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FOREWORD

The amazing diversity of worlds in our solar system

has inspired people for generations. Our immediate
neighborhood in space includes a star powered by nuclear
fusion, large worlds of swirling gases, smaller planets
made of rock and metal, and countless tiny bodies.

In the farther reaches of the solar system, four large
gas planets orbit the Sun: Jupiter, Saturn, Uranus, and
Neptune. Four smaller terrestrial planets orbit closer
to home: Earth, Venus, Mars, and Mercury. Also nearby
1s the main belt of asteroids. Other tiny, ice-covered
bodies, mostly found in the realms beyond the planets,
orbit in a few distinct groups at the edge of the Sun’s
gravitational influence.

Although it is small compared to the Sun and the gas
planets, the most important place to us is, of course, Earth.
It is the only world so far found to support life, and in our
exploratory missions across the solar system we have yet
to find anywhere quite like home.

People have stood on only one other world besides
Earth. Astronauts reached the surface of the Moon in the
1960s in one of the greatest stories of human enterprise.
We have also sent spacecraft to other planets, acquiring a
vast amount of data. Our robotic machines crawl over the
surface of Mars and return images of a dusty, dry world,
but one that reminds us of the desert landscapes on Earth.
Venus, cloaked in thick, hot clouds, seems a very alien
place in comparison. Other intriguing places that continue
to fascinate us include Europa and Enceladus, ice-covered
moons of outer planets that both contain layers of liquid
water under the surface.

The exotic beauty of our solar system has captured
the imagination of people everywhere. This book shows in
detail what each world has in common, what sets each
apart from the others, and how they all fit together within
our small region of the universe. I hope that The Planets
fulfills part of your dreams of discovery.

Andrew K. Johnston
Smithsonian National Air and Space Museum
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Our Sun is just one of around 200 billion stars

that make up the Milky Way—the vast, spiral
galaxy we call home. The Sun lies about halfway
out from the galactic heart in a minor spiral arm,
orbiting the center once every 200 million years at
the brisk pace of 120 miles (200km) per second.
Like thousands of other stars, it is surrounded by a
family of smaller objects trapped in its vicinity by

OUR PLACE IN SPACE O

gravity, just as the Sun 1s caught by the pull of the
Milky Way. The largest of these objects are known to
us as planets, and their wandering journeys through
the night sky have earned them ancient names.
Most of the planets detected near other stars are
vast, boiling worlds with wayward orbits—habitats
1mpossible for life. Not so in our solar system. Its
eight planets follow stable, almost circular paths
around the Sun. The innermost planets—Mercury,
Venus, Earth, and Mars—are small, solid globes
of rock and 1ron. In contrast, the outer worlds—
Jupiter, Saturn, Uranus, and Neptune—are bloated
glants formed of gas and liquid, each accompanied
by a large retinue of moons, like a solar system in
S~ miniature. Less easily observed, but far more
e IUMerous, are the many smaller objects that

edge-on. Best seen on the darkest, clearest

nghs—far fom aries and o ormsof it pOPULAte the dark recesses of the solar system, from

phollulzio;]_;itt)apiears a;a milk);] bandI across . .

the sky. The bright patches are huge, luminous

nebulae—glowing clouds of gas and dust in dwarf planetS 11ke PlU.tO tO COmetS and aSter(ﬂdS
which new stars and planets are taking shape.

The it hatappears o e e iy wayin ] @ftover rubble from the primordial cloud of debris

two is a darker cloud, about 300 light-years
from Earth, that blocks the light from more

distant stars behind it. fI‘()m WhiCh the planets fOI‘med.
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AROUND THE SUN

THE SUN'S GRAVITY HOLDS IN THRALL A DIVERSE ASSORTMENT v Orbits
The planets travel along paths around the Sun that

OF CELESTIAL OBJ ECTS. AS WELL AS THE EIGHT PLANETS, WITH are not perfectly circular but slightly elliptical (oval).
THEIR OWN FAMILIES OF RINGS AND MOONS, THE SOLAR SYSTEM ~ >maller bodies typicaly follow much more elptica

orbits, tipped up from the plane in which the planets

COMPRISES BILLIONS OF PIECES OF ROCKY AND ICY DEBRIS. move. Most exireme are the comets, which trace very

long, thin elliptical orbits from the outer limits of the

The planets all orbit the Sun in the same direction, and in Scﬂft;fnysgznnlefmﬁ;ﬁ:‘;mZﬁgyefr:fefgforu‘%?tﬁgle
almost the same flat plane. Closest to the Sun's heat are Sun in the opposite direction to the planets.
four small, rocky worlds: Mercury, Venus, Earth, and Mars. P
In the chilly farther reaches of the solar system lie the giant
planets: Jupiter, Saturn, Uranus, and Neptune. They are
composed mostly of substances more volatile than rock,
such as hydrogen, helium, methane, and water.

The asteroids, most of which reside between Mars and
Jupiter, are lumps of rocky debris left over from the birth of
the planets. The edge of the planetary system is marked by
icy chunks—comets and the Kuiper belt objects—that have
survived from the earliest days of the solar system.

Earth Mars

9 Venus
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Kuiper belt

Uranus .
Neptune

Trojan asteroids

V Distance from the Sun
If the Sun were the size of a basketball, Neptune
would be a grape 1.5 miles (2.5km) away. The vast
scale of the solar system including its outer reaches

is difficult to visualize intuitively, so the diagram
below uses an exponential scale rather than the
conventional linear scale. The units are astronomical
units (AU); one AU is the distance from Earth to the
Sun, which is about 93 million miles (150 million km).
The Oort cloud—a vast, spherical cloud of comets
that swarm around the solar system—Ilies about
50,000 AU from the Sun.

Oort cloud
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BIRTH OF THE
SOLAR SYSTEM

CREATED OUT OF GAS AND DUST, THE SUN FIRST SHONE AS
A STAR WITHIN A RING OF DEBRIS—THE LEFTOVERS FROM
ITS FORMATION. THESE MATERIALS SLOWLY GREW FROM
TINY PARTICLES INTO ASTEROIDS, MOONS, AND PLANETS.

Five billion years ago, the solar system did not exist. Our galaxy,
the Milky Way, was already 8 billion years old, and within it
generations of stars had lived and died, seeding space with gas
and dust that assembled into huge, dark clouds. Then, on the
outskirts of the galaxy, something started to stir. An exploding
star—a supernova—squeezed a neighboring dark cloud, which
then began to collapse under its own gravity. Deep within, denser
clumps of gas started to coagulate into thousands of protostars.

As each one of these shrank, they heated up until nuclear reactions
began in their cores and stars were born.

Many of these newly hatched stars were surrounded by whirling
disks of gas and icy dust. In one case in particular—the newborn
Sun—we know that this material, over millions of years, created the
planets of our solar system.

Solar system nursery
Sheltered from the dangerous radiation of space, the new solar _ :
. . . Mystic Mountain

system developed in the depths of a giant bank of interstellar smog. Stars and planetary systems are being born
This cloud was composed mainly of hydrogen and helium gas left ioxcay in gani risisiel e dowds e the

. . stunning Mystic Mountain in the Carina
over from the Big Bang and polluted with specks of soot and Nebula. The protostars are hidden in the
cosmic dust ejected from dying stars. It was so cold that gases such TS BUE L Guiloul g (e & Yo

. . planetary system have blasted through

as methane, ammonia, and water vapor froze onto the tiny dust as a pair of horns” (see far right of picture)
particles. These microscopic hailstones, whirling around the young 2 trillion km (1.2 trillion miles) long.

Sun, were the seeds from which the planets would eventually grow.

99.8 percent
of the Solar
System’s
mass 1s found
1n the Sun.

A Sun’s secret birth A Bipolar outflow

Hidden in a nebula rich with chemical compounds, known The protostar began to rotate, generating a strong magnetic
as a molecular cloud, the embryonic Sun was no more than field that forced streamers of gas away in opposite directions.
a collapsing clump of gas. As it contracted, this clump The gas collapsing around the protostar turned ever faster
heated up to become a protostar. and flattened out.




A Lighting up

The protostar grew hot enough to ignite nuclear
reactions, and the Sun began to shine. Its heat boiled
away the ice nearby, leaving only rocky dust in the inner
disk. But icy grains still survived on the outer edges.

[> Space rubble

The rubble left over from the building
of the solar system still falls to Earth as
meteorites. The rare stony meteorites
known as carbonaceous chondrites
have remained unchanged since the
birth of the planets. By analyzing the
radioactive atoms in them, scientists
can pinpoint the exact age of the solar
system: 4.5682 billion years old. The
oldest meteorites contain chondrules,
glassy drops of melted rock formed in
the heat generated by the development
of the solar system.

Light micrograph of
Allende meteorite, a
carbonaceous chondrite
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FORMATION
OF THE
PLANETS

THE EIGHT PLANETS OF OUR SOLAR SYSTEM,
NOW ORBITING SERENELY, WERE BORN IN A
MAELSTROM OF COLLIDING DEBRIS LEFT
OVER FROM THE SUN'S FORMATION.

The interstellar cloud that gave birth to the Sun was
not used up entirely when our star formed. A disk of
residual debris was left in orbit around the Sun like
rings around Saturn, forming a “solar nebula.” This
material would eventually form the planets.

In the cold outer regions of the solar nebula, the
debris consisted largely of tiny grains of frozen water,
methane, and ammonia—hydrogen compounds
too volatile to condense into ice in the inner solar
system. Closer in, however, the Sun’s heat boiled
away volatile compounds, leaving only particles of
rock and metal. As a result, the planets that formed
in different parts of the solar nebula grew from very
different materials. Inside the “frost line"—the point
beyond which volatile compounds can survive the
Sun’s heat—the rocky debris gave rise to four small
terrestrial planets with cores of metal. Beyond the
frost line, icy debris coalesced into hot globes of
spinning fluid, swollen to gigantic proportions by
hydrogen and helium gas from the solar nebula.

Debris from the era of planet formation still
litters the solar system in the form of asteroids,
comets, and Kuiper belt objects (icy bodies beyond
Neptune). Disturbed by the wanderings of Jupiter
and Saturn, some of this icy rubble may even have
delivered water to the once-dry Earth, kick-starting
the chemical process that gave rise to life.

The gas giant planets
account for nearly

99 percent of the

mass orbiting the Sun.

When worlds collide

In the first 100 million years after the Sun
formed, protoplanets frequently collided as
they whirled around the Sun. Mercury may
owe its huge core to a catastrophic impact that
stripped the nascent planet of its rocky mantle.
Venus's anomalous clockwise spin—the opposite
of most planets—may be the result of another
collision. A protoplanet also seems to have hit
Earth, almost splitting our world apart; the
incandescent spray from this impact formed
the Moon.

~ Solar nebula

The solar nebula started out as a homogeneous disk of
gas and dust. As the dust particles jostled together in
space, they became electrostatically charged and began
to stick to one another. Closer to the Sun, they built up
from grains of rock and metal to form rocky boulders

similar in composition to asteroids. Beyond the frost line,

they gradually enlarged into masses of ice.

A Planetesimals form

When two solid lumps orbiting the Sun collided at high
speed, they smashed into each other. However, if the
encounter was slow, gravity pulled them together.
Overall, the process of construction was more frequent
than destruction, so these chunks slowly grew by an inch
or two per year. Eventually, they developed into bodies a
few miles in diameter, called planetesimals.




A Rocky planets evolve

A million years after the birth of the solar system, the region
near the Sun swarmed with 50-100 rocky bodies similar in size
to Earth’s Moon. As these protoplanets hurtled around the Sun,
crashing into one another like bumper cars, collisions became
ever more violent. The bigger protoplanets came out best,
scooping up their smaller competitors. Only four would
eventually survive, forming today’s rocky planets.

A Gas giants expand

Beyond the frost line, the abundance of icy material created
larger bodies. Fast-growing Jupiter developed sufficient gravity
to pull in gas from the solar nebula and build up into a massive
hydrogen-helium world. Saturn followed suit. However, in the
outer reaches of the solar system, where material was sparse,
Uranus and Neptune grew more slowly. Residual debris around
the gas giants condensed, creating moons.

A Planets migrate to modern positions
Originally, Uranus may have been the outermost planet, but
the orbits of Jupiter and Saturn gradually changed, and when

I

Saturn’s “year” became exactly twice that of Jupiter, the resulting
gravitational resonance threw Neptune farther out, followed by
Uranus. These outer planets, in turn, threw icy planetesimals all
over the solar system, bombarding the inner planets and
forming today’s Kuiper belt.




Jupiter Saturn
Gas giant planet Gas giant planet
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Ganymede Titan Mercury Callisto lo Moon Europa Triton
Moon of Jupiter ~ Moon of Saturn Rocky planet Moon of Jupiter Moon of Jupiter ~ Moon of Earth  Moon of Jupiter Moon of Neptune
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Ceres 2002 MS4 Salacia 2002 AW197 2003 AZ84 2004 GV9 2005 UQ513 Dysnomia
Asteroid TNO TNO TNO TNO TNO TNO Moon of Eris
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2004 XR190 2004 NT33 2001 UR163 2003 Uz413 2004 TY364 2010 VK201 2008 ST291 2010 RE64 2010 FX86 2002 XV93 Pallas
TNO TNO TNO TNO TNO TNO TNO TNO TNO TNO Asteroid

2011 FW62 Miranda 2010 EK139 2005 TB190 1999 DE9 2003 FY128 1998 SN165 2002 KX14 2000 YW134 Biden 2002 VR128
TNO Moon of Uranus TNO TNO TNO TNO TNO TNO TNO TNO TNO




THE SOLAR SYSTEM 19

SIZE AND SCALE

THIS GRAPHIC SHOWS THE RELATIVE SIZES OF THE

100 LARGEST BODIES IN THE SOLAR SYSTEM, FROM
THE SUN AND PLANETS TO THE NUMEROUS OTHER
OBJECTS THAT ARE PART OF OUR STAR’S FAMILY.

On a cosmic scale, the Sun is the only substantial body in the ~ KeY

solar system, so much larger than anything else that our own Star

planet is a mere dot beside it. The largest of the planets by far @ Gas giant planet

are the gas giants, the biggest of which, Jupiter, could swallow * Rocky planet

Earth 1,300 times over. Farther down the scale come the rocky ® woon

inner planets and then a miscellany of other bodies: moons, @ nsteroid

asteroids, and icy objects that populate the region beyond & Trans-Neptunian object (TNO)

Neptune (trans-Neptunian objects). Diminution in size does
not proceed neatly by class; Pluto, for example, is outsized by
seven moons, and even Mercury is smaller than the two largest
moons. Some of the largest asteroids and trans-Neptunian
objects have sufficient mass to form a spherical shape and

are therefore also classified as dwarf planets.

0 10,000 20,000 30,000 km
0 10,000 20,000 miles
4 : a £ S
[l i i §
| { o
! Y ! 3
L 4 ll‘ ki { :I
= J - L o -
Uranus Neptune Earth Venus Mars
Gas giant planet Gas giant planet Rocky planet Rocky planet Rocky planet
[ ] [l o '] ® . - @ @ - 4 -
Titania Rhea Oberon lapetus Makemake 2007 OR10 Charon Umbriel Ariel Dione Quaoar Tethys
Moon of Uranus Moon of Saturn Moon of Uranus Moon of Saturn TNO TNO Moon of Pluto Moon of Moon of Uranus Moon of TNO Moon of Saturn
Uranus Saturn
2005 RN43 2002 UX25 Ixion 2006 QH181 2007 JJ43 Chaos 2007 UK126 2010 Kz239 2004 XA192 2010 RF43 2002 TC302 2005 RM43
TNO TNO TNO TNO TNO TNO TNO TNO TNO TNO TNO TNO
2004 PR107 Vesta 2003 VS2 2003 QX113 Enceladus Varuna 2004 PF115 2010 TY53 2011 GM27 2006 HH123 2010 TJ 2010 Vz98
TNO Asteroid TNO TNO Moon of Saturn TNO TNO TNO TNO TNO TNO TNO
2002 WC19 Huya Hygiea 1999 CD158 Proteus 2005 QU182 2001 QF298 1996 GQ21 Mimas Hi’iaka 2002 CY248 Vanth

TNO TNO Asteroid TNO Moon of Neptune TNO TNO TNO Moon of Saturn Moon of Haumea TNO Moon of Orcus
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OUR SOLAR
SYSTEM

FOR CENTURIES, PEOPLE BELIEVED EARTH WAS AT THE
CENTER OF THE COSMOS, WITH HEAVENLY BODIES IN

ORBIT AROUND US. WHEN THIS MODEL WAS FINALLY

OVERTURNED, IT LED TO A REVOLUTION IN SCIENCE.

The greatest conceptual breakthrough in our understanding of
the solar system was the idea that Earth orbits the Sun, rather
than vice versa. The heliocentric (sun-centered) model of the solar
system was difficult to accept for several reasons. Common sense
suggests the Sun moves across the sky; a stationary Sun implies
that the apparently fixed and solid Earth must be moving and
rotating. Moreover, the ancient Greek model of an Earth-centered
solar system generated good predictions of planetary
movements, supporting the faulty theory. And when the
heliocentric model was shown to be more accurate, it
faced resistance from the prevailing religious notion
that Earth was the center of creation.

Sputnik 1
. P!

¢ 2

Medieval recreation of ancient Greek world map

Ceres, first known asteroid

Apollo 11 Moon landing

Viking 1 image of Mars

Newton’s
Principia
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¢. 400 Bce

Central fire

Greek philosopher Philolaus proposes that
Earth and the Sun orbit a hidden “central
fire" Aristarchus later claims the Sun is the
center, and that the stars do not move
relative to each other because they are so
far away. His ideas are subsequently ignored.

