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Geologic Evolution of Earth’s Atmosphere
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Announcements
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1) New student introductions

2) AOSC Weekly Seminar Sept 3: 3:30 pm (today!)

Zoom Link: https://umd.zoom.us/j/94562248135?pwd=TEIyVS9TY0ZTSTZZNU01L0F1eTdTZz09

https://umd.zoom.us/j/94562248135?pwd=TEIyVS9TY0ZTSTZZNU01L0F1eTdTZz09
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Announcements
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1) New student introductions

2) AOSC Weekly Seminar Mar 3: 3:30 pm

3) Re-load button needed for viewing peer-reviewed literature from off campus:
https://lib.guides.umd.edu/reload-button

https://lib.guides.umd.edu/reload-button
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1) New student introductions

2) AOSC Weekly Seminar Mar 3: 3:30 pm

3) Re-load button needed for viewing peer-reviewed literature from off campus:
https://lib.guides.umd.edu/reload-button

4) Anyone else?

https://lib.guides.umd.edu/reload-button
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Today’s lecture:

Next Tuesday:
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Announcements
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Next Thursday:
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Geological Evolution of Earth’s Atmosphere:
“In the Beginning”

• Assemblage of 92 natural elements

• Elemental composition of Earth basically unchanged over 4.5 Gyr
– Gravitational escape restricted to a few gases (H, He)
– Extra-terrestrial inputs (comets, meteorites) relatively unimportant

• Biogeochemical cycling of elements between reservoirs of Earth
“system” determines atmospheric composition

From “How to Build a Habitable Planet”
By W.S. Broecker, ELDIGIO Press, pg 57
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Geological Evolution of Earth’s Atmosphere:
Earth, Mars, and Venus

Earth Venus Mars

Radius (km) 6400 6100 3400

Mass (1024 kg) 6.0 4.9 0.6

Albedo 0.3 0.8 0.22

Distance from Sun (A.U.) 1 0.72 1.52

Surface Pressure (atm) 1 91 0.007

Surface Temperature (K) ~15 °C ~ 460 °C −140 °C to 20 °C

N2 (mol/mol) 0.78 3.4×10−2 2.7 ×10−2

O2 (mol/mol) 0.21 6.9 ×10−5 1.3 ×10−3

CO2 (mol/mol) 3.7 ×10−4 0.96 0.95

H2O (mol/mol) 1 ×10−2 3 ×10−3 3 ×10−4

SO2 (mol/mol) 1 ×10−9 1.5 ×10−4 Nil

Cloud Composition H2O H2SO4 Mineral Dust
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Geological Evolution of Earth’s Atmosphere:
Earth, Mars, and Venus

http://abyss.uoregon.edu/~js/ast121/lectures/lec14.html

http://abyss.uoregon.edu/%7Ejs/ast121/lectures/lec14.html
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Geological Evolution of Earth’s Atmosphere:
Earth is of course the water planet

The source of Earth’s water has been unclear

Press release: https://source.wustl.edu/2020/08/meteorite-study-suggests-earth-may-have-always-been-wet
Paper: https://science.sciencemag.org/content/369/6507/1110

A new study finds that Earth’s water may have come from materials that were present in
the inner solar system at the time the planet formed − instead of far-reaching comets or
asteroids delivering such water. The findings published 28 Aug 2020 in Science suggest
that Earth may have always been wet.

“Our discovery shows that the Earth’s building blocks might have significantly contributed
to the Earth’s water,” said lead author Laurette Piani. “Hydrogen-bearing material was
present in the inner solar system at the time of the rocky planet formation, even though
the temperatures were too high for water to condense.”

The findings from this study are surprising because the Earth’s building blocks are often
presumed to be dry. They come from inner zones of the solar system where
temperatures would have been too high for water to condense and come together with
other solids during planet formation.

