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By reading this chapter, you will learn

11-1 What astronomers have learned by observing the
terrestrial planets from Earth

11-2 The radically different ways in which Mercury, Venus,
and Mars rotate on their axes

11-3 The outstanding features of Mercury, and why its
magnetic field came as a surprise

11-4 How the advent of the space age transformed our
understanding of Venus and Mars



By reading this chapter, you will learn

11-5 How geologic activity took a very different form on
Venus than on Earth, and why it essentially stopped on
\ETES

11-6 The key differences among the atmospheres of
Earth, Venus, and Mars

11-7 How the atmospheres of Earth, Venus, and Mars
evolved to their present states

11-8 The evidence that there was once liquid water on
Mars

11-9 What we know about the two small satellites of Mars



11-1: Mercury, Venus and Mars can all be
seen by the naked eye.
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The Orbits of Mercury and Venus
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TABLE11-3

Average distance from the Sun: 1.524 AU = 2,279 X 10" km
Maximum distance from the Sun: 1.666 AU = 2.492 X 10" km
Minimum distance from the Sun: 1.381 AU = 2,067 X 10" km
Eccentricity of orbit: 0.093
Average orbital speed: 24.1 km/s
Orbital period: 686.98 days = 1.88 years

Rotation period: @
Inclination of equator to orbit: @

Inclination of orbit to ecliptic: 1.85°

Diameter (equatorial): 6794 km =
0.533 Earth diameter

Mass: 6.418 X 10" kg =
0.107 Earth mass

Average density: 3934 kg/m’
Escapespeed: 5.0km/s
Surface gravity (Earth=1): 0.38
Albedo: 0.15

Surface temperatures: Maximum: 20°C = 70°F = 293 K
Mean: —23°C = — 10°F = 250K
Minimum: ~140°C = — 220°F = 133 K

Atmosphere composition 95.3% carbon dioxide (CO )
(by number of molecules): 2.7 nitrogen (N,)
0.03% water vapor (H,0)

R I X
2% other gases mUxa

(NASA, USGS)
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TABLE 111

Average distance from the Sun:
Maximum distance from the Sun:
Minimum distance from the Sun:
Eccentricity of orbit:

Average orbital speed:

Orbital period:

Rotation period:

Inclination of equator to orbit:
Inclination of orbit to ecliptic:

Diameter (equatorial):

Average density:

Escape speed:

Surface gravity (Earth =1):
Albedo:

Average surface temperatures:

Atmosphere:

Table 111

0.387 AU = 5.79 X 10" km
0.467 AU = 6.98 X 10" km
0.307 AU = 4,60 X 10" km
0.206

47.9 km/s

7°00' 16"
4880 km =
0.383 Earth diameter

3.302 X 10* kg =
0.0553 Earth mass

5430 kg/m’
4.3 km/s
0.38

0.12

Day:350°C = 662°F = 623 K
Night: =170°C = — 274°F = 103 K

Essentially none

(NASA/Johns Hopkins U. Applied
Physics Laboratory/Carnegie
Institution of Washington)
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Mercury’s Spin-Orbit Coupling
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Table 11-2
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TABLE 11-2

Average distance from the Sun:
Maximum distance from the Sun:
Minimum distance from the Sun:
Eccentricity of orbit:

Average orbital speed:

Orbital period:

Rotation period:

Inclination of equator to orbit:
Inclination of orbit to ecliptic:

Diameter (equatorial):

Average density:

Escape speed:

Surface gravity (Earth =1):
Albedo:

Average surface temperature:

Atmosphere composition
(by number of molecules):

man and Con Dany

0.723 AU = 1,082 X 10" km
0.728 AU = 1,089 X 10 km
0.718 AU = 1.075 X 10* km
0.0068

35.0km/s

Q24.70 day
@’9 retrograde)

177.4°
3.39°

12,104 km =
0.949 Earth diameter

4.868 X 10* kg =
0.815 Earth mass

5243 kg/m’

10.4 km/s

0.91

0.59

460°C = 860°F = 733 K

96.5% carbon dioxide (CO,)

3.5 nitrogen (N,)
0.003% water vapor (H,0)

RIMUXG
(NASA)




Direction of planet’s
orbit about the Sun.

