
Some	  thoughts	  on	  isotope	  frac2ona2on	  
	  

(mainly	  phase	  changes	  and	  transport,	  less	  chemistry)	  
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Satura2on	  	  

Frac2ona2on	  –	  kine2cs	  is	  bidirec2onal	  independent	  of	  transport	  
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Easily	  measured	  in	  the	  laboratory	  and	  
theory	  is	  reasonable:	  



Satura2on	  

Frac2ona2on	  –	  kine2cs	  is	  bidirec2onal	  independent	  of	  transport	  
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Difficult	  to	  resolve	  from	  transport	  
effects,	  theory	  is	  not	  well	  developed:	  

…some	  analogies	  with	  electrochemistry	  
and	  reorganiza2on	  energy.	  



Frac2ona2on	  –	  law	  of	  mass	  ac2on	  
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α INSERTION = αEQ αEVAP

Measured	  Calculated	  

Satura2on	  



Satura2on	  

Si =
Pi
PEQ,i

Si = 1, Equilibrium  
Si > 1, Condensation 
Si < 1, Evaporation 



Equilibrium	  

Si = 1 
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For	  crystalline	  phases	  A	  and	  B	  at	  high	  T:	  

Key	  is	  differences	  in	  bond	  s2ffness!	  



Equilibrium	  

Si = 1 



Equilibrium	  

Si = 1 
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For	  gas	  molecules:	  	  



Equilibrium	  

Si = 1 
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Condensa2on	  

Si  >1 

Snow 

Expanding on Jouzel and Merlivat (1984) 
and Simon and DePaolo (2010) 

Rcondensate
Ro

= 1
Ro

′J
J
αEVAPαEQ

Ji =
γ i Pi,EQ − Pi( )
2πmiRT

Hertz-‐Knudsen	  equa2on	  

Inser2on	  



Condensa2on	  

Expanding on Jouzel and Merlivat (1984) 
and Simon and DePaolo (2010) 

αCOND =
αEVAPαKIN Si

αEQ(Si −1)+αKIN

αKIN =
µi, j

µi, j
′
αEVAP αEQ

transport	   inser2on	  

Si  >1 

Snow 



Condensa2on	  

No reservoir effect: 
   -infinite, well-mixed  gas reservoir 
   -kinetic fractionation 

δCond = δ o,Vapor +10
3 ln αCOND( )

Reservoir	  effects:	  	  



Condensa2on	  

Rainout:  
  - well-mixed parcel of gas “rains” out condensate 
  -cumulative compositions 

Reservoir	  effects:	  	  
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f	  =	  frac2on	  remaining	  in	  source	  



Condensa2on	  
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Condensa2on	  
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R
1
T
− 1
TEQ

⎛

⎝⎜
⎞

⎠⎟

Bulk	  condensate	  41K/39K	  
3500	  and	  3000	  K	  



Evapora2on	  

Si < 1 

Melt 

Gas molecule 

Mean free path 

Collision 

Melt 

Evap 

Evap 

Ji, net =
γ i Pi, sat − Pi( )

2πmiRT



Evapora2on	  

Pi (r+ = s,t) = RT
s
Di

Ji,net 1− e
ξ erfc ξ( )⎡

⎣
⎤
⎦

Pressure	  build	  up	  at	  surface:	  

Si < 1 



Evapora2on	  

Pi (r+ = s,t) = RT
s
Di

Ji,net 1− e
ξ erfc ξ( )⎡
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Pressure	  build	  up	  at	  surface:	  

ξ = tDi

s2

Radius	  of	  body	  

Si < 1 



Evapora2on	  

Ji,net/Ji,evap = 1/(1+Ji,return/Ji,net).  

Ji, net =
Ji, evap

1+ γ iRT
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Si < 1 



Evapora2on	  

Net	  flux	  of	  Mg	  
2000	  K,	  10-8	  bar	  

Free	  evapora2on	  

Equilibrium	  

Si < 1 
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Evapora2on	  

Net	  flux	  of	  K	  

Si < 1 



Evapora2on	  

Ji, net
′*

Ji, evap

= 1
1+αEQαEVAP ′Ji, return / ′Ji, net( )

Net	  flux	  for	  the	  heavy	  isotope,	  including	  inser2on:	  	  

Si < 1 



Evapora2on	  
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Evapora2on	  

In	  the	  limit	  of	  a	  high	  return	  flux,	  J*’i,net/Ji,net:	  	  

α net, evap = ( ′ni, melt / ni, melt )αEVAP ′µ / µ µ / ′µ / (αEQαEVAP )

= ( ′ni, melt / ni, melt ) /αEQ

Si < 1 



Escape	  

Escape	  mechanisms:	  

Escape	  parameter:	  
Gravita2onal	  energy/thermal	  energy	  

λ =
GM mgas / r
kbT (r)



