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NASA’s Hubble Space Telescope snapped this picture of Mars on 28 October 2005,
within a day of its closest approach to Earth. A large regional dust storm, about 1500 km
across, appears as the brighter, redder cloudy region in the middle of the planet’s disk.
The south polar ice cap is much smaller than normal because it has largely sublimated
with the approach of southern summer. Bluish water-ice clouds can also be seen along
the limbs and in the north (winter) polar region at the top of the image. (Courtesy
NASA, ESA, The Hubble Heritage Team (STScl/AURA), |. Bell (Cornell University) and M.
Wolff (Space Science Institute).)
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After a journey of 300 million kilometres from Earth, the heat shield of the Mars
Exploration Rover Opportunity crashed onto the surface of Mars on 25 January
2004. The shield had protected the precious payload as it entered the




atmosphere, before being detached. Opportunity parachuted down, landing a
few hundred metres away. One year on, Opportunity, on its way southwards,
encountered its protector, and transmitted this image. (Courtesy NASA, JPL (Jet
Propulsion Laboratory), Cornell.)
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A simple red dot observed in the sky by our ancestors, or the planet across which
our modern robots trundle in their explorations: however we see it, Mars never
ceases to thrill.

Earth’s sister planet, that other world which may harbour extraterrestrial
beings, leading lives parallel to ours. .. Such a view of Mars was indeed the fruit of
over-stimulated imaginations and a few sparse data, and today’s probes,
revealing the true nature of the planet, have dashed most of the ancient myths.
However, recent findings have sprung their own surprises, and Mars is, if
anything, an even more fascinating place than it was before.

What have we learned from the Mars probes? Mars, like planet Earth, is a
world, a complex and vast world with a long history. This book will confirm
these ideas, going as it does to the heart of current planetary research, with all its
doubts (and occasional certainties). We present many images, some of them
previously unpublished. Although Mars is a beautiful place, a book about it need
not be a mere photo album. The images will be markers along the way as we
reveal this new world which, although it has many echoes on our planet, is
nonetheless quite ‘extraterrestrial’.

We shall discover Olympus Mons*, more than 20,000 metres high and the
solar system’s biggest volcano. Beside Olympus, Everest would rank as just a
foothill. At Mars’ poles, glaciers, formed from thousands of fine strata, are
evidence of past climatic fluctuations. Entire plains bear the marks of cataclysmic
flooding. Everywhere, strange dunes whisper the story of the winds that shaped
them. ..

Imagine a day spent somewhere on Mars. As dawn breaks, night frosts give
way to mists and fogs which, in their turn, disperse to reveal the orange sky. At
the warmest part of the day, dust devils patrol the surface. At dusk, a tiny, oddly
shaped moon takes just a few hours to cross the sky. And tomorrow, will the
whole planet be veiled beneath a global dust storm, as happens sometimes in the
winter?

Beyond the magnificent scenery, there is a new world to understand, and the
workings of the planet to reveal. How was Mars formed? Why has its evolution
followed a different path to that of Earth? What do its river beds, volcanoes and
glaciers tell us about its past? Could life have existed there? Does it exist there
now? What processes ‘drive’ Mars today?

* Most of the places mentioned in the text are shown on the map of Mars at the end of the book.
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Mars as seen from 55.8 million kilometres by the Hubble Space Telescope in orbit around
the Earth on 26 August 2003. On that day, Mars was closer to the Earth than it had ever been
during the whole of human history (in fact, since 60 000 years ago). It is the end of spring in
the southern hemisphere of Mars. The last deposits of frozen carbon dioxide, accumulated
during the winter around the south pole (bottom), are subliming in the spring sunshine. At the
near edge, a tongue of ice dubbed the ‘Mitchell Mountains’ (though there is nothing
mountainous about it) projects from the ice cap. In the southern hemisphere, spring is a
relatively warm season, and few clouds are present in the atmosphere. Only the north polar
region (at top) is shrouded in haze. (Courtesy NASA, |. Bell (Cornell U.) and M. Wolff (SSI).)

Of all the planets of the solar system, Mars is the one that most closely
resembles ours. Geologists, meteorologists and many other scientists possess a
vast ‘laboratory’ to test out their comprehension of the phenomena which occur
on the terrestrial planets. Mars has the added advantage of having preserved the
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A nest on Mars. The little crater ‘Eagle’ in the Terra Meridiani region. The six-wheeled rover
Opportunity fortuitously landed in the middle of this crater on 25 January 2004. Sixty days
later, after descending from its landing platform (left of centre) and investigating nearby rocks
and soil, Opportunity leaves the nest and sets off for new adventures (see pages 201-204).
(Courtesy NASA, JPL, Cornell.)

traces of its distant past. The same cannot be said of the Earth. Our planet’s
surface is constantly renewed: erosion and the phenomenon of plate tectonics
have erased the archives of four-fifths of Earth’s history. There remain almost no
clues to what the Earth was like when the first micro-organisms made their
appearance, before carbon chemistry was so widely exploited by living things.
Mars can remind us of our own past, and perhaps tell us how life began. To
understand Mars is, in a sense, to understand our own origins.
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Let us leave Mars for a moment and return to Earth. All over the world,
hundreds of researchers and engineers have but one aim in mind: bringing to
fruition future Mars missions. In the last decade, more than ten space probes and
their robot explorers have been sent to the red planet; the next twenty years will
see more and more voyages from Earth to Mars. There will be new probes, and
samples of Martian surface material will be brought back. Perhaps people too will
make the journey.