-

¢. 150 Bce

The Ptolemaic system

Greek astronomer and geographer
Claudius Ptolemy puts forward his
geocentric theory, which places Earth at
the center of the cosmos. Belief in the
Ptolemaic system dominates astronomy
for the next 1,400 years.

Galileo Galilei

1687

Planetary orbits explained

English scientist Isaac Newton publishes his
supremely important Principia, laying the
foundations of modern physics. He shows
how gravity keeps planets in elliptical orbits
around the Sun, and derives three laws of
motion, explaining how forces work.

Voyager 1 image of Jupiter

1979

Flyby of Jupiter

In a trail-blazing mission, Voyager 1 flies by
Jupiter and its moons. The US craft reveals
erupting volcanoes on the moon lo and an
icy crust on Europa. Sister craft Voyager 2,
launched two years earlier, will go on to
pass Uranus (1986) and Neptune (1989).

1633

Astronomer on trial

The Catholic Church puts ltalian astronomer
Galileo Galilei on trial for teaching
Copernicus’s theory. His pioneering
telescopic observations support the
Sun-centered model. Galileo is forced to
recant and is put under house arrest.

Nucleus of Halley’s Comet

1986

Close encounter with a comet

Intercepting Halley’s Comet at 150,000 mph
(240,000 km/h), the European spacecraft
Giotto takes the first close-up pictures of a
comet’s nucleus. They reveal a dark-coated
lump of ice 9 miles (15 km) wide. Giotto
then visits a second comet, Grigg-Skjellerup.

THE SOLAR SYSTEM

Copernicus’s
model of the
solar system

1543 ce

Copernican revolution

Just before his death, the Polish
astronomer and mathematician
Nicolaus Copernicus publishes his
revolutionary heliocentric model of
the solar system, putting the
stationary Sun at the center.

An elliptical
orbit around
the Sun

~’

=

1609

Kepler’s laws

German mathematician Johannes Kepler
calculates that the planets follow non-circular,
elliptical orbits and alter speed according to
their distance from the Sun. Kepler’s laws
resolve flaws in the Copernican model and
later inspire Isaac Newton's discoveries.

Saturn, as viewed by CGassini

2004

Orbit of Saturn

NASAs Cassini-Huygens spacecraft,
launched in 1997, enters orbit around
Saturn and later lands a probe onto the
moon Titan. Cassini witnesses a huge storm
in Saturn's clouds and discovers icy geysers
erupting from the moon Enceladus.

21
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I I | E SU N Energy from the Sun’s

surface, or photosphere,
escapes as visible light.

THE SUN IS THE HOTTEST, LARGEST, AND MOST MASSIVE
OBJECT IN THE SOLAR SYSTEM. ITS INCANDESCENT SURFACE
BATHES ITS FAMILY OF PLANETS IN LIGHT, AND ITS IMMENSE
GRAVITATIONAL FORCE CHOREOGRAPHS THEIR ORBITS.

The Sun is a typical star, little different from
billions of others in our galaxy, the Milky Way.
It dominates everything around it, accounting > photosphere

for 99.8 percent of the solar system’s mass. Photographed in wavelengths
. . . of light visible to the human
Compared with any of its planets, the Sun is eye, the Sun appears to have

immense. Earth would fit inside the Sun over ~ asmooth, spherical surface,
speckled by cooler areas

one million times; even the biggest planet, called sunspots. This

Jupiter, is a thousandth of the Sun's volume. aﬁparemhsurfacehca”ed the
. " . photosphere, is illusory. It is

Yet the Sun is by no means the biggest star; I T

VY Canis Majoris, known as a hypergiant, vast atmosphere at which hot
alia gas becomes transparent,
could hold almost 3 billion Suns. [T —
Our star will not be around forever. Now
approximately halfway through its life, in
about 5 billion years it will turn into a red
giant, swelling and surging out toward the
planets. Mercury and Venus will be vaporized.
The Earth may experience a similar fate, but
even if our planet is not engulfed, it will
: [> Chromosphere
become a sweltering furnace under the The photosphere merges into
intense glare of a closer Sun. Eventually, the an upper, hotter layer called
: : : the chromosphere. This
Sun WI‘“ shake itself apart and‘ puff its outer htraviolet image from NASAS
layers into space, leaving behind a ghostly Solar Dynamics Observatory
cloud called a planetary nebula. reveals structures in both
layers. The granular pattern is
caused by convection cells—

pockets of hot gas rising and
sinking within the Sun.

Energy traveling
from the Sun’s core
takes 100,000 years
to reach the surface
and appear as light. ...

Extending far beyond the
chromosphere is the Sun's
tenuous outer atmosphere,
the corona, revealed here by

ultraviolet imaging. Invisible
THE SUN DATA to the naked eye except
Diameter 865,374 miles (1,393,684 km) during a solar eclipse, the
Mass (Earth = 1) 333,000 corona is even hotter than th
Energy output 385 million billion gigawatts chromosphere and seethes
Surface temperature 10,000°F (5,500°C) with activity as eruptions of
Core temperature 27 million °F (15 million °C) plasma burst through it.
Distance from Earth 93 million miles (150 million km)
Polar rotation period 34 Earth days
Age about 4.6 billion years

Life expectancy about 10 billion years




Ltjop w ences are
vast arcs of gas that
erupt from the Sun. They
are anchored in place by
magnetic forces.

Sunspots, which appear
as dark patches, are
relatively cool regions of
the Sun’s surface.

solar flare is a sudden
burst of energy from
he Sun’s surface that
ppears as an intensely
bright spot.

Hot bubbles of gas
rising inside the Sun make
its surface look grainy.

~ Elements in the Sun

The Sun is almost 75 percent hydrogen
and 25 percent helium—the two lightest
elements in the universe. Analysis of the
solar spectrum reveals trace amounts

of heavier elements, including oxygen,
carbon, nitrogen, silicon, magnesium,

neon, iron, and sulfur.
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SUN STRUCTURE

IT MAY SEEM LIKE AN UNCHANGING YELLOW BALL
IN THE SKY, BUT THE SUN IS INCREDIBLY DYNAMIC.
A GIANT NUCLEAR FUSION REACTOR, IT FLOODS THE
SOLAR SYSTEM WITH ITS BRILLIANT ENERGY.

The Sun has no solid surface—it is made of gas, mostly
hydrogen. Intense heat and pressure split the gas atoms
into charged particles, forming an electrified state of
matter known as plasma. Inside the Sun, density and
temperature rise steadily toward the core, where the
pressure is more than 100 billion times greater than
atmospheric pressure on Earth’s surface. In this extreme
environment, unique in the solar system, nuclear fusion
occurs. Hydrogen nuclei are fused together to form
helium nuclei, and a fraction of their mass is lost as
energy, which percolates slowly to the Sun’s outer layers
and then floods out into the blackness of space,
eventually reaching Earth as light and warmth.

Core

Making up the inner fifth of the Sun, the core is
where nuclear fusion creates 99 percent of the Sun's
energy. The center of the core, where hydrogen has
been fused, is mostly helium. The temperature in the
core is 27 million °F (15 million °C).

Radiative zone

Light energy works its way slowly up through the
radiative zone, colliding with atomic nuclei and being
reradiated billions of times. The radiative zone is so
densely packed with matter that energy from the
core can take as long as 100,000 years to reach the
surface. The radiative zone accounts for 70 percent
of the Sun’s radius, and temperatures range from

3.5 to 27 million °F (1.5 to 15 million °C).

Convective zone

In the convective zone, pockets of hot gas
expand and rise toward the solar surface. The
process, known as convection, carries the
energy upward much faster than in the radiative
zone. Temperatures here vary from 10,000 to
3.5 million °F (5,500 to 1.5 million °C).

Photosphere

The photosphere—a region only 60 miles
(100km) thick—is the apparent surface of the
Sun. This is where energy reaches the top of
the convective zone and escapes into space.
The temperature here is 10,000°F (5,500°C).
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Cooler regions of the
photosphere are visible
as dark patches known
as sunspots.

Rising pockets of gas in
the convective zone
cause speckled regions
called granulae on the
photosphere.

A substantial release of energy
can cause the eruption of a
solar flare—a rapid, sudden
brightening just above

the Sun’s surface.

Every second, the
Sun’s core converts
4 million tons
of matter into
pure energy.

The tachocline is a transition
region between the radiative
and convective zones. It plays
an important role in the
generation of the Sun’s
dynamic magnetic field.
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STORMS
ON THE SUN

A SEETHING BALL OF PLASMA, THE SUN IS NEVER THE SAME
FROM ONE DAY TO THE NEXT. THE SOLAR SURFACE IS IN
CONSTANT MAGNETIC TURMOIL, RESULTING IN THE
BIGGEST EXPLOSIVE EVENTS IN THE SOLAR SYSTEM.

Heat and light are not all that the Sun gives to its family

of orbiting worlds. Our star regularly hurls vast swarms of
electrically charged particles out into the solar system in violent
solar storms. For 150 years, astronomers have been able to
observe these events from Earth, but it is only in the last 20 years
that they have been Sun-watching at closer quarters, using

a suite of telescopes launched into space. These instruments
are capable of seeing the Sun even when our spinning planet
turns ground-based instruments away from it. A thorough
understanding of this space weather is crucial as our world
becomes ever more reliant on technology—an intense burst
of solar activity aimed directly at Earth can disable power

grids and wreck satellite circuitry.

<1 Solar flares

Like light bouncing off a gleaming
surface, areas of the Sun suddenly
and rapidly brighten from time to
time. Such events, known as solar
flares, often signal the coming
onslaught of a coronal mass ejection.
The ultraviolet image shown on the
left, taken by NASAs Solar Dynamics
Observatory, captures a solar flare
erupting from the left limb of the Sun.

> Prominences

The Sun's magnetic field lines sometimes tangle so much
that they “snap,” releasing their pent-up energy. When
this happens, sprawling loops of hot plasma known as
prominences erupt from the solar surface, following the
magnetic field lines and tracing out vast and beautiful
loops. These flamelike plumes can extend 300,000 miles
(500,000 km) into space, and last from several days to
months. Prominences often take a distinctive arch shape
but can emerge in other forms, too, including pillars and
pyramids. If they erupt Earthward, so that we see them
in front of the Sun rather than against the darkness of
space, they are referred to as filaments. This sequence
of five photographs shows the eruption of a solar
prominence as it gradually bulges out from the surface
of the Sun before flaring into full splendor.




Coronal mass ejection
The most sizable and impressive
explosive events anywhere in the solar
system occur when the Sun throws out
a mighty eruption of plasma known as
a coronal mass ejection (CME). As the
name suggests, the plasma is spat out
from the Sun’s atmosphere (corona).
The sheer violence of the explosion can
accelerate solar particles toward the
speed of light. When CME material
reaches the Earth, it may trigger a
geomagnetic storm. In the ultraviolet
photograph on the left, a CME is seen
swelling out from the Sun’s corona like
a giant bubble.

Northern lights
A geomagnetic storm caused by a CME
can overwhelm the Earth’s magnetic field,
channeling energy poleward and producing
spectacular aurorae like the one above,
photographed over Thingvellir National Park
in Iceland. The shimmering curtains of light

Caught on camera
On August 31, 2012, NASAS Solar Dynamics
Observatory had a front row seat when the
Sun put on the most spectacular of shows.
A coronal mass ejection totaling over
a billion tons of material rocketed out
toward the planets at over 3 million miles
(5 million km) per hour.

are the result of oxygen atoms glowing
from energy injected into the atmosphere.
Normally seen in polar latitudes, aurorae
can extend all the way to the tropics after
a major CME.




SUN RAYS
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THE SOLAR CYCLE

THE SUN IS A CHANGEABLE STAR, SOMETIMES CALM AND PEACEFUL,
SOMETIMES ERUPTING WITH GREAT VIOLENCE. THESE CHANGES
FOLLOW A CLEAR PATTERN, WITH A CYCLICAL RISE AND FALL OF
SOLAR ACTIVITY EVERY 11 YEARS OR SO.

For the last four centuries, scientists have kept records of the Sun’s activity.
During the early 19th century, German apothecary-turned-astronomer
Samuel Heinrich Schwabe spent 17 years trying to spot a planet that
he believed existed closer to the Sun than Mercury. He failed to see
the silhouette of a new planet against the Sun, but he did keep
accurate records of sunspots. Looking back over his observations,

he noticed that the number of sunspots varied in a regular way,
and the idea of the solar cycle was born. Today’s orbiting and
ground-based solar telescopes constantly scrutinize the Sun,
revealing further details of this recurring pattern.

Sunspots

Once thought to be storms in the atmosphere of the Sun,
we now know that sunspots are merely cooler regions of
the solar surface. Typically lasting a few weeks, they are
caused by intense, local magnetic activity and often
appear in pairs. Records of sunspot observations date
from the early 17th century, though sunspots were
probably seen earlier. Scientists can trace sunspot activity
further back by studying tree rings: carbon-14 levels in
tree rings are lower during times of sunspot abundance,
and greater when there are few sunspots.

[> Sunspot structure

A sunspot is usually split into
two parts: an inner umbra and
an outer penumbra. The dark
umbra is the cooler part, with
temperatures of around
4,500°F (2,500°C). By contrast,
the penumbra can reach
6,300°F (3,500°C) and often
exhibits streaky filaments
called fibrils. The sunspots in
a pair tend to have opposite
magnetic polarity, akin to the
poles of a magnet.

The Great Sunspot
of 1947 was easily visible
to the naked eye at sunset.

Size of Earth &
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Solar cycle

The 11-year solar cycle progresses from solar minimum (fewest
sunspots) to solar maximum (most sunspots) and back again. It is
linked to changes in the Sun’s magnetic field, which becomes twisted
during the cycle, before breaking down and renewing itself; every 22
years, the Sun's magnetic poles reverse. Solar maximum is associated
not only with greater sunspot activity but also with solar flares, coronal
mass ejections, and brighter aurorae on Earth.

Sunspots are frequently seen
in pairs and sometimes
form larger clusters.
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A\ Butterfly diagram

Plotting sunspot occurrence against solar
latitudes on a graph results in a distinctive
pattern known as a butterfly diagram. Sunspots
appear at mid-latitudes when the cycle begins,
and migrate toward the solar equator as they
become more numerous. This migration
follows the path of jet streams of plasma
flowing beneath the Sun’s surface.

Polar regions spin
more slowly than
equatorial regions.

> Impact on climate

The solar cycle is thought to
influence Earth’s climate, but the
exact nature of the relationship
is not fully understood. Between
1645 and 1715, sunspots were
exceptionally rare. This period
coincided with the Little Ice
Age—a prolonged cold spell in
Europe during which normally
ice-free rivers froze over.

T
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Year

Differences in spin
rate twist the Sun’s
magnetic field.

T ) ] T ]
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V Differential rotation

Unlike the solid Earth, not all regions of the Sun
spin at the same rate. In fact, the Sun's equator
spins 20 percent faster than its poles. The
differential rotation causes the Sun's magnetic
field lines to become tangled and twisted over
time. Similar to winding up a rubber band, this
twisting stores up energy until things eventually
“snap,” causing an outburst of magnetic activity.

Twisted field lines
emerge from the surface
in loops, with sunspots at

the ends of each loop.

Frost fair on the Thames River during the Little Ice Age
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SOLAR ECLIPSES

WHEN SOMETHING AS CONSTANT AND UNERRING AS
THE SUN'S LIGHT IS SUDDENLY INTERRUPTED DURING
THE DAY, WE CANNOT FAIL TO NOTICE. FOR A FEW
MINUTES, IT SEEMS AS IF THE WORLD STANDS STILL.

History books are littered with tales of the Sun disappearing;
today we call these events solar eclipses. Every so often, during
its steady crawl around Earth, the Moon occupies the exact
same part of daytime sky as the Sun. Since the Moon s closer, its
presence obscures our view of the Sun, causing an eclipse.

Total solar eclipses

During a total solar eclipse, the Sun is completely hidden by the
Moon'’s disk for a few minutes. A total solar eclipse is perhaps
nature’s ultimate spectacle: the sky darkens, the temperature
drops, and birds stop singing.

If the Moon orbited exactly on the line between the Sun and
Earth, we would get an eclipse every month. However, because
the Moon'’s orbit is tilted by five degrees, eclipses happen only
every 18 months or so. Each is visible from only a small part
of Earth’s surface, where the Moon's shadow falls.

€ ((

A How total eclipses work

Despite being 400 times smaller than the
Sun, the Moon is able to block our view

of the Sun because it is 400 times closer.
Where the darker part of the Moon’s
shadow—the umbra—falls on Earth, a total
eclipse is seen; from the penumbra, a partial
eclipse is visible. The umbra’s path across
Earth is typically 10,000 miles (16,000 km)
long but only 100 miles (160 km) wide.

A total solar eclipse is
seen from the inner
part of the shadow
(the umbra)

Penumbra
(outer,
paler shadow)

Totality

Vv Totality

Eclipse watchers view the Sun and Moon from
Ellis Beach in Australia in November 2012.
Totality—the stage during which the Sun is
completely hidden—is a fleeting event, lasting
a maximum of 7.5 minutes. During the eclipse
of 2012 it lasted only two minutes.
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A Diamond ring

The Moon's surface is not perfectly smooth. Mountains and
valleys allow sunlight to break through, creating an effect known
as Baily's beads. A solitary bead appears as a spectacular
“diamond ring," marking the beginning or end of totality.