Hydrodynamic escape 

Transitional 

Jeans’ escape 
λo 

λo = 3 

λo = 2 

Escape	  

Io	  

Pluto	  

Europa	  

λo	  criteria	  from	  	  Volkov	  et	  al.	  
(2011)	  for	  a	  thin	  atmosphere	  
heated	  from	  below	  (i.e.,	  not	  
present-‐day	  Titan)	  
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for	  m	  ~ 34 amu	  



Escape	  

Steady-‐state	  atmospheres:	  surface-‐integrated	  fluxes	  

θhydro = 4πrB
2CS(rB)

P(rB)
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Steady-‐state	  

Planetesimal	  magma	  ocean	  



Steady-‐state	  
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Steady-‐state	  



Exchange	  with	  atmosphere	  

Example:	  K	  isotopes,	  proto-‐Moon	  
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Exchange	  with	  atmosphere	  

dNi, gas

dt
= 4πs2Ji, net − 4πrEx

2ω Jn i, Ex= 0

′ni, gas

ni, gas

⎛

⎝⎜
⎞

⎠⎟ t=∞
=

′Ji, net

Ji, net

ω
′ω

Steady-‐state	  atmosphere	  isotopic	  composiBon:	  	  Jeans’	  escape	  



4πs2Ji, net
Evaporation 
-0.9 ‰ 

Melt Vapor 

4πrEx
2ω Jn Ex

Jeans’ escape, 

Exobase 

Troposphere 

- 44.5 ‰ 

Exchange	  with	  atmosphere	  

Example:	  Mg	  isotopes,	  evaporaBng	  planetesimal	  

′Ji, net

Ji, net

ω
′ω
⇒ + 45.6 ‰



Exchange	  with	  atmosphere	  



4πrB
2CS(rB)ni, gas

4πs2Ji, net

Evaporation 
α = -0.9 ‰ 

Melt 
Vapor 

4πrEx
2ω Jn Ex

Hydrodynamic escape,  
α = -0.006 ‰ 

Jeans’ escape, 
α = -20.2 ‰ 
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Melt 

Exchange	  with	  atmosphere	  

Hydrodynamic	  escape	  for	  ½	  MPluto	  body:	  Bondi	  radius,	  Cs	  =	  Vesc	  

′ni, gas

ni, gas
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CS (rB )
′CS (rB)

dNi, gas

dt
= 4πs2Ji, net − 4πrB

2CS(rB)ni, gas = 0

α hydro ~ 1−
GM (mi −mAvg )DinGas
(CS(rB)nGas )rB

2kbT

Frac2ona2on	  factor	  rela2ve	  to	  average	  mass,	  e.g.	  
Zahnle	  and	  Kas2ng	  (1986):	  	  

~	  -0.006	  ‰	  for	  25Mg/24Mg	  in	  a	  
rock-‐vapor	  atmosphere	  



Exchange	  with	  atmosphere	  

Hydrodynamic	  escape	  for	  ½	  MPluto	  body:	  Bondi	  radius,	  Cs	  =	  Vesc	  

Bondi	  radius:	  
T	  =	  1660	  K	  
P	  =	  1.4e-‐8	  bar	  

H	   N2	   CO2	  



Mul2ply-‐subs2tuted	  isotopologues	  
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Stochas2c	  
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Mul2ply-‐subs2tuted	  isotopologue	  abundances	  



Stochas2c	  “An2-‐Clumped”	  
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Mul2ply-‐subs2tuted	  isotopologue	  abundances	  



Stochas2c	   “Clumped”	  “An2-‐Clumped”	  
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Stochas2c	   “Clumped”	  “An2-‐Clumped”	  
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Mul2ply-‐subs2tuted	  isotopologue	  abundances	  
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Mul2ply-‐subs2tuted	  isotopologue	  abundances	  

CH4	  



Mul2ply-‐subs2tuted	  isotopologue	  abundances	  

CH4	  



Mul2ply-‐subs2tuted	  isotopologue	  abundances	  

CH4	   Process	  
Source	  +	  Process	  



Photochemistry	  
Intramolecular	  disequilibrium	  (Non-‐RRKM)	  effects	  

Thiemens	  and	  others,	  since	  1983	  

Mass-‐independent	  frac2ona2on	  (MIF)	  MIF 



Photochemistry	  

Thiemens	  (2006)	  

Intramolecular	  disequilibrium	  (Non-‐RRKM)	  effects	  
Mass-‐independent	  frac2ona2on	  (MIF)	  MIF 



