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Some thoughts on isotope fractionation

(mainly phase changes and transport, less chemistry)

1. Saturation:
Equilibrium
Condensation
Evaporation
2. Atmospheric escape
3. Steady-state atmospheres
4. Multiply-substituted isotopologues: opportunities
5. Photochemistry




Saturation

Fractionation — kinetics is bidirectional independent of transport

Easily measured in the laboratory and
theory is reasonable:
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Saturation

Fractionation — kinetics is bidirectional independent of transport

Difficult to resolve from transport
effects, theory is not well developed:

Condensation v

11lO‘Condensation = ln(%j = hl(_j + (_(Ez: + Ea) / (ka))

Vv

...some analogies with electrochemistry
and reorganization energy.




Saturation

Fractionation — law of mass action

Vapor — Condensate
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Satwration

S; =1, Equilibrium
S;> 1, Condensation
S; <1, Evaporation




Equilibrium

S.=1

l

For crystalline phases A and B at high T:
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Key is differences in bond stiffness!




Equilibrium

decreasing 2°Mg/?*Mg

Spinel Orthopyroxene Forsterite

mean ry. o= 0.195 nm mean ionic ry, o= 0.209 nm mean ionic ry,, 5= 0.210 nm




Equilibrium

S =1
For gas molecules: g — gf
Q0 o
/
— fa Ga O-b

" f,0.0,




Equilibrium

S.=1

l

CO+0"0 == C"0+0,




Condensaton

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

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

Reservoir effects:

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

Opong = O +10° ln(ocCOND)

0,Vapor




Condensation

Reservoir effects:

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

Cond (50 ,Vapor T 10 ’ )

f=fraction remaining in source




Condensation

Fractionation Reservoir Saturation

Bulk Condensates

Equilibrium

F gas
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Condensaton

Bulk condensate 41K/3°K
3500 and 3000 K
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F (fraction remaining in gas)




Evaporation
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Evaporation

Pressure build up at surface:

Pl.(}gr =§,1)= RT% i net |:1 o eé eI'fC(\/g)}

l




Evaporation

Pressure build up at surface:

Radius of body
4

Pl.(}gr =§,1)= RT% i net |:1 o eé eI'fC(\/g)}
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Evaporation

Ji,net/ Ji,evap — 1/ (1+Ji,return/ Ji,net)°
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Evaporation
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Evaporation
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Evaporation

Net flux for the heavy isotope, including insertion:
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Evaporation
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Evaporation

In the limit of a high return flux, J*’; . /J; \et:

anet, evap — (nl,, melt /ni, melt)aEVAP \/lu, / u \/u / :LL, /(aEQaEVAP)
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Escape mechanisms:

Escape parameter:
Gravitational energy/thermal energy

/l:GMmgas/r

kT (r)




Escape
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Escape

Steady-state atmospheres: surface-integrated fluxes
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Steady-state
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Steady-state

1018

Lunar magma ocean Je = 11xdyq
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Steady-state
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Exchange with atmosphere

Example: K isotopes, proto-Moon
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Exchange with atmosphere

Steady-state atmosphere isotopic composition: Jeans’ escape
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Exchange with atmosphere

Example: Mg isotopes, evaporating planetesimal
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Exchange with atmosphere
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Exchange with atmosphere

Hydrodynamic escape for % M,, ., body: Bondi radius, C. =V,

dN
—E —Ans’).  —4nr.Cy(r)n, . =
dt 1, net l, gas
E)kobaseva0
’ ’
ni,gas _ Ji net C (I" )
= 471:rBC (rz)n; gas
ni,gas f—oo z net C (I’ ) Hydrodynamic escape,

a = -0.006 %o

Fractionation factor relative to average mass, e.g.
Zahnle and Kasting (1986):
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Exchange with atmosphere

Hydrodynamic escape for % M,, ., body: Bondi radius, C. =V,
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Multiply-substituted isotopologues




Multiply-substituted isotopologue abundances

4 160 atoms,
4 180 atoms

Stochastic
(15
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Multiply-substituted isotopologue abundances

“Anti-Clumped” Stochastic

¢ O
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A36=103( j=0
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Multiply-substituted isotopologue abundances