Most planets exhibit
prograde rotation:

the direction of the planet’s
rotation around its axis

is the same as the direction
of orbital motion.

(a) Prograde rotation
Figure 11-4

Universe, Tenth Edition
2014 W_H. Freeman and Company

Direction of planet’s
orbit about the Sun.

Venus exhibits retrograde
rotation: its rotation
around its axis is the
opposite of the direction
of orbital motion.

(b) Retrograde rotation

Prograde and Retrograde Rotation




11-3: Mercury is cratered like the Moon but
has a surprising magnetic field.

Messenger Image of Mercury
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Mercurian Craters and Plains



1.The floors of these
craters were flooded
by lava from Mercury’s
interior.

2. Some time after
the lava cooled,
Mercury’s crust
contracted to form

this scarp.

Figure 11-7
Universe, Tenth Edstion
NASA/Johns Hopking U. Applied Physics Laboratory/Camegie Institution of Washington




Caloris Basin

Figure 11-8

The Caloris Basin
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Proto-Mercury

““'Planetesimal
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11-4: The first missions to Venus and Mars demolished
decades of speculations about these planets.

The Mariner 2 Spacecraft



: Tropical? (No!)

Venus




Schiaparelli’s

imaginary “canals”

.: "‘
- ‘.g.-
rw F 4

a4

The Mirage of the Martian Canals




June 26, 2001:

Dust storms begin near
the northern polar cap
and near Hellas Planitia.

September 4, 2001:

A planetwide dust storm
now obscures the entire
surface of the planet.

Figure 11-14

A Martian Dust Storm
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11-5: Both Venus and Mars have volcanoes —and Mars has
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Figure 11-16
Universe, Tenth Edition
Peter Ford, MIT; NASA/JPL
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A Topographic Map of Mars
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the crater was formed.

Figure 11-18
Universe, Tenth Edition

NASA/IA

A Partially Obliterated Crater on Venus




Fges 1119 pat ) Fgue 1 1-19pat 2

weerse Te

e

Plate Tectonics Versus Flake Tectonics



Volcanoes on
Tharsis rise

Valles Marineris

Figure 11-20a
Nive Tenth Edition
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USGS/NASA

Mars and Valles Marineris
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The central region of Valles Marineris

Figure 11-20b
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MARS CRUSTAL MAGNETISM ABr MARS GLOBAL SURVEYOR
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2 million years ago

Seafloor
spreading

Lithosphere —

(a)

Mid-ocean rift

1 million years ago

(b)

Present day

Alternating —
magnetic fields
in seafloor crust

Field points down

Seafloor
spreading

Field points up

<

(c) Older rock

Figure 9-22
Universe, Tenth Edition
© 2014 W. H. Freeman and Company
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Cloud-topped volcanoes on Mars

Figure 11-21b

NASA/IPL/Malin Space S«



Volcanism on Mars

« Mars has many large shield volcanoes
« Olympus Mons is largest volcano in solar system

© 2006 Pearson Education Inc, publishing as Addison-Wesley




Figure 11-22
Uni Tenth Editio

d Ocean Floor, based on bathymetric studies by Bruce C. Heezen and Marie Tharp. Painting by Heinrich C. Berann. Copyright Marie Tharp

Hot-Spot Volcanoes on Earth




Venus is mostly flat plains
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Volcanic lava surface

v D

Rocky plates:
fractured lava?