The five parts of the present book trace the history of this active planet. Part 1
examines its formation, together with that of the solar system itself, from the
ashes of dead stars, more than 4.5 billion years ago. Part 2 takes us through its
early and turbulent youth. Part 3 traces the gradual, 3.5-billion-year long
metamorphosis which created the great planetary structures. Part 4 explores
Mars as we find it today, with its dust storms, water features and atmosphere, and
we see that Mars is subject to continual climatic change. Finally, in Part 5, we
recount the story of the recent exploration of Mars, and look at what is going on
in laboratories and space agencies in preparation for the missions of the next
twenty years.

This new edition offers a synthesis of our current knowledge about Mars,
revisited with the aid of the multitude of images and discoveries made by Mars
Express, the first European probe, and by NASA’s robot geologists, the
indefatigable Mars Exploration Rovers.

So, bon voyage, Mars traveller: don’t forget that Mars still holds many secrets,
laying down a challenge for generations to come. ..
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Comparison of Mars and the Earth

Mars

Earth

Size
(mean diameter)

6779 km

12742 km

(size: 27 x 22 x 18 km,

5990 km above Mars’ surface)
Deimos (size: 15x12x 10 km,
20,100 km above Mars’ surface)

Age Formed 4.5 bn yrs ago Formed 4.5 bn yrs ago
50% of surface more 99% of surface less
than 3.8 bn years old than 2 bn years old

Position Eccentric orbit Near-circular orbit
Distance from Sun: Distance from Sun:
1.384-1.664 AU* 0.983-1.017 AU

Data Mass: 6.42.10%% kg Mass: 5.97.10%* kg
(0.107 Earth mass)

Surface gravity: 3.72 m.s?>  Surface gravity: 9.81 m.s™*
(0.38 Earth’s)

Day length: 24h 39m 35s Day length: 24h

Year: 669 Mars days Year: 365.25 Earth days
(=687 Earth days)

Atmosphere Colour: orange Colour: blue
Composition: CO; 95.3%, Composition: N 78.1%
N 2.7%, Ar 1.6%, 0O 20.9%, Ar 0.93%,
0 0.13% Water vapour ~1%
Mean surface pressure: Mean surface pressure:
~6 hPa 1000 hPa
Other: assorted mineral Other: many water clouds
dust in suspension Protective ozone layer
Some water-ice & CO, clouds

‘Family’ 2 small satellites: Phobos One large satellite:

the Moon (diameter: 3476
km, approx. 378 000 km
from Earth)

*1 AU (Astronomical Unit) = 149.6 million km
(Data taken from NSSDC, NASA Goddard Space Flight Center)
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The plain within Gusev Crater, seen from the Columbia Hills by the Mars Exploration Rover
Spirit in August 2005. (Courtesy NASA, JPL-Caltech, Cornell.)

Outcrops of rock rich in sulphate salts, in the Terra Meridiani region, photographed by the
Mars Exploration Rover Opportunity in September 2005. (Courtesy NASA, JPL-Caltch, Cornell.)
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An expanse of sand traversed by Opportunity in May 2005. (Courtesy NASA, |PL, Cornell.)

The flank of Endurance Crater, surveyed by Opportunity, June-December 2004. (Courtesy
NASA, |PL, Cornell.)




Martian landscapes 11

AL Al PRI 5 ceas ot g

A cliff of layered rocks on a promontory called Cape St. Mary, examined by the Opportunity
rover as part of its investigation of the rim of Victoria crater. This view combines several images
into a false-colour mosaic that enhances subtle colour differences in the rocks and soil.
(Courtesy NASA, |PL-Caltech, Cornell.)

Left: Victoria crater, an
impact crater on Meridiani
Planum, viewed from the
HiRISE camera on Mars
Reconnaissance Orbiter.
The crater is
approximately 800 metres
in diameter. It has a
distinctive scalloped
shape to its rim, caused by
erosion and downhill
movement of crater wall
material. (Courtesy NASA,
JPL-Caltech, University of
Arizona.)
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To date Martian terrains, geologists count
meteorite impacts ... and visit the Moon

Before undertaking any in-depth study of the geophysical evolution of a planet,
scientists must possess a time-scale within which to classify the various structures
observed. How, though, can we date the Martian terrains if we have no samples
of the surface? The answer lies in counting craters, formed over long periods by
incoming meteorites. All dates for geological structures used in the present book
are based on this principle.

