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•  Why	  is	  Earth	  the 	   	   	   	   	   	   	   	   	   	   	   	  	  	  	  	  
	  only	  terrestrial	  planet	  in	  our	  solar	  system	  with…	  	  
•  plate	  tectonics,	  	  
•  liquid	  water,	  	  
•  temperate	  climate,	  	  
•  …and	  life?	  

Unique	  Earth?	  



In	  the	  
beginning…	  
Big	  Bang	  

•  Motivation: Hubble expansion, night-time sky, 
“CMB” = 3K space 

•  0-10-43 s – Planck ‘epoch’  
•  10-35 s – Inflation ‘epoch’ (expansion v>c) 
•  10-5 s – quark soup, matter-antimatter annihilation, 

Hadron epoch (e.g., neutrons, protons) 
•  1 s – Lepton ‘epoch’ (e.g., electrons, neutrinos) 
•   1-100s –nuclei; free neutrons unstable so only 1 in 

8 hadrons are neutrons, rest protons;  75% mass 
H, 25% He; trace amount of other light ones (Li) 

•  100kyrs – Radiation ‘epoch’ : matter, energy high 
density and coupled; ends when light “escapes” 

•  380kyrs – atoms form, release energy now seen in 
CMB; Matter ‘epoch’ starts 

•  300-400Myrs – Dark Ages;  ends with formation of 
first giant H-He stars called Population III stars 
(perhaps only recently first observed) 

•  1-3Gyrs – peak star formation, galaxies and 
galactic clusters 

See	  M.	  Turner,	  ScienJfic	  American,	  September	  2009,	  pp36-‐43.	  	  

	  



•  GravitaJonal	  interacJon	  between	  and	  within	  galaxies	  implies	  
presence	  of	  Dark	  MaCer	  (but	  doesn’t	  radiate	  and	  doesn’t	  collapse)	  

•  Hubble	  telescope	  observaJons	  imply	  Universe	  expansion	  is	  
accelera&ng	  (since	  about	  4Ga)	  	  fuel	  for	  which	  is	  Dark	  Energy	  

•  Energy,volume	  means	  >70%	  of	  universe	  made	  of	  Dark	  Energy	  
•  Atomic	  ma^er	  only	  makes	  4%	  



Wikimedia	  commons;	  	  from	  WMAP	  probe	  project	  



•  Gravitational collapse of 
cloud fragment about 
1-3 light yrs across  

l  Gravitational Potential 
Energy exchanged for 
Kinetic Energy and Heat 

l  Higher T and P resists 
collapse!  

l  Need impulse (e.g. super 
nova?) 

l  Energy sinks (“phase 
changes”) to stabilize T 
and facilitate collapse 

H2  to H 
H to H+ 

Cloud-core mass > 0.08Msun 
reaches T >107K 

Pre-‐solar	  nebula	  collapse	  



l  H to He nuclear fusion 
reactor 
•  Fusion releases 

energy, stops 
collapse 

•  Powers stars like our 
Sun (“Sol”) 

•  H-He fusion (proton-
proton reaction) is 
slow 

•  Uses up H in 10Gyrs 
(10 billion years) and 
collapses again 

l  Collapses and reheats; 
at T=108C fusion again:  
•  He to oxygen (O) 

and carbon (C) Image of the Sun in x-ray spectrum 



Stars > 15 solar 
masses 
 

•  Burn much 
hotter and  
faster (106yrs) 

 
•  Start off fusing 

elements up 
through silicon 
(Si), mag-
nesium (Mg), 
etc - releases 
more and more 
energy 

 
•  Stops at iron 

(Fe) –beyond 
which fusion 
absorbs energy 

Red Super Giant Star 



Star	  comparisons	  



Alpha	  and	  CNO	  Processes	  
•  Triple	  alpha	  process	  (slow)	  –	  carbon	  bo^leneck	  

–  4He	  +	  4He	  è	  8Be	  	  
–  8Be	  +	  4He	  è12C	  	  

•  Alpha	  process	  (alpha	  chain)	  –	  needs	  C	  above	  
–  4He	  +	  12C	  è16O	  
–  4He	  +	  16O	  è20Ne	  
–  4He	  +	  20Ne	  è24Mg	  
–  4He	  +	  24Mg	  è28Si	  
– ……	  to	  56Fe	  

•  CNO	  process	  
– He	  “feed”	  to	  lower	  levels:	  
–  catalyze	  H	  to	  He	  conversion	  in	  stars	  >	  1.3Msun	  
–  Fuse	  H	  +	  C	  to	  make	  N,	  again	  to	  make	  O	  	  
–  Eventually	  decay	  to	  leave	  C	  and	  He	  



Elements heavier 
than iron (uranium, 
thorium...) made by 
neutron capture 

•  Slowly inside large 
stars (s process) 

 
•  And rapidly after 

all fuel used up, 
final collapse and 
explosion as 
Super Nova (r 
process) 

 
•  Evidence of 60Fe in 

meteorite dust 
grains implies our 
solar system cloud 
collapse started by 
super nova 

What's left? 
 neutron star or black hole  

Insert	  	  graphics	  from	  
Images/Astrophys/SuperNovaGif/snX.gif	  
where	  X	  =	  1,2,3	  



•  Giant stars form 
and die frequently 

•  Peak giant star 
formation ~11Ga 

•  Provide C, O,N, 
P, Si, Mg, Fe, etc 

•  “Dust” nebula 
accumulate from 
solar wind and 
SuperNova ejecta 
to make planetary 
systems 

Star forming 
Eagle Nebula 
(aka M16) 



Cloud	  collapse	  into	  disk	  

l  Spin of initial 
cloud causes 
collapse into 
disk 

l  Most of disk 
spinning around 
central mass 
(star) 

l  Mass of disk 
about 0.1% of 
Solar mass 





Frost	  line	  ~	  2.7-‐4AU	  

•  Distance	  from	  sun	  past	  which	  temperature	  is	  
sufficiently	  cool	  for	  hydrogen	  compounds	  such	  
as	  water,	  ammonia,	  and	  methane	  to	  condense	  
into	  solid	  ice	  grains	  

•  Middle	  of	  asteroid	  belt—2.7	  AU	  
•  ~150	  K	  



Planet	  forma1on	  
l  Small	  parJcles	  (1µ-‐1m)	  sJck	  by	  
electrostaJc,	  Van	  der	  Waals	  
forces;	  grow	  quickly	  or	  spiral	  in	  
b/c	  of	  gas	  drag	  

l  When	  big	  enough	  (1km):	  less	  
gas	  drag,	  gravitaJonal	  clumping	  
and	  sweeping	  up	  mass	  in	  
orbital	  paths	  

l  Planets	  further	  from	  Sun	  have	  
bigger	  gravitaJonal	  sweep	  

l  Must	  all	  happen	  “fast”	  before	  
pre-‐solar-‐igniJon	  and	  solar	  
wind	  blow	  out….(T-‐Tauri	  phase)	  
10-‐100Myrs	  



•  Solar system forms 
and Earth “accretes” 
about 4.6 billion yrs 
ago 

•  Energy of colliding/
sticking bodies stored 
as PRIMORDIAL HEAT 

Components	  from	  something	  
like	  asteroids,	  	  more	  
specifically	  chondrites	  make	  
up	  bulk	  Earth	  (arguably)	  



Are	  they	  from	  outer	  
cometary	  material?	  
(exogenic)	  
	  Late	  veneer	  hypothesis	  
•  Inner	  solar	  system	  dry	  
•  Early	  earth	  with	  frequent	  

impacts,	  too	  hot	  to	  keep	  
surface	  water	  	  

•  Came	  late	  from	  
accumulaJon	  of	  volaJle-‐
rich	  impactors	  (comets)	  

•  Comets	  from	  outer	  solar	  
sysem	  (Kuiper	  Belt	  and	  
Oort	  Cloud)	  

Origin	  of	  atmosphere	  and	  oceans?	  	  



l  Are they from interior 
(endogenic)? 

l  Water content of bulk Earth is 
tiny (0.02% by mass); in bulk 
very dry.  Don’t need much to 
make oceans, etc  

l  Freezing of early magma 
ocean… 
l  Releases gases as it 

crystallizes 
l  Mantle degasses through 

volcanism as planet cools 

BallenJne	  (Science	  2002)	  

Origin	  of	  atmosphere	  and	  oceans?	  	  



Marty (2012) 
Isotopic	  signature	  of	  D/H	  most	  like	  meteorites	  (chondrites)	  
Implies	  oceans	  degassed	  from	  interior,	  not	  from	  comets	  
(Recent	  “excepJon”	  Hartley	  comet	  has	  different	  N	  isotope	  signature)	  





Data from Jarosewich (1990) 
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Chondrites	  are	  good	  candidates	  for	  source	  of	  water	  and	  carbon	  



Planetary	  atmospheres	  

l  Early terrestrials, 
Venus, Earth, Mars 

l  All started (probably) 
with CO2 rich 
atmospheres from 
degassing 
l  Plus also modern 

volcanic output 
(H2O, SO2, 
Cl2,N2..)  

 



Early	  Planetary	  
Atmospheres	  

¡  Divergent planetary evolutions 
¡  Venus now: 

¡  Thick CO2 atmosphere, trace amount of water, super-hot surface 

¡  Mars now 
¡  Thin CO2 atmosphere, probably significant water in permafrost, 

ice-caps, very cold surface 

¡  Earth now 
¡  Moderately thin atmosphere of mostly N2 (inert) and O2  (life) 

instead of CO2; temperate climate,  large liquid water oceans  
¡  Carbon now mostly in ocean and crustal carbonates and kerogen 



0.0401%(*)	  

*401.24ppm	  as	  of	  April	  2015	  
h^p://www.esrl.noaa.gov/gmd/ccgg/trends/global.html#global_data	  



•  CO2	  and	  H20	  are	  both	  
strong	  GH	  gases	  

•  Degassing	  of	  both	  increases	  
atmospheric	  pressure	  and	  
temperature	  

•  If	  T(P)	  rises	  faster	  than	  
and/or	  misses	  	  Tc(P)	  of	  
water	  
•  atmosphere	  never	  

saturated,	  no	  condensaJon	  
and	  removal	  of	  water	  to	  
oceans	  

•  just	  keeps	  gezng	  ho^er	  
•  UV	  dissociates	  H2O	  and	  H	  

escapes	  
•  O2	  locked	  up	  in	  rocks	  
•  Present	  T	  480oC	  

•  Rocks	  glow	  at	  night	  

Venus	  and	  the	  runaway	  
Greenhouse	  

altitude the radiation emitted is equal to that absorbed. The radia-
tive solution for ground temperature Tg in a gray greenhouse is (De
Pater and Lissauer, 2010),

T4
g ¼ T4

e 1þ 3
4
sg

! "
ð24Þ

where Te is the effective radiating temperature of the atmosphere
and sg is optical depth at the ground. Effective temperature Te is,

T4
e ¼
ð1%AÞS

4r ð25Þ

where A is albedo (see Section 2.3.4), r is the Stefan–Boltzmann
constant, and S = L/4pa2 is solar insolation at orbital distance a
and solar luminosity L. Optical depth at the ground is related to
the partial pressure of each absorbing greenhouse gas as,

sg ¼
Pw

Pj;w
þ Pc

Pj;c
ð26Þ

where the water opacity pressure Pj;w ¼ ð !ma= !mwÞðg=lwjwÞ is a con-
stant (Ingersoll, 1969), !m is molar mass (subscript a refers to back-
ground atmosphere), g is gravity, lw is relative humidity, and j is
opacity (see Table 6 for constants). Carbon dioxide opacity pressure
Pj,c is defined similarly. On Earth water vapor is the dominant
absorbing species, which can be approximated as a gray absorber.
On the other hand, CO2, which is the dominant absorbing species
on Venus, is non-gray thus we use a lower bound that approximates
the collisionally broadened continuum opacity of jCO2 & 10%4 m2 -
kg%1 (Meadows and Crisp, 1996; Takagi et al., 2010). Where the
non-gray effects of CO2 absorption are important this gray model
is a first-order approximation.

At high pressure, when the radiative temperature gradient
reaches the adiabatic lapse rate the atmosphere will transition
from purely radiative to a radiative–convective equilibrium. The
specific P–T at which this transition occurs depends on composi-
tion, but typically occurs at water partial pressures greater than
'103 Pa. Therefore, the assumption of radiative equilibrium (26)
is reasonable at relatively low pressure and temperature condi-
tions. In a dry convective atmosphere the temperature depends
on pressure to the exponent Rg= !macp, where cp is heat capacity at
constant pressure and Rg is the gas constant. For typical atmo-
spheric compositions (e.g. N2, H2O, CO2) Rg= !macp & 1=4, so the
dependence of temperature on pressure is approximately the same
in both the radiative (24) and dry convective regions (Abe and Mat-
sui, 1985). In other words, the radiative temperature profile in (24)
approximates both radiative equilibrium at small s and radiative–
convective equilibrium at large s.