(b) Color-corrected image

Figure 11-23
Universe, Tenth Edition
3: NSSDC/NASA; b: GSFC/NASA
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11-6: The dense atmosphere of Venus and the thin
Martian atmosphere are dramatically different but
have similar chemical compositions.

table 8-3 Chemical Compositions of Three Planetary Atmospheres
Venus Earth Mars

78.08% 2.7%
20.95% almost zero

r >0/
95..)‘3'0

Nitrogen (N,) 3.5%

Oxygen (O,) almost zero

Carbon dioxide ((:()2) 96.5% 0.035%
0.003% about 1% 0.03%

Other gases almost zero almost zero 2%

Water vapor (H,0)

Atmospheres of the Terrestrial Planets



Venus has a strong greenhouse effect

table 8-3 Chemical Compositions of Three Planetary Atmospheres

Nitrogen (N,)

Oxygen (O,)

Carbon dioxide ((:()2)

Water vapor (H,0)

Other gases

Venus

almost zero
96.5%
0.003%

.\lmt)\'t ZL1ro

Earth
78.08%
2_( ), k) i “"‘,n
0.035%
about 1%

almost zero

Mars
2. —'”n

;\lm()_\'t Lro

0.03%

48
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Convection on Venus

Cool air descends
over poles.

e,

Warm air rises
over equator.

50



Convection on Earth




Fast winds on Venus: Atmosphere rotates
around planet in 4 days
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Mars’ Atmosphere

table 8-3 Chemical Compositions of Three Planetary Atmospheres
Earth Mars

xi(l'()gCI] (.\:l .’.. Ve "S()xu"

Oxygen (O,) almost zero 20.95% almost zero
Carbon dioxide ((:()2) 96.5% 0.035% 95.3%
Water vapor (H,0) 0.003% about 1% 0.03%

Other gases almost zero almost zero 2%

Composition like Venus, but very thin; so almost
no greenhouse effect

54



Cloud-topped volcanoes on Mars

Figure 11-21b

NASA/IPL/Malin Space S«



Methane in Mars’ Atmosphere

Discovered 2003; variable with location, season.

Unusual... what is source?
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October 1996 March 1997
(Winter) (Summer)
North pole
Residual ice cap
made of water

Figure 1127

invverse, Teh Editon

a: S Lee/ ). BelUM. Wolff/Space Science Institute/ NASA; b: {left) NASA; (right) Mars Reconnaissance Orbiter, NASA/Caltech/ PLE
DeJong/). Craig/ M. Stetson); be NASA

Changing Seasons Reveal Water-Ice at the Martian North Pole



Summer on Mars

Group of rocks about 2 m
across, 8 m from the camera

. o Vg SR\ 2 _
A view from Viking Lander 1

Figure 11-28a




Winter on Mars

A wintertime view from Viking Lander 2

Figure 11-28b
Inhverse Temth Ed




Dark dust patches and slides at summer
pole




Dunes on Mars

Group of rocks about 2 m
across, 8 m from the camera

-~ ML N .
A view from Viking Lander 1

Figure 11-28a




Figure 11-30a

) rse, Terth Edition

NASA/IPL/University of Arizona

Martian Sand Dunes



Martian Sand Dunes



Figure 11-31
Universe, Tenth Edition
NASA/JPL-MRO/Caltech/University of Arizona

A Martian Dust Devil



Martian Dust Devils




AVolcanic Eruption on Earth



’s/’ USGS Oct 12, 2008 07:28 explosive eruption x3 speed
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Evolution of Earth’s Atmosphere

Earth: active plate tectonics “recycles” gases and maintains a moderate atmosphere.

6. Plants convert CO, to O,; bacteria

2. H,0 falls as rain; CO, and
convert nitrates to N, and O,.

= S0, dissolve in the oceans;
N, goes into nitrates.

1.H,0, CO,, SO,, and N, are
outgassed from Earth
volcanoes on an ongoing
basis. Clouds

\

H,0 are incorporated
into sedimentary rocks.

Sediment

F 4. Sedimentary rocks are eventually subducted
to great depths, where heat liberates the gases.

and SO, rise upward by
volcanic action.

5. The liberated H,0, CO,, 3.C0,, SO,, and some x

Cosmic Connections 11a

Universe, Tenth Edition

2014 W_H. Freeman and Company
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Mars lost most of its atmosphere
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11-8: Rovers have found evidence of ancient Martian water.

