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__ . We've long had

, 4) "1l trouble seeing the

X planet in proper
perspective
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But then, a shortage of time
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A century of myopia

Venal, profit-driven

Old, dull and irrelevant —

But also deeply threatening to

cherished beliefs about ourselves
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© Tom Toro

Economically

“Yes, the planet got destroyed, but for a beautiful moment motivated
in time, we created a lot of value for shareholders” delusions




Delusions (cont.)

STRATOSPHERIC AEROSOL INJECTION

. e ~ Atmosphere
' / : SpaceX.com

Sulfur Dioxide
Gas

|
Reflected Sunlight \

WA
““humanmars.net’




Only recently have we
had the conceptuz
framework andgl®
analytical tools'to
the Earth clearly ov
range of spatial and
temporal scales

r




Only recently have we
had the conceptualg
framework andgl®
analytical tools’to S
the Earth clearly ovea™
range of spatial and .

temporal scales ’

Old? Very.

A7 . ey But responsive, resilient,

e S subtle, sophisticated —
‘ , far beyond our engineering
e T TS capacity or design prowess



Irradiation — Period Distribution Density — Radius Distribution
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The right ingredients in the right amounts
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luminosity (Sun
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Habits adopted over time

Atmosphere

Volcanic , = -
steam e g—_)\‘

Sublimation .
Condensation

Ice, snow, and T
glaciers ‘ l

Dep(}sition Evapotranspiration

Evaporation b/ y
/ /
/ /

Precipitation A /
Jl Fog drip ]. T / /
N\l . / [
' 3 Saline ‘
| | |

lakes

Surface runoff ~ River  Wetlands \ \

y
Oceans

Freshwater
lakes

Ocean currents

Ron Blakey
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Ratio of amount of an element
reused within biosphere to
amount coming in from
nonbiogenic sources

Calcium (4% of crust): 2
Potassium (2%): 10
Phosphorous (<0.1%): 100

Schlesinger & Bernhardt, Biogeochemistry
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Residence time = Inflow or Outflow rate

Reservoir size
LT -m‘

Nutrients ,
(N.P.S) —

Of water in atmosphere: 9 days
water in oceans: 3000 yrs
water in the mantle: 108 yrs

' Particulate Plume i Ditusebolncany -

e

Driven
Coastal

= = Of carbon in plants: 5 years
carbon in soils: 500 yrs
carbon in limestones: 108 yrs




When

Residence time < Mixing time,

Concentrations vary spatially

Residence time > Mixing time,

Reservoir is well-mixed
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If CO, mixing time were longer than its residence time...

One year of CO, emiss

ons in New York City as one-ton spheres
Adam Nieman & Chris Rabet



Diversity of marine animal families over geologic time

900
major mass extinction .

’ - 00
ilies
g
ay

ammonoids

brachiopc } stropods

examples of marine animals : =
severely affected by mass < =2\
extinction events / AN ) ==\

M\ (1 crinoids brachiopods /

graptolites | (

(2]}
Q
E
@
R
@
£
=
@
IS
“
S}
e
)
Ro!
=
3
=

L bryozoans tabulate corals rugose (horn) corals rudist bivalves

Precambrian
Cambrian
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Devonian
Carboniferous
Triassic
Paleogene
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Macrozooplankton + micronekton (2 mm=10 ¢m)

+ nanoplankton (0.2-20 um) Jock W.Young
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Bacteria + phytopl
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ankton + nanoplankton (0.2-20 um)
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Zooplankton (20-2000 um)
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Bacteria + phytoplankton + nanoplankton (0.2-20 um)
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Bacteria + phytoplankton + nanoplankton (0.2-20 um)
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Same dance;

New dancers

Maabzodblahk'wﬁ . rﬁéronékton (2 mm-lo cm)
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Bacteria + phyt‘ ankton + nanoplankton (0.2-20 um)
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Bacteria + phytopl
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ankton + nanoplankton (0.2-20 um)



o B
,
@ H,

‘\' Q‘ Pl .'."'/
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Bacteria + phytoplankton + nanoplankton (0.2-20 um)
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Same dance;

Another group of dancers
Maabzodblahk'tdﬁ + micronekton (2 mm-lo cm)

af“

o N / A ® ¢
Bacteria + phytoplankton + nanoplankton (0.2-20 um)




Is evolution in any absolute sense progressive!