Map of total solar eclipses 2014-2040

A Solar corona

. The Sun’s vast and tenuous outer atmosphere—the corona—is normally
Annular solar eCllpseS outshone by its brilliant photosphere, rendering the corona all but invisible.

Sometimes the Moon fails to cover the entire solar disk a“Ong us to But when the Moon covers the Sun’s face, the corona is spectacularly revealed.
' To study the corona through solar telescopes, astronomers use a coronagraph—

see the edge of the Sun as a ring around the Moon's silhouette. This is an opaque disk that obscures the Sun.
called an annular solar eclipse, from the Latin annulus, meaning “little
ring." A hybrid solar eclipse—a very unusual event—appears as total

from some locations on Earth and as annular from others.

Sun Annular eclipse
In this type of eclipse, the seen here.

umbra does not fall on

Earth.

A How annular eclipses work > Ring of fire

The Moon's orbit is elliptical rather than An annular eclipse is visible where the
circular, so its distance from Earth varies. antumbra—the extension of the umbra—

If a solar eclipse occurs when the Moon passes over Earth's surface. During the eclipse,
is at its farthest from Earth, it is too small the Moon leaves a spectacular “ring of fire”

in the sky to block out the Sun and causes around it. The ring is so bright that the corona

an annular eclipse. cannot be seen.
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STORY OF THE SUN

OVER THE CENTURIES, THE SUN’'S PLACE IN OUR CULTURE
HAS CHANGED DRAMATICALLY—SCIENCE AND
EXPERIMENTATION HAVE OVERSEEN ITS TRANSITION
FROM ALL-POWERFUL GOD TO HOT, GAS-FILLED STAR.

The Sun's movements have been tracked for thousands of
years, and were used by many ancient civilizations as the
basis for their calendars. However, the same people still
believed the Sun circled Earth; it was not until 1543 that
Copernicus suggested the Sun was at the center of the
solar system. Later, Newton's theory of gravity allowed the
Sun’'s enormous mass to be calculated, and Einstein's work
in the early 20th century explained how the Sun can shine
for billions of years without running out of fuel. Modern
spacecraft allow us to study the Sun in intimate detail and
predict the storms that rage on its surface.

J. Norman
Lockyer

1868

Discovery of helium

English astronomer J. Norman Lockyer
discovers an unknown element in the
spectrum of the Sun. He names it helium
after Helios, the Greek Sun god. The element
is not discovered on Earth until 1895. We
now know the Sun is 25 percent helium.

Butterfly diagram

1904

Sunspots plotted

English astronomer Edward Maunder plots
sunspot locations during the solar cycle,
creating his famous “butterfly diagram.” It
shows that sunspots increase in number and
move toward the solar equator as the solar
cycle approaches its peak.

Stonehenge

3000-2000 sce

Astronomical calendar

Stonehenge monument is built in southwest
England. Although its function remains
unclear, the alignment of its stones with the
sunrise and sunset in midsummer and
midwinter suggests it was used as an
astronomical calendar.

Coronal mass ejection

1859

Solar storm recorded

English astronomer Richard Carrington
observes the first solar flare. It is followed
by the biggest Earth-bound coronal mass
ejection ever recorded. The solar storm hits
Earth within days, causing aurorae as far
south as Hawaii and the Caribbean.

Einstein and Eddington

1919

Theory of relativity

British physicist Arthur Eddington
photographs a solar eclipse from Principe in
west Africa. His shots capture the positions
of stars near the Sun and confirm Albert
Einstein's general theory of relativity by
showing that the Sun bends light.

Sun god
worship in
. ancient
Egypt

1350 BcE

Sun god Apollo

The Sun is worshipped as a god by the
ancient Egyptians, Greeks, and later Romans.
The Romans celebrate the death and rebirth
of the Sun god Apollo in midwinter. When
Rome converts to Christianity, this festival
becomes known as Christmas.

First
photograph

1845

First photograph of the Sun

The new technology of photography allows
the first image of the Sun to be taken by
French astronomers Louis Fizeau and Lion
Foucault. The pair use the daguerreotype
technique to capture the image, which
includes clearly visible sunspots.

Nuclear fusion

@ Deuterium . @
S B ey
R, e
ritium Neutron
1920

Nuclear fusion in the Sun’s core

In his presidential address to the British
Association for the Advancement of Science,
Arthur Eddington correctly proposes that
the Sun's energy is created by nuclear
processes at its core. He goes on to publish
a detailed account of his ideas in 1926.



364 Bce

Earliest record of sunspots

Chinese astronomer Shi Shen makes

the earliest record of sunspot observation.
He believes the phenomenon is due

to a form of eclipse. Today we know

that sunspots are cooler regions of

the Sun's photosphere.

1843

Sunspot cycle

German astronomer Heinrich Schwabe
publishes his work on sunspots after studying
them for 17 years in an attempt to find a
hypothetical planet, Vulcan. He notes that
sunspot numbers rise and fall over a decade
or so. We now know this as the solar cycle.

Comet Hale-Bopp

1951

Discovery of the solar wind

German astronomer Ludwig F. Biermann
discovers the solar wind by observing comets.
He notices the tail of a comet always points
away from the Sun no matter which way it is
traveling, and concludes that something
must be blowing it in that direction.

Solar eclipse

Sun’s corona

Byzantine historian Leo Diaconus gives the
first reliable description of the Sun's corona,
as seen from Constantinople (now Istanbul)
during a solar eclipse. He describes a “dim
and feeble glow like a narrow band shining
in a circle around the edge of the disk.”

Absorption lines

1802

Discovery of absorption lines

English chemist William Wollaston
discovers absorption lines in the
spectrum of light from the Sun. These
are later found to be caused by chemical
elements in the Sun and are used to
determine its composition.

1995

SOHO mission

NASA and ESA's Solar and Heliospheric
Observatory (SOHO) launches. It
provides spectacular images and
unprecedented scientific analysis of the
Sun. By 2012, it will discover over
2,000 sun-grazing comets.
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Center of the solar system

Copernicus's On the Revolutions of the
Heavenly Spheres is printed in Nuremburg in
modern-day Germany. Previously, Ptolemy’s
view that Earth was at the center of the solar
system prevailed. Copernicus's work places
the Sun at the heart of the solar system.
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1609

First telescope view of sunspots

The invention of the telescope leads to the
first clear observations of sunspots by Italian
scientist Galileo, German physicist Christoph
Scheiner, and other astronomers. Galileo's
observations of Jupiter and Venus support
Copernicus’s ideas about the solar system.

SDO image of Sun

Voyager 1

37
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2010

Solar Dynamics Observatory

NASASs Solar Dynamics Observatory
(SDO) launches, using high-definition
technology to observe the Sun. Taking
multiple wavelength images every ten
seconds, it sends back data equivalent
to half a million music tracks every day.

2012

Voyager 1 leaves heliosphere
The Voyager 1 spacecraft
becomes the first human-made
object to leave the heliosphere,
the vast region of space
around the Sun in which

the solar wind flows.
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I> Pioneer 5
This early mission lacked a camera and so
could not return images. It was, however,
the first true interplanetary spacecraft.
Launched on a path that took it between
Earth and Venus, Pioneer 5 confirmed the
existence of an interplanetary magnetic
field for the first time and studied how
this field is affected by solar flares.

4 Heli%
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EARTH ORBIT

Planned ~Aditya

oint NASA/Germany mission
oint NASA/ESA mission

Destination
| Success

<| Helios A and B

The two Helios spacecraft studied
the solar wind and magnetism.
They hold the records for making
the closest approach to the Sun
(slightly nearer than Mercury)

and being the fastest human-made
objects in history: they reached a
top speed of 44 miles (70km) per
second. No longer functional but
still in orbit, they follow elliptical
paths, swooping close to the Sun at
top speed and then flying back out
toward Earth’s orbit.

LAGRANGIAN POINT ORBIT

A Mission destinations

With a few exceptions, spacecraft launched to observe the
Sun are not designed to fly close to it. Some stay in orbit
around Earth and take advantage of a view of the Sun
unobstructed by Earth's atmosphere. Others orbit the Sun
slightly closer than Earth or even from farther away, sometimes
en route to other destinations. The SOHO and Genesis
spacecraft orbited the Sun at the Lagrangian point—a point
in space about 930,000 miles (1.5 million km) from Earth at
which the gravity of Earth and the Sun balance, allowing the
craft to maintain an orbit synchronous with Earth’s.

> Ulysses

Designed to observe the Sun at high latitudes,
Ulysses flew to Jupiter and used the planet’s
gravity to fling it into an orbit that would take
it over the poles of the Sun. On its travels, it
discovered that 30 times more dust enters our
solar system than had previously been thought.
Contact with Ulysses was terminated in 2009.

¥V SOHO
Launched in 1995, the Solar and Heliospheric
Observatory (SOHO) was the first of the
modern generation of solar observatories.

Still at work today, SOHO has returned many
spectacular images of the Sun’s violent weather,
the chromosphere, and the corona, all of which
it monitors from a solar orbit. While

studying the Sun, SOHO
has discovered 2,000
Sun-grazing comets.

SOHO is powered
by four rectangular
solar panels.
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ORBITER

MISSIONS

TO THE SUN

TO LEARN MORE ABOUT THE SUN, WE NEED TO OBSERVE
IT FROM ABOVE EARTH'S ATMOSPHERE. OVER THE YEARS,
A NUMBER OF COUNTRIES HAVE LAUNCHED MISSIONS
TO PEER AT OUR NEAREST STAR FROM SPACE.

A suite of spacecraft have revolutionized our understanding of all things
solar, from the Sun’s dynamic magnetic field to the way its solar wind
interacts with the planets. Today, the Sun is under constant surveillance
from space, 24 hours a day. Such close scrutiny is important—the more
we understand about the Sun, the better we are able to predict when a
potentially dangerous solar storm will be unleashed in our direction.

V' Genesis

This was a mission to capture material from
the solar wind. It did so in 2005, making it
the first NASA mission to return a space
sample to Earth since Apollo 17 astronauts
returned with lunar rocks in 1972. The
mission wasn't without incident, however;
Genesis crash-landed, but the sample was
successfully salvaged.

Optical telescope <! Hinode
5 Armed with instruments that can see visible
light, ultraviolet, and X-rays, Hinode monitors
the Sun's magnetic activity, providing valuable
insights into sunspots and solar flares. It is also
investigating how magnetic energy moves from
the photosphere to the corona.

UV imaging
spectrometer

> SDO

The Solar Dynamics Observatory (SDO) beams
back high-definition images of the Sun every
ten seconds. SDO was designed to study space
weather. This SDO image shows loops of hot
gas following the Sun's twisted magnetic field.

X-ray telescope
Arrays of hexagonal y &

collectors for gathering
solar wind particles

> STEREO
The Solar Terrestrial Relations Observatory
(STEREO) consists of two identical craft orbiting
the Sun in tandem. They take stereo (3-D) images
of the Sun and study events such as coronal
mass ejections. In 2007, STEREO photographed
the Moon passing in front of the Sun (right)—
a lunar transit not visible from Earth.
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The four planets closest to the Sun—Mercury,
Venus, Earth, and Mars—are a diverse group.

Our own planet is the biggest of the foursome,
with Venus a near-twin in size. Formed in a cloud
of solar dust and gas, battered by collisions, and
reduced to rocky balls by heat and gravity, they all
began life in the same way. But over time, they
became very different. Mercury, the smallest of the

NEIGHBORING WORLDS O

<1 Traces of the past

More has been discovered about Mars than
any other of our close planetary neighbors.
NASAs Mars Reconnaissance Orbiter opened
a window into the Red Planet’s past when it
captured this image. The layers of rock within
a crater in the Arabia Terra region, caused

by fluctuations in the amount of sediment
deposited, reveal that the Martian climate has
changed repeatedly over millions of years.

inner planets, is closest to the Sun and has little
atmosphere to protect it from our star’s searing
heat. The craters on Mercury’s hot, dark surface—
scars of long bombardment by cosmic material—
resemble the craters on the Moon. While all the
inner planets are thought to have an iron core,
Mercury’s 1s unusually large, perhaps because the
young planet was stripped of its outer layers in a
catastrophic collision. Venus, though beautiful in
the twilight sky, is obscured by choking clouds of
sulfuric acid and may be actively volcanic. The
hottest planet in the solar system, it is the victim
of a runaway greenhouse effect. Mars 1s the coldest
rocky planet. Once, it may have been warm, with
rivers flowing on its surface, but now the planet is
an arid wasteland, its remaining water locked in
frost and ice. Earth is a world between extremes.
The right distance from the Sun for water to exist
1n liquid form on the surface, our planet has vast
oceans, an oxygen-rich atmosphere, and a huge
diversity of life forms.
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MERCURY

THE NEAREST PLANET TO THE SUN, MERCURY CAN BE SEEN
CLEARLY FROM EARTH ONLY FOR SHORT PERIODS EACH YEAR.
IT IS USUALLY VISIBLE IN SPRING AND FALL AS A BRIGHT
GLIMMER JUST ABOVE THE HORIZON AT DUSK AND DAWN.

Brahms Crater is a

large, old, complex crater
with a prominent central
peak over 1.9 miles
(3km) high.

Mercury is a tiny, dense, deeply cratered
world, so close to the Sun that it is continually
scorched and blasted by solar emissions.
Temperatures during its long daytime period
reach a roasting 800°F (430°C)—hot enough
to melt lead. Yet because there is only a thin
atmosphere, heat escapes quickly enough

for nighttime temperatures to drop to

-290°F (-180°C). No other planet in the solar
system experiences such extremes.

Mercury spins on its axis very slowly, with
one rotation taking almost 59 Earth days. Yet
it is also the fastest-orbiting of all the planets,
completing its circuit of the Sun in just 88 days.
By the time the sunny side begins to turn away,
the whole planet has been swept around to
face the Sun from the opposite side. So once
the Sun comes up, it takes a long time to set
again—there are 176 days from one sunrise to
the next, during which time the planet orbits
the Sun more than twice. Despite the long
Mercurial days, Mercury's sky always looks
black due to the incredibly thin atmosphere,
which is not thick enough to reflect light.

Mercury has a
maximum orbital
speed of 30 miles
(50km) per second.

MERCURY DATA

Average diameter 3,032 miles (4,879km)
Mass (Earth = 1) 0.055

Gravity at equator (Earth = 1) 0.38

Mean distance from Sun (Earth =1) 0.38

Axial tilt 0.01°

Rotation period (day) 58.6 Earth days

Orbital period (year) 87.97 Earth days
Minimum temperature —290°F (-180°C)
Maximum temperature 800°F (430°C)

Moons 0

> Northern hemisphere

At the north pole are huge
expanses of smooth plains
some 1.5 million square miles
(4 million km?) in area—half
the size of the United States.
A feature known as Goethe
Basin contains ghost craters
that have been flooded and
buried by lava flows.

Tyagaraja Crater

> Western hemisphere

Until NASAsS MESSENGER
made its first flyby in 2008, this
half of Mercury was unknown.
The flyby revealed that 40
percent of the planet’s surface
is covered by smooth, volcanic
plains. Its crust is more like
that of Mars than the Moon'’s,
despite the similar appearance.

> Southern hemisphere
Around Mercury's poles, in
shadowy places that are
permanently shielded from
the Sun’s heat, such as in
Chao Meng-Fu crater, NASAs
MESSENGER spacecraft found
radar-bright patches that
could be a mix of frozen
water and organic materials.

Named after the
Hungarian composer,
Bartok Crater is about
45 miles (73km) across
with a central peak.

Michelangelo Crater
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Plains, such as the
Sobkou Planitia, are
named after the words
for “Mercury” in
different languages.

Rupes are cliffs, thought
to have formed as the
iron core of the planet

cooled and contracted.

Discovery Rupes is the
longest rupes (cliff) on
Mercury, at around
400 miles (650 km)

in length and 1.2 miles
(2km) tall.

| <| Eastern hemisphere
Mercury’s surface is much more varied than
it seemed at first, with huge volcanic plains,
as well as impact craters and basins.
It is unusually wrinkly, with long, high,
winding ridges many hundreds of miles
long called lobate scarps.
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Liquid core

The iron core is 2,240 miles (3,600 km) wide.
Researchers discovered its liquid state by
bouncing radio waves off the planet to measure

how much it wobbles as it rotates. A solid core

would have rigid rotation, but Mercury’s wobbly
MERCURY IS ONE OF THE FOUR SOLI D, TERRESTRIAL PLANETS spin indicates liquid sloshing around inside.
MADE OF ROCK AND METAL. IT IS SMALLER THAN SOME
MOONS, YET MORE DENSE THAN ANY OTHER PLANET

APART FROM EARTH.

o

For such a small planet to be so dense, Mercury
must have a very large iron core. This suggests

that it has lost rock from its outer layers. If so,

one explanation might be that early in its history
Mercury was struck by a planetesimal, one of the
many protoplanets that whirled through the solar
system as it formed. The devastating impact caused
by this planetesimal—which was probably about
one-sixth the size of the planet itself—blasted
away much of Mercury’s rocky exterior.

.'\I"If

In places, Mercury’s
surface is tinged yellow
by sulfur. There is more
of this element in
Mercury than any
other planet.

Mercury’s iron
core takes up
61% of its
volume—
Earth’s takes
up only 17%.

> Layer by layer

Data from MESSENGER and the forthcoming
BepiColombo missions may support the
theory that Mercury’s unusual structure—with
a vast core and narrow outer layers—is due
to the loss of rock when it was struck by a
planetesimal. Another explanation is that rock
vaporized in the hot conditions of the early
solar system, before the Sun stabilized. A third
idea is that rock was stripped away by the drag
of the solar nebula early on.