Calqeras Mars Exploration Rover Mars Pathfinder rover

Two generations of rovers

Figure 11-33a
n Tenth Edstion

JPL/NASA



Curiosity rover

Figure 11-33b
Universe, Tenth Edition
NASA/USGS
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Sign of Ancient Martian Water



Sign of Ancient Martian Water



Mars Pathfinder rover Hill, 1 km (0.6 mi) away

Figure 11-35
niverse, Tem!

SA/ A

Roving the Martian Surface



Figure 11-37
Universe, Tenth Edition
NASA/IPL/Cormell
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Percent abundance of water (by mass)

.Y -ga High concentration of
; “%""a' subsurface water in the

~  polar regions

High concentration of
subsurface water in some
locations near the equator
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Figure 11-38
Universe, Tenth Edition

LANL

Water Beneath the Martian Surface




October 2008 January 2009

Figure 11-39
Universe, Tenth Edition
NASA/JPL-Caltech/University of Arizona

Water Revealed by Recent Impacts



Surrounding |
terrain

Gullies formed by water.
running down crater walls

|'——'| Crater floor
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Figure 11-40a

Martian Gullies
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Figure 11-41
Universe, Temth Edition
NASA/DLRFU Berhin 1G. Neukum)

Impact Melts Subsurface Ice



Figure 11-42

Dry Streambed




+ Phobos

The Moons
of Mars

As seen from Mars

Figure 11-43a
Universe, Tenth Edition
NASA/IPL/Cornell/Texas AEM




11-9: The two Martian moons resemble asteroids

As seen from Mars orbit

Figure 11-43b
werse, Tenth Editsor
NASA/JPL Calvech/Universaty of Arzona

The Moons of Mars
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Reading the Red Planet



Weather station will measure environmental Color cameras can image landscapes and rock and soil
variables and issue daily reports, providing textures in high-definition resolution. Those textures
the first ever continuous record of Martian help scientists to reconstruct the processes that formed
meteorology. Apart from its inherent interest, the rock or soil, perhaps induding the action of liquid
the weather report will guide rover operations. water. One of the cameras is mounted on the bottom
of the rover, looking downward, and created a movie

of the descent and landing.

Active neutron
spectrometer will
search for waterin
rocks and soil
underneath the
rover.

Sample analysis at Mars (SAM)

instrument suite can perform chemical

analysis. It bakes powder in small

ovens with combustion or chemical

solvents to release gases, which the

gas chromatograph/mass spectrometer .

and gas analyzer will examine, looking & "5 monitor solar and
espedally for organic carbon. It also cosmic radiation.
can directly sample the atmosphere.

Unnumbered 11 p320

Universe, Tenth Edition
Don Foley

Reading the Red Planet

CheMin instrument beams X-rays through
fine powders to create a diffraction pattern
that definitively identifies minerals of all
types. Spectrometers on previous landers
were limited in scope to, for example,
iron-bearing minerals.

w

Robot arm, reaching out as faras 2 m,
holds 30 kg of gadgetry to drill holes and
pulverize rocks. A set of sieves sorts
powder for the onboard lab instruments.

I.nerlnd.ad
spectrometer will burn holes in

rocks and soil up to seven meters
away and remotely sense
Mdlenlaloomposﬁhn
LN s i'*’ g
Abln-pmldol-nymw
will perform in situ determination
of rock and soil chemistry.




Key Ideas

* Motions of Mercury, Venus, and Mars in the Earth’s Sky:
Mercury and Venus can be seen in the morning or evening sky
only, while it is possible to see Mars at any time of night
depending on its position in its orbit.

» Attheir greatest eastern and western elongations, Mercury is

only 28° from the Sun and Venus is only 47° from the Sun.



Key Ideas

Rotation of Mercury, Venus, and Mars: Poor telescopic views of
Mercury’s surface led to the mistaken impression that the planet always

keeps the same face toward the Sun (2-to-1 spin-orbit coupling).

Radio and radar observations revealed that Mercury in fact has 3-to-2 spin-
orbit coupling: The planet rotates on its axis three times every two orbits.
Venus rotates slowly in a retrograde direction. Its rotation period is longer
than its orbital period.