“Anti-Clumped” Stochastic “Clumped”

¢ O
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Multiply-substituted isotopologue abundances

“Anti-Clumped” Stochastic “Clumped”
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Multiply-substituted isotopologue abundances
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Multiply-substituted isotopologue abundances

CH,
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Multiply-substituted isotopologue abundances
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Multiply-substituted isotopologue abundances

CH,

Process
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Photochemistry

- Intramolecular disequilibrium (Non-RRKM) effects
\Y

IF Mass-independent fractionation (MIF)

Thiemens and others, since 1983

O + Oy =03 (electrical discharge)

40

O3

A

TMF +
0,

best-fit slope = 0.99 +/- 0.04

-40 -20 0 20 40

0180
(Young and Hoering, unpub. data 1993)
P°=44-101 torr



Photochemistry

Intramolecular disequilibrium (Non-RRKM) effects

Mass-independent fractionation (MIF)
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Photochemistry

- Intramolecular disequilibrium (Non-RRKM) effects
\Y

IF Mass-independent fractionation (MIF)

Rudolph A. Marcus proposes, with coworkers (1999 to 2004):

-A mechanism for the ozone mass independent fractionation (MIF) effect
-Departure from intramolecular equilibrium in the vibrationally excited state of the
symmetrical isotopologue

-The so-called n effect...(non RRKM)

16
— N
16
17
a——— N S
16




Photochemistry

Absorption

E >E vibrational >E

rotational

electronic




Photochemistry

Frank-Condon Principle for Vibronic Transitions

Electronic transition faster than vibrational motion

Maximum absorption from bottom of energy well
at ground electronic state

Peak in absorption depends on change
in interatomic spacing r,,

e 0-4
s 0-3
—— m—— 0_2
e 0-1

== 0-0

Abs. energy

PE(r)

Abs. intensity




Photochemistry

Direct Photodissociation — excitation to unbound state

unbound continuous

P repulsnveenergyf_

dissociation energy

PE(r)




Photochemistry

Predissociation— excitation to bound state

PE(r)




Photochemistry

Predissociation— excitation to bound state

PE(r)




Photochemistry

Predissociation— excitation to bound state

Internal conversion, dissociation

unbound continuous repulsive energy

PE(r)




Photochemistry
Optical Depth Effects

N, = jni(Z)dz
0




Photochemistry
Optical Depth Effects

Isotope fractionation due to abundance:
k= J°Hexp(—1'l.)

v H exp(—o,N))

1

O =—=
k [lexp(=o:N,)




Photochemistry
CO Photodissociation self-shielding

I, /1°=e"
Tco=1 TCB0 =1 TCY0=1
CO column
UV (C¥*0) ==—=> (10 + hv > C+ 1°0 Cte0 cte0
4 V(o) ——> C¥O+hv> C+10 C+ 180, 180 + H, > 180H + H > H,%0 80
UV (C7Q) =—> C¥0+hv > C+ 170 C+170, 70 + H, > Y7OH + H > H,0 cl70

No fractionation 180, 170 enriched O ~opaque




Photochemistry
New Focus on Cross Sections

Deviation From Purely Abundance-Dependent Fractionation

k=J"]]exp(-7,)

v Hexp(——GiNi')
k [lexproin,)

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




Water D/H

Molecular cloud core ice infall

~
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Icy bodies
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HDO + H, = HD + H,0 H,O vapor




JFC
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? CO+uv-->C+0

? O+H-->0H
9OH+H-->H20
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Protoplanetary disk
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Water Oxygen
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Equilibrium

S, =1

ﬁ H hv’/(k T) e_(hvi/(ka))/2 1 — e—hv,-/(ka)

hv. [ (kT) 1—e ~hVilkT) - = (hvil (T )2




Equilibrium

S.=1

Because csch(x)=2/(e" —e “)and sinh(x)=(e' —e ")/2 we rewrite

* csch(u’ /2
B=T] % %”l/)zsinh(ui/z) .

i

Substitution of the Taylor series approximations for the hyperbolic functions truncated after

two terms, csch(x) ~1/x—x/6andsinh(x)~ x+ x° /3!, results in




Exchange with atmosphere

Example: Mg isotopes, evaporating magma-ocean planetesimal
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