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The solar system
: R

ocky terrestrial planets and gas/ice giants



Thin atm
ospheres dom

inated 
by less abundant C

, O
, N

, A
r

D
ense atm

ospheres dom
inated by 

H
, H

e (m
ost abundant elem

ents in 
the universe)



W
hy are the m

ost abundant cosm
ic elem

ents (H
, H

e) so 
depleted on terrestrial planets? 

W
hen and how

 did planetary atm
ospheres form

, w
ere 

form
ation processes different for gas giants and terrestrial 

planets? 



Solar N
ebula -4 567 M

a ago

Æ
C

ollapse of interstellar cloud
Æ

99%
 gas (m

ainly H
, H

e) 1%
 dust (“condensable elem

ents”)
Æ

Form
ation of protosun

and protoplanetary disc



Solar N
ebula -4 567 M

a ago

Æ
First solids (m

m
-sized chondrules

and cm
-sized C

A
Is)

Æ
G

row
th of planetesim

als
and protoplanets

(few
 100 km

 size) w
ithin disk lifetim

e (5-6 M
a) 

Æ
O

uter solar system
:  Form

ation of gas and ice giants 
Æ

Inner solar system
: volatile poor planetesim

als



2) Subsequent acquisition of 
solar gas (w

ithin 5-6 M
a)

Standard m
odel for Jupiter form

ation

1)
A

ccretion of a core (10 x 
Earth m

ass) of icy rocky 
planetesim

als



G
as giants: sufficient m

ass to attract and retain light gases



Problem
s for terrestrial planets: 

z
M

ercury (and M
oon) atm

osphereless
z

M
ars, Venus, Earth m

ay keep C
O

2 , N
2 , H

2 O
…

 B
U

T: how
 w

ere they acquired?
z

If gases directly from
 solar nebula, terrestrial planet form

ation and capture of 
gases M

U
ST have occurred before nebular dissipation (w

ithin 5-6 M
a)



Im
age C

redit: N
ASA

Solar N
ebula –

after 5-6 M
a

Æ
Planet form

ation regions cleared from
 gas and dust

Æ
Terrestrial planet grow

th by collisions of protoplanets
Æ

M
ars full-sized, but Earth and Venus need 50-100 M

a for full grow
th

(n-body sim
ulations, isotopes) 

Æ
Volatiles accreted w

ithin planetesim
als



10
-14

10
-12

10
-10

10
-8

10
-6

10
-4

10
-2

10
0

planetary pattern
(  ) C
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N
oble gas abundance pattern in terrestrial planet atm

ospheres: non-
solar, but sim

ilar to planetary precursors (m
eteorites from

 asteroids) 

A
cquisition of volatile elem

ents in 
solid m

aterial 
(ices beyond the snow

 line)

R
equires planetary outgassing

(and 
significant losses) Æ

w
hen?



Terrestrial atm
osphere by planetary outgassing? 

Prim
ordial helium

 is still degassing from
 the Earth 

Parent
R

adiogenic
Prim

ordial
U

, Th
(D

decay
chains)

4H
e

3H
e

R
atio

U
pper m

antle
Atm

osphere
4H

e / 3H
e

90 000r11000
714 800

Æ
prim

ordial (non-recycled) 3H
e in Earth´s m

antle, 
because of H

e leakage from
 atm

osphere into space
Æ

degassing of prim
ordial isotopes from

 Earth´s m
antle as ongoing process 

3H
e degassing from

 
the east pacific rise 
(Lupton and C

raig, 1981)



W
hen did the atm

osphere 
form

 by degassing of the solid 
Earth?

The Earth´s atm
osphere contains 1%

 argon 
(m

ostly 40Ar; 40Ar / 36Ar =296) 

v. W
eizsäcker(1937): Atm

ospheric 40Ar due 
to 40K

 decay (half-life 1.25 G
a) and 

degassing of the solid Earth 

Æ
Terrestrial atm

osphere is result of m
antle 

degassing (volcanic activity)

M
easured 40Ar/ 36Ar ratios at m

id ocean 
ridges (bubbles in glassy rinds of basalt 
pillow

s): 40Ar/ 36Ar up to 32 0000

Æ
M

antle degassing producing the 
atm

osphere occurred m
ostly in the past 

(w
hen 40Ar w

as less abundant) 



Parent
R

adiogenic
Prim

ordial

40K
 

(electron 
capture)

40Ar
36Ar

238U
244Pu
(W1/2 =80 M

a)

136Xe
130Xe

129I
(W1/2 =16 M

a)

129Xe
130Xe

R
atio

U
pper  /low

er
m

antle
Atm

osphere

40Ar/ 36Ar
32400r4200
8000r1000

296

136Xe/ 130Xe
2.62r0.10
2.26r0.02

2.176

129Xe/ 130Xe
7.79r0.25
6.75r0.06

6.496

Excess of radiogenic 40A
r and 129Xe in Earth´s m

antle: 
Evidence for early

m
antle degassing, w

ithin a100 M
a after accretion!