2.3.2. Greenhouse stability
There is no direct evidence to constrain the initial conditions on

the surface of Earth or Venus, so we will pursue the simplest pos-
sible condition of no initial atmosphere, and allow the atmosphere
to be degassed from the interior. This initial state may apply, for
example, if the last major magma ocean was undersaturated en-
ough to dissolve an ocean of water from the surface prior to solid-
ification (Elkins-Tanton and Seager, 2008). Later as the solid
mantle cools, water will slowly be degassed to the atmosphere.
Degassing the atmosphere from the interior provides an evolution
of surface temperature and pressure that can be used to determine
whether water condenses or remains as vapor at the ground.

Maintaining liquid water in equilibrium with water vapor at the
ground requires that the water pressure and temperature at the
ground fall along the saturation relation for water (Ingersoll,
1969; Rasool and de Bergh, 1970). This condition is illustrated in
Fig. 3 where the liquid–vapor saturation curve for water and the
radiative ground temperature from (24) are shown as a function
of water vapor pressure for various CO2 pressures Pc. First consider

Earth’s present-day CO2 abundance of P(c ¼ 39 Pa as fixed for sim-
plicity, although in the model CO2 will be degassed with water. As
water is degassed from the mantle into the atmosphere, infrared
absorption increases the ground temperature along the radiative
curve (24) until it intersects the saturation curve (11) at point A
(Fig. 3). At this point the ground is saturated so that water precip-
itates and the ocean accumulates. If the degassing rate exceeds the
net precipitation rate for some time then water vapor will accumu-
late in the atmosphere and push ground pressure and temperature
up the water saturation curve until equilibrium is reached.

Alternatively, consider shifting the entire radiative temperature
curve up until it is tangent to the water saturation curve. This can
be done by either increasing the initial CO2 pressure Pc to ' 300P(c
(depending on the opacity of CO2) or increasing the effective radi-
ating temperature Te to '272 K (with larger solar insolation). In
these cases the radiative temperature curve will not intersect the
saturation curve and liquid water will not condense at the surface.
Following Ingersoll, 1969, we refer to this all vapor atmosphere as
a runaway greenhouse where all surface volatiles are in the gas
phase. The evolution of this all vapor atmosphere differs from
the moist runaway greenhouse models where the ground is as-
sumed to be water saturated up to the critical phase for water
(e.g. Kasting, 1988; Nakajima et al., 1992). However, the critical
flux at which the runaway occurs Fe & 310 W m%2 is similar to
other estimates of the Komabayashi–Ingersoll flux limit (Kasting,
1988; Nakajima et al., 1992; Ingersoll, 1969).

2.3.3. Condensation of water vapor
The condensation of water vapor in the troposphere influences

the concentration of hydrogen at the tropopause, which controls
the diffusive escape limit (Section 2.2.1). To compute the mixing
ratio at the tropopause we first identify whether there is a water
saturated region in the atmosphere. A saturated region exists if
the radiative temperature curve intersects the water saturation
curve (Fig. 3). The saturated region reaches the ground if the
ground radiative temperature and pressure are below the satura-
tion curve, or exists above the ground if the intersection occurs
at pressures lower than the ground pressure. In the later case the
region between the ground and saturated region is adiabatically
well mixed, where the mixing ratio is constant and equal to the
ground mixing ratio ag = Pw,g/(Pw,g + Pn,g), where Pn,g is the ground
pressure of non-condensible gases (e.g. CO2). In the Earth models,
Pn,g also includes 1 bar of N2. The mixing ratio at the bottom of
the saturated region is also ag. Up through the saturated region

Fig. 3. Time evolution of radiative surface temperature Tg given in (24) (black) and
the saturation temperature for water defined in (11) (gray) as a function of water
pressure Pw. Radiative temperature curves are shown at Earth’s orbit for CO2 partial
pressures of 1 (solid) and 300 (dashed) times present levels (lower curves), and at
Venus’ orbit with no CO2 (upper curve). The point A marks the first intersection of
the radiative temperature and water saturation curves during the outgassing of
water.

P. Driscoll, D. Bercovici / Icarus 226 (2013) 1447–1464 1453

Driscoll	  &	  Bercovici	  2013	  a|er	  Ingersoll	  1969	  



•  High CO2 levels would 
have made initial 
~300oC atmosphere  

•  Evidence from zircons 
suggests Earth had 
“cool” liquid oceans  
soon after magma 
ocean >4Gyrs ago,  
after cooling of 
“magma ocean” 

•  First life by 3.5Gyr ago:  
•  CO2 levels and temperature became low enough by 4Gyr for 

“cool” liquid water and by 3.5Gyr to allow life .  
•  What drew down CO2?   

Early	  Earthy	  



Earth	  cools	  	  
to	  space	  

•  Total	  heat	  output	  
from	  Earth	  about	  
46TW	  
•  1	  TeraWa^	  =	  	  	  	  	  	  	  	  	  	  1	  
trillion	  Wa^s	  

•  More	  than	  ½	  from	  
primordial	  heat	  	  

•  Less	  than	  ½	  from	  
radioacJve	  decay	  
(e.g.,	  of	  Uranium,	  
Thorium)	  

•  Fuel	  for	  plate	  tectonic	  
ac1vity	  

•  Compare:	  solar	  heaJng	  is	  
about	  170,000TW	  



•  Terrestrial	  mantle	  convec1on	  
l  Thick	  layer	  of	  solid	  rock	  between	  crust	  and	  core	  
l  Rock	  near	  surface	  cools	  and	  is	  heavy	  
l  Rock	  near	  molten	  iron	  core	  heats	  and	  is	  light	  
l  Mantle	  convects	  slowly	  (on	  Earth:	  1-‐10cm/yr)	  
l  Governs	  how	  fast	  the	  en1re	  planet	  cools	  to	  space	  
l  Only	  Earth	  (as	  far	  as	  we	  know)	  has	  convec1ve	  circula1on	  interac1ng	  

with	  the	  surface,	  i.e.,	  plate	  tectonics	  

S.	  Zhong,	  Univ.	  Colorado	  



Plate	  Tectonics	  and	  Convec1on	  

Plate	  tectonics	  (aka	  conJnental	  dri|)	  is	  the	  top	  of	  the	  convecJng	  mantle	  where	  near	  surface	  
layer	  of	  rock	  (plates)	  are	  pulled	  along	  	  by	  the	  cold,	  heavy	  stuff	  sinking	  into	  the	  mantle	  along	  
subducJon	  zones,	  which	  are	  marked	  by	  deep	  ocean	  trenches	  	  



Plate	  Tectonic	  
Carbon	  Cycle	  

•  Volcanism and mountain building  expose fresh minerals (i.e., in 
chem equilibrium with subsurface, not atmosphere) 

•  CO2 dissolved in rain, river and sea water  makes weak 
carbonic acid H2CO3 

•  Erosion weathering of mountains washes minerals into rivers, 
oceans – react with acid and make carbonates 

•  Today – biologically mediated: organisms use these carbonates 
to make shells;  80% of today’s CO2 bound up in limestone 
(20% in kerogens) 

Plate tectonics exposes 
fresh minerals to 
atmosphere and ocean 



Arc	  Volcanism	  
Returns	  CO2	  

•  If all  CO2 were 
drawn down 
without being 
returned, the Earth 
would get too cold 
and freeze over 

•  Subduction zones 
drag down sea-
floor carbonates, 
cook out CO2 into 
mantle wedge 
(along with water), 
melts mantle, 
etc… 

•  Returns CO2 by 
arc volcanism 



• Important negative feedback stabilizes climate over  
• 10s-100s of Myrs 
•  If CO2 levels  rise then temperature rises 

•  Ocean evaporation and precipitation drives weathering and 
carbonation of minerals and draws down CO2 and cools climate 

•  If CO2 levels fall then temperature drops 
•  Lower precipitation limits CO2 draw-down, but volcanoes continue to 

pump out CO2 and re-warm the climate 
•  Need the hydrologic cycle (gas      liquid)  for this to work 



Present surface 
carbon budget  

 ~ 108 Gt  
(1Gt = 1012kg = 1Pg) 
 
Mostly in continental 
lithosphere as 
limestone  
(Falkowski et al, Science 
290, p291-296, 2000) 

1-10 times this total stored in 
Mantle 
20-80 times this perhaps 
stored in core 
(Dasgupta & Hirschmann 2010) 

with reasonable certainty (28). These uncer-
tainties affect our ability to predict specific
responses, but not the sign of the changes in
atmospheric CO2 or the impact of this change
on upper ocean pH. If our current understand-
ing of the ocean carbon cycle is borne out, the
sink strength of the oceans will weaken, leav-
ing a larger fraction of anthropogenically pro-
duced CO2 in the atmosphere or to be ab-
sorbed by terrestrial ecosystems.

Terrestrial ecosystems also exchange CO2

rapidly with the atmosphere, but unlike in the
oceans, there is no physicochemical pump.
CO2 is removed from the atmosphere through
photosynthesis and stored in organic matter.
It is returned to the atmosphere via a number
of respiratory pathways that operate on vari-
ous time scales: (i) autotrophic respiration by
the plants themselves; (ii) heterotrophic res-
piration, in which plant-derived organic mat-
ter is oxidized primarily by soil microbes;
and (iii) disturbances, such as fire, in which
large amounts of organic matter are oxidized
in very short periods of time.

On a global basis, terrestrial carbon stor-
age primarily occurs in forests (29). The sum
of carbon in living terrestrial biomass and
soils is approximately three times greater
than the CO2 in the atmosphere (Table 1), but
the turnover time of terrestrial carbon is on
the order of decades. Direct determination of
changes in terrestrial carbon storage has
proven extremely difficult (30). Rather, the
contribution of terrestrial ecosystems to car-
bon storage is inferred from changes in the
concentrations of atmospheric gases, espe-
cially CO2 and O2, their isotopic composi-
tion, inventories of land use change, and
models (31–33). The models require accurate
knowledge of the oceanic uptake of CO2 (31,
34, 35).

Terrestrial net primary production (NPP)
(36 ) is not saturated by present atmospheric
CO2 concentrations (37 ). Consequently, as
atmospheric CO2 increases, terrestrial plants
are a potential sink for anthropogenic carbon.
The principal carbon-fixing enzyme in plants
is ribulose 1,5-bisphosphate carboxylase/ox-
ygenase (rubisco) (38). In C3 plants, the ac-
tivity of rubisco increases with increasing
CO2 concentrations, saturating between 800
and 1000 ppmv CO2, a concentration that
will probably be reached early in the next
century at the present emissions rate (2). Be-
cause the saturation function decreases as
CO2 increases, terrestrial plants will become
less of a sink for CO2 in coming decades.
Some experimental evidence suggests that
because of nutrient limitation (39), NPP may
level off at only 10 to 20% above current
rates, at an atmospheric CO2 concentration of
550 to 650 ppmv, or double preindustrial
concentrations (40). Furthermore, increased
temperature will probably lead to higher mi-
crobial heterotrophic respiration, which may

counteract and even exceed the enhancement
of NPP (41). The combined effects of higher
CO2 concentrations, higher temperatures, and
changes in disturbance and soil moisture re-
gimes lead to considerable uncertainty about
the ability of terrestrial ecosystems to miti-
gate against rising CO2 in the coming decades
(42). However, recent results from long-term
soil warming experiments in a boreal forest
contradict the idea that the projected rise in
temperature is likely to lead to forests that are
now carbon sinks becoming carbon sources
in the foreseeable future (43).

Again, as in the case of marine ecosys-
tems, we can predict that the negative feed-
back afforded by terrestrial ecosystems in
removing anthropogenic CO2 from atmo-
sphere will continue; however, the sink
strength will almost certainly weaken. The
exact magnitude of the change in sink
strength remains unclear.

Interaction of the carbon cycle with other
biogeochemical cycles. All biotic sinks for
CO2 require other nutrients in addition to
carbon. Humans have affected virtually every
major biogeochemical cycle (Table 2), but
the effects of these impacts on the interac-
tions between these elemental cycles are
poorly understood (44 ). The production of
synthetic fertilizers, the cultivation of nitro-
gen-fixing crops, and the deposition of fossil
fuel–associated nitrogen are collectively of
the same order of magnitude as natural bio-
logical nitrogen fixation (45). These inputs
will continue to rise with the projected in-
crease in human population (46 ). Similarly,
there has been an approximately fourfold in-
crease in phosphorus inputs to the biosphere,
primarily due to mining of phosphorus com-
pounds for fertilizer.

