craft has an instrument called the Large Angle and 

Spectrometric Coronagraph (LASCO), which blocks the Sun itself 

with a disk (seen in the upper color insert on page C-5) so that the 

instrument can take images of the wispy corona. The strong streaks 

seen in the corona are called polar plumes and extend past the edges 

of this 5.25-million-mile-wide (8.4-million-km-wide) view. The 

curving streak of comet SOHO-6 is also captured in the same image 

on page C-5; the comet later fell into the Sun. 

There are also strongly energetic emissions from the corona, 

including solar flares. A flare is defined as a rapid and intense increase 

in brightness, but it can be broken into several categories. Some are 

very rapid, small X-ray flares that suddenly release enough energy to 

heat the corona hundreds of thousands of degrees; others are ultravi- 

olet flares; and still others are flares consisting primarily of plasma. 

Solar flares consisting of plasma can for short periods of time be the 

hottest material on the Sun, at tens of millions of degrees, containing 

electrons and protons accelerated almost to the speed of light. These 
flares are always located near sunspots and can last for minutes to 
hours. They are often accompanied by X-ray and gamma-ray bursts. 
The superheated, supersonic material and high radiation in the flare 
can be thrown out into space, where it can damage satellites and even 
strike the Earth’s magnetic field with enough disruptive energy to 
damage electrical grids. 

Skylab, the American space station that functioned in the 1970s, 
took the first high-resolution images of the corona. Because the 
corona is normally invisible in the visible light spectrum, the images 
were taken using ultraviolet and X-ray telescopes. Skylab and sever- 
al later missions (involving SOHO craft, TRACE [ Transition Region and 
Coronal Explorer], and RHESSI [Reuven Ramaty High Energy Solar 
Spectroscopic Imager]; see the mission list on page 55) have made 
detailed images of the corona over time, recording huge domes and 
bubbles of plasma that erupt from the corona at up to 620 miles per 
second (1,000 km/s) and burst, flying out into space. These erup- 
tions, called coronal mass ejections, occasionally reach out far 
enough to collide with Earth and other planets. A large coronal 
mass ejection, covering 45° of the disk of the Sun, can send literally 
billions of tons of material at a million degrees flying out into space, 
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fast enough to reach the Earth in four days. The image shown in the 
upper color insert on page C-6, taken with the LASCO instrument 
on the SOHO craft, shows the bright comet NEAT passing the Sun as 
a large coronal mass ejection fades. The visible-light Sun is blocked 
by a disc in the instrument that allows the far-dimmer coronal 
events to be imaged. 

Violent and gigantic as they are, coronal mass ejections occur three 
to five times a day at peak and seldom less often than once every five 
days. Like all other solar activity, coronal mass ejection events vary 
with the 11-year sunspot cycle. The first example of an immense 
coronal mass ejection is shown in the lower color insert on page C-3 
and has the classic exploding bulb shape, while the second, the lower 
color insert on page C-5, has a highly unusual and beautiful twisted 
shape. In these figures, the bright disk of the Sun is blocked by the 
imaging instrument, and the blocking plate contains the white ring, 
which shows the size and position of the Sun itself. 

Thinner streamers of coronal material also streak out and back 
into the corona. The TRACE satellite has shown that arches in active 

regions are extremely thin, only a few hundred kilometers wide. 

The high-resolution images also show that the arches and streamers 

Two coronal mass ejections 

occurred simultaneously and 

were captured by the SOHO 

mission. (SOHO, NASA/ESA) 
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flicker constantly, an indication of the strength and variability of the 

magnetic field. In fact, strongly magnetic flares have been observed 

to create oscillations in nearby thin loops, and the rate at which 

these oscillations die can be used to test the theory of magnetic 

interactions; the arches, plumes, streamers, and holes in the corona 

are all the product of the Sun’s magnetic field. The corona is the first 

part of the Sun that is diffuse enough that it is molded by the Sun’s 

magnetic field, rather than the magnetic field being molded by the 

Sun’s movements (recall that in the convective and photosphere 

regions, the magnetic field is molded by the convective movements 

of the Sun, being twisted and folded until it erupts in sunspots and 

solar flares). The Sun’s magnetic field is 20—200 times stronger than 

the Earth’s, but that does not explain the profound effect it has on 

the solar corona. The corona conforms tightly to the magnetic field 

lines: Coronal holes and streamers have very sharp edges. This is 

because the corona is so hot that its material is a plasma. Most of the 

atoms have been ionized, that is, they have lost electrons and are no 

longer electrically neutral but instead are charged particles, and 

other atoms have been completely disassembled into electrons and 

bare nuclei. These charged particles stream in helices up and down 

the magnetic field lines, bound by the fundamental physical rela- 

tions between electrical currents (streams of charged particles) and 

magnetic fields. Thus, the shapes of the corona are entirely con- 

trolled by the magnetic field. At the edges of the corona, the mag- 
netic field molds its gases into long, pointed petal shapes called 

helmet structures. The points of helmet structures can reach tens of 
millions of kilometers into space and temperatures of up to 
3,600,000°F (2,000,000°C). 

Just as the temperature in the Sun rises through the chromosphere 
and transition zone, in the corona the temperature continues to rise, 
from 3,600,000°F to 5,400,000°F (2,000,000°C to 3,000,000°C). 
The parts of the corona associated with sunspots are even hotter. The 
first observations that indicated something about the outrageous 
temperatures in the chromosphere and corona came in the 1800s, 
when scientists were measuring spectral lines during an eclipse. They 
were using a technique called spectrometry. Spectrometers are instru- 
ments that spread light out into spectra, in which the strength of the 
energy being emitted at each wavelength is measured separately. The 
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spectrum ends up looking like a bar graph, in which the height of 
each bar shows how strongly that wavelength is present in the light. 
These bars are called spectral lines. Each type of atom can only 
absorb or emit light at certain wavelengths, so the location and spac- 
ing of the spectral lines indicate which atoms are present in the 
object emitting the light. In this way, scientists can determine the 
composition of something simply from the light shining from it (see 
the sidebar “Remote Sensing,” on page 36). Some of the spectral lines 
for the Sun could not be matched with any known elements and 
were not identified until the 1940s, when physicists discovered that 
iron atoms that had been stripped of up to half of their usual 26 elec- 
trons created these spectral lines. Very hot temperatures can cause 
atoms to lose most or all of their electrons. Later, instruments sent 
into space on rockets and satellites detected X-ray and ultraviolet 
radiation being emitted from the Sun, which also required hot tem- 
peratures, near or above 1,800,000°F (1,000,000°C). 

The high temperatures in the chromosphere and corona are still not 

completely understood, though finally there are at least some theories. 

The extreme heat likely has something to do with the Sun’s magnetic 

field, since where the magnetic field is strongest, the corona is hottest. 

The bright loops of active regions can be as hot as 7,200,000°F 

(4,000,000°C), while huge, slow arches of quiet regions with weak 

fields are often only about 1,800,000°F (1,000,000°C). The tempera- 

ture of the Sun with distance from its center is shown in the figure on 

page 44. The magnetic field can transfer energy without transferring 

material, which may allow heat to be moved to the very diffuse corona 

without requiring dense material transfer. The exact mechanism for 

changing magnetic field energy back into heat is unknown, though 

there are several complex hypotheses. 

The extreme length of the points of the corona means that it can 

sometimes extend past the orbit of the Earth, and at that distance 

from the Sun, coronal electrons still have temperatures on the order 

of 250,000°F (140,000°C). Why do these burning hot particles not 

incinerate the outer atmosphere of the Earth and also any satellites 

and spacecraft? The corona has such a low density at this distance from 

the Sun that although each particle has a very high kinetic energy 

(corresponding to a high temperature), as a material, it is too sparse 

to heat anything. 
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Remote Sensing 

Kone sensing is the name given to a wide variety of techniques that allow observers 

to make measurements of a place they are physically far from. The most familiar type of 

remote sensing is the photograph taken by spacecraft or by giant telescopes on Earth. 

These photos can tell scientists a lot about a planet; by looking at surface topography 

and coloration photo geologists can locate faults, craters, lava flows, chasms, and other 

features that indicate the weather, volcanism, and tectonics of the body being studied. 

There are, however, critical questions about planets and moons that cannot be answered 

with visible-light photographs, such as the composition and temperature of the surface 

or atmosphere. Some planets, such as Venus, have clouds covering their faces, and so 

even photography of the surface is impossible. 

For remote sensing of solar system objects, each wavelength of radiation can yield 

different information. Scientists frequently find it necessary to send detectors into space 

rather than making measurements from Earth, first because not all types of electromag- 

netic radiation can pass through the Earth’s atmosphere (see figure, opposite page), and 

second, because some electromagnetic emissions must be measured close to their sources, 

because they are weak, or in order to make detailed maps of the surface being measured. 

Spectrometers are instruments that spread light out into spectra, in which the energy 

being emitted at each wavelength is measured separately. The spectrum often ends up look- 

ing like a bar graph, in which the height of each bar shows how strongly that wavelength is 

present in the light. These bars are called spectral lines. Each type of atom can only absorb 

or emit light at certain wavelengths, so the location and spacing of the spectral lines indicate 

which atoms are present in the object absorbing and emitting the light. In this way, scientists 

can determine the composition of something simply from the light shining from it. 

Below are examples of the uses of a number of types of electromagnetic radiation in 

remote sensing. 

Gamma rays 

Gamma rays are a form of electromagnetic radiation; they have the shortest wavelength 

and highest energy. High-energy radiation such as X-rays and gamma rays are absorbed 

to a great degree by the Earth’s atmosphere, so it is not possible to measure their pro- 

duction by solar system bodies without sending measuring devices into space. These high- 

energy radiations are created only by high-energy events, such as matter heated to 

millions of degrees, high-speed collisions, or cosmic explosions. These wavelengths, then, 

are used to investigate the hottest regions of the Sun. The effects of gamma rays on other 
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The Earth's atmosphere is opaque to many wavelengths of radiation but allows the visible and short 
radio wavelengths through to the surface. 

solar systems bodies, those without protective atmospheres, can be measured and used to 
infer compositions. This technique searches for radioactivity induced by the gamma rays. 

Though in the solar system gamma rays are produced mainly by the hottest regions 
of the Sun, they can also be produced by colder bodies through a chain reaction of 
events, starting with high-energy cosmic rays. Space objects are continuously bom- 

. barded with cosmic rays, mostly high-energy protons. These high-energy protons 

strike the surface materials, such as dust and rocks, causing nuclear reactions in the 

atoms of the surface material. The reactions produce neutrons, which collide with 

surrounding nuclei. The nuclei become excited by the added energy of neutron impacts, 

and reemit gamma rays as they return to their original, lower-energy state. The ener- 

gy of the resultant gamma rays is characteristic of specific nuclear interactions in 

(continues) 
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Remote Sensing (continued) 

the surface, so measuring their intensity and wavelength allow a measurement of the 

abundance of several elements. One of these is hydrogen, which has a prominent 

gamma-ray emission at 2.223 million electron volts (a measure of the energy of the 

gamma ray). This can be measured from orbit, as it has been in the Mars Odyssey 

mission using a Gamma-Ray Spectrometer. The neutrons produced by the cosmic 

ray interactions discussed earlier start out with high energies, so they are called fast 

neutrons. As they interact with the nuclei of other atoms, the neutrons begin to slow 

down, reaching an intermediate range called epithermal neutrons. The slowing-down 

process is not too efficient because the neutrons bounce off large nuclei without 

losing much energy (hence speed). However, when neutrons interact with hydrogen 

nuclei, which are about the same mass as neutrons, they lose considerable energy, 

becoming thermal, or slow, neutrons. (The thermal neutrons can be captured by other 

atomic nuclei, which then can emit additional gamma rays.) The more hydrogen there 

is in the surface, the more thermal neutrons relative to epithermal neutrons. Many 

neutrons escape from the surface, flying up into space where they can be detected 

by the neutron detector on Mars Odyssey. The same technique was used to identify 

hydrogen enrichments, interpreted as water ice, in the polar regions of the Moon. 

X-rays 

When an X-ray strikes an atom, its energy can be transferred to the electrons orbit- 

ing the atom. This addition of energy to the electrons makes one or more electrons 

leap from their normal orbital shells around the nucleus of the atom to higher orbital 

shells, leaving vacant shells at lower energy values. Having vacant, lower-energy 

orbital shells is an unstable state for an atom, and so in a short period of time the 

electrons fall back into their original orbital shells, and in the process emit another 

X-ray. This X-ray has energy equivalent to the difference in energies between the 

higher and lower orbital shells that the electron moved between. Because each 

element has a unique set of energy levels between electron orbitals, each element 

produces X-rays with energies that are characteristic of itself and no other element. 
This method can be used remotely from a satellite, and it can also be used directly 
on tiny samples of material placed in a laboratory instrument called an electron 
microprobe, which measures the composition of the material based on the X-rays 

the atoms emit when struck with electrons. 
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Visible and near-infrared 

The most commonly seen type of remote sensing is, of course, visible light photography. 
Even visible light, when measured and analyzed according to wavelength and intensity, 
can be used to learn more about the body reflecting it. 

Visible and near-infrared reflectance spectroscopy can help identify minerals that are 
crystals made of many elements, while other types of spectrometry identify individual 
types of atoms. When light shines on a mineral, some wavelengths are absorbed by the 
mineral, while other wavelengths are reflected back or transmitted through the mineral. 
This is why things have color to the eye: Eyes see and brains decode the wavelengths, or 
colors, that are not absorbed. The wavelengths of light that are absorbed are effectively 
a fingerprint of each mineral, so an analysis of absorbed versus reflected light can be 
used to identify minerals. This is not commonly used in laboratories to identify minerals, 

but it is used in remote sensing observations of planets. 

The primary association of infrared radiation is heat, also called thermal radiation. Any 

material made of atoms and molecules at a temperature above absolute zero produces 
infrared radiation, which is produced by the motion of its atoms and molecules. At absolute 
zero, —459.6/7°F (—273.15°C), all atomic and molecular motion ceases. The higher the tempera- 

ture, the more they move, and the more infrared radiation they produce. Therefore, even 

extremely cold objects, like the surface of Pluto, emit infrared radiation. Hot objects, like 

metal heated by a welder’s torch, emit radiation in the visible spectrum as well as in the 

infrared. 

In 1879 Josef Stefan, an Austrian scientist, deduced the relation between temperature 

and infrared emissions from empirical measurements. In 1884 his student, Ludwig Boltzmann 

derived the same law from thermodynamic theory. The relation gives the total energy 

emitted by an object (E) in terms of its absolute temperature in Kelvin (7), and a con- 

stant called the Stefan-Boltzmann constant (equal to 5.670400 X 10° W m? K~, and 

denoted with the Greek letter sigma, ©): 

E=oT’. 

This total energy E is spread out at various wavelengths of radiation, but the energy peaks 

at a wavelength characteristic of the temperature of the body emitting the energy. The 

relation between wavelength and total energy, Planck's Law, allows scientists to determine 

the temperature of a body by measuring the energy it emits. 

(continues) 
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Remote Sensing (continued) 

The hotter the body, the more energy it emits at shorter wavelengths. The surface 

temperature of the Sun is 9,900°F (5,500°C), and its Planck curve peaks in the visible 

wavelength range. For bodies cooler than the Sun, the peak of the Planck curve shifts 

to longer wavelengths, until a temperature is reached such that very little radiant energy 

is emitted in the visible range. 

Humans radiate most strongly at an infrared wavelength of 10 microns (micron is 

another word for micrometer, one millionth of a meter). This infrared radiation is what 

makes night vision goggles possible: Humans are usually at a different temperature than 

their surroundings, and so their shapes can be seen in the infrared. 

Only a few narrow bands of infrared light make it through the Earth’s atmosphere 

without being absorbed, and can be measured by devices on Earth. To measure infrared 

emissions, the detectors themselves must be cooled to very low temperatures, or their 

own infrared emissions will swamp those they are trying to measure from elsewhere. 

In thermal emission spectroscopy, a technique for remote sensing, the detector takes 

photos using infrared wavelengths and records how much of the light at each wavelength 

the material reflects from its surface. This technique can identify minerals and also estimate 

some physical properties, such as grain size. Minerals at temperatures above absolute zero 

emit radiation in the infrared, with characteristic peaks and valleys on plots of emission 

intensity versus wavelength. Though overall emission intensity is determined by tempera- 

ture, the relationships between wavelength and emission intensity are determined by com- 

position. The imager for Mars Pathfinder, a camera of this type, went to Mars in July 1997 to 

take measurements of light reflecting off the surfaces of Martian rocks (called reflectance 

spectra), and this data was used to infer what minerals the rocks contain. 

When imaging in the optical or near-infrared wavelengths, the image gains informa- 

tion about only the upper microns of the surface. The thermal infrared gives information 

about the upper few centimeters, but to get information about deeper materials, even 

longer wavelengths must be used. 

Radio waves 

Radio waves from outside the Earth do reach through the atmosphere and can be 

detected both day and night, cloudy or clear, from Earth-based observatories using huge 

metal dishes. In this way, astronomers observe the universe as it appears in radio waves. 

Images like photographs can be made from any wavelength of radiation coming from a 

body: Bright regions on the image can correspond to more intense radiation, and dark 

Pe 
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Planck Curves for Black Bodies 
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The infrared radiation emitted by a body allows its temperature to be determined by remote sensing: 
The curves showing the relationship between infrared and temperature are known as Planck curves. 

parts, to less intense regions. It is as if observers are looking at the object through eyes 

that “see” in the radio, or ultraviolet, or any other wavelength, rather than just visible. 

Because of a lingering feeling that humankind still observes the universe exclusively 

through our own eyes and ears, scientists still often refer to “seeing” a body in visible 

wavelengths and to “listening” to it in radio wavelengths. 

Radio waves can also be used to examine planets’ surfaces, using the technique called 

radar (radio detection and ranging). Radar measures the strength and round-trip time of 

(continues) 
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Remote Sensing (continued) 

microwave or radio waves that are emitted by a radar antenna and bounced off a distant 

surface or object, thereby gaining information about the material of the target. The radar 

antenna alternately transmits and receives pulses at particular wavelengths (in the range | 

cm to 1m) and polarizations (waves polarized in a single vertical or horizontal plane). For 

an imaging radar system, about 1,500 high-power pulses per second are transmitted 

toward the target or imaging area. At the Earth’s surface, the energy in the radar pulse is 

scattered in all directions, with some reflected back toward the antenna. This backscatter 

returns to the radar as a weaker radar echo and is received by the antenna in a specific 

polarization (horizontal or vertical, not necessarily the same as the transmitted pulse). 

Given that the radar pulse travels at the speed of light, the measured time for the round 

trip of a particular pulse can be used to calculate the distance to the target. 

Radar can be used to examine the composition, size, shape, and surface roughness of 

the target. The antenna measures the ratio of horizontally polarized radio waves sent to 

the surface to the horizontally polarized waves reflected back, and the same for vertically 

polarized waves. The difference between these ratios helps to measure the roughness of 

the surface. The composition of the target helps determine the amount of energy that is 

returned to the antenna: Ice is “low loss” to radar, in other words, the radio waves pass 

Straight through it the way light passes through window glass. Water, on the other hand, 

is reflective. Therefore, by measuring the intensity of the returned signal and its polariza- 

tion, information about the composition and roughness of the surface can be obtained. 

Radar can even penetrate surfaces and give information about material deeper in the tar- 

get: By using wavelengths of 3, 12.6, and 70 centimeters, scientists can examine the Moon’s 

surface to a depth of 32 feet (10 m), at a resolution of 330 to 985 feet (100 to 300 m), 
from the Earth-based U.S. National Astronomy and lonosphere Center's Arecibo 

Observatory! 

Loe 

Solar Wind 

The Sun emits a vast cloud of particles that stream past and through 
all the planets and out of the solar system. This continuous emission is 
called the solar wind, or as it is sometimes called, corpuscular radia- 
tion. The solar wind varies both in the density of particles that issue 
from different regions of the surface of the Sun, and it varies in time. 
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Venus is imaged almost exclusively in radar because of its dense, complete, permanent 
cloud cover. Radar images of Venus have been taken by several spacecraft and can 
also be taken from Arecibo Observatory on Earth. The image below makes a comparison 
between the resolution possible from Earth using Arecibo (left), and the resolution from 
the Magellan spacecraft (right). Arecibo's image is 560 miles (900 km) across and has a 
resolution of 1.9 miles (3 km). The Magellan image corresponds to the small white rec- 
tangle in the Arecibo image, 12 X 94 miles (20 X 120 km) in area. Magellan’s resolution is 
a mere 400 feet (120 m) per pixel. 

The far greater 

resolution obtained 

by the Magellan 

craft (right) shows 

the relative 

disadvantage of 

taking images of 

Venus from the 

Earth (left) using 

the Arecibo 

Observatory. 

(NASA/Magellan/)PL) 

On average, the solar wind consists of 5 million electrons and 5 mil- 

lion protons per cubic meter. There are two components of the solar 

wind: a fast, hot, and uniform wind, moving at about 460 miles per 

second (750 km/s), and a slower, highly variable wind, moving at 

about 250 miles per second (400 km/s). The slow wind is formed by 

coronal loops and streamers, while the magnetic network radiating 

through coronal holes is thought to create the fast wind. Coronal 
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the peaks of temperature in insert on page C-7 in an infrared image from the SOHO orbiter. 
the corona. In addition to the solar wind, the Sun projects its magnetic field 

into space, and this effects the solar wind. The solar wind is divided 

roughly along the ecliptic by a wave interface where the Sun’s mag- 

netic field changes from north to south. This interface is called the 

current sheet because it carries electric currents that are created by 

the opposing magnetic fields. The current sheet acts as a barrier to 

cosmic rays, since when they strike the sheet they flow along it rather 

than through it. Because the shape of the sheet is irregular and 

changes with time, the Earth passes through it, moving from above it 
to below it and back, at irregular times during its orbit. When the 
Earth is on the south magnetic side of the sheet, the Sun’s magnetic 
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field tends to cancel the effects of the Earth’s magnetic field, making 
us more susceptible to geomagnetic storms from solar emissions. 

While hydrogen is ejected from the Sun preferentially over other 
larger, heavier atoms and particles, the solar wind also contains helium 
and neon. The composition of the solar wind is impossible to measure 
from Earth because the charged particles of the solar wind interact with 
the Earth’s magnetic field and do not reach the Earth’s surface. The 
Moon, however, has no atmosphere and a negligible magnetic field, and 
so its surface is bombarded with the solar wind continuously. All the 
materials on the surface of the Moon have elements of the solar wind 
embedded into their surfaces. The mineral ilmenite (titanium iron 
oxide), for example, does not naturally contain hydrogen, helium, or 
neon, so samples of ilmenite returned to Earth by the Apollo or Luna 
missions can be analyzed to determine the composition of the solar 

wind: The solar wind constituents are literally embedded in the crystal. 

The solar wind components are extracted from the crystal by gradually 

heating the crystal under a vacuum. As the heat adds energy to the solar 

wind gases, they escape the crystal into the surrounding vacuum 

because they are not bound into the framework of the crystal with 

atomic bonds. The gases released are then fed into a mass spectrometer, 

an instrument that separates the elements and even isotopes according 

to their weights using a series of large magnets. The different elements 

or isotopes are accelerated through a series of tubes by the magnets, and 

strike detectors that count them one by one. In this way the exact abun- 

dances of the constituents of the solar wind can be measured. In fact, 

using these techniques, any change in composition of the solar wind 

over time can also be measured. 

While the hydrogen to helium ratio on the surface of the Sun can 

be measured using spectroscopy and is found to be about 10 to one, 

the hydrogen to helium ratio found on the lunar surface is 20 to one. 

This confirms the idea that hydrogen is ejected preferentially from 

the Sun. Any change in the isotopic composition of the solar wind 

over time can also be measured; members of the Ulysses mission 

team have determined that the neon and helium isotopic composi- 

tions have remained constant over the lifetime of the Sun. 

The solar wind radiates between and among the planets, expanding 

and becoming cooler as it travels. The solar wind fills all the space in 

the solar system except those volumes that are protected by planetary 

magnetic fields. Though solar wind flows outward constantly from the 
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Sun, it does have an outside edge, where it meets the interstellar 

wind. This edge is known as the heliopause. 

Heliopause 
Even outside the solar system, space is not truly empty but is filled 

with waves of electromagnetic radiation and with the interstellar 

wind. Scientists have theorized for years that the solar wind will reach 

a point, far past Pluto, where it is so cool and weak that it can no 

longer expand against the pressure of the interstellar wind. The sur- 

face that bounds the solar wind is called the heliopause. 

The heliopause was thought to be located at 110—160 AU from the 

Sun, based on models that used guesses for the pressure of the inter- 

stellar wind (that pressure is unknown). Now it has been found that 

the shock where the solar wind strikes the interstellar wind creates a 

hiss in radio frequencies. 

The intrepid Voyager 1, as it moved farther and farther from Earth, 

heard this hiss. Based on the radio sounds, it is now estimated that the 

heliopause is 90—120 AU from the Sun. After traveling through space 

for more than 26 years, Voyager 1 reached 90 AU from the Sun on 

November 5, 2003 (ca. 8.3 billion miles, or 13.5 billion kilometers). 

Voyager 1 is the only spacecraft to have made measurements in the 

solar wind at such a great distance, and it is the most distant man- 

made object in the Universe. Voyager 2 is close behind, also on its way 

out of the solar system. 

Voyager I is moving away from the Sun at about 3.6 AU per year, 35° 

out of the ecliptic plane (the plane of Earth’s orbit) to the north, in 

the general direction of the solar apex (the direction of the Sun’s 

motion relative to nearby stars). Voyager 2 is also escaping the solar 

system, at a speed of about 3.3 AU per year, 48° out of the ecliptic 

plane to the south. Each spacecraft is expected to be able to commu- 

nicate with Earth until about 2020. On NASA’s excellent Voyager 

mission Web site (http: //voyager.jpl.nasa.gov) weekly reports on 

each spacecraft are posted. During the first week of 2004, each space- 

craft had about 66 pounds (30 kg) of propellant left. Voyager 1 was 
90.1 AU from the Sun (8.3 billion miles, or 13.5 billion kilometers), 

and Voyager 2 was 71.8 AU from the Sun (6.6 billion miles, or 10.7 
billion kilometers). A year later, Voyager 1 had attained a distance of 
94.3 AU and Voyager 275.4 AU. Communications with the spacecraft 
are accomplished using the worldwide Deep Space Network, an 
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international coalition of giant radar dishes. The spacecraft are now so 
far away that the dishes 110 feet (34 m) in diameter cannot reach 
them, and only the three largest, 230-foot (70-m) dishes can make the 
transmissions. These huge dishes are located 120° apart around the 
world—in Canberra, Australia; near Madrid, Spain; and near 
Barstow, California—to make continuous radio communication pos- 
sible as the Earth rotates. Transmissions take about 10 hours to reach 
the spacecraft, even though the transmissions are traveling at the 
speed of light, and success requires that the dish be pointed exactly at 

Different parts of the the spacecraft, billions of kilometers away in space. The success of the Tee f 
interaction between the Sun's 

Voyager missions is truly one of mankind’s most astonishing and magnedeneldand te 

Sate accomplishments. interstellar wind are shown 
Soon the Voyager crafts are expected to come to the termination schematically: the solar wind 

shock, which is the point inside the solar system that the solar wind is termination shock 
radically slowed by the external pressure of the heliopause (see the heliopause, and the bow 

figure below). At the termination shock, the solar wind slows from shock 

Solar Wind Termination Shock, Heliopause, Bow Shock 

Heliopause 

Voyager | i 

Bow shock 

Direction of 

solar system 

movement relative to 

interstellar wind 

Orbit of Pluto 
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supersonic to subsonic speeds (from about 276 to 70 miles per sec- 

ond, or 440 to 110 kilometers per second), the direction of the solar 

wind changes and may become chaotic, and the magnetic field also 

changes directions. 

The spacecraft are expected to encounter powerful, short- 

wavelength magnetic field disruptions, of increasing amplitude 

toward the termination shock. Ions should be accelerated violently in 

this compressed, oscillating magnetic field. Some researchers argue 

that Voyager I has already reported these conditions and that it passed 

into the termination shock at 85 AU, on August 1, 2002, though these 

findings are in contention, since subsequently the solar wind around 

Voyager 1 seems to have returned to supersonic speeds and smooth- 

ness. Could this have been some sort of pretermination shock or a 

local termination storm? Though the data analysis is ongoing, the best 

estimates for the distance from the Sun to the termination shock is 

between 80 and 90 AU, and so some scientists believe that Voyager 1 

has encountered the termination shock and is in the process of leaving 

the solar system, while Voyager 2 will begin the process soon. 

Between the exits of Voyagers 1 and 2 and the close inspection of 

the SOHO mission and other solar orbiters, humankind now has 

instruments inspecting the Sun over its entire range of influence. 

Because scientists are now watching solar activity continuously, 

coronal mass ejections and other events that affect the Earth are seen 

long before they strike the Earth’s magnetosphere. Local news stations 

are even connecting to this information source and adding space 

weather to their forecasts; some stations in Massachusetts and else- 

where now warn about impending electrical disturbances and possi- 

bly lively auroral displays. The careful analysis of the increasing 

quantities of high-quality solar data is rapidly driving knowledge 

about the Sun forward. 
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The Sun’s EHects on 
the Planets 

Heat and Light 
Energy from the Sun allows plants to grow and hence is the source of the 

energy for all life on Earth. On the Earth and on other planets with 

atmospheres, solar heat creates clouds and wind and is therefore the 

major source of energy for all weather, except on planets with very high 

levels of heat flow from their interiors (Jupiter, Saturn, and Neptune, 

though not Uranus). For the last several hundred years, people have 

known that the energetic output of the Sun varies. This variance can be 

seen in sunspot and aurora change, as well as the amount of solar wind 

that makes it past the Earth’s magnetic field to reach the Earth’s surface. 

This can be measured in both beryllium-10 in ice layers in polar ice 

cores, and in carbon-14 in the rings of long-lived trees. These markers 

have been correlated recently with Earth’s climate by Kevin Pang, from 

the Jet Propulsion Laboratory, and Kevin Yau, from the University of 

Durham, England. 

These researchers documented that over the past 1,800 years there 

have been nine cycles of solar energy output. Some of the periods of 

lowest solar output have names, such as the Oort, Wolf, Sporer, 

Maunder, and Dalton Minima. The Maunder Minimum is perhaps the 

most famous because of its strong effects on civilization in Europe dur- 

ing recorded time. This minimum occurred between 1645 and 1715, 

and even dedicated scientists with observatories were hard pressed to 

see more than one or two sunspots per decade. At the same time, the 

Earth experienced what is called the Little Ice Age, from about 1600 to 

1800 (scientists disagree about the proper beginning of the Little Ice 

Age, some putting the start as early as 1400). Throughout the world, 
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glaciers in mountainous areas advanced. In many parts of the world, 

average temperatures fell and harsh weather was more common. The 

Little Ice Age was a time of repeated famine and cultural dislocation, 

as many people fled regions that had become hostile even to subsis- 

tence agriculture. 

In addition to short-term fluctuations, the Sun changes luminos- 

ity over time as it ages. The Sun is already 30 percent more lumi- 

nous than it was 4.6 billion years ago. This poses an interesting 

problem: If the Sun were much less luminous than it is now, the 

Earth would be expected to freeze over and become a dry and life- 

less place, much like Mars. In fact, that is thought to be in part why 

Mars is freeze-dried: not enough heat from the Sun (see the table 

below). In the very young solar system, the Sun certainly gave too 

little heat to sustain liquid water and life on Earth. The atmosphere 

at that time may have been significantly different: If it had 1,000 

times more carbon dioxide (CO,) in the past than it has now, life 

would have been preserved by the increased retention of solar heat 

that the carbon dioxide allows. Perhaps as life took off and created 

more oxygen in the atmosphere, the decrease in carbon dioxide was 

———— fH 

Planet 

Mercury 

Venus 

Earth 

Mars 

Jupiter 

Saturn 

Uranus 

Neptune 

Pluto 

SUNLIGHT TRAVEL TIMES 

Average Average time it takes 

Average distance from 

the Sun (miles [km]) 

distance from 

the Sun (AU) 

light to travel from the 

Sun to this planet 

37,230,000 (59,910,000) 0.4 3 minutes, 20 seconds 

67,240,000 (108,210,000) O72 6 minutes, | second 

92,960,000 (149,600,000) | 8 minutes, 19 seconds 

141,640,000 (227,940,000) 152 12 minutes, 40 seconds 

483,650,000 (778,340,000) D2 43 minutes, 16 seconds 

886,727,000 (1,427,010,000) 9.54 | hours, 19 minutes, 20 seconds 

1,783,136,000 (2,869,600,000) 19.18 2 hours, 39 minutes, 31 seconds 

2,194 ,200,000 (4,496,/00,000) 30.06 4 hours, 9 minutes, 59 seconds 

3,666,200,000 (5,900,000,000) 39.44 5 hours, 27 minutes, 59 seconds 



The Sun’s Effects on the Planets °C 

offset by the natural increase in solar luminosity, and in this delicate 
way life was preserved. 

In part because of the great variety of orbital radii in the solar sys- 
tem, the Sun has different effects on the different planets. Sunlight 
takes 40 times longer to reach Pluto than it does to reach the Earth, 
and by the time solar radiation reaches Pluto, it is much weaker than 
it was at the Earth’s orbit, for two reasons: A shell of radiation 
becomes less dense as it expands in three dimensions, and at the same 
time, wavelengths lengthen due to energy loss. A planet’s ability to 
use solar radiation for warmth is also a function of the strength of its 
magnetic field and its atmosphere. A dense atmosphere of carbon 
dioxide like that of Venus will retain much of the heat from the Sun, 

keeping the planet warm, while a weak atmosphere like that of Mars 

allows most of the solar heat to escape. 

Solar Wind 

The ubiquitous solar wind has both positive and negative effects on 

the Earth and other planets. The solar wind causes auroras, gorgeous 

to watch on Earth and also remotely on other planets. The solar wind 

and other solar ejections also cause magnetic disturbances in the 

Earth’s field, sometimes strong enough to actually damage electrical 

grids on Earth badly enough that they fail and cause blackouts and also 

strong enough to interrupt satellite transmissions. 

The Sun’s magnetic field can either enhance the Earth’s, or weaken 

it, depending on whether the Earth is in the north or south half of the 

Sun’s dipole field. If the Earth’s magnetic field is weakened, then 

more high-energy radiation can enter the atmosphere and cause dam- 

age to living tissue on an atomic level. 

Development of Vision in Animals 
The most intense radiation from the Sun is in the visible range, and 

that is one of the ranges of wavelengths that travels largely unimpeded 

through the atmosphere to the surface of the Earth, as shown in the 

figure on page 37 in the sidebar “Remote Sensing.” The development 

of vision based on this portion of the light spectrum is entirely a result 

of life developing on Earth and learning to use the wavelengths of 

radiation that enter the atmosphere most easily and interact with 

Earth-temperature objects most effectively. 
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Death of the Sun 

Stars the size of the Sun are expected to shine constantly for 10—20 

billion years. The Sun has been shining for almost 5 billion years, so at 

some point between about 5 and 15 billion years from now (some say 

as soon as 2 billion years), the Sun will run low of hydrogen to burn. 