(prim
ordial nuclides early degassing, subsequent accum

ulation of radiogenic nuclides)

N
oble gas state of the atm

osphere and upper /low
er m

antle 
(M

oreira et al. 1998; Trieloff et al. 2000, 2003, 2005, 2018)
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Solar N
ebula –

after 5-6 M
a

Æ
Planet form

ation regions cleared from
 gas and dust

Æ
Terrestrial planet grow

th by collisions of protoplanets
Æ

M
ars full-sized, but Earth and Venus need 50-100 M

a for full grow
th

(n-body sim
ulations, isotopes) 

Æ
Volatiles accreted w

ithin planetesim
als



Proto Earth during the first 100 M
a 

Æ
G

row
th by collisions w

ith increasingly 
larger planetesim

als/ protoplanets
Æ

Accretionary heating 



Proto Earth during the first 100 M
a 

Æ
G

row
th by collisions w

ith increasingly 
larger planetesim

als/ protoplanets
Æ

Accretionary heating 
Æ

Planetary type volatiles: Larger bodies 
from

 beyond the snow
 line (few

 %
) deliver 

w
ater, carbon, nitrogen, noble gases 

(carbonaceous chondrites)



Proto Earth during the first 100 M
a 

Æ
Im

pact degassing leads to steam
 

atm
osphere and greenhouse   

Æ
Form

ation of m
agm

a ocean
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Proto Earth during the first 100 M
a 

Æ
Im

pact degassing leads to steam
 

atm
osphere and greenhouse   

Æ
Form

ation of m
agm

a ocean



Q
uelle: BBC

Term
inal grow

th of the proto Earth –
C

ollision w
ith Theia (B

enz et al. 1989)



Earth after form
ation of the m

oon (100 M
a after C

A
Is)

Æ
Significant fraction of prim

ary protoatm
osphere

lost by Theia Im
pact 

Æ
Proto Earth cools and solidifies  

Æ
Volatiles previously dissolved in m

agm
a ocean (C

,H
,O

,N
, noble gases) 

degas and form
 a secondary atm

osphere
Æ

Form
ation of w

ater oceans, C
O

2 , N
2 dom

inated atm
osphere
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Earth after form
ation of the m

oon (100 M
a after C

A
Is)

Æ
Secondary atm

osphere by degassing   (C
,H

,O
,N

, noble gases) 
Æ

M
ajor B

om
bardm

ent(s) until 3800 M
a ago (LH

B
)

Æ
M

odification of atm
osphere/hydrosphere by addition of C

C type volatiles

M
arty 2012
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Earth after form
ation of the m

oon 
Æ

Secondary atm
osphere by degassing   (C

,H
,O

,N
, noble gases) 

Æ
M

ajor B
om

bardm
ent(s) until 3800 M

a ago (LH
B

)
Æ

M
odification of atm

osphere/hydrosphere by addition of C
C type volatiles

Planetary type 
atm

osphere/hydrosphere 

Partially 
solar type 
m

antle

M
arty 2012
M

arty 2012
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Earth after form
ation of the m

oon 

Æ
Episodic evaporation of 
oceans

Zahnle
&

 Sleep
1997



Earth after form
ation of the m

oon 
Æ

Large C
O

2 content, but no runaw
ay greenhouse, Earth retained w

ater
Æ

C
om

pensation of faint (-30%
) young sun

K
asting

1993

B
ressan

et al.  1993



Earth after form
ation of the m

oon 
Æ

Large C
O

2 content, but no runaw
ay greenhouse

Æ
C

om
pensation of faint (-30%

) young sun
Æ

H
ow

 w
as C

O
2 rem

oved from
 the atm

osphere?
K

asting
1993



Earth after form
ation of the m

oon 
Æ

Large C
O

2 content, but no runaw
ay greenhouse

Æ
C

om
pensation of faint (-30%

) young sun
Æ

C
O

2 content “adjusted” by carbon-silicate cycle Æ
clim

ate stabilisation
K

asting
1993



Earth after form
ation of the m

oon 
Æ

Large C
O

2 content, but no runaw
ay greenhouse

Æ
C

om
pensation of faint (-30%

) young sun
Æ

C
O

2 content “adjusted” by carbon-silicate cycle Æ
clim

ate stabilisation

Æ
R

equires B
O

TH
 oceans AN

D
 exposed crustal surface 

(C
onfirm

ed by H
adean up to 4.4 G

a old zircons, O
 and H

fisotopes, 
presence of sm

all continents by m
antle plum

es likely) 
Æ

Even highest 10 bar C
O

2 content estim
ate requires 90 %

 bound in 
carbonates



Earth after H
adean and “Late H

eavy B
om

bardm
ent”

