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Objectives:

To describe the natural evolution of the atmosphere from the 
Earth beginning as a chemical and physical system, controlled by
cosmic processes, solar radiation, terrestrial natural (biogenic and 
geogenic) processes as well as anthropogenic activities. 

The origin of elements 
The evolution of the atmosphere
Atmosphere-biosphere relationsship:
biogeochemical cycling
Air pollution history 



Origin of cosmos and elements

Big Bang:
Primary core consistent from total mass (nucleons) of cosmos with 
density of 1096 g cm-3 and temperature 1032 K about 16·109 years ago. 
Explosion and temperature decrease to 1010 K after 1 sec

Decay of neutrons (τ1/2 = 12,8 min) : n → p+ + e-

Fusion to Deuterium (2H) and Helium (4He):
25% of mass within
some minutes after 
big bang and 
quick cooling

Origin of stars:
Contradiction of cold primary material and beginning 
fusion in dependence from mass up to Fe (z = 26). 
Life time about 8·109 years. Afterwards (in mass 
dependence) up to Red Giant or White Dwarf

Supernova explosion: About 5·109 years ago forms the (proto-) sun and the 
solar nebula from fragments of a supernova 
explosion (formation of elements with z > 26 at 
neutron excess)

Sun system: Due to condensation (cooling) and collision of fragments produces 
(proto) planets, satellites, asteroides etc.



Formation of Elements

from 107 K:
1H + 1H     → 2H + e+ + νe
2H + 1H     → 3He + γ
3He + 3He  → 4He + 2 1H 

from 2·108 K:
4He + 4He ⇔ 8Be 
8Be + 4He  → 12C + γ
12C + 1H    → 13N + γ → 13C + e+ + νe
13C + 1H    → 14N + γ
14N + 1H    → 15O + γ → 15N +e+ + νe
15N + 1H    → 12C + 4He → 16O + γ

from 5·108 K:
12C + 12C → 24Mg + γ
12C + 12C → 23Na + 1H
12C + 12C → 20Ne + 4He

from 109 K formation of heavier cores with 4He:

24Mg → 28Si → 32S → 36Ar → 40Ca →
44Ca → 48Ti → 52Cr → 56Fe
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Abundance of elements in space



Types of planets and its density

Mercury
Venus
Earth (1)
Mars (2)             in paranthesis: number of moons/satellites

(>16)                 (>18)                                   (21)                                                  (8)



Formation of Planets



Liquid water and a non-CO2 atmosphere: 
precondition for life origin only on earth

Venus – initial temperature too hot to allow liquid water to form → all water in 
vapor → no way to trap the CO2 → runaway greenhouse effect. High temperature 
vaporizes many more molecules than on earth → atmospheric pressure 90 times of 
Earth’s.

Mars – liquid water present at some time in the past → Mars must have had an 
atmosphere to capture solar energy. Mars, however, too small, not enough mass, to 
develop a molten core → no magnetosphere, and little geologic activity → early 
atmosphere stripped away by solar wind, and no geologic activity to replace it.

Earth – large enough for gravitational foces to form a molten core, and thus 
produce a magnetic field → magnetosphere which protects earth’s atmosphere 
from solar wind. 



Cooling
Since the planets maintain a 
relatively constant temperature, 
something must counter-act 
heating

– Convection
• Hot material rises from near the core while cool material closer

to the surfaces falls
• Convection cells carry material up to the lithosphere

– Conduction
• Takes over at the lithosphere and carries heat to the surface and 

radiates away
– Similar to picking up a hot object

– Eruptions

The larger the planet, the longer it takes to cool!



The differentiated structure of the early Earth and the principal 
geophysical and geochemical processes contributed to the 
evolution of the atmosphere



Changing Appearances

Before the 
heavy bombardment, the 
inner planets probably looked very similar, aside from size.