VLT NSNS 0 L
" Between' 100 and 500 mill sJll Less than 100 million-years

. oY

Unequal cratering. Left: a surface peppered with impact craters in Terra Arabia, exposed for
the last three billion years. Many craters hundreds of metres in diameter are seen. The smallest
craters have been eroded or covered in sediments. Centre: the surface of the caldera (volcanic
crater) of the volcano Arsia Mons, in the Tharsis region. The innumerable small craters suggest
an age between 100 million and 500 million years. Right: high-resolution image of a recent
lava flow (at top) in the region of Daedalia Planum, to the south-west of the volcano Arsia
Mons. Note the absence of impact craters, suggesting that this is a relatively young surface,
less than 100 million years old. lllumination is from the left on all three images. (Courtesy
NASA, JPL, Malin Space Science Systems.)



Chronology of Mars 13

ellas Planitiz

Approximate age
(in billions of years])
0 Geological units

[ Wind-blown deposits
[ Stratified deposits
I Polar caps South

B Volcanic structures

Amazonian

[ Recent volcanic plains

(]
o

- =3 [ Recent sedimentary plains
[ Chaotic terrains
[ Rigid plains
[ Boundary of cratered plateaux/recent plains
[ Ancient sedimentary plains
[ Ancient volcanic plains

Hesperian

[ Ejecta deposits

-5 Impact basins
I~4~6 [ Ancient cratered plateaux

Noachian

Map of the principal geological areas on Mars. Dating by cratering has led to the definition
of the three main geological eras of the planet. The most ancient surfaces on Mars, such as the
cratered plateau of its southern hemisphere, date from the Noachian era (—4.5 to about —3.5
billion years). The Hesperian era saw the formation of the northern plains and certain areas of
the cratered plateau. The most recent era was the Amazonian, represented by the plains where
the last phases of volcanic activity occurred, and by polar caps and channels. The date of
transition between the Hesperian and the Amazonian remains controversial, but lies
somewhere between 2 and 3.2 billion years ago.
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Not long after it was formed, 4.5 billion years ago (see Part 1), Mars was
subjected to a continuous meteoritic bombardment. Intense until 3.8 billion
years ago, this process rapidly diminished thereafter (the impactors decreasing in
both number and size), and stabilised over the last billion years. This decrease in
the frequency of impacts over time allows geologists to establish a relative
chronology from calculations involving the density of craters per unit area on
the surface. For example, the heavily cratered plateau of the southern
hemisphere, which will be referred to quite often and especially in Part 2, has
large numbers of craters of considerable diameter. It must therefore be older than
any lightly cratered surface such as is found in the plains of the northern
hemisphere. However, counting craters gives only the relative age of a region
compared with another. So although we might say that the high plateau in the
south is ‘definitely’ older than the northern plains, to know its exact age, we
would need a sample from the Martian surface in order to be able to date it by
measuring radioactivity (see page 31). Although it is not currently possible to
return the precious samples, future space missions will be programmed to do
this, as will be shown in Part 5. Meanwhile, planetologists have to resort to a
kind of ‘short-cut’, involving lunar samples brought back by the Apollo
astronauts. Our own natural satellite also possesses, of course, a ‘cratering curve’.
The lunar samples serve to calibrate this curve, substituting absolute dating for
relative dating. Mars specialists have been able to do the same thing, calibrating
their calculations for the ages of areas on Mars using lunar samples, and adding
‘correction factors’ which take into account the position of Mars relative to the
Sun, Martian gravity, the presence of an atmosphere, etc. Until we possess a
better method, this extrapolation is sufficient for our purposes, even if absolute
estimates differ a little from each other according to the values allotted to the
corrections, and the models used.






Birth of a
planet

—4.6 to —3.8 billion years

Our history of Mars begins in the darkness
of past time, at an epoch when almost
nothing of the solar system that we know
existed — not even the Sun. But the
universe was old even then, some 10
billion years old, two-thirds of its present
age. All the matter that would form the
Sun, Mars, the Earth and living things was
still floating as gas and dust.

Suddenly, in just a few tens of millions
of years, the blink of an eye on the cosmic
time-scale, the solar system came into
being. What followed would forever leave
its mark on the destiny of the red planet.

The Orion Nebula, photographed by the Hubble
Space Telescope. This immense cloud of matter may
resemble the nebula which gave birth to our Sun,
and to Mars and the other planets of the solar
system. The Orion Nebula is about 1500 light-years
away from the Sun, in the same spiral arm of our
galaxy, the Milky Way. In the heart of the nebula,
more than 150 recently-formed ‘protoplanetary’
discs, a few million years old, have been identified.
Some of these will possibly give rise to Mars-like
planets. The image is about 2.5 light-years across.
(Courtesy NASA, STScl, C.R. O’Dell and S.K. Wong,
Rice U.)



Before Mars and the other
planets

What is the origin of the matter
which formed the planets of the solar system?