At first glance, one might conclude that
simultaneous increases in nitrogen fixation
and phosphate production would stimulate
the biological sequestration of carbon in ter-
restrial and marine ecosystems. Will such
stimulation provide salvation from the con-
tinued anthropogenic emissions of CO2 to the
atmosphere?

It is estimated that by 2050, the total
transport of fixed inorganic nitrogen from
land to the coastal zone will have increased
from the present value of !20 teragrams (Tg)
of nitrogen to ! 40 Tg of nitrogen per year
(47 ), concomitant with an increase in human
population from 6 to 9 or 10 billion. Al-
though nutrient loading has resulted in coast-
al eutrophication on a global scale (48), deni-
trification presently removes virtually all
land-derived nitrogen before it can reach the
open ocean (49, 50). Coastal denitrification
thus effectively decouples the terrestrial and
oceanic nitrogen cycles. However, even if no
denitrification occurred, the increased flux of
land-derived nitrogen would sequester only
0.4 Gt of carbon per year (48), corresponding

to about 5% of the present anthropogenic
CO

2
emissions.

There is no evidence that phosphorus sig-
nificantly limits primary production in coast-
al or open oceans on a global scale (51) or
that phosphorus loading of the coastal oceans
has significantly altered global primary pro-
duction (46 ).

Iron is a micronutrient that limits both
primary production (52) and nitrogen fixation
in many areas of the ocean (53). Eolian
(windborne) iron fluxes, a principal source of
iron input to the open ocean, are coupled both
to land use and the hydrological cycle (54 ).
Episodic aridity affects eolian iron supplies,
and in the coming decades, iron fluxes to the
ocean could therefore increase because of
increased evaporation of soil moisture or de-
crease because of increased precipitation
(55). Increases in evaporation and increases
in precipitation are expected in different parts
of the land surface in response to increasing
global temperatures. Thus, although increas-
ing temperature and its potential influence on
the availability of iron in the open ocean will
affect the biological uptake of carbon in the
ocean, at present we do not know the sign of
the changes. However, even if iron fluxes
were to increase to such an extent that oce-
anic nitrogen fixation were stimulated to the
maximum, the maximum change in atmo-
spheric CO2 that could ensue would be about
40 ppmv. Although not insignificant, such an
effect is unrealistic on time scales of centu-
ries (56 ).

Eolian nitrogen inputs can also potentially
enhance both terrestrial and marine uptake of
anthropogenic CO2 (37 ). In terrestrial eco-
systems, the sink strength resulting from eo-
lian nitrogen deposition depends on the car-
bon: nitrogen ratio of the stored organic mat-

Table 1. Carbon pools in the major reservoirs on
Earth.

Pools Quantity
(Gt)

Atmosphere 720

Oceans 38,400
Total inorganic 37,400
Surface layer 670
Deep layer 36,730
Total organic 1,000

Lithosphere
Sedimentary carbonates "60,000,000
Kerogens 15,000,000

Terrestrial biosphere (total) 2,000
Living biomass 600–1,000
Dead biomass 1,200

Aquatic biosphere 1–2
Fossil fuels 4,130

Coal 3,510
Oil 230
Gas 140
Other (peat) 250
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Plate	  tectonics:	  
Why	  only	  Earth?	  

•  Mars and Venus (and Mercury and Moon) 
are in stagnant lid, or one-plate planet 

•  Mars perhaps once had plate tectonics early 
in its history, but not anymore 

•  Venus’ surface appears to about 500Myrs old 
suggesting a resurfacing event, but no other 
sign of active plate tectonics (some arguable 
signs of subduction) 

•  What makes a planet’s mantle convection  
“plate-tectonic”  vs “stagnant-lid”? 



	  Mantle	  rock	  “creep”	  rheology	  

strain-‐rate	   stress	  

grain-‐size	  

ė = A(T )�n

ė = B(T )�/Rm

temperature	  



V.	  Solomatov	  

no	  convecJon	  

stagnant	  
lid	  

sluggish	  lid	  

nearly	  isoviscous	  
Ea
rt
h-‐
lik
e	  
re
gi
m
e	  



Plate	  Genera1on	  
Mechanisms	  

•  Most	  terrestrial	  mantles	  undergo	  
stagnant	  lid	  convecJon	  

•  Earth	  has	  self-‐so|ening	  feedbacks	  	  	  
•  deformaJon	  so|ens	  material	  
•  weak	  zones	  focus	  deformaJon	  
•  causes	  more	  so|ening,	  more	  focusing:	  

shear-‐localizaJon	  
•  Allows	  convecJng	  mantle	  to	  generate	  	  
•  strong	  broad	  plates,	  	  
•  narrow,	  weak	  long-‐las1ng	  boundaries	  	  
•  localized	  strike-‐slip	  shear	  



Need	  to	  go	  from	  global	  scale	  to	  …..	  



PeridoJte	  mylonite	  	  (Lars	  Hansen)	  

…..grain	  scale	  





Foam	  coarsening	  

Hiraga	  et	  al	  2010	  

Surface	  tension	  and	  high	  curvature	  on	  small	  bubbles	  relaJve	  to	  
large	  ones	  squeezes	  fluid	  from	  small	  to	  large	  grains:	  big	  bubbles	  
eat	  the	  small	  bubbles	  



•  Mineral	  grains	  grow	  if	  “staJc”	  and	  get	  stronger	  	  

Grain-‐scale	  Processes	  

Hiraga	  et	  al	  2010	  

	  
•  With	  deformaJon	  and	  damage	  (dislocaJons),	  	  grain-‐size	  

reduces	  
•  Rocks	  apparently	  so|en	  as	  grains	  “shrink”	  è	  posi1ve	  feedback	  
•  “Deep”	  lithospheric	  mechanism	  
•  Evident	  in	  mylonites	  



Grain-‐growth	  or	  
coarsening	  

Healing	  and	  Damage	  

Low	  surface	  
energy	  

High	  surface	  
energy	  

Damage	  	  
è	  work	  provides	  
energy	  increase	  

High	  curvature,	  
strong	  surface	  
tension	  “squeeze”	  

Damage	  



Grain	  evolu1on	  and	  damage	  laws	  
	  Grainsize	  (R)	  evolu1on:	  	  healing	  vs	  damage	


Composite	  disloca1on	  +	  diffusion	  creep	  rheology	  

dR

dt
=

C
pRp�1

�DR2⌧ : ė

ė =
�
a⌧n�1 + bR�m

�
⌧

•  Strain	  rate	  increases	  with	  decreasing	  R,	  more	  damage,	  smaller	  R,	  more	  strain-‐rate… 
•  Get	  localizaJon,	  weakening	  AND	  with	  slow	  healing,	  	  weakening	  history	  
•  Healing	  rate	  C	  =	  func(T);	  higher/lower	  T	  promotes/suppresses	  	  healing	  



•  As	  damage	  to	  
healing	  ra1o	  fA	  :	  
kA	  increases	  

•  stagnant	  surface	  
transi1ons	  to	  	  	  	  	  	  	  	  
plate-‐like	  
surface	  

Convec1on	  
with	  

damage*	  

*Landuyt	  &	  Bercovici	  2009	  



Planetary	  
Climate	  and	  	  
Tectonics?	  

•  Higher	  surface	  T	  
promotes	  healing,	  
suppresses	  damage	  

•  èlow	  damage:healing	  
ra&o	  èVenus	  

•  Lower	  surface	  T	  reduces	  
healing	  promotes	  
damage	  è high	  
damage:healing	  ra&o	  
èEarth	  

	   See	  also	  Lenardic	  et	  al	  EPSL	  2008	  



Planetary	  plate	  
genera1on	  phase	  

diagram	  
•  ConvecJon	  models	  

with	  grain	  damage:	  
“plate”	  state	  
depends	  on	  raJo	  of	  
damage	  to	  healing	  

•  Healing	  is	  	  surface	  T	  
dependent	  

•  ConvecJon,	  damage	  
depend	  on	  size	  (Ra	  
number)	  

•  Yields	  a	  “phase	  
boundary”	  defining	  
when	  planet’s	  
surface	  is	  plate-‐like	  
or	  stagnant	  

Foley	  et	  al	  (EPSL2012)	  



•  An	  important	  role	  of	  liquid	  water	  is	  to	  keep	  moderate	  climate	  
through	  promo1ng	  carbon	  cycle,	  not	  necessarily	  only	  through	  
weakening	  

•  Plate	  tectonic	  feedback	  likewise	  stabilizes	  carbon	  cycle	  



Water	  inges1on	  &	  plate	  tectonics	  	  

Wedge	  hydrous	  mel1ng	  allows	  asymmetric	  subduc1on	  

44 GEOLOGY, January 2008

We employ a viscoelastic-plastic rheology with 
experimentally calibrated fl ow laws and elastic 
shear moduli computed from stable phase assem-
blages for each lithology (cf. Gerya et al. [2006] 
for rheological and petro logical details). The 

plastic strength is taken to be dependent on pore-
fl uid pressure, Pfl uid, such that (Ranalli, 1995):

 σyield = C + sin(ϕ)P, (3)

and

 sin(ϕ) = sin(ϕdry)(1 – λ), (4)

where P is pressure, C is cohesion (residual 
strength at P = 0), ϕ is effective internal friction 
angle (ϕdry is ϕ for fl uid-absent conditions), and 
λ = Pfl uid/P is the pore-fl uid-pressure factor. For 
crystalline rocks, sin(ϕdry) typically varies from 
0.2 to 0.9, depending on pressure, temperature, 
and mineralogical composition (Brace and 
 Kohlestedt, 1980; Moore et al., 1997).

The pore-fl uid-pressure factor (λ) controls 
the plastic strength of porous or fractured 
media. A hydrostatic gradient with λ = 0.4 is 
generally accepted for the upper crust ( Sibson, 
1990). As follows from studies of deep wells 
(e.g., Sibson, 1990) at larger depths relevant for 
fl uid release in subduction zones (10–300 km), 
pressure of free porous fl uid will be close to 
litho static (i.e., λ ≈ 1 and ϕ ≈ 0). Thus, the 
plastic strength of rocks in subduction zones 
is strongly dependent on the presence or 
absence of pore fl uids. Accordingly, we assume 
sin(ϕ) = 0 for wet crustal and mantle rocks, i.e., 
wherever free water fl uid is present.

The governing equations of conservation 
of momentum, mass, and energy are solved in 
two-dimensions (2-D) with the use of the code 
I2ELVIS (Gerya and Yuen, 2007) based on 
fi nite-differences and marker-in-cell technique.

RESULTS OF SIMULATION
We carried out a total of 71 numerical experi-

ments (see the GSA Data Repository1) and sys-
tematically varied model parameters, such as 

Figure 2. Two-dimensional (2-D) numerical 
modeling setup (A) used in this study and 
results (B–C) of numerical experiments 
showing self-sustaining two-sided (B) and 
one-sided (C) subduction modes. Initially 
(A), two plates of different ages (1 Ma and 
70 Ma for the left and right plates, respec-
tively) are juxtaposed together along a 
transform fault. Initial zone of wet fractured 
rocks with low plastic strength (sin[ϕ] = 0) 
is present along the fault (Hall et al., 2003). 
Subduction pattern in (B) and (C) is shown 
by displacement of red subsurface mantle 
lithosphere (i.e., dry mantle cooled below 
900 °C at depths <15 km below the surface) 
of two plates. Stable asymmetric two-sided 
subduction (B) results from low plastic 
strength (sin[ϕ] = 0.1) of plates and absence 
of weak lubrication layer produced by slab 
dehydration. Stable retreating one-sided 
subduction (C) results from high plastic 
strength (sin[ϕ] = 0.6) of plates and presence 
of weak lubrication layer containing perco-
lating fl uids released by slab dehydration.

Figure 3. Results of numerical experiments (Fig. 2B) showing typical dynamics of self-
sustaining  two-sided subduction development. Solid triangle shows trench position.

1GSA Data Repository item 2008012, parameters 
of conducted numerical experiments, is available 
online at www.geosociety.org/pubs/ft2008.htm, or 
on request from editing@geosociety.org or Docu-
ments Secretary, GSA, P.O. Box 9140, Boulder, CO 
80301, USA.

Gerya	  et	  al	  Geology	  2008	  



Chicken	  or	  Egg	  
Paradox	  

What	  came	  first?	  
Plate	  Tectonics	  
or	  	  Liquid	  Water?	  

