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neutron  electron + proton  =  é  + H+  

t1/2 = 12 minutes

Nucleosynthesis

H+ + neutron  Deuterium (D)

2 H+ +  neutrons  Helium (He)

3 H+ + neutrons  Lithium (Li)

From: W.S. Broecker (1985) 
How to build a habitable planet



01_View.jpgNew born stars



The birth of a star

The nebula condenses into a swirling disc, with a central ball surrounded by rings.

The ball at the center grows dense and hot enough for fusion to begin (>50 x106 oC). 
Dust (solid particles) condenses in the rings.



Nucleosynthesis in burning stars

From: W.S. Broecker (1985) How to build a habitable planet

Red Giants







First observed AD 1066
At 63,000 light years  

Crab Nebula

Death of a Star
If a star is ~ 8 times mass of our sun,
after evolving into a red giant it will
collapse into a white dwarf.

If larger, after collapsing, it will explode
to form a supernova and leave behind 
a neutron star or even a black hole

Eta Carinae
First observed in 2003
at 2 billion light years

Photographed as the explosion
occurred – a supernova caught in 
the act.





Nucleosynthesis by slow neutron bombardment 
The s-process

From: W.S. Broecker (1985) How to build a habitable planet

It is during a supernova 
explosion that elements heavier 
than iron are formed by 
neutron capture.
Since the neutron has no charge, 
it is not repelled by any nucleus 
it encounters and it can freely 
enter the nucleus regardless of 
how slowly it is moving.

The stable nuclide with the most 
neutrons and protons is 209Bi 
(Z=83), all nuclei with more than 
209 neutrons and protons in their 
nucleus are radioactive.



Nucleosynthesis by rapid neutron bombardment 
The r-process

From: W.S. Broecker (1985) How to build a habitable planet

If the flux of neutrons is very large 
there is a good chance that the 
radioactive isotope, before it has 
time to undergo decay, will 
capture another neutron. 
Nevertheless, as some point, the 
neutron: proton ratio becomes so 
unstable that the nucleus decays 
through a series (cascade) of 
consecutive beta decays.

The process is terminated by the 
onset of nuclear fission which 
occurs near A = 276 and the fission 
products as injected back into the 
cycle.





Forming the solar system, according to 
the nebula hypothesis: A second- or third-
generation nebula forms from hydrogen 
and helium left over from the Big Bang, 
as well as from heavier elements that were 
produced by fusion reactions in stars or 
during the explosion of stars.

The nebula condenses into a swirling disc, 
with a central ball surrounded by rings.  
99.9% of the mass of the nebula was drawn 
into the central body - the Sun - and, thus, 
the Sun has a composition identical to the 
original dust cloud from which it formed 
(dominated by H and He – 99%).

Evolution of the solar system







Evolution of the solar system

The ball at the center 
grows dense and hot 
enough for fusion to 
begin (> 50 x106 oC). It 
becomes the Sun. Dust 
condenses in the rings.

Dust particles 
collide and stick 
together, forming 
planetesimals.

The nature of the matter condensed depends on 
temperature. At a distance of Earth from Sun, 
temperature ~1500oC. Iron (melting point 1538oC) and 
olivine ((Fe,Mg)2SiO4; melting point 1500 – 1700oC) 
condense. At a distance of Jupiter, water ice (melting 
point 0oC) and ammonia (melting point -78oC) condense, 
and at a distance of Neptune, methane (melting point –
182oC) condenses.

Evolution of the solar system



Planetesimals (> 1 km in diameter) grow by continuous 
collisions. Gradually a protoplanet develops. 

Gravity reshapes the protoplanets into a sphere.

Evolution of the planetary system



Evolution of the planetary system



01_11.jpgStellar winds around our own Sun



The Solar System

Terrestrial planets
Outer planets

Sun
Mass  =1.99 x 1030 kg
Density = 1.41 g/cc



15 cm

Chondritic 
Meteorite

Meteorite = solid extraterrestrial material that survives passage through the Earth’s 
atmosphere and reaches the Earth’s surface as a recoverable object. 

chondrules

Iron meteorite



Meteorite = solid extraterrestrial material that survives passage through the Earth’s    
atmosphere and reaches the Earth’s surface as a recoverable object. 



Asteroid Belt
Most meteorites are pieces of 
rocks broken off asteroids during 
their collisions with one another. 
As a result of collisions, their orbit 
around the Sun is modified and 
some of these pieces can enter 
the Earth’s gravitational field. 



15 cm

Chondritic 
Meteorite

Meteorite = solid extraterrestrial material that survives passage through the Earth’s 
atmosphere and reaches the Earth’s surface as a recoverable object. 

chondrules

Carbonaceous chondrites are believed to represent the initial composition of the material from 
which the Sun and the planets formed. They contain minerals that are unstable > 100 °C.