Like the other ‘terrestrial’ planets, Mercury, Venus and the Earth, Mars is made
principally of the so-called ‘heavy’ chemical elements, such as oxygen,
magnesium, silicon and iron.

These elements were not created by the Big Bang, the singularity which
marked the birth of the universe some 13.7 billion years ago. This primordial

5 to 10 million years

Stellar nurseries. Image (a) shows part of the ‘Omega’ or ‘Swan’ Nebula (M17). (Courtesy
NASA, ESA and J. Hester (ASU).) This cloud of dust and gas is a veritable ‘nursery’ of stars. When
temperature and pressure locally reach a critical threshold, embryonic stars appear. Then,
starbirth proceeds, in three stages. Diagram (b): still surrounded by a residual disc of gas and
dust, the young star continues to draw in matter though its own gravity, and then (c) begins to
eject particles in a direction perpendicular to the plane of the gaseous disc, within an intense
magnetic field. This phenomenon slows down the rotation of the star. Here we see the example
of HH30, less than half a million years old: its disc of matter appears dark, and its perpendicular
jet bright. (Courtesy C. Burrows (STScl & ESA), the WFPC 2 Investigation Definition Team, and
NASA.) In (d), the disc, containing only a fraction of its initial mass, now possesses most of the
rotational energy (angular momentum). Now, planetary formation may begin. ..
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A cosmic tidal wave. Supernova SN1987A, photographed by the Hubble Space Telescope.
The supernova occurred in the Large Magellanic Cloud, a satellite galaxy of our own Milky
Way. In 1997, ten years after it exploded, SN1987A’s expanding wave of material had travelled
more than 750 billion kilometres (5000 times the distance of the Earth from the Sun), at an
average velocity of 2500 km/s. Scientists believe that a wave of matter such as this triggered
the formation of the solar system 4.56 billion years ago. This wave is rich in very unstable
radioactive elements, such as aluminium-26. Now, within the most ancient meteorites in the
solar system, magnesium-26, a by-product of the disintegration of aluminium-26, has been
discovered. In this way, a link has been established between the formation of the solar system
and the explosion of a supernova. (Courtesy Chun Shing, Jason Pun (NASA/GSFC), Robert P.
Kirshner (Harvard-Smithsonian Center for Astrophysics), and NASA.)

explosion produced only the very lightest elements, such as hydrogen, helium
and a little lithium and deuterium. So where did the planet-forming elements
originate?

One very early hypothesis claimed that the heavy elements in planets were
made by the Sun. This idea is thought to have originated in the mind of the
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Greek philosopher Anaxagoras (500-428 BC), who said that the existence of iron
meteorites proved that the Sun was nothing but ‘a mass of red-hot iron’.
Nowadays we know that the Sun is composed essentially of hydrogen and
helium, but the idea that the Sun provided the material for the formation of the
planets is not such an absurd one, because those heavy elements are indeed
present within it. What is more, they are present in proportions quite close to
those in the primitive meteorites that built the planets. For example, in the Sun
(just as in these meteorites), carbon atoms are eleven times more numerous than
silicon atoms. However, the hypothesis of a solar origin for the planets
encounters one major objection: it cannot account for the disparity of the
amount of light elements, especially deuterium, lithium and boron. For when
the planets formed, the Sun was deficient in these elements, since it was burning
them (and it still is) - and planetary material does not exhibit such deficiency.
Today we can give a better answer to the question of the origin of planets,
thanks to our analysis of ancient solar system meteorites. The Sun and its planets
owe their heavy elements to the explosions of massive stars at the end of their
lives. As a star enters the final stage of its life, having transformed all its hydrogen
into helium, it produces heavy elements: helium is transformed into carbon,
oxygen and nitrogen, and these in their turn become still heavier elements as
fusion processes continue. In stars with sufficient mass, this chain of creation
ends in a supernova explosion, involving the ejection of all these elements into
space. They will then participate in the formation of new stars and planets.



Very rapid protoplanetary
growth

From stardust to planet in 100 million years

4.52 billion years ago, the Sun began to shine within a disc of gas and dust. Near
it, the temperature was so high that water and other volatile elements were in a
gaseous state. Only compounds which were not very volatile, such as oxides of
silicon and magnesium, and metallic elements, were able to remain in solid
form. Dust particles collided and adhered to form porous agglomerates, about a
metre in diameter. In their turn, these bodies collided with each other, until they
became kilometre-sized ‘planetesimals’, the building blocks of future planets.

After a fairly tranquil ‘infancy’, the Sun entered a violent adolescent phase at
about the age of 10 million years. For the first time since their formation, gases
and volatile materials reversed their movement, now being ejected towards the
edge of the solar system due to the buffeting of the solar wind, an intense stream
of particles issuing from the Sun’s corona.