At this point it will expand to many times its present size, becoming a 

red giant, a huge smoldering dark star with a much cooler surface 

temperature. When it becomes a red giant, theorists say that its burn- 

ing, expanding surface will travel through the solar system at thou- 

sands of kilometers per second, incinerating the entire inner solar 

system at least. After this flare, the Sun will continue to burn until all 

its hydrogen fuel is gone, and then the red giant will collapse and cool 

into a small, cool, dense star known as a white dwarf. The death of the 

Sun, then, means the death of the solar system as it is now, though bil- 

lions of years lie between now and that time. 

Stars larger than the Sun explode into supernovae rather than 

expand into red giants. A supernova is such a strong explosion that 

when one happens in this galaxy, it will burn for a few weeks, with 

more than the combined brightness of all the other stars in the galaxy. 

There is one supernova in the Milky Way galaxy about every 100 

years. Stars smaller than the Sun burn more slowly and have longer 

lifetimes. Because the universe is only about 10 billion years old, this 

means that all the smaller stars that have ever existed are still burning 

today. 

One of the most lovely things to think about in the whole science 

of astronomy and planetary science is the origin of the elements. 

Hydrogen and helium were created in the big bang, the initial forma- 

tion of the universe. By nuclear fusion in the cores of stars, hydrogen 

and helium can be converted into heavier elements in the largest, 
hottest stars. Nuclear fusion in the normal burning lifetimes of even 
the hottest, largest stars can only create elements up through iron 
(°°Fe) and as far as nickel (Ni), though, and no heavier (see the side- 
bar “Elements and Isotopes” on page 11). In the final years of a red 
giant’s life, a special process that involves emitting gamma rays can 
produce elements up to atomic number 209. Every naturally occur- 
ring element beyond atomic number 209 was created in supernova 
explosions, including bismuth, radon, thorium, and uranium. This 
solar system is thought to have originated from a dust and gas cloud, 
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and it must have had the remnants of one or more supernova explo- 
sions in it, since the solar system contains elements up to atomic 
weight 254 or so. Most of the elements in the periodic table are pres- 
ent in our bodies in trace amounts. This means that our bodies, and 
the other things in the solar system, are made of a mixture of materi- 
al from the primordial universe, the cores of stars, and the products 
of immensely huge stellar explosions. We are literally made of star- 
dust from before and beyond our solar system. 
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Missions to the Sun 

| he most basic structures of the surface of the Sun, including 
sunspots and prominences, have been known since the 1700s. 

Only visible and radio wavelengths emitted by the Sun efficiently enter 
the Earth’s atmosphere, and so all early observation was made in visible 
light. Once radio telescopes were developed, the Sun could be observed 

from the ground in radio frequencies, even on cloudy days. To see the Sun 

in detail, images need to be made in the short ultraviolet and X-ray wave- 

lengths, and to use them, scientists had to wait for the space age, when 

observing satellites and spacecraft could be sent above the atmosphere. 

In the 1940s and 1950s, some rocket-based observations were made 

from the upper atmosphere. True space observations began in 1957 

when the Soviets launched Sputnik 1, the first artificial Earth satellite. 

The herald of the space race between the United States and the Soviet 

Union, Sputnik 1 was simply a metal sphere about the size of a basketball 

sent into Earth’s orbit. Sputnik 1’s instruments measured the density of 

the upper atmosphere and solar wind flux and radioed the results back 

to Earth. The mission lasted only three weeks. Other early spacecraft, 

such as Luna 2 in 1960 and Mariner 2 in 1962, also measured solar wind. 

More recent missions have measured solar wind on their way to other 

goals and objects. All the recent missions have websites containing 

images, data on ongoing missions, and press releases of the most impor- 

tant scientific results. 

Future missions specifically designed to investigate the Sun include 

NASA’s Solar Terrestrial Relations Observatory (STEREO) mission and 

Japan’s Solar-B mission, both scheduled for launch in 2006. The STEREO 

craft will consist of two instruments, one orbiting ahead of the Earth and 

one behind, simultaneously imaging coronal mass ejections from two 
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points of view. The Solar-B craft will consist of a set of optical, ultravi- 

olet, and X-ray instruments that will investigate the interaction 

between the Sun’s magnetic field and its corona. 

pes Solar Observatory (OSO) 
| th roug 
American 

These early orbiting satellites were designed to look at the Sun 

8 1962-1975 

through an entire sunspot cycle. The first of the eight OSO satellites 

was launched on March 7, 1962. OSO 1 orbited the Earth at about 

360 miles (575 km) altitude. Its primary objectives were to measure 

the solar electromagnetic radiation in the ultraviolet, X-ray, and 

gamma-ray regions and to investigate dust particles in space. Data 

transmission ended on August 6, 1963, and the satellite reentered the 

Earth’s atmosphere and burned on October 8, 1981. The final satel- 

lite, OSO 8, was launched on June 21, 1975, and ended its mission on 

October 1, 1978. 

Skylab 1973-1979 

American 

Skylab was launched on May 14, 1973, and had three crews of astro- 

nauts who kept it in use continuously until February 1974. Skylab was 

the premier solar observatory of its time and used its X-ray and ultra- 

violet light telescopes to take the first good images of the Sun’s coro- 

na, showing that coronal loops happen constantly. Skylab was going to 

remain in space for another 10 years, perhaps being visited by astro- 

nauts from the space shuttle. Unfortunately, on July 11, 1979, Skylab’s 

orbit was disturbed by extreme solar activity, and it reentered the 

Earth’s atmosphere and disintegrated into pieces across western 

Australia and the southeastern Indian Ocean. 

Helios A and Helios B. 1974-1976 
German and American 

Helios A launched on December 10, 1974, and Helios B launched on 

January 15, 1976, both joint missions of the Federal Republic of 

Germany and NASA. The instruments were launched from American 

Titan rockets at Cape Canaveral and went into orbit around the Sun 

about one-third the distance from the Sun to the Earth. Helios A and B 

survived the high temperatures and sent back data for more than 10 
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years. They both measured the content of the solar wind, the strength 
and direction of the Sun’s magnetic and electric fields, and they meas- 
ured high-energy gamma rays and X-rays emitted from the Sun. 
Though the instruments can no longer transit data, they remain in 
their orbits around the Sun. (Oddly, they are also called Helios 1 and 
Helios 2, names similar to the top secret French satellites Helios 1A and 

1B of the late 1990s, advanced surveillance imaging satellites which 

are widely believed to have 1 meter resolution capability.) 

Voyager | and 2. 1977 
American 

Voyager 2 actually launched on August 20, 1977, several days before 

Voyager 1, which launched on September 5, 1977. They were both 

launched from Cape Canaveral, Florida, aboard Titan-Centaur rock- 

ets. Although these spacecraft were designed to visit planets, which 

they did between 1977 and 1989, they have continued to transmit 

data back to Earth as they travel out of the solar system. In December 

2004, Voyager I crossed the termination shock, where the solar wind 

collides with the interstellar medium, and became the first man-made 

object to leave the solar system. Though the program was almost can- 

celed in 2005, the $4.5 million annual budget for Voyagers 1 and 2 was 

continued and the craft are still in contact with the Earth. By 2008, 

scientists should detect the bow shock, where the supersonic solar wind 

strikes the interstellar gas. For more on these missions, see the sec- 

tion on the heliopause (page 46). 

Solar Maximum Mission (SMM) 1980 
American 

Launched on February 14, 1980, by NASA, this satellite examined 

ultraviolet, X-ray, and gamma ray emissions from solar flares. The 

launch was set to coincide with a period of high solar activity. In 

1984, the instrument was rescued and repaired by the space shuttle 

Challenger, and as a result, the Solar Maximum Mission (SMM) spacecraft 

was able to continue taking data. This mission was the first to demon- 

strate that the Sun is actually brighter during periods of high sunspot 

activity. Though the spots themselves are dark, the regions around the 

spots are far brighter and make up more than the deficit of the spots 

themselves. SMM observations showed that energetic X-rays are emit- 

ted from the bases of solar flare magnetic loops, and that large coronal 
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loops with temperatures up to 10,000,000°F are probably always 

present in the corona. The mission relayed its last data in 1989. 

Ulysses 1990 
European and American 

A joint project between NASA and the European Space Agency, the 

Ulysses spacecraft was launched on October 6, 1990, and is now orbiting 

the Sun to study its north and south poles. The spacecraft went over the 

solar south pole for the first time in 1994 and the north pole for the first 

time in 1995. Ulysses had an unexpected encounter with the tail of 

comet Hyakutake, indicating that the comet's tail might be much longer 

than previously estimated. Its main mission is to measure and map the 

heliosphere in three dimensions. Ulysses made a second polar orbit 

around the Sun in 2001. In 2004, Ulysses was at the aphelion (the farthest 

distance from the Sun) of its huge orbit, near Jupiter. 

Yoh koh 1991 

Japanese 

Yohkoh, meaning “sunbeam” in Japanese, was a mission from the 
Institute of Space and Astronautical Science, launched on August 30, 
1991. Yohkoh had the ability to image the entire Sun at once, with the 
highest-resolution X-ray instrument available at the time. In 1997, 
the solar minimum was reached, and the mission continued to gather 
X-ray data through the rise to the solar maximum in 2000. At times 
the missions Yohkoh, SOHO, and TRACE (see below) were all able to 
take images of the same solar structures at the same time, thus gath- 
ering invaluable data in several wavelengths simultaneously. The 
Yohkoh mission ended in December 2001, after 10 years of excellent 
data-gathering. The Yohkoh team has produced an excellent Web site 
for public outreach, filled with accessible information, at http:// 
solar. physics. montana.edu/ YPOP. 

GeENneSsIS 200) 
American 

The Genesis spacecraft was launched on August 8, 2001, and placed 
into orbit around the Lagrangian point L1—a point between Earth 
and the Sun where the gravity of both bodies is balanced—to collect 
particles of the solar wind. Genesis sampled material and measured the 
isotopic composition of the oxygen, nitrogen, and noble gases to cre- 
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ate a better understanding of the composition of the solar wind. 
Genesis should have been pulled out of the air by helicopters on 
September 9, 2004, as it slowly descended to Earth, but its para- 
chutes failed to deploy and the craft made a hard landing in the 
Dugway Proving Ground in Utah. The capsule broke open with the 
force of its landing and most of the solar wind sampling instruments 
were contaminated with terrestrial sand and mud. Some solar wind 
collectors are thought to remain uncontaminated, but results are in 
contention since the scientific community is not in agreement over 

the degree of contamination. 

Solar and Heliospheric Observatory 

(sec) 1995 

European and American 

The SOHO satellite is a joint European-American effort, launched on 

December 2, 1995, that orbits 930,000 miles (1.5 million km) from 

the Earth. Among its many instruments is one called the Large Angle 

and Spectroscopic Coronagraph (LASCO), which, by blocking the Sun 

with an opaque disk, can take images of the corona in visible light. 

Shown in the lower color insert on page C-6, SOHO has successfully 

taken images of coronal mass ejections, dangerous and little understood 

phenomena. SOHO’s primary scientific goals are to measure the struc- 

ture and dynamics of the Sun’s interior, to gain an understanding of the 

heating mechanisms of the corona, and to study the source and accelera- 

tion of the solar wind. SOHO has viewed amazing and unique events, 

including, on June 2, 1998, when two Sun-grazing comets following 

similar orbits entered the tenuous outer atmosphere of the Sun, and fail- 

ing to reappear on the other side of the Sun, were melted and engulfed. 

Visit the SOHO Web site at http: / /sohowww.nascom.nasa. gov. 

Transition Region and Coronal 
Explorer CT RAGED jogs 
American 

Stanford-Lockheed Institute for Space Research launched this satel- 

lite, called TRACE, into a polar orbit around the Earth on April 1, 

1998. The mission’s objectives are to follow the evolution of magnet- 

ic field structures from the solar interior to the corona, to investigate 

the mechanisms of the heating of the outer solar atmosphere, and to 
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investigate the triggers and onset of solar flares and mass ejections. Its 

ultra high-resolution ultraviolet telescope has revealed many new 

aspects of thin coronal loops. As of early 2004, TRACE is still success- 

fully orbiting, and movies of solar dynamics can be seen on its Web 

site, at http: / /vestige.lmsal.com/TRACE. 

Reuven Ramaty High Energy Solar 

Spectroscopic Imager (RHESSI) 2002 
American launch and management, with team partici- 
pants from Switzerland, Scotland, Japan, and France 
After several launch delays, this spacecraft, RHESSI for short, was 

launched on February 5, 2002, and is taking images of the Sun in the 

short-wavelength X-ray and gamma-ray spectra. Its results have already 

led to new understanding about the temperatures and processes in solar 

flares and coronal mass ejections. Recently RHESSI, SOHO, and TRACE 

together took data on an emerging coronal mass ejection and were able 

to show that as the mass ejection begins to rise off the Sun at 1 mil- 
lion—5 million miles per hour (1.6 million—8 million km/hr) the solar 
magnetic field acts like a lid, holding down the ejection that is trying to 
rise. Suddenly, and in ways that are not understood, the magnetic lid 
opens, associated with a solar flare, and the mass ejection rises from the 
Sun. The magnetic field lines are dragged out with the ejection, and 
magnetic reconnection into a normal configuration continues to ener- 
gize the associated solar flare for more than 12 hours. RHESSI is con- 
sidered the most successful solar mission to date, and it has been 
recommended for additional funding to lengthen its mission. 

The recent burst of fascinating data on the Sun is slowing, not 
because the instruments have reached the end of their lifetimes or 
stopped working (solar missions are continuing to function at high 
levels), but because the Sun is coming to a period of quiescence, a 
solar minimum. There will be fewer dramatic images of mass ejec- 
tions and sunquakes from the SOHO mission, fewer solar flares for 
RHESSI to record. Simultaneously, though, other space missions 
will be spared some of the intensity of the solar wind and radiation 
as solar activity dies down. The flush of data taken during this solar 
maximum will help predict the onset and progress of the next solar 
maximum, to the benefit of space missions and the activities of 
humankind on Earth. 
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Mercury: last acts 

about a Planet in Orbit 

MA ercury is the innermost planet in the solar system. Though 

Mercury is much closer to the Earth than Jupiter and Saturn, 

less is known about it. Its tiny orbit keeps it close to the Sun, as seen 

from the Earth, and so viewing the planet from the Earth is especially 

difficult. The Hubble Space Telescope, along with many Earth-based tele- 

scopes, is forbidden to view Mercury because of the damage strong solar 

radiation would do to its optics. Only a few Earth-based optical tele- 

scopes attempt to look at Mercury: the Abastumany Astrophysical 

Observatory in the Republic of Georgia recently obtained images of 

Mercury that allowed science teams to identify features as small as 75 

miles (120 km). This is still a coarse resolution, and much better images 

are required for good research and understanding of the planet. 

Earth-based radar telescopes like Arecibo in Puerto Rico can make 

images of Mercury, and this has led to some important new discoveries 

about the planet. Mariner 10 is the only spacecraft to have visited 

Mercury; it flew by the planet three times in 1974 and 1975, taking pho- 

tos of the surface. Mercury’s neglect by space missions is detailed in the 

table on page 64; it is by far the least explored of the inner planets. The 

United States has visited Venus far more times than it has Mercury, but 

the Soviet Union investigated Venus intensively compared to the United 

States (see chapter 14, on Venus missions). 

Space scientists have high hopes for the MESSENGER mission, 

launched by NASA in August 2004, and the BepiColombo mission, 

planned for launch after 2011 by the European Space Agency and the 

Institute of Space and Astronautical Science in Japan. These missions 
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Launch date 

July 22, 1962 

August 27, 1962 

June 14, 1967 

The Sun, Mercury, and Venus 

U.S. SPACE MISSIONS TO THE INNER PLANETS 

Mission craft Comments 

Mariner 1 destroyed just after launch 

Mariner 2 Venus flyby 

Mariner 5 Venus flyby with descent vehicle 

November 3, 1973 Mariner 0 Mercury flyby and Venus flyby and 

May 20, 1978 

August 8, 1978 

May 4, 1989 

August 3, 2004 

soft lander 

Pioneer Venus Orbiter Venus satellite and soft lander 

Pioneer Venus bus and probes Venus orbiter and four probes 

Magellan Venus orbiter 

MESSENGER Mercury orbiter 

should bring back critical information that will allow scientists to 

begin to solve some of Mercury’s strange mysteries, including the 

source of Mercury’s continuing magnetic field and why the planet 

contains far more metal than any other terrestrial planet. For basic 

statistics on Mercury, see the sidebar “Fundamental Information 

about Mercury,” on page 65. 

Mercury is also of interest for another reason: In the last few years, 

scientists have been discovering increasing numbers of planets that are 

orbiting around stars in distant solar systems. The majority of these 

planets are very large, like Jupiter, but orbit very close to their stars. 

Sixteen percent of the extrasolar planets discovered (more than 100 so 

far) orbit closer than one AU to their stars. These extrasolar planets all 
appear to have been giant icy planets formed far enough from their 
stars that ices could condense, and then thought to have migrated 
inward. Mercury, on the other hand, is a rocky planet that probably 
formed close to where it is now in the solar system. Despite these dif- 
ferences, Mercury may be an important analog to these strange extra- 

solar bodies. Mercury is the only planet in this solar system 
significantly closer to the Sun than one AU, and although it is not a 
giant planet, its conditions may help us understand the conditions 

under which these exotic extrasolar planets exist. 
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Fundamental Information about Mercury 

Meacab stands out from the rest of the terrestrial planets in several ways. It is the 

smallest of the four (the others are Venus, Earth, and Mars; see the table below), but it 

has the largest core. Mercury's core takes up three-quarters of the planet's radius and 

contains twice the metal than do Earth's, Venus’s, or Mars’s cores. Mercury's huge core 

makes the bulk planet exceptionally dense and therefore also gives it a strong gravity 

field for its size. The cause of its large core is unknown, as is the cause of its magnetic 

field. These and other mysteries about Mercury may be partially solved from data sent 

back by two new missions to the planet, the first to visit since 1975. 

FUNDAMENTAL FACTS ABOUT MERCURY 

equatorial radius 1,515 miles (2,440 km), or 0.38 of the Earth’s radius 

ellipticity [equatorial radius—polar 0, meaning the planet is almost a perfect sphere, 

radius]/polar radius) within the accuracy of the current radius measure- 

ments 

volume 1.30 X 10" cubic miles (5.4 X 10 km?), 0.05 times 

Earth's volume 

7.3 X 10” pounds (3.3 X 10” kg), or 0.055 times the 

Earth's mass 

average density 341 pounds per cubic feet (5,430 kg/m?), the second 

densest after Earth, and if gravitational compression 

is not considered, Mercury is the densest planet 

acceleration of gravity on the 12.1 feet per second squared (3.70 m/s’), 0.37 times 

surface at the equator the Earth’s gravity 

magnetic field strength at 2 RIO 

the surface 

rings 

moons 

The astronomical symbol for Mercury has upstanding lines that 

resemble the wings on the helmet of the god Mercury, as shown in 

the figure on page 66. Each planet, the Sun, and a number of asteroids 
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Many solar system objects 

have simple symbols; this is 

the symbol for Mercury. 

Symbol for Mercury 

have their own symbols, which are often used in scientific figures 

and notes and other places where shorthand is helpful or space is at 

a premium. 

Because of their spin, most planets are not perfect spheres. 

Spinning around an axis creates forces that cause the planet to swell at 

the equator and flatten slightly at the poles. Planets are thus usually 

shapes called oblate spheroids, meaning that they have different equa- 

torial radii and polar radii. Mercury’s radii, to the extent that they 

have been measured, are almost equal. Mercury is probably not truly 

spherical (Venus is the planet closest to a sphere, probably because it 

rotates exceptionally slowly), and better measurements will clarify 

Mercury’s shape. 

Because most planets’ equatorial radii are longer than their polar 

radii, the surface of the planet at its equator is farther from the plan- 

et’s center than the surface of the planet at the poles. To a lesser 

extent, the distance from the surface to the center of the planet 

changes according to topography, such as mountains or valleys. Being 

at a different distance from the center of the planet means there is a 

different amount of mass between the surface and the center of the 

planet. Mass pulls with its gravity (for more information on gravity, 

see the sidebar “What Makes Gravity?” on page 67). Gravity is not a 

perfect constant on any planet: Variations in radius, topography, and 

the density of the material underneath make the gravity vary slightly 

over the surface. This is why planetary gravitational accelerations are 
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What Makes Gravity? 

CG is among the least understood forces in nature. It is a fundamental attraction 
between all matter, but it is also a very weak force: The gravitational attraction of objects 
smaller than planets and moons is so weak that electrical or magnetic forces can easily 
Oppose it. At the moment about the best that can be done with gravity is to describe its 
action: How much mass creates how much gravity? The question of what makes gravity 
itself is unanswered. This is part of the aim of a branch of mathematics and physics 
called string theory: to explain the relationships among the natural forces and to explain 
what they are in a fundamental way. 

Sir Isaac Newton, the English physicist and mathematician who founded many of 
today’s theories back in the mid-I7th century, was the first to develop and record 
universal rules of gravitation. There is a legend that he was hit on the head by a falling 
apple while sitting under a tree thinking, and the fall of the apple under the force of 

Earth's gravity inspired him to think of matter attracting matter. 

The most fundamental description of gravity is written in this way: 

hee Gm,m, 

r 

where F is the force of gravity, G is the universal gravitational constant (equal to 6.67 Xx 

10" Nm?/kg?), m, and m, are the masses of the two objects that are attracting each other 

with gravity, and r is the distance between the two objects. (N is the abbreviation for 

newtons, a metric unit of force.) 

Immediately, it is apparent that the larger the masses, the larger the force of gravity. In 

addition, the closer together they are, the stronger the force of gravity, and because 

r is squared in the denominator, gravity diminishes very quickly as the distance between 

the objects increases. By substituting numbers for the mass of the Earth (5.9742 x 10% kg), 

the mass of the Sun (1.989 x 10° kg), and the distance between them, the force of gravity 

between the Earth and Sun is shown to be 8 x 10”' pounds per foot (3.56 x 10”? N). This is 

the force that keeps the Earth in orbit around the Sun. By comparison, the force of gravity 

between a piano player and her piano when she sits playing is about 6 x 10 pounds per 

foot (2.67 x 10° N). The force of a pencil pressing down in the palm of a hand under the 

influence of Earth’s gravity is about 20,000 times stronger than the gravitational attraction 

between the player and the piano! So, although the player and the piano are attracted to 

each other by gravity, their masses are so small that the force is completely unimportant. 
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generally given as an average value on the planet’s equator. On 

Mercury, gravity changes according to the density of the material 

beneath the place being measured, and according to the topography. 

Small changes in gravity can be used to calculate models of the plan- 

et’s interior. 

The MESSENGER and BepiColombo missions will return new sci- 

entific data. The complexity of its magnetic fields, along with its 

topography, will be completely revealed in new detail. 



Mercury's Orbital 
Physics and the Theory 
of Relativity 

MA ercury does not return to exactly the same point in space at the 

end of each orbit. Instead, on a given day of its year, Mercury is 
some small distance ahead in its orbit from its location of the year previ- 
ous. Mercury’s precession, as this orbital change is called, amounts to 
about 570 arc seconds per century (an orbit or circle can be divided into 
360°; each degree contains 60 arc minutes, and each arc minute contains 

60 arc seconds, so an arc second is 1/3600 of a degree, or 1/1,296,000 

of a circle). Almost all of the precession is due to gravitational interac- 

tions with the other planets, but 43 arc seconds cannot be explained by 

this mechanism. Forty-three arc seconds per century is a tiny distance: It 

translates to less than 1/10 of an arc second per year. If Mercury’s orbit 

was a circle with a radius of one meter (about three feet), then that 1/10 

of an arc second change would be the equivalent of 1/100 the width of a 

human hair. Tiny though they may be, the extra 43 arc seconds contra- 

dict Kepler’s laws of orbital motion and demand an explanation. 

In 1845, Urbain-Jean-Joseph Le Verrier, then director of the Paris 

Observatory, was the first to notice the discrepancy between Mercury’s 

orbit and what was predicted according to classical Newtonian and 

Keplerian mechanics. He suggested the existence of a smaller planet 

orbiting between the Sun and Mercury and perturbing Mercury’s orbit 

with its small gravitational field. Le Verrier spent years searching for this 

body, which he named Vulcan, but with no success. Other hypotheses 

were proposed to explain the orbital anomaly: Was there an unseen 
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moon orbiting Mercury and pulling it off a straight path? Was it shar- 

ing its orbit with a swarm of asteroids? Was there another planet 

orbiting inside Mercury? Months and years were spent searching for 

the fabled inner planet, mainly between 1826 and 1850. 

Centuries after this anomaly was noticed, Einstein finally 

explained it. His theory of relativity predicts that huge masses, like 

the Sun, actually bend the space around them. Relativity perfectly 

predicts the tiny anomaly in Mercury’s orbit, caused by the bending of 

space by its huge neighbor the Sun. Reportedly the discovery of this 

perfect prediction by his theory (and therefore part of his theory’s 

validation) pleased Einstein immensely. Data on Mercury’s orbit are 

given in the table below. 

Mercury’s rotation is tied to the Sun by a phenomenon called tidal 

locking. Gravitational attraction between the planet and the Sun pro- 

duces a tidal force on each of them, stretching each slightly along the 

MERCURY’S ORBIT 

58.65 Earth days (the Aricebo observatory used 

Doppler effects to measure rotation) 

rotational speed at equator 6.8 miles per hour (10.9 km/hr) 

prograde (counterclockwise when viewed from above 

the North Pole) 

87.97 Earth days, or two-thirds of an orbit 

29.9 miles per second (47.9 km/s) 

sunlight travel time (average) 3 minutes, 20 seconds to reach Mercury 

average distance from the Sun 35,984,076 miles (57,909,175 km), or 0.387 AU 

perihelion 28.58 million miles (46.0 million km), or 0.31 AU 

aphelion 

orbital eccentricity 

orbital inclination to the ecliptic LOL 

obliquity (inclination of equator to orbit) O° (though some say it is 180°) 

Ce 

43.38 million miles (69.82 million km), or 0.47 AU 

0.2056; this is the second-highest eccentricity in the 

solar system, after Pluto; the next most eccentric is 

Mars, at only 0.093 
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axis oriented toward its partner. This causes them to become slightly 
egg-shaped; the extra stretch is called a tidal bulge (the bulge is signifi- 
cant on pairs such as the Earth and Moon, but the Sun’s mass is so large 
compared to Mercury that the Sun does not bulge). If either of the two 
bodies is rotating relative to the other, this tidal bulge is not stable. The 
rotation of the body will cause the long axis to move out of alignment 
with the other object, and the gravitational force will work to reshape 
the rotating body. Because of the relative rotation between the bodies, 
the tidal bulges move around the rotating body to stay in alignment with 
the gravitational force between the bodies. This is why ocean tides on 
Earth rise and fall with the rising and setting of its Moon, and the same 
effect occurs to some extent on all rotating orbiting bodies. 

The rotation of the tidal bulge out of alignment with the body that 
caused it results in a small but significant force acting to slow the rel- 
ative rotation of the bodies. Since the bulge requires a small amount 
of time to shift position, the tidal bulge of the moon is always located 
slightly away from the nearest point to its planet in the direction of 
the moon’s rotation. This bulge is pulled on by the planet’s gravity, 
resulting in a slight force pulling the surface of the moon in the oppo- 
site direction of its rotation. The rotation of the satellite slowly 
decreases (and its orbital momentum simultaneously increases). This 
is in the case where the moon’s rotational period is faster than its 

orbital period (the time required to make a complete orbit) around its 

planet. If the opposite is true, tidal forces increase its rate of rotation 

and decrease its orbital momentum. 

Almost all moons in the solar system are tidally locked with their 

primaries, since they orbit closely and tidal force strengthens rapidly 

with decreasing distance. Mercury is tidally locked with the Sun in a 

3:2 resonance (when two orbital periods make an integer ratio). 

Mercury is the only solar system body in a 3:2 resonance with the 

Sun. For every two times Mercury revolves around the Sun, it rotates 

on its own axis three times. More subtly, the planet Venus is tidally 

locked with the planet Earth, so that whenever the two are at their 

closest approach to each other in their orbits Venus always has the 

same face toward Earth (the tidal forces involved in this lock are 

extremely small). In general, any object that orbits another massive 

object closely for long periods is likely to be tidally locked to it. 

Just as planets are not truly spheres, the orbits of solar system 

objects are not circular. Johannes Kepler, the prominent 17th-century 
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German mathematician and astronomer, first realized that the orbits 

of planets are ellipses after analyzing a series of precise observations 

of the location of Mars that had been taken by his colleague, the dis- 

tinguished Danish astronomer Tycho Brahe. Kepler drew rays from 

the Sun’s center to the orbit of Mars and noted the date and time that 

Mars arrived on each of these rays. He noted that Mars swept out 

equal areas between itself and the Sun in equal times and that Mars 

moved much faster when it was near the Sun than when it was farther 

from the Sun. Together these observations convinced Kepler that the 

orbit was shaped as an ellipse and not as a circle, as had been previ- 

ously assumed. Kepler defined three laws of orbital motion (listed in 

the table on page 73), which he published in 1609 and 1619 in his 

books New Astronomy and The Harmony of theWorld. These three laws are 

still used as the basis for understanding orbits. 

As Kepler observed, all orbits are ellipses, not circles. An ellipse 

can be thought of simply as a squashed circle, resembling an oval. The 

proper definition of an ellipse is the set of all points that have the same 

sum of distances to two given fixed points, called foci. To demonstrate 

this definition, take two pins, push them into a piece of stiff card- 

board, and loop a string around the pins (see figure on page 74). The 

two pins are the foci of the ellipse. Pull the string away from the 

pins with a pencil and draw the ellipse, keeping the string taut around 

the pins and the pencil all the way around. Adding the distance along the 

two string segments from the pencil to each of the pins will give 

the same answer each time: The ellipse is the set of all points that 

have the same sum of distances from the two foci. 

The mathematical equation for an ellipse is 

2 2 

where x and y are the coordinates of all the points on the ellipse, and a 

and b are the semimajor and semiminor axes, respectively. The semimajor 

axis and semiminor axis would both be the radius if the shape was a cir- 

cle, but two radii are needed for an ellipse. If a and b are equal, then the 

equation for the ellipse becomes the equation for a circle: 

x2 Taye 

where n is any constant. 
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KEPLER’S LAWS 
Kepler's first law: A planet orbits the Sun following the path of an ellipse with the Sun at one 

focus, 
Kepler's second law: A line joining a planet to the Sun sweeps out equal areas in equal times 

(see figure below). 
Kepler's third law: The closer a planet is to the Sun, the greater its speed. This is stated as: 

The square of the period of a planet T is proportional to the cube. of i its 
3 

semimajor axis R. or T & R2 as long as Tis in years and R in AU. 

Sweeping Equal Areas in Equal Times: Kepler’s Second Law 

Equal areas 

Elliptical planetary orbit 

Kepler's second law shows that the varying speed of a planet in its orbit requires that a line between the planet 
and the Sun sweep out equal areas in equal times. 
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Making an ellipse with string 

and two pins: Adding the 

distance along the two string 

segments from the pencil to 

each of the pins will give the 

same sum at every point 

around the ellipse. This 

method creates an ellipse 

with the pins at its foci. 

The Sun, Mercury, and Venus 

When drawing an ellipse with string and pins, it is obvious where 

the foci are (they are the pins). In the abstract, the foci can be calcu- 

lated according to the following equations: 

Coordinates of the first focus 

= (+Va* —b*,0) 

Coordinates of the second focus 

= (-Va’ —b?, 0) 

In the case of an orbit the object being orbited (for example, the Sun) 

is located at one of the foci. 

An important characteristic of an ellipse—perhaps the most 

important for orbital physics—is its eccentricity: a measure of how 

different the semimajor and semiminor axes of the ellipse are. 

Eccentricity is dimensionless and ranges from 0 to 1, where an eccen- 

tricity of zero means that the figure is a circle, and an eccentricity of 1 

means that the ellipse has gone to its other extreme, a parabola (the 

reason an extreme ellipse becomes a parabola results from its defini- 

tion as a conic section). One equation for eccentricity is 

where a and b are the semimajor and semiminor axes, respectively 

(see figure on page 75, top). Another equation for eccentricity is 
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Semimajor and Semiminor Axes, Foci 

Semi-minor axis (b) 

The semimajor and semiminor 

axes of an ellipse (or an orbit) 

are the elements used to 

calculate its eccentricity, and 

the body being orbited always 

lies at one of the foci. 
Center to focus (c) Semi-major axis (a) 
<———____Y_Y_>@ © 

Focus Center Focus 

where c is the distance between the center of the ellipse and one 
focus. The eccentricities of the orbits of the planets vary widely, 
though most are very close to circles, as shown in the figure below. 
Pluto has the most eccentric orbit at 0.244, and Mercury’s orbit is 
also very eccentric, but the rest have eccentricities below 0.09. 

While the characteristics of an ellipse drawn on a sheet of paper 
can be measured, orbits in space are more difficult to characterize. 
The ellipse itself has to be described, and then the ellipse’s position in 

Though the orbits of planets 

are measurably eccentric, 

they deviate from circularity 

very little. This figure shows 

the eccentricity of Pluto's orbit 

in comparison with a circle. 

Eccentricity of Pluto’s Orbit Compared to a Circle 

The same circle with 

an ellipse with the same ; 
eccentricity as Pluto's orbit |} 

placed over it 

A circle 



A series of parameters called 

orbital elements are used to 

describe exactly the orbit of 

a body. 
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space, and then the motion of the body as it travels around the ellipse. 

Six parameters are needed to specify the motion of a body in its orbit 

and the position of the orbit. These are called the orbital elements 

(see the figure below). The first three elements are used to determine 

where a body is in its orbit. 

d semimajor axis The semimajor axis is half the width of the 

widest part of the orbit ellipse. For solar system bodies, the value 

of the semimajor axis is typically expressed in units of AU. 

Mercury’s semimajor axis is 0. 387 AU. 

eccentricity Eccentricity measures the amount by which an 

ellipse differs from a circle, as described above. An orbit with e of 

0 is circular, and an orbit with e of one stretches into infinity and 

becomes a parabola. In between, the orbits are ellipses. The orbits 

of all large planets are almost circles: The Earth, for instance, has 

an eccentricity of 0.0068, and Mercury’s eccentricity is 0.2056. 

Orbital Elements 

semimajor axis perihelion 

inclination aphelion 

longitude of the ascending node vernal equinox 

argument of the perigee ascending node 

foci semiminor axis 

center of ellipse distance from center to one focus 
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M mean anomaly Mean anomaly is an angle that moves in time 
from 0° to 360° during one revolution, as if the planet were at the 
end of a hand of a clock and the Sun were at its center. This angle 
determines where in its orbit a planet is at a given time, and is 
defined to be 0° at perigee (when the planet is closest to the Sun) 
and 180° at apogee (when the planet is farthest from the Sun). The 
equation for mean motion M is given as 

M=M +360/~ | 
i 

where M is the value of M at time zero, T is the orbital period, 
and t is the time in question. 

The next three Keplerian elements determine where the orbit is in 
space. 

i inclination For the case of a body orbiting the Sun, the inclina- 
tion is the angle between the plane of the orbit of the body and 
the plane of the ecliptic (the plane in which the Earth’s orbit lies). 
For the case of a body orbiting the Earth, the inclination is the 
angle between the plane of the body’s orbit and the plane of the 
Earth’s equator, such that an inclination of zero indicates that the 
body orbits directly over the equator, and an inclination of 90 

indicates that the body orbits over the poles. If there is an orbital 

inclination greater than zero, then there is a line of intersection 

between the ecliptic plane and the orbital plane. This line is called 

the line of nodes (see figure, opposite page). Mercury’s orbital 

inclination is 7.01°. The inclinations of all the planets are listed in 

the table on page 78. 