Today we can see they look very different, but why?
– Impacts – Asteroids/Comets striking can dramatically 

alter the surface appearance
– Volcanoes – lava flows
– Tectonics – Formation of mountain ridges
– Erosion – Wears down previous alterations 

(mountains, craters, river channels, etc.) → weather 
(atmosphere)



Water soluble organic compounds (WSOC) in the Tagisk Lake meteorite, 
fell in January 2000 in Canada, after Pizzarello et al. (2001) 
 
It is the first pristine carbonaceous chondrite found on Earth´s 
 
 
 
substance class concentration (ppm) # of ident. species 
aliphatic hydrocarbons 5 12 
aromatic hydrocarbons ≥ 1 13 
dicarboxylic acids 17.5 18 
carboxylic acids 40 7 
pyridine carboxylic acids 7.5 7 
dicarboximides 5.5 4 
sulfonic acids ≥ 20 1 
amino acids < 0.1 4 
amines < 0.1 3 
amides < 0.1 1 
 
 
 
WSOC total         ~ 100 ppm 
insoluble organic content    ~  2.4 % (24000 ppm) 
 
formula of insoluble raction:  C100H46N10O15 

Carbonaceous chondrites are the most 
primitive and unaltered type of 
meteoriters known, with an elemental 
composition probably similar to that of 
the nebula from which the Solar 
System formed. In addition to 
silicates, oxides, and sulfides, they 
contain, most distinctively, water or 
minerals that have been altered in the 
presence of water, together with large 
amounts of carbon, including organic 
compounds. The most pristine 
carbonaceous chondrites have never 
been heated above 50°C. Different 
groups of carbonaceous chondrites 
have been identified that came from 
parent bodies in different parts of the 
solar nebula.



The geological periods concerns earth atmosphere

Oxidising atmosphere with 
about 1.5% PAL oxygen 

2.5 - 0.6 GaProterozoic

Neutral atmosphere with 
some free oxygen

3.0 - 2.5 GaLate Archaean

Reducing atmosphere (but 
unsupported by data)

pre 3.0 GaEarly 
Archaean



Photolysis of water vapor and carbon dioxide produce hydroxyl and atomic oxygen, 
respectively, that, in turn, produce oxygen in small concentrations. This process 
produced oxygen for the early atmosphere before photosynthesis became dominant. 

In the primitive atmosphere, CO2 and H2O (and N2) must be 
occured in large amounts (similar to Venus and Mars). 
What, however, is the origin of these gases?



H2O from earth degassing (mineral hydrates )

H2O from oxidised organic substances (chondrite layer) where O2
comes from thermic dissociated FeO (oxic region)

CO2 from oxidised organic substances (chondrite layer) where O2
comes from thermic dissociated FeO (oxic region)

CO2 from oxidised CH4 in the atmosphere, where O2 comes from 
photolysed H2O

CH4 from reduced organic substances (chondrite layer) where H 
comes thermic dissociated hydrocarbons and/or primordial H

N2 from oxidised NH3in the atmosphere, where O2 comes from 
photolysed H2O (NH3 from thermic dissociation of NH4-minerals)
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Composition of atmospheres of the inner terrestrial planets  
(concentrations in ppm, if not otherwise marked),  
after Brimblecombe (1996) 
 
species Venus Earth Mars 
carbon dioxide   96         %       0.03  %       95     % 
nitrogen     3.5      %     77       %         2.7  % 
oxygen <  0.001  %     21       %         0.13 % 
water vapor <  0,5      %       0.01  %          0.03 % 
helium   10       5.24  <  100 
argon   70 9340 16000 
argon-36   35     31         5 
neon     5-13     18         2.5 
krypton     0.5       1.1         0.3  
xenon <  0.04       0.08          0.08 
carbon monoxide   50       0.1     700 
sulfur dioxide 150       0.01-0.1  
hydrogen 
chloride 

    1       0.001   

D/H ratio      0.022       0.00015         0.0009 
 

• With no liquid water 
Venus and Mars cannot 
remove CO2 from 
atmosphere, whereas  
Earth can, capturing 
CO2 in carbonates.

• 3.7 bya – oldest 
known sediments, well 
rounded pebbles →
liquid water present

• Unweathered (→ no 
exposure to O2)  pyrite 
and uranite present in 
pre-Cambrian (> 0.6 
bya, Aechian) 
sediments.

• Soil rich in FeO rare 
until 2 bya, banded iron 
stones. Continental red 
beds only appear 2 bya.

Why earth atmosphere has low CO2 and high O2?