•  Liquid	  water	  and	  cooler	  climate	  first?	  Because	  it’s	  
needed	  to	  promote	  plate	  tectonics?	  

•  Plate	  tectonics	  first?	  Needed	  to	  draw	  down	  CO2	  and	  
promote	  liquid	  water	  and	  cooler	  climate?	  



Hadean-‐Eoarchean	  Water	  AND	  Proto-‐subduc1on?	  
•  Zircon	  granites:	  liquid	  

water	  and	  crustal	  
producJon	  and	  proto-‐
subducJon	  at	  >4Ga	  

conditions are incomplete (for example, Fe treated as ferrous rather
than ferric state).

The empirically calibrated Al-in-hornblende barometer18 for low-
variance granitoids seems to be valid provided that quartz is present
and Fe/(Fe1Mg), 0.65. The total aluminium content of the horn-
blende inclusion (2.25 Al per 13 cations; Table 1), coupled with the
Ti-in-zircon temperature of 7006 15 uC, suggests a pressure of
76 2 kbar (ref. 18).

Perhaps the most surprising result of our extensive survey is the
observation that coequally abundant muscovite and quartz make up
nearly three-quarters of all inclusions in Hadean Jack Hills zircons.
The limited stability field of muscovite1 quartz in peraluminous
granitoids23 alone restricts temperatures to below 800 uC and pres-
sure to more than 4 kbar (Fig. 2).

Ignoring for the moment the two higher-pressure data, the ther-
mobarometric results indicate a formation environment of ,7 kbar
and ,690 uC. For a surface temperature of 0 uC and rock density of
3 g cm23, the average geotherm to the site of zircon crystallization
would be ,30K km21 (Fig. 3). Because this value is very similar to
the slope of the Sipfu isopleths (Fig. 2), underestimation of crystal-
lization temperature due to sub-unity aTiO2

(in those cases where
rutile is not present) would be almost exactly compensated by lower
calculated pressure; that is, the apparent gradient of about 30 K km21

is insensitive to changes in Tzir. The two muscovite inclusions sug-
gesting even higher pressures (Table 1) imply an even lower
geotherm. Although the report of diamonds17 in Hadean Jack Hills
zircons (Fig. 3) might also be indicative of very low heat flow, we
believe that the lack of a calibrated solution model for muscovite
under such conditions makes it premature to speculate on their
significance.

Note that both a Hadean surface temperature of .0 uC and
mechanisms associated with granitoid plutonism (for example crys-
tallization following buoyant magma ascent) would lead us to over-
estimate the average geotherm to the site of melting. In contrast, we
have not identified a plausible mechanism that would have the oppo-
site effect, and thus regard 30K km21 as an upper bound. For a typical
rock conductivity24 of 2.5Wm21 K21, 30K km21 translates into a
near-surface (#40 km)heat flow of,75mWm22. This value, slightly
lower than the Earth’s average heat loss today25, is substantially less
than that inferred for global heat flow during both the Archean26,27

(150–200mWm22) and Hadean28,29 (160–400mWm22).
As radioactive heat generation was about three times as great at

4.1 Gyr ago as at present24 and the Earth is generally thought to have
cooled by 50–100KGyr21 (ref. 30), it is difficult to conceive that
Hadean global heat flow was less than about three times higher than
our upper bound of ,75mWm22. Today, the only magmatic
environment characterized by heat flow of around 25–30% of the
global average is where subducting oceanic lithosphere refrigerates
the overlying wedge as it descends into the mantle25,31 (note that
although volcanic arcs have greater near-surface heat flow because
of the advection ofmagmatic heat, the average geotherm to the site of
magmagenesis is about 15 K km21). Given that the inclusion
mineralogy of ancient Jack Hills zircons points towards their origin
from hydrous, SiO2-saturated, meta- and peraluminous melts
similar to the two distinctive type of convergent margin magmas
observed today (arc-type andesites and Himalayan-type leucogra-
nites), we interpret our results as evidence that many of the Jack
Hills Hadean zircons crystallized from magmas generated in an
underthrust environment, possibly similar to modern convergent
margins.

METHODS SUMMARY
Sample preparation. We hand-picked zircon grains from heavy mineral con-
centrates, placed them on double-sided adhesive tape, and mounted them in
1-inch-diameter epoxy disks together with AS-3 standards2,4. The disks were
then ground with SiC paper and polished only with 1mm diamond paste.
Ion microprobe. The epoxy mounts were gold-coated and surveyed for
207Pb/206Pb age using high-resolution ion microprobes at the Australian
National University and the University of California, Los Angeles. Precise
U-Th-Pb ages were then determined on zircons found to be more than about

Figure 2 | Pressure–temperature pseudo-section for model S-type granite.
Phase relations in the Bullenbalong cordierite granite25 in the presence of q,
pl and bio (solution models are from Holland and Powell20 and White et
al.32). Shading becomes lighter with decreasing variance. Phase regions
depicted with grey shading denote muscovite unstable with melt, whereas
blue colours show regions where muscovite andmelt stably coexist. Selected
contours of predicted Si content in muscovite (3.07–3.17, in moles per
formula unit) are shown with light lines. The highlighted polygon gives the
pressure calculated from combination of Si content of muscovite
(3.126 0.01) with the temperature from Ti in zircon (6906 15 uC). Phase
abbreviations: bi, biotite; mu, muscovite; sil, sillimanite; q, quartz; pl,
plagioclase; liq, granitic melt; g, garnet; cd, cordierite; ksp, K feldspar. The
error box represents one standarddeviation inboth temperatureandpressure.
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Figure 3 | Pressure–temperature diagram. The position of the pseudo-
section from Fig. 2 is shown in grey relative to approximate modern
geotherms, the ‘wet’ granite solidus and the graphite–diamond stability
boundary.
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conditions are incomplete (for example, Fe treated as ferrous rather
than ferric state).

The empirically calibrated Al-in-hornblende barometer18 for low-
variance granitoids seems to be valid provided that quartz is present
and Fe/(Fe1Mg), 0.65. The total aluminium content of the horn-
blende inclusion (2.25 Al per 13 cations; Table 1), coupled with the
Ti-in-zircon temperature of 7006 15 uC, suggests a pressure of
76 2 kbar (ref. 18).

Perhaps the most surprising result of our extensive survey is the
observation that coequally abundant muscovite and quartz make up
nearly three-quarters of all inclusions in Hadean Jack Hills zircons.
The limited stability field of muscovite1 quartz in peraluminous
granitoids23 alone restricts temperatures to below 800 uC and pres-
sure to more than 4 kbar (Fig. 2).

Ignoring for the moment the two higher-pressure data, the ther-
mobarometric results indicate a formation environment of ,7 kbar
and ,690 uC. For a surface temperature of 0 uC and rock density of
3 g cm23, the average geotherm to the site of zircon crystallization
would be ,30K km21 (Fig. 3). Because this value is very similar to
the slope of the Sipfu isopleths (Fig. 2), underestimation of crystal-
lization temperature due to sub-unity aTiO2

(in those cases where
rutile is not present) would be almost exactly compensated by lower
calculated pressure; that is, the apparent gradient of about 30 K km21

is insensitive to changes in Tzir. The two muscovite inclusions sug-
gesting even higher pressures (Table 1) imply an even lower
geotherm. Although the report of diamonds17 in Hadean Jack Hills
zircons (Fig. 3) might also be indicative of very low heat flow, we
believe that the lack of a calibrated solution model for muscovite
under such conditions makes it premature to speculate on their
significance.

Note that both a Hadean surface temperature of .0 uC and
mechanisms associated with granitoid plutonism (for example crys-
tallization following buoyant magma ascent) would lead us to over-
estimate the average geotherm to the site of melting. In contrast, we
have not identified a plausible mechanism that would have the oppo-
site effect, and thus regard 30K km21 as an upper bound. For a typical
rock conductivity24 of 2.5Wm21 K21, 30K km21 translates into a
near-surface (#40 km)heat flow of,75mWm22. This value, slightly
lower than the Earth’s average heat loss today25, is substantially less
than that inferred for global heat flow during both the Archean26,27

(150–200mWm22) and Hadean28,29 (160–400mWm22).
As radioactive heat generation was about three times as great at

4.1 Gyr ago as at present24 and the Earth is generally thought to have
cooled by 50–100KGyr21 (ref. 30), it is difficult to conceive that
Hadean global heat flow was less than about three times higher than
our upper bound of ,75mWm22. Today, the only magmatic
environment characterized by heat flow of around 25–30% of the
global average is where subducting oceanic lithosphere refrigerates
the overlying wedge as it descends into the mantle25,31 (note that
although volcanic arcs have greater near-surface heat flow because
of the advection ofmagmatic heat, the average geotherm to the site of
magmagenesis is about 15 K km21). Given that the inclusion
mineralogy of ancient Jack Hills zircons points towards their origin
from hydrous, SiO2-saturated, meta- and peraluminous melts
similar to the two distinctive type of convergent margin magmas
observed today (arc-type andesites and Himalayan-type leucogra-
nites), we interpret our results as evidence that many of the Jack
Hills Hadean zircons crystallized from magmas generated in an
underthrust environment, possibly similar to modern convergent
margins.

METHODS SUMMARY
Sample preparation. We hand-picked zircon grains from heavy mineral con-
centrates, placed them on double-sided adhesive tape, and mounted them in
1-inch-diameter epoxy disks together with AS-3 standards2,4. The disks were
then ground with SiC paper and polished only with 1mm diamond paste.
Ion microprobe. The epoxy mounts were gold-coated and surveyed for
207Pb/206Pb age using high-resolution ion microprobes at the Australian
National University and the University of California, Los Angeles. Precise
U-Th-Pb ages were then determined on zircons found to be more than about

Figure 2 | Pressure–temperature pseudo-section for model S-type granite.
Phase relations in the Bullenbalong cordierite granite25 in the presence of q,
pl and bio (solution models are from Holland and Powell20 and White et
al.32). Shading becomes lighter with decreasing variance. Phase regions
depicted with grey shading denote muscovite unstable with melt, whereas
blue colours show regions where muscovite andmelt stably coexist. Selected
contours of predicted Si content in muscovite (3.07–3.17, in moles per
formula unit) are shown with light lines. The highlighted polygon gives the
pressure calculated from combination of Si content of muscovite
(3.126 0.01) with the temperature from Ti in zircon (6906 15 uC). Phase
abbreviations: bi, biotite; mu, muscovite; sil, sillimanite; q, quartz; pl,
plagioclase; liq, granitic melt; g, garnet; cd, cordierite; ksp, K feldspar. The
error box represents one standarddeviation inboth temperatureandpressure.
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Figure 3 | Pressure–temperature diagram. The position of the pseudo-
section from Fig. 2 is shown in grey relative to approximate modern
geotherms, the ‘wet’ granite solidus and the graphite–diamond stability
boundary.
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1000	  

S-‐granite	  thermo-‐barometry:	  formaJon	  in	  low	  hea�low	  “convergent-‐zone”	  environment	  
At	  4Ga	  (Hopkins	  et	  al,	  Nature	  2008)	  
	  
BUT	  –	  see	  Kemp	  et	  al	  EPSL	  2010	  –	  who	  says	  graniJc	  signature	  is	  due	  to	  remelJng	  of	  floaJng	  
crust	  

False-‐color	  microscope	  image	  
of	  a	  4Gyr-‐old	  zircon,	  (Photo:	  
M.	  Diman	  and	  J.	  Valley	  ,	  Univ.	  
Wisconsin)	  



Water	  first?	  Greenhouse	  Earth	  

•  Early	  degassing	  of	  CO2	  and	  H2O	  increases	  T	  (GH	  radiaJve	  model)	  and	  P	  
•  StarJng	  from	  black-‐body	  radiaJve	  equilibrium	  it	  could	  intersect	  Tc(P):	  

–  Atmosphere	  became	  saturated	  in	  H2O,	  drives	  condensaJon,	  limits	  H2O	  GHG	  
effect	  

–  CO2	  levels	  and	  T	  could	  increase	  but	  sJll	  some	  liquid	  remain	  if	  T	  stays	  on	  Tc(P)	  
–  (Earth	  currently	  in	  H2O	  saturaJon,	  equilibrium	  with	  oceans;	  H2O	  is	  sJll	  most	  important	  

GHG	  but	  no	  runaway	  since	  short	  residence	  Jme	  –	  what	  goes	  in	  comes	  out;	  not	  so	  with	  
CO2)	  

altitude the radiation emitted is equal to that absorbed. The radia-
tive solution for ground temperature Tg in a gray greenhouse is (De
Pater and Lissauer, 2010),

T4
g ¼ T4

e 1þ 3
4
sg

! "
ð24Þ

where Te is the effective radiating temperature of the atmosphere
and sg is optical depth at the ground. Effective temperature Te is,

T4
e ¼
ð1%AÞS

4r ð25Þ

where A is albedo (see Section 2.3.4), r is the Stefan–Boltzmann
constant, and S = L/4pa2 is solar insolation at orbital distance a
and solar luminosity L. Optical depth at the ground is related to
the partial pressure of each absorbing greenhouse gas as,

sg ¼
Pw

Pj;w
þ Pc

Pj;c
ð26Þ

where the water opacity pressure Pj;w ¼ ð !ma= !mwÞðg=lwjwÞ is a con-
stant (Ingersoll, 1969), !m is molar mass (subscript a refers to back-
ground atmosphere), g is gravity, lw is relative humidity, and j is
opacity (see Table 6 for constants). Carbon dioxide opacity pressure
Pj,c is defined similarly. On Earth water vapor is the dominant
absorbing species, which can be approximated as a gray absorber.
On the other hand, CO2, which is the dominant absorbing species
on Venus, is non-gray thus we use a lower bound that approximates
the collisionally broadened continuum opacity of jCO2 & 10%4 m2 -
kg%1 (Meadows and Crisp, 1996; Takagi et al., 2010). Where the
non-gray effects of CO2 absorption are important this gray model
is a first-order approximation.