Q longitude of the ascending node After inclination is speci- 

fied, there are still an infinite number of orbital planes possible: 

The line of nodes could cut through the Sun at any longitude 

around the Sun. Notice that the line of nodes emerges from the 

Sun in two places. One is called the ascending node (where the 

orbiting planet crosses the Sun’s equator from south to north). 

The other is called the descending node (where the orbiting plan- 

et crosses the Sun’s equator from north to south). Only one node 

needs to be specified, and by convention the ascending node is 
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OBLIQUITY, ORBITAL INCLINATION, AND 

ROTATIONAL DIRECTION FOR ALL THE PLANETS 

Orbital inclination to the 

Obliquity (inclination of ecliptic (angle between the 

the planet’s equator to planet’s orbital plane and 

its orbit; tilt); remarkable the Earth’s orbital plane); 

Planet values are in italic remarkable values are in italic | Rotational direction 

Mercury 0° (though some scientists LOL prograde 

believe the planet is flipped 

over, so this value may be 180°) 

Venus 73 339° retrograde 

Earth 2345 0° (by definition) prograde 

Mars 25.2 ea. prograde 

Jupiter 312; 130° prograde 

Saturn 26015 248° prograde 

Uranus 97.6° O7f retrograde 

Neptune 29.56° Lee prograde 

Pluto (now 122.5° 17. 10° retrograde 

categorized as a 

dwarf planet) 

used. A second point in a planet’s orbit is the vernal equinox, the 

spring day in which day and night have the same length (“equinox” 

means equal night), occurring where the plane of the planet’s 

equator intersects its orbital plane. The angle between the vernal 

equinox Y and the ascending node N is called the longitude of the 

ascending node. Mercury’s longitude of the ascending node is 

48 331°. 

argument of the perigee The argument of the perigee is the 

angle (in the body’s orbit plane) between the ascending node N 

and perihelion 2 measured in the direction of the body’s orbit. 

Mercury’s argument of the perigee is 77.456°. 

The complexity of the six measurements shown above, starting on 

page 76, demonstrates the extreme attention to detail that is neces- 
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sary when moving from simple theory (“every orbit is an ellipse”) to 
measuring the movements of actual orbiting planets. Because of the 
gradual changes in orbits over time caused by gravitational interac- 
tions of many bodies and by changes within each planet, natural orbits 
are complex, evolving motions. To plan with such accuracy a space 
mission such as the recent one that involve the Mars Exploration 
Rovers, each of which landed perfectly in their targets, the mission 
planners must be masters of orbital parameters, 
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Mercury's Interior: 
A Muge Core 

\ Jems the Earth, and Mars are all thought to have formed from 
similar materials. Their iron cores take up similar fractions of the 

planets, and their silicate mantles melt to produce similar kinds of vol- 
canic rocks. Mercury, on the other hand, may have been formed from a 
different bulk composition, or it may have formed under different con- 
ditions than the other terrestrial planets. The planet has a huge iron core, 
either indicating that the planet contains at least twice the iron content 
of the other terrestrial planets or that virtually all the iron from the bulk 

composition was pulled into its core, leaving its mantle almost iron-free. 

At the same time, the planet shows no recent volcanic activity, and so its 

interior can be assumed to be stationary (not convecting). The lack of 

volcanic activity is usually taken to mean that the planet has largely fin- 

ished losing its internal heat. Mercury, however, has a small magnetic 

field. Magnetic fields are generally accepted to be caused by fluid move- 

ments in the outer core caused by heat loss. Somehow Mercury has cre- 

ated a balance that allows the generation of a magnetic field in the 

absence of mantle movements. 

Composition 
Mercury’s average density is 341 pounds per cubic feet (5,430 kg/m’), 

just less than the densest planet, Earth, at 347 pounds per cubic feet 

(5,515 kg/m’). The planet’s high density was first discovered by measur- 

ing the surprising acceleration of the Mariner mission toward Mercury, 

in the grip of the planet’s strangely strong gravity field. Earth is a much 

larger planet, and so its interior pressure is much higher, pressing the 
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material into much denser phases. With the effects of pressure taken 

away, Mercury’s density is actually much higher than the Earth’s and is 

therefore the densest planet in the solar system. The high density of 

the planet is though to imply that it contains a lot of iron—more, by 

proportion, than any other planet. Iron is the most common dense 

inner solar system element, and it is likely to be responsible for high 

density in Mercury. 

If Mercury’s extra density is due to iron content, then Mercury has 

a core that is 60 percent or more by mass, the largest core relative to 

planetary radius of any planet in the solar system. Mercury’s core is 

probably 1,120 to 1,180 miles (1,800 to 1,900 km) in radius, nearly 

75 percent of the planet’s diameter. This is at least twice the metal 

content of Venus, Earth, or Mars (see the sidebar “Interior Structure 

of the Terrestrial Planets,” below). 

ae 

Interior Structure of the Terrestrial Planets 

Te outermost layer of the terrestrial planets is the crust, made up of one or more of 

the following: igneous rocks (rocks that were once hot enough to be completely molten), 

metamorphic rocks (rocks that have been changed from their original state by heat or 

pressure, but were never liquid), and sedimentary rocks (rocks that are made of mineral 

grains that were transported by water or air). Sedimentary rocks, such as shale and 

limestone, can only be made at the surface of the planet, by surface processes such as 

rivers, glaciers, oceans, and wind. Sedimentary rocks make up the majority of rock out- 

crops at the surface of the Earth, and they may also exist on Mars. Igneous rocks make 

up the majority of the crust on Mars and on Venus, and probably on Mercury, though its 

surface is not well known because of the difficulty in taking good images of a body so 

close to the Sun. Igneous rocks predominate on Venus and probably Mercury because 

water is the main driving force for the formation of sedimentary rocks, and those planets 

are dry. Mars alone has sedimentary rocks similar to those on Earth. Plate tectonics on 

Earth is the main process that creates metamorphic rocks, which are commonly made by 

burial under growing mountains as tectonic plates collide or drive under each other. Since 

neither surface water nor plate tectonics exist on Venus or Mercury, they would be 

expected to be covered almost exclusively with igneous rocks. 



Mercury's Interior: A Huge Core 

Radioactive decay of atoms throughout the Earth and other planets produces heat, 
and the interior of the Earth and most other planets is hotter than the surface. Heat 
radiates away from the planet into space, and the planet is cooling through time. If the 
planet had only the heat from its initial formation, it can be calculated that planets the 
size of Earth and smaller, including Mars, would have completely cooled by this time. 
Scientists can measure heat flowing out of the Earth, however, by placing thermal 
measuring devices in holes dug deeply into the soil, and they know that heat flux (the 
amount of heat moving through a unit of surface area in a unit of time) is different in 
different parts of the world. Heat flux in areas of active volcanism, for example, is high- 
er than heat flux in quiet areas. It is possible to calculate the likely internal tempera- 
tures of the Earth based on heat flux at the surface. This leads to the conclusion that 
the Earth’s shallow interior, not much deeper than the hard, cold crust mankind lives 
upon, is at 2,190 to 2,640°F (1,200 to 1,450°C). Similar calculations can be made for 
other planets remotely, but without the precision of the answers for the Earth. 

Rocks at temperatures like those in Earth’s mantle are able to flow over geologic time. 
They are not liquid, but there is enough energy in the atoms of the crystals that the 
crystals can deform and “creep” in response to pressure, given thousands or millions of 
years (for more, see the sidebar “Rheology, or How Solids Can Flow” on page 126). The 
interior of the Earth is moving in this way, in giant circulation patterns driven by heat 
escaping toward the surface and radiating into space. This movement in response to heat 
is called convection. 

Plate tectonics, the movement of the brittle outside of the Earth, is caused in part 
by these internal convective movements, but largely by the pull of oceanic plates 

descending into the mantle at subduction zones. At the surface, this movement is only 

one or two inches (a few centimeters) a year. Scientists are constantly looking for evi- 
dence for plate tectonics on other planets and, for the most part, not finding it; appar- 
ently other terrestrial planets have not experienced plate tectonics, likely because they 
have insufficient surface water, which lubricates plate movement and allows the mantle 

to flow more easily. There may be some ice plate tectonics on Europa, but there is 

nothing in the solar system like the complex plate configurations and movements on 

the Earth. On Mars there may be some evidence for plate tectonics that ended early in 

the planet's history, left recorded in a few regions of the crust that have retained a 

magnetic field. Mars and the other terrestrial planets and the Moon are all considered 

one-plate planets, planets where their crust and upper mantle have cooled into a stiff 

(continues) 
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Interior Structure of the Terrestrial Planets (continued) 

shell that moves as a unit. Without plate tectonics, there are no volcanic arcs such as 

Japan or the Cascades, and there are no mid-ocean ridges at which new oceanic crust 

is produced. Surface features on one-plate planets are therefore different from those 

on Earth. 

Below the crust and above the core, the planet's material is called the mantle. The 

uppermost mantle is too cool to be able to flow, except over many millions of years, 

and so it moves as a unit with the crust. Together, these two cool, connected layers 

are called the lithosphere. Beneath the lithosphere, the remaining mantle might be 

hot enough to flow. This is certainly true on the Earth and is probably the case on 

the other terrestrial planets. The mantles of terrestrial planets are thought to be 

mainly made of minerals based on silicon atoms. The most common minerals at shal- 

low depths in the mantle are olivine (also known as the semiprecious gem peridot) and 

pyroxene at shallow depths, which then convert to other minerals at the higher pres- 

sures of the deep interior. Mantles on other differentiated terrestrial planets are 

thought to be similar. 

Based on an analysis of the bulk “silicate Earth” (the mantle and crust, made mostly of 

minerals based on silicon atoms) compared to the composition of primitive meteorites 

that represent the material the inner planets were made of, the silicate Earth is clearly 

missing a lot of iron and some nickel. Models of planetary formation also show that the 

heat of accretion (the initial formation of the planet) will cause iron to melt and sink into 

the deep interior of the Earth. The core of the Earth, then, is made of iron with some 

nickel and a few percent of other elements. The other terrestrial planets almost certainly 

have iron cores, and even the Moon probably has a tiny iron core with a radius of a few 

hundred kilometers at most. 

This is the structure of the Earth, used as the starting point in understanding the 

structures of other terrestrial planets: The outermost cool, thin veneer of the Earth is 

the crust. The crust is coupled to the coolest, uppermost mantle, and together they are 

called the lithosphere. Under the lithosphere is the convecting mantle, and beneath that, 

the core. The outer core is liquid metal, and the inner core is solid metal. 

How the crusts formed seems to differ among the planets, as does the composition of 

the mantle (though thought to be always silicate) and core (though thought to be 

always iron-dominated), and the heat and convective activity of the mantle. Theorizing 

about the degree of these differences and the reasons for their existence is a large part 

of planetary geology. 
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Why would Mercury have such a huge core relative to its size? 
Current models for planetary accretion suggest that any terrestrial 
planet should form with a larger percentage of silicates, which would 
make up a thick mantle above the core, as they do on Venus, Earth, and 
Mars (see the sidebar “Accretion and Heating: Why Are Some Solar 
System Objects Round and Others Irregular?” on page 86). Mercury, 
then, may have lost most of its silicate mantle in some catastrophic 
event after its early formation. The simplest candidate for this event is 
a giant impact: If a large body struck Mercury more or less directly, 
then its iron would combine with Mercury's into an unusually large 
core, and much of Mercury’s silicate mantle could have been lost to 
space. The impacting body may also have been made mainly of metal, 
like an iron meteorite. In this scenario, the metal meteorite would 
combine with the early, small proto-Mercury, creating a planet with an 
unusually large iron core. Alternatively, the silicate mantle could have 
been removed by vaporization in a burst of heat from the early Sun. A 
third possibility is that there may have been strong compositional gra- 
dients in the early solar system and that in fact Mercury formed with 
the iron-rich composition it now seems to possess. Finally, Mercury 
could have differentiated in a particularly oxygen-poor environment. 
Without oxygen, iron will preferentially form a metal and sink into 
the core, rather than forming iron oxide and combining into silicate 

mantle materials. In this scenario, Mercury could have started with the 

same bulk composition and ended with its current structure without 

having endured a giant impact. 

These models may be distinguishable on the basis of crustal com- 

position. The MESSENGER mission, launched by NASA on August 3, 

2004, will measure the crustal compositions with spectrometers 

while in orbit around Mercury. If the mantle was removed by solar 

heat, then the crustal composition should be unusually rich in ele- 

ments that do not vaporize easily, such as aluminum, titanium, and 

magnesium, and poor in volatile elements such as sodium, potassium, 

and even iron. If the mantle was removed by impact, then the remain- 

ing crust should have compositions more similar to what is seen on 

the Earth and Mars. 

Much of what is known about the composition of the Moon comes 

from sample returns from the American Apollo and Soviet Luna mis- 

sions, which together brought back more than 440 pounds (200 kg) 

of lunar material, all of which has been pored over and analyzed in 
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Accretion and eee Are Some Solar 
System Objects Round and Others Irregular? 

jie are three main characteristics of a body that determine whether it will become 

round. 

The first is its viscosity, that is, its ability to flow. Fluid bodies can be round because 

of surface tension, no matter their size; self-gravitation does not play a role. The force 

bonding together the molecules on the outside of a fluid drop pull the surface into the 

smallest possible area, which is a sphere. This is also the case with gaseous planets, like 

Uranus. Solid material, like rock, can flow slowly if it is hot, so heat is an important 

aspect of viscosity. When planets are formed, it is thought that they start as agglomera- 

tions of small bodies, and that more and more small bodies collide or are attracted gravi- 

tationally, making the main body larger and larger. The heat contributed by colliding 

planetesimals significantly helps along the transformation of the original pile of rubble 

into a spherical planet: The loss of their kinetic energy (more on this at the end of this 

sidebar) acts to heat up the main body. The hotter the main body, the easier it is for the 

material to flow into a sphere in response to its growing gravitational field. 

The second main characteristic is density. Solid round bodies obtain their shape from 

gravity, which acts equally in all directions and therefore works to make a body a sphere. 

The same volume of a very dense material will create a stronger gravitational field than a 

less dense material, and the stronger the gravity of the object, the more likely it is to pull 

itself into a sphere. 

The third characteristic is mass, which is really another aspect of density. If the object 

is made of low-density material, there just has to be a lot more of it to make the gravi- 

tational field required to make it round. 

Bodies that are too small to heat up enough to allow any flow, or to have a large 

enough internal gravitational field, may retain irregular outlines. Their shapes are 

determined by mechanical strength and response to outside forces such as meteorite 

impacts, rather than by their own self-gravity. In general the largest asteroids, including 

all 100 or so that have diameters greater than 60 miles (IOO km), and the larger moons, 

are round from self-gravity. Most asteroids and moons with diameters larger than six 

miles (IO km) are round, but not all of them, depending on their composition and the 

manner of their creation. 

There is another stage of planetary evolution after attainment of a spherical shape: 

internal differentiation. All asteroids and the terrestrial planets probably started out made 
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Of primitive materials, such as the class of asteroids and meteorites called Cl or enstatite 
chondrites. The planets and some of the larger asteroids then became compositionally 
Stratified in their interiors, a process called differentiation. In a differentiated body, heavy 
metals, mainly iron with some nickel and other minor impurities in the case of terrestrial 
planets, and rocky and icy material in the case of the gaseous planets, have sunk to the 
middle of the body, forming a core. Terrestrial planets are therefore made up, in a rough 
sense, of concentric shells of materials with different compositions. The outermost shell 
is a crust, made mainly of material that has melted from the interior and risen buoyantly 
up to the surface. The mantle is made of silicate minerals, and the core is mainly of iron. 
The gas giant outer planets are similarly made of shells of material, though they are 
gaseous materials on the outside and rocky or icy in the interior. Planets with systematic 
shells like these are called differentiated planets. Their concentric spherical layers differ in 
terms of composition, heat, density, and even motion, and planets that are differentiated 
are more or less spherical. All the planets in the solar system seem to be thoroughly dif- 
ferentiated internally, with the possible exception of Pluto and Charon. What data there 
is for these two bodies indicates that they may not be fully differentiated. 

Some bodies in the solar system, though, are not differentiated: the material they are 
made of is still in a more primitive state, and the body may not be spherical. Undifferentiated 
bodies in the asteroid belt have their metal component still mixed through their silicate 
portions; it has not separated and flowed into the interior to form a core. 

Among asteroids, the sizes of bodies that differentiated vary widely. Iron meteorites, 
thought to be the differentiated cores of rocky bodies that have since been shattered, 
consist of crystals that grow to different sizes directly depending upon their cooling 
rate, which in turn depends upon the size of the body that is cooling. Crystal sizes in 
iron meteorites indicate parent bodies from six to 30 miles (10 to 50 km) or more in 
diameter. Vesta, an asteroid with a basaltic crust and a diameter of 326 miles (525 km), 
seems to be the largest surviving differentiated body in the asteroid belt. Though the 

asteroid Ceres, an unevenly-shaped asteroid approximately 577 by 596 miles (930 by 

960 km), is much larger than Vesta, it seems from spectroscopic analyses to be largely 

undifferentiated. It is thought that the higher percentages of volatiles available at the 

distance of Ceres’s orbit may have helped cool the asteroid faster and prevented the 

buildup of heat required for differentiation. It is also believed that Ceres and Vesta are 

(continues) 
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Accretion and Heating: Why Are Some Solar System 

Objects Round and Others Irregular? (continued) 

among the last surviving “protoplanets,” and that almost all asteroids of smaller size are 

the shattered remains of larger bodies. 

Where does the heat for differentiation come from? The larger asteroids generated 

enough internal heat from radioactive decay to melt (at least partially) and differentiate 

(for more on radioactive decay, see the sidebar called “Elements and Isotopes” on 

page II). Generally bodies larger than about 300 miles (500 km) in diameter are need- 

ed in order to be insulated enough to trap the heat from radioactive decay so that 

melting can occur. If the body is too small, it cools too fast and no differentiation can 

take place. 

A source for heat to create differentiation, and perhaps the main source, is the heat 

of accretion. When smaller bodies, often called planetesimals, are colliding and sticking 

together, creating a single larger body (perhaps a planet), they are said to be accret- 

ing. Eventually the larger body may even have enough gravity itself to begin altering 

the paths of passing planetesimals and attracting them to it. In any case, the process 

of accretion adds tremendous heat to the body, by the transformation of the kinetic 

energy of the planetesimals into heat in the larger body. To understand kinetic energy, 

start with momentum, called p, and defined as the product of a body's mass m and its 

velocity v: 

pa my 

Sir Isaac Newton called momentum “quality of movement.” The greater the mass of the 

object, the greater its momentum is, and likewise, the greater its velocity, the greater its 

momentum is. A change in momentum creates a force, such as a person feels when 

something bumps into her. The object that bumps into her experiences a change in 

momentum because it has suddenly slowed down, and she experiences it as a force. The 

reason she feels more force when someone tosses a full soda to her than when they 

toss an empty soda can to her is that the full can has a greater mass, and therefore 

momentum, than the empty can, and when it hits her it loses all its momentum, trans- 

ferring to her a greater force. 

How does this relate to heating by accretion? Those incoming planetesimals have 

momentum due to their mass and velocity, and when they crash into the larger body, 
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their momentum is converted into energy, in this case, heat. The energy of the body, 
created by its mass and velocity, is called its kinetic energy. Kinetic energy is the total 
effect of changing momentum of a body, in this case, as its velocity slows down to zero. 
Kinetic energy is expressed in terms of mass m and velocity v: 

Se 1 
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2 

Students of calculus might note that kinetic energy is the integral of momentum with 
respect to velocity: 

2 c= | apa = 
1 
— mv 
2 

The kinetic energy is converted from mass and velocity into heat energy when it strikes 
the growing body. This energy, and therefore heat, is considerable, and if accretion 
occurs fast enough, the larger body can be heated all the way to melting by accretional 
kinetic energy. If the larger body is melted even partially, it will differentiate. 

How is energy transfigured into heat, and how is heat transformed into melting? To 
transfer energy into heat, the type of material has to be taken into consideration. 

Heat capacity describes how a material's temperature changes in response to added 
energy. Some materials go up in temperature easily in response to energy, while others 

take more energy to get hotter. Silicate minerals have a heat capacity of 245.2 cal/°lb 

(1,256.1 J/°kg). What this means is that 245.2 calories of energy are required to raise 

the temperature of one pound of silicate material one degree. Here is a sample calcu- 

lation. A planetesimal is about to impact a larger body, and the planetesimal is a kilo- 

meter in radius. It would weigh roughly 3.7 X 10” Ib (1.7 X 10° kg), if its density were 

about 250 |b/ft* (4,000 kg/m’). If it were traveling at 6 miles per second (10 km/s), 

then its kinetic energy would be 

Z K= (1.7 X 10%kg) (10,000 m/sec)? 

8.5 10° J = 2X 10% cal 

mv 

1 

2 

(continues) 
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Accretion and Heating: Why Are Some Solar System 

Objects Round and Others Irregular? (continued) 

Using the heat capacity, the temperature change created by an impact of this example 

planetesimal can be calculated: 

5X 10% ° Po 68 xi0y obo x7 
1,256.1 J/°kg 

The question now becomes, how much mass is going to be heated by the impact? 

According to this calculation, the example planetesimal creates heat on impact sufficient 

to heat one pound of material by 8.3 X 10"°F (or one kilogram by 6.8 X 10'°C), but of 

course it will actually heat more material by lesser amounts. To calculate how many 

degrees of heating could be done to a given mass, divide the results of the previous cal- 

culation by the mass to be heated. 

The impact would, of course, heat a large region of the target body as well as the 

impactor itself. How widespread is the influence of this impact? How deeply does it heat, 

and how widely. Of course, the material closest to the impact will receive most of the 

energy, and the energy input will go down with distance from the impact, until finally the 

material is completely unheated. What is the pattern of energy dispersal? Energy disper- 

sal is not well understood even by scientists who study impactors. 

Here is a simpler question: If all the energy were put into melting the impacted materi- 

al, how much could it melt? To melt a silicate completely requires that its temperature be 

raised to about 2,700°F (1,500°C), as a rough estimate, so here is the mass of material 

that can be completely melted by this example impact: 

6.8 X 10!7°kg 
ee 10 

1500° 

This means that the impactor can melt about 25 times its own mass (4.5 X 10'4/1.7 X 

10° = 26). Of course this is a rough calculation, but it does show how effective accre- 

tion can be in heating up a growing body, and how it can therefore help the body to 

attain a spherical shape and to internally differentiate into different compositional 

shells. 
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great detail. Though there are no samples from Mars missions, there 
are more than 30 meteorites that have come from Mars, thrown off in 
violent impacts and sent through space to eventually land on Earth. 
These samples have been invaluable in beginning to make some 
hypotheses about the composition of the Martian interior, since many 
are volcanic rocks that melted from the planet’s mantle. Now there 
are also remote-sensing data from planetary orbiting missions on the 
compositions of the surface of the Moon and Mars. The remote-sens- 
ing data indicate the concentrations of certain radioactive trace ele- 
ments on the surface, as well as concentrations of titanium, iron, and 
even the existence of certain mineral phases, such as olivine, pyrox- 
ene, and plagioclase. All this data can be combined to make some ini- 
tial inferences about the bulk compositions of the planets’ mantles 
and also about processes that led to the formation of their crusts and, 
in some cases, about the specific compositions of the mantle at depth. 

For Mercury, almost none of this data is available. There are no 
meteorites identified as having come from Mercury, though it is theo- 
retically possible for pieces of Mercury expelled from the planet by 
energetic meteorite impacts to travel to Earth, though it is about 100 
times less likely for meteorites to arrive on Earth from Mercury than 
from Mars. Since the only space mission to Mercury was with the 
Mariner 10, which simply flew by the planet, there are no samples 
from the planet. Until the MESSENGER mission returns data, years 
from this writing, the best compositional data on Mercury is from 
ground-based reflectance spectrometry. Radiation bounced off the 
planet and observed on Earth shows that certain wavelengths have 
unexpectedly low intensities compared to their neighboring wave- 

lengths. This low intensity indicates that material on the planet’s sur- 

face absorbed the specific wavelength in question. By looking at the 

reflectance spectra of minerals on Earth, the specific wavelengths that 

they absorb most efficiently can be measured and then compared to 

the spectra obtained from other planets. Reflectance spectra from 

Mercury indicate that the planet’s surface is poor in iron and resem- 

bles the bulk composition of a primitive kind of meteorite called an 

enstatite chondrite. 

Reflectance spectra also may indicate that the surface of Mercury 

contains plagioclase, the same aluminum-rich mineral that makes up 

the white lunar highlands that are evident even to the naked eye from 

Earth. Feldspars are rich in aluminum and form only at low pressures. 
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Reflectance spectra from parts of Mercury indicate that the surface 

may be even lower in iron than the Moon’s—already one of the low- 

est iron surfaces known among the terrestrial planets. On the Moon, 

the presence of the feldspar-rich pale highlands rocks (anorthosites, 

named after a type of feldspar) is considered one of the main lines of 

evidence that the Moon was fully molten early in its history and that it 

crystallized slowly enough to allow the buoyant feldspar to float to 

the surface. Feldspar on Mercury may tell a similar story about early 

planetary development. 

Magnetic Field 
Mercury has a magnetic field similar to Venus’s, and about 0.1 percent 

as strong as Earth’s. Mercury’s magnetic field was a complete surprise 

when the Mariner 10 mission craft discovered it in 1974. Mercury’s 

magnetic field was only roughly measured by the Mariner 10 craft and 

will have to await the arrival of the MESSENGER mission to be better 

described, but it seems to be a relatively simple dipole field, like 

Earth’s. A dipole magnetic field is a two-poled system like the Earth’s, 

with magnetic field lines flowing out of the south magnetic pole and 

into the north magnetic pole, and compasses on Mercury would point 

to the north pole of the planet (there are other, more complex con- 

figurations possible for magnetic fields, which are detected on Jupiter 

and the Sun). 

There is a prevalent idea for why terrestrial planets have magnetic 

fields, and though this idea is fairly well accepted by scientists, it is not 

thoroughly proven. On the Earth, it is known clearly that the outer 

core is liquid metal, almost entirely iron but with some nickel and 

also some small percentage of lighter elements (the exact composi- 

tion is a topic of great argumentation at the moment in the scientific 

community). The idea for forming the magnetic field is that a planet’s 

liquid outer core convects like boiling oatmeal around the solid inner 

core, and the moving currents of metal act like electrical currents, 

creating a magnetic field around them. The electrical to magnetic 

transition is simple because every electrical current creates a magnet- 

ic field spiraling around itself; even the electrical wires in your house 

have magnetic fields around them. Electricity and magnetism are 

inseparable forces and always exist together. 

The more innovative part of the theory concerns the convection of 

the liquid core: The liquid core is moving because it is carrying heat 
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away from the inner core of the planet. Heat from the inner core con- 
ducts into the lowest part of the outer core, and that heated material 
expands slightly from the energy of the heating. Because it has 
expanded a tiny fraction, it is now less dense than the unheated liquid 
next to it, and so it begins to rise through the radius of the outer core. 
When the heated material reaches the boundary with the mantle, it 
loses its heat by conducting it to the cooler mantle, and so it loses its 
extra buoyancy and sinks again. Many packages of material are going 
through this process of convection all at once, and together they form 
complex currents. It is common to describe convecting liquid as boil- 
ing oatmeal, but the liquid in the outer core is thought to be much less 
viscous (in other words, “thinner” and more fluid) than oatmeal. The 
convective currents are therefore thought to be much more complex 
and very rapidly moving. 

Sir Joseph Larmour, an Irish physicist and mathematician, first pro- 
posed the hypothesis that the Earth’s active magnetic field might be 
explained by the way the moving fluid iron in Earth’s outer core mim- 
ics electrical currents and the fact that every electric current has an 
associated, enveloping magnetic field. The combination of convective 
currents and a spinning inner and outer core is called the dynamo 
effect. If the fluid motion is fast, large, and conductive enough, then a 
magnetic field can not only be created, but also carried and deformed 
by the moving fluid (this is also what happens in the Sun). This theory 
works well for the Earth and for the Sun and even for Jupiter and 

Saturn, though they are thought to have a dynamo made of metallic 

hydrogen, not iron. 

The theory is more difficult, potentially, for Mercury. Convection 

in the outer core cannot go on indefinitely because it is the process of 

moving heat out of the inner core and into the mantle, and then the 

mantle moves the heat out of the surface of the planet and into space. 

Over time, the inner, solid core grows, as heat is lost from the outer 

core and more of it freezes into a solid, and eventually the planet has 

cooled enough that the dynamo is no longer active, and the planet no 

longer has a magnetic field. The Earth’s field is still very active. Strong 

magnetism remaining in Mars’s crust shows that it once had a mag- 

netic field, but now the planet has none. 

Mercury, though much smaller than Mars, still has a magnetic 

field. Many scientists think it should have cooled completely by now, 

and therefore a dynamo in the outer core is impossible. Before 

Ay 
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Mariner 10 measured a field around Mercury, it was widely assumed 

in the scientific community that no field could be present. In addi- 

tion, when heat is moved from the outer core into the mantle, the 

mantle may be heated enough that it, too, begins to convect. When 

the mantle convects, it can move hot material close enough to the sur- 

face that it melts through pressure release, and this creates volcanic 

eruptions on the planet’s surface. Photos from Mariner 10 and radar 

imaging from Earth show that Mercury has not been volcanically 

active for a long time, in fact, that its volcanic activity stopped before 

the Moon’s did. Together, Mercury’s small size and apparent lack of 

volcanic activity argue against a magnetic field, and yet it has one. The 

exceptional size of its core may contribute to its continued field, but 

no one has any supporting data at the moment for theories that 

involve the large size of Mercury’s core. 

How can there be a strong present magnetic field but no volcan- 

ism? This is a paradox because planetary magnetic fields are thought 

to be caused by an inner, solid iron core rotating inside a liquid outer 

core, as described above. If this is so, then the outer core has to be hot 

enough to melt iron. Heat is necessarily conducted from that hot core 

to the mantle just above it, so why is Mercury’s mantle apparently not 

convecting and melting near the surface, the way Earth’s is? One pos- 

sibility is that Mercury’s field is produced in a dynamo in a liquid 

outer core, but the mantle is not transferring enough heat to create 

melting in the mantle. One possibility for retaining a liquid outer core 

over time is if the outer core contains more sulfur. Sulfur is easily 

mixed into iron, and it lowers the melting temperature and the densi- 

ty of the liquid iron considerably, allowing it to remain molten for far 

longer and at lower temperatures. 

Jeremy Bloxham, a scientist at Harvard University, and his col- 

league Sabine Stanley (now at the University of Toronto) suggest that 

Mercury’s field might be caused by convection in a very thin liquid 

shell around its core. If the core has largely solidified and only a small 

volume of liquid metal remains, heat flow out of the core may still be 

large enough to create a magnetic field while being too small to drive 

mantle flow and create volcanism. 

Another possibility is that Mercury has no dynamo, and its magnet- 

ic field is entirely due to magnetic minerals in its crust that were mag- 

netized eons ago when the planet had an active dynamo. Some minerals, 

like magnetite, can hold a magnetic field: When they crystallize from 
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a melt (such as a volcanic lava flow) in the presence of the Earth’s 
magnetic field, they retain the record of that field indefinitely, even if 
the Earth’s field changes. If the minerals are reheated above a certain 
temperature, they lose the field. In this way, Earth scientists can 
reconstruct what the Earth’s magnetic field was like in the past. On 
Mercury, the theory is that minerals in its crust may have become 
magnetized and retained their magnetization through the time since 
the magnetic field of the planet died, and it is their magnetism that 
Mariner 10 measured. This theory requires some special circum- 
stances. If a planet has a crust of uniform thickness covering its surface, 
and the crust is more or less uniformly magnetized, then the magnet- 
ic field produced by the crust effectively cancels itself, and no mag- 
netic field can be detected by a nearby spacecraft. To create a 
magnetic field that is detectable outside the planet, a magnetic crust 
has to be nonuniform. On Mercury, a nonuniform crust could have 
been caused by impact cratering, which both thins the crust and heats 
it locally to the point that the magnetic minerals lose their fields. The 

resonance of Mercury with the Sun may also cause the magnetic field 

to be nonuniform because of the two especially hot spots caused by 

heat from the Sun: This extra heat could also remove the magnetiza- 

tion from the crust. 

The MESSENGER mission should be able to make measurements 

that help discriminate between these different theories. If the outer 

core is still liquid, slight wobbles in the planet’s spin should be 

detectable, as the liquid outer core sloshes a little behind the rest of 

the planet. If the field at the planet’s surface is uneven, the weak areas 

may be correlated with impacts or with the solar hot spots. 

Understanding the state of Mercury’s core may also help scientists 

understand why the planet is no longer volcanically active. The size of 

the core and temperature of the mantle may make a cohesive story 

once its internal state has been measured. 
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Visible Mercury 

| he title “Visible Mercury” is somewhat misleading, since the plan- 

et is exceptionally hard to see from Earth. Mercury is only visible 

in the sky close to dawn and dusk because it is always close to the Sun 

from the Earth’s point of view. Scientists have better images of distant 

planets such as Saturn than they have of Mercury. Some of the highest- 

resolution images of Mercury can only discriminate features larger than 

75 miles (120 km)! Interpreting anything about the planet’s history is 

difficult with such limited data. 

In general, from what can be seen, Mercury has an ancient, heavily 

cratered surface, much like the Moon’s. The image of Mercury on page 

98 is from Mariner 10 mission on March 29, 1974. This picture is assem- 

bled from a number of separate images that were taken while the space- 

craft was 3,340,000 miles (5,380,000 km) away. 

Mercury’s surface, as photographed by Mariner 10, seems to consist of 

four major terrain types: ancient, heavily cratered areas; intercrater 

plains; smooth, young plains; and lastly, a chaotic region that lies on the 

opposite side of the planet from an immense impact crater named 

Caloris Basin. Mercury’s surface is known to be ancient because of the 

high cratering rate it records. Scientists are fairly sure that there was 

more material bombarding the planets early in the solar system. If the 

planets accreted from a nebula, as is widely accepted, then it stands to 

reason that there were more stray bodies orbiting near the terrestrial 

planets early in the solar system and that their population has been grad- 

ually depleted as they fall into the Sun or crash into planets. Over time, 

the surfaces of the terrestrial planets collect more impact craters, 

though the rate of cratering was highest early in solar system develop- 

ment. Mercury’s heavily cratered surface indicates that no later processes, 

oh 
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This surface mosaic of Mercury, 

assembled from photos taken by 

the Mariner 10 mission craft, 

shows the ancient cratered 

surface of the planet. 

(NASA /Mariner / JPL) 



such as volcanism, have obliterated its cratering record. Though some 
of Mercury’s surface is designated as young plains, they are only 
young in comparison with the rest of the planet. 