Mean composition of Hawaiian  
volcanoes gases (in %),  
after Walker (1977) 
 
species concentration 
H2O 79.31 
CO2 11.61 
SO2   6.48 
N2   1.29 
H2   0.58 
CO   0.37 
S2   0.24 
HCl/Cl2   0.05 

 

Mean composition of sea  
water (in %),  
after Walker (1977) 
 
species concentration 
H2O 96.5 
Cl–   1.935 
Na+   1.076 
SO4

2–   0.271 
Mg2+   0.129 
Ca2+   0.041 
K+   0.039 
HCO3

–   0.014 

 



Evolution of the earth’s atmosphere 
 
atmosphere composition origin fate 
primordiala H2, He solar nebula erosion to space 
primitive (first) NH3, CH4 (CO2, 

H2O) 
degassing (cold 
process) 

photolysis (oxidation) 

secondary N2, CO2, H2O,  degassing (hot process) condensation and washout 
intermediate (third) N2 secondary phase remaining 
present (fourth) N2, O2 photosynthesis biosphere-atmosphere 

equilibrium 
 a speculative 
 



Abundance of vital elements in different reservoirs (based on mass); in 
parenthesis other elements in ranking order 
 
order biosphere atmosphere hydrosphere  terrestrial 

crust 
meteorites suna 

  1 N O O Fe H 
  2 O H Si O (He) 
  3 H (Cl) Al (Ni) O 
  4 (Ar) (Na) Fe Si C 
  5 C Mg Ca Mg N 
  6 (Ne) S Mg S Si 
  7 (He) Ca Na Ca Mg 
  8 (Kr) K H  (Ne) 
  9  (Br) C  Fe 
10 

O 
C 
H 
N 
Ca 
K 
Si 
Mg 
S 
Al S C (Ti)  S 

a  New ideas (Manuel and Katragada, 2003) suggest a similar composition like in meteorites, i.e. the 
given figures represent only the outer gaseous  layer of sun. In some publications this list is given as 
“cosmic” composition, what is not true. 



Implications of no O2 
 
Many organic compounds required for early life could form. All early life forms
(earliest ~ 3.6 bya) were anoxic. 
 
Over first 1.5 by after first life formed life evolved in its ability to capture energy. 
 
All life must metabolize (derive energy from environment) which has two functions: 
 

1) biosynthesis – the synthesis of organic molecules to make cells – building
cell material from carbon. Two types of biosynthesis: 

 
a) heterotrophs – depend on a source of ogranic carbon in the

environment, all modern heterotrophs depend on autotrophs, because
of oxidizing atmosphere. Prior to O2 in atmosphere there was a larger
soruce of abiotic organic carbon. 

 
b) autotrophs – can synthesize organic carbon from inorganic carbon, e.g.

CO2 
 

2) provide energy to support bioligic function, including biosynthesis 
 

a) Radiant energy – phototrophs - absorbed energy is converted into
chemical energy. Some of these organism use this energy to 
synthesize organic moleculse  photosynthetic organisms (derive
carbon from inorganic compounds). 

 
b) Chemical energy - chemoheterotrophs – extract energy from chemical

reactions of primarily organic compounds extracted from enviroment.
This energy source requires the oxidation of one element (electron 
donor) and reduction (electron acceptor) of another element. 

 

 

 
 
 

 

 

 

 
 



Energy sources for early life forms: Fermentation  
  
• e.g. C6H12O6 → 2C2H5OH + 2CO2   (Sugar → alcohol + CO2) 
• Caused no change in overall oxidation (!) 
• Can derive energy from organic compounds which are not highly reduced or 

oxidized 
• Relatively inefficeint energy source (< 10% as efficient as aerobic respiration) 
• Life (heterotrophs) slow growing, required organic molecules created abiotically 

→ not a geologic force. 
 
First autotrophs 
 
• Anoxic bacteria – e.g. methane bacteria CO2 + 4H2 → CH4 + 2H2O (obligate 

anaerobes – cannot tolerate exposure to oxygen – live in deep water sediments)  
• Note reduction of carbon and oxidation of hydrogen.  
• This process limited by supply of hydrogen: Source – volcanoes and deep earth 

layers, Sinks – escape to space, incorporation in organic matter not susceptible to 
further dissociation, fermentation. 

