
A long time ago …



Whoosh!



Galaxies



Stardust



Deep Time
• Billions of Years: 

– Sun heats up, but …
– CO2 goes down

• Millions of Years:
– “Geologic thermostat”
– Climate regulation by 

plate tectonics

• Thousands of Years:
– Periodic changes in 

Earth’s orbit
– Ice sheets grow and 

shrink, so …
– Oceans go up and down



Solar System Origins
• Gravitational 

collapse 

• Self-gravitating 
Hydrogen

• Swirling dust of 
50 Ur-Minerals

• Volatiles: wet and dry ice

• Heating, hydration, & oxidation of  Ur-Minerals 
to form about 50 primordial minerals

• Accretion, collisions, & vertical 
differentiation

• Metallic cores, rocky mantles, organic gunk



The Big 
Thwack!



Air and Water
• Volcanic gases: H2O, CO2, 

CH4, H2S, NH3, H2, HCl

• Water condenses to form 
oceans

• Strong acids dissolve 
(HCl, H2SO4, HNO3)

• Weak acid equilibrium 
(H2CO3)

• No free oxygen! 
(cubic closest packing)

• Methane greenhouse!



“Distillation”



“Distillation”



Mineral Evolution!
• “Ur mineral” dust & 

presolar grains to 
asteroids & comets

• A few hundred 
minerals in early 
Earth

• Thousands of 
minerals today

• Role of water

• Role of life!





Snowball 

Earth



Millions of Years

• Continental plates are lighter (buoyant) and rise in 
collisions, making mountain ranges

• Rearrangement of ocean basins dramatically changes 
poleward heat transport



Plate Tectonics and CO2

• Seafloor spreading -- > volcanos release CO2

• Mountain building enhances chemical weathering 
-->  consumes CO2



Geologic Thermostat
“Negative 
Feedback”

• Warming 
leads to 
cooling

• Cooling 
leads to 
warming



Half a Billion Years

https://en.wikipedia.org/wiki/List_of_periods_and_events_in_climate_history#/media/File:Phanerozoic_Climate_Change.png
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Since the 
Dinosaurs Died

https://en.wikipedia.org/wiki/Paleocene–Eocene_Thermal_Maximum#/media/File:65_Myr_Climate_Change.png
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1. India
2. Antarctica
3. Drake Passage



Slow Descent into a 
Glacial Epoch

• Rapidly falling CO2 as weathering increased 

• Antarctic ice sheet reduced Earth’s albedo

• Northern ice sheets began to grow and 
collapse in a cycle of ice ages 
about 3 million years ago
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Thousands of Years

Let’s talk about snow …



June 26, 2011



Late July 
2017











Ice Age World

High albedo
Low CO2



Tiny Bubbles … Priceless



CO2 and the Ice Ages

370 ppm in 2000

Vostok (400k yr) Ice Core data (Petit et al, 1999)
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• Over the past 420,000 
years atmospheric CO2

has varied between 180 
and 280 ppm, beating in 
time with the last four 
glacial cycles





Deglaciatio
n

Holocene
“Optimum”

Little 
Ice Age

Modern
Record

IPCC

Since the Last Ice Age



So, what 
happens next?



You 
are here

Warming is “permanent”

Bigger than 
Deglaciation

But 50x as fast!



Davy Jones’ Locker

• Warm buoyant �raft� floats at surface
• Cold deep water is only �formed� at high latitudes
• Very stable, hard to mix, takes ~ 1000 years!
• Icy cold, inky black, most of the ocean 

doesn’t know we’re here yet!
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Emissions peak soon

CO2 Lasts Much Longer

Zero emissions 
from 2300 for all 
scenarios

1500 ppm 
in 3000 AD!



Climate and Sea Levels

Greenland Ice Sheet



Climate and Sea Levels



Climate and Sea Levels

14,000 years ago:
20 m in 200 years
= 10 cm/yr = 4 in/yr



http://www.freetech4teachers.com/2013/09/an-interactive-map-of-rising-sea-levels.html

If  all the 
ice melts



Change is Eternal …



Deep Time
• Billions of Years: 

– Sun heats up, but …
– CO2 goes down

• Millions of Years:
– “Geologic thermostat”
– Climate regulation by 

plate tectonics

• Thousands of Years:
– Periodic changes in 

Earth’s orbit
– Ice sheets grow and 

shrink, so …
– Oceans go up and down



Stop Burning 
Carbon!



Costs
• Conversion to 100% 

noncarbon energy 
will cost about 
1% of GDP

• That’s about what it 
cost to retrofit all the 
world’s cities with 
indoor plumbing a 
century ago …

• It was SO worth it!



My Grandparents



My Grandparents’     
Generation

Built subways, sewers, 
the electrical grid, defeated the Nazis



My Parents



My Parents’     
Generation

Built the Interstate Highways, 
fought the cold war, landed on the Moon! 



Jennifer & Me



My Generation

Invented the PC, Built the internet, 
replaced billions of land-lines with cell phones



My Kids



My Kids’     
Generation

Will replace the world’s 
energy system again!



We don’t have to choose between 
progress and prosperity ...

Progress is prosperity!



Choose Your Future
Many people think:  

�Our well-being is based on
stuff we extract from the ground�

When we stop burning coal, will our 
descendants shiver in the dark?



Choose Your Future
I prefer:  

�We create our well-being through 
creativity, ingenuity, and hard work�

The future is bright!