Craters 

Like the Moon and Mars, Mercury has ancient areas on its surface cov- 
ered by craters. This is the most extensive type of terrain photographed 
by Mariner 10. The photomosaic shown below includes Mercury’s north 
pole near the top of the image. Some heavily cratered regions are 
shown. Based on knowledge of the Moon and the density of the craters 
seen on Mercury, these surfaces are thought to be 4.1—4.2 billion years 
old (see the sidebar “The Late Heavy Bombardment,” on page 103). 
Recently radar observations of Mercury from the Arecibo Observatory 
have spotted unusual echoes from the south and north poles, which 

have been interpreted by some scientists as signals from ice deposits in 

the floors of some permanently shadowed craters. If it is water, it is 

thought to have come from cometary impacts. 

Caloris Basin is both the youngest and the largest impact crater on 

Mercury. At 800 miles (1,300 km) in diameter, it is almost as large as 

Hellas Basin on Mars, which is also the youngest and, at 870 miles 

(1,400 km) in diameter, the largest giant impact on Mars. The right 

half of Caloris Basin is shown along the left side of the photo shown in 

Visible Mercury ( 

Mercury's Borealis 

quadrangle includes the 

planet's north pole near the 

top of the image, which is a 

mosaic of images taken by 

Mariner 10. (NASA/JPL/ 

Mariner 10) 



The right half of Mercury's 

largest impact crater, the 

Caloris Basin, lies on the left 

side of this photomosaic. 

(NASA/JPL/Mariner 10) 
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the figure below, a mosaic of images taken by Mariner 10. This photo 

shows the concentric rings of a complex crater along with ancient 

streamers of crater ejecta. While Mars’s Hellas has opposite it the 

immense Tharsis rise, a volcanic complex including the largest vol- 

cano in the solar system, opposite Mercury’s Caloris is simply chaot- 

ic, jumbled terrain hills and faults. Though it is most intuitive to 

assume that the shock energy of the impact that produced Caloris 



Chaos Region 

Impact that creates 
Caloris Basin 
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Convergence of surface waves and 

eruption of compressional body waves 
create hilly and faulted chaos terrain 

traveled away from the impact and was focused on the other side of 

the planets, where all the wave fronts converged (shown in the figure 

above), there is no well-developed theory of the effect giant impacts 

have on the antipodal side of their planets. 

Smooth Young Plains 
The smooth plains appear to be the youngest terrain on Mercury, and 

they make up about 40 percent of the area photographed by Mariner 

10. The photomosaic on page 102 from Mariner 10 is of the southern 

half of Mercury’s Shakespeare quadrangle, named for the ancient 

Shakespeare crater located on the upper edge to the left of center. 

This portion of the quadrangle covers the Mercurian surface from 20° 

antipodal to the impact 

The chaos region antipodal to 

Caloris Basin may have been 

caused by the convergence of 

shock waves generated by the 

impact that formed the basin. 



Mercury's Shakespeare 

quadrangle, named for the 

ancient crater on the upper 

edge of the mosaic to the left 

of center, stretches from 20° 

to 45° north latitude and 

from 90° to 180° longitude. 

(NASA/JPL/Mariner to) 
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to 45° north latitude and from 90° to 180° longitude. Bright ejecta 

rays radiating away from craters cut across and are superimposed on 

all other surface features, indicating that the source craters are the 

youngest topographic features on the surface of Mercury. Other parts 

of this quadrangle are almost bare of craters. These plains could be the 

result of resurfacing by volcanic activity, since this is the most com- 

mon process for creating smooth plains in the terrestrial planets. The 

action of water can create flat plains, such as those in the Northern 

Hemisphere of Mars, which are thought to be the basin bottoms of 
oceans dried up long ago. Mercury’s obvious lack of water and its 
immense temperatures courtesy of the Sun make volcanic activity the 

most likely resurfacing process. 

Though these are called young plains, they are only “young” in 
comparison to the ancient cratered areas. The better-known geolog- 
ic history of the Moon and models of the early solar system show 
that there was a period of intense bombardment of the early plan- 
ets, up to about 3.8 billion years ago. From studying the surfaces of 
other planets it is thought that even aside from the Late Heavy 
Bombardment, which was a particularly intense cratering period, 
cratering rates have subsided over time in the inner solar system 
(see the sidebar “The Late Heavy Bombardment,” on page 103). 
Geologists who study cratering in images from other planets (often 
this discipline is called photogeology) have produced graphs of 
cratering rates versus time, as best they can without radiometric 
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nha was a period of time early in solar system development when all the celestial 
bodies in the inner solar system were repeatedly impacted by large bolides. This high- 
activity period might be anticipated by thinking about how the planets formed, accreting 
from smaller bodies into larger and larger bodies, and so it may seem intuitive that there 

would be a time even after most of the planets formed when there was still enough 
material left over in the early solar system to continue bombarding and cratering the 

early planets. 

Beyond this theory, though, there is visible evidence on Mercury, the Moon, and Mars 

in the form of ancient surfaces that are far more heavily cratered than any fresher sur- 

face on the planet (Venus, on the other hand, has been resurfaced by volcanic activity, 

and plate tectonics and surface weathering have wiped out all record of early impacts on 

Earth). The giant basins on the Moon, filled with dark basalt and visible to the eye from 

Earth, are left over from that early period of heavy impacts, called the Late Heavy 

Bombardment. 

Dating rocks from the Moon using radioactive isotopes and carefully determining the 

age relationships of different craters’ ejecta blankets indicate that the lunar Late Heavy 

Bombardment lasted until about 3.8 billion years ago. Some scientists believe that the 

*Late Heavy Bombardment was a specific period of very heavy impact activity that lasted 

from about 4.2 to 3.8 billion years ago, after a pause in bombardment following initial 

planetary formation at about 4.56 billion years ago, while other scientists believe that the 

Late Heavy Bombardment was the tail end of a continuously decreasing rate of bombard- 

ment that began at the beginning of the solar system. 

In this continual bombardment model, the last giant impacts from 4.2 to 3.8 billion 

years ago simply erased the evidence of all the earlier bombardment. If, alternatively, 

the Late Heavy Bombardment was a discrete event, then some reason for the sudden 

invasion of the inner solar system by giant bolides must be discovered. Were they 

bodies perturbed from the outer solar system by the giant planets there? If they 

came from the outer solar system, then more of the material was likely to be water- 

‘rich cometary material. If as much as 25 percent of the Late Heavy Bombardment was 

cometary material, it would have contributed enough water to the Earth to create its 

oceans. If this model is correct for placing water on the Earth, then a further 

quandary must be solved: Why didn’t Venus receive as much water, or if it did, where 

did the water go? 



104+ The Sun, Mercury, and Venus 

dates for planetary surfaces other than the Moon’s. These curves 

allow us to make estimates of the ages of terrain that has craters. 

Even the smooth young plains of Mercury have some craters, and 

judging from cratering rates, they were formed about 3.7 billion 

years ago. These are immensely aged when compared to surface 

materials on Earth, most of which are younger than 500 million 

years, but they are still a young feature on the very old surface of 

Mercury. 

The lava flows seem, from remote sensing, to contain only about 3 

percent iron oxide, much less than in terrestrial lava flows. From 

years of laboratory experiments on how rocks melt, it is known that 

about the same amount of iron goes into the melt as stays behind in 

the rock. These experiments indicate, therefore, that Mercury’s man- 

tle contains only about 3 percent iron oxide, much less than the 

Earth’s and especially less than Mars’s mantle, which is thought to 

contain about 18 percent iron oxide. Mercury, the Earth, and Mars all 

formed in the inner solar system and should differ only slightly and 

systematically in bulk composition, so how can Mercury have so little 

iron in its silicate mantle? Mercury’s large core may have left the man- 

tle depleted in iron. 

The volcanic history of the planet remains uncertain, since better- 

resolved photos are needed to clearly determine the relationships 

among surface features, and the rest of the planet must also be pho- 

tographed. What can be seen of Mercury in the existing photo- 

graphs indicates that volcanism seems to have ended early in 

Mercury’s history, leaving the very old, cratered surfaces pristine. 

These clean, old surfaces prove that Mercury’s geologic activity 

ceased earlier than any other planet; Venus, Earth, and Mars have all 

had their crusts completely resurfaced by geologic activity, wiping 

away the cratering record of the early, violent solar system. Though 

the mechanism that caused the volcanic activity of Mercury is 

unknown, researchers have noted that these smooth young plains 

are much like the volcanic pools on the Moon, visible from the 

Earth as dark surfaces in impact basins. The volcanic activity on the 

two planets happened at about the same time, but even on the much 

better studied Moon, it is not agreed why the large volcanic flows, 

called mare basalts, occurred (“mare” means ocean, one of their 

first interpretations). 



All the other features on Mercury are cut across by Mercury’s most 
predominant surface feature, called lobate scarps (curved cliffs that 
meet in relatively sharp angles, creating a scalloped shape). The scarps 
are between 12 and 300 miles (20 and 500 km) long, and each is hun- 
dred of yards in height: These are huge surface features. They can be 
sinuous when viewed from above, but generally they form smooth 
arcs. The scarps are approximately evenly distributed across the plan- 
et’s surface and trend in all directions; they are not parallel or in sets. 
Analysis of three large scarps (which on Mercury are called 
“rupes”)—Adventure Rupes, Resolution Rupes, and Discovery 
Rupes—indicate that they are formed by thrust faults. A thrust fault is 
one in which the land surface has been pressed together laterally, so 
that one side of the fault moves up and over the other. The scarps are 
therefore asymmetric in cross section, with a more shallowly sloping 
side and a steeper, cliff-like side. Discovery Rupes is 220 miles (350 
km) long and has a maximum height of about two miles (3 km). 

The Michelangelo Quadrangle, which lies in Mercury’s southern 
polar region, contains several large lobate scarps in the lower left side 
of the image in the figure below. The scarps here cut through existing 
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Mercury's Michelangelo 

Quadrangle, near the planet's 

south pole, shows bright 

crater ejecta rays that lie 

across other surface features, 

indicating that the craters 

formed more recently than 

the other features. 

(NASA/JPL/Mariner 10) 
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- 
Scarps from Planetary Shrinkage — 

Scarps (cliffs formed by 

moving along faults) may be 

created by planetary 

shrinkage, possibly the result 

of cooling. 

Planet shrinks 

from cooling 

(greatly exaggerated) 

A planet with crust Brittle crust is forced to break 

(thickness exaggerated) along faults, creating curving fault 

scarps on the planet’s surface 

surface features, including several impact craters, indicating that the 

scarps formed after the features they cut. 

Thrust faults indicate that the surface of the planet was in com- 

pression, possibly caused when the planet’s interior cooled and 

shrank, early in its history. The mechanism for forming thrust faults 

through planetary shrinkage is shown in the figure above. These 

scarps pass through both volcanic and cratered terrain, so they can- 

not be older than the volcanic plains, at about 3.7 billion years. 

Remember that the age of the solar system is about 4.56 billion 

years, so if cooling and shrinking caused these scarps, the planet was 

apparently still cooling and shrinking over a half billion years after 

its formation, according to the estimates made by examining the 

photographs of the surface. Measuring the scarps and adding their 

effect across the surface of the planet has led some researchers to 

state that the scarps represent a 0.5—1 percent shrinkage of the 

planet, which means that Mercury’s radius shrank by one to two 

kilometers. Why the planet would relatively suddenly cool and 

shrink a half billion years after its initial formation is not well 

understood. 



Surface Conditions, Atmosphere, and Weather 
Mercury has almost no atmosphere; its atmosphere is 10!3 times 
less dense than ours (that is a million billion times less dense). 
Mercury is thought to have lost its atmosphere because of the high 
temperatures near the Sun, because of its weak magnetic field that 
allows the solar wind to strip away gases, and because of its rela- 
tively weak gravity. Because of its very thin atmosphere and rela- 
tively low gravity, the atmospheric pressure at the surface of 
Mercury is 10-'5 atm, which is 10'5 times less than Earth’s atmos- 
pheric pressure. With such a thin atmosphere, Mercury has no 
weather in the common sense, but it is certainly bombarded by 
storms and material expelled from the Sun. The atmosphere con- 
sists partly of solar wind, mainly helium and hydrogen nuclei or 
atoms, but it also contains a significant proportion of sodium, 
potassium, and calcium, atoms that could only have come from its 
own crust. The atmospheric composition seems to change signifi- 
cantly with time, as a function of local time on Mercury, distance 
from the Sun, and level of solar activity. 

The mosaic of images of Mercury’s surface shown in the figure at 
right was taken by Mariner 10 as it passed from the dark side of the 
planet. The dark and bright parts of the planet lie in stark comparison, 
symbolizing the intense energy input the Sun provides the planet. 

Mercury’s average surface temperature is 243°F (1 17°C)Sbut 
over the course of a Mercurian day, the surface temperature ranges 
from 889°F to —297°F (467°C to —183°C), the largest range in sur- 
face temperature of any planet. During a single day, the tempera- 
ture rises high enough to melt lead and plunge low enough to freeze 
carbon-dioxide gas. The immense temperature range on Mercury is 
compared to those on other planets in the figure on page 108; no 
other planet approaches the temperature extremes of Mercury. The 
surface temperature of Mercury is also influenced by its strange 
orbital resonance: Since it orbits the Sun in a 3:2 resonance, 
Mercury has two spots on its equator that are especially hot because 
they face the Sun more often than the rest of the equator. Mercury 
also has, therefore, two especially cold spots, placed between the 
hot ones. 

Mercury’s ancient surface appears to have been most recently coy- 
ered by volcanism about 3.7 billion years ago. The craters and scarps 
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This photomosiac image of 

Mercury was taken as 

Mariner 10 was outbound 

from the planet. The north 

pole is at the top of the 

image, and because of the 

angle of imaging, the equator 

is about two-thirds down the 

image. (NASA/JPL/Mariner 10) 
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Object Average Surface 

Temperature “F (°C) 

a Venus 896 (480) 

b Mercury day 800 (430) 
i night —274 (-I70) 

Ce Eantls 60 (15) 

[4 Mars -80 (-62) 
e Jupiter —238 (-150) 

f Saturn —292 (-180) 

g Uranus —346 (-210) 

h Neptune -364 (-220) 

i Pluto 382 (-230) 

The surface temperature 

ranges of each of the planets 

graphed here show that 

Mercury has by far the widest 

range of surface temperatures, 

though Venus has the hottest 

surface temperature, while 

Pluto, unsurprisingly, has the 

coldest. 

resemble the ancient surface of the Moon. Like the Moon, Mercury 

has no atmosphere and so is naked to the radiative effects of the Sun. 

The planet’s surface is bombarded by the solar wind and cosmic rays, 

heated intensely during the day and frozen at night. The high pressure, 

constant heat, and acidic environment of Mercury’s neighbor Venus is 

an immense challenge to the engineers who design landing space- 

craft, but Mercury’s intense radiation and huge temperature swings 

may produce an even larger challenge. To date there has been no 

attempted landing on Mercury. 



Missions to Mercury 

pace missions largely drive planetary science because while 
images and data provide ways to answer questions about planets, 

they also stimulate further questions about the planets, entice scientists 
into studying those planets, and create further interest and research. In 
general, it might be said that space missions create more questions than 
they answer: New ideas spring from each study. For Mercury, informa- 
tion has been sparse. Most of what is known came from the Mariner 10 
mission craft launched in the mid-1970s, and little has added to it since 
then. Earth-based telescopes cannot see Mercury well because of its 
closeness to the Sun. Scientists have made theoretical models of 
Mercury’s formation and current state, but models are unsatisfying 
unless there is mission data to check their predictions against. In the 
space community, this is called “ground truth.”The missions to the Moon 
showed how far off scientists’ models could be from ground truth; some 
prominent and reputable scientists thought the surface of the Moon 
would be a sea of dust so fine and light that the landers would sink into 
it, never to be seen again. Fortunately this model proved to be far from 
ground truth for the Moon. 

For understanding of Mercury to move forward significantly, new 
space missions are needed to send back measurements. Scientists need 

clear, high-resolution photos of Mercury’s surface and fine-scale meas- 

urements of the planet’s gravity and magnetic fields. These measure- 

ments and more are anticipated to come from one new Mercury 

mission that launched on August 3, 2004, and another planned for six 

or more years from now. Planning the new Mercury mission has raised 

interest in Mercury throughout the space science community, and 

many university laboratories are eagerly waiting new data. 
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Mariner 10. 1973 
American 

Mariner 10 was the only mission craft to Mercury before the 21st cen- 

tury. Mariner 10 was the seventh successful launch in the Mariner 

series, the first spacecraft to use the gravitational pull of one planet 

(Venus) to reach another (Mercury), and the first mission to visit two 

planets. The other Mariner missions visited Venus, the closest planet 

to Earth and the most obvious space target after the Moon. Little 

Mariner measured only about 1 X 0.5 X 0.5 yards (~1 X 0.5 X 0.5 m) 

and carried two large solar panels in addition to its scientific equip- 

ment. The spacecraft also carried the all-important parabolic antenna 

mounted on a boom, with which to send information back to Earth. 

Various failures and errors in the spacecraft en route worried the 

mission scientists, though the measurements taken on the mission 

have been invaluable to science. The protective cover for an experi- 

ment to measure electrons emitted from the Sun did not fully open 

after launch, and so the instrument could not be used. The heaters for 

the television cameras failed, so the cameras were left on to prevent 

low temperatures from damaging the optics. Mariner 10 used an 

instrument that locked onto background stars as part of its navigation 

system. Ten days after launch this star-tracker locked onto a shiny 

flake of paint that had come off the spacecraft and thus lost its lock on 

the guide star Canopus. An automated safety protocol recovered 

Canopus, but paint flakes continued to trouble the mission through- 

out its flight. These “bright particle distractions” increased to about 10 

per week as the spacecraft approached Mercury. 

Despite these problems, Mariner 10 made three successive flybys 

of Mercury in 1973 and 1974, after a gravity assist from Venus. The 

mission’s scientific objectives were to measure characteristics of 

Mercury’s atmosphere and surface and to make similar measure- 

ments for Venus. The mission also took measurements of the inter- 

planetary medium. Mariner 10 acquired the first high-resolution 

images of Mercury, taking 12,000 images covering about 45 percent 

of the planet’s surface. The first feature that could be seen on the 

planet as Mariner 10 approached turned out to be a bright, young 

crater, which was named Kuiper after the brilliant planetary scien- 

tist Gerard Kuiper who had died some months before. The mission 

discovered Caloris Basin, which is not resolvable from Earth, the 
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scarps on Mercury’s surface, and the chaotic terrain antipodal to the 
giant Caloris Basin. Mariner 10 also revealed that Mercury has a 
magnetic field and a very thin atmosphere. 

MESSENGER, a NASA mission craft launched on August 3, 2004, 
will investigate surface, geochemistry, internal structure, and mag- 
netic field. MESSENGER is an acronym for MErcury, Surface, Space 
ENvironment, GEochemistry, and Ranging. It and BepiColombo, a 
European Space Agency and Institute of Space and Astronautical 
Science mission craft now scheduled for after 2011 , will be the first 
missions to Mercury since the Mariner 10 spacecraft in 1974 and 
1975. MESSENGER will carry imaging systems, gamma-ray, neu- 
tron, and X-ray spectrometers for remote geochemical sensing, a 
magnetometer, a laser altimeter, an ultraviolet-visible-infrared 
spectrometer to detect atmospheric composition and map mineral- 
ogy on the surface, and a plasma spectrometer to measure particles 
in the magnetosphere. MESSENGER hopes to bring back data that will 
help resolve a number of the most pressing questions about 
Mercury. The BepiColombo mission craft is a complement to MES- 
SENGER, in that it will measure the gravity field and topography of 
Mercury. 

BepiColombo will also make accurate measurements of the move- 
ment of the center of mass of Mercury (the point inside the planet 
that has equal amounts of mass in each radial direction). The move- 
ment of the center of mass of the planet is important because it 
records the forces on the planet from the Sun’s gravity and, to a much 
lesser degree, the gravity fields of the other planets. It is most impor- 
tant because it records the relativistic influence of the Sun on 
Mercury. This was Einstein’s prediction: that mass actually bends 
space around itself. This can only be observed when near very large 
masses. Mercury exhibits movements that are only attributable to the 
relativistic effects of the Sun, but BepiColombo will measure its move- 
ments with an accuracy several order of magnitude better than previ- 
ously possible. 

These two missions are the focus of huge hopes in the scientific 
community. Mercury is a difficult planet to reach and observe, and as 
this section has demonstrated, there are many holes in humankind’s 
knowledge of this nearest neighbor to the Sun. Mercury may appear 

on its surface like the Moon, but its strange interior composition and 
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structure make it the anomaly among the terrestrial planets. Like all 

exceptions to the rule, understanding Mercury may help scientists 

understand planetary formation in ways that Venus, Earth, and Mars 

cannot. 
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Venus: Fast Facts about 
a Planet in Orbit 

\ Jems Earth’s closest neighbor, sometimes shines brightly enough 
to cast shadows on Earth. The planet shines from the west after 

sunset and from the east after sunrise. The clear shining of the planet 
both in the morning and evening caused the ancient Greeks to believe 
for some time that the brilliance was caused by two separate heavenly 
objects, which they called Vesper (evening) and Phosphor (morning). 
The planet’s brightness made it an obvious target for observations 
starting in the 17th century with the invention of the telescope, but its 
seemingly blank surface posed a conundrum for astronomers. Early 
astronomers were able to discern dark patches. Several, including 
Francesco Fontana, a Roman Italian architect and theorist who lived 
from 1668 to 1708, and Giovanni Cassini, the Genoan astronomer 
who lived from 1625 to 1712, created maps of Venus based on these 
dark and bright patches, which they labeled seas and continents. 

Venus is covered with dense clouds that make direct photographic 
imaging in visible light, such as can be done of the Moon, impossible. Not 
until 1761 did anyone postulate that the planet had a thick atmosphere. At 
that time, Mikhail Lomonosov, a scientist at the St. Petersburg 
Observatory, saw an unusual refraction of sunlight from the planet. The 
figure on page 116 shows four views of Venus as seen by Galileo at distances 
of 1.4—2 million miles (2.24—3.2 million km). The top two images were 
taken four and five days after Galileo’s closest approach to the planet. The 
bottom two images were taken on day six, two hours apart. These violet 
light images show the dynamic cloud patterns and movements that always 
dominate the atmosphere of the planet. These clouds never part and are 
exceptionally dense, so the surface of the planet is never visible to the eye. 
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Clouds on Venus taken by 

Galileo in violet light over four 

days show the dynamic 

atmospheric movements on 

the planet. (NASA/Galileo/}PL) 

— The Sun, Mercury, and Venus 

As shown in the upper color insert on page C-8, to see the surface 

of the planet a space mission needs to use radar imaging. The wave- 

lengths of radar can pass through Venus’s clouds and bounce off its 

surface. Characteristics of the surface change the waves when they 

bounce, so when they return to the spacecraft, its instruments can use 

the changes in the waves to make images of the surface (see the side- 

bar “Remote Sensing,” on page 36). A bright radar image is created by 

a higher percentage of the radar signal being bounced back to the 

detector, which can be caused by several things. The surface being 

examined may be at a higher altitude, so there is less atmosphere for 

the signal to pass through (though variations in altitude are slight on 

Venus, a difference of even a few kilometers can make a difference in 

reflection of up to 25 percent). The roughness of the surface also 

influences its reflectivity, as does the composition of the surface. 

Venus is Earth’s closest twin in terms of size, composition, and dis- 

tance from the Sun (see the sidebar “Fundamental Information about 
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Venus,” on page 118). Despite their similar beginnings, the planets 
have evolved into very different states, as already evidenced by Venus’s 
thick atmosphere and strange surface features. 

The figure above is a complete radar image of one side of Venus, 
showing its widely varied surface, which carries chasms, faults, 
craters, volcanoes, and enigmatic channels that may have been 
formed by swiftly flowing magma. The light colors in the radar 
image occur where the radar waves are reflected intensely, general- 
ly implying rough terrain. Smooth terrain remains dark. These 
tones, therefore, correspond to terrain types, and not to composi- 
tion or anything relating to surface color as it would appear to 
human eyes. 

Each planet and some other bodies in the solar system (the Sun and 
certain asteroids) have been given a symbol as a shorthand in scientif- 

ic writing. The symbol for Venus is shown on page 119. 

The complex surface of Venus, 

created by radar imaging, 

was created by a wide variety 

of volcanic and tectonic 

processes, as well as by 

impact cratering. (NASA/ 

Magellan/Pioneer/JPL) 
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Fundamental Information about Venus 

vo radius is almost identical to the Earth’s, being only about 5 percent shorter (see 

the table below. The slight discrepancy in radius means that its volume is about I2 percent 

less than the Earth's. Because Venus’s density is comparable to the Earth’s, but its volume is 

slightly less, its gravitational field is also slightly weaker. In all these respects, though, Venus 

is still the most similar to Earth of all the planets. Measuring a planet's mass is most easily 

done when the planet has a moon orbiting it. The speed and radius of the moon's orbit 

depends upon the mass of the planet it is orbiting. Venus has no moons and as a result its 

mass was not known with great accuracy until the Mariner 1o mission craft flew past it and 

experienced the planet's gravitational pull. 

Though Venus closely resembles the Earth in its bulk physical characteristics, its rota- 

tional and orbital characteristics are entirely different, as are its surface conditions. 

Venus’s exceptionally slow rotation also means that it experiences only weak forces from 

spinning and so has no discernible equatorial bulge. Unlike faster-spinning planets, Venus 

is virtually spherical. In addition to being virtually spherical as an overall shape, Venus 

also has little surface relief (differences in elevation, especially hills or mountains). Nearly 

90 percent of the planet lies within six-tenths of a mile (1 km) of the average level. 

FUNDAMENTAL FACTS ABOUT VENUS 

equatorial radius 3,760.4 miles (6,051.8 km), or 0.949 of the Earth’s 

ellipticity ([equatorial radius— 0, meaning the planet is almost a perfect sphere, 

polar radius]/polar radius) outside of surface features 

volume 2.23 X 10" cubic miles (9.284 X 10" km*), 0.88 times 

Earth’s volume 

mass 1.07 X 10? pounds (4.87 X 10” kg), or 0.814 times Earth 

average density 330 pounds per cubic feet (5,240 kg/m?), comparable to 

Earth 

acceleration of gravity on 29 feet per second squared (8.87 m/s’), 0.9 times Earth 

the surface at the equator 

magnetic field strength at about 2 X 10° Tesla, or 5 X 10° times the Earth’s field 

the surface 

rings 0 

moons O 
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Symbol for Venus 

e 

Because Venus orbits between the Earth and the Sun, it displays 
phases when viewed from the Earth, similar to those of the Moon. 
When Venus is between the Earth and Sun it shows its unlit face to the 
Earth but only during the Earth’s daytime, and so it is seldom seen. 
When Venus is opposite the Sun from the Earth, it is in full light when 
viewed from the Earth; between these stages Venus shows partially lit 
faces like the Moon’s phases. Because Venus is always within 46° of the 
Sun when viewed from the Earth, it can only be seen in the morning 
and the evening. 

Venus rotates on its axis in a retrograde sense, that is, in the oppo- 
site direction from the Earth’s rotation, Venus’s day length is therefore 
listed as a negative number in the table “Venus’s Orbit,” on page 120. 
On Venus, the Sun rises in the west and sets in the east. Its rotation, 
though, is unusually slow, and the planet completes a revolution 
around the Sun (a Venusian year) before it completes a rotation on its 
axis (a Venusian day). The simplest way to measure the rotational peri- 
od of a planet is to watch surface features move across the disk of the 

planet. For three centuries astronomers attempted to measure Venus’s 

rotational period this way. Confused by both thick clouds and retro- 
grade rotation, attempts resulted in estimates from 23 hours to 225 
days. Only the advent of radar observations in the late 1950s and 

1960s made the measurement possible. 

There are three main theories for Venus’s retrograde rotation. The 
first two theories stand upon the idea that the planet’s retrograde 

Many solar system objects 

have simple symbols; this is 

the symbol for Venus. 
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rotation on its axis day”) 

rotation speed at equator 

rotation direction 

sidereal period (“year”) 

orbital velocity (average) 

sunlight travel time (average) 

average distance from the Sun 

perihelion 

VENUS’S ORBIT 

—243 Earth days 

0.29 miles per second (0.47 km/s) 

retrograde (clockwise when viewed from above the 

North Pole; opposite direction to Earth’s spin) 

2247 days (“day” longer than “year”) 

21.75 miles per second (35.02 km/s) 

6 minutes and | second to reach Venus 

67,239,750 miles (108,208,930 km,) or 0.723 AU 

66,952,000 miles (107,476,000 km), or 0.718 AU from 

orbital eccentricity 

orbital inclination to the ecliptic 3.39 

obliquity (inclination of equator to orbit) 177.3° (because the rotation axis is within 3° of the 

the Sun 

67,695,000 miles (108,942,000 km), or 0.728 AU 

from the Sun 

0.006/73° 

vertical, Venus has no discernible seasons) 

rotation is likely the result of its rotation axis being tipped almost 

180° from the vertical. Venus almost certainly began rotating normal- 

ly as a result of forming from the rotating planetary nebula, but 

because the planet has been almost completely tipped over, the planet 

appears to be rotating in the opposite direction. Some astronomers 

believe that high internal frication and turbulence in its atmosphere 

caused the planet to flip over; others believe that some catastrophic 

event such as a giant meteorite impact knocked the planet over. 

A third theory has been proposed by French astronomers 

Alexandre Correia and Jacques Laskar of the CNRS Institute of 

Celestial Mechanics, who argue that chaotic effects could have 

reversed the planet’s spin while its rotation axis remained stationary. 

These scientists created large computer models of planets with differ- 

ent atmospheric tides, gravitational forces, internal friction, and 

obliquities. For the rotation axis of Venus to flip, Correia and Laskar 
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The size of the 

Sun's disk out to 

its photosphere is 

outlined in white 

on the blocking 
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A An unusual helical coronal mass ejection may have been twisted by magnetic 

field lines. (SOHO, NASA/ESA) 
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calculated that the planet’s equator must once have had a high obliqui- 
ty. Although this widely accepted idea is still possible, Correia and 
Laskar calculated that chaotic behavior in the atmosphere of Venus 
could have slowed and then reversed the rotation of Venus without a 
high initial obliquity. Venus therefore may have flipped its rotation axis 
to produce its retrograde rotation, or its rotation may have slowed 
and reversed as a result of atmospheric turbulence. Together, Venus’s 
slow retrograde rotation and its intense surface conditions cause the 
planet to differ significantly from the Earth despite their similar sizes, 
compositions, and distances from the Sun. 





IZ 
The Interior of Venus 

| he brief lifetime of instruments on Venus’s inhospitable surface 

means that few relevant measurements have been made that shed 

light on Venus’s interior. Because Venus formed near the Earth in the 

solar nebula it is expected to have a similar bulk composition, but all 

other calculations of its internal structure and conditions need to be 

made from orbital data. The rocks on the surface of Venus are thought to 

be exclusively volcanic. The compositions of several surface rocks were 

measured by the Venera 13, Venera 14, and Vega 2 mission craft and found 

to be strikingly similar to terrestrial basaltic volcanic lavas. Because the 

composition of a volcanic rock is directly dependent upon the material 

from which it melted, the similar compositions of Venusian volcanic 

rocks implies that Venus’s mantle consists of a material similar to Earth’s. 

Venus’s mantle (see the sidebar “Interior Structure of the Terrestrial 

Planets,” on page 82) is almost certainly made from the same iron- and 

magnesium-rich minerals that the Earth’s is, since they almost certainly 

have similar bulk compositions and exist over a similar pressure range. 

The upper mantle of the planet is thought to reach from about 44 to 300 

miles (70 to 480 km) in depth. The predominant mantle mineral is olivine 

((Mg, Fe),SiO,,), clinopyroxene ((Ca,Mg,Fe,Al),(Si,Al),O,), orthopyrox- 

ene ((Mg, Fe)SiO,), and one of several minerals that contains alumina, 

which cannot fit into the other three minerals in any great amount. The 

aluminous minerals change according to pressure. At the shallowest 

depths and lowest pressures, the aluminous mineral is plagioclase. At 

greater depths, the plagioclase (NaAlSi,O, to CaAl,Si,O,) transforms 

into spinel (MgAI,O,), and then at greater depths, into the beautiful min- 

eral garnet ((Ca,Mg,Fe Mn),(Al,Fe,Cr,Ti),(SiO,),). Because of this min- 

eralogy, the mantle is an exceptionally beautiful material: The olivine is a 
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bright olive green, usually making up more than 50 percent of the 

rock, and the remainder are black orthopyroxenes, bottle-green 

clinopyroxenes, and brilliant ruby-colored garnets. 

The more pressure placed on a material, the closer the atoms are 

forced together. Crystalline substances, like the minerals that make up 

rocks, are generally close to incompressible. The crystal lattices are 

stiff and are able to withstand large pressures without changing their 

shapes or allowing their atoms to press more closely together (though 

pressure may cause defects, such as empty spaces or offsets in the crys- 

tal lattice, to migrate through the crystal, creating the creep phenome- 

non that leads to the ability of the mantle to flow). Raising 

temperature along with pressure enhances the crystal’s ability to 

change its properties. By raising temperature, the atoms in the crystal 

lattices vibrate faster and are more able to move out of position. As 

pressure and temperature are raised, the material eventually reaches a 

point where its current crystal structure is no longer stable, and it 

metamorphoses into a new, more compact crystal structure. The first 

such transformations in the mantle are in the aluminous phases, which 

transform from plagioclase to spinel to garnet with increasing pres- 

sure. These comprise only a small percentage of the mantle, though, 

and their transformations do not change the way seismic waves travel 

through Venus in any significant way. Olivine makes up the majority of 

the mantle, and when it transforms to a different crystal structure, the 

seismic properties of the mantle are significantly changed. 

Within the upper mantle, as pressure increases with depth, olivine 

transforms to a higher-pressure phase called Y-olivine, and the pyrox- 

ene and garnet minerals transform into a garnet-like mineral with 

lower silica, called majorite. The big transformation occurs at higher 

pressure when Y-olivine transforms to perovskite. The pressures and 

temperatures for these transformations have been measured experi- 

mentally in high-pressure laboratory devices, so their positions in the 

Venusian mantle can be inferred. Below about 600 miles (1,000 km) 

in depth, the Venusian mantle probably consists of perovskite, which 

persists down td the core-mantle boundary. Based on information 

about the planet’s overall mass and assumptions about its bulk compo- 

sitions, scientists have calculated that Venus has an iron core about 

1,863 miles (3,000 km) in radius, similar to Earth’s. 

Temperatures in Venus’s interior are less well constrained. Clearly 

the mantle had to be hot enough to melt in the fairly recent past, since 
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Venus’s surface has fewer craters than would be expected for an old 
surface. Its surface has been covered by volcanic flows, obliterating 
the craters. On Earth, ongoing volcanism is caused by plate tectonics, 
but there is apparently no plate tectonic movement on Venus now. 
Venus is thought to be a one-plate planet, that is, its lithosphere forms 
a complete shell around the planet and moves little with respect to 
itself. Venus’s craters are also distributed very evenly across the plan- 
et’s surface, meaning that there is no part of its surface significantly 
older or younger than any other. There is no other body in the solar 
system with a completely even distribution of craters, implying a sur- 
face with a single age. While Venus’s crust can be seen in radar and has 
been measured by spacecraft, the depth of the planet’s stiff litho- 
sphere is a matter of great debate. The lithosphere consists of the brit- 
tle crust and the coolest portions of the upper mantle. Some 
researchers believe that the lithosphere is thin, perhaps 19-113 miles 
(30-182 km) thick, while others believe it may be as much as 180 
miles (300 km) thick. The thickness of the lithosphere has a great 
effect on the ability of the planet to transfer heat from its interior to 
its surface, and so the lithospheric thickness will constrain the tem- 

perature and amount of movement in the planet’s interior. 