Mantle

The semi-molten rock of the mantle layer is
around 400 miles (600 km) thick. Like Earth’s
mantle, Mercury’s consists of silicate rocks and
is far less dense than the planet’s core. It is a
relatively thin layer, accounting for approximately
20 percent of the planet’s radius.

Crust

Mercury’s crust is likely to be made of
magnesium-rich basalt and other silicate rocks. It
is 70-190 miles (100-300km) thick. The
surface is stable, with no moving plates, meaning
that features such as impact craters remain
undisturbed on the planet for billions of years.
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vV Atmosphere

Mercury has an atmosphere, but it is very thin,
which is why it is called an exosphere. Some
astronomers believe Mercury once had a thick
atmosphere like Earth, but because the planet
is small, its gravity could not stop the atmosphere
from being blown away by the solar wind. The
gases that remain include hydrogen, oxygen,
helium, water vapor, sodium, and potassium.
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S MERCURY UP CLOSE

. o MERCURY IS COVERED BY GRAYISH-BROWN DUST AND BEARS
COUNTLESS METEORITE CRATERS, FROM VAST, MULTI-RINGED
: BASINS TO TINY POCKMARKS. ALSO ON THE PLANET ARE
o TOWERING CLIFFS AND LONG, WINDING RIDGES.

—

With almost no atmosphere for protection, Mercury is exposed to the
, battering of even small meteorites. Impact craters of all sizes pit the
s planet’s surface. The largest meteorites have created multi-ring basins
' A such as the Caloris Basin. The heaviest meteorite bombardment came
( ' early in the planet’s history, punching out most of the largest craters
iy - NS _ before quieting down some 3.8 billion years ago. Soon afterward,
: “g' ; ' ' ' lava flows spread across the surface to create smooth plains that
obliterated some craters. Later, the planet’s interior cooled and
) shrank, breaking the crust into cracks and ridges. Eventually, about
( Ve 1o (8 750 million years ago, Mercury’s mantle shrank so much that lava
T Ghe A B ceased to flow out. Since then, the planet’s surface has hardly
' ' changed, though it continues to be scarred by minor impacts.

'-Ji / * : /s The naming of Mercury’s surface features follows a system:
3 ' ’ craters are named after artists, composers, and authors—for
e | \ 13 7e example, the Tolstoy and Beethoven basins; valleys (valles) are
Ve named after observatories; cliffs (rupes) after ships of discovery;
o (94 ridges (dorsa) after scientists; and plains (planitiae) take
¢ international names for Mercury.
J Copland Crater
; "
(Y
i
Between the craters are
{ vast plains formed by
P { \ lava flows.
i
. <I Active surface
'Y The MESSENGER spacecraft,
which has been orbiting A Hollows
! Mercury since 2011, has shown MESSENGER discovered thousands of strange hollows etched
Y. that activity below the surface into the floor of impact craters on Mercury. With no sign of
v may be changing the planet even ejecta to suggest these were caused by impact, at first it was
H now. This 3D model constructed thought they were created by rock collapsing into magma
[ . i . from MESSENGER data also reveals chambers below the surface. Now astronomers think the
y rays of pale material around fresh hollows are scoured out by the solar wind as it vaporizes
' impact craters. minerals on the surface.
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> Rachmaninoff Crater
Rachmaninoff Crater is named after the Russian
composer Sergei Rachmaninoff (1873-1943). It was
photographed by MESSENGER on its third flyby in 2009.
The crater has a distinctive double-ring structure—

the central ring formed from uplifted material after
impact. This false-color image highlights the range

of different materials in Mercury’s surface.

A circle of mountains
some 80 miles (130km)
wide makes up the
central ring.

The central plain contains
concentric troughs perhaps
formed when lava cooled
and solidified.

Quter ring (crater rim)

Debris and shock waves from the
Caloris impact shot to the opposite side
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of Mercury, buckling the crust.

A Plains

Much of Mercury’s surface comprises vast, empty plains, or
planitiae. Most are ancient and heavily scarred with craters.
Other, gently rolling plains called intercrater plains are pitted
with only small craters; these plains probably formed when
lava buried older terrain. There are even younger smooth lava
plains, like those around Caloris Basin, laid down too recently
to show many craters.

A Spider troughs

One of the most striking discoveries of MESSENGER's first
Mercury flyby in 2008 was this extraordinary series of troughs,
or fossae. They radiate around the center of Caloris Basin

like the threads of a spiderweb, which is why the feature

was originally called the Spider. Now it is officially named
Pantheon Fossae, after its resemblance to the sunken panels
that radiate around the dome of the Pantheon in Rome.

The color of the
central plain differs
markedly from the
material outside it.

A\ Basins

The large yellow patch in this false-color image is Caloris
Basin, one of the largest impact craters in the solar system,
some 800 miles (1,300km) across and now partially filled by
a lava flow. It probably formed when a huge asteroid crashed
into Mercury early in its history, creating a vast basin, sending
ejecta 600 miles (1,000 km) from the crater’s rim, and
fracturing rocks around it into troughs.
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NASAs MESSENGER spacecraft, which has been orbiting Mercury since
2017, has built up a global map of the planet. The probe’s imaging systems
continue to seek details of regions in permanent shadow.
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DESTINATION CARNEGIE RUPES

" AMONG MERCURY S MOST DISTINCTIVE FEATURES ARE HUNDREDS OF LONG
_ CLIFFS, KNOWN AS RUPES, THAT WIND FOR MILES ACROSS THE LANDSCAPE,
CUTTING THROUGH ANCIENT CRATERS. CARNEGIE RUPES IS 166 MILES
- (267 KM) LONG AND REACHES 6,600 FT (2,000 M) TALL IN PLACES.

Carnegie Rupes is located in Mercury's nofthern hemisphere: Like all the plahet’s'
rupes, it is the steep face of a:long rldge that slopes gently away on the opposite
side. Geologists describe such cliffs as lobate scarps, ‘because of thelr curved
shapes. Rupes.are tho_ught to have formed at least.3 billion years ago as the
-~ planet contracted, cracking the surface. The shrinkage-was slight, but enough to
thrust up blocks of crust along the cracks, or fadlts. 'So'me scientists believe the - {'
* planet’s contraction was the result of cooling. Others: think the drag of the Sun’s
© gravity slowed Mercury’s rotation, a phenomenon known as tidal despinning,
“reducing the equatorial bulge. Following an established theme, fupes are named
after ships of d|scovery—|n the case of Carnegie, a research vessel that mapped . 5
‘the Earth’s magnetlc field in the early 20th century ' IR N . . A il ] %

" Artist’s impression ba'sed on images
from MESSENGER spacecraft
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) ‘

Latitude 59°N; longitude 53°E

TOPOGRAPHY

This image taken by NASA's MESSENGER spacecraft looks

northwest across Carnegie Rupes, as it slices across an
"3 unnamed crater about 60 miles (100km) in diameter. The & ol '3'.
. colors indicate elevation, with low areas in blue and high ‘a |
areas in red. The line of the cliff shows a sharp change in ! "
elevation—over 1.4 miles (2km) in places. % e

Unnamed crater
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THE WINGED
MESSENGER

VISIBLE TO THE NAKED EYE AROUND SUNRISE AND SUNSET,
MERCURY WAS WELL KNOWN IN ANCIENT TIMES. IT IS THE
FASTEST-MOVING OF ALL THE PLANETS AND WAS NAMED
AFTER THE WINGED MESSENGER OF ROMAN MYTHOLOGY.

Mercury is so small and distant—and circles so close to the Sun—
that it is difficult to see from Earth. Consequently, very little was
known about the planet until comparatively recently. Although
Mercury was first observed through a telescope by Italian scientist
Galileo Galilei in the early 17th century, it was not until the late
20th century that telescopes with sufficient power to resolve
surface details were developed.

The big breakthrough in understanding the Sun’s closest
neighbor came when spacecraft began to beam back close-ups
from the planet. The first was Mariner 10, which made flybys in
1974 and 1975. This was followed, after a gap of more than 30
years, by the MESSENGER spacecraft, which remains in orbit today.

1000 Bce

Babylon tablets

The earliest known record of the
observation of Mercury is on the
Mul.Apin tablets—catalogs of
celestial bodies from ancient Babylon.
The Babylonians call the planet

Nabu, after their messenger god.

Schiaparelli’s
Mercury

1962 ~ 1880s

Mercury by radar

Soviet scientists led by Vladimir Kotelnikov
at Moscow’s Institute of Radio-engineering
and Electronics become the first to bounce
a radar signal off Mercury and receive its
echo, enabling them to make the first radar
observations of the planet.

Schiaparelli’s map

Italian astronomer Giovanni Schiaparelli
observes Mercury and creates the most
accurate map yet. He believes, wrongly, that
Mercury is locked in its orbit—the same side
always faces the Sun, and the planet takes 88
days to orbit the Sun and make one rotation.

Arecibo radio telescope

1965

Rotation speed

American astronomers Gordon Pettengill and Rolf Dyce use the radio
telescope dish at Arecibo, Puerto Rico, to measure Mercury's spin rate.
From radar pulses reflected by the planet’s surface, they calculate that
Mercury’s rotation is not tidally locked, as Schiaparelli had thought,
but takes just 59 days—about two-thirds of its orbital period of 88
days. Most of Mercury has now been mapped by the Arecibo dish.

Hermes, Greek
messenger god

¢. 350 BcE

Apollo and Hermes

At first, the ancient Greeks believe that
Mercury is two planets: they call it Apollo
when it appears in the morning sky, and
Hermes when they see it after sunset. In the
4th century sce, they realize it is actually a
single planet and name it Hermes.

1800-1808

Clouds on Mercury

German astronomer Johann Schréter claims,
wrongly, to have seen features such as clouds
and mountains on Mercury. Using Schréter's
drawings, the astronomer Friedrich Bessel
estimates (wrongly) that Mercury spins at
the same speed as Earth and tilts strongly.

Mariner 10
mosaic of
Mercury
1975
Mariner 10

NASAs Mariner 10 is the first spacecraft to
visit Mercury and photograph it up close.
In three separate flybys, starting March 29,
1975, Mariner 10 images almost half of the
planet’s surface, revealing a landscape
similar to that of the Moon.
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3,008 miles 3,032 miles
(4,841 km) (4,879 km)

Estimate in Siddhanta Actual diameter Galilei

Transit of Mercury

Phases of Mercury

o 2o,

(ona-o’

Mercury passes in
front of the Sun

MESSENGER image
of Mercury

MESSENGER
launch
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LAUNCH EARTH ORBIT JOURNEY TO MERCURY

MISSTONS
1O MERCURY

MERCURY IS THE LEAST EXPLORED OF THE ROCKY PLANETS,

KEY
VISITED BY JUST TWO MISSIONS TO DATE: MARINER 10 0 =
IN THE MID-1970S AND THE MORE RECENT MESSENGER 0 9 A Japan)
SPACECRAFT, WHICH STUDIED MERCURY FROM ORBIT. A0 < osa ESA(Europe)
i) Joint ESA/JAXA

mission

One reason for the lack of missions to Mercury is the sheer technical
@ Destination

difficulty. Spacecraft have to travel extremely fast to get to Mercury, and
when they reach the planet, they must suddenly slow down enough to
get into orbit just as the Sun's gravity is trying to accelerate them even
more. In addition, the Sun’s pull is so strong near Mercury that orbits
around the planet are unstable, and proximity to the Sun makes it hard
for spacecraft to maintain a stable temperature. Nonetheless, Mariner
and MESSENGER have reached the planet successfully and studied its
features and properties. A third major mission, the joint European-
Japanese BepiColombo, may reveal more about this intriguing planet.

</ Mariner 10 > MESSENGER Magnetometer for

Mariner 105 first Mercury flyby took place on March 29, MESSENGER (Mercury surface, space studying Mercury's

1974. Because getting a craft into orbit around the planet environment, geochemistry, and ranging) magnetic field

was so difficult, Mariner 10 was designed to orbit the Sun left Earth in 2004 but took over six years

instead, enabling it to fly past Mercury three times. These to achieve orbit around Mercury—the

flybys revealed a highly cratered surface and, to the great first craft ever to do so. On March 29, v MESSENGER’s journey

surprise of astronomers, a magnetic field around the planet. 2017, it sent the first photo from Mercury MESSENGER had to circle the Sun seven times

orbit. Since then, MESSENGER's cameras
and other instruments have returned

a flood of data about the planet. Its
investigations have discovered water ice
and organic compounds in shadowed
craters near Mercury's north pole.

to get into its orbit around Mercury. It passed
Earth a year after launch and then Venus twice,
using both planets’ gravity to slingshot itself
onward. It then made three flybys of Mercury
to slow down before entering orbit. Its orbit is
very eccentric: its lowest point is just 124 miles
(200km) above the surface, while the highest is
at an altitude of over 9,300 miles (15,000 km).

A RS AANAN

o Launch Earth flyby Venus flybys - Mercury flybys Mercury orbit
Mariner 10 image of Mercury’s cratered surface (August 2004) (2005) (20086, 2007) (2008, 2008, 2009) (March 2011)

Solar panel

Protective
sunshield




Extensive northern
lowland plains

ORBITER

< Surface topography

MESSENGER has imaged the entire surface of
Mercury and returned over 200,000 pictures.

It has also mapped the topography of the
northern hemisphere by using a laser altimeter
to measure elevation. In the view below, looking
toward the north pole, the lowest regions are
shown in purple and the highest in white.

> Mapping Mercury

This map of the northern polar region covers
an area about 1,320 miles (2,130 km) wide.

It was produced by the spacecraft's Mercury
Laser Altimeter (MLA). The MLA fires eight
laser pulses at Mercury each second, and the
time taken for reflected light to return is used
to calculate elevation. MESSENGER's data
provides evidence that the planets diameter
has shrunk by 8.7 miles (14 km) over the last
4 billion years, warping the surface into
wrinkles and the curved cliffs known as rupes.

Land around the
plains is more
heavily cratered.

MERCURY

Each line represents
one orbit; white
regions are gaps.
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The 57-mile- (92-km-) wide
VENUS |S THE SECOND PLANET FROM THE SUN AND OUR double-ring crater Greenaway _)_
_bri >~
NEAREST NEIGHBOR. IT IS A ROCKY WORLD, SIMILAR IN L y
SIZE TO EARTH, BUT THE TWO PLANETS COULD HARDLY LR

BE MORE DIFFERENT IN CHARACTER.

From Earth, Venus is visible at dusk or dawn,
just above the horizon, shining brighter than
anything in the sky but the Sun and Moon.
Through a telescope, the planet can be seen
passing through phases, like our Moon’s, from
crescent to nearly full as it orbits the Sun,
revealing different amounts of its sunlit side.
Seen from space, Venus is swathed in pale
yellow clouds that hide its surface, but radars
and probes carried by spacecraft have looked
beneath to discover a hellish world.

Venusian clouds are flooded with droplets of
sulfuric acid, and the planet’s thick atmosphere
weighs down so heavily that the pressure on the
surface is 90 times that on Earth. The surface
comprises either flat, barren rock or volcanoes,
some of which may be active. Beneath a deep
orange sky, a runaway greenhouse effect traps
the Sun's heat, sending temperatures soaring to
a blistering 880°F (470°C) and making Venus the
hottest planet in the solar system.

Venus rotates in the
opposite direction
to most of the planets.
It turns so slowly

on its axis that its
day lasts longer
than its year.

VENUS DATA

Average diameter 7,520 miles (12,104 km)
Mass (Earth = 1) 0.82

Gravity at equator (Earth = 1) 0.9

Mean distance from Sun (Earth=1) 0.72

Axial tilt 2.6°

Rotation period (day) 243 Earth days

Orbital period (year) 224.7 Earth days
Average surface temperature 880°F (470°C)

Moons 0

> Northern hemisphere
The north pole is a scorched
landscape of bare rock and
rubble. Nearby are the
rugged ridges of Atalanta
Planitia, and also Ishtar
Terra, Venus's highest
mountain range.

> Uplands

Besides the three main
highland regions, or terrae,
Venus has 20 or so smaller
upland areas called regio.
These include Alpha Regio,
the bright patch seen bottom
center, which is highly
deformed and probably

of ancient origin.

A

R
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The Diana Chasma gorge,
four times as long as the
Grand Canyon, contains
perhaps the deepest point
on the planet, where
temperatures soar to
930°F (500°C).

> Southern hemisphere
Venus's southern regions are
as hot and bare as the north.
Lada Terra, the second biggest
of Venus’s three raised land
masses, or terrae, is near

the south pole. It has

more volcanic upwellings,

or coronae, than the

other terrae.




Over 930 miles (1,500 km)
across, the Atalanta Planitia
is one of the widest,
deepest basins on Venus
and is remarkably smooth.

Atla Regio is one of many
large upland areas.

Maat Mons, a giant
and probably active
volcano, is Venus'’s
second-highest peak.

The Dali Chasma is

a system of canyons
that slices through the
surface of Venus for over
1,200 miles (2,000 km).

A Volcanic surface

Normally cloaked in thick cloud, Venus's rocky
surface is rendered visible in this reconstruction
created from radar data. Venus does not appear to
have moving tectonic plates; it is thought that the
heat-driven motion of the interior moves the crust
up and down rather than sideways. The surface is
covered with volcanic features, including hundreds
of volcanoes, vast lava plains, and craters where
volcanic domes have collapsed.
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VENUS STRUCTURE

ALTHOUGH FORMED FROM THE SAME SOLAR DEBRIS AS
EARTH, VENUS IS UNDENIABLY DIFFERENT FROM OUR
PLANET ON THE OUTSIDE. HOWEVER, SCIENTISTS BELIEVE
THAT THE INTERIORS OF THE TWO WORLDS MAY BE SIMILAR.