• No O2 production. 
 



Bacterial photosynthesis 
 
• Does not produce oxygen 
• Reduced CO2 using H, H2S, and organic molecules (purple and green bacteria examples).  
• Reduced organic compounds resulting from metabolism are lost to the system in sediments and thus volcanoes

still the only source of new reduced compounds which have been lost to system.  
• This activity would have reduced hydrogen, allowing a buildup of O2 from the photolysis of water: 2 H2O + hν

(UV) → 2 H2 + O2     
• H escaped to space, O builds up. This reaction alone would require 26 by to create the earth’s O2 layer. 
• Buildup of O2 from photolysis of water → ozone (O3) also appears and this is essential to allow organisms to be

exposed directly to atmosphere. Life moves to surface. 
 
Green plant photosynthesis – 2 problems to overcome: 
 
1. Considerable input of energy required to dissociate water into hydrogen and oxygen. This  process essentially

uses water as the electron donor instead of hydrogen. Sunlight can provide this energy: 
 
    CO2 + H2O + hν (visible) → O2 + CH2O (organic matter) – Photosynthesis. At present photosynthesis creates 20

bTons/year of O2 
 
2.The dissociation of water requires intermediate compounds such as HO2, H2O2 and OH. These compounds,

particularly OH are very reactive and would attack organic matter. Thus organisms had to develop methods to
suppress the concentrations of these molecules, modern organisms use enzymes to do this. 

 
Once these problems were overcome life was freed from dependence on volcanoes and  became a geologic
force in modifying the atmosphere, releasing abundant oxygen. 

 

 



Rise of O2 - began ~ 2.1 bya, complete ~ 0.5 bya 
 
• Forced anerobic life to move beneath the surface 

 
• New metabolic opportunity – aerobic respiration – oxidation of organic molecules by 

oxygen. Extracts much more energy per organic molecule than any process so far → these 
organisms prosper in environments much poorer in organic matter than previous 
organisms. 

 
• Ozone layer advanced enough by ~ 0.5 bya that life moves onto the land 





Reservoir distribution (in 1019 g element, despite for the water molecule)  
 
reservoir Cj Oj H2Oc Sk 

atmosphere             0.075a          119         1.7          negl. 
ocean             3.8b      12500d 14000     128h 

continental living biomass             0.061               negl.         negl.          negl. 
soils             0.16               ? (negl.)         ? ( negl.)          negl. 
fossil fuels             0.5               negl.         negl.          0.0013 
oceanic clathratesf             1.0               negl.         negl.          - 
lithosphere (sediments)   ~10000b         4745h   1500      247h 

lithosphere (rocks)g ~130000 ~2000000         ?     1200i 

a CO2 
b carbonaceous (CO3

2-) 
c after Walker (1977) 
d in water molecules 
e in oxides 
f methane hydrates, after Kvenvolden and Lorenson (1998) 
g estimated by using mean element abundance and assuming a mass of crust being 0,4⋅1026 g 

(density 2.7 g cm-3) 
h as sulfate (SO4

2-) 
I as sulfide (S2-) 
j after Schlesinger (1997) 
k  after Möller (1982) 



The main processes that recycle material through the Earth’s reservoirs
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Cycling of O2



Global Carbon cycle (fluxes in 1015 g a-1 and pools in 1015 g);  
data after Schlesinger (1997) 
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Major phases in the evolution of the Earth:

• The accretion of the Earth and its primitive atmosphere 
from the primordial solar nebula.
• The differentiation of the interior of the planet and the 
associated outgassing of volatile materials. 
• The chemical era of abiotic photochemical transformation of 
the primordial atmosphere and oceanic water to form the 
organic molecules from which life could spring.
• The microbial era during which the first simple life-forms 
evolved, proliferated, and forever modified the atmosphere and 
environment.
• The geological era in which the physical reconfiguration of 
oceans and continents caused major deviations in the 
evolution of life and the atmosphere.
• The recent age, when humans appeared with the 
intelligence to exploit fully all of the capability to alter 
significantly the global atmosphere and environment.


	