Iron meteorite

Stony meteorite



From: W.S. Broecker (1985) How to build a habitable planet

Relative abundances of non-volatile elements 
in carbonaceous chondrites  



From: W.S. Broecker (1985) How to build a habitable planet.

The age of our solar system

Half-life of 87Rb = 47 billion years87Rb  87Sr + electron + energy

37 38

It is believed that our Sun is a third or fourth generation star. None of the material available to us 
from Earth could have been used to date the solar system since all of them have been remelted 
and recrystallized one or more time since the planet formed. 



Origin of the Earth and other planets of our solar system

Accretion of planetesimals (> 1 km) and protoplanets of 
fairly homogeneous composition (10 – 200 million years).

The nebula condenses into a swirling disc, 
with a central ball surrounded by rings.





Earth differentiation

Early Earth heats up due to radio-
active decay, compression, and 
impacts. Over time the temperature of
the planet interior rises beyond the 
melting point of iron.

The iron "drops" follow gravity and
accumulate towards the core. Lighter
materials, such as silicate minerals,
migrate upwards in exchange. These 
silicate-rich materials may well have 
risen to the surface in molten form, 
giving rise to an initial magma ocean.

From: http://www.indiana.edu/~geol105/images/gaia_chapter_3/earth_differentiation.htm



A magma ocean in the late stages of differentiation



Global Chemical Differentiation
This global chemical differential was completed by about 
4.3 billion years ago, and the Earth had developed a 
inner and outer core, a mantle and crust.



(35-40 km)

The atmosphere, the hydrosphere 
and the crust together make up 
less than 1% of the mass of the 
Earth.



Kola Superdeep Borehole (KSDB-3/ 12,261 m deep)



Relative abundances of non-volatile elements 
in carbonaceous chondrites

From: W.S. Broecker (1985) How to build a habitable planet



Elemental abundances in the Earth’s crust



Chemical Composition of Earth
The crust is composed preferentially of the lightest 
elements and the core of the heaviest elements. Their 
absolute abundances reflect those of the solar system, 
with heavier elements being much less common than 
light elements. 

Whole Earth

Crust



From: W.S. Broecker (1985) How to build a               
habitable planet

The bulk density of the 
terrestrial planets and 
their stone:metal ratio



Mass of the Earth = 5.98 x 1024 kg

Density of the Earth = 5.52 g/cc

Density of rock at the Earth’s surface = ~2.67 g/cc

35-40 km



Silicate Minerals
Classified on the basis of their silicon: (iron + 
magnesium) ratio. 
In decreasing order of silicon content:
- Felsic (or silicic)
- Intermediate
- Mafic
- Ultramafic

Density increases with decreasing silicon content. 
Consequently, felsic rocks are less dense than mafic
rocks.

Element abundance on Earth

?



Compounds found on Earth

•Organic chemicals:  Carbon-based compounds, where two or more carbon atoms 
are bond together and carbon atoms are bond to hydrogen and, in some cases, 
oxygen, nitrogen and other elements (e.g., living tissue, oils, plastics, rubber).
•Minerals: Solids in which the atoms are organized in an orderly pattern. Most 
minerals are inorganic, like halite (NaCl), quartz (sand).
•Glasses: Solids in which atoms are not arranged in an orderly pattern. Typically 
form when a liquid freezes very fast (e.g., silica glass).
•Rocks: An assemblage of minerals or a mass of natural glass, a mixture of minerals 
or glasses.

- Igneous rocks: formed upon cooling of molten rock or magma/lava
- Sedimentary rocks: broken pieces of pre-existing rocks or precipitates
- Metamorphic rocks: pre-existing rocks subjected to high T and/or P

•Melts: Formed when solid materials are heated and transformed into a liquid 
(magma, lava).
•Volatiles: Materials that easily transform into gases at the relatively low 
temperatures found at the Earth’s surface (e.g., CO2, CH4, H2O)



Birth of the Moon

Soon after Earth formed, a small planet (Mars-sized) 
collided with it, blasting debris that formed a ring 
around the Earth

The Moon formed (~100,000 years) from the ring of debris

Constrained by the age of the oldest Moon rocks recovered by the Apollo missions, the 
Moon was formed about 4.47 Ga ago.



Simulated Formation of the Moon

Magma ocean



Bombardment From Space
For the first half billion years of its existence, the surface of 
the Earth was repeatedly pulverized by asteroids and comets 
of all sizes. However, no evidence has been preserved 
because of resurfacing.



Eventually the atmosphere developed from 
volcanic gases (mainly H2O and CO2). As the 
Earth cooled, moisture condensed, it rained, 
and the oceans formed.

Formation of the Atmosphere and Oceans




	Slide Number 1
	Slide Number 2
	01_View.jpg
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	01_11.jpg
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Slide Number 45