Almost equal in size and density to Earth, Venus probably
has much the same internal structure and chemistry. At the
heart of the planet there is thought to be a metal core with
a solid center and a molten outer layer. Surrounding this
is a deep mantle of hot rock and a thin, brittle crust
that shows abundant evidence of volcanic activity.
Although Venus has a metal core like Earth’s,
it has no detectable magnetic field. This may
be because it rotates too slowly—taking eight
months to turn once—to produce the
circulations within the outer core that
would generate a dynamo effect.
Venus has the thickest, most dense
atmosphere of all the rocky planets.
Its air is 96.5 percent carbon dioxide
and contains small amounts of other
chemicals, including sulfuric acid;
a thick blanket of sulfuric acid clouds
covers the entire planet.

Venus on the inside

While Venus's core is likely to be mostly iron and
nickel—the same as Earth's—its slightly lower density
suggests there may be a lighter element, such as sulfur,
in there too. Again, like Earth, Venus has a mantle of
rock that is made fluid enough by interior heat to creep
slowly up and down in convection currents. These
currents push molten rock through the crust to create
volcanoes on the surface. Layers in this 3D model are
not shown to scale: the crust, surface relief, and
atmosphere are exaggerated for clarity.

Core

The center of Venus is a core of mostly solid
iron with perhaps a trace of sulfur. There is
probably also a semi-liquid outer core of molten
iron sulfide. The proportions of solid and liquid
core materials are not known.




Mantle

The mantle is hot, plastic rock, churned by
convection currents that move slowly over
thousands of years. Similar in composition
to Earth’s, Venus’s mantle may contain
rocks rich in iron and magnesium.

Crust

The thin outer layer above the mantle is
made of basalt and other silicate rocks. In
places the surface of the crust bulges
outward, lifted by tremendous volcanic
forces in the upper part of the mantle.

VENUS 61

Atmosphere

Venus's unbroken cloud deck extends from

20 to 55 miles (32 to 90km) above the surface.
At surface level, the carbon dioxide “air” is clear
and slow moving, but it is so dense that it acts
like a liquid, forming a kind of sea and dragging
dust and stones across the ground as it flows.

The clouds are made
from droplets, and
perhaps solid crystals,
of sulfuric acid.

The lower layer of the
atmosphere is clear,
dense, and extremely hot.

A thin hazy layer lies
between the bottom of
the clouds and the
lower atmosphere.

The atmosphere
above the cloud deck
thins out into space.
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VENUS UP CLOSE

THE SURFACE OF THIS INHOSPITABLE WORLD IS ALMOST
ENTIRELY VOLCANIC. MORE THAN 1,600 VOLCANOES HAVE
BEEN IDENTIFIED ON VENUS, A GREATER NUMBER THAN
ON ANY OTHER PLANET IN THE SOLAR SYSTEM.

The first detailed maps of Venus were made in the early 1990s,
when the Magellan spacecraft used radar to penetrate the thick
cloud hiding the planet. What Magellan's images revealed

was a world covered in volcanoes.

The Venusian landscape is characterized by vast plains covered by
lava flows, and mountain or highland regions deformed by geological
activity. No ongoing eruptions have yet been confirmed, but there are
many signs of recent volcanic activity, including ash flows, impact
craters partially covered by lava flows, and fluctuating levels of sulfur
dioxide in the atmosphere that could be caused by eruptions.

The surface of the planet is young. It is thought that Venus was
entirely resurfaced by a cataclysmic volcanic event that created a
single gigantic tectonic plate that now wraps around the entire
planet—very different from Earth’s surface, which is broken into
nearly 50 plates. From the estimated rate of asteroid strikes on the
planet and slow weathering of the craters, it is thought that this
happened some 300-500 million years ago.

Weather on Venus

Venus is cloaked in clouds of sulfuric acid that block out

80 percent of all sunlight. The atmosphere glides rapidly around
the planet on winds of up to 220 mph (360 km/h)—cloud systems
can sail completely around the planet in under four days. Venus's
clouds rain sulfuric acid, but the lower atmosphere is so hot that
the raindrops evaporate before reaching the ground. The heavy
cloud layer in Venus's atmosphere appears to shield it from most
meteorite bombardments.

—_
=
-

Stable ionosphere Drifting ionosphere

7 The greenhouse effect
Most sunlight is reflected back into space from the tops of
Venus's thick clouds. However, some penetrates the clouds
to reach the surface, and is then reemitted as heat (infrared
radiation). This heat cannot escape back into space, and is
trapped by carbon dioxide in the atmosphere. Carbon dioxide
and other gases give Earth a similar "greenhouse effect,” but
on Venus the huge quantities of carbon dioxide in the air
mean that this effect is extreme—so much heat is trapped
that the planet's surface is hot enough to melt lead.

Roughly 80 percent of
sunlight is reflected off
the cloud deck.

Thick layers of gas and
cloud prevent heat
from escaping.

About 20 percent
of sunlight reaches
Venus's surface.

Carbon dioxide in the
atmosphere holds in heat.

Infrared radiation from
the Sun-warmed ground
is absorbed by carbon
dioxide and cannot
escape into space.

< The ionosphere
Like Earth, Venus is enveloped in a cloud of charged particles
(ions) called the ionosphere. While Earth’s ionosphere is
shaped and stabilized by its magnetic field, Venus has almost
no magnetic field and its ionosphere is shaped instead by the
solar wind—a stream of charged particles flowing from the
Sun. When a lull in the solar wind occurs, Venus's ionosphere
balloons outward on the downwind side, forming a teardrop
shape like the tail of a comet.




Artemis Corona is Venus’s largest
corona, measuring 1,600 miles
(2,600km) in diameter.

Venusian volcanoes

Venus does not have steep-sided, explosive volcanoes
like typical volcanoes on Earth. Instead, most are shield
volcanoes (shallow, gently sloping structures made from
multiple layers of lava flows). On the lowland plains are

types of volcanoes called pancake domes, formed by
very thick lava, and tick volcanoes, with a central body
and radiating leglike valleys. Other volcanic features
include circular depressions called coronae and
spiderlike arachnoids.

Pancake dome—formed
when thick lava erupts
very slowly.

¥ Maat Mons

The second-highest mountain and the highest
volcano on Venus, Maat Mons—named after
the Egyptian goddess of truth and justice—
rises nearly 3 miles (5km) above the
surrounding plains. It is a huge shield volcano
with a caldera (crater) about 20 miles (30km)

across at the summit, and may be active. Shield volcanoes are built
from a succession of

eruptions of runny lava.

Dali Chasma is a
system of deep troughs.

7 Volcanic hot spots

Unlike Earth, Venus's surface
is not broken into tectonic
plates that create volcanoes as
they move. Instead, Venusian
volcanoes form above hot
spots where plumes of hot
magma well up from the
interior. The result is runny
lava that forms volcanoes of
various sizes and shapes.

Venusian

Arachnoid volcanoes look
volcanoes

like a series of oval shapes,
surrounded by a complex
network of fractures.

A Coronae

Venus's surface features enormous,
crown-shaped depressions called
coronae. They are thought to be the
result of hot magma in the mantle
moving upward. This pushes the
surface up, only for it to then
collapse when the magma cools.

A Mead Crater

Most features on Venus are named after

historical or mythological women. Mead Crater,
for example, is named after cultural anthropologist
Margaret Mead (1901-78) and is the largest
impact crater on Venus, over 174 miles (280km)
across. It has two distinct, concentric rings. The
bright inner ring is a cliff formed by the initial
impact. The darker outer ring is crossed by streaks
made by ejecta and probably formed when the
whole structure later collapsed.
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While most of Venus's surface comprises undulating plains, there are
two significant highland areas: Ishtar Terra, where the planet’s highest
mountains are found; and Aphrodite Terra, near the equator.
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DESTINATION MAXWELL MONTES

MAXWELL MONTES IS THE HIGHEST MOUNTAIN RANGE ON VENUS, TOWERING NEARLY

7 MILES (11 KM) INTO THE PLANET’'S SCORCHING CLOUDS. ALTHOUGH THE TEMPERATURE
HERE IS SLIGHTLY COOLER THAN IN VENUS'S LOWLANDS, AND REFLECTIVE MINERALS EVEN
GIVE THE ILLUSION OF SNOW-CAPPED PEAKS, THE GROUND IS HOT ENOUGH TO MELT LEAD.

The sharp ridges of Maxwell Montes rise above the vast Lakshmi Planum, the
volcanic plain that forms the western edge of Ishtar Terra, a continent-sized
plateau near Venus's north pole. Just how the mountains formed is uncertain.
Compression may have produced folding and faulting in the same process that
created big mountains on Earth. Another theory suggests that volcanic action
above a hot spot of molten magma in the planet’s interior uplifted the range.
certain elevations, radar instruments have detected bright surfaces

shining with not snow but frosted metal. In Venuss fier

forming a mist that condenses and freezes, and
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Maxwell Montes is the highest volcanic range on Venus. It is
slightly taller than Mauna Kea in Hawaii, the tallest volcano
| on Earth, but is dwarfed by Mars’s Olympus Mons.
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495 MILES (797 KM)—THE LENGTH

OF THE MAXWELL MONTES RANGE.
MINERAL SNOW

The shining metal snow on Maxwell’s peaks comprises tiny
crystals of minerals, including lead sulfide (galena) and
bismuth sulfide (bismuthinite). The rock samples shown
below are from Earth.

LEAD SULFIDE
(GALENA)

BISMUTH SULFIDE
(BISMUTHINITE)
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THE PLANET
OF LOVE

NAMED BY THE ROMANS AFTER THEIR GODDESS OF
LOVE, VENUS HAS A BRIGHT, JEWEL-LIKE APPEARANCE
THAT HAS MADE IT AN OBJECT OF CURIOSITY FOR
ASTRONOMERS SINCE ANCIENT TIMES.

Venus was the first planet scrutinized through a telescope,
when Italian scientist Galileo Galilei observed in 1610 that it
had phases like the Moon. However, its thick cloud cover
meant that nothing was known of the surface until recently.
Venus's proximity to Earth and similar size led to speculation
that its clouds hid dense jungles and even civilizations. In the
1970s, the clouds were finally penetrated: Earth-based radar
and a succession of spacecraft revealed a surface that is
entirely barren and ferociously hot. Since then, the stark

Venus at twilight

Venus
Tablet

c. 10,000 Bce

Venus in the night sky

Venus has been familiar since prehistoric
times. Its proximity to the Sun and the high
reflectivity of its thick cloud cover make it
the brightest object in the night sky after the
Moon—so bright it can even cast shadows
on Earth when the Moon is hidden.

c. 1600 Bce

Venus Tablet of King Ammisaduga

The clay Venus Tablet of Babylonian King
Ammisaduga is one of the most ancient of
all astronomical records. It dates from about
1600 sce and records in cuneiform writing
the time that Venus appears on the horizon
in the evening and morning over 21 years.

Lomonosov’s
drawings of

atmospheric
refraction

Venusian landscape has been mapped in detail.

Emperor
Napoleon |
of France

1812

Napoleon and Venus

When advancing with his armies on Moscow,
the French Emperor Napoleon sees Venus
in the daytime sky—said to be a lucky sign.
He views it as an omen of victory. But what
follows is his worst military setback as his
armies retreat from Russia in disarray.

1813

Polar spots

German physician and astronomer Franz von
Gruithuisen—a keen observer of Venus—
observes bright spots at Venus's poles. He
believes these spots might be polar ice caps,
but in fact they turn out to be shifting vortexes
of bright cloud in Venus's atmosphere.

1761

Venus’s atmosphere

Russian astronomer Mikhail Lomonosov
observes a transit of Venus and notices that
the Sun'’s light creates a bulge around Venus.
He believes that this bulging is evidence that
Venus has an atmosphere, and that the
atmosphere is refracting light from the Sun.

Richard Proctor

1875

Life on Venus

English astronomer Richard Proctor believes
it is highly likely that life exists elsewhere in
the universe. He suggests that Venus, so
similar to Earth in size, could be inhabited,
and that its thick clouds may hide an
advanced Venusian civilization.

1667

Cassini’s spot

Italian-French astronomer Giovanni Cassini
tracks the movement of a spot on the face of
Venus, leading him to estimate, wrongly, that the
planet rotates every 24 hours. In 1877, Italian
astronomer Giovanni Schiaparelli correctly
calculates the rotation period as 225 days.

* Cloudy
atmosphere

1920s

Carbon dioxide identified
Spectroscopy—analysis of the spectrum of
light emitted by objects—allows astronomers
to identify the chemical elements in celestial
bodies. In the 1920s they discover that
Venus's cloudy atmosphere consists of
unbreathable carbon dioxide.



c. 6™ century Bce

Phosphorus and Hesperus

Originally the ancient Greeks believe the
morning and evening star are two planets:
Phosphorus and Hesperus. They later agree
with the Babylonians that it is actually a
single planet, which the Babylonians called
Ishtar, after their goddess of love.

Horrocks’s
diagram of
the 1639
transit of
Venus
1643
Ashen light

The mysterious glow on Venus's night side—
the ashen light—is first observed by Italian
astronomer-priest Giovanni Battista Riccioli.
In 1812, German astronomer Franz von
Gruithuisen asserts that ashen light is smoke
from the fires of the Venusian emperor.

1961

Radar exploration

Venus's thick clouds prevent conventional
telescopes from observing its surface. But
from 1961, radar images—supplied first by
radio telescopes at Goldstone, California,
then by the Arecibo dish in Puerto Rico—
reveal the Venusian surface for the first time.

El Caracol, Chichen Itza

906 ck

Mayan observatory

The remarkable structure of El Caracol in the
ancient Mayan city of Chichen ltza, Mexico,
is an astronomical observatory for Mayan
priests. It is designed, in particular, for the
observation of Venus. To the Mayans, Venus
is Kulkulkdn—Earth’s twin and a god of war.

1639

Transit of Venus

English astronomers Jeremiah Horrocks and
William Crabtree are the first to observe a
transit of Venus (when the planet passes
between Earth and the Sun). It enables
astronomers to make the first accurate
calculations of the Earth-Sun distance.

Goldstone radar image
of Venus’s surface

1962

First visit: Mariner 2

NASAs Mariner 2 becomes the first
spacecraft to fly past another planet when
it swings within 22,000 miles (35,000 km)
of Venus on December 14. Mariner 2's
investigations confirm that Venus has
cool clouds and a scorching surface.
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Venus attacks an ocelot warrior in the Dresden Codex

12t century

The Dresden Codex

The Codex, possibly found by Spanish
conquistador Herndn Cortés in 1519, is the
oldest book written in the Americas. It is
believed to be a copy of an 8th century
Mayan text, and contains accurate tables
charting the arrival of Venus in the sky.

Venusian phases, sketched by Galileo
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Galileo and Venus’s phases
While studying Venus through a telescope,
Galileo discovers that the planet has phases,

as our changing point of view reveals varying

amounts of its sunlit face. This supports the
idea of Polish astronomer Copernicus that
Venus travels around the Sun, not Earth.

Magellan radar
map of Venus

Surface of Venus from Venera 3

1966

First landing: Venera 3

The Soviet Venera 3 is the first spacecraft to
reach another planet, crashing onto Venus
on March 1. The first successful landings are
made by the Venera 7 and 8 probes of 1970
and 1972, which reveal extreme surface
temperatures of 851-887°F (455-475°C).
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1990

Magellan mission

NASAs Magellan goes into

orbit around Venus, aerobraking to
reduce speed. Using radar, it maps
98 percent of the surface. After
completing its mission in 1994, it
plunges into Venus's atmosphere.
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962 " Mariner 1

; <V Venera
. RFSA (USSR/Russia) Descent ~ In 1966, the Soviet probe Venera 3 crashed into and beamed back the first pictures from

“«E ASA (USA) capsule > Venus's surface and became the first spacecraft the surface, showing a landscape littered
- ~ to reach another planet. Over the next 17 years, ~ with broken rock. Visibility was surprisingly

*  ESA (Europe) the Soviet Union sent another 13 craft to good considering the thickness of Venus's
@ A Japan) Venus, revealing a huge amount about the atmosphere; a Soviet scientist described
, planet. On October 22, 1975, Venera 9 landed it as like “a cloudy day in Moscow.”

mmsm  ISRO (India) ;
' Joint ESA/JAXA mission

+  Destination

.. Success Venera 7, the first

P craft to survive a

landing on Venus
First surface image,
from Venera 9
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[> Mapping the surface

Much of our knowledge of Venus comes
from the NASA spacecraft Magellan (named
after Portuguese explorer Ferdinand
Magellan), which reached the planet on
August 10, 1990. It spent four years in orbit
and mapped 98 percent of the surface,
peering through the thick clouds by firing

a radar beam at the ground and capturing
the echo. It imaged craters, hills, ridges, and
a wide range of volcanic formations in
incredible detail. Its mission complete,
Magellan was sent into Venus's atmosphere,
where it was vaporized, though some
wreckage may have reached the surface.

ORBITER

Spacecrafy Motio

Magellan

[> Venus Express

Launched in 2005, Europe’s Venus
Express spacecraft was sent to the
planet to study its atmosphere and
climate in detail. It arrived in April
2006 and has since beamed back a
vast amount of data. It has found
evidence of oceans in Venus's past,
captured flashes of lightning, and
revealed a huge double atmospheric
vortex at the south pole.