Enstatite chondrites have similar oxygen, titanium and calcium isotopes as Earth, and this
study showed that their hydrogen and nitrogen isotopes are similar to Earth’s, too. In the
study of extraterrestrial materials, the abundances of an element’s isotopes are used as a
distinctive signature to identify where that element originated.

https://source.wustl.edu/2020/08/meteorite-study-suggests-earth-may-have-always-been-wet
https://science.sciencemag.org/content/369/6507/1110
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Geological Evolution of Earth’s Atmosphere:
Elon Musk and Mars

https://futurism.com/the-byte/elon-musk-die-on-mars-city-starship

https://futurism.com/the-byte/elon-musk-die-on-mars-city-starship
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The Martian



Copyright © 2020 University of Maryland. 
This material may not be reproduced or redistributed, in whole or in part, without written permission from Ross Salawitch. 13

Geological Evolution of Earth’s Atmosphere:
Earth, Mars, and Venus
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Geological Evolution of Earth’s Atmosphere:
Outgassing

4.5 Gy
before present

H2

N2

CO2

H2O

oceans 
form

CO2
dissolves

4 Gy 3.5 Gy 0.4 Gy present

Life formsOutgassing
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Geological Evolution of Earth’s Atmosphere:
Early Atmosphere: Reducing Environment

-3 0 +1 +2 +3 +4 +5

NH3

Ammonia
N2 N2O

Nitrous
oxide

NO
Nitric 
oxide

HONO
Nitrous acid
NO2

−

Nitrite

NO2

Nitrogen 
dioxide

HNO3

Nitric acid
NO3

−

Nitrate

Decreasing oxidation number (reduction reactions)

Increasing oxidation number (oxidation reactions)

Oxidation state represents number of electrons:
added to an element (– oxidation state) or 

removed from an element (+ oxidation state)

Oxidation state of a compound: ∑ = –2 × # O atoms + 1 × # H atoms;
Oxidation of element = Electrical Charge – ∑

Note: there are some exceptions to this rule, such as oxygen in peroxides
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Geological Evolution of Earth’s Atmosphere:
Early Atmosphere: Reducing Environment

-4 0 +2 +4

CH4

Methane
CH2O
Formaldehyde

CO
Carbon Monoxide

CO2

Carbon dioxide

Decreasing oxidation number (reduction reactions)

Increasing oxidation number (oxidation reactions)

Oxidation state of a compound: ∑ = –2 × # O atoms + 1 × # H atoms;
Oxidation of element = Electrical Charge – ∑

Note: there are some exceptions to this rule, such as oxygen in peroxides

Oxidation state represents number of electrons:
added to an element (– oxidation state) or 

removed from an element (+ oxidation state)
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Geological Evolution of Earth’s Atmosphere:
Early Atmosphere: Reducing Environment

How do we know early atmosphere was reducing ?

Why was a reducing environment
important ?
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Geological Evolution of Earth’s Atmosphere:
Early Atmosphere: Reducing Environment

How do we know early atmosphere was reducing ?

Minerals such as pyrite (iron sulfide),or “fools gold”,
are unstable in oxidizing environments and are
found only in early deposits

Why was a reducing environment
important ?
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Geological Evolution of Earth’s Atmosphere:
Early Atmosphere: Reducing Environment

How do we know early atmosphere was reducing ?

Minerals such as pyrite (iron sulfide),or “fools gold”,
are unstable in oxidizing environments and are
found only in early deposits

Why was a reducing environment
important ?

Organic molecules produced from 
sparking a mixture of  CH4, NH3, H2O and H2 :

Miller & Urey, “Organic compound synthesis
on early Earth”, Science, 1959
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Geological Evolution of Earth’s Atmosphere:
Onset of Photosynthesis

4.5 Gy
before present
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form

CO2
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4 Gy 3.5 Gy 0.4 Gy present

Life forms Onset of
photosynthesis

Outgassing

Incipient rise of O2 in the ancient atmosphere
signaled by first appearance of continental red-beds

of ferric iron (about 2 Gy B.P.)