Venus is also large enough that it must still retain some heat from its 

formation (a smaller planet would have radiated the heat into space by 
now), and it also has internal heat sources in the form of radioactive 

elements. This heat necessarily lowers the viscosity of the mantle and 

may allow it to flow (see the sidebar “Rheology, or How Solids Can 

Flow,” on page 126). While the Earth loses its internal heat through 

processes of plate tectonics, Venus may lose it primarily through vol- 

canism. If portions of deep, hot mantle begin to flow upward, they 

may form rising plumes that melt as they reach lower pressures. This 

can be a source of volcanism. Rising distinct plumes may form some of 

the curious surface features discussed in the next section, in particular, 

the large semicircular features known as coronae. 

A close inspection of volcanic features on Venus has lead some 

researchers to believe that volcanic resurfacing of Venus has been 

periodic. Heat may build up in the interior for a period of time, and 

then at some threshold, volcanism may commence. Don Turcotte, a 

professor of earth science at Cornell University, suggested in the mid- 

1990s that when heat builds up sufficiently inside the static shell of 

Venus’s lithosphere, the entire lithosphere breaks up and sinks into 
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Rheology, or How Solids Can Flow 

Icon is the study of how materials deform, and the word is also used to describe 

the behavior of a specific material, as in “the rheology of ice on Ganymede.” Both ice and 

rock, though they are solids, behave like liquids over long periods of time when they are 

warm or under pressure. They can both flow without melting, following the same laws of 

motion that govern fluid flow of liquids or gases, though the timescale is much longer. 

The key to solid flow is viscosity, the material's resistance to flowing. 

Water has a very low viscosity: It takes no time at all to flow under the pull of gravity, 

as it does in sinks and streams and so on. Air has lower viscosity still. The viscosities of 

honey and molasses are higher. The higher the viscosity, the slower the flow. Obviously, 

the viscosities of ice and rock are much higher than those of water and molasses, and 

so it takes these materials far longer to flow. The viscosity of water at room temperature 

is about 0.001 Pas (pascal seconds), and the viscosity of honey is about 1,900 Pas. By 

comparison, the viscosity of window glass at room temperature is about 10” Pas, the 

viscosity of warm rocks in the Earth’s upper mantle is about 10” Pas. 

The viscosity of fluids can be measured easily in a laboratory. The liquid being 

measured is put in a container, and a plate is placed on its surface. The liquid sticks to 

the bottom of the plate, and when the plate is moved, the liquid is sheared (pulled to 

the side). Viscosity is literally the relationship between shear stress @ and the rate of 

deformation €. Shear stress is pressure in the plane of a surface of the material, like 

pulling a spatula across the top brownie batter. 

= oO 
Lae. 

The higher the shear stress needed to cause the liquid to deform (flow), the higher the 

viscosity of the liquid. 

The viscosity of different materials changes according to temperature, pressure, and 

sometimes shear stress. The viscosity of water is lowered by temperature and raised by 

pressure, but shear stress does not affect it. Honey has a similar viscosity relation with 

temperature: The hotter the honey, the lower its viscosity. Honey is 200 times less viscous 

at 160°F (70°C) than it is at 57°F (14°C). For glass, imagine its behavior at the glasshouse. 

Glass is technically a liquid even at room temperature, because its molecules are not 

organized into crystals. The flowing glass the glassblower works with is simply the 

result of high temperatures creating low viscosity. In rock-forming minerals, temperature 
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drastically lowers viscosity, pressure raises it moderately, and 
shear stress lowers it, as shown in the accompanying figure. 

Latex house paint is a good example of a material with shear- 
stress dependent viscosity. When painting it on with the brush, 
the brush applies shear stress to the paint, and its viscosity 

goes down. This allows the paint to be brushed on evenly. As 
soon as the shear stress is removed, the paint becomes more 
viscous and resists dripping. This is a material property that 
the paint companies purposefully give the paint to make it These graphs show the 

relationship of fluid flow 

to shear stress for 

perform better. Materials that flow more easily when under 

shear stress but then return to a high viscosity when undis- 

turbed are called thixotropic. Some strange materials, called different types of 
dilatent materials, actually obtain higher viscosity when placed materials, showing how 
under shear stress. The most common example of a dilatent viscosity can change in 

the material with 

(continues) increased shear stress. 

Newtonian viscosity Relation of Fluid Flow with Shear Stress 

Recall that viscosity (1) is defined as 
Y 

shear stress (O) divided by shear rate (€): G 
oO 5 

See © 

and so the slopes of these lines show the a Fate's constants Viscosiey does 
viscosities of the materials being graphed. not depend upon shear stress. 

Shear rate 

Power-law viscosity Bingham plastic viscosity 

Low viscosity 

Mantle materials have 

stess-dependent viscosities: The 
higher the stress, the lower their 

viscosity becomes and the faster 

they shear (deform). 

Materials called Bingham plastics 

do not begin to flow until a certain 

threshold stress is applied. 
Shear stress Shear stress 

Shear rate Shear rate 
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Rheology, or How Solids Can Flow (continued) 

material is a mixture of cornstarch and water. This mixture can be poured like a fluid and 

will flow slowly when left alone, but when pressed it immediately becomes hard, stops 

flowing, and cracks in a brittle manner. The viscosities of other materials do not change 

with stress: Their shear rate (flow rate) increases exactly with shear stress, maintaining a 

constant viscosity. 

Temperature is by far the most important control on viscosity. Inside the Earth’s upper 

mantle, where temperatures vary from about 2,000°F (1,100°C) to 2,500°F (1,400°C), the 

solid rocks are as much as 10 or 20 orders of magnitude less viscous than they are at 

room temperature. They are still solid, crystalline materials, but given enough time, they 

can flow like a thick liquid. The mantle flows for a number of reasons. Heating in the 

planet's interior makes warmer pieces of mantle move upward buoyantly, and parts that 

have cooled near the surface are denser and sink. The plates are also moving over the 

surface of the planet, dragging the upper mantle with them (this exerts shear stress on 

the upper mantle). The mantle flows in response to these and other forces at the rate of 

about one to four inches per year (2 to 10 cm per year). 

Rocks on the planet's surface are much too cold to flow. If placed under pressure, 

cold, brittle surface rocks will fracture, not flow. Ice and hot rocks can flow because of 

their viscosities. Fluids flow by molecules sliding past each other, but the flow of solids is 

more complicated. The individual mineral grains in the mantle may flow by “dislocation 

creep,” in which flaws in the crystals migrate across the crystals and effectively allow the 

crystal to deform or move slightly. This and other flow mechanisms for solids are called 

plastic deformations, since the crystals neither return to their original shape nor break. 

the Venusian interior, to be replaced with a fresh volcanic crust. Marc 

Parmentier and Paul Hess of Brown University have a similar theory. 

This catastrophic method for resurfacing Venus was initially shocking 

to the geologic community, which inherently prefers gradual change 

to models that require sudden disturbances. Dan McKenzie, Royal 

Society Professor of Earth Sciences at the University of Cambridge, 

disagrees with the catastrophic model. He suggests that Venus has a 

thin lithosphere and that heat escapes continuously, more in the way it 

does on Earth. These entirely opposing theories probably can not be 

reconciled without further missions to the planet. 
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Venus’s exceptionally weak magnetic field also has implications for 
heat loss from the planet and for internal temperatures. Venus’s mag- 
netic field is only about 2 X 10 ° Tesla, or 5 X 10 > times the Earth’s. 
To make a magnetic field, the planet’s liquid outer core needs to be 
convecting rapidly and twisting as the planet rotates. Venus is likely to 
have a liquid outer core, but its predicted dynamo field is 100 times 
larger than what is observed for the planet. Venus may have no solid 
inner core, if it is still much hotter than the Earth, and without the 
solid inner core no magnetic field is created. Perhaps Venus’s slow 
rotation is insufficient to create a field, or perhaps so little heat is 
escaping from the planet that the outer core is not convecting. 
Despite the strong pieces of evidence about the internal conditions of 
Venus (the recent volcanic resurfacing and the lack of a magnetic 
field), no clear picture of its dynamic processes has emerged. If the 
thickness of its lithosphere were known, then the patterns and timing 
of volcanic resurfacing might be constrained. If new missions to Venus 
were able to measure the heat flow out of the planet, then both man- 
tle and core dynamics would be better described. Barring future mis- 
sions to the planet, its interior processes will remain a mystery. 
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Surface Conditions, 
Landforms, and Procatites 
on Venus 

VJ is always closer to the Sun than is the Earth, and so it receives 

more radiation from the Sun than does the Earth. Far less of that 

heat reaches the surface directly, though, because of the planet’s thick 

atmosphere. Only 3 percent of the energy reaches the surface, while 

70 percent of the energy is absorbed between about 40 and 50 miles 

(60 and 80 km) altitude, above the cloud layer, and the remaining ener- 

gy is absorbed in and beneath the cloud layer. The hot atmosphere cre- 

ates a hot planet surface. This process is known as the greenhouse effect, 

in which the Sun’s energy is trapped within the atmosphere rather than 

reflected or radiated back into space. 

The planet’s hot surface is highly inhospitable to life, but radar images 

taken through the clouds show landforms similar to those on Earth and 

other planets. Though the planet’s surface has little vertical relief, Venus 

has impact craters, mountains, plateaus, chasms, and volcanoes. In addi- 

tion to the familiar features, it also has giant semicircular features called 

coronae, sometimes filled with volcanoes and always ringed with faults 

and scarps. These features may be the result of hot mantle plumes rising 

from the interior or of cool mantle drips sinking off the bottom of the 

planetary lithosphere. In either case they are unique to this one-plate 

planet. 

Venus’s rocky surface is covered with volcanic rocks. If it could be 

seen by a human eye, it is thought it would appear reddish orange. The 

color is probably not due to oxidized iron and dust, as it is on Mars, but 
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by sunlight altered in color by passage through Venus’s atmosphere. 

Sunlight is highly scattered by the thick atmosphere and mostly red- 

dish orange light reaches the surface. 

Atmosphere and Weather 
The existence of Venus’s atmosphere was first determined in 1761 by 

Mikhail Lomonosoy, a scientist at the St. Petersburg Observatory. He 

prepared to watch Venus pass in front of the Sun from the vantage of 

the Earth and saw a bright ring of refracted light form in front of the 

planet as it approached the Sun. This bright ring, which he called a 

“hair-thin luminescence,” could only be explained by the presence of a 

thick atmosphere. 

The first measurements of Venus’s atmospheric temperature were 

made in 1923 and 1924 at the Mount Wilson and Lowell Observatories. 

Astronomers used infrared radiation emitted by Venus at wavelengths 

of nine to 13 microns (an interval that passes successfully through the 

Earth’s atmosphere) to estimate temperature and concluded that the 

planet was —10°F to 27°F (—23°C to —3°C) on its night side and 116°F 

to 135°F (47°C to 57°C) on its day side. These measurements were 

severely limited by the narrow wavelength of measurement; any cur- 

rent values show that there is virtually no temperature variation 

between the day and night sides. The currently accepted average tem- 

peratures are —27°F (33°C) on the night side and —36°F (—38°C) on 

the day side. 

The steadiness of the temperatures at the top of Venus’s atmosphere 

reflects the steadiness of temperatures at the planet’s surface, though 

the values are significantly different. Until the mid-20th century, there 

was no way to measure conditions on the planet’s surface, and two main 

theories predominated: Venus was either a warm and humid place like 

Earth around 300 million years ago, or the planet was covered with 

water oceans. Neither theory turned out to be accurate. 

Though Venus rotates once every 243 Earth days, its atmosphere is 

driven by exceptionally high winds. At the surface there is almost no 

wind. The craft that measured surface wind speeds typically found less 

than about one mile per hour. Above the clouds, however, there is a 

high-speed “jet stream” that blows from west to east at about 190—250 

miles per hour (300-400 km/h). This wind is fastest at the equator 

and slows toward the poles, often creating a distinctive pattern in the 

clouds. The pattern of circulation and reasons for its severity are not 

well explained. 
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As soon as measurements were made showing that Venus’s atmos- 

phere consisted largely of carbon dioxide (CO ,)» Scientists hypothe- 
sized that the planet’s surface temperature was high due to retained 
heat through the greenhouse effect of the atmosphere. The main 
constituents of Venus’s atmosphere are listed in the table below. 
Venus’s average surface temperature is now known to be 855°F 
(457°C), far hotter even than Mercury despite its greater distance 
from the Sun. Greenhouse heating is thought to be responsible for 
S15°F (285°C) of heating. Venus receives twice the solar heat that 
the Earth does, but by comparison, Earth’s greenhouse heating is 
only 58°F (31°C). 

Along with the high temperatures, Venus’s thick atmosphere cre- 
ates high surface pressure. At the rock surface of the planet, the 
pressure is 90 atmospheres, 90 times the value on Earth. At 38 

ATMOSPHERIC CONSTITUENTS ON VENUS 

Chemical Fraction Fraction 
Constituent symbol Fraction on Earth on Mars 

carbon dioxide co, 0.965 345 ppm 0.95 

nitrogen N, 0.035 0.7808 0.027 

hydrochloride 0.4 ppm 

hydrofluoride HF 0.01 ppm 

hydrogen sulfide 0.008 

sulfur dioxide SO, 150 ppm 

water HO 100 ppm 0.3 to 0.04 ppm 
2 

argon Ar 70 ppm 0.0093 

carbon monoxide CO 40 ppm 100 ppb 

oxygen O, <20 ppm 0.2095 

neon Ne 5 ppm 18 ppm 

krypton Kr 4 ppm | ppm 

(Note: ppm means parts per million; 1 ppm is equal to 0.000001 or 1 X 10°.) 
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miles (60 km) height the temperature is 80°F (27°C), and the pres- 

sure is about five atmospheres. These values rise continuously to the 

planet’s surface. At the surface only gentle winds exist, and no rain 

of any kind (all the acid rain is at higher altitudes in the atmos- 

phere). Nonetheless, a visitor to Venus would be simultaneously 

roasted, crushed, and asphyxiated. 

There are two main categories of theories for the formation of a 

planetary atmosphere: the accretion hypothesis, stating that the 

atmosphere came from gases trapped in the original accreting plan- 

etesimals that made up the planet, and the capture hypothesis, that 

the atmosphere came from early solar nebula, or from solar wind, or 

from comets that impacted the Earth after its formation. There are 

now better computer models for the formation of the planets, and 

they indicate that within a few tens of millions of years after core for- 

mation the terrestrial planets should have been completely solid and 

should have formed an early crust. These formation models indicate 

that there was so much heat during accretion and solidification that 

there is a good chance that most of the volatiles (gases and liquids) 

were lost from the early planet into space. This weakens the accretion 

hypotheses for atmospheric formation. 

At about 1 million years after its formation, the Sun probably went 

through a special stage of its evolution, called the T-Tauri stage. 

During the T-Tauri stage, the early star’s contraction slows or ends, 

and a strong outflow of charged particles is released. It has long been 

thought that this outflow would have been strong enough to sweep 

away all the gaseous atmospheres of the inner solar system planets, 

and it had been thought that this is the compelling evidence that the 

inner planets had to obtain their gaseous atmospheres by later addi- 

tions, such as from comets, or from later outgassing of their interiors. 

Recently, however, evidence from images of T-Tauri stars elsewhere 

in the solar system indicates that the T-Tauri stage may happen before 

significant planets have been formed and that the flux is strongest 

from the star’s poles and not in its equatorial plane. Recent models 

and work on extinct isotopic systems indicate that the cores of the 

Earth, Mars, and the Moon all formed within about 15 million years 

of the beginning of the solar system, but even this early formation 

may have been long after the Sun’s T-Tauri stage. Now, therefore, both 

the ages of formation of the planets and the direction of flux during 

the T-Tauri stage indicate that the evolution of the Sun may not have 
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much influence on the formation or retention of atmospheres in the 
terrestrial planets. 

Some researchers, like Kevin Zahnle at the NASA Ames Research 
Center, think that the early Earth was accreted from both rocky plan- 
etesimals and icy cometary matter. In this model, huge quantities of 
water were added to the early Earth, so much so that the vast amounts 
lost to space during the heat and atmospheric disruption of giant 
impacts, and the evaporation into space due to the large quantities of 
accretional heat still present in the early Earth, still left plenty of 
water to form oceans. Even if the Earth was accreted entirely from 
ordinary chondrite meteoritic material, it would have started with 
about one-tenth of a percent of water by weight (0.1 percent, the 
amount naturally existing in ordinary chondrites), and this is still two 
to four times as much water as the Earth is thought to have today 
(though the amount of water in oceans and in ice on the surface of the 
Earth is well known, the amount of water existing in trace amounts in 

deep minerals in the Earth’s interior is not known). 

Since Venus probably formed with about the same quantity of 

water as did the Earth, some explanation has to be sought for how it 

lost its water. Currently the scientific community believes that the 

water on Venus may have been lost from the atmosphere by dissocia- 

tion by solar radiation: Strong solar radiation broke the water mole- 

cules and the hydrogen went into space while oxygen bonded with 

surface rocks. Venus today has a striking lack of hydrogen, supporting 

this hypothesis. 

Venus’s lack of water has tremendous implications for its surface 

conditions. Carbon dioxide, the main constituent in its atmosphere, 

creates its exceptionally high surface temperatures. The same quantity 

of carbon dioxide is present on the Earth, but on Earth it is bound 

into carbonate rocks (predominantly limestones) that are deposited in 

the oceans. If all the limestone on Earth were converted into gas in 

the atmosphere, then Earth would have the same stifling greenhouse 

heat that Venus has. Without oceans and with a highly acidic environ- 

ment, Venus’s carbon dioxide remains in its atmosphere. 

The atmospheres on different planets have strikingly similar struc- 

tures, caused by their temperature profiles. The lowest layer of the 

atmosphere begins at the planetary surface and is known as the tropo- 

sphere. In the troposphere, temperature falls with increasing height 

above the planet. On Venus, the troposphere reaches from the surface 
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to about 40 miles (70 km) in height. On some planets the atmospher- 

ic temperatures reach a sharp minimum at the top of the tropo- 

sphere, but on Venus the available data indicate the temperature reach 

a broad minimum in a region called the stratomesosphere. The 

stratomesosphere extends to 81 miles (130 km), where the tempera- 

ture reaches a minimum of about —99°F (—73°C). In the overlying 

region, known as the thermosphere, temperature rises slightly to about 

260°F (130°C). This high temperature in the upper atmosphere is 

much less than the still-unexplained hot thermospheres and exospheres 

of the gas giant planets, where temperatures rise to as high as 34°F 

(530°C). 

Venus’s great atmospheric feature is concentrated clouds and rain 

of sulfuric acid (H,SO,) from 30 to 45 miles (50 to 70 km) altitude in 

a dense, continuous blanket completely covering the planet. A wide 

variety of exotic and toxic compounds, including arsenic sulfide, tin 

chloride, and mercury and lead compounds, are probably present in 

trace amounts in the sulfuric acid clouds. Above the clouds lies a haze 

to an altitude of about 50 miles (80 km). Between the altitudes of 

about 20 and 30 miles (30 and 50 km), there is a subcloud haze. 

Below about 20 miles (30 km) in the atmosphere, the temperature is 

too high, and the acids evaporate back into higher clouds. The lower 

atmosphere, then, is clear. 

Though the lowermost and uppermost atmospheres on Venus are 

clear, the cloud layer is dense, complete, and permanent. Its thickness 

is indicated by a measurement called optical depth, which shows how 

opaque something is to radiation passing through it (see the sidebar 

“Optical Depth,” on page 138). Venus’s clouds have an optical depth of 

25. By comparison, most of the Earth’s atmosphere (including 

clouds) have optical depths of 0.5 to 1.5. 

An analysis of radiation from Venus at a range of frequencies from 

1.385 to 22.46 GHz obtained by a giant Earth-based observatory 

called the Very Large Array allowed scientists in 2001 to make models 

of the composition and layering of the Venusian atmosphere (see 

appendix 2, “Light, Wavelength, and Radiation,” and the sidebar 

“Remote Sensing,” on page 36). They found that the Venusian atmos- 

phere contains 1—2.5 ppm of sulfuric acid (H,SO,) just below the 

cloud layer and 50 ppm of sulfur dioxide (SO,) below the cloud lay- 

ers. These measurements are much lower than the 180 ppm of sulfur 

dioxide measured by the Pioneer sounder probe when it visited Venus. 
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This contradiction is probably not simply because of errors in meas- 
urement or data analysis, since both methods are precise and reliable. 
Similarly, in 1995 the Hubble Space Telescope took measurements that 
indicated only about 30 ppm of sulfur dioxide in Venus’s atmosphere. 

Some scientists think that this high variability is real and not an 
artifact of errors. These large variations in sulfur dioxide make some 
scientists suspect that volcanoes are active; they postulate that the sul- 
fur dioxide content in Venus’s atmosphere may rise from emissions of 
volcanic eruptions. Since Venus is thought by some to still be volcani- 

cally active, scientists are planning methods to measure volcanism 

there. By observing thermal emissions on Venus’s night side, volcanic 

eruptions could be seen. Thermal emissions at a one micron wave- 

length from hot lava on the surface should go through the thick 

Venusian atmosphere without being absorbed or scattered and thus be 

visible on Earth. This is true, though, only for hot or large eruptions 

(a lava lake about a half mile [about 1 km] in diameter should be 

detectable if the lake is at least as hot as 2,280°F [1,250°C]; other- 

wise, the lake must be larger). Because lava cools rapidly, it will only 

be detectable for about one Earth day after its eruption—and only if 

it erupts on Venus’s night side. This is less likely to happen than one 

might think, since Venus’s day lasts about 122 Earth days. It has been 

estimated that only about 10 percent of volcanic eruptions on Venus 

could be detected in this way. 

Surface Features 

Shown in the lower color insert on page C-7, Venus’s surface is well 

known through the radar altimetry data of the Pioneer, Venera, Mariner, 

and Magellan missions craft. Though Venus’s surface is covered with 

interesting features, it has little relief. Ninety percent of the surface 

lies within six-tenths of a mile (1 km) of the average level of the sur- 

face, equivalent to a planetary radius of 3,782.2 miles (6,051.5 km). 

The total elevation range of the planet is only about eight miles (13 

km), while on Earth the range is about 12 miles (20 km). Venus also 

has the longest channel found anywhere in the solar system, the Dali 

and Diana Chasma system, which is 4,588 miles (7,400 km) long and 

an average of 1.1 miles (1.8 km) wide. The Nile River on Earth is a 

close second at 4,184 miles (6,695 km) long, while the Grand 

Canyon is only 250 miles (400 km) long, and the great Vallis 

Marineris system on Mars is 2,400 miles (4,000 km) long, 

> B7 
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Optical Depth 

Ci depth (usually denoted 7) gives a measure of how opaque a medium is to 

radiation passing through it. In the sense of planetary atmospheres, optical depth 

measures the degree to which atmospheric particles interact with light: Values of 7 less 

than one mean very little sunlight is scattered by atmospheric particles or has its energy 

absorbed by them, and so light passes through the atmosphere to the planetary surface. 

Values of T greater than one mean that much of the sunlight that strikes the planet's 

outer atmosphere is either absorbed or scattered by the atmosphere, and so does not 

reach the planet's surface. Values of T greater than one for planets other than Earth also 

mean that it is hard for observers to see that planet's surface using an optical telescope. 

Optical depth measurements use the variable z, meaning height above the planet's 

surface into its atmosphere. In the planetary sciences, T is measured downward from the 

top of the atmosphere, and so T increases as z decreases, so that at the planet's surface, 

T is at its maximum, and z is zero. Each increment of 7 is written as dT. This is differential 

notation, used in calculus, meaning an infinitesimal change in T. The equation for optical 

depth also uses the variable kK (the Greek letter kappa) to stand for the opacity of the 

atmosphere, meaning the degree of light that can pass by the particular elemental 

makeup of the atmosphere. The Greek letter rho (p) stands for the density of the 

atmosphere, and dz, for infinitesimal change in z, height above the planet's surface. 

dT = —Kpdz 

Mathematical equations can be read just like English sentences. This one says, “Each 

tiny change in optical depth (dr) can be calculated by multiplying its tiny change in 

height (dz) by the density of the atmosphere and its opacity, and then changing the sign 

All of the features on Venus are named after famous women and 

include lowland volcanic plains, faults, rolling uplands, and plateaus. 

The largest of the plateaus, Ishtar Terra and Aphrodite Terra, are on 

the scale of continents. The surface has relatively few impact craters 

and has apparently been resurfaced by volcanic activity. Volcanoes on 

Venus come in several shapes and sizes, from small round domes to 
wide, shallow pancake-shaped mountains to the large round complex 
structures called coronae. Aside from the volcanic activity, Venus’s 
thick atmosphere does serve to partially protect its surface from 
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of the result” (this sign change is just another way to say that optical depth 7 increases 

as z decreases; they are opposite in sign). 

To measure the optical depth of the entire atmosphere, this equation can be used on 

each tiny increment of height (z) and the results summed (or calculus can be used to 

integrate the equation, creating a new equation that does all the summation in one step). 

Optical depth also helps explain why the Sun looks red at sunrise and sunset but white in 

the middle of the day. At sunrise and sunset the light from the Sun is passing horizontally 

through the atmosphere, and thus has the greatest distance to travel through the atmos- 

phere to reach an observer's eyes. At midday the light from the Sun passes more or less 

straight from the top to the bottom of the atmosphere, which is a much shorter path 

through the atmosphere (and let us remember here that no one should ever look straight 

at the Sun, since the intensity of the light may damage their eyes). 

Sunlight in the optical range consists of red, orange, yellow, green, blue, indigo, and vio- 

let light, in order from longest wavelength to shortest (for more information and explana- 

tions, see appendix 2, “Light, Wavelength, and Radiation”). Light is scattered when it strikes 

something larger than itself, like a piece of dust, a huge molecule, or a drop of water, no 

matter how tiny, and bounces off in another direction. Violet light is the type most likely to 

be scattered in different directions as it passes through the atmosphere because of its short 

wavelength, thereby being shot away from the observer's line of sight and maybe even 

back into space. Red light is the least likely to be scattered, and therefore the most likely to 

pass through the longest distances of atmosphere on Earth and reach the observer's eye. 

This is why at sunset and sunrise the Sun appears red: Red light is the color most able to 

pass through the atmosphere and be seen. The more dust and water in the atmosphere, 

the more scattering occurs, so the more blue light is scattered away and the more red light 

comes through, the redder the Sun and sunset or sunrise appear. 

impacts; the thick atmosphere burns up small meteorites from fric- 

tion and slows larger meteorites. 

Careful assembly of a geologic map has allowed scientists to deter- 

mine the order of geological events. Liz Rosenberg and George 

McGill, geologists at the University of Massachusetts at Amherst, 

assembled one for the vicinity of Pandrosos Dorsa. There they found 

graben cutting lava flows, so the lava flows had to have formed before 

the graben. Graben are long low areas formed by crustal extension. 

When the planet’s crust is stretched, faults form that allow blocks to 
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Formation of a Graben 

The Sun, Mercury, and Venus 

Graben, long. low areas 

bounded by faults, are 

formed by crustal extension. 

fall down relative to the original surface elevation, as shown in the fig- 

ure above. Repeated graben in the American southwest form the 

Basin and Range region. 

The complete sequence of geological events, pieced together by 
many scientists, is as follows: Belts of folds and fractures formed early 
in Venusian history, followed by tessera, then plains and shield volca- 
noes, then grabens, and then late belt fracturing. The tessera are areas 
with regular fracturing. (For more on names for planetary landforms, 
see the sidebar “Fossa, Sulci, and Other Terms for Planetary 
Landforms,” on page 142.) 

Craters 

Venus’s surface has about 1,000 craters, indicating that it was most 
recently resurfaced between 300 and 500 million years ago. Venus’s 
surface is therefore one of the youngest in the solar system, along 
with the Earth and some active moons such as Io and Europa. While 
larger craters on Venus have a similar range of shapes to those on 
other planets, from bowl-shaped to complex, smaller craters are fre- 
quently irregular or complex. Venus’s thick atmosphere affects the 
speed and integrity of bolides entering its atmosphere and creates a 
different range of sizes and shapes of craters than are found on other 
terrestrial planets. The odd shapes of smaller craters are interpreted 
as resulting from bolide breakup while passing through the thick 
atmosphere. 
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Complex craters account for about 96 percent of all craters on 

Venus with diameters larger than about nine miles (15 km). Complex 

craters are thought to be formed by the impact of a large intact bolide 

with a speed that has not been strongly effected by its passage through 

the dense Venusian atmosphere. Complex craters are characterized by 

circular rims, terraced inner wall slopes, well-developed ejecta 

deposits, and flat floors with a central peak or peak ring. Barton crater 

(named after Clara Barton, founder of the Red Cross), shown below 

in a radar image, is a good example of a complex crater. Barton crater 

has two rings and a central peak and is 31 miles (50 km) in diameter. 

The largest known crater on Venus is Mead crater, 168 miles (280 

km) in diameter. Mead is named for Margaret Mead, the American 

anthropologist who lived from 1901 to 1978. Mead is a good example 

of a complex crater, as shown in the radar image on page 145. The 

crater shows multiple rings but no central peak. The peak may be 

Barton crater, 31 miles (50 

km) in diameter, is an 

excellent example of a complex 

crater on Venus. 

(NASA/Magellan/JPL) 
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Fossa, Sulci, and Other Terms for Planetary Landforms 

Cc). Earth the names for geological features often connote how they were formed and 

what they mean in terms of surface and planetary evolution. A caldera, for example, is a 

round depression formed by volcanic activity and generally encompassing volcanic vents. 

Though a round depression on another planet may remind a planetary geologist of a 

terrestrial caldera, it would be misleading to call that feature a caldera until its volcanic 

nature was proven. Images of other planets are not always clear and seldom include 

topography, so at times the details of the shape in question cannot be determined, mak- 

ing their definition even harder. 

To avoid assigning causes to the shapes of landforms on other planets, scientists have 

resorted to creating a new series of names largely based on Latin, many of which are 

listed in the following table, that are used to describe planetary features. Some are used 

mainly on a single planet with unusual features, and others can be found throughout the 

solar system. Chaos terrain, for example, can be found on Mars, Mercury, and Jupiter's 

moon Europa. The Moon has a number of names for its exclusive use, including lacus, 

palus, rille, oceanus, and mare. New names for planetary objects must be submitted to 

and approved by the International Astronomical Union's (IAU) Working Group for 

Planetary System Nomenclature. 

NOMENCLATURE FOR PLANETARY FEATURES 

Feature Description 

astrum, astra radial-patterned features on Venus 

catena, catenae chains of craters 

chaos distinctive area of broken terrain 

chasma, chasmata a deep, elongated, steep-sided valley or gorge 

colles small hills or knobs 

corona, coronae oval-shaped feature 

crater, craters a circular depression not necessarily created by impact 

dorsum, dorsa ridge 

facula, faculae bright spot 

fluctus flow terrain 
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Feature 

fossa, fossae 

labes 

labyrinthus, labyrinthi 

lacus 

lenticula, lenticulae 

linea, lineae 

macula, maculae 

mare, maria 

mensa, mensae 

mons, montes 

oceanus 

palus, paludes 

patera, paterae 

planitia, planitiae 

planum, plana 

reticulum, reticula 

rille 

rima, rimae 

rupes 

sinus 

sulcus, sulci 

terra, terrae 

tessera, tesserae 

tholus, tholi 

undae 

vallis, valles 

vastitas, vastitates 

Description 

narrow, shallow, linear depression 

landslide 

complex of intersecting valleys 

small plain on the Moon; name means “lake” 

small dark spots on Europa (Latin for freckles); may 

be domes or pits 

a dark or bright elongate marking, may be curved or straight 

dark spot, may be irregular 

large circular plain on the Moon; name means “sea” 

a flat-topped hill with cliff-like edges 

mountain 

a very large dark plain on the Moon; name means “ocean” 

small plain on the Moon; name means “swamp” 

an irregular crater 

low plain 

plateau or high plain 

reticular (netlike) pattern on Venus 

narrow valley 

fissure on the Moon 

scarp 

small rounded plain; name means “bay” 

subparallel furrows and ridges 

extensive land mass 

tile-like, polygonal terrain 

small dome-shaped mountain or hill 

dunes 

valley 

extensive plain 

(continues) 
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Fossa, Sulci, and Other Terms for Planetary Landforms 

(continued) 

The IAU has designated categories of names from which to choose for each planetary 

body, and in some cases, for each type of feature on a given planetary body. On 

Mercury, craters are named for famous deceased artists of various stripes, while rupes 

are named for scientific expeditions. On Venus, craters larger than 12.4 miles (20 km) are 

named for famous women, and those smaller than 12.4 miles (20 km) are given common 

female first names. Colles are named for sea goddesses, dorsa are named for sky god- 

desses, fossae are named for goddesses of war, and fluctus are named for miscellaneous 

goddesses. 

The gas giant planets do not have features permanent enough to merit a nomencla- 

ture of features, but some of their solid moons do. lo’s features are named after charac- 

ters from Dante's Inferno. Europa's features are named after characters from Celtic myth. 

Guidelines can become even more explicit: Features on the moon Mimas are named after 

people and places from Malory’s Le Morte d’Arthur legends, Baines translation. A number 

of asteroids also have naming guidelines. Features on 253 Mathilde, for example, are 

named after the coalfields and basins of Earth. 

obscured by the flat, radar-bright material filling the crater’s center. 
This bright filling may be melted surface material from the energy of 
the impactor, or it may be volcanic magma produced deeper in Venus 
from impact-related internal changes, which then erupted into the 
crater. 

Irregular craters make up about 60 percent of the craters with 
diameters less than about nine miles (15 km). The second class of 
Venusian craters, irregular craters, are thought to form as the result 
of the impact of bolides that have been fragmented during their pas- 
sage through the atmosphere. Irregular craters are characterized by 
irregular rims and hummocky or multiple floors. The dense atmos- 
phere also slows smaller meteorites sufficiently so that they cannot 
produce craters when they strike the surface. There are virtually no 
impact craters smaller than two miles (3 km) on the surface of Venus. 

Venus’s very thick atmosphere also may be responsible for an 
unusual feature of its craters. Venus’s craters commonly have distinc- 



Surface Conditions, Landforms, and Processes on Venus “<) Ia 

Mead crater, at 168 miles 

(280 km) in diameter, is 

Venus's largest known crater. 

(NASA/Magellan) 

tive flows out from their edges, different from craters on other plan- 

ets. When an asteroid or meteorite strikes a planetary surface, the 

impact is immensely powerful and hot, and a plume of vaporized 

material, consisting of part of the planetary surface as well as the 

impacting body, expands rapidly upward, much like the blast from an 

explosion. On the Moon, Mars, or other bodies with thin atmos- 

pheres, the vapor cloud rapidly expands and becomes less dense. On 

Venus, the atmosphere may be so dense itself that it contains the 

vapor cloud, which then condenses and runs out of the crater along 

the ground, rather than rising into the Venusian atmosphere and dis- 

persing. Both laboratory experiments and computer modeling sug- 

gest this may be the case, as their results match what is seen on Venus, 

but proving a theory like this is nearly impossible, unless high-speed 

photos could be taken of the process actually occurring on the planet. 