Solar panel

The body of Venus
Express is about the
same size as a
household refrigerator.
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EARTH

SITUATED AROUND 93 MILLION MILES (150 MILLION KM) FROM
THE SUN, EARTH IS ALONE AMONG THE PLANETS IN HAVING
VAST OCEANS OF LIQUID WATER ON ITS SURFACE AND THE

The Rocky Mountains run
down the west of the
North American Plate for
a distance of 3,000 miles
(4,800 km).

UNDISPUTED PRESENCE OF LIFE.

When the solar system formed, Earth was

the largest predominantly solid object to take
shape and acquired the most internal heat
energy of the rocky planets. As a result, Earth
was the most susceptible to the development
of internal heat flows and to the breaking up
of its surface into large slabs, or plates, which
slowly grind past each other.

Through a combination of plate
movements known as plate tectonics, volcanic
activity, and comet impacts, large amounts of
water accumulated on Earth’s surface. The
planet’s distance from the Sun, its gravity, and
an insulating atmosphere combined to create
conditions for this water to exist in each of its
three physical states, including liquid water,
which was essential to the development of life.
As a result, Earth today appears unique, with
its swirling water clouds, vast oceans, and
continents colored green in parts by the
presence of plants.

Earth is the only
planet known to
have large amounts
of water in all
three states: solid,
liquid, and gas.

EARTH DATA

Average diameter 7,918 miles (12,742km)
Axial tilt 23.5°

Rotation period (day) 24 hours

Orbital period (year) 365.26 Earth days
Minimum surface temperature —128°F (-89°C)
Maximum surface temperature 136°F (58°C)

Moons 1

Earth’s equator is encircled {

by a persistent band of

cloud, making tropical 2
regions humid and rainy. / e

> Northern hemisphere

This view of Earth is
dominated by the continents
of North America and Eurasia,
which until about 70 million
years ago were joined. They
are separated by the North
Atlantic Ocean and, to its
north, the smaller, partly
iced-over Arctic Ocean.

> Eurasia and Australia
Eurasia is Earth’s biggest
landmass. It sits above the
planet's third-largest body
of water, the Indian Ocean.
Australia is the smallest of
Earth's seven continents.

The Pacific Ocean has
the largest surface area
of any body of water on
Earth at 65.4 million
square miles (169.5
million square km), making
up almost half the total
area covered by oceans.

> Southern hemisphere
Earth's southern hemisphere is
centered on a single landmass,
Antarctica. The ring-shaped
Southern Ocean surrounds
the ice-covered continent,
with Australia and parts of
South America and Africa
making major incursions.

Clouds in the southern
hemisphere spiral in a
clockwise motion, while
those in the northern
hemisphere spiral
counterclockwise.
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The Atlantic Ocean is the
second-largest body of
water on Earth at 41.1

million square miles
(106.5 million square
km). It is bounded by
Africa and Europe

to the east and the
Americas to the west.

The west coast of Africa
echoes the shape of the
east coast of South
America. The two
continents were once
joined but started
separating around

130 million years ago.

The Amazon Basin is a

densely forested region
covering around

2.7 million square miles
(7 million square km).

The longest mountain
range on Earth at 4,300
miles (7,000 km), the
Andes form the western
edge of the South
American Plate.

The southernmost tip of
South America is known as
Cape Horn. Winds below
this latitude circle Earth
uninterrupted by land,
causing formidable waves
in the Southern Ocean.

<| The Americas
Looking at Earth from this angle, the amount of
water that covers the planet is striking. Two vast
oceans—the Pacific, covering about one-third
of Earth's whole surface, and the Atlantic—are
separated by the landmasses of North and
South America. The continents are joined by
the narrow bridge of Central America.
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Inner core

The innermost layer of Earth consists of

a solid iron—nickel alloy and has an average
temperature of about 9,900°F (5,500°C).

Despite the high temperature, the metals in
the inner core cannot melt because of the

EARTH’S LAYERED INTERNAL STRUCTURE IS MIRRORED intense pressure exerted on them.

IN A MULTILAYERED ATMOSPHERE THAT EXTENDS FOR
HUNDREDS OF MILES ABOVE THE PLANET’S

s 3 - - -
SURFACE, GRADUALLY MERGING WITH SPACE. - E -
o =
What we know of Earth’s internal structure has been e o =
learned largely through the study of earthquake S > P
waves, particularly the routes they take as they travel _fr g -, - o /,.-

inside the planet. Each layer beneath the surface is r /; o
progressively denser, hotter, and under increased -

pressure. A unique aspect of Earth is that its outer,
rigid shell, the lithosphere (made up of the crust
and topmost layer of the mantle), is split
into chunks called tectonic plates, which
move relative to each other, driven by
internal heat flows. Surrounding the
planet’s surface, Earth's atmosphere
provides important protection to the
life that flourishes on the planet.

Over a quarter of Earth’s
surface is covered by
land. Continental crust is
thicker than the oceanic
crust that occurs under
Earth’s oceans.

> Earth layer by layer

Earth has three primary layers—core, mantle, and
crust—each with a unique chemical composition.
The core has two distinct parts, inner and outer.
There are also two types of crust—the thinner
oceanic and the thicker continental crust. The
layers of the mantle increase in density with
depth, and the topmost layer is fused to the crust,
forming the lithosphere. Layers in this 3D model
are not shown to scale: the crust, surface relief,
and atmosphere are exaggerated for clarity.

In Earth’s early history,
the planet was hot and
liquid—heavy iron sank,
forming the core.




Outer core

The outer core is liquid iron with some nickel
and has an average temperature of about
9,000°F (5,000°C). Currents in the outer core
are thought to generate Earth’s magnetic field
and cause the magnetic poles to wander.

Mantle

The largest of Earth’s internal layers is basically
solid, consisting of rocks such as peridotite.
However, it can slowly deform, allowing heat

to enter from the core and cause convection
currents over geological time scales. These
currents drive crustal movements.

Crust

Oceanic crust consists of dark volcanic rocks
such as basalt and is 4-5 miles (7—8km) thick.
Continental crust consists of many types

of relatively light rock and is 16—45 miles
(25-70km ) thick.
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Ocean

Saltwater oceans cover almost
three-quarters of Earth’s surface and
vary in depth up to 36,0001t (11,000 m).

<l Atmosphere

Earth’s atmosphere consists mainly of nitrogen,
oxygen, and argon, with small amounts of many
other gases, including carbon dioxide. It has five
layers, each defined by the way the temperature
varies within its boundaries. In the troposphere
and mesosphere, temperature falls with
increasing height, while in the stratosphere and
thermosphere, the temperature rises. The
exosphere is so thin that the gas temperature
there is of little significance.

The troposphere is the layer
in which clouds form and
weather occurs; it varies in
thickness from about 10 miles
(16km ) at the equator to

5 miles (8km) at the poles.

The stratosphere is a

relatively calm layer above

the troposphere, about

19-25 miles (30—40km) thick.
Passenger aircraft fly in the
bottom of the stratosphere,
above the clouds.

The mesosphere is about
19-31 miles (30—-50km) thick;
its upper boundary is the
coldest part of the atmosphere
at about —146°F (—100°C).

The thermosphere is a rarefied,
ionized layer extending from
about 53 miles (85km) to

430 miles (700 km) above
Earth’s surface.

The exosphere is the
outermost, highly rarefied zone
of Earth’s atmosphere. Its outer
edge forms a blue halo (corona)

around Earth when viewed
from space.
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TECTONIC EARTH

EARTH’'S OUTER ROCKY SHELL IS SPLIT INTO MANY HUGE
FRAGMENTS CALLED TECTONIC PLATES. THESE SLOWLY
MOVING PLATES INTERACT, CAUSING VARIOUS GEOLOGICAL
EVENTS AND CREATING CHANGES ON THE PLANET'S SURFACE.

Earth's tectonic plates are irregularly shaped and fit together
like a jigsaw puzzle. Their movements relative to each other,

ROCKY WORLDS

Y

caused by convective heat flows deep within the planet,

occur at a rate of just a few inches each year, but over millions
of years, plate movement has shifted continents. A variety of

features have formed at or near plate boundaries. These
include mountain ranges, deep-sea trenches, volcanoes

where two plates move toward each other, and mid-ocean

ridges where they move apart. Earthquakes are more
common at plate boundaries.

KEY > Earth’s plates

1 Pacific There are seven major plates—for example, the
2 North American Pacific and Eurasian plates—as well as a dozen or
3 Eurasian so medium-sized plates, such as the Arabian

4 African (Nubian) Plate, and numerous much smaller microplates.
5 African (Somalian) Listed here are most of the recognized plates, in
6 AntafCt]C approximate order of decreasing size. The plates
7 Australian are also numbered on the globes shown on the
g ﬁggg;Ame”ca” right. A few of the microplates are sometimes
10 Indian considered just parts of larger plates.

11 Sunda

12 Philippine Sea 21 Altiplano 30 Timor

13 Arabian 22 Anatolian 31 Bird’s Head

14 Okhotsk 23 Banda Sea 32 North Bismarck
15 Caribbean 24 Burma 33 South Sandwich
16 Cocos 25 Okinawa 34 South Shetland
17 Yangtze 26 Woodlark 35 Panama

18 Scotia 27 Mariana 36 South Bismarck
19 Caroline 28 New Hebrides 37 Maoke

20 North Andes 29 Aegean Sea 38 Solomon Sea

The Andes formed near
the boundary between
the Nazca and South
American plates.

The Mid-Atlantic Ridge

is a divergent plate Thle South Sandwich
boundary running down Plate is an example of a
the Atlantic. microplate.

A North American

The North American Plate (2) makes up just
under one-sixth of Earth's surface. It contains
parts of the Arctic and Atlantic oceans and a
section of Siberia. A notable volcanic hot spot
has existed for millions of years under this plate
and is currently the cause of vigorous geyser
activity in Yellowstone National Park, Wyoming.

A South American

With the neighboring Nazca (9), Scotia (18),
and other smaller plates, the South American
Plate (8) accounts for about one-eighth of
Earth's surface. The Andes mountain range in
South America rises where the eastward-moving
Nazca Plate is pushed under the edge of the
South American Plate.

A Eurasian

This plate (3) includes Europe and most of the
landmass of Asia. A number of medium-sized
plates to the east and southeast, such as the
Sunda Plate (11), were formerly considered part
of the Eurasian Plate. Millions of years ago, the
Indian Plate (10) crashed into the Eurasian
Plate, creating the Himalayas.

A African

The two African plates (4 and 5) include the
African continent and large parts of the Atlantic
and Indian oceans. Africa is believed to be in
the process of splitting into two parts along the
East African Rift—a gigantic split in Earth's crust
that runs for about 2,500 miles (4,000 km)
through East Africa.



Siberia is an example of
an ancient, tectonically
stable chunk of
continental crust.

A transform boundary in
northern Turkey is a

source of frequent
earthquakes.

The East African Rift is a
developing divergent
plate boundary.

The Mid-Indian Ridge
separates the African and
Australian plates.

The Southeast Indian
Ridge separates the
Australian and
Antarctic plates.

A Australian

This plate (7) comprises Australia, parts of

New Zealand and New Guinea, and parts of
the Indian and Southern oceans. Major features
include Australia’s deserts, the Great Dividing
Range, and the Great Barrier Reef. The whole
plate is moving in a northeastern direction at

a rate of about 2.5in (6.5cm) per year.

A Pacific

The largest tectonic plate, the Pacific Plate (1)
covers about one-fifth of Earth. It contains no
large landmasses, but many volcanic islands
and subsea volcanoes occur where plumes of
magma burst through the surface. The Pacific
Plate is moving northwest at a rate of about
4in (10cm) per year.

Convergent boundaries,
associated with deep
trenches, exist all around
the Pacific.

A deep trench, the Sunda
Trench, has formed at
this boundary.

A\ Antarctic

Making up about one-eighth of Earth’s
surface, the Antarctic Plate (6) includes the
Antarctic continent at its center, together with
most of the encircling Southern Ocean. Over
millions of years, this plate has become larger,
as all around its edges new plate is continually
created at divergent plate boundaries.
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V' Plate boundaries

Boundaries between plates are of three types.
At convergent boundaries, two plates move
toward one another; one may dip beneath the
other, often causing volcanoes or mountains

to form. At transform boundaries, plates grind
past each other. At divergent boundaries, which
are either mid-ocean ridges or continental rifts,
plates move apart and new plate is created
along the boundary.

Convergent

Volcanoes

Continental
crust

Plate
movement

Magma | | Earthquakes Oceanic crust
Transform
Earthquakes Plate movement

Divergent
New plate created

LD at boundary

movement

Vv Swimming between plates

Divers and snorkelers visiting Thingvallavatn
Lake in southwestern Iceland can swim in a gap
between the North American and Eurasian
plates. At the lake floor, the plate boundary is
visible in the clear water at a deep rift, known
as Silfra. In one section, the fissure is 200 ft

(63 m) deep at the bottom, too narrow and
steep-sided for most divers to risk exploring.
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EARTH'S CHANGING SURFACE

UNLIKE THE FACE OF OUR MOON, WHICH HAS CHANGED LITTLE IN
BILLIONS OF YEARS, EARTH'S SURFACE IS DYNAMIC. OUR PLANET
IS SHAPED BY MANY PROCESSES, FROM RESTLESS TECTONIC
PLATES TO CORROSIVE WATER IN THE ATMOSPHERE.

Some of the main drivers of change are internal, such as convection
within Earth's mantle, which drives the movement of tectonic plates and
builds new landscapes. On the surface, rock is subjected to continual
weathering and erosion, processes driven ultimately by the Sun’s energy.
Over millions of years, these processes wear down entire mountain
ranges, reducing rock to rubble, sand, and silt. Some of these processes
are unique to Earth, helping to explain why the planet’s surface changes
so rapidly compared to other rocky worlds.

. - Glaciers erode the Precipitation of snow and
g
\clggtig 'ﬁ;@ﬁﬁﬂﬁ”s i landscape as they rain feeds glaciers and
i : ;
through ash and i flow downhill. streams, which erode rocks.

lava deposits.

A typical volcano
consists of many
layers of solidified
lava (extruded

A Glacial erosion

magma), ash This glacier on Ellesmere Island, Canada, is carving a valley out of the surrounding
and cinders. \ rock. Glaciers dramatically alter a landscape. They carry rocks that erode the
A . underlying surface, smoothing V-shaped valleys into wide glacial troughs.

Meltwater from glaciers enters cracks in rocks and splits them as it refreezes.

Evaporation puts moisture
into the atmosphere, which
later falls as rain.

Streams and winds
carry away particles

from rock weathered by
rain, ice, frost, heat, and
living things.

Marine sedimentation is the
settling on the seabed of tiny rock
particles carried by rivers into the
sea, along with the remains of
marine organisms.

Metamorphic rock
formation occurs deep
inside Earth as a result
of heat and pressure.

Subduction of one plate under
another at the edge of a
continent causes a volcanic
mountain range to form.

Layers of sedimentary
A The rock cycle rock form where

Many of the processes that alter Earth's surface are part of what is sediment settles. Over
called the rock cycle. Rocks are continuously being transformed: time, the sediment particles
melted and reformed by volcanic activity, or metamorphosed— become compacted and
changed by heat and pressure deep under ground. Surface cemented together.

rocks are chemically and physically broken down by contact

with water and organic matter, and by frost and sunshine, in a
process called weathering. The weathered rock fragments are
carried away by glaciers, rivers, and wind, and then deposited
as sediments on lake beds and the ocean floor.



A mountain range as high as the
Himalayas could be worn flat
in less than 20 million years.

Rock layers are

> Mountain building pushed horizontally.

A major surface-changing process affecting
Earth's land areas is mountain-building. This
typically occurs where tectonic plates are Thrust fault The layers buckle
pushed together. A lateral squeezing of above the fault.
multilayered sedimentary rock causes thrust

faulting, in which the rock layers break along

gently inclined planes called faults. Mountains

gradually rise as the rock layers stack on top

of each other. This is how most of Earth’s

major mountain ranges have been built at

different times in the past.

¥ Himalayas

Earth’s highest mountain range, the Himalayas,
began forming about 50-70 million years ago,
when the Indian Plate crashed into the Eurasian
Plate. If the neighboring Karakoram Range is
included, this mountain belt includes Earth’s

14 highest peaks, each over 5 miles (8 km) high.

Initial break along thrust fault
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A Eroded landscape

These stunning rock formations, called hoodoos, in Bryce Canyon, USA, were formed
primarily by a process called frost wedging. The canyon area experiences numerous
freeze-thaw cycles each year. In the winter, water produced by melting snow seeps into
cracks in the layers of limestone and other sedimentary rocks and then freezes at night.
Water expands as it freezes, prying open the cracks and causing the rocks to fracture.

Additional The squeezing Athird thrust
squeezing results continues. fault forms.

in more faulting. Rock layers Folded rock
A second thrust continue to layers stack up.
fault forms. buckle.

Further faulting and buckling Complex of fractured and buckled rock layers




WATER AND ICE

m Coral atoll

Sculpted by water, many of Earth's features

are unique in the solar system. The Great Blue
Hole off the coast of Belize is a submerged
sinkhole surrounded by a coral atoll. Stretching
1,000t (300m) across, the sinkhole sits in the
Mesoamerican reef system that runs 600 miles
(1,000 km) along the coast of Central America.
Coral reefs form when coral larvae attach to
underwater rocks along the edge of a landmass.

(2] pelta

Atangling network of channels, the great
Ganges River creates an abstract jigsaw puzzle
of islands as it meets the Bay of Bengal. Mature
rivers deposit sediment as they slow on their
course to the sea. As the sediment builds up,

it forms low-lying land—a delta. The soil in

a delta is often very fertile because it is

rich in organic matter and minerals

carried from upstream.