At high pressure, when the radiative temperature gradient
reaches the adiabatic lapse rate the atmosphere will transition
from purely radiative to a radiative–convective equilibrium. The
specific P–T at which this transition occurs depends on composi-
tion, but typically occurs at water partial pressures greater than
'103 Pa. Therefore, the assumption of radiative equilibrium (26)
is reasonable at relatively low pressure and temperature condi-
tions. In a dry convective atmosphere the temperature depends
on pressure to the exponent Rg= !macp, where cp is heat capacity at
constant pressure and Rg is the gas constant. For typical atmo-
spheric compositions (e.g. N2, H2O, CO2) Rg= !macp & 1=4, so the
dependence of temperature on pressure is approximately the same
in both the radiative (24) and dry convective regions (Abe and Mat-
sui, 1985). In other words, the radiative temperature profile in (24)
approximates both radiative equilibrium at small s and radiative–
convective equilibrium at large s.

2.3.2. Greenhouse stability
There is no direct evidence to constrain the initial conditions on

the surface of Earth or Venus, so we will pursue the simplest pos-
sible condition of no initial atmosphere, and allow the atmosphere
to be degassed from the interior. This initial state may apply, for
example, if the last major magma ocean was undersaturated en-
ough to dissolve an ocean of water from the surface prior to solid-
ification (Elkins-Tanton and Seager, 2008). Later as the solid
mantle cools, water will slowly be degassed to the atmosphere.
Degassing the atmosphere from the interior provides an evolution
of surface temperature and pressure that can be used to determine
whether water condenses or remains as vapor at the ground.

Maintaining liquid water in equilibrium with water vapor at the
ground requires that the water pressure and temperature at the
ground fall along the saturation relation for water (Ingersoll,
1969; Rasool and de Bergh, 1970). This condition is illustrated in
Fig. 3 where the liquid–vapor saturation curve for water and the
radiative ground temperature from (24) are shown as a function
of water vapor pressure for various CO2 pressures Pc. First consider

Earth’s present-day CO2 abundance of P(c ¼ 39 Pa as fixed for sim-
plicity, although in the model CO2 will be degassed with water. As
water is degassed from the mantle into the atmosphere, infrared
absorption increases the ground temperature along the radiative
curve (24) until it intersects the saturation curve (11) at point A
(Fig. 3). At this point the ground is saturated so that water precip-
itates and the ocean accumulates. If the degassing rate exceeds the
net precipitation rate for some time then water vapor will accumu-
late in the atmosphere and push ground pressure and temperature
up the water saturation curve until equilibrium is reached.

Alternatively, consider shifting the entire radiative temperature
curve up until it is tangent to the water saturation curve. This can
be done by either increasing the initial CO2 pressure Pc to ' 300P(c
(depending on the opacity of CO2) or increasing the effective radi-
ating temperature Te to '272 K (with larger solar insolation). In
these cases the radiative temperature curve will not intersect the
saturation curve and liquid water will not condense at the surface.
Following Ingersoll, 1969, we refer to this all vapor atmosphere as
a runaway greenhouse where all surface volatiles are in the gas
phase. The evolution of this all vapor atmosphere differs from
the moist runaway greenhouse models where the ground is as-
sumed to be water saturated up to the critical phase for water
(e.g. Kasting, 1988; Nakajima et al., 1992). However, the critical
flux at which the runaway occurs Fe & 310 W m%2 is similar to
other estimates of the Komabayashi–Ingersoll flux limit (Kasting,
1988; Nakajima et al., 1992; Ingersoll, 1969).

2.3.3. Condensation of water vapor
The condensation of water vapor in the troposphere influences

the concentration of hydrogen at the tropopause, which controls
the diffusive escape limit (Section 2.2.1). To compute the mixing
ratio at the tropopause we first identify whether there is a water
saturated region in the atmosphere. A saturated region exists if
the radiative temperature curve intersects the water saturation
curve (Fig. 3). The saturated region reaches the ground if the
ground radiative temperature and pressure are below the satura-
tion curve, or exists above the ground if the intersection occurs
at pressures lower than the ground pressure. In the later case the
region between the ground and saturated region is adiabatically
well mixed, where the mixing ratio is constant and equal to the
ground mixing ratio ag = Pw,g/(Pw,g + Pn,g), where Pn,g is the ground
pressure of non-condensible gases (e.g. CO2). In the Earth models,
Pn,g also includes 1 bar of N2. The mixing ratio at the bottom of
the saturated region is also ag. Up through the saturated region

Fig. 3. Time evolution of radiative surface temperature Tg given in (24) (black) and
the saturation temperature for water defined in (11) (gray) as a function of water
pressure Pw. Radiative temperature curves are shown at Earth’s orbit for CO2 partial
pressures of 1 (solid) and 300 (dashed) times present levels (lower curves), and at
Venus’ orbit with no CO2 (upper curve). The point A marks the first intersection of
the radiative temperature and water saturation curves during the outgassing of
water.

P. Driscoll, D. Bercovici / Icarus 226 (2013) 1447–1464 1453

Driscoll	  &	  Bercovici,	  2013	  a|er	  Ingersoll	  1969	  

1mC	  

300mC	  



“Plates”	  first?	  Post-‐
magma	  ocean	  convec1on	  

•  Thermo-‐chemical	  convecJon	  models	  with	  
simplified	  grain-‐damage	  (Foley	  et	  al,	  2014)	  
•  Unstable	  chemical	  straJficaJon	  during	  magma	  ocean	  

crystallizaJon	  (Elkins-‐Tanton,	  2003)	  
•  Rapid	  chemical	  overturn	  followed	  by	  build	  up	  to	  

thermal	  convecJon	  
•  What	  is	  lag	  from	  first	  overturn	  to	  mantle	  

convecJon?	  
•  Is	  first	  mantle	  convecJon	  stagnant	  lid?	  
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Figure 2. Images from a thermo-chemical model showing showing A) the initial condi-

tion, B) the initial overturn, C) post-overturn stagnant lid convection, D) the initiation of

subduction, and E) the final statistical steady-state convection. Each image shows (from

top to bottom), the horizontal surface velocity (u0
surf

), the fineness field (A0), the viscosity

field (µ0), the temperature field (T 0), and the composition field (C 0). The model shown

here uses Ra
0

= 106, D = 10�2, H = 103, E 0
v

= E 0
h

= 23.03, B = 1, and Le = 104.

D R A F T July 3, 2014, 4:18pm D R A F T
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Figure 2. Images from a thermo-chemical model showing showing A) the initial condi-

tion, B) the initial overturn, C) post-overturn stagnant lid convection, D) the initiation of

subduction, and E) the final statistical steady-state convection. Each image shows (from

top to bottom), the horizontal surface velocity (u0
surf

), the fineness field (A0), the viscosity

field (µ0), the temperature field (T 0), and the composition field (C 0). The model shown

here uses Ra
0

= 106, D = 10�2, H = 103, E 0
v

= E 0
h

= 23.03, B = 1, and Le = 104.

D R A F T July 3, 2014, 4:18pm D R A F T
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Figure 2. Images from a thermo-chemical model showing showing A) the initial condi-

tion, B) the initial overturn, C) post-overturn stagnant lid convection, D) the initiation of

subduction, and E) the final statistical steady-state convection. Each image shows (from

top to bottom), the horizontal surface velocity (u0
surf

), the fineness field (A0), the viscosity

field (µ0), the temperature field (T 0), and the composition field (C 0). The model shown

here uses Ra
0

= 106, D = 10�2, H = 103, E 0
v

= E 0
h

= 23.03, B = 1, and Le = 104.
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Plates	  or	  Water	  first?	  

•  Even	  if	  water	  condensaJon	  first	  it’s	  sJll	  not	  enough	  to	  
draw	  down	  CO2	  alone.	  	  Need	  mineral	  exposure	  also.	  	  
–  Raw	  mafic	  surface?	  Highly	  reacJve	  but	  “armors”	  and	  
saturates	  

–  Basalt	  volcanism?	  Flux	  high	  enough?	  Why	  not	  Mars?	  	  
–  Lithospheric	  drips?	  The	  base	  drips,	  no	  surface	  ingesJon?	  

•  If	  plates	  first,	  can	  it	  draw	  down	  CO2	  without	  water?	  	  
–  Need	  hydrologic	  cycle	  and	  carbonic	  acid	  reacJons?	  

•  Is	  their	  co-‐occurrence	  at	  the	  right	  temperature	  
(T=300C???)	  required????	  



Eoarchean	  CO2	  drawdown	  
•  Currently modest CO2 

level draw-down into 
rocks is biologically 
mediated to create and 
sustain limestone 
reservoir 

•  What about draw-down 
of thick CO2 atmosphere 
(before life began)? 

•  Was CO2 being ingested 
by bigger reservoir, i.e. 
the mantle?  (Sleep & 
Zahnle, 2001) 



Carbon	  inges1on	  

•  CO2	  ingesJon	  is	  possibly	  large:	  	  
–  Slab	  influx	  	  ≈	  60-‐110	  Mt	  C/yr	  	  	  
–  Ridge	  efflux	  ≈	  	  10-‐60	  Mt	  C/yr	  	  	  
–  Arc	  efflux	  ≈	  20-‐40	  Mt	  C/yr	  
–  Net	  influx	  <	  30	  Mt	  C/yr	  

(Dasgupta	  &	  Hirschmann	  2010;	  note	  Mt=109kg)	  
•  This	  ingesJon	  rate	  suggests	  a	  huge	  CO2	  	  sink	  	  	  

–  Large	  carbon	  ingesJon	  implies	  degassing	  of	  primordial	  
atmosphere	  is	  a	  problem	  

•  perhaps	  subducJon	  not	  significant	  then?	  (DH2010))	  
•  	  Sleep	  and	  Zahnle	  (2001)	  propose	  large	  influx	  buffers	  out	  
early	  CO2	  

temperatureand lithologyof interest. At shallowdepths, andespecially for
eclogitic assemblages (typically ≤3–4 GPa or ≤90–120 km deep), the
stable crystalline carbonate is generally Ca-rich (Dalton andWood, 1993;
Hammouda, 2003; Yaxley andBrey, 2004;Dasgupta et al., 2005; Thomsen
and Schmidt, 2008a), at intermediate depths (2 to ≤4 GPa; 60–120 km
deep) it is dolomite-rich (Wallace and Green, 1988; Falloon and Green,
1989, 1990; Dasgupta et al., 2004; Dasgupta et al., 2005; Dasgupta and
Hirschmann, 2006), and at greater depths (N4–5 GPa; N120–150 km
deep) it is magnesite-rich (Dasgupta et al., 2004; Dasgupta and
Hirschmann, 2006, 2007a,b; Brey et al., 2008; Ghosh et al., 2009; Litasov
and Ohtani, 2009b). The presence of carbonate inmantle lithologies has a
tremendous influence inpartialmelting in themantle, aswill be discussed
in the following sections. However, not all the mantle domains may be
conducive to storage of carbon in the formof carbonates. The very shallow
part of the oceanic mantle is too hot to allow stability of crystalline

carbonate and carbon is generally dissolved in melts or fluids (e.g., Canil,
1990; Luth, 1999). The deeper part of the mantle can be too reduced to
favor stable carbonates. If this occurs, a key question is the depth atwhich
carbonate stability is replaced by a reduced carbon phase.