In the Orion Nebula, the young star LL Ori (at the centre of the image) suggests what the
Sun probably looked like during the ‘T Tauri’ phase of its adolescence. This phase is
characterised by the existence of a fierce solar wind, and the ejection of a quantity of matter of
the order of one percent of a solar mass every million years. These phenomena can be from
100 to 1000 times more intense in the so-called ‘FU Ori’ phase. The bright zone of the nebula
(to the right of LL Ori in this image) corresponds to a region where hydrogen, oxygen and
nitrogen atoms are being excited most strongly by the solar wind. (Courtesy NASA and The
Hubble Heritage Team (STScI/AURA).)
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The role of Jupiter. A computer simulation by P. Armitage, of the University of Toronto,
illustrates the process of planetary formation. 60 000 small bodies were initially ‘placed into
orbit’ around a ‘Sun’. As shown in figure (a), without the presence of a massive planet, the
configuration evolves very slowly (the simulation represents a period of ten million years). If a
Jupiter-type planet of mass one-thousandth that of the Sun is introduced into the system, the
configuration after the same length of time corresponds to figure (b): the small bodies are
concentrated as much between ‘Jupiter’ and the ‘Sun’ as outside the orbit of ‘Jupiter’. The other
figures represent the process of aggregation after phase (b), over two million (c) and four million
(d) years. The embryos of future planets are evident. If the simulation were pursued, we would
notice that ‘Jupiter’ prevents any further formation of large planets within the asteroid belt, and
limits the growth of a ‘Mars’ to its present size. In summary, in the absence of Jupiter, Mars
might have become a little bigger, but the Earth and Venus would probably not have been able
to attain their current dimensions. What might then have become of these planets? (Courtesy
P.J. Armitage and B.M.S. Hansen, Nature No 402, 9 Dec. 1999, p. 20.)
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As matter flowed outwards, water vapour migrated to regions where
temperatures were lower. At about 820 million kilometres from the Sun (5.5
times the present distance between the Earth and the Sun), water vapour
condensed into particles of ice. The ice came together with dust to form a planet
several tens of times more massive than the current mass of the Earth. The
gravitational field around this massive body drew in large quantities of
hydrogen: Jupiter was born, and it had taken less than 10 million years.

Saturn took twice as long to form, at a distance from the Sun (about 1250
million kilometres) where its orbital period was twice that of Jupiter. Uranus and
Neptune were born in similar circumstances, devouring icy planetesimals at a
distance from the Sun more than twice that of Saturn.

Nearer to the Sun, planetesimals continued to attract each other and collide.
In the course of about 10 million years, embryonic planets grew into the smaller
planets of the early solar system. Some were the same size as Mars, about 7000
kilometres in diameter, about 10 of them resembled Mercury (5000 kilometres),
and there were many hundreds similar in diameter to our Moon (3500
kilometres). So, between 4.47 and 4.44 billion years ago, the ‘modern’ phase of
the history of the solar system began. As the last cataclysmic collisions between
planets occurred, the Earth and Venus gathered in most of the existing material.
Another planet, as big as Mars, had formed, and collided with the Earth. From
this impact was born the Moon. Later, Jupiter moved closer to the Sun, causing
Saturn and, further out, Uranus and Neptune, to move away. Since then, the
planets have maintained the orbits which they pursue today.



Formation of the core,
crust and mantle

The physics of the blast furnace at the heart of planets

The ‘terrestrial’ planets (Mercury, Venus, the Earth and Mars) were formed from a
disorderly crowd of planetesimals. However, these planets now exhibit an iron
core surrounded by a rocky mantle, which is not so dense, and above this lies an
external crust. This differentiation could not have happened unless the interior
of the primitive planets had melted, and followed the same process of refinement
as occurs in high-temperature industrial furnaces. During the 1970s, most
planetologists thought that, in the case of Mars, this process took a billion years,
which is the time required to accumulate a sufficient quantity of heat created by
the disintegration of radioactive elements within the planet. However, analysis
of Martian meteorites during the 1980s (see pages 30-32) revealed a much more
rapid scenario. In these meteorites, which bear witness to the formation of Mars’
crust, certain elements known for their readiness to associate with iron
(‘siderophilic’ or iron-loving elements), and which are found with iron even
within the core, were not present in the expected quantities. This gave credence
to the idea that iron had largely migrated from the crust of Mars towards the core
as the planet accreted, the core having formed in fewer than 50 million years,
and possibly only 20 million years.

Mercury Venus Earth Mars

R=2439 km R=6052 km R=6371 km R=3390 km
m=0.334 10%* kg m=4.869.10%* kg m=5.973 10%* kg m=0.642 10%* kg
d=57.8.10° km d=108.2.10° km d=149,6.10° km d=227.9.10° km

Mercury, Venus, the Earth and Mars: the four terrestrial planets all possess a metallic core, a
mantle and an external crust. They are represented here with details of their radii (R), masses
(m) and mean distances (d) from the Sun. The comparatively enormous core of Mercury is
exceptional. This planet was probably involved in a vast collision towards the end of its
formation, in the course of which the core of the impactor penetrated the mantle of the proto-
planet and fused with its core. Most of the fragments of the mantle were ejected. (Courtesy
Calvin J. Hamilton.)
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During the accretion phase of a planet, the impacts of planetesimals liberate vast quantities
of energy. An object 10 metres in diameter, crashing into the Earth at 20 kilometres per second
(a typical impact velocity for a meteorite), liberates energy equivalent to 100 000 tonnes of

TNT, or about 7 times the energy of the Hiroshima bomb. What would be the effect of a 1-

kilometre planetesimal? The greatest impacts may convert up to 30% of their kinetic energy
(energy of motion) into heat. This heat would be sufficient to melt the surface of a planet to a
depth of several hundred kilometres. (lllustration by David A. Hardy.)