H2
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Geological Evolution of Earth’s Atmosphere:
Atmospheric O2 on Geological Time Scales

• Rise of atmospheric O2 linked to evolution of life:

The rise of atmospheric O2 that occurred ~2.4 billion years ago was the greatest
environmental crisis the Earth has endured. [O2] rose from one part in a million to
one part in five: from 0.00001 to 21% !  Earth’s original biosphere was like an
alien planet.  Photosynthetic bacteria, frantic for hydrogen, discovered water and
its use led to the build up of atomic O, a toxic waste product.
Many kinds of microbes were wiped out.  O and light together were lethal. 
The resulting O-rich environment tested the ingenuity of microbes,
especially those non-mobile microorganisms unable to escape the newly
abundant reactive atmospheric gas. The microbes that survived invented
various intracellular mechanisms to protect themselves from and eventually
exploit this most dangerous pollutant.

Lynn Margulis and Dorion Sagan, Microcosmos: Four Billion Years of Microbial
Evolution, 1986
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Geological Evolution of Earth’s Atmosphere:
Atmospheric O2 on Geological Time Scales

• Rise of atmospheric O2 linked to evolution of life:

The rise of atmospheric O2 that occurred ~2.4 billion years ago was the greatest
environmental crisis the Earth has endured. [O2] rose from one part in a million to
one part in five: from 0.00001 to 21% !  Earth’s original biosphere was like an
alien planet.  Photosynthetic bacteria, frantic for hydrogen, discovered water and
its use led to the build up of atomic O, a toxic waste product.
Many kinds of microbes were wiped out.  O and light together were lethal. 
The resulting O-rich environment tested the ingenuity of microbes,
especially those non-mobile microorganisms unable to escape the newly
abundant reactive atmospheric gas. The microbes that survived invented
various intracellular mechanisms to protect themselves from and eventually
exploit this most dangerous pollutant.

Lynn Margulis and Dorion Sagan, Microcosmos: Four Billion Years of Microbial
Evolution, 1986

The rise of atmospheric oxygen led to something else critical to
“life as we know it” − what did rising [O2] lead to ?!?
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Geological Evolution of Earth’s Atmosphere:
Atmospheric O2 on Geological Time Scales

• Rise of atmospheric O2 linked to evolution of life:
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Geological Evolution of Earth’s Atmosphere:
Early Atmosphere: Photosynthesis

• Photosynthesis: Source of O2

6CO2 + 6H2O + energy → C6H12O6 + 6 O2

•  Respiration and Decay: Sink of O2

C6H12O6 + 6 O2 → 6CO2 + 6H2O + energy 

CO2
O2Photosynthesis

Respiration and decay

Org. C

Org. C

http://iconbazaar.com/bars/contributed/pg04.html
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Geological Evolution of Earth’s Atmosphere:
Early Atmosphere: Photosynthesis

• Net primary productivity of organic matter:
6 CO2 + 6 H2O + hν → C6H12O6 + 6 O2 is ~  57 × 1015 g C yr-1

Global net primary productivity (NPP) based on space-based measurements
obtained by the NASA MODIS satellite instrument.

http://www.globalcarbonproject.org/science/figures/FIGURE9.htm

Imhoff et al., Nature, 2004

http://www.globalcarbonproject.org/science/figures/FIGURE9.htm
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Geological Evolution of Earth’s Atmosphere:
Early Atmosphere: Photosynthesis

• Net primary productivity of organic matter:
6 CO2 + 6 H2O + hν → C6H12O6 + 6 O2 is ~  57 × 1015 g C yr-1

http://www.globalcarbonproject.org/science/figures/FIGURE9.htm

Global net primary productivity (NPP) based on space-based measurements
obtained by the NASA MODIS satellite instrument.