The most obvious host of reduced carbon is graphite or diamond.
Indeed, many deep Earth diamonds are thought to come from
transition zone or lower mantle depths (Stachel et al., 2005),
validating the idea that diamond is likely the most common host of
deep carbon. However, the recent suggestions that the Earth's lower
mantle is saturated with metallic iron (Frost et al., 2004) and the Fe–
Ni metal saturationmay occur as shallow as the shallow upper mantle
(150–250 km: Rohrbach et al., 2007; Frost and McCammon, 2008),
raise a new question on the mutual stability of metal and reduced
carbon in the Earth's mantle. Recent high pressure experimental
works on Fe(±Ni)–C(±S) systems suggest that in the presence of Fe-
rich metals, carbon can be stored as graphite/diamond, as carbides, or
as a light, alloying element in metals (Hirayama et al., 1993; Wood,
1993; Dasgupta et al., 2009a; Lord et al., 2009; Nakajima et al., 2009).
Stability of any of these phases in themantlemust depend on the ratio
of the metallic iron and elemental carbon. In Fig. 2 we show the
expected carbon-bearing assemblage at deep mantle (including the
lower mantle and transition zone) conditions. Owing to lack of high
pressure experimental constraints on the solubility of carbon in solid
Fe–Ni metal, the boundary between metal and metal+carbide assem-
blage remains somewhat uncertain. But it is unavoidable that depleted
mantle domains with 10–30 ppm C and saturated with ~1 wt.% metallic
Fe(–Ni)would storeall of their carbondissolved ina freemetal alloyphase
(Fig. 2). On the other hand, if deep mantle that contains ~1 wt.% Fe0, is
more enriched and has carbon content similar to those estimated for OIB
source regions (up to 500 ppm C), the carbon must be stored in iron-
carbide (Fe,Ni)7C3+Fe–Nimetal. An interesting observation from Fig. 2 is
that in order for diamond to be stable in the deepmantle, themetallic Fe0

Fig. 1. (a) Plausible loci of carbonatedmelting in the Earth'smantle and (b) estimatedflux
(numbers in blue) and budget (numbers in red) associatedwith deep Earth carbon cycles.
Also shown as a separate panel in (a), are the dominant carbon carrying phases in the
Earth's mantle with increasing depth. We note that the accessory carbon-bearing phase
assemblage at any given depth may vary, especially depending on the carbon
concentration and oxygen fugacity. Thus a part of mantle carbon at shallow depths may
be in metal alloy or metal melt and deep carbon could be in carbonate minerals or
carbonated melts. Although the loci of carbonatite generation (black lines) and that of
carbonated silicate melt generation (grey shades) are shown as discrete melting domains
in (a), the two are connected, if melting occurs in a carbonated (oxidized) mantle. The
carbon fluxes and inventories are given in the unit of g of C/y and g of C respectively. For
estimates in g of CO2, multiply the numbers by 3.67 and for estimates in moles of C,
multiply the numbers by 0.0833. The sources of flux and reservoir estimates are given in
the text. The carbon reservoir in continents are after Sleep and Zahnle (2001) and Hayes
and Waldbauer (2006).

Fig. 2. Fractionof ironmetal in the lowermantle (inweightpercent) versus carboncontent
(ppm) of themantle. Experimental and thermodynamic data on the Fe–C system (Tsuzuki
et al., 1984;Hirayamaet al., 1993;Wood, 1993; Lord et al., 2009) suggest that diamond and
iron-rich alloy cannot be in equilibrium. If diamond is a major host of carbon in the lower
mantle, then iron-saturation (Frost et al., 2004) is not possible; rather there must be a
stable iron carbide, Fe7C3. If the lower mantle has as much as ~1 wt.% Fe-rich metal as
proposed by Frost et al. (2004), then for MORB-source composition mantle with 10–
30 ppm C (stippled bar), all the carbon will be dissolved in metal alloys. Whereas for
enriched mantle domains (N30 to 500 ppm C; marked as ‘OIB source mantle’), a reduced
lower mantle likely hosts all its carbon in metal alloy plus (Fe,Ni)7C3 metal carbides. The
solubility limit of carbon in Fe-metal alloy is poorly constrained at present, hence, three
different Fe–Ni alloys versus Fe–Ni alloy+carbide boundaries are shown, but recent
estimates based on high pressure experiments suggest that C solubility in Femetal is b1 wt.%
at lower mantle conditions (Lord et al., 2009).

3R. Dasgupta, M.M. Hirschmann / Earth and Planetary Science Letters 298 (2010) 1–13



•  AccounJng	  for	  carbonate	  solubility	  in	  aqueous	  soluJons	  and	  sediment	  
upwelling:	  

•  Possibly	  li^le	  flux	  goes	  into	  mantle,	  but	  then	  too	  much	  to	  account	  for	  arcs	  
•  Possibly	  stored	  in	  lithosphere	  
	   	   	   	   	   	   	  (Kelemen,	  Manning,	  PNAS	  2015;	  Ague,Nicolescu	  NatGeo	  2014)	  

higher than that of Hilton et al. (85) and other recent reviews
because of improving data quality and data density.
The source of CO2 in arc volcano emissions can be ambiguous.

Where CO2 contents correlate with 3He, it is inferred that most
of the CO2 is introduced from the mantle into the base of arc
crust. Where CO2 and 3He are correlated, and 3He/CO2 ratios
are lower than in other tectonic settings, and/or where δ13C reflects
input of nonmantle carbon, this is ascribed to recycling of carbon
from subducting sediment and altered oceanic crust. However,
arc volcanoes—particularly in continental arcs—may also emit
CO2 added to magmas during metamorphism of carbon-bearing
lithologies within the crust (31).

CO2 contents in melt inclusions in phenocrysts in arc lavas can
be used to place lower bounds on CO2 in parental magmas
passing from the mantle into arc crust, as reviewed by Wallace
(7). However, because the extent of prior degassing of CO2 from
decompressing melts currently cannot be determined with
confidence, melt inclusion data have little utility in estimating an
upper bound for magmatic input of CO2 into arc lithosphere (e.g.,
ref. 86). Wallace (7) and Blundy et al. (86) arrive at similar esti-
mates for CO2 contents in primitive magmas passing from the
mantle into arc crust. However, the estimate of Wallace was
derived using inferred arc magma fluxes together with the vol-
canic CO2 flux estimated by Hilton et al. (85), so these values are
not independent. The estimate of Blundy et al. is based on the
assumption that observed andesites are produced by 80% crystal
fractionation from parental basalts, which could be too high; for
example, using a value of 40% crystal fractionation would in-
crease the estimated magmatic CO2 flux by a factor of 2 com-
pared with that of Hilton et al.
Additional studies of 3He/CO2 are warranted to separate

subduction zone versus arc crust contributions to CO2 in arc
volcanoes. Meanwhile, available results seem to indicate that
most CO2 emerging from arc volcanoes is derived from recycling
of subducted CO2. Estimates of CO2 in parental magmas, before
crystal fractionation, need to be refined.

Diffuse Outgassing of Carbon at Forearcs and Arcs: 4–12 Mt
C/y or More
Diffuse outgassing of subducted carbon as CO2, methane, and
other hydrocarbons could be an important part of the global
carbon budget (5, 63, 87). However, even the most up-to-date
reviews reflect measurements on a large range of scales that
make it difficult to extract global estimates. We focus here on
diffuse outgassing of CO2 in arcs (forearc, arc, backarc). Evi-
dence for such output is abundant. Haggerty and coworkers (ref.
88 and SI Text) first documented carbonate chimneys and
authigenic carbonate deposited by fluids from subducting sedi-
ment and oceanic crust at and near seamounts in the Mariana
and Bonin forearcs. Fryer and coworkers subsequently found

Fig. 5. Major fluxes of carbon estimated in this paper, with values from Dasgupta and Hirschmann (1) for comparison.

Fig. 4. PT trajectory for partial melts of subducting material and for buoyant
diapirs. Melting of metabasalt and most metasediments, and melting along
peridotite–marble contacts, will produce CO2-bearing silicate melt. Reaction
of these melts with peridotite will produce a range of CO2+H2O-bearing
liquids from andesite to alkali basalt to carbonatite. CO2-rich, H2O-poor melts
will crystallize and evolve CO2-rich fluid at the carbonated lherzolite solidus
(refs. 79 and 119 and additional references in SI Text). Hydrous melts will
exsolve CO2-rich fluids. Remaining melts and fluids will ascend past the car-
bonated lherzolite solidus and form carbon-bearing minerals in the mantle
lithosphere and crust.

6 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1507889112 Kelemen and Manning
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CO2	  Draw-‐down	  Quandaries	  
1.  Drawdown or regassing requires significant plate 

tectonic cycling and subduction 
–  But chondrite model that explains “endogenic” degassing 

volatile origin… 
–  Also suggests weak radiogenic heat sources and hence 

mantle heat loss mostly primordial heat (>60%) 
–  Begs for plate tectonics to be slower or even stagnant to 

slow down cooling and retain primordial heat longer (or else 
Earth is too young or molten not long ago)  

 
2.   If initial atmosphere came via degassing from freezing 

magma ocean and cooling Earth, why would it regas?  
–  Freezing MO and cooling mantle can’t hang on to volatiles 
–  Degas until chemical equilibrium with surface  
–  Why would it then redisolve volatiles from surface (unless it 

over-shot equilibrium, which is hard to imagine in a slowly 
cooling and moving planet)? 



Lessons	  from	  
dynamics	  of	  
damp	  mantle	  
	  

•  Regassing-‐degassing	  models	  of	  mantle	  circulaJon	  with	  water	  
•  Water	  lowers	  mantle	  viscosity	  so	  causes	  self	  regulaJng	  feedback	  

–  If	  it	  gets	  too	  wet	  by	  too	  much	  regassing	  then	  convecJon	  is	  more	  vigorous	  and	  
degasses	  

•  SensiJvity	  of	  viscosity	  and	  melJng	  to	  water	  makes	  degassing	  more	  efficient	  than	  
regassing	  and	  so	  keeps	  mantle	  dry	  	  

•  Goes	  to	  equilibrium	  with	  surface	  early	  and	  stays	  there	  
•  CO2	  is	  different	  since	  it	  has	  li^le	  effect	  on	  viscosity,	  	  but	  sJll	  causes	  melt	  

•  (McGovern	  &	  Schubert	  1989,	  Bounoma	  et	  al	  2001;	  Sandu,	  Lenardic,	  McGovern	  2011;	  Driscoll	  Bercovici	  2013	  

planet with active plate tectonics. The model includes water
degassing from the mantle, due to melting, and mantle
regassing, due to subduction of hydrated minerals. We use
the model to map key factors that affect the flow rates
between surface and internal planetary water reservoirs. We
build on previous models of coupled water cycling and
mantle thermal evolution by including (1) a recent experi-
mentally constrained relationship for mantle viscosity as a
function of water content, (2) an experimentally constrained
parameterizations of mantle melting allowing for water
effects, and (3) experimental constraints on serpentine
breakdown in subducting slabs.

2. Model

2.1. General Overview
[6] We develop a 1-D spherically averaged model that

solves for the heat balance within the mantle of a terrestrial
planet and allows for the cycling of water between a surface
and an interior mantle reservoir. Mantle surface heat flux is
scaled with the intensity of mantle convection, which
depends inversely on mantle viscosity. The dependence of
mantle viscosity on temperature [Kohlstedt, 2006] and water
content [Li et al., 2008] leads to two key feedbacks for the
combined model. The model assumes that the mantle interior
is well stirred and homogenous for both the water content and
temperature. Consequently, for all parameters that display
lateral variation the value considered represents an average.
Water circulation is incorporated into the model through a

global mass balance equation that calculates the amount of
water in the mantle and in a surface reservoir. Exchange
between the reservoirs occurs by degassing due to melting
and regassing associated with subduction. Degassing relea-
ses water into the atmosphere and hydrosphere (the surface
reservoir) and depletes the mantle. Regassing recycles water
back to the mantle. The degassing process is assumed to
occur primarily at mid-ocean ridges and is controlled by the
extent of a partial melting zone below mid-ocean ridges and
by the vigor of convection as expressed in the areal plate
spreading rate. The regassing process occurs at subduction
zones and depends on the thickness of a hydrated layer as
well as the rate of subduction. The hydrated layer thickness is
calculated based on the stability field for serpentine in the
subducting lithosphere. Thermal evolution is simulated using
a parameterized mantle convection algorithm that solves a
globally averaged heat balance equation. Heat is produced in
the mantle by the radioactive decay of radiogenic elements.
Surface mantle heat flux and convective velocities scale with
the mantle Rayleigh number, a measure of convective vigor,
through a parameterization based on mantle convection
simulations [Olson and Corcos, 1980; Kerr, 1996; Schubert
et al., 2001].