In fact, it was accretion itself that produced sufficient heat, not only on Mars
but also on the Earth, Venus and other terrestrial bodies, to refine the elements
from the original mixture present within the planetesimals, in the manner of a
blast furnace. In the heart of a blast furnace, oxygen, carbon and iron oxides
react to form iron and carbon dioxide: within the magma of a planet, iron oxides
and graphite from meteorites known as carbonaceous chondrites react to form
metallic iron and carbon dioxide. The molten iron sinks towards the centre of
the planet, gaining a little more heat as it falls. Conversely, ‘refractory’ oxides,
and in particular aluminium oxide and calcium oxide, rise to the surface as a
kind of scum: the ‘primary crust’.
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How big is the core of Mars? And what is it made of? The depth of Mars’ core-mantle
boundary has not yet been directly measured. However, we can have some indication by
comparing meteoritic fragments of the Martian crust (such as the Chassigny meteorite) with
meteorites with a composition supposedly comparable to that of planetesimals, such as the
carbonaceous chondrite which fell near Ivuna, in Tanzania, in 1938. The core of Mars, which is
about 1500-1900 km in diameter (about half the diameter of the planet), is probably
composed of about 70-80 percent iron, with some nickel and sulphur. Having studied the SNC
meteorites (see pages 30—32), Heinrich Wanke, of the University of Mainz in Germany,
concluded that the sulphur content was 14 percent and the nickel content 8 percent. One of
the consequences of the presence of sulphur in Mars’ core is to decrease by nearly 300°C the
solidification temperature of the iron-nickel-sulphur amalgam. So, because of the presence of
sulphur, Mars could still, even today, possess a completely liquid core. Recent geodesic
measurements by Mars Global Surveyor tend to confirm this. (lllustrations courtesy Sté
Labenne Meteorites, France (left) and INSU, CNES (right).)



The evolution of Mars, the
Earth, Venus and Mercury

Born at the same time — but their paths are so divergent

Various factors can be invoked to explain the evolutionary differences of the four
terrestrial planets. Among these factors are initial size, the history of
(cataclysmic) cratering, and the process of heat loss from within.

Initial size

By the end of the period of accretion, a little more than 4.45 billion years ago,
Mars was half the size of Venus or the Earth, and about ten times less massive.
This difference would prove decisive, in more ways than one, for the quantity of
energy stored within the planets. The more massive a planet is, the greater is the

On Earth ... The Earth is characterised by plate tectonics, its continental and oceanic
(‘lithospheric’) plates moving at a rate of a few centimetres per year. This movement at the
surface is associated with convection currents within the mantle. This phenomenon accounts
for two-thirds of the heat loss from the mantle and core. It is in the volcanic zones of oceanic
ridges that the plates move apart, allowing hot matter from the depths to emerge and form
new crustal material at the rate of 3 square kilometres of oceanic crust per year. On the left is
shown the Atlantic Ridge, and on the right, an enlargement of its southern part. This ocean
ridge volcanism extends for more than 60000 kilometres. In subduction zones, the ancient
crust falls back into the mantle, to be recycled. (Courtesy NOAA, Satellites and Information.)
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gravitational acceleration towards it of planetesimals, and the harder they
impact as accretion proceeds. Also, the bigger the planet, the greater the quantity
of radioactive elements stored within it. What is more, large planets conserve
heat better, since their stronger gravity can maintain dense atmospheres, opaque
to thermal radiation and therefore limiting energy loss. This is why, from the
beginning, the two smaller bodies, Mercury and the Moon, cooled more quickly.
Mars marks an intermediate stage between these two smaller bodies and two
larger ones, the Earth and Venus.