Which organisms are more ‘sophisticated’- A
the elaborate but extinct ones or the j—

e 5. C c —
‘primitive’ survivors? =)
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Habits adopted

Atmosphere

Volcanic , = -
steam » / g—i\‘

Sublimation

Ice, snow, and T
glaciers ‘ l
Deposition

Precipitation
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Condensation
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Fog drip T T
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' ‘ Saline

lakes

Surface runoff ~ River  Wetlands

Freshwater
lakes
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Ocean currents

Evaporation

Oceans
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over time (cont.)

Ron Blakey




Residence times

Of water in atmosphere: 9 days
water in oceans: 3000 yrs
water in the mantle: 108 yrs

Of carbon in plants: 5 years
carbon in soils: 500 yrs
carbon in limestones: 108 yrs

MANTLE

CONTINENT

JH.0- CO.

denyaieuon

Guillaume Paris



Residence times

Of water in atmosphere: 9 days
water in oceans: 3000 yrs
water in the mantle: 108 yrs

Of carbon in plants: 5 years
carbon in soils: 500 yrs
carbon in limestones: 108 yrs

hvdration

MANTLE

A4 5 A

The Tai Chi pace of

CONTINENT

ATH O- CO.

denVelgation

Guillaume Paris



Must be hot enough for
but cool enough for a
-- and this must persist for >107? years
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& Moon
4.5 billion

Time Today
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Must be hot enough for
but cool enough for a
-- and this must persist for >107? years

(O]
o
-
)
()
o
2T —. e Too hot: no plates
-
&
> Active lid
p= Stagnant lid
T s N R Too cold: no
= mantle convection
o Mercury
& Moon
4.5 billion

Time Today
yrs ago



subduc;tion

mid-ocean
ridge

subdu_ction

Earth has an
tectonic system, with the
oceanic crust involved in
the convective process
through

This keeps the



ntire volume of the oceans circulates
through midocean ridges every

8 million, years and this process

v affects the chemlstry of

Woods Hole Oceanus B



Water carried into the mantle by
subducted slabs plays
critical roles in the functioning of
the tectonic system

— Subducted water decreases the
viscosity of the mantle and allows
mantle convection to continue
even as Earth has cooled

“of two or more oceans of water

[— L ——
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Heat transfer
imechani sm

() Convection
T Conducton

Without the magnetic field,
Earth’s atmosphere would

be stripped by the solar
wind and cosmic radiation
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seawater
hydrothermal water

— Subducted water i omait cidge W

hydratgd 0 ) /
oceanic crust i - .
X X x x
magma chamber” 'y x

dry oceanic

and creates low-
temperature melts that are - il Sxvere N\ maceaniog
e /5 M pydrated crust 3 '
composition (granitic) is ‘
very different from that of
the mantle

volcanic front
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Lifespan of ocean crust
~ |50 million yrs
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Maruyama & Okamoto, 2007



Flux-induced Melting
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Dry mantle
rock begins
to melt

—> Water-assisted melting

rock begins '\ elements

to melt
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including
that are in trace
concentrations in the mantle

Increasing temperature ——
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‘Hypsometric’ plots:
Distribution of
planetary surface
elevations

Only Earth has a

distribution
reflecting
contrasting
composition and
density of the two
types of crust

Earth is the
granite planet




Ocean crust comes from the mantle,
so how can it sink deep into the mantle!?

mid-ocean
ridge

subdugﬂon subdqcﬂon

convection convection




Decompression Melting

Basaltic Liquid
magma
Dry mant, eru Pts Melting is

rock begins complete
to melt

Olivine-rich
mantle rock
rises and partly
melts

Incomplete melting of olivine-rich mantle
(peridotite) yields magma —
richer in Si and Al than the mantle itself

-<—— aInssaid 3 yidap 6u!séaJ)U|

Increasing temperature —>



When basalt returns to the mantle via
subduction, it is metamorphosed to a

i—l GG much denser rock --
Basalt | ”

e = N Aluminum-rich garnet in eclogite is what
ey, <L A | pulls the slab down — i.e., the tectonic
system is powered by garnet

Earth is the garnet planet

Eclogite is denser
than mantle rock at
most depths

Ambient mantle (two
compositional models)
DEPTH (km)




Evidence of garnet power:
Seafloor spreading rates in
Atlantic vs. Pacific

Frictional drag
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Volumes of continental & oceanic crust seem to have
been constant for >2.5 billion yrs

Modern volume of continental crust

0 .
Formation
of Earth

One model for the change in
continental crust volume over time,
based on changing ratios of “CAr/3¢Ar
in hydrothermal minerals