Æ
Persistent oceans, stable continental crust (oldest rocks c. 3.8-4.1 G

a)
Æ

B
iogenic fixation of carbon (Isua

3.8 G
a)

M
. Schidlow

ski
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Earth after H
adean and “Late H

eavy B
om

bardm
ent”

Æ
Persistent oceans, stable continental crust (oldest rocks c. 3.8-4.1 G

a)
Æ

B
iogenic fixation of carbon (Isua

3.8 G
a)

Æ
O

ldest fossil strom
atolites (c. 3.5 G
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Earth betw
een 4.4 -3.8 G

a ago Æ
H

adean zircons
Æ

O
ceans, continental crust, subduction (partially or tem

porarily) present 
Æ

A
biotic carbonate silicate cycle likely present

Æ
B

iogenic fixation of carbon possibly present
Æ

Em
ergence and “im

pact frustration” of life?

Em
ergence of life 



C
arbonaceous chondrites 

Æ
Likely brought carbon (and other volatiles) to 
Earth (w

ithin first 100 –
800 m

illion years)
Æ

D
uring episodic bom

bardm
ents: 5 x 10

9 kg/year

Æ
Porous and w

ater rich, and their parent bodies had 
extended (100 km

 sized) low
 tem

perature 
hydrotherm

al system
s during the first tens of 

m
illion years  

Æ
H

ydrotherm
al system

s produced phyllosilicates 
and clay m

inerals (e.g., serpentine, but also 
m

ontm
orillonite, observed to speed up vesicle 

form
ation by m

icelles, R
N

A form
ation from

 
nucleotides in aqueous solution)

Æ
contain

FeS
(troilite) („Iron-sulfur w

orld“), 
param

agnetic
FeS

2 , Fe
3 S

4 (greigite), 
nonstoichiom

etric
FeS

1-x S pyrrhotite
polytypes, 

m
ixed

Fe-N
isulfides, e.g. pentlandite

(Fe,N
i)9 S

8  
Æ

contain 0.1%
 P 

Prerequisites for prebiotic chem
istry

Earth betw
een 4.4 -3.8 G

a ago



The R
N

A w
orld

Adenine

G
uanine

C
ytosine

U
racil (Thym

ine 
in D

N
A)

The genetic code: 
4 nucleobases 
20 am

ino acids

Earth betw
een 4.4 -3.8 G

a ago



The genetic code: 
4 nucleobases 
20 am

ino acids

The R
N

A w
orld



m
ostly insoluble, highly m

olecular organic m
atter (H

/C
 <

1, <15%
 O

, <3%
 N

)

C
arbon in 

carbonaceous 
chondrites 



C
arbon in 

carbonaceous 
chondrites 

Significant 
fraction (30%

) of 
soluble organic 
species 
Æ

rich in H
, O

, N



C
arbon in 

carbonaceous 
chondrites 

Æ
86 am

ino acids 
in M

urchison 
m

eteorite
Æ

extraterrestrial 
isotopic 
com

position
Æ

up to 2200 ppm
 

am
ino acids in 

C
R

2 chondrites

Pizzarello
&

 Shock 2010



C
arbon in 

carbonaceous 
chondrites 

Various nucleobases in 
various proportions 
Æ

adenine, guanine, 
uracil present
Æ

no thym
ine, cytosine

Æ
unusual on Earth: 

purine, 
2,6-diam

inopurine

Extraterrestrialisotopic
com

position
(M

artins et 
al. 2008)

C
allahan et al. 2011
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m

ary

Æ
First 100 M

a: A
ccretion and im
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heating, core form

ation, Equilibrium
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Æ
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a after C

A
Is: M

oon-form
ing 
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Sum
m

ary

Æ
First 100 M

a: A
ccretion and im

pact 
heating, core form

ation, Equilibrium
 

betw
een m

agm
a ocean and m

assive 
protoatm

osphere

Æ
C

a. 100 (r30) M
a after C

A
Is: M

oon-form
ing 

Theia im
pact, dissipation of 

protoatm
osphere

Æ
C

ooling, solidification of crust and m
antle, 

m
antle degassing, form

ations of w
ater 

oceans and C
O

2 rich atm
osphere 

C
oncentration of atm

ophile/life 
prom

oting elem
ents close to early 

Earth’s surface 



Sum
m

ary

Æ
“Im

pact frustration” of life?

Æ
Substantial continuous addition of 
variety of com

plex prebiotic volatile 
com

pounds (incl. am
ino acids, 

nucleobases) by various types of C
C

 
m

eteorites 

Æ
Pathw

ays to R
N

A w
orld? 



Thank you for your attention! 