14+6 The Sun, Mercury, and Venus 

Howe crater, shown in the lower color insert on page C-8 in a 

combined altimetry and radar image, is two miles (37 km) in diame- 

ter. Howe crater is named for Julia Howe, the American biographer 

and poet. The crater in the background to the left of Howe is 

Danilova, 30 miles (48 km) in diameter and named for the Russian 

ballet dancer Maria Danilova. In the right background lies Aglaonice 

crater, named for an ancient Greek astronomer, with a diameter of 39 

miles (63 km). All three of these craters show the run-out flows from 

their rims that are distinctive of craters on Venus. 

Beneath and between Venus’s scanty impact record stand immense 

floods of volcanism and a series of fascinating structural features, 

including numerous volcanoes, lava plains, and plateaus. Over them 

all are printed the effects of crustal compression and extension, in the 

form of faults and folds. 

Faults and Folds 

Venus’s surface has ample evidence of strong crustal deformation in 

the form of linear faults and folds. In places the faults are aligned 

roughly in parallel; in other places they are randomly oriented into 

what is called chaos terrain; in still others, the fault sets intersect at 

angles and form patterns similar to a tiled floor. This final pattern, 

called tesserae, may form shapes from narrow diamonds to squares. 

The polygons in tesserated areas have diameters of a half to 15 miles 

(1 to 25 km), with an average of about 1.3 miles (2 km). 

Tesserae regions are thought to be the oldest visible crust on 

Venus. They stand higher than the surrounding volcanic plains, as 

shown in the radar image on page 147, and comprise about 15 per- 

cent of the surface of Venus. The right-hand side of the image shows a 

large region of tesserae, while on the left a bright volcanic flow has 

approached the tessera across the plain. The age sequence in this 

image is therefore, from oldest to youngest, the bright, highly frac- 

tured tesserar highlands, the dark lowland volcanic seas, and the 

recent bright volcanic flow. This image was taken in the Eistla Regio 

in Venus’s Northern Hemisphere, at about 1° south latitude and 37° 

east longitude. 

Debra Buczkowski and George McGill, scientists at the University 

of Massachusetts at Amherst, have used detailed radar maps of Venus 

from the Magellan mission to more clearly understand these early 

Venusian features. By examining the patterns of radar reflection the 
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linear crustal features can be identified as folds (which rise above the _Tesserae (right) and a 

surrounding surface and indicate that the crust was compressed) or __ volcanic flow (left) are both 

graben (which fall beneath the surrounding surface and indicate clearly visible in this radar 

extension). In some regions, in particular around a volcano called = ‘mage of Venus’s surface. 
Tesserae regions are thought Imini Mons, radial ridges surround the volcano and are superimposed 

on an earlier linear set of folds (called wrinkle ridges) along witha be some of the oldest crust 

few graben. The researchers found that the pressure of magma in a 

chamber beneath the volcano, combined with a regional compressive 

on the planet, while the 

younger volcanic flows flow 

é me OE La onto them. (NASA/Magellan) 
state in the crust, is sufficient to create radial ridges around the vol- ? 

cano in addition to the regional linear sets. Using computer models 

such as these based on careful examination of regional geological 

radar images, scientists can actually recreate some of the tectonic set- 

tings of the planet’s distant past. 
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The Lakshmi Planum shows 

bright and dark volcanic flows 

(radar brightness corresponds 

to surface roughness) and 

dark patches that are thought 

to be formed by impactors 

that break up in the 

atmosphere before forming 

craters. (NASA/Magellan/JPL) 
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Plateaus and Mountains 

Venus has two giant plateaus, similar in size to terrestrial continents: 

the Aphrodite Terra and the Ishtar Terra. The Ishtar Terra is the largest 

of Venus’s plateaus. At 3,200 miles (5,000 km) wide Ishtar Terra is 

larger than the continental United States. The plateau is surrounded 

by steep flanks and mountain ranges, and the western half of Ishtar 

Terra is an unusually smooth and even area named the Lakshmi 

Planum. The Lakshmi Planum itself is about the size of Tibet. 

The four major mountain ranges of Venus—Maxwell Montes, 

Frejya Montes, Akna Montes, and Danu Montes—all surround the 

Lakshmi Planum. Maxwell Montes is on the east coast, Akna Montes 

on the west coast, Frejya Montes to the north, and Danu Montes in a 

portion of the south. The center of Ishtar Terra is split by the Maxwell 

Montes, mountains 7.5 miles (12 km) high. The Maxwell Montes are 

the highest mountains on Venus and 1.5 times as high as Mt. Everest 

on Earth. 

The Magellan image shown in the figure below is 180 miles (300 

km) in width and 138 miles (230 km) in height and is centered at 55° 

north latitude, 348.5° longitude, in the eastern Lakshmi Planum. This 

part of the Lakshmi Planum is relatively flat and composed of many 
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lava flows. On top of the lava flows are three dark splotches, created 
by impactors that broke up in the thick atmosphere before creating a 
crater. 

The terrae on Venus are distinct and striking features that are 
intriguing to structural geologists. Though there are hypotheses for 
the formation of the large plateaus that involve large-scale mantle 
flow, there is no one leading idea. 

Volcanoes 

The surface of Venus displays more than 1,000 volcanic centers. There 
are about 170 large shield volcanoes similar to Hawaii on Earth, up to 
several hundred miles across and 2.5 miles (4 km) high. Many of the 

almost 1,000 smaller shield volcanoes appear in clusters. These small- 

er shield volcanoes appear in a number of unusual shapes. Some flat- 

topped, steep-sided circular shield volcanoes intermediate in size 

have been dubbed “pancake domes.” Other shield volcanoes of inter- 

mediate size have radiating faults that resemble the legs on an insect, 

leading to their being informally called “ticks.” 

Together the activity of these many volcanoes have produced more 

than 200 large flow fields, areas completely covered with multiple 

lava flows. Widespread volcanism resurfaced the planet and is thought 

to have ended 300-500 million years ago. So much resurfacing 

occurred that most of the planet’s impact craters were buried, and 

now the planet has fewer than 1,000 craters on its surface. 

Volcanic plains make up about 80 percent of Venus’s surface. An 

example of the flat, featureless resurfaced volcanic plains is shown in 

the Magellan radar image on page 150. A small grouping of volcanoes 

on the left create a shield volcano. Scalloped dome volcanoes appear 

on the right; the scalloped look arises from faulting around the edges 

of the volcano. The farthest right feature is a volcanic caldera. The 

image area is 303 by 193 miles (489 by 311 km). 

Many of the small shield volcanoes have ridges both beneath them 

and cutting through their shields. The shields form a thin, widespread 

veneer. Analyses of data from Venera 9 and 10 and Vega | and 2 landing 

sites indicate that the shield plains with wrinkle ridges probably con- 

sist of tholeiitic lava, the same kind of dark, easily flowing lava that is 

erupted at Hawaii on Earth. Because the volcanic lava on Venus appar- 

ently flowed so easily, some scientists think it contained water, which 

reduces the viscosity of lava. There may be a water-bearing mineral 
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Venus's lava plains are flat 

and among the youngest 

surface features on the 

planet. (NASA/Magellan/JPL) 

shallow in Venus’s lithosphere that melts easily, erupting low-viscosity 

melts across Venus’s surface. The lava could have contained little silica 

and much calcium carbonate, a combination that produces a lava that 

flows easily at the high surface temperatures of the planet. Maat Mons 

is the largest volcano on Venus and stands five miles (8 km) above sur- 

roundings. The volcano has dark flows to its east, probably represent- 

ing low-viscosity lava that cooled with a smooth surface. Other flows 

from the volcano are bright, probably indicating a rough flow that 

reflects radar well. The differences in reflectivity may represent dif- 

ferent magma compositions, an important clue to internal processes 

in Venus. 

Photos from the surface of Venus taken by Venera 14 show many 

thin horizontal layers of rock near the landing site. Each layer is only a 

couple of inches in thickness. Though some scientists have suggested 

these may be sedimentary layers, perhaps a more likely possibility is 

that the layers are volcanic tuffs. Tuffs are consolidated layers of vol- 
canic ash, laid down by air falls. Along with the compositional data on 
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the lava flows sent back by Venus landers, these thin volcanic layers 

show that volcanic activity on Venus is similar to that on the Earth, 

though apparently more voluminous. 

Venus is probably still volcanically active, and some scientists regu- 

larly search for radar data that show hot fresh volcanic flows on the 

planet. Whether Venus’s surface is resurfaced continuously or period- 

ically, humankind has a chance to see active volcanism on a planet 

other than Earth. 

Coronae and Arachnoids 

Coronae are large, roughly circular features, some with domes in 

their centers and some with depressed features like calderas. They 

were first recognized by Soviet radar images from early missions, a 

great accomplishment considering the technology available. Coronae 

all have roughly circular rims, sometimes in series, and sometimes 

accompanied by domes, plateaus, depressions, moats, chasms, or vol- 

canic flows. Arachnoids are also complex combinations of faulting and 

volcanism. They are smaller than coronae, at 30-140 miles (50—230 

km) in diameter, with a central volcanic feature surrounded by a com- 

plex network of fractures. There are about 210 coronae and 270 

arachnoids in total on Venus. 

The combinations of faulting and volcanism differ among coronae. 

Quetzalpetlatl is among the largest of the coronae, with a diameter of 

500 miles (800 km). There appears to have been abundant volcanism 

at the site, and the formation has a moat and a rim at its edge. Another 

corona, Heng-O, has a diameter of 680 miles (1,100 km) and outer 

rim heights of 0.25—1 mile (0.4—-1.6 km) but no recent volcanic 

activity. 

Artemis, by far the largest corona, has a diameter of 1,615 miles 

(2,600 km), large enough to reach from Colorado to California, were 

it on Earth. Artemis contains complex systems of fractures, numerous 

flows and small volcanoes, and at least two impact craters, the larger 

of which is located in the lower left (southwest) quadrant of the fea- 

ture as shown in the radar image on page 152. The fractures that 

define the edge of Artemis, called Artemis Chasma, form steep 

troughs with raised rims approximately 75 miles (120 km) wide and 

with as much as 1.6 miles (2.5 km) of relief from the rim crest to the 

bottom of the trough. Lava plains are tilted away in all directions. The 

stripes in the image are simply missing data. The coronae appear to 

> 151 



ibe The Suny Mercury, and Venus 

Artemis is by far Venus's 

largest corona, consisting of a 

complex system of faults and 

volcanic features 1,615 miles 

(2,600 km) in diameter. 

(NASA/Magellan/JPL) 

have started to form long before the regional plains and to have con- 

tinued long after. 

The image in the figure on page 153 shows two coronae, the Bahet 

and Onateh. This large image is a mosaic taken around 49° north lati- 

tude and 2° east longitude. Bahet, on the left, is 138 by 90 miles (230 

by 150 km). Onateh is larger, at about 210 miles (350 km) in diame- 

ter. This large image was taken with a resolution of 400 feet (120 m) 

per pixel, allowing detailed examination of the surface. Each corona is 

surrounded by rings of troughs and ridges. 

There are a number of theories for the formation of coronae. The 
original theories postulated that a hot, rising plume of mantle materi- 
al from inside Venus rose and pushed against the bottom of Venus’s 
lithosphere (see the sidebar “Interior Structure of the Terrestrial 
Planets,” on page 82). A hot, buoyant plume would push up on the 
lithosphere, causing it to rise in a dome. When the plume subsides, 
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the dome will subside, but the surface will show radial fractures and 

ring-shaped ridges, typical of the coronae seen on Venus. 

Other studies using computer-based numerical modeling by Sue 

Smrekar, Ellen Stofan, and Trudi Hoogenboom, scientists at the Jet 
Propulsion Laboratory, and Gregory Houseman, a scientist at the 

University of Leeds, have shown that these features can be made bya 

process called delamination. In this scenario, the lower lithosphere 

drips from the upper lithosphere and crust and sinks into the Venusian 

mantle. During the dripping and sinking process, the surface of the 

planet is first pulled down (causing radial fractures) and then relaxes 

back to close to its original height, causing ring-shaped ridges. These 

researchers have been able to reproduce most of the complex and 

variable coronae topography by combinations of warm upwellings 

and the stresses of delamination. 

Channels 

Channels are common on Venus’s plains and are thought to be created 

by flowing lava. The extremely hot and caustic surface conditions of 

Bahet and Onateh coronae 

appear to be connected by a 

series of faults. Coronae are 

thought to be formed by 

some combination of rising 

mantle plumes and sinking 

lithospheric drips. 

(NASA/Magellan/JPL) 



Polygonal terrain is crossed 

by a portion of the Baltis 

Vallis channel, believed to 

have been formed by low- 

viscosity flowing lava. 

(NASA/Magellan/JPL) 
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Venus make flowing water impossible, but they allow lava to remain 

heated and flow for much longer distances than it can on Earth. 

Normal silica-rich lava is an unlikely candidate, though, because of the 

extreme volumes and low viscosities required to form channels of 

such length. The composition of the fluid that carved Venus’s channels 

remains a mystery. 

In the image below, the right-hand side is covered with a polygonal 

terrain, while running up the left side is a 370-mile (600-km) seg- 

ment of the largest channel on Venus, the Dali and Diana Chasma sys- 

tem. The Dali and Diana Chasma system consist of deep troughs that 

extend for 4,588 miles (7,400 km). The Nile River, Earth’s longest 

river, is 3,470 miles (5,584 km) from Lake Victoria to the 

Mediterranean Sea. Though much deeper than this channel on Venus, 

Valles Marineris on Mars is only 2,800 miles (4,200 km) long. The 

Dali and Diana Chasma system is therefore the longest channel in the 

solar system. 
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This dark Venusian channel 

shows the wide curves of a 

lava river rather than the 

tight bends of a water 

channel. (NASA/Magellan/JPL) 

The image of Baltis Vallis on page 154 is 285 miles square (460 km 

square) and thus can show only a portion of this immense channel. 

The channel was initially discovered in data from the Soviet Venera 1 5- 

16 orbiters, which detected more than 1,000 kilometers (620 miles) 

of the channel in spite of their coarse one kilometer resolution. About 

375 miles (600 km) of Baltis Vallis is visible here, beginning near the 
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right side of the top edge of the image and winding diagonally toward 

the bottom left of the image. This image also shows a large region of 

polygonal terrain, where the surface of Venus has been broken into 

regular patterns by faulting. 

A long, radar-dark sinuous channel that particularly resembles 

Earth water channels is shown in the Magellan image on page 155.The 

Venusian channels, however, are far less tightly sinuous than those on 

Earth, and the Venus channels are commonly associated with dark 

units that appear to be volcanic flows. Even this narrow, well-defined 

channel was almost certainly produced by flowing liquid lava. 

Though Venus’s thick and continuous cloud cover foiled for cen- 

turies the attempts of astronomers to see its surface, the development 

of radar in the 20th century made imaging Venus possible. Through 

the intense efforts of the Soviets (outlined in the next chapter) and 

the immensely successful Mariner and Magellan missions, almost the 

whole planet has now been mapped. Venus has a young volcanic sur- 

face and few impact craters. The planet carries an immense number of 

volcanoes, perhaps more than the total on Earth, including those in 

oceanic plates. Though it has no plate tectonics, curious features 

called coronae may indicate patterns of mantle convection that have 

pulled down or pushed up the crust and created faulted volcanic 

provinces. Venus is almost certainly still volcanically active. 



Missions to Venus 

B= the United States and the Soviet Union have sent probes to 

Venus as listed in the table on page 158. The major Soviet series was 

named Venera (meaning Venus), and the American missions were named 

Mariner. There were many Venera missions, including seven that analyzed 

rock compositions. Though the Soviets suffered great disappointments in 

their Mars missions, their Venusian missions, begun the year after their first 

attempt to reach Mars, were spectacularly successful. In general, intense 

pressure and hurricane-force winds destroy all probes within an hour, but in 

1982, a Venera probe went to surface and survived 127 minutes. Much of the 

information on Venus comes from the long and intense efforts of the 

Soviets, summarized in the table along with American missions. 

Venera 1 1961 
Soviet 

This first attempted flight to Venus lost communications after 14 days 

and passed within 62,000 miles (100,000 km) from the planet without 

communicating any data back to Earth. 

Mariner 2 1962 
American 

This was the first-ever spacecraft approach to another planet. Mariner 2 

confirmed the intensity of Venus’s surface conditions and measured its 

magnetic field. It passed 21,581 miles (34,752 km) above the planet. 

Venera + 1967 
Soviet 

This was the first mission to successfully send back information about 

the Venusian atmosphere. The probe parachuted into the nighttime side 
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PAST AND POSSIBLE FUTURE MISSIONS TO VENUS 

Launch date Mission craft Country |Comments 

February 12, 1961 Venera 1 USSR flyby 

July 22, 1962 Mariner 1 US, destroyed just after launch 

August 27, 1962 Mariner 2 US flyby 

November 12, 1965 Venera 2 USSR flyby 

November 16, 1965 Venera 3 USSR entry probe 

June 12, 1967 Venera 4 USSR flyby with descent vehicle 

June 14, 1967 Mariner 5 U.S. flyby with descent vehicle 

January 5, 1969 Venera 5 USSR flyby with descent vehicle 

January 10, 1969 Venera 6 USSR flyby with descent vehicle 

August 17, 1970 Venera 7 USSR flyby and soft lander 

March 27, 1972 Venera 8 USSR flyby and soft lander 

November 3, 1973 Mariner jo US. flyby and soft lander 

June 8, 1975 Venera 9 USSR flyby and soft lander 

May 20, 1978 Pioneer Venus Orbiter US. satellite and soft lander 

August 8, 1978 Pioneer Venus bus and probes U.S. orbiter and four probes 

September 9, 1978 Venera 11 USSR flyby and lander 

September 14, 1978 Venera 12 USSR flyby and lander 

October 30, 1981 Venera 13 USSR flyby and lander 

November 4, 1981 Venera 14 USSR flyby and lander 

June 2, 1983 Venera 15 USSR orbiter 

June 7, 1983 Venera 16 USSR orbiter 

December 15, 1984 Vega 1 USSR flyby and lander 

December 21, 1984 Vega 2 USSR flyby and lander 

May 4, 1989 Magellan US. orbiter 

August 3, 2004 MESSENGER* US. orbiter 

* Scheduled to fly by Venus again in October 2006 

of Venus and measured temperature, pressure, and density in the 
atmosphere until a height of 16 miles (26 km). Data from the probe 
indicated that more than 90 percent of the Venusian atmosphere con- 



Missions to Venus <Q) 159 

sists of carbon dioxide. Temperature and pressure increased steadily as 

the probe parachuted toward Venus’s surface, until the temperature 

reached 503°F (262°C) and 18 atmospheres of pressure. The casing of 

the probe was designed to withstand pressure as high as 18 atmos- 

pheres, and apparently the engineering was precise, since transmis- 

sions ceased at that point. Initially a misreading from the altimeter 

made scientists believe that the probe had reached the surface but 

measurements made the next day from the Mariner 5 spacecraft indi- 

cated that the surface pressures and temperatures were far higher. 

Venera 9 1969 
Soviet 

Like Venera 4, this mission craft parachuted a probe into the Venusian 

atmosphere and obtained almost an hours’ worth of measurements, 

until the probe failed at 10 miles (16 km) in height. 

Venera 7 1970 
Soviet 

The Venera 7 probe achieved the first controlled landing of a spacecraft 

on another planet. For 23 minutes after landing on the night side, the 

probe transmitted information, including compositional information 

about the atmosphere. The surface temperature was measured at 

887°F (475°C). 

Venera 8 1972 
Soviet 

Venera 8 made the first soft landing on the day side of Venus. The tem- 

perature was measured at 880°F (470°C) and measurements of wind 

velocity, light intensity, surface radioactivity, and pressure were also 

made. 

Mariner 10 1974 

American 

Mariner 10 took the first close-up photos of Venus. It passed within 

3,580 miles (5,760 km) of the surface and took 3,000 photographs, 

including the first of spiral clouds. The craft transmitted television 

images of Venus’s clouds in the infrared spectrum. Mariner 10 went on 

to be the first probe to pass Mercury, on March 29, 1974, taking 

2,300 photographs covering 40 percent of the planet’s surface. 
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Venera 9 1975 
Soviet 

Venera 9 took the first pictures of Venus’s surface and made the first 

measurements of the structure and physical properties of the clouds. 

The lander also took measurements of the surface rocks, the gravita- 

tional field, and wind speed. 

Pioneer Venus | 1978 
American 

Pioneer Venus 1 was an orbiter, with the first radar, ultraviolet, and 

infrared observations. Its highly elliptical orbit brought it within 120 

miles (200 km) of the planet’s surface. 

Magellan 1989 
American 

During its five-year mission, the Magellan craft mapped 99 percent of 

Venus’s surface with radar, down to objects 390 feet (120 m) across, 

and crashed into the planet for a final bout of data collection. 

MESSENGER 2004 
American 

Though MESSENGER is primarily a mission to Mercury, the craft 

will fly by Venus twice, once in August 2005, and again October 2006. 

The two flybys will be at 2,100 miles (3,368 km) and 180 miles (300 

km) respectively and will send back valuable data to Earth. 

Venus Express 
This European Space Agency Venus orbiter launched in November 

2005. The craft entered an orbit that took it over the poles of the 

planet and hopes to collect data to help scientists understand the 

extreme wind speeds on the planet, as well as other questions con- 

cerning the atmosphere and its circulation. 

The great efforts made by the Soviets and also by the Americans to 

reach and make measurements on Venus have produced an invaluable 

data set, including almost complete radar mapping of the surface, 

atmospheric composition, structure, and dynamics, and surface compo- 

sitions and conditions. As with all planetary data sets, far more ques- 

tions have been created in the wake of the few that have been answered. 



Conclusions: The Known 

and the Unknown 

| he three bodies covered in this book, the Sun, Mercury, and 

Venus, could hardly be more different despite their proximity in 

the solar system. Each is the subject of great study at the present time, 

and each has posed its own special problems for observing and for 

spacecraft. The Sun, of course, has the dual challenge of its great gravi- 

ty and its intense heat and radiation. No craft can approach closely. 

Mercury shares those dangers because of its own proximity to the Sun: 

Spacecraft that visit Mercury have to avoid being pulled into the Sun 

and have to be prepared for the intense radiative environment. Venus, 

on the other hand, is covered with dense clouds of acid and has a crush- 

ing surface pressure. Though the planets Mercury and Venus are among 

Earth’s closest neighbors and might teach scientists the most about how 

the Earth itself formed, the challenges of learning about Mercury and 

Venus have made Mars a more enticing target. Some of the largest out- 

standing questions about the Sun, Mercury, and Venus are listed here. 

1. Why does the Sun become hotter the farther above the radiative zone 
one goes? 

Temperatures in most planets become cooler and cooler with dis- 

tance from the core. Most planets retain heat in their interiors both 

from the initial heat of formation of the solar system and from decay 

of radioactive elements. Surely the Sun should have a similar struc- 

ture, with its intense inner heat caused by its own nuclear reactions. 

In the deep parts of the Sun, the material does cool with distance 

from the core: Though the temperature at the top of the radiative 
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zone is still in the millions of degrees, by the time material reaches 

the edge of the convective zone, the temperature has fallen to 

about 11,000°F (6,000°C). 

Above the convective zone lies the photosphere, only 310 miles 

(500 km) thick, but with a steady average temperature of 9,900°F 

(5,500°C). From this low, temperatures then begin to rise through 

the chromosphere. In the top 300 miles (500 km) of the chro- 

mosphere, the temperature rises to 36,000°F (20,000°C). Above 

the chromosphere, temperatures in the transition zone are even 

more extreme. The transition zone is just tens of kilometers 

thick, but its temperature rises from 36,000°F (20,000°C) on its 

inside edge to 3,600,000°F (2,000,000°C) at its outside edge. 

Above the transition zone, the bright loops of active regions in 

the corona can be as hot as 7,200,000°F (4,000,000°C), while 

huge, slow arches of quiet regions with weak fields are often 

only about 1,800,000°F (1,000,000°C). 

In the distance from the photosphere, the layer of the Sun that 

is seen in visible light, to the thin, broad corona, the Sun’s temper- 

ature has. risen. from 9,900* ~6 500°C) to 7,200,000°F 

(4,000,000°C), almost 1,000 times as hot. There is currently no 

clear physical theory for how this is possible. The magnetic field 

can transfer energy without transferring material, which may allow 

heat to be moved out to the diffuse corona without requiring 

dense material transfer. The exact mechanism for changing mag- 

netic field energy back into heat is unknown, though there are 

several complex hypotheses. 

2, What is the Sun made of in detail? What can its composition tell 
us about the protoplanetary disk? 

The Sun contains almost all the mass of the solar system. By 

examining the wavelengths given off by its photosphere and 

other outer layers, estimates have been made of its composition. 

Knowing its composition is critical to making models for the for- 

mation of the solar system, since the Sun almost certainly repre- 

sents the bulk composition of the material available to make the 

planets. Knowing in detail the composition of the interior layers 

of the Sun will allow more accurate models for solar system for- 

mation as well as for dynamics of the interior of the Sun. 
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3. What are the mechanics of formation of the many dynamic solar 
features, and how do they relate to accelerated particles and 
radiation? 

Structures on the Sun, mainly from the corona, but also from the 

chromosphere, appear to rise from and to themselves effect the Sun's 
magnetic field lines. The most violent of these structures, solar flares 

and coronal mass ejections, are associated with magnetic storms on 

Earth, blackouts, and damage to satellites because of the energetic 

particles that stream out into space from the structures themselves. 

Solar flares consisting of plasma can be for short periods of time 

the hottest material on the Sun, at tens of millions of degrees, con- 

taining electrons and protons accelerated almost to the speed of light. 

They are often accompanied by X-ray and gamma-ray bursts. The 

superheated, supersonic material in the flare is thrown into space. 

Solar cosmic rays are also created in solar flares. Coronal mass ejec- 

tions, on the other hand, occasionally reach out far enough to them- 

selves collide with Earth and other planets. A large coronal mass 

ejection, covering 45° of the disk of the Sun, can send literally billions 

of tons of material at a million degrees flying out into space, fast 

enough to reach the Earth in four days. Violent and gigantic as they 

are, coronal mass ejections occur three to five times a day at peak. 

Though recent missions sent to study the Sun have gathered 

data on the formation and evolution of these structures, exactly 

how the evolving cycles of the Sun and movement of its magnetic 

field create these structures is not understood. Aside from their 

gorgeous appearance and dramatic speeds, their devastating effect 

on technology makes them a natural target for further study. They 

are tied in ways that are not well understood to the movement and 

activity of the Sun’s magnetic field. The magnetic field can be 

measured and tracked, and scientists know it changes from dipole 

to quadrupole to octupole and switches alignment from north pole 

to south pole during times of high solar activity, but the internal 

mechanisms that cause these changes are not understood. 

4. What processes of planetary formation led to the high percentage 
of metal in Mercury? 

Mercury's high average density implies that it has at least twice as 

much iron as the other terrestrial planets. Because Venus, Earth, and 
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Mars have similar iron contents, Mercury’s very high iron content is 

a conundrum. There are several potential answers, and data from the 

MESSENGER and BepiColombo missions may help discriminate among 

them. First, Mercury may have formed as a larger planet, with a ratio 

of iron to silicate material similar to the rest of the terrestrial plan- 

ets, and had much of its silicate mantle removed either by giant 

impacts or by intense radiation from the Sun. Alternatively, the mate- 

rial that Mercury formed from may have been enriched with iron, 

perhaps by solar radiation removing lighter elements to greater radii 

from the Sun. Finally, all of Mercury's initial iron budget may have 

sunk into its core, leaving none in its mantle (the mantles of the 

other terrestrial planets are rich in iron). 

5. What is the geologic history of Mercury? 

Mariner was able to photograph less than half of Mercury’s sur- 

face. Full coverage of the planet at much higher resolution, along 

with magnetic measurements, compositional measurements, and 

other data are needed to start to unravel the geologic history of 

the planet. Apparently there was partial resurfacing of the planet 

at some point in the planet’s history more recent than the Late 

Heavy Bombardment. The surface is also covered with scarps that 

seem to imply the planet contracted, probably from cooling, at 

least 500 million years after its formation. This is also an unex- 

pected result, since the planet should have cooled earlier. The tim- 

ing and processes of the events that shaped the planet are not yet 

determined, but the pieces of information gathered so far are 

interesting and enigmatic. 

6. What are the nature and origin of Mercury's magnetic field? 

The discovery of a planetary magnetic field for Mercury, albeit a 

small one, was a huge surprise when Mariner to passed the planet 

in 1973 and 1974. Planetary magnetic fields are thought only to be 

created by rapid convection in a fluid layer above a solid layer in a 

planet. For the terrestrial planets, this is the liquid outer core con- 

vecting around the solid inner core, acting as electric currents and 

creating attendant magnetic fields. In the case of the gas giant 

planets, it is thought that rapidly flowing metallic hydrogen may 

cause their magnetic fields. Mercury, being a very small planet, 
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should no longer have had a magnetic field. Its field may be caused 

by a liquid outer core, kept liquid through a means not yet under- 

stood, or it could be the result of magnetized minerals remaining in 

Mercury’s crust long after the planet's inherent field has died away 

or the field could be created in more exotic ways. There is no lead- 

ing theory at the present moment. 

7. What are the exact compositions of the highly radar-reflective 
materials detected in craters near Mercury's poles? Are they real- 
ly deposits of water ice? 

Only a few years ago, bright materials were spotted in high-latitude 

craters on Mercury, where the surface is always in shadow. 

Researchers hypothesize that these bright deposits are water ice, 

perhaps left there by cometary impacts and remaining only in the 

dark shadows, protected from the Sun’s energy. Recently similar 

deposits have also been found on the Moon and are also thought 

to be water ice. If these two planets really have water ice on them, 

it overthrows the long-held belief that they are both completely 

dry. In the case of Mercury, the existence of water ice anywhere on 

a planet that reaches 840° F (450°C) at the height of each day 

would indicate an astonishing range of conditions existing at once 

on such a small, hot planet. 

8. What are the sources of the volatiles measured in Mercury's atmos- 
phere, and how are their cycles in the atmosphere controlled? 

It was a surprise to discover recently that Mercury has elements in its 

atmosphere other than helium and hydrogen, which it obtains from 

the solar wind. Iron, calcium, sodium, and other elements apparently 

from the crust of the planet sublimate into the atmosphere in 

amounts that vary according to a number of cycles, including day 

time, orbital point, and temperature. Such a strange atmosphere is 

not found on any other planet, and the mechanisms for the changing 

composition of the atmosphere are not understood. 

g. When and in what quantities were volatiles degassed from Venus's 
interior to its atmosphere? Where do they reside now? 

Venus now has only about 100 ppm of water in its atmosphere. The 

planet’s intense surface conditions make the existence of liquid 
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water impossible there, and surface rocks under those conditions 

can be shown to be baked entirely dry (and in the process made 

intensely hard and stiff). Since Venus probably formed with about 

the same quantity of water as did the Earth, some explanation has 

to be sought for how it lost its water. Currently the scientific com- 

munity believes that the water on Venus may have been lost from 

the atmosphere by dissociation by solar radiation: Strong solar 

radiation broke the water molecules and the hydrogen went into 

space while oxygen bonded with surface rocks. Venus today has a 

striking lack of hydrogen, supporting this hypothesis. 

Venus’s lack of water has tremendous implications for its sur- 

face conditions. Carbon dioxide, the main constituent in its atmos- 

phere, creates it exceptionally high surface temperatures. The 

same quantity of carbon dioxide is present on the Earth, but on 

Earth it is bound into carbonate rocks (predominantly limestones) 

that are deposited in the oceans. If all the limestone on Earth were 

converted into gas in the atmosphere, then Earth would have the 

same stifling greenhouse heat that Venus has. Without oceans 

and with a highly acidic environment, Venus’s carbon dioxide 

remains in its atmosphere. 

Since Venus and the Earth evolved from almost identical materi- 

al in almost identical amounts, close to each other on the solar 

system, why did the two planets evolve in such different directions? 

If Venus lost its water early in its history, why did the Earth retain 

its water? These questions cannot be answered at the current 

time, but their answers may have great importance for the future 

of the Earth’s climate as well. 

10. What are the processes of tectonics on Venus, and did it ever 
experience plate tectonics? 

On Earth, ongoing volcanism is caused by plate tectonics, but 

there is apparently no plate tectonic movement on Venus now. 

Venus is thought to be a one-plate planet, that is, its lithosphere 

forms a complete shell around the planet and moves little with 

respect to itself. Venus’s craters are also distributed very evenly 

across the planet's surface, meaning that there is no part of its 

surface significantly older or younger than any other. There is no 

other body in the solar system with a completely even distribution 

of craters, implying a surface with a single age. 
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Venus’s crust shows intriguing structures, such as coronae and 

shield volcanoes, that must be formed through mantle movements 
and volcanism. While Venus’s crust can be seen in radar and has 
been measured by spacecraft, the depth of the planet's stiff litho- 
sphere is a matter of great debate. The lithosphere consists of the 

brittle crust and the coolest portions of the upper mantle. Some 

researchers believe that the lithosphere is thin, perhaps 19-113 miles 

(30-182 km) thick, while others believe it may be as much as 180 

miles (300 km) thick. The thickness of the lithosphere has a great 

effect on the ability of the planet to transfer heat from its interior 

to its surface, and so the lithospheric thickness will constrain the 

temperature and amount of movement in the planet’s interior. 

While the Earth loses its internal heat through processes of plate 

tectonics, Venus may lose it primarily through volcanism. 

A close inspection of volcanic features on Venus has led some 

researchers to believe that volcanic resurfacing of Venus has been 

periodic and not continuous. Heat may build up in the interior for 

a period of time, and then at some threshold volcanism may com- 

mence. When heat builds up sufficiently inside the static shell of 

Venus's lithosphere, the entire lithosphere might break up and sink 

into the Venusian interior, to be replaced with a fresh volcanic 

crust. This may constitute some variety of plate tectonics while it is 

occurring, though in the quiescent intervals the planet looks as 

static as Mars and Mercury, the other one-plate planets. There is 

little understanding of why and how Venus developed into this 

state of a single lithospheric plate combined with intense and 

ongoing volcanism. The lack of water may be a contributor, 

though that lack itself is not well understood. 

The Sun’s huge mass (greater than 99 percent of the total mass 

of the solar system) controls the orbits of all the planets and 

smaller bodies of the solar system, and its radiation and magnetic 

field dominate the space environments of the inner planets and 

define the size of the solar system itself. Its intense radiation pro- 

duction probably had a great effect on the formation and evolution 

of its two nearest planets, Mercury and Venus. In the heat of the 

Sun, Mercury had no chance to develop and retain an atmosphere, 

while Venus’s thick atmosphere may have had its water boiled 

away, leaving only gases that trap heat onto the planet's surface. 

Venus’s surface could not be less habitable: Its pressure is 90 times 
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that on Earth, its temperature is high enough to melt lead, and its 

clouds are made of sulfuric acid. As the Sun evolves over the com- 

ing millions and billions of years, the climates of the Earth and 

Mars will also evolve. With increased understanding of processes 

on Venus and Mercury, humankind may be able to predict the 

coming changes and perhaps alter the effects civilization is having 

on the Earth's climate now. 