2.2. Deep Water Circulation
[7] The exchange of water between mantle and surface

reservoirs occurs along two major circuits: degassing along
mid-ocean ridges (MOR) and regassing along subduction
zones (Figure 1). McGovern and Schubert [1989] developed

Figure 1. Schematic of the deep water cycle. The continuous line represents an average thermal profile
through the mantle. Dashed lines represent the solidus and liquidus boundaries as calculated by our model
melting module. The average mantle temperature Tm is calculated from our parameterized convection
model. This temperature, together with mantle water concentrations used to calculate the partial melt zone
thickness and the amount of water in melt using the parameterization of Katz et al. [2003]. The thickness
of the hydrated portion of the subducting layer is calculated based on the temperature profile and the sta-
bility field for serpentine.

SANDU ET AL.: WATER AND THERMAL EVOLUTION B12404B12404
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models (Table 2): ssat ! 10 kyr is the time for ground temperature
and pressure to reach water saturation; sD = sm/!D ! 50 Myr is the
time for degassing of the initial mantle volatile reservoir; and sp = -
Lp/up ! 40 " 400 Myr is the time for subduction of carbon from the
seafloor to the mantle.

Initially, water degasses from the mantle, heating up the ground
along the radiative temperature profile until the ground tempera-
ture and pressure reach the water liquid–vapor equilibrium curve
(as in Fig. 3). At this time, precipitation and ocean accumulation
begin (Fig. 5). Further degassing of water drives the ground tem-
perature up the saturation curve until water precipitation and
degassing fluxes are equal (Fig. 6a and b). Following this balance
around t = ssat there is no net flux of water vapor into the atmo-
sphere, so Pw is constant (Fig. 5c). All the following degassed water
precipitates, growing the ocean until the mantle reservoir is de-
pleted (Fig. 5b). The ocean reaches its full volume and surface area
by t ! sD ! 50 Myr (Fig. 7c). Both the precipitation and water
degassing fluxes eventually go to zero as the mantle water reser-
voir is depleted (Fig. 6a and b). Ground temperature is roughly con-
stant once the ocean begins to form because water pressure Pw is

roughly constant and the moderate fluctuations in ground CO2

pressure Pc do not significantly influence the ground optical depth
(Fig. 5a). Although a water cycle is not included in our model (i.e.
subduction and degassing of water), it would have a minor effect
because water is a closed independent cycle that would come into
a steady state as long as precipitation and subduction occur
(McGovern and Schubert, 1989). Unlike carbon dioxide, the steady
state amount of water vapor in the atmosphere is not influenced by
plate speed or land surface area. For this reason there is little dif-
ference in the water history for different plate speeds. The CO2 his-
tory, however, is more complicated.

Atmospheric CO2 pressure Pc is influenced by plate speed pri-
marily during two adjustment periods: prior to the first steady
state at ssat ! 10 kyr and prior to the final steady state in the period
between sD ! 50 Myr and sp ! 400 Myr. Outside of these adjust-
ment periods atmospheric CO2 is in a steady state (Fig. 5c). During
the initial adjustment period CO2 is controlled by a competition be-
tween degassing and weathering. Recall that weathering rate is
sensitive to the uplift and exhumation rate, and is proportional
to the ratio ðup=u$pÞ according to (14), where u$p ¼ 50 mm yr"1 is
chosen as the present day plate speed. For fast plate speed
(up = 100 mm yr"1) carbon dioxide initially degasses and is rapidly
weathered out of the atmosphere due to the large area of weather-
able rock exposed before the ocean accumulates and because
plates are faster than the present day (see Fig. 5d). This is verified
in Fig. 6a and c where the carbon weathering flux FW,c briefly ex-
ceeds the degassing flux FD,c, which decreases Pc. For moderate
plate speed (up = 50 mm yr"1) there is no additional influence of
plate speed on weathering since up ¼ u$p, so Pc only increases with
Pw until t = ssat. For slow plate speed (up = 10 mm yr"1) weathering
is less efficient because uplift and exhumation is slow (Fig. 6b), and
CO2 accumulates in the atmosphere to extremely high levels
(Fig. 5c).

After the initial adjustment period, a quasi-steady state carbon
cycle is reached when CO2 degassing is balanced by a combination
of silicate weathering and dissolution of CO2 into the ocean
(Fig. 6c). This quasi-steady state is not a full carbon cycle steady

Fig. 5. Earth model evolution. Three models with constant plate velocities up = 10 (red), 50 (blue), and 100 mm yr"1 (black). (a) Ground (solid) and effective (dotted)
temperatures. (b) Fractional water number density w in mantle (solid), ocean (dash-dot) and atmosphere (dotted). (c) Surface pressure of water vapor (solid), CO2 vapor
(dotted), and CO2 in the ocean (dash-dot). (d) Fractional CO2 number density in mantle (solid), plate (dashed), atmosphere (dotted), and ocean (dash-dot). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Table of time scales in the numerical model.

Time
scale

Value Description

ssat 10 kyr Time to water liquid–vapor saturation in
atmosphere

sD sm/
!D ' 50 Myr

Degassing of initial mantle reservoir, time to ocean
accumulation. sm is melt percolation time (see (9)
and Table 6)

sp Lp/up = 40–
400 Myr

Subduction time scale for up = 100–10 mm yr"1 and
Lp = 4000 km

sSS1 0 < sSS1 < ssat Adjustment period before the first carbon steady
state balance between degassing and weathering

sSS2 sD < sSS2 < sp Adjustment period before the final carbon steady
state balance between degassing, weathering, and
subduction
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models (Table 2): ssat ! 10 kyr is the time for ground temperature
and pressure to reach water saturation; sD = sm/!D ! 50 Myr is the
time for degassing of the initial mantle volatile reservoir; and sp = -
Lp/up ! 40 " 400 Myr is the time for subduction of carbon from the
seafloor to the mantle.

Initially, water degasses from the mantle, heating up the ground
along the radiative temperature profile until the ground tempera-
ture and pressure reach the water liquid–vapor equilibrium curve
(as in Fig. 3). At this time, precipitation and ocean accumulation
begin (Fig. 5). Further degassing of water drives the ground tem-
perature up the saturation curve until water precipitation and
degassing fluxes are equal (Fig. 6a and b). Following this balance
around t = ssat there is no net flux of water vapor into the atmo-
sphere, so Pw is constant (Fig. 5c). All the following degassed water
precipitates, growing the ocean until the mantle reservoir is de-
pleted (Fig. 5b). The ocean reaches its full volume and surface area
by t ! sD ! 50 Myr (Fig. 7c). Both the precipitation and water
degassing fluxes eventually go to zero as the mantle water reser-
voir is depleted (Fig. 6a and b). Ground temperature is roughly con-
stant once the ocean begins to form because water pressure Pw is

roughly constant and the moderate fluctuations in ground CO2

pressure Pc do not significantly influence the ground optical depth
(Fig. 5a). Although a water cycle is not included in our model (i.e.
subduction and degassing of water), it would have a minor effect
because water is a closed independent cycle that would come into
a steady state as long as precipitation and subduction occur
(McGovern and Schubert, 1989). Unlike carbon dioxide, the steady
state amount of water vapor in the atmosphere is not influenced by
plate speed or land surface area. For this reason there is little dif-
ference in the water history for different plate speeds. The CO2 his-
tory, however, is more complicated.

Atmospheric CO2 pressure Pc is influenced by plate speed pri-
marily during two adjustment periods: prior to the first steady
state at ssat ! 10 kyr and prior to the final steady state in the period
between sD ! 50 Myr and sp ! 400 Myr. Outside of these adjust-
ment periods atmospheric CO2 is in a steady state (Fig. 5c). During
the initial adjustment period CO2 is controlled by a competition be-
tween degassing and weathering. Recall that weathering rate is
sensitive to the uplift and exhumation rate, and is proportional
to the ratio ðup=u$pÞ according to (14), where u$p ¼ 50 mm yr"1 is
chosen as the present day plate speed. For fast plate speed
(up = 100 mm yr"1) carbon dioxide initially degasses and is rapidly
weathered out of the atmosphere due to the large area of weather-
able rock exposed before the ocean accumulates and because
plates are faster than the present day (see Fig. 5d). This is verified
in Fig. 6a and c where the carbon weathering flux FW,c briefly ex-
ceeds the degassing flux FD,c, which decreases Pc. For moderate
plate speed (up = 50 mm yr"1) there is no additional influence of
plate speed on weathering since up ¼ u$p, so Pc only increases with
Pw until t = ssat. For slow plate speed (up = 10 mm yr"1) weathering
is less efficient because uplift and exhumation is slow (Fig. 6b), and
CO2 accumulates in the atmosphere to extremely high levels
(Fig. 5c).

After the initial adjustment period, a quasi-steady state carbon
cycle is reached when CO2 degassing is balanced by a combination
of silicate weathering and dissolution of CO2 into the ocean
(Fig. 6c). This quasi-steady state is not a full carbon cycle steady

Fig. 5. Earth model evolution. Three models with constant plate velocities up = 10 (red), 50 (blue), and 100 mm yr"1 (black). (a) Ground (solid) and effective (dotted)
temperatures. (b) Fractional water number density w in mantle (solid), ocean (dash-dot) and atmosphere (dotted). (c) Surface pressure of water vapor (solid), CO2 vapor
(dotted), and CO2 in the ocean (dash-dot). (d) Fractional CO2 number density in mantle (solid), plate (dashed), atmosphere (dotted), and ocean (dash-dot). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Table of time scales in the numerical model.

Time
scale

Value Description

ssat 10 kyr Time to water liquid–vapor saturation in
atmosphere

sD sm/
!D ' 50 Myr

Degassing of initial mantle reservoir, time to ocean
accumulation. sm is melt percolation time (see (9)
and Table 6)

sp Lp/up = 40–
400 Myr

Subduction time scale for up = 100–10 mm yr"1 and
Lp = 4000 km

sSS1 0 < sSS1 < ssat Adjustment period before the first carbon steady
state balance between degassing and weathering

sSS2 sD < sSS2 < sp Adjustment period before the final carbon steady
state balance between degassing, weathering, and
subduction
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models (Table 2): ssat ! 10 kyr is the time for ground temperature
and pressure to reach water saturation; sD = sm/!D ! 50 Myr is the
time for degassing of the initial mantle volatile reservoir; and sp = -
Lp/up ! 40 " 400 Myr is the time for subduction of carbon from the
seafloor to the mantle.

Initially, water degasses from the mantle, heating up the ground
along the radiative temperature profile until the ground tempera-
ture and pressure reach the water liquid–vapor equilibrium curve
(as in Fig. 3). At this time, precipitation and ocean accumulation
begin (Fig. 5). Further degassing of water drives the ground tem-
perature up the saturation curve until water precipitation and
degassing fluxes are equal (Fig. 6a and b). Following this balance
around t = ssat there is no net flux of water vapor into the atmo-
sphere, so Pw is constant (Fig. 5c). All the following degassed water
precipitates, growing the ocean until the mantle reservoir is de-
pleted (Fig. 5b). The ocean reaches its full volume and surface area
by t ! sD ! 50 Myr (Fig. 7c). Both the precipitation and water
degassing fluxes eventually go to zero as the mantle water reser-
voir is depleted (Fig. 6a and b). Ground temperature is roughly con-
stant once the ocean begins to form because water pressure Pw is

roughly constant and the moderate fluctuations in ground CO2

pressure Pc do not significantly influence the ground optical depth
(Fig. 5a). Although a water cycle is not included in our model (i.e.
subduction and degassing of water), it would have a minor effect
because water is a closed independent cycle that would come into
a steady state as long as precipitation and subduction occur
(McGovern and Schubert, 1989). Unlike carbon dioxide, the steady
state amount of water vapor in the atmosphere is not influenced by
plate speed or land surface area. For this reason there is little dif-
ference in the water history for different plate speeds. The CO2 his-
tory, however, is more complicated.