... And on Venus and Mars. Unlike the Earth, Venus and Mars show no plate-tectonic activity.
Their internal heat is probably lost through local up-currents in the mantle (volcanoes), forming
cylindrical plumes at the surface. On Venus (image (a)), seven pancake dome volcanoes have
attained heights of 750 metres (b) in the Alpha Regio area (Magellan radar image). On this planet,
heat accumulated beneath a layer of rigid rock, the lithosphere. In consequence, large numbers
of volcanoes erupted between 500 and 300 million years ago, covering most of Venus’ surface
with lava, and erasing the majority of surface impact features. As for Mars (c), it could well still be
volcanic, especially in the Tharsis Region. Image (d) is a false-colour photograph of the
topography of the Tharsis region, the vertical scale having been exaggerated by a factor of three.
In fact, since the red planet has a very thick lithosphere (of the order of five hundred kilometres),
thermally isolating the mantle and the core, it loses its heat much more slowly than does the
Earth. Also, unlike the Earth’s core, which is already partly solid, Mars’ core is probably still in the
liquid state. (Courtesy NASA (a) and (b), NASA, MOLA Science Team (c), and NASA, Goddard
Space Flight Center, Scientific Visualization Studio (d).)
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Cataclysmic cratering

The random process of cataclysmic meteorite impacts played an important part
in the internal evolution of planets. Take the example of the Earth, whose
mantle absorbed the greater part of the matter and energy involved in the violent
impact which gave birth to the Moon, just over 4.48 billion years ago. Compare
this with Mercury, which lost most of its mantle to another impact.

The process of heat loss

After the phase during which they absorbed material and gravitational energy,
the planets radiated away some of their internal heat, including the heat slowly
released by the radioactivity of the rocks. What mechanisms were involved? In
the case of a solid, rigid planet, the process will be that of thermal conduction of
heat towards the surface. This mechanism causes heat to be lost in proportion to
the surface area of the planet, while heat retained is proportional to the volume.
So, alarge planet will lose relatively less energy than a smaller one. However, this
model does not take into account the thickness of the isolating surface layers,
volcanism or the movements of material within the mantle. What happens
within the seemingly solid mantle is that, over geologic time, the hot rocks are
subject to deformation, and material from deep within, hot and less dense, can
come to the surface, where it cools. This phenomenon, known as convection, is
much more efficient than conduction at transporting and releasing heat. The
Earth is today the terrestrial planet with the strongest convection, almost up to
the surface at the mid-oceanic ridges, while mantle convection has probably
ceased in the Moon and Mercury. Again, Mars is in-between, with a mantle hot
enough to convect weakly or at least, especially beneath the large volcanoes,
with zones of partial melting, generate volcanism in the last hundred million
years.



What Martian meteorites
tell us

Stones reveal the secrets of the planet and its history

In the morning of 3 October 1815, the inhabitants of the village of Chassigny, in
eastern France, were startled by some very unusual detonations: a ‘stone’ had
fallen from the sky nearby. This 4-kilogramme meteorite intrigued generations of
researchers, seeming to have come straight from the mouth of a volcano!

Of all the tens of thousands of meteorites found on Earth, only about thirty
are of the ‘Chassigny’ type. These are known as the SNC meteorites, referring to
the initial letters of the places where the first three were found: Shergotty in
India, Nakhla in Egypt and Chassigny in France. Only in the 1980s was it finally
discovered that these meteorites originate on Mars. They are characterised by
their ‘isotopic’ oxygen content. Oxygen has various isotopes: its nucleus has
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Discovered in the Antarctic, dated in the laboratory. Many Martian meteorites (e.g. EETA
79001) have been found on the ice of Antarctica (left), where they are easily seen. (Courtesy
Antarctic Search for Meteorites Program (William Cassidy).) Their composition can be readily
discovered by means of mass spectrometry (the right-hand photo shows equipment at the
Institut de Physique du Globe in Paris).

To determine their origin, and more particularly the date at which they solidified from
magma, geochemists rely on the phenomenon of the radioactive disintegration of potassium-
40 into argon-40. As soon as the rock is molten, the argon present due to the disintegration of
potassium-40 can escape. As soon as it has solidified, the argon accumulates within the rock.
By comparing the content of different isotopes of potassium and argon with their initial values
(their concentration in the Martian atmosphere), the time of crystallisation can be deduced. In
the case of EETA 79001, the value is 180 million years. It is therefore quite a recent rock, given
the age of the planet.
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Clues to the differentiation and solidification of a planet. Isotopic geochemistry provides
global data about a planet from only a few grammes of rock, using the properties of the many
chemical elements in that rock. The basis of this analysis relies on two physical phenomena.
1: chemical elements (whatever their identity) usually possess several isotopes, i.e. atoms
whose nuclei have the same number of protons but different numbers of neutrons. Certain
isotopes are unstable, because of the number of neutrons within them. These will disintegrate
more or less rapidly into other, more stable chemical elements.

2: certain chemical elements are fixed in rocks at the time of their formation. Others are
produced in the interior of the rocks as a result of radioactive disintegration of elements
present since the origin of the rocks.

Example: the dating of the Martian crust. In a meteorite which has come from Mars’ crust,
we find two isotopes of neodymium: Nd-142 and Nd-144. We know that the Nd-142 present
in the meteorite was produced by the disintegration of samarium-146 (Sm-146) which had
been fixed in the crust since its formation, and of which only traces now remain. Its half-life
(the time required for half the atoms of Sm-146 to disintegrate into Nd-142) is ‘only’ 100
million years. However, Nd-144 is not a product of any disintegration, and we know in what
proportion the Nd-144 and Sm-146 occur at the time of their formation in the supernova
which gave birth to the solar system (see pages 18-20).