Appendix I: 

Units and Measurements 

Fundamental Units 

The system of measurements most commonly used in science is called 

both the SI (for Systeme International d’Unités) and the International 

System of Units (it is also sometimes called the MKS system). The SI 

system is based upon the metric units meter (abbreviated m), kilogram 

(kg), second (sec), kelvin (K), mole (mol), candela (cd), and ampere 

(A), used to measure length, time, mass, temperature, amount of a sub- 

stance, light intensity, and electric current, respectively. This system 

was agreed upon in 1974 at an international general conference. There 

is another metric system, CGS, which stands for centimeter, gram, sec- 

ond; that system simply uses the hundredth of a meter (the centimeter) 

and the hundredth of the kilogram (the gram). The CGS system, for- 

mally introduced by the British Association for the Advancement of 

Science in 1874, is particularly useful to scientists making measure- 

ments of small quantities in laboratories, but it is less useful for space 

science. In this set, the SI system is used with the exception that tem- 

peratures will be presented in Celsius (C), instead of Kelvin. (The con- 

versions between Celsius, Kelvin, and Fahrenheit temperatures are 

given below.) Often the standard unit of measure in the SI system, the 

meter, is too small when talking about the great distances in the solar 

system; kilometers (thousands of meters) or AU (astronomical units, 

defined below) will often be used instead of meters. 

How is a unit defined? At one time a “meter” was defined as the 

length of a special metal ruler kept under strict conditions of tempera- 

ture and humidity. That perfect meter could not be measured, however, 

without changing its temperature by opening the box, which would 

change its length, through thermal expansion or contraction. Today 

a meter is no longer defined according to a physical object; the only 
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Measurement 

length 

time 

mass 

temperature 

amount of a 

substance 

electric current 

light intensity 

Unit 

meter 

second 

kilogram 

kelvin 

mole 

ampere 

candela 

FUNDAMENTAL UNITS 

Symbol 

m 

SEC 

kg 

mol 

cd 

Definition 

The meter is the distance traveled by light in a vacuum during 

1/299,792,458 of a second. 

The second is defined as the period of time in which the 

oscillations of cesium atoms, under specified conditions, 

complete exactly 9,192,631,770 cycles. The length of a second 

was thought to be a constant before Einstein developed 

theories in physics that show that the closer to the speed 

of light an object is traveling, the slower time is for that 

object. For the velocities on Earth, time is quite accurately 

still considered a constant. 

The International Bureau of Weights and Measures keeps 

the world’s standard kilogram in Paris, and that object is the 

definition of the kilogram. 

A degree in Kelvin (and Celsius) is 1/273.16 of the thermody- 

namic temperature of the triple point of water (the temper- 

ature at which, under one atmosphere pressure, water 

coexists as water vapor, liquid, and solid ice). In 1967, the 

General Conference on Weights and Measures defined this 

temperature as 273.16 kelvin. 

The mole is the amount of a substance that contains 

as many units as there are atoms in 0.012 kilogram of 

carbon 12 (that is, Avogadro's number, or 6.02205 X 107°). 

The units may be atoms, molecules, ions, or other particles. 

The ampere is that constant current which, if maintained 

in two straight parallel conductors of infinite length, of 

negligible circular cross section, and placed one meter apart 

in a vacuum, would produce between these conductors a 

force equal to 2 X 10” newtons per meter of length. 

The candela is the luminous intensity of a source that emits 

monochromatic radiation with a wavelength of 555.17 nm and 

that has a radiant intensity of 1/683 watt per steradian. 

Normal human eyes are more sensitive to the yellow-green 

light of this wavelength than to any other. 
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fundamental measurement that still is defined by a physical object is 
the kilogram. All of these units have had long and complex histories of 
attempts to define them. Some of the modern definitions, along with 
the use and abbreviation of each, are listed in the table here. 

Mass and weight are often confused. Weight is proportional to the 
force of gravity: Your weight on Earth is about six times your weight 
on the Moon because Earth’s gravity is about six times that of the 

Moon’s. Mass, on the other hand, is a quantity of matter, measured 

independently of gravity. In fact, weight has different units from mass: 

Weight is actually measured as a force (newtons, in SI, or pounds, in 

the English system). 

The table “Fundamental Units” lists the fundamental units of the SI 

system. These are units that need to be defined in order to make other 

measurements. For example, the meter and the second are funda- 

mental units (they are not based on any other units). To measure 

velocity, use a derived unit, meters per second (m/sec), a combina- 

tion of fundamental units. Later in this section there is a list of com- 

mon derived units. 

The systems of temperature are capitalized (Fahrenheit, Celsius, 

and Kelvin), but the units are not (degree and kelvin). Unit abbrevia- 

tions are capitalized only when they are named after a person, such 

as K for Lord Kelvin, or A for André-Marie Ampere. The units 

themselves are always lowercase, even when named for a person: 

one newton, or one N. Throughout these tables a small dot indicates 

multiplication, as in N - m, which means a newton (N) times a meter 

(m). A space between the symbols can also be used to indicate 

multiplication, as in N - m. When a small letter is placed in front of 

a symbol, it is a prefix meaning some multiplication factor. For 

example, J stands for the unit of energy called a joule, and a mJ 

indicates a millijoule, or 10? joules. The table of prefixes is given at 

the end of this section. 

Comparisons among Kelvin, Celsius, and Fahrenheit 
One kelvin represents the same temperature difference as 1°C, and 

the temperature in kelvins is always equal to 273.15 plus the temper- 

ature in degrees Celsius. The Celsius scale was designed around the 

behavior of water. The freezing point of water (at one atmosphere of 

pressure) was originally defined to be 0°C, while the boiling point is 

100°C. The kelvin equals exactly 1.8°F. 
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To convert temperatures in the Fahrenheit scale to the Celsius 

scale, use the following equation, where F is degrees Fahrenheit, and 

Cis degrees Celsius: 

GS (E232) Ss. 

And to convert Celsius to Fahrenheit, use this equation: 

Poesia SCARS 

To convert temperatures in the Celsius scale to the Kelvin scale, add 

273.16. By convention, the degree symbol (°) is used for Celsius and 

Fahrenheit temperatures but not for temperatures given in Kelvin, for 

example, 0°C equals 273K. 

What exactly is temperature? Qualitatively, it is a measurement of 

how hot something feels, and this definition is so easy to relate to that 

people seldom take it further. What is really happening in a substance 

as it gets hot or cold, and how does that change make temperature? 

When a fixed amount of energy is put into a substance, it heats up by 

an amount depending on what it is. The temperature of an object, 

then, has something to do with how the material responds to energy, 

and that response is called entropy. The entropy of a material (entropy 

is usually denoted S$) is a measure of atomic wiggling and disorder of 

the atoms in the material. Formally, temperature is defined as 

die igede 

a 
meaning one over temperature (the reciprocal of temperature) is 

defined as the change in entropy (dS, in differential notation) per 

change in energy (dU), for a given number of atoms (N). What this 

means in less technical terms is that temperature is a measure of how 

much heat it takes to increase the entropy (atomic wiggling and disor- 

der) of a substance. Some materials get hotter with less energy, and 

others require more to reach the same temperature. 

The theoretical lower limit of temperature is —459.67°F 

(—273.15°C, or OK), known also as absolute zero. This is the temper- 

ature at which all atomic movement stops. The Prussian physicist 

Walther Nernst showed that it is impossible to actually reach absolute 
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zero, though with laboratory methods using nuclear magnetization it 

is possible to reach 10-*K (0.000001K). 

Useful Measures of Distance 

A kilometer is a thousand meters (see the table “International System 

Prefixes”), and a light-year is the distance light travels in a vacuum 

during one year (exactly 299,792,458 m/sec, but commonly rounded 

to 300,000,000 m/sec). A light-year, therefore, is the distance that 

light can travel in one year, or: 

299,792,458 m/sec X 60 sec/min X 60 min/hr x 

24 hr/day x 365 days/yr = 9.4543 3 10” m/yr. 

For shorter distances, some astronomers use light minutes and 

even light seconds. A light minute is 17,998,775 km, and a light sec- 

ond is 299,812.59 km. The nearest star to Earth, Proxima Centauri, 

is 4.2 light-years away from the Sun. The next, Rigil Centaurs, is 4.3 

light-years away. 

An angstrom (10-'°m) is a unit of length most commonly used in 

nuclear or particle physics. Its symbol is A. The diameter of an atom 

is about one angstrom (though each element and isotope is slightly 

different). 

An astronomical unit (AU) is a unit of distance used by 

astronomers to measure distances in the solar system. One astronom- 

ical unit equals the average distance from the center of the Earth to 

the center of the Sun. The currently accepted value, made standard in 

1996, is 149,597,870,691 meters, plus or minus 30 meters. 

One kilometer equals 0.62 miles, and one mile equals 1.61 kilo- 

meters. 

The following table gives the most commonly used of the units 

derived from the fundamental units above (there are many more 

derived units not listed here because they have been developed for 

specific situations and are little-used elsewhere; for example, in the 

metric world, the curvature of a railroad track is measured with a unit 

called “degree of curvature,” defined as the angle between two points 

in a curving track that are separated by a chord of 20 meters). 

Though the units are given in alphabetical order for ease of refer- 

ence, many can fit into one of several broad categories: dimensional 

units (angle, area, volume), material properties (density, viscosity, 

vA 
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Measurement 

acceleration 

angle 

angular velocity 

area 

density 

electric charge or 

electric flux 

electric field 

strength 

electric potential, 

or electromotive 

force (often called 

voltage) 

The Sun, Mercury, and Venus 

Unit symbol 

[derivation] 

(unnamed) 

[m/sec?] 

radian 

rad 

[m/m] 

steradian 

sr 

[m?/ m7] 

(unnamed) 

[rad/sec] 

(unnamed) 

[m7] 

(unnamed) 

[kg/m?] 

coulomb 

ce 

[A-secl 

(unnamed) 

[(kg: m)/(sec-3 A) 

= V/m] 

volt 

V 

[(kg-m?)/(sec?-A) 

=|/C=W/AI 

DERIVED UNITS 

Comments 

One radian is the angle centered in a circle that 

includes an arc of length equal to the radius. Since 

the circumference equals two pi times the radius, one 

radian equals 1/(2 pi) of the circle, or approximately 

5/296. 

The steradian is a unit of solid angle. There are four pi 

steradians in a sphere. Thus one steradian equals about 

0.079577 sphere, or about 3282.806 square degrees. 

Density is mass per volume. Lead is dense, styrofoam 

is not. Water has a density of one gram per cubic 

centimeter or 1,000 kilograms per cubic meter. 

One coulomb is the amount of charge accumulated 

in one second by a current of one ampere. One 

coulomb is also the amount of charge on 6.241506 X 10° 

electrons. 

Electric field strength is a measure of the intensity of an 

electric field at a particular location. A field strength of 

one V/m represents a potential difference of one volt 

between points separated by one meter. 

Voltage is an expression of the potential difference in 

charge between two points in an electrical field. Electric 

potential is defined as the amount of potential energy 

present per unit of charge. One volt is a potential of 

one joule per coulomb of charge. The greater the 

voltage, the greater the flow of electrical current. 

eo 
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Measurement 

heat 

force 

frequency 

inductance 

magnetic field 

strength 

magnetic flux 

magnetic flux 

density 

momentum, or 

impulse 

energy, work, or 

Unit symbol 

[derivation] 

joule 

J 

[N-m 

(= kg-m?/sec’)] 

electron volt 

eV 

newton 

N 

[kg:m/sec’] 

hertz 

Hz 

[cycles/sec] 

henry 

H 

[Wb/A] 

(unnamed) 

[A/m] 

weber 

Wb 

[(kg-m?)/ 

tesla 
T 

[kg/(sec?-A) = 

Wb/m?] 

(unnamed) 

[N-sec (= kg-m/sec)] 

(sec?-A) = V-sec] 

Comments 

The electron volt, being so much smaller than the 

joule (one eV= 1.6 X 10 J), is useful for describing 

small systems. 

This unit is the equivalent to the pound in the English 

system, since the pound is a measure of force and not 

mass. 

Frequency is related to wavelength as follows: kilohertz X 

wavelength in meters = 300,000. 

Inductance is the amount of magnetic flux a material pro- 

duces for a given current of electricity. Metal wire with an 

electric current passing through it creates a magnetic field; 

different types of metal make magnetic fields with different 

strengths and therefore have different inductances. 

Magnetic field strength is the force that a magnetic field 

exerts on a theoretical unit magnetic pole. 

The magnetic flux across a perpendicular surface is the 

product of the magnetic flux density, in teslas, and the 

surface area, in square meters. 

A magnetic field of one tesla is strong: The strongest 

artificial fields made in laboratories are about 20 teslas, 

and the Earth’s magnetic flux density, at its surface, is 

about 50 microteslas (wT). Planetary magnetic fields are 

sometimes measured in gammas, which are nanoteslas 

(10? teslas). 

Momentum is a measure of moving mass: how much 

mass and how fast it is moving. 

(continues) 
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DERIVED UNITS (continued) 

Unit symbol 

Measurement [derivation] Comments 

power watt Power is the rate at which energy is spent. Power can be 

Ww mechanical (as in horsepower) or electrical (a watt is 

U/sec (= (kg: — produced by a current of one ampere flowing through an 

m’)/sec’)] electric potential of one volt). 

pressure, pascal The high pressures inside planets are often measured in 

or stress Pa gigapascals (10° pascals), abbreviated GPa. ~10,000 atm = 

[N/m?] one GPa. 

atmosphere The atmosphere is a handy unit because one atmosphere is 

atm approximately the pressure felt from the air at sea level on 

Earth; one standard atm = 101,325 Pa; one metric atm = 98,066 

Pa; one atm ~ one bar. 

radiation per unit gray The amount of radiation energy absorbed per kilogram of 

mass receiving it [J/kg] mass. One gray = 100 rads, an older unit. 

radiation sievert This unit is meant to make comparable the biological effects 

(effect of) Sv of different doses and types of radiation. It is the energy of 

radiation received per kilogram, in grays, multiplied by a 

factor that takes into consideration the damage done by the 

particular type of radiation. 

radioactivity becquerel One atomic decay per second 

(amount) Bq 

curie The curie is the older unit of measure but is still 

Ci frequently seen. One Ci = 3.7 X 10° Ba. 

resistance ohm Resistance is a material's unwillingness to pass electric current. 

QY Materials with high resistance become hot rather than allowing 

[V/A] the current to pass and can make excellent heaters. 

thermal (unnamed) This unit is per degree, measuring the change in volume of a 

expansivity 1/2] substance with the rise in temperature. 

vacuum torr Vacuum is atmospheric pressure below one atm (one torr = 

1/760 atm). Given a pool of mercury with a glass tube 

standing in it, one torr of pressure on the pool will press 

the mercury one millimeter up into the tube, where one 

standard atmosphere will push up 760 millimeters of mercury. 
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Unit symbol 

Measurement [derivation] Comments 

velocity (unnamed) 

[m/sec] 

viscosity (unnamed) Viscosity is a measure of resistance to flow. If a force of 

[Pa-sec (= kg/ One newton is needed to move one square meter of the 

(m-sec)) ] liquid or gas relative to a second layer one meter away 

at a speed of one meter per second, then its viscosity is 

one Pa-s, often simply written Pa-s or Pas. The cgs unit 

for viscosity is the poise, equal to 0.IPa s. 

volume cubic meter 

[m?] 

thermal expansivity), properties of motion (velocity, acceleration, 

angular velocity), electrical properties (frequency, electric charge, 

electric potential, resistance, inductance, electric field strength), 

magnetic properties (magnetic field strength, magnetic flux, magnet- 

ic flux density), and properties of radioactivity (amount of radioactiv- 

ity and effect of radioactivity). 

Definitions for Electricity and Magnetism 
When two objects in each other’s vicinity have different electrical 

charges, an electric field exists between them. An electric field also 

forms around any single object that is electrically charged with 

respect to its environment. An object is negatively charged (-—) if it 

has an excess of electrons relative to its surroundings. An object is 

positively charged (+) if it is deficient in electrons with respect to 

its surroundings. 

An electric field has an effect on other charged objects in the vicini- 

ty. The field strength at a particular distance from an object is directly 

proportional to the electric charge of that object, in coulombs. The field 

strength is inversely proportional to the distance from a charged object. 

Flux is the rate (per unit of time) in which something flowing crosses 

a surface perpendicular to the direction of flow. 
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An alternative expression for the intensity of an electric field is 

electric flux density. This refers to the number of lines of electric flux 

passing at right angles through a given surface area, usually one meter 

squared (1 m2). Electric flux density, like electric field strength, is 

directly proportional to the charge on the object. But flux density 

diminishes with distance according to the inverse-square law because 

it is specified in terms of a surface area (per meter squared) rather 

than a linear displacement (per meter). 

= 
INTERNATIONAL SYSTEM PREFIXES 

SI prefix Symbol Multiplying factor 

exa- E 10° = 1,000,000,000,000,000,000 

peta- P 10” = 1,000,000,000,000,000 

tera af 10” = 1,000,000,000,000 

giga- C 10° = 1,000,000,000 

mega- M 10° = 1,000,000 

kilo- k 10° = 1,000 

hecto- h 10* = 100 

deca- da 10 = 10 

deci- d 10” = O01 

centi- c lO = 00! 

milli- m 10° = 0.001 

micro- wor U 10°° = 0.000,001 

nano- n 10° = 0.000,000,001 

pico- p 10°” = 0.000,000,000,001 

femto- f 10° = 0.000,000,000,000,001 

atto- a 10° = 0.000,000,000,000,000,001 

A note on nonmetric prefixes: In the United States, the word billion means 

the number 1,000,000,000, or 10°. In most countries of Europe and Latin 

America, this number is called “one milliard” or “one thousand million,” 

and “billion” means the number 1,000,000,000,000, or 10, which is what 

Americans call a “trillion.” In this set, a billion is 10°. 



Number 

10° 

10" 

10° 

10'S 

107! 

10” 

107" 

10° 

10 

10%¢ 

10°? 

10% 

10* 

American 

billion 

trillion 

quadrillion 

quintillion 

sextillion 

septillion 

octillion 

nonillion 

decillion 

undecillion 

duodecillion 

tredecillion 

quattuordecillion 

Appendix 1: Units and Measurements 

NAMES FOR LARGE NUMBERS 

European SI prefix 

milliard giga- 

billion tera- 

billiard peta- 

trillion exa- 

trilliard zetta- 

quadrillion yotta- 

quadrilliard 

quintillion 

quintilliard 

sextillion 

sextilliard 

septillion 

septilliard 

This naming system is designed to expand indefinitely by factors of 

powers of three. Then, there is also the googol, the number 10° (one 

followed by 100 zeroes). The googol was invented for fun by the eight- 

year-old nephew of the American mathematician Edward Kasner. The 

googolplex is 109°°2", or one followed by a googol of zeroes. Both it and 

the googol are numbers larger than the total number of atoms in the 

universe, thought to be about 10°. 

A magnetic field is generated when electric charge carriers such as 

electrons move through space or within an electrical conductor. The 

geometric shapes of the magnetic flux lines produced by moving 

charge carriers (electric current) are similar to the shapes of the flux 

lines in an electrostatic field. But there are differences in the ways 

electrostatic and magnetic fields interact with the environment. 

Electrostatic flux is impeded or blocked by metallic objects. Magnetic 

flux passes through most metals with little or no effect, with certain 

exceptions, notably iron and nickel. These two metals, and alloys and 

79 
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mixtures containing them, are known as ferromagnetic materials 

because they concentrate magnetic lines of flux. 

Magnetic flux density and magnetic force are related to magnetic field 

strength. In general, the magnetic field strength diminishes with 

increasing distance from the axis of a magnetic dipole in which the 

flux field is stable. The function defining the rate at which this field- 

strength decrease occurs depends on the geometry of the magnetic 

lines of flux (the shape of the flux field). 

Prefixes 

Adding a prefix to the name of that unit forms a multiple of a unit in 

the International System (see the table “International System 

Prefixes”). The prefixes change the magnitude of the unit by orders of 

104rom. 108 to:l0-*; 

Very small concentrations of chemicals are also measured in parts 

per million (ppm) or parts per billion (ppb), which mean just what 

they sound like: If there are four parts per million of lead in a rock 

(4 ppm), then out of every million atoms in that rock, on average four 

of them will be lead. 



Appendix 2: 

Light, Wavelength, and Radiation 

Electromagnetic radiation is energy given off by matter, traveling in the 
form of waves or particles. Electromagnetic energy exists in a wide 
range of energy values, of which visible light is one small part of the 
total spectrum. The source of radiation may be the hot and therefore 
highly energized atoms of the Sun, pouring out radiation across a wide 
range of energy values, including of course visible light, and they may 
also be unstable (radioactive) elements giving off radiation as they 
decay. 

Radiation is called “electromagnetic” because it moves as interlocked 
waves of electrical and magnetic fields. A wave is a disturbance travel- 
ing through space, transferring energy from one point to the next. In a 
vacuum, all electromagnetic radiation travels at the speed of light, 

983,319,262 feet per second (299,792,458 m/sec, often approximated 

as 300,000,000 m/sec). Depending on the type of radiation, the waves 

have different wavelengths, energies, and frequencies (see the follow- 

ing figure). The wavelength is the distance between individual waves, 

from one peak to another. The frequency is the number of waves that 

pass a stationary point each second. Notice in the graphic how the wave 

undulates up and down from peaks to valleys to peaks. The time from 

one peak to the next peak is called one cycle. A single unit of frequency 

is equal to one cycle per second. Scientists refer to a single cycle as one 

hertz, which commemorates 19th-century German physicist Heinrich 

Hertz, whose discovery of electromagnetic waves led to the develop- 

ment of radio. The frequency of a wave is related to its energy: The 

higher the frequency of a wave, the higher its energy, though its speed 

in a vacuum does not change. 

The smallest wavelength, highest energy and frequency electromag- 

netic waves are cosmic rays, then as wavelength increases and energy 
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: 
Electromagnetic Waves 

One wavelength | One second 

4 cycles/second = 4 hertz 

Electromagnetic 

wave direction | 

of motion 

2 cycles/second = 2 hertz 

Each electromagnetic wave 

has a measurable wavelength 

and frequency. 

and frequency decrease, come gamma rays, then X-rays, then ultravi- 

olet light, then visible light (moving from violet through indigo, blue, 

green, yellow, orange, and red), then infrared (divided into near, 

meaning near to visible, mid-, and far infrared), then microwaves, and 

then radio waves, which have the longest wavelengths and the lowest 

energy and frequency. The electromagnetic spectrum is shown in the 

accompanying figure and table. 

As a wave travels and vibrates up and down with its characteristic 

wavelength, it can be imagined as vibrating up and down in a single 

plane, such as the plane of this sheet of paper in the case of the simple 

example in the figure here showing polarization. In nature, some 

waves change their polarization constantly so that their polarization 

sweeps through all angles, and they are said to be circularly polarized. 

In ordinary visible light, the waves are vibrating up and down in 

numerous random planes. Light can be shone through a special filter 

called a polarizing filter that blocks out all the light except that polar- 

ized in a certain direction, and the light that shines out the other side 

of the filter is then called polarized light. 

Polarization is important in wireless communications systems such 

as radios, cell phones, and non-cable television. The orientation of the 

transmitting antenna creates the polarization of the radio waves trans- 

mitted by that antenna: A vertical antenna emits vertically polarized 

waves, and a horizontal antenna emits horizontally polarized waves. 

Similarly, a horizontal antenna is best at receiving horizontally polar- 
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ized waves and a vertical antenna at vertically polarized waves. The 
best communications are obtained when the source and receiver 
antennas have the same polarization. This is why, when trying to 
adjust television antennas to get a better signal, having the two anten- 
nae at right angles to each other can maximize the chances of receiv- 
ing a signal. 

The human eye stops being able to detect radiation at wavelengths 
between 3,000 and 4,000 angstroms, which is deep violet—also the 

a 
Electromagnetic Spectrum 

Frequency Wavelength 

(hertz) (meters) 

104 3 x 104 
Power-line emissions 

10° 3 x 102 
AM radio 

108 
FM radio 

10 3 x 10? 

10!2 3xc10"* 
Infrared 

104 3x 10° 

10!6 3x 108 

10'8 3x 10-% 
X-rays 

Medical X-rays — 
102° Six ie 

1022 Sx Y 
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Electromagnetic spectrum 

ranges from cosmic rays at 

the shortest wavelengths to 

radiowaves at the longest 

wavelengths. 
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Plane polarization 
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Waves can be thought of as rough limit on transmissions through the atmosphere (see the table 

plane or circularly polarized. “Wavelengths and Frequencies of Visible Light”). (Three thousand to 

4,000 angstroms is the same as 300-400 nm because an angstrom 

is 10° m, while the prefix nano- or n means 10~'°; for more, see 

appendix 1, “Units and Measurements.”) Of visible light, the colors 

red, orange, yellow, green, blue, indigo, and violet are listed in order 

from longest wavelength and lowest energy to shortest wavelength and 

highest energy. Sir Isaac Newton, the spectacular English physicist and 

mathematician, first found that a glass prism split sunlight into a rainbow 

of colors. He named this a “spectrum,” after the Latin word for ghost. 

If visible light strikes molecules of gas as it passes through the 

atmosphere, it may get absorbed as energy by the molecule. After a 

short amount of time, the molecule releases the light, most probably 
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in a different direction. The color that is radiated is the same color 
that was absorbed. All the colors of visible light can be absorbed by 
atmospheric molecules, but the higher energy blue light is absorbed 
more often than the lower energy red light. This process is called 

WAVELENGTHS AND FREQUENCIES OF VISIBLE LIGHT 

Visible light color Wavelength (in A, angstroms) Frequency (times 10" Hz) 

Violet 4,000-4,600 (950.9 

indigo 4,600-4,750 65-6.5 

blue 4750-4 ,900 6.3-6.1 

green 4,900-5,650 6153 

yellow 5,650-5,750 S27 

orange 5,/50-6,000 57 3.0 

red 6,000-8 000 50-37 

WAVELENGTHS AND FREQUENCIES OF 

THE ELECTROMAGNETIC SPECTRUM 

Energy Frequency in hertz (Hz) Wavelength in meters 

cosmic rays everything higher in everything lower in 

energy than gamma rays wavelength than gamma rays 

gamma rays 107° to 10” less than 10°? m 

X-rays 10” to 107° 1 nm to 1 pm 

ultraviolet 10° to 10” 400 nm tol nm 

visible 4X 10" to 7.5 X 10" 750 nm to 400 nm 

near-infrared 1X 10% to 4 X 10" 2.5 wm to 750 nm 

infrared 10” to 10" 25 pm to 2.5 wm 

microwaves 3 X 10" to 10” Imm to 25 wm 

radio waves less than 3 X 10!! more than 1 mm 
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COMMON USES FOR RADIO WAVES 

User 

AM radio 

baby monitors 

cordless phones 

television channels 2 through 6 

radio-controlled planes 

radio-controlled cars 

FM radio 

television channels 7 through 13 

wildlife tracking collars 

cell phones 

air traffic control radar 

global positioning systems 

deep space radio 

Approximate frequency 

0.535 X 10° to 1.7 X 10°Hz 

49 X 10°Hz 

49 X 10°Hz 

900 X 10°Hz 

2,400 X 10°Hz 

54 X 10° to 88 X 10°Hz 

72 X 10°Hz 

75 X 10°Hz 

88 X 10° to 108 X 10°Hz 

174 X 10° to 220 X 10°Hz 

215 X 10°Hz 

800 X 10°Hz 

2,400 X 10°Hz 

960 X 10°Hz 

1,215 X 10°Hz 

1,227 X 10°Hz 

1575 X 10°Hz 

2,300 X 10°Hz 

Rayleigh scattering (named after Lord John Rayleigh, an English 

physicist who first described it in the 1870s). 

The blue color of the sky is due to Rayleigh scattering. As light 
moves through the atmosphere, most of the longer wavelengths pass 
straight through: The air affects little of the red, orange, and yellow 
light. The gas molecules absorb much of the shorter wavelength blue 
light. The absorbed blue light is then radiated in different directions 
and is scattered all around the sky. Whichever direction you look, 
some of this scattered blue light reaches you. Since you see the blue 
light from everywhere overhead, the sky looks blue. Note also that 
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there is a very different kind of scattering, in which the light is simply 
bounced off larger objects like pieces of dust and water droplets, 
rather than being absorbed by a molecule of gas in the atmosphere 
and then reemitted. This bouncing kind of scattering is responsible for 
red sunrises and sunsets. 

Until the end of the 18th century, people thought that visible light 
was the only kind of light. The amazing amateur astronomer 
Frederick William Herschel (the discoverer of Uranus) discovered the 
first non-visible light, the infrared. He thought that each color of vis- 
ible light had a different temperature and devised an experiment to 
measure the temperature of each color of light. The temperatures 

went up as the colors progressed from violet through red, and then 

Herschel decided to measure past red, where he found the highest 

temperature yet. This was the first demonstration that there was a 

kind of radiation that could not be seen by the human eye. Herschel 

originally named this range of radiation “calorific rays,” but the name 

was later changed to infrared, meaning “below red.” Infrared radiation 

has become an important way of sensing solar system objects and is 

also used in night-vision goggles and various other practical purposes. 

At lower energies and longer wavelengths than the visible and 

infrared, microwaves are commonly used to transmit energy to food in 

microwave ovens, as well as for some communications, though radio 

waves are more common in this use. There is a wide range of frequen- 

cies in the radio spectrum, and they are used in many ways, as shown 

in the table “Common Uses for Radio Waves,” including television, 

radio, and cell phone transmissions. Note that the frequency units are 

given in terms of 10° Hz, without correcting for each coefficient’s 

additional factors of 10. This is because 10° Hz corresponds to the unit 

of megahertz (MHz), which is a commonly used unit of frequency. 

Cosmic rays, gamma rays, and X-rays, the three highest-energy 

radiations, are known as ionizing radiation because they contain 

enough energy that, when they hit an atom, they may knock an elec- 

tron off of it or otherwise change the atom’s weight or structure. 

These ionizing radiations, then, are particularly dangerous to living 

things; for example, they can damage DNA molecules (though good 

use is made of them as well, to see into bodies with X-rays and to kill 

cancer cells with gamma rays). Luckily the atmosphere stops most 

ionizing radiation, but not all of it. Cosmic rays created by the Sun in 

solar flares, or sent off as a part of the solar wind, are relatively low 
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energy. There are far more energetic cosmic rays, though, that come 

from distant stars through interstellar space. These are energetic 

enough to penetrate into an asteroid as deeply as a meter and can 

often make it through the atmosphere. 

When an atom of a radioisotope decays, it gives off some of its 

excess energy as radiation in the form of X-rays, gamma rays, or 

fast-moving subatomic particles: alpha particles (two protons 

and two neutrons, bound together as an atomic nucleus), or beta 

particles (fast-moving electrons), or a combination of two or more 

of these products. If it decays with emission of an alpha or beta 

particle, it becomes a new element. These decay products can be 

described as gamma, beta, and alpha radiation. By decaying, the 

atom is progressing in one or more steps toward a stable state where 

it is no longer radioactive. 

RADIOACTIVITY OF SELECTED 

OBJECTS AND MATERIALS 

Object or material Radioactivity 

| adult human (100 Baq/kg) 7,000 Bq 

| kg coffee 1,000 Bq 

| kg high-phosphate fertilizer 5,000 Bq 

| household smoke detector 30,000 Bq 

(with the element americium) 

radioisotope source for 100 million million Bq 

cancer therapy 

| kg 50-year-old vitrified 10 million million Bg 

high-level nuclear waste 

1 kg uranium ore 25 million Bq 

(Canadian ore, 15% uranium) 

1 kg uranium ore 500,000 Bq 

(Australian ore, 0.3% uranium) 

| kg granite 1,000 Bq 
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The X-rays and gamma rays from decaying atoms are identical to 
those from other natural sources. Like other ionizing radiation, they 
can damage living tissue but can be blocked by lead sheets or by thick 
concrete. Alpha particles are much larger and can be blocked more 
quickly by other material; a sheet of paper or the outer layer of skin 
on your hand will stop them. If the atom that produces them is taken 
inside the body, however, such as when a person breathes in radon 
gas, the alpha particle can do damage to the lungs. Beta particles are 
more energetic and smaller and can penetrate a couple of centimeters 

into a person’s body. 

But why can both radioactive decay that is formed of subatomic 

particles and heat that travels as a wave of energy be considered 

radiation? One of Albert Einstein’s great discoveries is called the 

photoelectric effect: Subatomic particles can all behave as either a 

wave or a particle. The smaller the particle, the more wavelike it is. 

The best example of this is light itself, which behaves almost entirely 

as a wave, but there is the particle equivalent for light, the massless 

photon. Even alpha particles, the largest decay product discussed 

here, can act like a wave, though their wavelike properties are much 

harder to detect. 

The amount of radioactive material is given in becquerel (Bq), a 

measure that enables us to compare the typical radioactivity of some 

natural and other materials. A becquerel is one atomic decay per sec- 

ond. Radioactivity is still sometimes measured using a unit called a 

Curie; a Becquerel is 27 X 10°! Curies. There are materials made 

mainly of radioactive elements, like uranium, but most materials are 

made mainly of stable atoms. Even materials made mainly of stable 

atoms, however, almost always have trace amounts of radioactive ele- 

ments in them, and so even common objects give off some level of 

radiation, as shown in the following table. 

Background radiation is all around us all the time. Naturally occur- 

ring radioactive elements are more common in some kinds of rocks 

than others; for example, granite carries more radioactive elements 

than does sandstone; therefore a person working in a bank built of 

granite will receive more radiation than someone who works in a 

wooden building. Similarly, the atmosphere absorbs cosmic rays, but 

the higher the elevation, the more cosmic-ray exposure there is. A per- 

son living in Denver or in the mountains of Tibet is exposed to more 

cosmic rays than someone living in Boston or in the Netherlands. 

«(y 
we ti 
eae 

189 



Appendix 4: 
A List of All Known Moons 

Though Mercury and Venus have no moons, the other planets in the 

solar system have at least one. Some moons, such as Earth’s Moon 

and Jupiter’s Galileans satellites, are thought to have formed at the 

same time as their accompanying planet. Many other moons appear 

simply to be captured asteroids; for at least half of Jupiter’s moons, 

this seems to be the case. These small, irregular moons are difficult 

to detect from Earth, and so the lists given in the table below must 

be considered works in progress for the gas giant planets. More 

moons will certainly be discovered with longer observation and better 

instrumentation. 