Imhoff et al., Nature, 2004

http://www.globalcarbonproject.org/science/figures/FIGURE9.htm
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Geological Evolution of Earth’s Atmosphere:
Early Atmosphere: Photosynthesis

• Net primary productivity of organic matter:
6 CO2 + 6 H2O + hν → C6H12O6 + 6 O2 is ~  57 × 1015 g C yr-1

Production of atmospheric O2 is therefore ~152 × 1015 g O2 yr-1

Note: 152 = 57 × (32) / (12)
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Geological Evolution of Earth’s Atmosphere:
Early Atmosphere: Photosynthesis

• Net primary productivity of organic matter:
6 CO2 + 6 H2O + hν → C6H12O6 + 6 O2 is ~  57 × 1015 g C yr-1

Production of atmospheric O2 is therefore ~152 × 1015 g O2 yr-1

•  Mass O2 in atmosphere = 0.21× (5.2 × 1021 g) × (32 / 28.8) ≈ 1.2 × 1021 g

CO2
O2Photosynthesis

Respiration and decay

Org. C

Org. C

http://iconbazaar.com/bars/contributed/pg04.html
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Geological Evolution of Earth’s Atmosphere:
Early Atmosphere: Photosynthesis

• Net primary productivity of organic matter:
6 CO2 + 6 H2O + hν → C6H12O6 + 6 O2 is ~  57 × 1015 g C yr-1

Production of atmospheric O2 is therefore ~152 × 1015 g O2 yr-1

•  Mass O2 in atmosphere = 0.21× (5.2 × 1021 g) × (32 / 28.8) ≈ 1.2 × 1021 g

• Lifetime of atmospheric O2 due to biology = Amount / Flux

CO2
O2Photosynthesis

Respiration and decay

Org. C

Org. C

http://iconbazaar.com/bars/contributed/pg04.html
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Geological Evolution of Earth’s Atmosphere:
Early Atmosphere: Photosynthesis

• Net primary productivity of organic matter:
6 CO2 + 6 H2O + hν → C6H12O6 + 6 O2 is ~  57 × 1015 g C yr-1

Production of atmospheric O2 is therefore ~152 × 1015 g O2 yr-1

•  Mass O2 in atmosphere = 0.21× (5.2 × 1021 g) × (32 / 28.8) ≈ 1.2 × 1021 g

• Lifetime of atmospheric O2 due to biology = Amount / Flux

CO2
O2Photosynthesis

Respiration and decay

Org. C

Org. C

Amount

Flux

http://iconbazaar.com/bars/contributed/pg04.html
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Geological Evolution of Earth’s Atmosphere:
Early Atmosphere: Photosynthesis

• Net primary productivity of organic matter:
6 CO2 + 6 H2O + hν → C6H12O6 + 6 O2 is ~  57 × 1015 g C yr-1

Production of atmospheric O2 is therefore ~152 × 1015 g O2 yr-1

•  Mass O2 in atmosphere = 0.21× (5.2 × 1021 g) × (32 / 28.8) ≈ 1.2 × 1021 g

• Lifetime of atmospheric O2 due to biology = 1.2 × 1021 g / (152 × 1015 g O2 yr-1)
≈ 8,000 yr

CO2
O2Photosynthesis

Respiration and decay

Org. C

Org. C

Amount

Flux

http://iconbazaar.com/bars/contributed/pg04.html
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Geological Evolution of Earth’s Atmosphere:
Oxygen and Carbon Reservoirs

1 Pg = 1015 G

Atmospheric O2 reservoir much larger than O2 content of biosphere, soils,
and ocean; therefore, some other process must control atmospheric O2

Atmosphere:

CO2 : 2130 Pg O, 800  Pg C
O2 : 1.2 × 106 Pg O

Organic Carbon : Biosphere

700 Pg C, 933 Pg O

Organic Carbon : Soil + Oceans

3000 Pg C, 4000 Pg O

Photosynthesis & respiration

Litter, Runoff, Dissolution of CO2

Organic Decay: sink of atmospheric O2
source of atmospheric CO2

Atmosphere:

CO2 : 2130 Pg O, 800  Pg C
O2 : 1.2 × 106 Pg O

Organic Carbon : Biosphere

700 Pg C, 933 Pg O

Organic Carbon : Soil + Oceans

3000 Pg C, 4000 Pg O

Photosynthesis & respiration

Litter, Runoff, Dissolution of CO2

Organic Decay: sink of atmospheric O2
source of atmospheric CO2

2
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Geological Evolution of Earth’s Atmosphere:
Oxygen Reservoirs & Pathways
Atmosphere:

O2 : 1.2 × 106 Pg O

Sediments: Buried Organic Carbon

O2 : ~32 × 106 Pg O

Crust and Mantle: Oxides of Fe, Si, S, Mg, etc:
FeO, Fe2O3 , FeSiO3 , SiO4 , MgO , etc

This is where the bulk of the oxygen resides!

Burial of organic matter is source of atmospheric O2:
6CO2 +6 H2O + Energy →

C6H12O6 (buried) + 6O2 (atmosphere)

Weathering of mantle is sink of atmospheric O2:
For example:
FeS2 + 7/2 O2 + H2O → Fe3+ + 2 SO4

2- + 2 H+
.

O2 Lifetime ≈ 4 million years

1 Pg = 1015 G

2
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Geological Evolution of Earth’s Atmosphere:
Atmospheric O2 on Geological Time Scales

• Rise of atmospheric O2 linked to evolution of life:
− 400 My B.P. O2 high enough to form an ozone layer
− 400 to 300 My B.P.: first air breathing lung fish &

primitive amphibians

• On geological timescales, level of O2 represents
balance between burial of organic C & weathering
of sedimentary material:

(see Chapter 12, “Evolution of the Atmosphere” in
Chemistry of the Natural Atmosphere by P. Warneck (2nd ed)
for an excellent discussion)

• Present atmosphere is oxidizing:

CH4 ⇒ CO2 with time scale of ~9 years

From R. Dudley, Atmospheric O2, Giant Paleozoic
Insects, and the Evolution of Aerial Locomotor
Performance,  J. Exper. Biol., 201, 1043, 1998.
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Geological Evolution of Earth’s Atmosphere:
Atmospheric CO2 on Geological Time Scales

~500 to 300 My B.P.
• Development of vascular land plants
• Plants became bigger and bigger and less reliant on water
• Once buried, lignin in woody material resists decay 
• Burial rate of terrestrial plant matter increases dramatically:

(evidence : δ13C analysis)
• Past burial rate of vascular plant material may have been much higher

than present, due to the lack (way back when) of abundant bacteria,
fungi, and small soil animals that now recycle plant matter

Non-vascular: Bryophytes Vascular: Pteridophytes
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Geological Evolution of Earth’s Atmosphere:
Atmospheric CO2 on Geological Time Scales

~500 to 300 My B.P.
• Development of vascular land plants
• Plants became bigger and bigger and less reliant on water
• Once buried, lignin in woody material resists decay 
• Burial rate of terrestrial plant matter increases dramatically:

(evidence : δ13C analysis)
• Past burial rate of vascular plant material may have been much higher

than present, due to the lack (way back when) of abundant bacteria,
fungi, and small soil animals that now recycle plant matter

Non-vascular: Bryophytes (moss) Vascular: Pteridophytes

The first land plants were algae, which made a difficult transition from 
their water origins to root on rocky surfaces. The green algae pictured 
here on top of coastal mudflats would have been a common view  of 
Earth's first land plants.

http://www.ecology.com/feature-stories/quiet-evolution-of-trees/index.html

http://www.ecology.com/feature-stories/quiet-evolution-of-trees/index.html
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Geological Evolution of Earth’s Atmosphere:
Atmospheric CO2 on Geological Time Scales