Waves

Oceans cover more than two-thirds of Earth’s
surface, giving our planet its unique blue-jewel
appearance from space. Seawater is constantly
moving, and the pattern of currents is governed
by the continents, sunlight, Earth’s rotation,

and the pull of the Moon. Whipped into waves
by the wind, the sea in turn shapes the land.
Tides, waves, and currents erode, deposit, and
transport material, carving out coastlines.

@ Meltwater

Around 80 percent of Greenland is covered by
an ice sheet; it holds about 10 percent of the
world’s ice. When temperatures rise, it begins
to melt, and meltwater carves deep channels in
the remaining ice. This huge ice canyon is 150 ft
(45m) deep. Ice caps, glaciers, and permanent
snow hold almost 70 percent of Earth’s fresh
water. Satellite imaging and data are used to
track the rate at which the ice is melting.




@ Weather

Satellites can track storms from beginning

to end. Hurricane Isabel, pictured here over
North Carolina, formed over East Africa, and
satellites recorded its growth into a tropical
cyclone with a wind speed of 166 mph
(267km/h). Cyclones are areas of low
atmospheric pressure. Winds rush in to fill a
gap and spiral up, pulling energy and moisture
from warm seas as they travel across the ocean.
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LIFE ON EARTH

EARTH IS THE ONLY PLACE IN THE UNIVERSE KNOWN TO
HARBOR LIFE. OTHER SOLAR SYSTEM LOCATIONS, SUCH AS
THE SUBSURFACE OCEAN OF JUPITER'S MOON EUROPA,
MIGHT THEORETICALLY SUPPORT LIFE, BUT FOR NOW OUR
HOME PLANET APPEARS TO BE UNIQUE.

Life has existed on Earth for at least 3.7 billion years. We cannot be sure
that it originated on our planet—it might have developed elsewhere
and spread to Earth in objects such as comets. The presence on Earth
of extremophiles—organisms that can exist in extremely challenging
conditions—supports the idea that life may be able to survive in
seemingly hostile environments elsewhere in the universe. However,

at present, the consensus is that the life we see on Earth originated
here from non-living matter.

Why Earth?

Life on Earth began almost as soon as the young planet ceased to

be bombarded by asteroids, allowing its surface to cool. Since then,
our planet has continually provided conditions conducive for living
organisms to thrive and evolve. Earth’s distance from the Sun puts it
in the solar system'’s habitable Goldilocks zone. Here, surface
temperature and atmospheric pressure conspire to allow water to exist
as a liquid on the surface—a prerequisite for life as we know it. Earth
also benefits from a rich supply of energy (solar radiation and heat
generated from Earth’s interior), a protective electromagnetic field
(generated by currents in the liquid-iron core), and a large moon, which
maintains climatic stability by minimizing swings in the planet’s tilt.

The solar wind is mostly
deflected by Earth’s
magnetic shield.

Magnetic field

A Magnetic field

Earth's strong magnetic field protects life on our planet by creating a shield that prevents
most of the potentially harmful particles in the solar wind from reaching the planet’s
surface. The solar wind consists of a stream of high-energy charged particles, mainly
electrons and protons, released from the Sun’s upper atmosphere.

How life developed

The precursors of the first life forms were probably complex organic
(carbon-containing) molecules that arose by chance in Earth’s surface
water. At some point, an organic molecule with a unique property
appeared: it had the ability to catalyze production of copies of itself.
This self-replicating organic molecule was the earliest ancestor of DNA.
Through the process of evolution by natural selection, its descendants
became more sophisticated, acquiring the ability to manufacture
protective structures and substances that helped them survive and
multiply—thus becoming primitive cells. Later, the single cells formed
intimate, cooperative colonies, giving rise to multicellular organisms.
Around a billion years ago, the advent of sexual reproduction set off a
diversification of these organisms into more complex forms, such as
plants and animals, that has continued to the present day.
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A\ Extremophiles

Extremophiles are organisms that thrive in conditions normally inhospitable to life, such as
scalding or acidic water, or inside rocks. In Grand Prismatic Hot Spring, the green, yellow, and

orange areas are mats of pigmented extremophile bacteria. Different-colored species favor
different temperatures, which reach up to 188°F (87°C) at the center of the hot, mineral-rich pool.
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<| Cyanobacteria

Thought to have existed for 3.5
billion years, cyanobacteria are
among Earth's oldest life forms.
These microbes obtain energy
by photosynthesis. By releasing
oxygen as a waste product

of photosynthesis, ancient
cyanobacteria altered Earth's
atmosphere, creating a
protective blanket of ozone
that made the surface
habitable and triggering the
evolution of oxygen-breathing
life forms.

> Hydrothermal vent

Among the sites where life
possibly originated are
hydrothermal vents—cracks in
the seabed from which gush
plumes of hot water containing
minerals and some simple
dissolved gases, such as
ammonia and carbon dioxide.
The minerals might have
catalyzed chemical reactions
between the gas molecules,
thereby forming the basic
building blocks of life.

<| Changing life
Through evolution by natural
selection, life on Earth developed
from simple early forms, limited
in number, to the enormous
diversity seen today. Most
species that have existed
are now extinct, but traces
remain preserved in Earth's
rocks as fossils. The fossil
record reveals that on several
occasions in Earth’s past,
catastrophic events caused
' mass extinctions that wiped out
hundreds of species at once.

Ammonite fossil

< Biodiversity

The diversity of life within a region is known as its biodiversity. Africa’s grasslands
are well known for their great diversity of animal species. The Serengeti plains of
East Africa, for example, support around 45 mammal species and 500 bird
species, to name just a small fraction of the total number present.
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EARTH FROM ABOVE

m Wetlands

Earth’s abundance of surface water creates
unique habitats such as wetlands. Formed
wherever water is slowed in its progress,

such as where a mature river meets the sea,
wetlands provide a rich source of nutrients for
diverse wildlife. This aerial view reveals the flat
plains of the Okavango Delta in Botswana

as a canvas of lakes, islands, and channels
cutting through lush green vegetation.

@ Salt pans

Algae growing in salt evaporation ponds
in a coastal lagoon near Alexandria, Egypt,
paint the landscape vivid red in this aerial
view. Seawater is trapped in ponds for salt
extraction; once the water has evaporated,
the salt is harvested. As the salinity of the
ponds changes, different algae flourish,
turning the ponds from green to

orange and red.

Mountains
Rising to a towering 16,000 ft (5,000 m), the
snow-capped peaks of the eastern Himalayas
in Tibet and southwest China are among the
highest on Earth. In this image from the Terra
satellite, vegetation on the lower slopes appears
red, while rivers are blue. Thrown up by the
collisions of the Eurasian and Indian plates
50-70 million years ago, the Himalayas are
still rising at the rate of %in (2cm) per year.

Impact crater
This photograph of Upheaval Dome in
Canyonlands National Park in Utah was
taken from the International Space Station.
The origin of the circular structure is uncertain,
but the discovery of “shocked quartz” in the
rock suggests it is a deeply eroded impact
crater, perhaps 60 million years old. An
alternative theory is that the dome is
the eroded stump of a salt deposit.



@ Desert

Known as Earth's Bull's-Eye, the Richat
Structure in the Sahara Desert is a

landmark for astronauts. When viewed

from space, the 31-mile- (50-km-) wide rock
dome stands out amid the otherwise
featureless landscape. The circular structure
probably formed as a result of uplift of
layered sedimentary rock that became
exposed to erosion.

@ Farmland

Carved into the mountainsides of Yunnan
Province, China, terraced fields turn the
landscape into an abstract patchwork. The
fields at lower altitude are warm enough for
rice to flourish, while those at higher elevations
are used to grow hardier crops, such as corn.
Viewed from above, the extent of human
impact on the landscape becomes apparent—
the mountain is a monument to agriculture.

City

At night, cities light up. In this photograph
from the International Space Station, Milan
illuminates the region of Lombardy, Italy.

From space, the extent of city growth and light
pollution is obvious. The brightest areas of
Earth are the most urbanized. More than a
century after the invention of the electric light,
some regions remain unpopulated and entirely
unlit— Antarctica is still in the dark.

. Volcano

Viewed from the International Space Station,
Sarychev Peak in the Kuril Islands erupts. At
4,900t (1,500m), it is dwarfed by the volcano
Olympus Mons on Mars, which stands nearly
74,000ft (22,000m) tall. With around 60 currently
active volcanoes, Earth is much quieter,
geologically speaking, than Jupiters moon lo,
which has over 400 and is the most volcanically
active body in the solar system.
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OUR PLANET

FOR THOUSANDS OF YEARS, PEOPLE HAVE TRIED TO
UNDERSTAND EARTH'S STRUCTURE AND WORKINGS.
KNOWLEDGE HAS ACCUMULATED SLOWLY, WITH MANY
KEY THEORIES DEVELOPING IN THE LAST FEW DECADES.

Unlike other celestial bodies, Earth was not visible to people in its
entirety until the first camera-carrying satellites were launched in the
1960s. Nevertheless, more than 2,000 years ago the proto-scientists of
ancient civilizations worked out that our planet is a sphere and gained
some idea of its size and the extent of its oceans. It was not until the
20th century that Earth's age and internal structure were confirmed
and the tectonic plates that move continents were discovered.

200 million years ago

e

130 million years ago

1912

Wegener’s continental drift

German scientist Alfred Wegener proposes
that all the continents were once joined
together and have since moved apart
through an unknown mechanism, which he
calls “continental drift." His ideas are rejected
by most other scientists.

1920s-30s

Jet streams discovered

From the study of balloon and high-altitude
aircraft flights, scientists in Japan, the US,
and Europe understand that fast-moving,
narrow air currents flow west to east in
Earth’s atmosphere. These currents come

to be known as jet streams.

Jet stream
clouds over
southern Egypt

¢. 3000-500 Bce

Flat Earth

Ancient Mediterranean societies
believe that the world's landmasses
sit on the flat surface of a disk,
possibly surrounded by sea. The
concept of a flat Earth is illustrated
in some early maps.

Passage of earthquake
waves through Earth

1906

Evidence for Earth’s core

From the study of earthquake waves and
their behavior as they pass through Earth,
Irish geologist Richard Oldham concludes
that Earth has a distinct core. This, he
suggests, is denser than the rest of the

planet and slows waves that pass through it.

Mid-Atlantic
ocean ridge

1955

Earth’s age established

US geochemist Clair Patterson
establishes that Earth is 4.55 billion
years old, by measuring the ratios of
lead isotopes in meteorites that formed
in the early solar system. This is known
as radiometric dating.

The world as understood
by Greek philosopher
Anaximander

(c. 610-546 BCE)

¢. 330 Bce

Aristotle claims Earth is a sphere

Greek philosopher Aristotle reasons that
Earth is a sphere. In support of his theory, he
points out that some stars become visible
only as a person travels far to the south. If
Earth were flat, he argues, the same stars
would be visible everywhere.

1830s-40s

Ice age theory

Swiss geologist Louis Agassiz and other
scientists study glacier-eroded landscapes
in the Alpine regions of Europe. Agassiz
is the first to propose that Earth has

been through an ice age in the relatively
recent past.

1960

Seafloor spreading

US geologist Harry Hess proposes that new
seafloor is constantly created at mid-ocean
ridges, from which it then slowly spreads
away. This concept, which is quickly
accepted, is key to the later development
of the theory of plate tectonics.



Gilbert’s model of
magnetic Earth

¢. 240 BcE

Circumference calculated

Greek scholar Eratosthenes makes the
first accurate calculation of Earth's
circumference. To do so, he compares
the Sun's elevation above the horizon at
two different places, one far south of the
other, at the same date and time.

1810s-20s

Cuvier’s catastrophism

French naturalist Georges Cuvier
champions the theory of catastrophism—
the idea that many catastrophes have
occurred over history, altering our planet
suddenly rather than gradually, and killing
off large groups of animal species.

Earth’s tectonic plates

Late 1960s

Theory of plate tectonics

Building on the ideas of seafloor spreading
and continental drift, researchers explore
the possibility that Earth's outer shell is
splitinto a dozen or so moving plates. This
theory of plate tectonics revolutionizes
Earth science.

4

1600 ce

Magnetic Earth

After studying the behavior of compass
needles, English scientist William Gilbert,
in his book De Magnete, suggests that
Earth is a giant, spherical magnet. He
correctly proposes that its center is made
mostly of iron.

Georges Cuvier
(1769-1832)

1798

Cavendish weighs Earth

English scientist Henry Cavendish
calculates Earth's average density by
means of gravity-measuring experiments.
Using his findings, Earth's mass can also
be calculated, so Cavendish is said to
have “weighed the world."

1980

Explaining the extinction of dinosaurs

US physicist Luis Alvarez and others
propose that a large asteroid or comet
impacting Earth 65.5 million years ago (at
the end of the Cretaceous period) caused
extinction of the dinosaurs and many
other animal and plant groups.

EARTH

8 Earth’s interior
[ as imagined by
Kircher

1600s

Looking inward

Many ideas are advanced about Earth’s
internal structure. In England, Edmond
Halley claims our planet contains
concentric, gas-filled spheres, while German
scholar Athanasius Kircher thinks it might
hold enormous, interlinked, fiery chambers.

James
Hutton
(1726-97)

1785

Hutton’s geological theory

In his book, Theory of the Earth, Scottish
scientist James Hutton—considered the
father of modern geology—proposes that
Earth was shaped entirely by slow-moving
forces still in operation today, acting over
long periods of time.

Impact causes
extinction
event

Late 20" century

Anthropocene

A new name, Anthropocene,

is proposed for the modern era,
during which human activity
has begun to have a profound
effect on the planet, its climate,
and its natural ecosystems.
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THE MOON

THE MOON, EARTH’S COMPANION IN SPACE, IS OUR PLANET'S
LONE SATELLITE. IT IS THE LARGEST AND BRIGHTEST OBJECT IN
THE NIGHT SKY AND THE ONLY ONE WHOSE SURFACE FEATURES

i

CAN BE EASILY SEEN WITH THE NAKED EYE.

With a diameter one-quarter of Earth’s, the

Moon is the largest satellite in the solar system

compared to its parent planet. Earth and the

Moon exert a powerful influence on each other

through their gravity. Tidal forces have slowed
the Moon'’s rotation so that it spins once on
its axis in the same time it takes to orbit Earth
(27.32 days), and consequently keeps one face
permanently toward our planet.

The Moon is a barren ball of rock that lacks
sufficient gravity to hold on to a substantial
atmosphere. Exposed alternately to the heat
of the Sun and the emptiness of space, the
lunar surface experiences wild temperature
swings, from 248°F (120°C) at local noon to
-274°F (-170°C) in the middle of the long
lunar night. The floors of permanently
shadowed craters get even colder.

With no weather or tectonic activity to
erase craters, much of the Moon'’s battered
landscape preserves a barely altered record
of conditions in our part of the solar system
over the last 4 billion years.

Hermite Crater,
near the lunar north
pole, 1s one of the
coldest places in
the solar system.

MOON DATA

Average diameter

2,159 miles (3,474 km)

Mass (Earth = 1)

0.012

Gravity at equator (Earth = 1)

0.167

Mean distance from Earth

239,000 miles (385,000 km)

Axial tilt

U

Rotation period (day) 27.32 Earth days
Orbital period (year) 27.32 Earth days
Minimum temperature —413°F (-247°C)
Maximum temperature 248°F (120°0)

> Northern hemisphere
The Moon orbits bolt
upright in relation to the
Sun, so its polar regions
receive horizontal sunlight.
As a result, crater floors
near the poles can be
permanently shadowed
and may contain water ice.

> Far side

The hemisphere that faces
away from Earth is more
densely cratered than the
near side. It has fewer of the
dark lava plains, or maria,
that dominate the near side,
and those it does have are
relatively small.

> Southern hemisphere

The south pole is located at
the edge of a vast impact
crater called the South
Pole-Aitken Basin. Smaller
craters within it contain areas
of permanent shadow and ice
from collisions with comets.

Grimaldi Crater

At 698 miles (1,123 km) across, the
Mare Imbrium (Sea of Rains) is one
of the largest lunar maria. It is ringed
by mountains thrown up by the
meteor strike that formed the
Imbrium impact basin.

Oceanus Procellarum
(Ocean of Storms)

The Aristarchus Crater is
a relatively young impact
crater (450 million years
old) and one of the Moon’s
brightest features.

Copernicus Crater has
high central peaks and
terraced walls.

Mare Humorum
(Sea of Moisture)

Mare Nubium
(Sea of Clouds)

The Clavius Crater is a huge
ancient crater in the southern
highlands. It is 140 miles
(225km) in diameter.
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Plato Crater

The Mare Serenitatis

(Sea of Serenity) lies

within an impact basin

Montes Caucasus created 3.9 billion years
ago. It is about 435 miles

(700km) in diameter.

The Montes Apenninus
is the most prominent
lunar mountain range,

running southeast of the
Imbrium Basin.

The well-defined
Mare Crisium (Sea of
Crises) fills an impact

basin 345 miles

(555km) across.

The Mare Tranquillitatis
(Sea of Tranquillity) was
the site of the Apollo 11

Moon landing.

Eratosthenes Crater
sits at the western end
of Montes Apenninus.
Itis 36 miles (58km)
across and 2.2 miles
(3.6 km) deep.

Mare Fecunditatis
(Sea of Fertility)

The Mare Nectaris (Sea
of Nectar) is a small lunar
mare that forms a “gulf”
in the Sea of Tranquillity.

Tycho Crater measures
53 miles (86 km) across.
It is surrounded by bright

rays and dominates the

southern highlands.