Also, the proportion of Nd-142 compared with that of Nd-144 today allows us to deduce the
proportion of Sn-146 relative to that of Nd-144 at the time of the formation of the crust. By
comparing the latter to the initial proportions (in the supernova), we can work out the time
which has elapsed since the birth of the solar system and the formation of the Martian crust.
According to this analysis, the crust was probably formed 100 million years after the birth of
the solar system. (Courtesy LPI, Houston and Calvin J. Hamilton.)

eight protons, but the number of neutrons can differ. The isotopic composition
and the relative abundance of different isotopes are the same in all the SNC
meteorites, providing a distinctive signature. Another identifying feature of SNCs
is that they are relatively young, mainly magmatic or volcanic rocks. Isotopic
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dating reveals that the youngest of them crystallised less than 200 million years
ago.

How was it discovered that SNC meteorites come from Mars?

Dating and analysis revealed only part of the scenario: the fact that they once
belonged to a single, far-off parent body big enough to have produced magma
and volcanism. Was it Mars? Venus? Or an ancient planet destroyed during the
formation of the solar system? The SNCs had been ejected into space probably as
the result of a violent asteroid impact, but relatively recently, so only existing
planets can be considered. Finally, the most convincing evidence of a Martian
origin came from one of these meteorites: EETA 79001. This object was collected
in Antarctica in 1980. Inside it were bubbles of gas, trapped within dark flecks of
basaltic glass. The glass had been formed at the time of the enormous impact
which detached the rock from its planet. It was concluded that these gaseous
inclusions were almost identical in composition to Mars’ atmosphere, as
analysed in situ by the Viking landers in 1976. On this basis, SNC meteorites
are considered by many researchers to be true fragments of the red planet, and
clues to its formation.



The origin of atmospheres
and water

A composite and elusive origin

Mars, the Earth and Venus all have atmospheres essentially composed of
nitrogen, oxygen, carbon dioxide, water vapour and rare gases such as helium,
argon, neon, krypton and xenon. These atmospheres are distinguished from each
other by the relative proportions of the various gases, and by their global
pressures. For example, the pressure at the surface of Mars is between 100 and
150 times lower than on Earth, which in its turn has an atmospheric pressure 90
times lower than that on Venus.

Mars (left) and Venus (right) as seen through the Earth’s atmosphere from the space shuttle
Discovery. (Courtesy NASA.)
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loss of atmosphere

Impacts (meteorites)

The origin of Mars’ water and atmosphere. Most of Mars’ water and carbon dioxide was
released into the atmosphere during accretion, having been trapped within chondrites. Later,
more was released during volcanic episodes. According to Roger Phillips, of the University of
Washington, the creation of the Tharsis bulge and its volcanoes would have involved some
300 million cubic kilometres of lava, sufficient to liberate enough water to form a global ocean
120 metres deep and an atmosphere 50 percent denser than Earth’s. After the accretionary
phase, impacts of water-bearing comets and meteorites would also have contributed to the
formation of the primitive ocean and atmosphere. (Courtesy NASA, JSC, JPL, and Calvin ].
Hamilton.)

To discern the original composition of the planetary atmospheres, planetol-
ogists need to put in a lot of detective work: the compositions have been vastly
changed by chemical and physical interactions of the volatile elements, the solid
crust and the liquid oceans, and by volcanic activity. Looking for atmospheric
constituents which have persisted unchanged for four billion years requires,
paradoxically, that those elements which form today’s atmospheres have to be
left out of the analytical equation. For example, oxygen, nitrogen and carbon
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form carbonates and nitrates which are incorporated into the crust; deuterium
and hydrogen may be products of the decomposition of water in oceans and ice
deposits. There remain only the rare gases, characteristically chemically inactive
(hence their alternative name of ‘inert’ gases), and more particularly their
isotopes (atoms of the same chemical element which differ both in the number
of neutrons in their nuclei, and in their masses).

In 1976 the Viking probes took measurements, indicating that these rare gases
make up just over 1.6 percent of Mars’ atmosphere. Most of this is argon-40, an
isotope produced by the radioactive disintegration of potassium-40 in the rocks,
and there are some traces (less than 5 parts per million) of neon, krypton and
xenon.

Describing the origin and history of the Martian atmosphere is made even
more difficult by the planet’s low gravity, lack of a magnetic field (see pages 42-
44) and still unknown history of volcanic activity. These two factors are
responsible for the loss of most of the primitive atmosphere, which was stripped
away as a result of meteoritic impacts and the action of the solar wind.

As for Mars’ initial quantity of water, it may well have been greater than that
in the Earth’s oceans. We know now that after an early phase of accretion when
part of the core and mantle were formed, the process continued with the arrival
of planetesimals rich in volatile elements and water (forming as much as 10
percent of their mass). Analyses of meteorites originating on Mars seem to
indicate that half of the planet is composed of such material. Most of the water
has certainly disappeared, but some re