~500 to 300 My B.P.
• Development of vascular land plants
• Plants became bigger and bigger and less reliant on water
• Once buried, lignin in woody material resists decay 
• Burial rate of terrestrial plant matter increases dramatically:

(evidence : δ13C analysis)
• Past burial rate of vascular plant material may have been much higher

than present, due to the lack (way back when) of abundant bacteria,
fungi, and small soil animals that now recycle plant matter

Non-vascular: Bryophytes (moss) Vascular: Pteridophytes (ferns)

The first land plants were algae, which made a difficult transition from 
their water origins to root on rocky surfaces. The green algae pictured 
here on top of coastal mudflats would have been a common view  of 
Earth's first land plants.

http://www.ecology.com/feature-stories/quiet-evolution-of-trees/index.html

The first trees did not appear
until only ~370 million years ago!

http://www.ecology.com/feature-stories/quiet-evolution-of-trees/index.html
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Geological Evolution of Earth’s Atmosphere:
Atmospheric CO2 on Geological Time Scales

From R. Berner,  Science, 276, 544, 1997.

~500 to 300 My B.P.
• Development of vascular land plants
• Plants became bigger and bigger and less reliant on water
• Once buried, lignin in woody material resists decay 
• Burial rate of terrestrial plant matter increases dramatically:

(evidence : δ13C analysis)
• Past burial rate of vascular plant material may have been much higher

than present, due to the lack (way back when) of abundant bacteria,
fungi, and small soil animals that now recycle plant matter
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Geological Evolution of Earth’s Atmosphere:
Precursors of Modern Day World

4.5 Gy
before present

N2

CO2

H2O

oceans 
form

CO2
dissolves

O2

O2 reaches current levels; 
tree life flourishes;
animal life invades continents;
dinosaurs roam the Earth;
rise of Himalayas

4 Gy 3.5 Gy 0.4 Gy present

Life forms Onset of
photosynthesis

Outgassing
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Geological Evolution of Earth’s Atmosphere:
CO2 and Temperature

Fig 1.1, Paris Beacon of Hope

What message were we trying to convey?
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Geological Evolution of Earth’s Atmosphere:
One Day, Everything Changed

https://www.nytimes.com/2016/11/18/science/chicxulub-crater-dinosaur-extinction.html

https://www.nytimes.com/2016/11/18/science/chicxulub-crater-dinosaur-extinction.html
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Geological Evolution of Earth’s Atmosphere:
One Day, Everything Changed

https://www.pbs.org/wgbh/nova/video/day-the-dinosaurs-died
We’ll look at 36:50 to 38:50

https://www.pbs.org/wgbh/nova/video/day-the-dinosaurs-died
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Geological Evolution of Earth’s Atmosphere:
One Day, Everything Changed

https://experiment.com/u/iA41fA

Biology prefers light forms of carbon:

https://experiment.com/u/iA41fA
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Geological Evolution of Earth’s Atmosphere:
One Day, Everything Changed

By understanding how the carbon isotopic ratio of the world’s
surface waters changed at the K-T boundary, as recorded by the
shells of preserved oceanic organisms, we could compute the fraction
of the world’s biosphere that must have burned on this really bad day
(or soon thereafter):

Ivany and Salawitch, Geology, 1993
Link to this paper appears in auxiliary reading for today’s class
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Geological Evolution of Earth’s Atmosphere:
Human Influence
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Geological Evolution of Earth’s Atmosphere:
Human Influence

What message were we trying to convey?
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Earth’s Atmosphere – Effect of Humans

Charles Keeling, Scripps Institution of Oceanography, La Jolla, CA
https://www.esrl.noaa.gov/gmd/webdata/ccgg/trends/co2_data_mlo.png

CO2: ~412 parts per million (ppm) and rising ! Human drivers of  global warming
over the last millennium

Figure courtesy Brian Bennett, Univ of Md

https://www.esrl.noaa.gov/gmd/webdata/ccgg/trends/co2_data_mlo.png
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Earth’s Atmosphere – Effect of Humans

After Farman et al., Large losses of total ozone in Antarctica reveal
Seasonal ClOx/NOx interaction, Nature, 315, 207, 1985.