Mars rotates at almost the same rate as the Earth, and its rotation axis is
tilted by almost the same angle as the Earth’s axis.



Key Ideas

Mercury’s Surface, Interior, and Magnetic Field: Mercury’s surface is pocked with
craters, but there are extensive smooth plains between these craters.

Long cliffs called scarps meander across the surface of Mercury. These probably formed
as the planet’s crust cooled, solidified, and shrank.

Mercury has an iron core with a diameter equal to about 83% of the planet’s diameter. By
contrast, the diameter of the Earth’s core is only slightly more than /2 of Earth’s
diameter.

Mercury has a weak magnetic field, which indicates that at least part of the iron core is
liquid. However, the field is off-center by 20%, which remains unexplained

The high abundance of volatile elements that should have “boiled off” from
Mercury’s material during formation presents a mystery considering the planet’s
close proximity to the Sun.



Key Ideas

Comparing Venus and Mars: Most of the surface of Venus is at about the same
elevation, with just a few elevated regions. On Mars, the southern highlands rise

several kilometers above the northern lowlands.

Venus has a thick atmosphere and a volcanically active surface. Mars has a very

thin atmosphere and little or no current volcanism.

There is no evidence of plate tectonics on Venus, but Valles Marineris shows there
are at least two plates on Mars. On Venus, there is vigorous convection in the
planet’s interior, but the crust is too thin to move around in plates; instead, it
wrinkles and flakes. On Mars, the planet’s smaller size means the crust cooled long

ago and became too thick to allow widespread plate tectonic activity.



Key Ideas

* Volcanoes on both Venus and Mars were produced by hot

spots in the planet’s interior.

* The entire Venusian surface is about 5oo million years old and
has relatively few craters. By contrast, most of the Martian
surface is cratered and is probably billions of years old. The
southern highlands on Mars are the most heavily cratered and

hence the oldest part of the planet’s surface.



Key Ideas

The Atmospheres of Venus and Mars: Both planetary atmospheres are

over 95% carbon dioxide, with a small percentage of nitrogen.

The pressure at the surface of Venus is about go atmospheres. The
greenhouse effect is very strong, which raises the surface temperature to
460°C. The pressure at the surface of Mars is only 0.006 atmosphere, and

the greenhouse effect is very weak.

The permanent high-altitude clouds on Venus are made primarily of
sulfuric acid. By contrast, the few clouds in the Martian atmosphere are

composed of water ice and carbon dioxide ice.



Key Ideas

* The circulation of the Venusian atmosphere is dominated by two
huge convection currents in the cloud layers, one in the northern
hemisphere and one in the southern hemisphere. The upper cloud
layers of the Venusian atmosphere move rapidly around the planet

in a retrograde direction, with a period of only about 4 Earth days.

* Weather on Mars is dominated by the north and south flow of
carbon dioxide from pole to pole with the changing seasons. This

can trigger planetwide dust storms.



Key Ideas

Evolution of Atmospheres: Earth, Venus, and Mars all began with
relatively thick atmospheres of carbon dioxide, water vapor, and sulfur
dioxide.

On Earth, most of the carbon dioxide went into carbonate rocks and most
of the water into the oceans. Ongoing plate tectonics recycles
atmospheric gases through the crust.

On Venus, more intense sunlight and the absence of plate tectonics led to
a thick carbon dioxide atmosphere and a runaway greenhouse effect.

On Mars, a runaway icehouse effect resulted from weaker sunlight and a
lack of strong plate tectonic activity.



Key Ideas

Water on Mars: Liquid water cannot exist on present-day Mars because
the atmosphere is too thin and cold. But there is evidence for frozen water

at the polarice caps and beneath the surface of the regolith.

Geological evidence from unmanned rovers shows that much of the
Martian surface has been dry for billions of years, but some regions had

substantial amounts of liquid water in the past.

The Moons of Mars: Mars has two small, football-shaped satellites that
move in orbits close to the surface of the planet. They may be captured

asteroids or may have formed in orbit around Mars out of solar system
debris.