Photochemistry	  
Intramolecular	  disequilibrium	  (Non-‐RRKM)	  effects	  

Mass-‐independent	  frac2ona2on	  (MIF)	  MIF 
Rudolph	  A.	  Marcus	  proposes,	  with	  coworkers	  (1999	  to	  2004):	  	  
-‐A	  mechanism	  for	  the	  ozone	  mass	  independent	  frac2ona2on	  (MIF)	  effect	  
-‐Departure	  from	  intramolecular	  equilibrium	  in	  the	  vibra2onally	  excited	  state	  of	  the	  
symmetrical	  isotopologue	  
-‐The	  so-‐called	  η effect…(non	  RRKM)	  
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O2	  

O3*	  

asymmetric	   O2	  
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Photochemistry	  

E	  electronic	  >	  E	  vibra2onal	  >	  E	  rota2onal	  

Absorp2on	  



Photochemistry	  

Electronic	  transi2on	  faster	  than	  vibra2onal	  mo2on	  

ν''	  =	  0	  

ν''	  =	  5	  

ν'	  =	  1	  

ν'	  =	  5	  

ν''	  =	  1	  

ν'	  =	  2	  

PE(r)	  
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Abs.	  intensity	  
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0-‐2	  
0-‐3	  

0-‐4	  

Maximum	  absorp2on	  from	  botom	  of	  energy	  well	  
at	  ground	  electronic	  state	  

re''	  

re'	  

Peak	  in	  absorp2on	  depends	  on	  change	  
in	  interatomic	  spacing	  re	  

Frank-Condon Principle for Vibronic Transitions 



Photochemistry	  

PE(r)	  

r	  

re''	  

re'	  

dissocia2on	  energy	  

unbound	  con2nuous	  
repulsive	  energy	  

Direct Photodissociation – excitation to unbound state 



Photochemistry	  

PE(r)	  

r	  

re''	  

re'	  

Predissociation– excitation to bound state 



Photochemistry	  

PE(r)	  

r	  

re''	  

re'	  

Predissociation– excitation to bound state 



Photochemistry	  

PE(r)	  

r	  

re''	  

re'	  

unbound	  con2nuous	  repulsive	  energy	  

Internal	  conversion,	  dissocia2on	  

Predissociation– excitation to bound state 



Photochemistry	  

Ni = ni (Z )dz
0

z

∫

Optical Depth Effects 



Photochemistry	  

 

k = J ! exp(−τ i )
i
∏

α = ′k
k
=

exp(−σ i ′Ni )
i
∏
exp(−σ iNi )

i
∏

Isotope	  frac2ona2on	  due	  to	  abundance:	  

Optical Depth Effects 



Photochemistry	  

	  	  

τ C16O	  =	  1	   τ C18O	  =	  1	   τ C17O	  =	  1	  
CO	  column	  

18O,	  17O	  enriched	  O	  No	  frac2ona2on	   ~opaque	  

UV	  (C16O)	  

UV	  (C18O)	  

UV	  (C17O)	  

C16O	  +	  hν	  à	  C	  +	  16O	  

C18O	  +	  hν	  à	  C	  +	  18O	  

C17O	  +	  hν	  à	  C	  +	  17O	  

C16O	  

C	  +	  18O,	  	  18O	  +	  H2	  à	  18OH	  +	  H	  à	  H2
18O	  

C16O	  

C18O	  

C17O	  C	  +	  17O,	  	  17O	  +	  H2	  à	  17OH	  +	  H	  à	  H2
17O	  

Iν	  /	  Iνo	  =	  e−	  τ	  

CO Photodissociation self-shielding 



Photochemistry	  

 

k = J ! exp(−τ i )
i
∏

α = ′k
k
=

exp(−σ i ′Ni )
i
∏
exp(−σ iNi )

i
∏

Devia2on	  From	  Purely	  Abundance-‐Dependent	  Frac2ona2on	  

Cross-‐sec2ons	  can’t	  be	  assumed	  to	  be	  
equal	  for	  all	  isotopologues	  

New Focus on Cross Sections 



Water	  D/H	  

H2O	  vapor	  
Diffusion	  

Advec2on	  

Snow
line	  

Icy	  bodies	  

Molecular	  cloud	  core	  ice	  infall	  

HDO	  +	  H2	  =	  HD	  +	  H2O	  

HDO/H2O	  >>	  HD/H2	  
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Water	  Oxygen	  



Equilibrium	  

Si = 1 

β = h ′ν i / (kbT )
hν i / (kbT )

e−(h ′νi /(kbT ))/2

1− e−h ′νi /(kbT )
1− e−hνi /(kbT )

e−(hνi /(kbT ))/2i
∏



Equilibrium	  

Si = 1 

β = 1+ 1
24

ui
2 − ′ui

2( )
i
∑



Exchange	  with	  atmosphere	  

Example:	  Mg	  isotopes,	  evaporaBng	  magma-‐ocean	  planetesimal	  
	  ½	  MPluto	  

Exobase  
(Jeans’ escape) 

Radiative layer 

Convective layer Bondi radius 
(hydrodynamic escape) 