Stratospheric Ozone – shields surface from solar UV radiation

Halley Research Station

Stolarski et al., Nature, 1986.
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Earth’s Atmosphere – Effect of Humans

After Farman et al., Large losses of total ozone in Antarctica reveal
Seasonal ClOx/NOx interaction, Nature, 315, 207, 1985.

Stratospheric Ozone – shields surface from solar UV radiation
Update
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Earth’s Atmosphere – Effect of Humans

After Farman et al., Large losses of total ozone in Antarctica reveal
Seasonal ClOx/NOx interaction, Nature, 315, 207, 1985.

Stratospheric Ozone – shields surface from solar UV radiation
Update

Rising chlorine & bromine
in polar stratosphere

due  to human activity
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Stratospheric Ozone In The News

https://www.nature.com/articles/d41586-020-00904-w

https://www.nature.com/articles/d41586-020-00904-w


Copyright © 2020 University of Maryland. 
This material may not be reproduced or redistributed, in whole or in part, without written permission from Ross Salawitch. 52

Earth’s Atmosphere – Effect of Humans

Tropospheric Ozone – oxidant, lung irritant, harmful to crops

Yueng et al., Nature, 2019

Modelled increase in tropospheric O3 burden from the GEOS-Chem/MERRA2 
model (cyan stars) and GISS-E2.1 model (blue line), as well as estimates of 
historical emissions of NOx (orange line).

https://www.nature.com/articles/s41586-019-1277-1

https://www.nature.com/articles/s41586-019-1277-1
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Next Lecture: Course Overview

Readings: IPCC 2007 FAQ 1.1, 1.2, 1.3, 2.1, & 3.1 (11 pages)
EPA Air Quality Guide (11 pages)
20 QAs Ozone Layer Q1, 2, 7, and 14 (11 pages)
Paris Beacon of Hope, Sect 1.2.2 (3 pages)
Note: 36 pages, about our norm

Admission Ticket for Lecture 2 is posted on ELMS

Ross is a newly elected member of the UMD Senate
and the first Senate meeting of the semester is

Tues, 8 Sept, at 3:15 pm.

As a result, next Tuesday, we will begin lecture promptly at 2:00 pm
and we will end lecture at 3:14 pm
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Source Material

These books are a great resource for how photosynthesis works
as well as the history of atmospheric composition

and provided some of the source material for much of this lecture

http://www.amazon.com/Eating-Sun-Plants-Power-Planet/dp/0007163657/ref=sr_1_1?s=books&ie=UTF8&qid=1359325940&sr=1-1&keywords=eating+the+sun

http://www.amazon.com/Under-Green-Sky-Warming-Extinctions/dp/0061137928/ref=sr_1_1?s=books&ie=UTF8&qid=1359326345&sr=1-1&keywords=under+a+green+sky

http://www.amazon.com/Eating-Sun-Plants-Power-Planet/dp/0007163657/ref=sr_1_1?s=books&ie=UTF8&qid=1359325940&sr=1-1&keywords=eating+the+sun
http://www.amazon.com/Under-Green-Sky-Warming-Extinctions/dp/0061137928/ref=sr_1_1?s=books&ie=UTF8&qid=1359326345&sr=1-1&keywords=under+a+green+sky