(“Ar is a proxy for 4K, strongly
concentrated in the continental crust)

Pujol et al., Nature 2013



Volumes of continental & oceanic crust
have been constant for >2.5 billion yrs

—> Rates of creation and
destruction are balanced

Not too surprising for ocean crust,
since processes of creation and
recycling are genetically linked

Typical life span (residence time of
ocean crust at the surface)
~|50 million years




has an average
life span of —
much longer than ocean crust

But if there is no net growth in
continental crust, something is
slowly destroying it

Continents are too light to be
subducted (see: Himalaya)

~——Dondfa Head




has an average
life span of —
much longer than ocean crust

But if there is no net growth in
continental crust, something is
slowly destroying it

Continents are too light to be
subducted (see: Himalaya)

~——Dondfa Head

Erosion (a kind of progressive taxation that
exacts the most from the loftiest)
is a start, but not the whole story



Most eroded continental sediments end up on
— still part of the continent,
and not subductable
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Continental
crust that lies
below sea level: #=
Continental
shelves

(-

Norsk Geologiske Undersgkelse

G I L R
S 10 15 20 25

Percentage Continental shelf sediments host most of the world’s oil and gas fields



Intermittent submarine landslides —
— can carry
continental sediment to the deep
seafloor forming submarine fans that
may one day be subducted

Strangely, this multi-stage process
keeps pace with the creation of
new continental material above

subduction zones
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The , with their rich
sedimentary and paleontological records,
are

Not subject to erosion like exposed
continental crust, and not subject to
subduction like oceanic crust

Most of what we know about life, climate
and surface processes over time comes
from recent or ancient continental shelf
sediments (some conveniently tilted on

edge in mountain belts)



The continental shelves -- these
planetary archives -- are purely

middleweb.com

The planet wouldn’t have to be
that way. It’s almost as if it
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APPENDIX 111: Environmental Crises in Earth’s History: Causes and Consequences

EVENT!

Extinction
Severity®

C Cyele
Perturbation:
Volcanic/
lectonic

C Cycle
Perturbation:
Biogenic
(ag"C)?

Climate
Change

Uzone
Destruction

Ocean Oocan

Sea Level Acdity Anoxia

Aftermath/
Legacy

Snowhall
Earth
TA0-570 Ma

End-
Ordowician
extinction
(#2) 440 Ma

Late
Devonian
cxtinction
[#4) 365 Ma

End-Permian
cxtinction
(#1250 Ma

End-Triassic
(#3) 200 Ma

End-
Cretaccous
(#4) 65 Ma

Paleocene-
Eocene
Thermal Max.
55 Ma

Anthropocene

Unknown—
likely severe

57% of genera
B6% of species

35% of genera
75% of species

56% of genera
95% of species

47% of genera
BT of species

40% of genera
76% of species

Deep-ocean
foraminifera hit

hard

Extinction
rates 100-100X
background

Initial cooling:
L sequestration
= voleanic
CIMISEI00E

Possibly ended
by methane

bydrate release
(AFC = —10)*

Probably some type of C cycle

disturbances, but not well

constrained

Siberian Traps

{flood basalts)

Crentral
Atlantic
Meteorite
impact releases
0, from
carbonates
Decean Traps

North Atantic
flood basalts

Brogenic

C burial =
decomposition
(AGC = ca. +4)F

Methane
bydrates and/
or burning coal
SCams

(ABTC = —8)*

(ABTC = —3)

(AFC = -1)

Methane
hydrates and/
or burning coal
SCAIME

(ABPC = -3)*

Fossil fuel
combustion
(ABC = -2)*F

Extreme
cold, then
extrome
warmth

Very low
to high

Abrupt ice
age followed
by rapid

warming

High to
low to high

Abrupt
coaling

High to
loar

Caold to
extremely
Warm

Yes—hby
volcanic
pases

Hot and dry

Short cold
spell {ash,
50,), then
long warm
period (COy)

Maybe—
chlorine
from
seawater
vaporized
inimpact?

Warming
spike

Rapid rise

Rapid
warming

Rapid rise

Ediacaran fauna,
then Cambrian
explosion

Cambrian
OIEanisms
ie.g., trilobites)
decimated

Marine filter-
feeders diversify

Permanent
CCOSYSLEm
reorgamization;
low O, for

=1 million years

DVinosaurs

diversify

Dinosaurs vanish
(except birds);
mammals

diversify

Mo ice; major

land and deep-
503 LCOsYEtem
changes