MOONS KNOWN AS OF 2006 

Earth Mars Jupiter Saturn Uranus Neptune Pluto 

I. Moon 1. Phobos 1. Metis I. Pan 1. Cordelia 1. Naiad 1. Charon 

2.Diemos 2. Adrastea 2. Atlas 2. Ophelia 2. Thalassa 2. Nix 

3. Amalthea 3. Prometheus 3. Bianca 3. Despina 3. Hydra 

4. Thebe 4. Pandora 4. Cressida 4. Galatea 

oe 5. Epimetheus 5. Desdemona _ 5. Larissa 

6. Europa 6. Janus 6. Juliet 6. Protgps 

7. Ganymede 7. S/2004 SI 7. Portia 7. Triton 

8. Callisto 8. S/2004 S2 8. Rosalind 8. Nereid 
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Earth Mars Jupiter Saturn 

9. Themisto 9. Mimas 

10. Leda 10. Enceladus 

Il. Himalia ll. Tethys 

12. Lysithea 12. Telesto 

13. Elara 13. Calypso 

14. S/2000 JIl_ 14. Dione 

15. Euporie I5. Helene 

16. Orthosie —_ 16. Rhea 

17. Euanthe 17. Titan 

18. Thyone 18. Hyperion 

19. Harpalyke 19. lapetus 

20. Hermippe 20. Kiviuq 

. Praxidike 2. |jiraq 

22. locaste 22. Phoebe 

23. Ananke 23. Paaliag 

24. S/2002 Jl 24. Skathi 

25. Pasithee — 25. Albiorix 

26. Chaldene 26. Erriapo 

BS 

27. Kale 27. Siarnaq 

28. |lsonoe 28. Tarvos 

29. Aitne 29. Mundilfari 

30. Erinome —. 30. S/2003 SI 

31. Taygete 31. Suttungr 

32. Carme 32. Thrymr 

33. Kalyke 33. Ymir 

Jupiter (continued) 

34. Eurydome  35.Autonoe —_ 36. Sponde 37. Pasiphae 

40. Calirrhoe 41. S/2003 Jl 42.S$/2003J2 43. S/2003 J3 

46. S/2003 J6 = 47.S/2003J7 48. S/2003J8 49. S/2003 J9 

52. $/2003 Jl2_ 53. S/2003 JI3_ 54. S/2003 Jl4 55. S/2003 JI5 

58. S/2003 JI8 59. S/2003 JI9_ 60. S/2003 J20_ 61. S/2003 J21 

Uranus 

9. 2003 U2 

10. Belinda 

Il. 1986 UlO 

12. Puck 

13. 2003 UI 

14. Miranda 

15. Ariel 

16. Umbriel 

17. Titania 

18. Oberon 

19. 2001 U3 

20. Caliban 

be 

22. Trinculo 

23. Sycorax 

24. 2003 U3 

25. Prospero 

26. Setebos 

21, 2001.02 

. Stephano 

Neptune Pluto 

9. S/2002 NI 

10. S/2002 N2 

I. S/2002 N3 

12. S/2003 NI 

13. S/2002 N4 

38. Magaclite 39. Sinope 

44.S/2003J4 45. S/2003 J5 

50. S/2003 Jl0. 51. S/2003 Jl 

56, 3/2003 Jl6 57. $/2003 Ji7 

62. S/2003 J22 63. S/2003 J23 



Glossary 

accretion ‘The accumulation of celestial gas, dust, or smaller bodies 

by gravitational attraction into a larger body, such as a planet or an 

asteroid 

albedo = The light reflected by an object as a fraction of the light shining 

on an object; mirrors have high albedo, while charcoal has low albedo 

anorthite A calcium-rich plagioclase mineral with compositional 

formula CaAl,Si,O,, significant for making up the majority of the 

rock anorthosite in the crust of the Moon 

anticyclone An area of increased atmospheric pressure relative to 

the surrounding pressure field in the atmosphere, resulting in cir- 

cular flow in a clockwise direction north of the equator and in a 

counterclockwise direction to the south 

aphelion A distance; the farthest from the Sun an object travels in 

its orbit 

apogee As for aphelion but for any orbital system (not confined to 

the Sun) 

apparent magnitude The brightness of a celestial object as it 

would appear from a given distance—the lower the number, the 

brighter the object 

atom The smallest quantity of an element that can take part in a 

chemical reaction; consists of a nucleus of protons and neutrons, 

surrounded by a cloud of electrons; each atom is about 10-!° 

meters in diameter, or one angstrom 

atomic number The number of protons in an atom’s nucleus 

AU An AU is an astronomical unit, defined as the distance from the 
Sun to the Earth; approximately 93 million miles, or 150 million 
kilometers. For more information, refer to the UNITS AND MEAS- 

UREMENTS appendix 

basalt A generally dark-colored extrusive igneous rock most com- 
monly created by melting a planet’s mantle; its low silica content 
indicates that it has not been significantly altered on its Passage to 
the planet’s surface 
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bolide An object falling into a planet’s atmosphere, when a specif- 

ic identification as a comet or asteroid cannot be made 

bow shock The area of compression in a flowing fluid when it 

strikes an object or another fluid flowing at another rate; for 

example, the bow of a boat and the water, or the magnetic field 

of a planet and the flowing solar wind 

breccia Material that has been shattered from grinding, as in a 

fault, or from impact, as by meteorites or other solar system 

bodies 

chondrite A class of meteorite thought to contain the most prim- 

itive material left from the solar nebula; named after their glassy, 

super-primitive inclusions called chondrules 

chondrule Rounded, glassy, and crystalline bodies incorporated 

into the more primitive of meteorites; thought to be the con- 

densed droplets of the earliest solar system materials 

clinopyroxene A common mineral in the mantle and igneous 

rocks, with compositional formula ((Ca,Mg,Fe, Al) )(Si,Al),0,) 

conjunction When the Sun is between the Earth and the planet 

or another body in question 

convection Material circulation upward and downward in a grav- 

ity field caused by horizontal gradients in density; an example is 

the hot, less dense bubbles that form at the bottom of a pot, rise, 

and are replaced by cooler, denser sinking material 

core The innermost material within a differentiated body such as a 

planet or the Sun 

Coriolis force The effect of movement on a rotating sphere; 

movement in the Northern Hemisphere curves to the right, 

while movement in the Southern Hemisphere curves to the left 

craton The ancient, stable interior cores of the Earth’s continents 

crust The outermost layer of most differentiated bodies, often 

consisting of the least dense products of volcanic events or other 

buoyant material 

cryovolcanism Non-silicate materials erupted from icy and gassy 

bodies in the cold outer solar system; for example, as suspected 

or seen on the moons Enceladus, Europa, Titan, and Triton 

cubewano Any large Kuiper belt object orbiting between about 

41 AU and 48 AU but not controlled by orbital resonances with 

Neptune; the odd name is derived from 1992 QB,, the first 

Kuiper belt object found 
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cyclone An area in the atmosphere in which the pressures are 

lower than those of the surrounding region at the same level, 

resulting in circular motion in a counterclockwise direction 

north of the equator and in a clockwise direction to the south 

differential rotation Rotation at different rates at different lati- 

tudes, requiring a liquid or gassy body, such as the Sun or Jupiter 

differentiated body A spherical body that has a structure of con- 

centric spherical layers, differing in terms of composition, heat, 

density, and/or motion; caused by gravitational separations and 

heating events such as planetary accretion 

dipole Two associated magnetic poles, one positive and one nega- 

tive, creating a magnetic field 

direct (prograde) Rotation or orbit in the same direction as the 

Earth’s, that is, counterclockwise when viewed from above its 

North Pole 

distributary River channels that branch from the main river 

channel, carrying flow away from the central channel; usually 

form fans of channels at a river’s delta 

eccentricity The amount by which an ellipse differs from a circle 

ecliptic The imaginary plane that contains the Earth’s orbit and 

from which the planes of other planets’ orbits deviate slightly 

(Pluto the most, by 17 degrees); the ecliptic makes an angle of 

7 degrees with the plane of the Sun’s equator 

ejecta Material thrown out of the site of a crater by the force of the 

impactor 

element A family of atoms that all have the same number of posi- 

tively charged particles in their nuclei (the center of the atom) 
ellipticity The amount by which a planet’s shape deviates from a 

_ sphere 

equinox One of two points in a planet’s orbit when day and night 
have the same length; vernal equinox occurs in Earth’s spring and 
autumnal equinox in the fall 

exosphere The uppermost layer of a planet’s atmosphere 

extrasolar Outside this solar system 

garnet The red, green, or purple mineral that contains the major- 
ity of the aluminum in the Earth’s upper mantle; its composition- 
al formula is ((Ca,Mg,Fe Mn), (Al, Fe, Cr, Ti),(SiO,,),) 

graben A low area longer than it is wide and bounded from adjoin- 
ing higher areas by faults; caused by extension in the crust 



granite An intrusive igneous rock with high silica content and 

some minerals containing water; in this solar system thought to 

be found only on Earth 

half-life The time it takes for half a population of an unstable 

isotope to decay 

hydrogen burning The most basic process of nuclear fusion 

in the cores of stars that produces helium and radiation from 

hydrogen 

igneous rock Rock that was once hot enough to be completely 

molten 

impactor A generic term for the object striking and creating a 

crater in another body 

inclination As commonly used in planetary science, the angle 

between the plane of a planet’s orbit and the plane of the ecliptic 

isotope Atoms with the same number of protons (and are there- 

fore the same type of element) but different numbers of neu- 

trons; may be stable or radioactive and occur in different relative 

abundances 

lander A spacecraft designed to land on another solar system 

object rather than flying by, orbiting, or entering the atmosphere 

and then burning up or crashing 

lithosphere The uppermost layer of a terrestrial planet consisting 

of stiff material that moves as one unit if there are plate tectonic 

forces and does not convect internally but transfers heat from the 

planet’s interior through conduction 

magneticmoment The torque (turning force) exerted on a mag- 

net when it is placed in a magnetic field 

magnetopause The surface between the magnetosheath and the 

magnetosphere of a planet 

magnetosheath The compressed, heated portion of the solar 

wind where it piles up against a planetary magnetic field 

magnetosphere The volume of a planet’s magnetic field, shaped 

by the internal planetary source of the magnetism and by interac- 

tions with the solar wind 

magnitude See APPARENT MAGNITUDE 

mantle The spherical shell of a terrestrial planet between crust 

and core; thought to consist mainly of silicate minerals 

mass number The number of protons plus neutrons in an atom’s 

nucleus 
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mesosphere The atmospheric layer between the stratosphere and 

the thermosphere 

metamorphic rock Rock that has been changed from its original 

state by heat or pressure but was never liquid 

mid-ocean ridge The line of active volcanism in oceanic basins 

from which two oceanic plates are produced, one moving away 

from each side of the ridge; only exist on Earth 

mineral A naturally occurring inorganic substance having an 

orderly internal structure (usually crystalline) and characteristic 

chemical composition 

nucleus The center of the atom, consisting of protons (positively 

charged) and neutrons (no electric charge); tiny in volume but 

makes up almost all the mass of the atom 

nutation The slow wobble of a planet’s rotation axis along a line of 

longitude, causing changes in the planet’s obliquity 

obliquity The angle between a planet’s equatorial plane to its 

orbit plane 

occultation The movement of one celestial body in front of 

another from a particular point of view; most commonly the 

movement of a planet in front of a star from the point of view of 

an Earth viewer 

olivine Also known as the gem peridot, the green mineral that 

makes up the majority of the upper mantle; its compositional 

formula is ((Mg, Fe),SiO,) 

one-plate planet A planet with lithosphere that forms a continu- 

ous spherical shell around the whole planet, not breaking into 

plates or moving with tectonics; Mercury, Venus, and Mars are 

examples 

opposition When the Earth is between the Sun and the planet of 
interest 

orbital period The time required for an object to make a com- 
plete circuit along its orbit 

parent body The larger body that has been broken to produce 
smaller pieces; large bodies in the asteroid belt are thought to be 
the parent bodies of meteorites that fall to Earth today 

perigee As for perihelion but for any orbital system (not confined 
to the Sun) 

perihelion A distance; the closest approach to the Sun made in an 
object’s orbit 



planetesimal The small, condensed bodies that formed early in 

the solar system and presumably accreted to make the planets; 

probably resembled comets or asteroids 

plate tectonics The movement of lithospheric plates relative to 

each other, only known on Earth 

precession The movement of a planet’s axis of rotation that caus- 

es the axis to change its direction of tilt, much as the direction of 

the axis of a toy top rotates as it slows 

prograde (direct) Rotates or orbits in the same direction the 

Earth does, that is, counterclockwise when viewed from above 

its North Pole 

protoplanetary disk The flattened nebular cloud before the 

planets accrete 

radioactive Anatom prone to radiodecay 

radio-decay The conversion of an atom into a different atom or 

isotope through emission of energy or subatomic particles 

red, reddened A solar system body with a redder color in visible 

light, but more important, one that has increased albedo at low 

wavelengths (the “red” end of the spectrum) 

refractory An element that requires unusually high temperatures 

in order to melt or evaporate; compare to volatile 

relief (topographic relief) The shapes of the surface of land; 

most especially the high parts such as hills or mountains 

resonance When the ratio of the orbital periods of two bodies is 

an integer; for example, if one moon orbits its planet once for 

every two times another moon orbits, the two are said to be in 

resonance 

retrograde Rotates or orbits in the opposite direction to Earth, 

that is, clockwise when viewed from above its North Pole 

Roche limit The radius around a given planet that a given satellite 

must be outside of in order to remain intact; within the Roche 

limit, the satellite’s self-gravity will be overcome by gravitational 

tidal forces from the planet, and the satellite will be torn apart 

rock Material consisting of the aggregate of minerals 

sedimentary rock Rock made of mineral grains that were trans- 

ported by water or air 

seismic waves Waves of energy propagating through a planet, 

caused by earthquakes or other impulsive forces, such as mete- 

orite impacts and human-made explosions 
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semimajor axis Half the widest diameter of an orbit 

semiminor axis Half the narrowest diameter of an orbit 

silicate A molecule, crystal, or compound made from the basic 

building block silica (SiO,); the Earth’s mantle is made of sili- 

cates, while its core is made of metals 

spectrometer An instrument that separates electromagnetic radi- 

ation, such as light, into wavelengths, creating a spectrum 

stratosphere The layer of the atmosphere located between the 

troposphere and the mesosphere, characterized by a slight tem- 

perature increase and absence of clouds 

subduction Movement of one lithospheric plate beneath another 

subduction zone A compressive boundary between two lithos- 

pheric plates, where one plate (usually an oceanic plate) is sliding 

beneath the other and plunging at an angle into the mantle 

synchronous orbit radius The orbital radius at which the satel- 

lite’s orbital period is equal to the rotational period of the planet; 

contrast with synchronous rotation 

synchronous rotation When the same face of a moon is always 

toward its planet, caused by the period of the moon’s rotation 

about its axis being the same as the period of the moon’s orbit 

around its planet; most moons rotate synchronously due to tidal 

locking 

tacholine The region in the Sun where differential rotation gives 

way to solid-body rotation, creating a shear zone and perhaps the 

body’s magnetic field as well; is at the depth of about one-third of 

the Sun’s radius 

terrestrial planet A planet similar to the Earth—rocky and 

metallic and in the inner solar system; includes Mercury, Venus, 

Earth, and Mars 

thermosphere The atmospheric layer between the mesosphere 
and the exosphere 

tidal locking The tidal (gravitational) pull between two closely 
orbiting bodies that causes the bodies to settle into stable orbits 
with the same faces toward each other at all times; this final sta- 
ble state is called synchronous rotation 

tomography The technique of creating images of the interior of 
the Earth using the slightly different speeds of earthquake waves 

that have traveled along different paths through the Earth 



tropopause The point in the atmosphere of any planet where the 
temperature reaches a minimum; both above and below this 
height, temperatures rise 

troposphere The lower regions of a planetary atmosphere, where 
convection keeps the gas mixed, and there is a steady decrease in 

temperature with height above the surface 

viscosity A liquid’s resistance to flowing; honey has higher viscos- 
ity than water 

visual magnitude The brightness of a celestial body as seen from 

Earth categorized on a numerical scale; the brightest star has 

magnitude —1.4 and the faintest visible star has magnitude 6; a 

decrease of one unit represents an increase in brightness by a fac- 

tor of 2.512; system begun by Ptolemy in the second century 

B.C.E.; see also apparent magnitude 

volatile An element that moves into a liquid or gas state at rela- 

tively low temperatures; compare with refractory 
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orbital motion, Kepler’s laws of 69, 

De 
orbital period 71 

Orbiting Solar Observatory 1 (OSO) 

(satellite) 56 

Orbiting Solar Observatory 8 (OSO) 

(satellite) 56 

orthopyroxene 123, 124 

OSO. See Orbiting Solar Observatory 
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oxygen 

atoms of 11 

on Earth 50 

isotopes of 11-12 

on Mercury 85 

on Venus 135 

P 

paint, latex house, viscosity of 127 

paludes 143 

pancake domes 149 

Pandrosos Dorsa (Venus) 139 

Pang, Kevin 49 

Parmentier, Marc 128 

particles 

accelerated 163 

elementary 16—17 

protons acting as 22 

paterae 143 

Pauli, Wolfgang 23 

pentaquarks 16 

penumbra 29 

peridot 84 

perigee 77,78 

perihelion 78 

perovskite 124 

photogeology 102 

photography, visible light 39-40 

photons 16, 17 

photosphere 3, 18, 26—30 

magnetic field in 29 

oscillations in 27 

temperature in 27, 162 

visible light in 3, 18-19, 26 

physics, laws of 21, 23 

Pioneer (spacecraft) 136 

Pioneer Venus I (spacecraft) 160 

plagioclase 91, 123, 124 

plains 

on Mars 102 

on Mercury 97, 99, 101-106 

nomenclature for 143 

onVenus 149, 150 

plana 143 

The Sun, Mercury, and Venus 

Planck curves 40, 41 

Planck’s Law 39-40 

planetesimals 86, 88—90 

planets. See also specific planets 

density of, distance from Sun and 

8, 10 

differentiated 87 

extrasolar, discovery of 64 

formation of 7-14, 86-87, 134 

interior structure of 82—84 

solar wind’s effects on 5, 45, 51 

Sun’s effects on 49-53, 

167-168 

planitiae 143 

plasma 

in chromosphere 30 

in corona 34 

definition of 15 

in flares 32, 163 

plastic deformations 128 

plateaus, on Venus 138, 148-149 

plate tectonics 82-84 

on Earth 82, 83—84 

on Venus xxii, 125, 166-168 

plumes 

in Sun’s corona 31, 32, 34 

vapor 145-146 

inVenus 125, 152-153 

Pluto 

differentiation in 87 

orbit of 75, 75 

Sun’s effects on 51 

polar plumes, in corona 32 

polar radius, of Mercury 65, 66 

poles, magnetic 

of Mercury 92 

of Sun 26, 58 

polygonal terrain, on Venus 154, 

154, 156 

positrons 

definition of 17 

in hydrogen burning 20, 22 

precession, of Mercury 69 

precipitation, on Venus 134, 136 

pressure 

atmospheric 

on Mercury 107 

on Venus xxiii, 133-134, 

158-159 

in Doppler effect 28 

of interstellar wind 46 

of Sun’s core 19 

in Venus’s mantle 124 

and viscosity 126—127 

prograde rotation, of Sun 35 

prominences 30—31, C-2, C-4 

definition of 30 

magnetic field and 26, 30 

proton(s) 

acting as waves or particles 22 

in B-decay 23 

definition of 11, 17 

in hydrogen burning 19-22, 20 

in isotopes 11 

quarks in 16-17 

in solar wind 19 

tunneling of 22 

proton-proton chain 19-22, 20 

protoplanetary disks 8,9, 162 

protoplanets 88 

Ptolemy (Greek philosopher) xix 

pyroxene 84, 91 

Q 
quadrupole field 26 

quarks 16-17 

Quetzalpetlatl corona (Venus) 151 

R 

radar, in Deep Space Network 46-47 

radar imaging 41-43 

of Venus 43, 43, 116, 117, 117, 

Ceo 

radial ridges, on Venus 147 

radiation 

corpuscular, See solar wind 

distribution in solar system 19, 

51 



electromagnetic 24, 36-43 

infrared 39-40, 41 

thermal. See heat 

radiative zone, of Sun 3, 15—18, 24 

161-162 

radii, of Mercury 65, 66 

radioactive decay 

beta 23 

definition of 12 

heat from 5, 13, 83, 88 

radioactive isotopes 12—13, 103 

radioactivity, variation in 23 

radiodating 7 

> 

radio detection and ranging. See 

radar 

radioisotopes 12—13 

radio waves 

at heliopause 46 

remote sensing with 40—43, 55 

rain, on Venus 134, 136 

red giant stars 52 

red light 139 

red shift 28 

reflectance spectrometry 40, 

91-92 

relativity theory 5, 70 

special 28 

relief, surface, on Venus 118, 137 

remote sensing 36-43, 91 

Resolution Rupes (Mercury) 105 

resonance, orbital 71, 107 

reticula 143 

retrograde motion 

early theories on xix 

of Venus 119-121 

Reuven Ramaty High Energy Solar 

Spectroscopic Imager (RHESSI) 

(spacecraft) 60 

rheology 126-128 

RHESSI. See Reuven Ramaty High 

Energy Solar Spectroscopic Imager 

ridges, wrinkle 147, 149 

rilles 143 

rimae 143 

rocks 

carbonate 135, 166 

flow of 83, 86, 126, 128 

formation of 82 

igneous 82 

metamorphic 82 

sedimentary 82 

viscosity of 126, 128 

volcanic 123, 131 

Rosenberg, Liz 139 

rotation 

direction of, by planet 78 

of Mercury 70-71 

of Sun 25 

of Venus 118, 119-121 

run-out flows 145-146, C-8 

rupes 105, 143, 144 

S 

scarps, on Mercury 105-106, 106, 

164 

Scotland 60 

sedimentary rocks 82 

seismic waves 124 

semimajor axes 72,74, 75, 76 

semiminor axes 72, 74, 75 

Shakespeare quadrangle (Mercury) 

101-102, 102 

shape 

of coronal mass ejections C-3 

of Mercury 66 

of orbits 71—79 

of solar system objects 86—90 

of Venus 66, 118 

shear stress 126—128, 127 

shield volcanoes, on Venus 149 

shock, at heliopause 46, 47, 47-48, 

5a 

shock waves 28 

on Mercury 100-101, 10] 

shrinkage, planetary 106, 106 

silica, on Venus 150, 154 

silicate(s) 

in Earth 84 

Index <0 21 

elements in 8—9 

in formation of planets 8, 

13-14, 85 

heat capacity of 89 

in Mercury 85, 164 

silicon 84 

sinus 143 

Skylab (space station) 32, 56 

slow neutrons 38 

SMM. See Solar Maximum Mission 

Smrekar, Sue 153 

SOHO (spacecraft) 31—33, 59 

coordination with other 

spacecraft 58, 60 

countries sponsoring 32, 59 

goals of 59 

images from 27, 30, 31-33, 33, 

AA 5D = Cae Gab C= Ona, 

LASCO on 32, 33, 59 

SOHO-6 (comet) 32, C-5 

Solar and Heliospheric Observatory. 

See SOHO 

Solar-B mission 55—56 

solar eclipses 30, 31 

solar flares 

in corona 32, 34 

definition of 32 

formation of 163 

magnetic field and 29, 163 

missions studying 57, 60 

and sunquakes 27 

types of 32 

solar maximum 26, 29, 30, C-2 

Solar Maximum Mission (SMM) 

(spacecraft) 57—58 

solar minimum 29—30, 60 

solar system xxi 

age of 7 

early theories on center of 

X1x—xxX 

elements most common in 9—10 

formation of 7—14, 52—53 

Late Heavy Bombardment in 

102, 103 
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Solar Terrestrial Relations 

Observatory (STEREO) mission 

55-56 

solar wind 42—46 

composition of 3, 19,43, 45 

corona as source of 31, 43-44 

definition of 19, 42 

distribution of 19, 45-46 

effects on planets 5,45, 51 

at heliopause 46-48, 47 

magnetic field and 44—45 

on Mercury 107, 108 

missions studying 55, 58-59 

speed of 47-48 

solids, flow of 126-128 

sound, Doppler effect in 27—28 

sound waves 27—28 

Soviet missions. See also specific 

missions and spacecraft 

earliest 55 

to Venus 63, 155, 156, 157-160, 

158 

spectral lines 34-35, 36 

spectrohelioscopes 30 

spectrometers 34—35, 36 

spectroscopy 34-35, 36 

near-infrared reflectance 39-40 

thermal emission 40 

speed of sound 28 

spheroids, oblate 66 

spicules, on chromosphere 30 

spin axis 9 

spinel 123, 124 

sprays, in chromosphere 30 

Sputnik | (satellite) 55 

stability, of atoms 12-13 

Stanford-Lockheed Institute for 

Space Research 59 

Stanley, Sabine 94 

star(s). See also Sun 

death of 7, 52—53 

formation of 7—8 

mass of 8 

The Sun, Mercury, and Venus 

in solar system xx 

T-Tauri stage in 134-135 

Stefan, Josef 39 

Stefan-Boltzmann constant 39 

STEREO. See Solar Terrestrial 

Relations Observatory mission 

Stofan, Ellen 153 

stratomesosphere, of Venus 136 

streamers, in corona 31, 33—34, 43 

string theory 67 

subatomic particles 16, 17 

subduction zones 83 

sulci 143 

sulfur 94 

sulfur dioxide, on Venus 136—137 

sulfuric acid, on Venus 136—137 

Sun 1—60. See also solar 

age of 52 

boundaries of 18-19 

as center of solar system xix—xx 

chromosphere of 3, 30-31, 162, 

Gl 

color of 139 

composition of 9-10, 15, 162 

convective zone of 3, 18, 2425, 

162 

coreof 3, 15919223. 161 

corona of. See corona 

death of 52—53 

and density of planets 8, 10 

effects on planets 49—53, 

167-168 

formation of 7—8 

in formation of planets 8—14 

heliopause of 46-48, 57 

hydrogen burning in 19—22, 20 

internal structure of 3, 15-48, 

18 

luminosity of 50-51 

magnetic field of. See magnetic 

field, of Sun 

mass of xx, 4, 8, 162 

Mercury’s distance from xxiii, 64 

and Mercury’s orbit 70—71 

missions to 55—60 

neutrinos flowing from 17, 

22-23 

orbits around. See orbit(s) 

photosphere of 3, 18, 26-30, 

162 

radiative zone of 3, 15-18, 24, 

161-162 

rotation of 25 

size of 4 

summary of facts on 3—6 

surface of 3 

symbol for 5 

temperature of. See temperature, 

of Sun 

transition zone of 31, 162 

T-Tauri stage of 134-135 

unanswered questions about 

161-163 

Venus’s distance from xxiii 

sunlight. See light 

sunquakes 27 

sunspots 

in chromosphere 30 

clusters of 29) @lkuG3; 

creation of 29 

cycles in 26, 29-30, 49 

definition of 25 

flares near 32 

magnetic field and 26, 29 

missions studying 57 

motion of 25, 29 

numbers assigned to 29 

size of 29 

temperature of 29 

visibility of 29 

supergranules 25 

supernovae 52—53 

surfaces 

of Mercury 97-108, 164 

of Moon 42 
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nomenclature for landforms 

on 142-144 

rocks on 82 

remote sensing of 36—43 

of Sun 3 

of Venus xxii—xxiii, 43, 117, 

176/131, 197056, Cz 
surface tension 86 

surface water. See water 

surges, in chromosphere 30 

Switzerland 60 

symbols 

for Mercury 65—66, 66 

for Sun 5 

for Venus 117, 119 

z 

tacholine 25, 26 

tau neutrinos 17 

tau particles 17 

tectonics. See plate tectonics 

telescopes 

Mercury viewed with 63 

radio 55 

Sun viewed with 32,55 

ultraviolet 32 

X-ray 32 

temperature(s) 

absolute 39 

condensation 10—14, 13 

in convection 24 

of Earth 50, 83 

and energy 39-40 

and formation of planets 8, 10—14 

and infrared radiation 39-40 

of Mercury 107—108, 108 

and oxygen isotopes 12 

of planetary surfaces, comparison 

of 108 

and plasma 15 

of Sun 161—162 

in chromosphere 31, 34, 35, 

162 

in convective zone 24—25, 

162 

In COreme hol 

in corona 34—35, 44, 162 

in photosphere 27, 162 

in radiative zone 24 

vs. radius 35, 44 

in sunspots 29 

in transition zone 31, 162 

of Venus xxii, 124-125, 

132-136, 158-159 

and viscosity 126-128 

termination shock 47, 47-48 

terrae 

definition of 143 

on Venus 149 

terrestrial planets 

definition of 8 

formation of 8 

interior structure of 82—84 

tesserae 

definition of 143 

on Venus 140, 146, 147 

Tharsis rise (Mars) 100 

thermal emission spectroscopy 40 

thermal neutrons 38 

thermal radiation. See heat 

thermosphere, of Venus 136 

thixotropic materials 127 

tholeiitic lava 149 

tholi 143 

thrust faults 105, 106 

ticks 149 

tidal bulges 71 

tidal locking 70—71 

tin chloride 136 

titanium 91 

topography, gravity and 66—68 

Transition Region and Coronal Explorer 

(TRACE) (spacecraft) 33, 58, 

59-60 

transition zone, of Sun 31, 162 

troposphere, on Venus 135—136 

Index ZS 

truth, ground 109 

truth quarks 16 

T-Tauri stage, of Sun 134-135 

tuffs, volcanic 150-151 

tunneling 22 

Turcotte, Don 125—128 

U 

ultraviolet flares 32 

ultraviolet telescopes 32 

Ulysses (spacecraft) 58 

umbra, of sunspots 29 

undae 143 

undifferentiated bodies 87 

United States missions. See also 

specific missions and spacecraft 

to Mercury 63, 110-111 

to Sun 55-60 

to Venus 63, 157-160, 158 

up quarks 16-17 

Vv 

valles 143 

Valles Marineris (Mars) 137, 154 

vapor plumes 145—146 

vastitates 143 

Vega I (spacecraft) 149 

Vega 2 (spacecraft) 123, 149 

velocity 

in Doppler effect 28 

in kinetic energy 89 

inmomentum 88 

of Sun’s rotation 25 

Venera I (spacecraft) 157 

Venera 4 (spacecraft) 157-159 

Venera 5 (spacecraft) 159 

Venera 7 (spacecraft) 159 

Venera 8 (spacecraft) 159 

Venera 9 (spacecraft) 149, 160 

Venera 10 (spacecraft) 149 

Venera 13 (spacecraft) 123 

Venera 14 (spacecraft) 123, 150 

Venera 15 (spacecraft) 155 
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Venera 16 (spacecraft) 155 

Venera missions 157—160, 158 

Venus 113-160 

atmosphere of. See atmosphere, 

of Venus 

brightness of 115 

channels on 137, 153-156 

climate of xxiii 

composition of 123-124 

core of 124, 129 

craters on 125, 138, 140-146, 

149, 151 

crust of 125—128, 166-167 

early observation of 115 

Earth compared to 116-117, 

118 

faults and folds on 146—147 

greenhouse effect on xxiii, 131, 

1335166 
internal structure of 123-129 

magnetic field of 129 

mantle of 123-124, 125, 

152-153 

mass of 118 

missions to xxiii, 63, 64, 110, 

157-160, 158 

names for features of 144 

orbit of 120 

phases of 119 

radar imaging of 43, 43, 116, 

117, TUPAC Te G8 
rocks on 82, 123, 131 

rotation of 118, 119-121 

shape of 66, 118 

size of 118 

summary of facts on 115—121 

Sun’s distance from xxiii 

Sun’s effects on 51, 131, 

167-168 

surface of xxii—xxiii, 43, 117, 

11S) 1811S 7-156. E-7 

The Sun, Mercury, and Venus 

symbol for 117, 119 

temperatures on xxii, 124-125, 

132-136, 158-159 

tidal locking in 71 

unanswered questions about 

165-168 

visibility of 115-116, 119 

Venus Express (spacecraft) 160 

vernal equinox 78 

Very Large Array (observatory) 136 

4 Vesta (asteroid) 87—88 

violet light 139 

violet light images, of Venus 115, 

116 

viscosity 

and flow of solids 126-128, 127 

of lava 149-150, 154 

and shape 86 

visible light. See light 

visible light photography 39-40 

vision, development of 51 

volatiles 14 

on Mercury 165 

on Venus 165—166 

volcanic activity 

and heat flux 83 

on Mars 100 

on Mercury 81, 94, 102, 104, 

107 

on Moon 104 

on Venus 123, 125-128, 137, 

138-140, 146-147, 149-151, 

156, 167 

Voyager I (spacecraft) 46-48, 47, 57 

Voyager 2 (spacecraft) 46-48, 47, 57 

Vulcan (theoretical planet) 69 

WwW 

water 

condensation temperature for 12 

on Earth 135, 166 

heavy 23 

in Late Heavy Bombardment 

103 

on Mercury 99, 102, 165 

and sedimentary rocks 82 

on Venus xxii, 135, 149-150, 

165-166 

viscosity of 126 

waves 

protons acting as 22 

radio 40-43, 46, 55 

seismic 124 

shock 28, 100-101, 101 

sound 27—28 

weather 

on Mercury 107-108 

Sun’s effects on 49 

on Venus 132—137 

white dwarf stars 52 

Wilson, Bob 29—30 

winds. See also solar wind 

interstellar 46, 47 

on Venus 132 

Working Group for Planetary 

System Nomenclature 142 

wrinkle ridges 147, 149 

xX 

X-ray flares 32 

X-rays, remote sensing with 38 

X-ray telescopes 32 

Y 

Yau, Kevin 49 

yellow dwarf stars 8 

Yohkoh (spacecraft) 58 

young plains, on Mercury 97, 99 

101-106 
> 

Z 

Zahnle, Kevin 135 
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The Sun, Mercury, and Venus 
argeted to middle and high school students, The Solar System is a six-volume set that explores the Sun—the center of 

our solar system—and its orbiters, including Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus, Neptune, and Pluto, 

as well as asteroids, meteorites, and comets. Designed to complement science curricula, the books provide a detailed 

narrative of how the universe was formed and how each planet or celestial body relates to the rest of the solar system. 

The Sun, Mercury, and Venus begins with the story of the solar system's formation and the processes that created the Sun and its initial 

orbiters. The book discusses how the Sun has its strongest influence on Mercury, its dry, cratered surface baked by solar radiation. 

There is up-to-date information on the current MESSENGER mission to Mercury and an interesting comparison between the size 

and composition of Venus and Earth and the role of carbon in the two planets’ atmospheres and landscapes. 

Featuring an extensive chapter on space missions that helped the scientific community gain a better understanding of the solar 

system, the volume also includes information on 

atmosphere and weather E fundamental facts about Mercury, the Sun, and Venus 

the composition of Mercury, the Sun, and Venus magnetic fields 

craters on Mercury and Venus i Mercury's huge core 

the formation of the Sun and the planets the Sun’s effect on the planets 

The book contains more than 40 black-and-white photographs and line illustrations, a special insert of 16 full-color photographs, 

a set of three appendixes—Standard International Units and their measurements; information on light, wavelength, and radiation; 
a list of all known moons—a glossary of terms, a detailed list of print and Internet resources, and an index. 

The Solar System set is essential for middle and high school students, teachers, and general readers who seek a more thorough under- 
standing of the role of planets or smaller bodies as recorders of the formation of the solar system. 

The Solar System Set 

Asteroids, Meteorites, and Comets The Sun, Mercury, and Venus 

The Earth and the Moon Uranus, Neptur ea : 

Jupiter and Saturn Outer Solars FA 5 [a] 
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we : 
Linda T. Elkins-Tanton, Ph.D, received a doctorate in geology and geophysics from the ol =I i [m] of Technology and 
currently holds a research position at Brown University. She is an expert on early planet: Ae processes, and the 

Mars 

connections between meteorite impacts, flood basalts, and global extinction events. Dr. Elkins- rantons work nas been published in 
several journals, including Geology, Earth and Planetary Science Letters, Geophysical Research Letters, and The Journal of Geophysical Research. oor ete 

ISBN O-8140-5193-3 

90000 
On the cover: Computer generated image of a volcano (Sapas Mons) | 
on Venus (NASA/JPL) ? 
Cover design by Dorothy M. Preston . 
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