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With only a few exceptions, each of these reservoirs 
is made up of a different set of elements.

This implies CHEMICAL DIFFERENTIATION .
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Noble

IA IIA IIIA IVA VA VIA VIIA VIIIA IB IIB IIIB IVB VB VIB VIIB gases
H He
Li Be B C N O F Ne
Na Mg Al Si P S Cl Ar
K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe
Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Fr Ra Ac

Lanthanides: Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Actinides: Th Pa U

Sun Earth Oceans Atmosphere Life
H, He Fe, O, Si, Mg O, H N, O H2O, C

Ni, Ca, S, Al Cl, Na, Mg, S, Ca, K Ar, H2O, CO2 N, P



CHEMICAL DIFFERENTIATION :

--large-scale separation of chemical elements
on the basis of their physical and chemical properties,
by a variety of processes

Solar System: Sun
Inner rocky planets
(Mercury, Venus, Earth, Mars, asteroid belt)

Outer gas-giant planets
(Jupiter, Saturn)

Outer ice-giant planets
(Uranus, Neptune)

Earth: *Core of iron
*Mantle and crust of rock
Oceans
Atmosphere

(*How do we know?  Meteorites, bulk density, seismic waves, sampling)

Our Solar System:  sizes are to scale; distances are not!

Inner rockyplanets:  Mercury, Venus, Earth, Mars, asteroid belt
Outer gas-giants:  Jupiter, Saturn
Outer ice-giants:  Uranus, Neptune

(Pluto is rocky and about the size of Earth’s Moon.  
It was probably captured from outside the (inner) Solar System.)

Our Solar System, to scale.
The inner rocky planets lie close to the Sun.
Note the irregular orbit of Pluto, which makes it 

sometimes the 9th planet and sometimes the 8th!

Bulk Composition of EarthBulk Composition of Earth

•• Fe Fe 32.0 wt%32.0 wt%

•• OO 29.729.7
•• SiSi 16.116.1
•• MgMg 15.415.4

93.293.2

•• NiNi 1.81.8
•• CaCa 1.71.7
•• AlAl 1.61.6
•• SS 0.6 wt%0.6 wt%

Eight most abundant elements account 
for ~99% of total Earth mass.

Sun:  75% H and 23% He



Fe

Main SequenceMain SequenceMain Sequence

SunSun today

First stage of contracting system

Next stages… The Final Product:
Our Solar System



CHEMICAL DIFFERENTIATION:

VOLATILE ELEMENTS AND COMPOUNDS:

--those that tend to form gases, even at relatively low temperature:

H, He, O, N, and the noble gases He, Ne, Ar, Kr, Xe, Rn
H2O = water
CO2 = carbon dioxide
CH4 = methane
NH3 = ammonia

--enriched in the gas giants:  Jupiter, Saturn, Uranus, Neptune

REFRACTORYELEMENTS:

--those that tend to form solids, even at relatively high temperature:

Ca, Al, Ti:  condense at 1500 to 1300oC
Fe, Ni, Co, Mg, Si:  condense at 1300 to 1000oC
(H2O = water:  condenses below 100oC)

--enriched in the rocky, or terrestrial, planets:  Mercury, Venus, Earth, Mars
(and the asteroid belt, which is a rocky planet that failed to form). The Solar Nebula and planetesimals

Origin of the Sun and Earth:

• Show 10-min. video clip here:  
• “The Miracle Planet”, Part 1.

As a result of
collisions,
planetesimals
accrete.  

This process
ultimately forms
Earth and the other
rocky planets.

Small planetesimals
form within <1 m.y.
(10,000 years?),
then accrete 
catastrophically 
over 10-100 m.y. 
to form planets.



Formation of the Earth: I

Planetesimals were cold prior to 
accretion as Earth:

• Earth is depleted in noble gases (He, Ne, 
Ar, Kr, Xe) but enriched in elements that 
form volatile compounds.

• Volatile compounds (H2O, CO2, CH4, NH3) 
would have been lost from small hot bodies 
but retained as ices on small cold bodies.

Formation of the Earth: II

Accretion was rapid (30-50 Myr):

• Rapid accretion would have heated the Earth as it 
formed, melting ices and causing loss of volatiles 
from a small body.

• Earth must have become large enough rapidly 
enough to retain volatile compounds.

• Current mass of Earth allows retention of all volatiles 
except H and He. These are  continuously lost to 
space.

Model of Planet Formation
A four-step process:

1) Dust condenses from the Solar nebula and settles 
to the mid-plane of the disk (few 1000 years).

2) Dust aggregates into planetesimals of ~1 km size.

3) Runaway growth of Moon- to Mars-sized (~1000 
km) planetary embryos, from local feeding zones, 
in <1 million years.

4) Planetary embryos from all over the inner Solar 
System collide and assemble into the rocky 
planets, over 10 to 100 million years.

Earth formed from <100 such objects and comprises 
>50% of the inner SS mass.

Hypotheses for Formation of the Moon

Capture

Simultaneous accretion

Fission

Impact



And the winner is  .  .  . impact!
• Moon has no metallic core 

(it stuck to Earth).
• Moon is dry 

(heat caused loss of 
volatiles)
and enriched in refractories.

• Off-center impact explains 
angular momentum of E-M 
system) and increased spin 
velocity of Earth.

--Uranus has large tilt of similar origin.
--Venus rotates only once a year 

� one day equals one year on Venus.

One large and 
late

impact (by a 
body about the
size of Mars!)
formed Earth’s 

Moon.

������

Canup (2004) Icarus 168:433

SPH SPH 
modeling of modeling of 
the collision the collision 

between between 
Theia and Theia and 

EarthEarth

Does Earth Does Earth 
have its water have its water 
by this time?by this time?

The collision The collision 
is ~45is ~45°°offoff--

center.center.

Canup (2004) Icarus 168:433

Within Within 
33--5 h of impact,5 h of impact,
the core of the the core of the 

impactor impactor 
contracts into a contracts into a 
semisemi--coherent coherent 

body, which body, which 
recollides with recollides with 
the targetthe target at at 

~6h, removing ~6h, removing 
most of the Fe most of the Fe 

from orbit.from orbit.

>70% of the >70% of the 
Moon comes Moon comes 

from the from the 
impactor. impactor. 



Age of the Earth: I

• Meteorites : oldest are 4.567 Ga (billion yrs) old

(two types: Stony and Iron)

• Moon :

1) Highland crust (formed from magma ocean) 
is ~4.46 Ga.

2) Major comet/asteroid impacts are ~4.5-3.9 Ga.
3) Melting of interior and eruption of 

Mare basalts ~4.3-2.0 Ga

• Earth :
1) Age of Earth is indistinguishable from that

of Moon and Meteorites… ~4.56 Ga.
2) Accretion (incl. Moon) complete by 4.5 Ga.
3) Oldest minerals (zircons) from much 

younger sedimentary rocks in W. Australia:  
4.30 Ga.

4) Oldest rocks:  Acasta gneiss 

(NW Canada):  4.03 Ga. 
Other rocks from Greenland, W. Australia, 

Antarctica, China, Wyoming are 3.80~3.96 Ga.

Age of the Earth: II

Acasta Gneiss, NW Canada: oldest known intact piece of Earth’s surface
4.03 billion-year-old

• Oldest life from N.W. Australia (bacteria like) is 
~3.5+ Ga (but isotopic evidence from 3.85 Ga).

• Oldest rocks from the seafloor are only ~170 Ma.

WHY?

Age of the Earth: III



Bowls, 16 July 2004