	�Geologic Evolution of Earth’s Atmosphere�AOSC / CHEM 433 & AOSC / CHEM 633
	Announcements
	Announcements
	Announcements
	Announcements
	Announcements
	Geological Evolution of Earth’s Atmosphere:�“In the Beginning”
	Geological Evolution of Earth’s Atmosphere:�Earth, Mars, and Venus
	Geological Evolution of Earth’s Atmosphere:�Earth, Mars, and Venus
	Geological Evolution of Earth’s Atmosphere:�Earth is of course the water planet�The source of Earth’s water has been unclear
	Geological Evolution of Earth’s Atmosphere:�Elon Musk and Mars
	The Martian
	Geological Evolution of Earth’s Atmosphere:�Earth, Mars, and Venus
	Geological Evolution of Earth’s Atmosphere:�Outgassing
	Geological Evolution of Earth’s Atmosphere:�Early Atmosphere: Reducing Environment
	Geological Evolution of Earth’s Atmosphere:�Early Atmosphere: Reducing Environment
	Geological Evolution of Earth’s Atmosphere:�Early Atmosphere: Reducing Environment
	Geological Evolution of Earth’s Atmosphere:�Early Atmosphere: Reducing Environment
	Geological Evolution of Earth’s Atmosphere:�Early Atmosphere: Reducing Environment
	Geological Evolution of Earth’s Atmosphere:�Onset of Photosynthesis
	Geological Evolution of Earth’s Atmosphere:�Atmospheric O2 on Geological Time Scales
	Geological Evolution of Earth’s Atmosphere:�Atmospheric O2 on Geological Time Scales
	Geological Evolution of Earth’s Atmosphere:�Atmospheric O2 on Geological Time Scales
	Geological Evolution of Earth’s Atmosphere:�Early Atmosphere: Photosynthesis
	Geological Evolution of Earth’s Atmosphere:�Early Atmosphere: Photosynthesis
	Geological Evolution of Earth’s Atmosphere:�Early Atmosphere: Photosynthesis
	Geological Evolution of Earth’s Atmosphere:�Early Atmosphere: Photosynthesis
	Geological Evolution of Earth’s Atmosphere:�Early Atmosphere: Photosynthesis
	Geological Evolution of Earth’s Atmosphere:�Early Atmosphere: Photosynthesis
	Geological Evolution of Earth’s Atmosphere:�Early Atmosphere: Photosynthesis
	Geological Evolution of Earth’s Atmosphere:�Early Atmosphere: Photosynthesis
	Geological Evolution of Earth’s Atmosphere:�Oxygen and Carbon Reservoirs
	Geological Evolution of Earth’s Atmosphere:�Oxygen Reservoirs & Pathways
	Geological Evolution of Earth’s Atmosphere:�Atmospheric O2 on Geological Time Scales
	Geological Evolution of Earth’s Atmosphere:�Atmospheric CO2 on Geological Time Scales
	Geological Evolution of Earth’s Atmosphere:�Atmospheric CO2 on Geological Time Scales
	Geological Evolution of Earth’s Atmosphere:�Atmospheric CO2 on Geological Time Scales
	Geological Evolution of Earth’s Atmosphere:�Atmospheric CO2 on Geological Time Scales
	Geological Evolution of Earth’s Atmosphere:�Precursors of Modern Day World
	Geological Evolution of Earth’s Atmosphere:�CO2 and Temperature
	Geological Evolution of Earth’s Atmosphere:�One Day, Everything Changed
	Geological Evolution of Earth’s Atmosphere:�One Day, Everything Changed
	Geological Evolution of Earth’s Atmosphere:�One Day, Everything Changed
	Geological Evolution of Earth’s Atmosphere:�One Day, Everything Changed
	Geological Evolution of Earth’s Atmosphere:�Human Influence
	Geological Evolution of Earth’s Atmosphere:�Human Influence
	Earth’s Atmosphere – Effect of Humans
	Earth’s Atmosphere – Effect of Humans
	Earth’s Atmosphere – Effect of Humans
	Earth’s Atmosphere – Effect of Humans
	Stratospheric Ozone In The News
	Earth’s Atmosphere – Effect of Humans
	Next Lecture: Course Overview
	Source Material


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