Atmospheric CO2 pressure Pc is influenced by plate speed pri-
marily during two adjustment periods: prior to the first steady
state at ssat ! 10 kyr and prior to the final steady state in the period
between sD ! 50 Myr and sp ! 400 Myr. Outside of these adjust-
ment periods atmospheric CO2 is in a steady state (Fig. 5c). During
the initial adjustment period CO2 is controlled by a competition be-
tween degassing and weathering. Recall that weathering rate is
sensitive to the uplift and exhumation rate, and is proportional
to the ratio ðup=u$pÞ according to (14), where u$p ¼ 50 mm yr"1 is
chosen as the present day plate speed. For fast plate speed
(up = 100 mm yr"1) carbon dioxide initially degasses and is rapidly
weathered out of the atmosphere due to the large area of weather-
able rock exposed before the ocean accumulates and because
plates are faster than the present day (see Fig. 5d). This is verified
in Fig. 6a and c where the carbon weathering flux FW,c briefly ex-
ceeds the degassing flux FD,c, which decreases Pc. For moderate
plate speed (up = 50 mm yr"1) there is no additional influence of
plate speed on weathering since up ¼ u$p, so Pc only increases with
Pw until t = ssat. For slow plate speed (up = 10 mm yr"1) weathering
is less efficient because uplift and exhumation is slow (Fig. 6b), and
CO2 accumulates in the atmosphere to extremely high levels
(Fig. 5c).

After the initial adjustment period, a quasi-steady state carbon
cycle is reached when CO2 degassing is balanced by a combination
of silicate weathering and dissolution of CO2 into the ocean
(Fig. 6c). This quasi-steady state is not a full carbon cycle steady

Fig. 5. Earth model evolution. Three models with constant plate velocities up = 10 (red), 50 (blue), and 100 mm yr"1 (black). (a) Ground (solid) and effective (dotted)
temperatures. (b) Fractional water number density w in mantle (solid), ocean (dash-dot) and atmosphere (dotted). (c) Surface pressure of water vapor (solid), CO2 vapor
(dotted), and CO2 in the ocean (dash-dot). (d) Fractional CO2 number density in mantle (solid), plate (dashed), atmosphere (dotted), and ocean (dash-dot). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Table of time scales in the numerical model.

Time
scale

Value Description

ssat 10 kyr Time to water liquid–vapor saturation in
atmosphere

sD sm/
!D ' 50 Myr

Degassing of initial mantle reservoir, time to ocean
accumulation. sm is melt percolation time (see (9)
and Table 6)

sp Lp/up = 40–
400 Myr

Subduction time scale for up = 100–10 mm yr"1 and
Lp = 4000 km

sSS1 0 < sSS1 < ssat Adjustment period before the first carbon steady
state balance between degassing and weathering

sSS2 sD < sSS2 < sp Adjustment period before the final carbon steady
state balance between degassing, weathering, and
subduction
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models (Table 2): ssat ! 10 kyr is the time for ground temperature
and pressure to reach water saturation; sD = sm/!D ! 50 Myr is the
time for degassing of the initial mantle volatile reservoir; and sp = -
Lp/up ! 40 " 400 Myr is the time for subduction of carbon from the
seafloor to the mantle.

Initially, water degasses from the mantle, heating up the ground
along the radiative temperature profile until the ground tempera-
ture and pressure reach the water liquid–vapor equilibrium curve
(as in Fig. 3). At this time, precipitation and ocean accumulation
begin (Fig. 5). Further degassing of water drives the ground tem-
perature up the saturation curve until water precipitation and
degassing fluxes are equal (Fig. 6a and b). Following this balance
around t = ssat there is no net flux of water vapor into the atmo-
sphere, so Pw is constant (Fig. 5c). All the following degassed water
precipitates, growing the ocean until the mantle reservoir is de-
pleted (Fig. 5b). The ocean reaches its full volume and surface area
by t ! sD ! 50 Myr (Fig. 7c). Both the precipitation and water
degassing fluxes eventually go to zero as the mantle water reser-
voir is depleted (Fig. 6a and b). Ground temperature is roughly con-
stant once the ocean begins to form because water pressure Pw is

roughly constant and the moderate fluctuations in ground CO2

pressure Pc do not significantly influence the ground optical depth
(Fig. 5a). Although a water cycle is not included in our model (i.e.
subduction and degassing of water), it would have a minor effect
because water is a closed independent cycle that would come into
a steady state as long as precipitation and subduction occur
(McGovern and Schubert, 1989). Unlike carbon dioxide, the steady
state amount of water vapor in the atmosphere is not influenced by
plate speed or land surface area. For this reason there is little dif-
ference in the water history for different plate speeds. The CO2 his-
tory, however, is more complicated.

Atmospheric CO2 pressure Pc is influenced by plate speed pri-
marily during two adjustment periods: prior to the first steady
state at ssat ! 10 kyr and prior to the final steady state in the period
between sD ! 50 Myr and sp ! 400 Myr. Outside of these adjust-
ment periods atmospheric CO2 is in a steady state (Fig. 5c). During
the initial adjustment period CO2 is controlled by a competition be-
tween degassing and weathering. Recall that weathering rate is
sensitive to the uplift and exhumation rate, and is proportional
to the ratio ðup=u$pÞ according to (14), where u$p ¼ 50 mm yr"1 is
chosen as the present day plate speed. For fast plate speed
(up = 100 mm yr"1) carbon dioxide initially degasses and is rapidly
weathered out of the atmosphere due to the large area of weather-
able rock exposed before the ocean accumulates and because
plates are faster than the present day (see Fig. 5d). This is verified
in Fig. 6a and c where the carbon weathering flux FW,c briefly ex-
ceeds the degassing flux FD,c, which decreases Pc. For moderate
plate speed (up = 50 mm yr"1) there is no additional influence of
plate speed on weathering since up ¼ u$p, so Pc only increases with
Pw until t = ssat. For slow plate speed (up = 10 mm yr"1) weathering
is less efficient because uplift and exhumation is slow (Fig. 6b), and
CO2 accumulates in the atmosphere to extremely high levels
(Fig. 5c).

After the initial adjustment period, a quasi-steady state carbon
cycle is reached when CO2 degassing is balanced by a combination
of silicate weathering and dissolution of CO2 into the ocean
(Fig. 6c). This quasi-steady state is not a full carbon cycle steady

Fig. 5. Earth model evolution. Three models with constant plate velocities up = 10 (red), 50 (blue), and 100 mm yr"1 (black). (a) Ground (solid) and effective (dotted)
temperatures. (b) Fractional water number density w in mantle (solid), ocean (dash-dot) and atmosphere (dotted). (c) Surface pressure of water vapor (solid), CO2 vapor
(dotted), and CO2 in the ocean (dash-dot). (d) Fractional CO2 number density in mantle (solid), plate (dashed), atmosphere (dotted), and ocean (dash-dot). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Table of time scales in the numerical model.

Time
scale

Value Description

ssat 10 kyr Time to water liquid–vapor saturation in
atmosphere

sD sm/
!D ' 50 Myr

Degassing of initial mantle reservoir, time to ocean
accumulation. sm is melt percolation time (see (9)
and Table 6)

sp Lp/up = 40–
400 Myr

Subduction time scale for up = 100–10 mm yr"1 and
Lp = 4000 km

sSS1 0 < sSS1 < ssat Adjustment period before the first carbon steady
state balance between degassing and weathering

sSS2 sD < sSS2 < sp Adjustment period before the final carbon steady
state balance between degassing, weathering, and
subduction
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models (Table 2): ssat ! 10 kyr is the time for ground temperature
and pressure to reach water saturation; sD = sm/!D ! 50 Myr is the
time for degassing of the initial mantle volatile reservoir; and sp = -
Lp/up ! 40 " 400 Myr is the time for subduction of carbon from the
seafloor to the mantle.

Initially, water degasses from the mantle, heating up the ground
along the radiative temperature profile until the ground tempera-
ture and pressure reach the water liquid–vapor equilibrium curve
(as in Fig. 3). At this time, precipitation and ocean accumulation
begin (Fig. 5). Further degassing of water drives the ground tem-
perature up the saturation curve until water precipitation and
degassing fluxes are equal (Fig. 6a and b). Following this balance
around t = ssat there is no net flux of water vapor into the atmo-
sphere, so Pw is constant (Fig. 5c). All the following degassed water
precipitates, growing the ocean until the mantle reservoir is de-
pleted (Fig. 5b). The ocean reaches its full volume and surface area
by t ! sD ! 50 Myr (Fig. 7c). Both the precipitation and water
degassing fluxes eventually go to zero as the mantle water reser-
voir is depleted (Fig. 6a and b). Ground temperature is roughly con-
stant once the ocean begins to form because water pressure Pw is

roughly constant and the moderate fluctuations in ground CO2

pressure Pc do not significantly influence the ground optical depth
(Fig. 5a). Although a water cycle is not included in our model (i.e.
subduction and degassing of water), it would have a minor effect
because water is a closed independent cycle that would come into
a steady state as long as precipitation and subduction occur
(McGovern and Schubert, 1989). Unlike carbon dioxide, the steady
state amount of water vapor in the atmosphere is not influenced by
plate speed or land surface area. For this reason there is little dif-
ference in the water history for different plate speeds. The CO2 his-
tory, however, is more complicated.

Atmospheric CO2 pressure Pc is influenced by plate speed pri-
marily during two adjustment periods: prior to the first steady
state at ssat ! 10 kyr and prior to the final steady state in the period
between sD ! 50 Myr and sp ! 400 Myr. Outside of these adjust-
ment periods atmospheric CO2 is in a steady state (Fig. 5c). During
the initial adjustment period CO2 is controlled by a competition be-
tween degassing and weathering. Recall that weathering rate is
sensitive to the uplift and exhumation rate, and is proportional
to the ratio ðup=u$pÞ according to (14), where u$p ¼ 50 mm yr"1 is
chosen as the present day plate speed. For fast plate speed
(up = 100 mm yr"1) carbon dioxide initially degasses and is rapidly
weathered out of the atmosphere due to the large area of weather-
able rock exposed before the ocean accumulates and because
plates are faster than the present day (see Fig. 5d). This is verified
in Fig. 6a and c where the carbon weathering flux FW,c briefly ex-
ceeds the degassing flux FD,c, which decreases Pc. For moderate
plate speed (up = 50 mm yr"1) there is no additional influence of
plate speed on weathering since up ¼ u$p, so Pc only increases with
Pw until t = ssat. For slow plate speed (up = 10 mm yr"1) weathering
is less efficient because uplift and exhumation is slow (Fig. 6b), and
CO2 accumulates in the atmosphere to extremely high levels
(Fig. 5c).

After the initial adjustment period, a quasi-steady state carbon
cycle is reached when CO2 degassing is balanced by a combination
of silicate weathering and dissolution of CO2 into the ocean
(Fig. 6c). This quasi-steady state is not a full carbon cycle steady

Fig. 5. Earth model evolution. Three models with constant plate velocities up = 10 (red), 50 (blue), and 100 mm yr"1 (black). (a) Ground (solid) and effective (dotted)
temperatures. (b) Fractional water number density w in mantle (solid), ocean (dash-dot) and atmosphere (dotted). (c) Surface pressure of water vapor (solid), CO2 vapor
(dotted), and CO2 in the ocean (dash-dot). (d) Fractional CO2 number density in mantle (solid), plate (dashed), atmosphere (dotted), and ocean (dash-dot). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Table of time scales in the numerical model.

Time
scale

Value Description

ssat 10 kyr Time to water liquid–vapor saturation in
atmosphere

sD sm/
!D ' 50 Myr

Degassing of initial mantle reservoir, time to ocean
accumulation. sm is melt percolation time (see (9)
and Table 6)

sp Lp/up = 40–
400 Myr

Subduction time scale for up = 100–10 mm yr"1 and
Lp = 4000 km

sSS1 0 < sSS1 < ssat Adjustment period before the first carbon steady
state balance between degassing and weathering

sSS2 sD < sSS2 < sp Adjustment period before the final carbon steady
state balance between degassing, weathering, and
subduction
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Summary	  
•  Why	  Earth?	  Plates?	  Water?	  Clement	  climate?	  Life?	  
•  Origin	  of	  volaJles	  (and	  everything	  else)	  
•  Divergent	  evoluJon	  of	  terrestrial	  planets	  

– What	  drew	  down	  CO2	  on	  Earth?	  
•  Mantle	  convecJon	  and	  plate	  tectonics	  

–  Plate	  tectonic	  (geological)	  carbon	  cycle	  
– Why	  only	  plates	  on	  Earth?	  

•  Plate	  generaJon	  and	  “damage”	  
–  Climate	  possibly	  also	  controls	  condiJons	  for	  plates	  

•  If	  climate/water	  needs	  plates	  and	  plates	  need	  climate/
water,	  which	  came	  first?	  

•  What	  drew	  down	  CO2?	  Deep	  carbon	  flux?	  	  
•  Why	  regas	  a|er	  degassing?	  	  