<| Near side

The Moon’s near side is a familiar mix of
bright, heavily cratered areas known as lunar
highlands, and dark, smooth areas with far
fewer craters. Called seas, or maria, these
darker regions are plains of solidified lava.




90 ROCKY WORLDS

9900 @ 2 - 2

MOON STRUCTURE

AS A RELATIVELY SMALL BODY, THE MOON HAS COOLED
CONSIDERABLY IN THE 4.5 BILLION YEARS SINCE ITS
FORMATION. ITS ROCKY INTERIOR HAS LARGELY SOLIDIFIED
AROUND A CORE OF RED-HOT OR PARTIALLY MOLTEN IRON.

The Moon’s proximity to Earth has permitted scientists to
investigate its inner structure in detail. Using seismometers S s
placed on the surface by astronauts during the Apollo gél?)%Otl;];ﬂLS%gl%re
Moon landings, geologists can map the lunar interior '
by measuring the properties of moonquakes—seismic
tremors triggered when tidal forces distort the shape
of the Moon, or when meteorite impacts send shock
waves through its interior.

More recently, spacecraft, including NASAs twin
GRAIL (Gravity Recovery and Interior Laboratory) satellites,
have mapped the Moon's structure by measuring slight
variations in its gravitational field.

The Moon’s inner core
1s remarkably small,

only around 150 miles
(240 km) across.

<| Birth of the Moon

Studies of lunar rock suggests
that the Moon was formed
around 4.5 billion years ago,
when a Mars-sized world
called Theia collided with the
still-molten Earth. The impact
obliterated Theia and blasted
huge amounts of debris into
orbit around Earth. Over time,
much of this material came
together to form a single
large satellite—the Moon.

Highlands Highlands

Elevation (m)

10,760
8,769
4,787 <| Surface elevation
2,796 The Moon'’s highest regions are on its

far side, which is on average 3 miles (5km)
-1,186 higher than the near side. The lowest
-5,168 region—the 8-mile- (13-km-) deep South
-9,150 Pole-Aitken Basin—is also on the far side.

Low-lying lava plains called maria (seas)
cover 31 percent of the Moon's near side.

South Pole-Aitken M@

FARSIDE | Basin NEAR SIDE
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< Lunar layers
Crust . The Moon has a layered internal
The lunar crust probably originated as an , o structure with a thin crust and a very
ocean of molten magma. Made of granitelike 1 . deep mantle, which is solid for most
silicate rock, the crust is about 30 miles . U e of its depth. In the Moon's center
(48km) thick on the near side and : . - e is an iron core heated to about
46 miles (74km) thick on the far side. ) - 2,600°F (1,400°C) by energy from
radioactive elements.

Outer mantle
The majority of the
silica-rich lunar mantle is
solid rock. It contains a
higher proportion of iron
than Earth’s mantle.

Earth’s tidal forces have
pulled the Moon’s core

about 1.2 miles (2km) - ¢ .
away from its exact center, o e N
slightly closer to the near Ela ®
side of the Moon. \

Outer core
This molten layer
consists of liquid iron
with small amounts of
sulfur and nickel.

Inner core
This is a ball of pure iron
squeezed solid by the
pressure of the rocks
around it.

Impact basins tend to be
larger on the near side of
the Moon than on the far
side—perhaps because the
near-side surface stayed
hotter for longer.

Inner mantle

The lunar mantle is
partially molten close
to the Moon’s core.

Molten magmas originating in the
mantle erupted onto the surface
as lava to form the lunar maria.
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FARTH'S COMPANION

THE MOON IS SO LARGE COMPARED TO EARTH, AND
ORBITS SO CLOSE TO ITS PARENT PLANET, THAT THE TWO
WORLDS EXERT A CONSIDERABLE INFLUENCE ON EACH
OTHER THROUGH THE FORCE OF GRAVITY.

The Moon’s large size relative to its parent planet is due to the
unique way in which it formed. Most natural satellites in the solar
system either formed from leftover debris after the new planet took
shape or are small, captured objects such as asteroids. Consequently,
moons are usually dwarfed by their parent planet. Earth’s moon, in
contrast, formed after a collision between Earth and another planet
created a huge cloud of debris. Today, separated by an average
distance of 238,900 miles (384,400 km), Earth and its moon exert a
strong gravitational pull on one another that generates tidal forces in
both worlds. These forces have slowed the Moon's period of rotation
and raise substantial tides in Earth’s oceans.

A Lunar eclipse

Lunar eclipses take place when the Moon passes into Earth’s shadow and turns a
dark reddish color as it catches sunlight scattered by Earth’s atmosphere. Because
Earth is much larger than the Moon and its shadow much wider, lunar eclipses
are more frequent than solar eclipses.

First quarter
— ‘.="-H.,

tl Direction of
F Moon’s motion
Full moon Perigee—the point
in the Moon'’s orbit h
where it is closest \

to Earth
k- - T
\ Apogee—the point in the
\ Moon’s orbit where it is
“ farthest from Earth New moon ‘ .
Last quarter To Sun

~\ Spin and orbit

Tidal forces pulling at irregularities in the Moon's spherical shape have caused our satellite’s
rotation to slow and its orbital position to drift slowly outward. The Moon has developed a
synchronous rotation, meaning it spins once on its axis with each orbit of Earth. As a result,
one hemisphere—the near side—always faces Earth, while the far side is forever turned away.

Low
tide

. High
High tide

tide

Secondary bulge created
where Earth is pulled more
strongly than the oceans.

Pull of Moon’s
gravity strongest

Tidal bulge moves around
planet as Earth rotates.

A Tidal forces

Tidal forces arise because different parts of a celestial body experience different gravitational
forces, depending on their distance from another object. Earth’s oceans are lifted slightly on
the side nearest the Moon, causing a high tide. On the opposite side of the planet, a second
bulge occurs where the Moon's gravity is weakest.

Formed by lava
flows, the dark
lunar seas, or
maria, mostly occur
on the side of the
Moon facing Earth.

The core is slightly
offset toward the
near side.

The lunar crust is
thicker on the
Moon’s far side.

A Offset structure

Early in the Moon’s history, tidal forces created by Earth’s gravity pulled the core about 1.2 miles
(2km) closer to the near side. The structures surrounding the core are also offset, with the
mantle closer to the near side and the crust thicker on the far side. This may explain why the
volcanic eruptions that formed the lunar seas were concentrated on the near side.
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The lunar month

The Moon's most obvious feature from Earth is its monthly cycle of
phases, waxing (growing) from a dark new moon through crescent,
first quarter, and gibbous phases to a brilliant full moon drenched in
sunlight, before waning (decreasing) back to another new moon.
The entire cycle, known as a synodic or lunar month, takes 29.53
days and sees the Moon make a complete eastward circle around
the sky relative to the Sun. The lunar month is slightly longer than
the Moon'’s orbital period of 27.32 days because the Sun is also
moving eastward through Earth's skies, and it takes a little longer
for the Moon to catch up and return to the same relative position.
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The large lunar seas, or maria, in the center of the map are familiar
features of the Moon's Earth-facing aspect. On the Moon's far side
(right on the map), impact craters dominate the terrain.

280° 290° 300° 310° 320° 330° 340° 350°

280° 300° 310° 320°
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DESTINATION HADLEY RILLE

A STEEP-SIDED VALLEY RUNNING FOR 60 MILES (100 KM) ACROSS THE LUNAR LANDSCAPE,
HADLEY RILLE IS THE REMNANT OF AN ANCIENT LAVA STREAM THAT FLOWED ACROSS THE
MOON'’S SURFACE AROUND 3 BILLION YEARS AGO.

Hadley Rille lies on the edge of the Mare Imbrium impact basin at the foot of the Montes Apenninus
mountain range. The valley originates at an elongated crater called Bela, from where it winds across a plain
known as the Palus Putridinus. The Rille is thought to be a lava channel that formed when lava flowed across
the lunar surface like a river. This image was taken in 1971, when Hadley Rille was observed during the
Apollo 15 mission. Astronaut David Scott left a memorial sculpture and plague at the site to commemorate
astronauts who died in training and on missions.

David Scott with a lunar rover at the Apollo 15
landing site, photographed by James Irwin
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LOCATION

LAND PROFILE

For much of its length, Hadley Rille is about 0.9 miles (1.5km)
wide and between 600 and 900t (180 and 270 m) deep.

0
1 7 O LB (77KG) OF LUNAR

MATERIAL WAS RETURNED TO EARTH BY
THE APOLLO 15 MISSION.

APOLLO 15

On July 30, 1971,

Apollo 15s Lunar Module
landed near one of Hadley
Rille’s deepest points,
where the valley plunges to Hadley Earthlight
1,200ft (370 m). Using the Rille

Lunar Roving Vehicle for the Dune
first time, the astronauts

made three excursions to St. George

explore nearby craters and

collect rock samples.

Landing
O site




EARTHRISE







100 ROCKY WORLDS

eooe @ od

LUNAR CRATERS e

The Moon's well-preserved craters have given astronomers a
detailed understanding of the crater formation process. The size

THE SURFACE OF THE MOON IS COVERED IN COUNTLESS and shape of a crater are determined mainly by the kinetic energy
of the incoming object (a combination of its speed and mass).
CRATERS OF ALL SIZES. THEIR FORMATION HAS BEEN THE

DRIVING FORCE SHAPING THE LUNAR LANDSCAPE FOR
MORE THAN 4.5 BILLION YEARS.

How the Moon'’s craters formed was not fully understood until
the 1960s, when the first robot lunar landers showed that craters
of all sizes existed, including tiny ones. This discovery confirmed

that the craters must have been caused by impacts from space, 1 Incoming space rock 2 Initial impact
rather than by volcanic eruptions Meteoroids approach the lunar surface at The impact creates a shock wave that
i y P ' ) a variety of speeds, depending on whether vaporizes the meteoroid and ripples out
It is now clear that craters cover all areas of the lunar terrain, they are catching up with the Moon or into the crust, compressing and heating it
although in some places the oldest craters have been covered eetisldieadon along a bowl-shaped shock front.

over by later events, including volcanic eruptions and further
impacts. The Moon is not the only heavily cratered body in the
solar system, but it is the one we can study in greatest detail.

-f" iy Mendeleev Crater 3 Ejecta blanket 4 Crater

4 e . 4 As the shock wave passes, material from the The result is a surface depression. In a large

e - landing site is thrown out, forming a layer of crater, the crust may rebound to form a central
debris on the surrounding landscape known peak; the sides may slump under their own
as an ejecta blanket. weight to form terraces.

<| Far side of the Moon

First revealed by Soviet spacecraft in the

late 1950s, the lunar far side looks very different

from the side we usually see. It appears more

Sea of Moscow  heavily cratered, principally because of the lack

(Mare Moscoviense)  f |ynar seas, or maria, formed by lava flows.
One theory is that the Moon'’s crust is thicker
on the far side, which makes it harder for
magma to rise to the surface and create maria.
Another possibility is that the far side of the
Moon cooled and solidified more quickly
than the near side, forming robust rocks that
limited the depth of the far side’s impact basins.
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I> Crater map
This map, created using data from NASASs Lunar
Reconnaissance Orbiter, charts the position and
size of over 5,000 large impact craters covering
parts of the near and far sides of the Moon.
The biggest of them have filled in with lava
to form basalt plains, producing the
lunar maria. Scientists can estimate
the age of different parts of the

Moon'’s surface by counting the

craters that have accumulated

Mare Humboldtianum

(Sea of Humboldt) lies within a
400-mile- (640-km-) diameter
impact crater called the
Humboldtianum Basin.

Mare Moscoviense
(Sea of Moscow) is the
largest mare on the far

over time. side of the Moon.
Mendeleev Crater

Mare Serenitatis

(Sea of Serenity)

Mare Smithyii (Sea of
Smyth), barely visible
from Earth, is one of
the oldest lunar seas.

A deep, circular crater,
the Mare Crisium (Sea of
Crises) is filled by dark
basalts. It appears
foreshortened when
viewed from Earth.

Mare Tranquillitatis
(Sea of Tranquillity)
is one of the most
distinctive seas on
the Moon’s near side.

Gagarin Crater has been
heavily eroded by later
meteoroid impacts.

Mare Nectaris

(Sea of Nectar)
Tsiolkovsky Crater has
Crater high terraced walls
and a well-formed
central peak.
ﬂ +8km

Schrodinger Crater lies
on the far side of the
Moon near the south pole
and measures around
200 miles (320 km) wide.

Mare Fecunditatis
(Sea of Fertility)

(mean lunar radius)

Elevation relative to “sea level”

—8km

A Copernicus Crater A Plato Crater A Plum Crater

Easily visible from Earth through binoculars, this young crater, This 69-mile- (109-km-) wide crater to the north of the Mare This small crater, measuring only 118ft (36 m) across, was the first
which formed just 800 million years ago, is exceptionally well Imbrium has a dark and smooth appearance, thanks to the geological stop reached by rover during the Apollo 16 mission
preserved. Copernicus is surrounded by a ring of enormous, lavas that flooded its floor. Plato is thought to have formed of 1972. While searching the crater, 0.9 miles (1.4 km) from their
bright rays—debris ejected by the impact—that are most around 3.84 billion years ago, shortly after the neighboring landing site, the astronauts found Big Muley—a 4-billion-year
conspicuous at full moon. The crater was the planned landing Mare Imbrium impact basin. The crater’s rim has been old boulder weighing 26 Ib (11.7kg). Big Muley is the largest

site for NASAs Apollo 18 manned mission, which was canceled. shaped by a series of landslides. rock brought back to Earth by Apollo astronauts.
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HIGHLANDS
AND PLAINS

THE LUNAR LANDSCAPE CAN BE BROADLY DIVIDED INTO
TWO DISTINCT TYPES OF TERRAIN: BRIGHT, HEAVILY
CRATERED HIGHLANDS AND RELATIVELY SMOOTH, DARK
PLAINS KNOWN AS LUNAR SEAS, OR MARIA.

The highlands represent the original ancient crust of the Moon,
formed as its surface began to solidify from a molten magma ocean
4.5 billion years ago. They are dominated by bright silicate minerals
similar to those of Earth’s crust, and they feature countless craters laid
one on top of another over billions of years. The maria, meanwhile,
are flat and sparsely cratered plains consisting of dark basaltic lavas.
Studies of the boundaries between the two regions show that the lunar
maria are later surfaces that have erased all traces of earlier craters.

Mare Frigoris (Sea of Cold)

Schroter’s Valley originates
in a volcanic crater around

3.7 miles (6km) in diameter. The valley stretches for

up to 115 miles (185km).

A Vallis Schroteri
Named after the German astronomer Johannes
Schroter, this feature to the north of the Oceanus

A\ Montes Apenninus

Named after an Italian mountain range, the lunar Apennines form Six miles (10km) wide at its Procellarum is a rare trace of lunar volcanism—a
one of the largest and most prominent mountain chains on the broadest point, the canyon is lava channel, known as a rille. The smaller rille
Moon. This range of mountains, approximately 370 miles (600km) up to half a mile (1 km) deep. here is from a later lava eruption that flowed
long and up to 3 miles (5km) high, was thrown up during the along the floor of the original rille, but formed a
formation of the Mare Imbrium basin around 3.9 billion years ago. new channel within the main one. Sinuous rilles

occur in several locations on the Moon.
North Massif

Camelot Crater Sculptured Hills Lunar rover




The Montes Alpes
mountains are named
after the European Alps.

A Lunar maria Plato Crater is a
The lunar seas are thought to have been formed lava-filled impact crater.
by solidified lava from widespread volcanic
eruptions that began about 3.6 billion years ago, Montes Recti is a small
at a time when the upper portion of the lunar mountain range within ,
mantle was hot enough to produce substantial Mare Imbrium. l\éare Iprng!um e I\/iolntes.Jurta 2000
molten magma. These “flood basalts” found their ¥ Apollo 17 image (Sea of Rains) [gglér:];“i?fhnesighﬁ '
way to the surface most easily on the floors of The last lunar Apollo mission, launched in December
deep impact basins that had formed in a period 1972, targeted the Taurus-Littrow valley—where the
called the Late Heavy Bombardment (a result of Sea of Serenity (Mare Serenitatis) meets the Taurus
planetary migrations in the outer solar system). mountains. Samples taken from the site by astronaut
Magma flooded the floors of the impact basins, Harrison “Jack” Schmitt (the only trained geologist to
wiping out all signs of earlier meteoroid impacts. have walked on the Moon) showed that the volcanic
Large-scale volcanic activity ended approximately basalt in this area is 3.7 billion years old. This indicates
3 billion years ago, although smaller eruptions that the widespread mare-forming eruptions occurred South Massif
continued for around another billion years. about 200 million years after the impact that created
the Serenity impact basin and the Taurus mountains.

East Massif Bear Mountain

3 . R S 95 g
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STORY OF THE MOON

THE BIGGEST AND BRIGHTEST OBJECT IN THE NIGHT SKY
HAS ALWAYS BEEN AN INVITING SUBJECT TO STUDY, AND
PEOPLE HAVE TRACKED ITS MONTHLY CYCLE OF PHASES

SINCE PREHISTORIC TIMES.

Moon-watching was important to the first agricultural societies ]
unar

of the Stone Age because the Moon's phases served as a eclipse

Calendar', tell!ng farmers when to sow and harvest crops. By c. 20,000 sce 500 BcE

Babylonian t|m‘es, astronomers not only unders.tood the phases Prehistoric calendar Predicting eclipses

but could predlct lunar ecllpses, and by Greek times they knew In the Ishango region of central Africa, Babylonian astronomers (based in

the Moon was sphe