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Earth as a Complex Interrelated System
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% of Atmosphere Composition of Earth’s atmosphere
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Earth's early atmosphere and tectonics
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Chen et al. 2022 Reconstructing Earth’s atmospheric oxygenation history using machine learning
https://www.nature.com/articles/s41467-022-33388-5

Meng et al. 2022 Formation of oxidized sulfur-rich magmas in Neoarchaean subduction zones
https://www.nature.com/articles/s41561-022-01071-5
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The Geologic Carbonate-Silicate Cycle
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€0, UPTAKE BY ROCK WEATHERING

carbonate rock we thenng
CO; + H,0 + CaC04 — Ca** + 2HCO;

silicate rock weathering
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Processes Time scale (years) | Reactions
Land uptake: Photosynthesis—respiration 1-102 6C0O, + 6H,0 + photons — CH,,0, + 60,
{:EHHOE + 602_3' 6(:02 + EHE{] + heat
Ocean invasion: Seawater buffer 10-10° C0, + CO,* + H,0 = 2HCO;
Reaction with calcium carbonate 10°-10¢ CO, + CaCO, + H,0 — Ca** + 2HCO;
Silicate weathering 104108 C0, + CaSi0; — CaCo, + Si0,
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1. ORDOVICIAN-SILURIAN EXTINCTION
440 MILLION YEARS AGO (MA)

Scientists theorize that there were two main phases to this
extinction: a glaciation event and a heating event. Abundant plant
life removed carbon dioxide (CO,) from the air, causing global
cooling and glacier formation. This led to a drop in sea levels,
reducing habitat. Later came global warming and sea level rising
again. Creatures that had adapted to the cooler climate were
unable to survive the increased temperature. Since most fauna

\as naring tthetlme 86% of life wag lost.
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PREL RN

2. LATE DEVONIAN
EXTINCTION-365 MA

About 75% of life died off during this
period. One theory suggests that land
plants developed deep roots, releasing
an abundance of nutrients into the
oceans that fed algae. Because of this,
algae blooms consumed vast amounts
of oxygen (02) in the oceans, suffocating
many species. Another theory suggests
that another global cooling took place,
resulting in glaciation and a fall in sea
level, leading to habitat loss.
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3. PERMIAN-TRIASSIC
EXTINCTION-252 MA

The Permian-Triassic was the deadliest
extinction in history: 96% of all life
perished. Scientist believe that volcanic
activity in Siberia put massive amounts of
carbon dioxide, a greenhouse gas, into
the atmosphere. Bacteria that thrive on
CO, began producing methane, another
greenhouse gas. Large guantities of both
gases warmed the planet and combined
with Earth’s water, making the ocean and
rain acidic, creating a highly
toxic environment for life.
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4. TRIASSIC-JURASSIC
EXTINCTION=201.3 MA

Some scientists theorize that volcanic
eruptions spewed tons of CO, into the
atmosphere, which trapped heat and
acidified the oceans, causing this mass
extinction. Other scientists contend
that an asteroid or comet impact
triggered the extinction. About 80% of
life was lost in this extinction, including
most of the mammals, making way for

the dinosaur’s ancestors. O\
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Carboniferous Permian Triassic
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5. CRETACEOUS-PALEOGENE EXTINCTION—-66 MA

The Cretaceous-Paleogene extinction wiped out the dinosaurs, along with 60-76%

of alllife on Earth. A widely accepted theory is that an asteroid landed in the Yucatan
Peninsula in Mexico and killed the dinosaurs. The impact would have ejected enormous
amounts of debris into the atmosphere, causing global temperatures to drop. The
impact may have also caused local fires, earthquakes, tsunamis, and acid rain.
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6. HOLOCENE EXTINCTION
11,700 YEARS AGO TO PRESENT

The next mass extinction may already be happening.
The current extinction rate is at least a thousand times
greater than the “normal” extinction rate. A “normal”
or background extinction rate is the average rate of
extinction based on the longevity of species through
time without human influence, determined by the fossil
record. Scientists believe that human impact on the
environment is the leading cause of extinctions today.
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How Volcanoes Froze the Earth (Twice)
https://www.youtube.com/watch?v=40NwQV26L-k&t=3s Hoffman and Schrag (2000)
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CO, cycle in acean stops; CO, Strong greenhouse effect melts
outgassed by volcanoes builds up. “snowball Earth, " results in
"hothouse Earth.”

Heightened reflectivity causes
further coohng, ending in
“snowball Earth.”

CO, cycle restarts, pulling CO,

back into oceans, reducing
greenhouse effect to normal.

Because of an extended cold
spell, oceans start freezing.

growing volcanic
polar caps outgassing

© 2006 Pearson Education. Inc.. publishing as Addison Wesley
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How Earth's First, Unkillable Animals Saved the World
https://www.youtube.com/watch?v=gMdv3JIPizw
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Global temperature evolution over the past 60 million years
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Changes in Obliquity (Tilf)

41,000-year cycles

Changes in Eccentricity (Orbit Shape)
100,000-year cycles

climate.nasa.gov

climate.nasa.gov
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Axial Precession (\Wobble)
26,000-year cycles

climate.nasa.gov
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https://climate.nasa.gov/news/2948/milankovitch-orbital-cycles-and-their-role-in-earths-climate/
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Drilling for ancient ice | The Royal Society
https://www.youtube.com/watch?v=K6ckJBER6bU
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When the Sahara Was Green
https://www.pbs.org/video/when-the-sahara-was-green-e5c086/

Drake et al. 2021
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Vegetation and soil feedbacks
on the response of the African
monsoon to orbital forcing in
the early to middie Holocene

J. Kutzbach*, G. Bonant, J. Foley* & S. P. Harrisoni

BT, I HHEBLE, 5

Sweden

FossiL pollen, ancient lake sediments and archaeological evi-
dence from Africa indicate that the Sahel and Sahara regions
were considerably wetter than today during the early to middle
Holocene period, about 12,000 to 5,000 years ago'™. Vegetation
associated with the modern Sahara/Sahel boundary was about 5°
farther north, and there were more and larger lakes between 15
and 30° N. Simulations with climate models have shown that
these wetter conditions were probably caused by changes in
Earth’s orbital parameters that increased the amplitude of the
seasonal cycle of solar radiation in the Northern Hemisphere,
enhanced the land-ocean temperature contrast, and thereby
strengthened the African summer monsoon®”’. However, these
simulations underestimated the consequent monsoon enhance-
ment as inferred from palaeorecords®. Here we use a climate
model to show that changes in vegetation and soil may have
increased the climate resnonse to orbital forcine. We find that
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