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|sotope fractionation
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|sotope fractionation

K
R
2\ U

10°

670, -6"0,=10Ina)° =
‘ ‘ 24

10°

§%0, ~8"0, 210" g™ =

24

517Oa _6170b _
6180a _ 6180b

ECOLE DE PHW
LES HOUCHES

=0.531

Mass-dependent
fractionation



|sotope fractionation
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C2 and C3 anhydrous minerals

5170 rel. CCRS (per mil)

C2 hydrous matrix

Ordinary chondrites and
achondrites

a Lunar soils
o Terrestrial rocks and waters
1 Analytical uncertainty
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1973: oxygen isotope anomaly in
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©  Earth, Mars, Vesta, meteorites (asteroids)
@® Genesis SW (Ne MF correction)

Slope = 1.0
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©  Earth, Mars, Vesta, meteorites (asteroids)
@® Genesis SW (Ne MF correction)
o
‘. Magnetite + Pentlandite

Slope = 1.0 (FegOq + (Fe.Ni)sSs)
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Earth, Mars, Vesta, meteorites (asteroids)
Genesis SW (Ne MF correction)

Magnetite + Pentlandite

Slope = 1.0 (Fe5O, + (FeNi)oSs)
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Fluorination data for the solar system
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Planetesimal hydrology:

243 lda Halley’s




26A\ (half life = 0.7 Myr) = heat source in the early solar system

water ice

26A] > 26Mg*
Q=6x108 (2°Al/Al)g exp([Ar) W/kg

o

_ *mass
Phe fractionation
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mmum,’& . "M% S

32%6Mg* = f (TAI**Mg) =

permeable

11 12

026Mg SRM 980

hydrocryogenic

zone Water ice melts, water flows

Hydrology not unlike terrestrial
water-rock systems




Kinetic models for fluid flow
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Kinetic models for fluid flow
25 ¢
20 !

O model forsterite
4+ model phyllosilicates
% model carbonate

Allende unaltered (laser)
Allende altered (laser)

+ CM hydrous (literature)

x CM carbonate (literature)
+ Cl matrix (literature)

A CI magnetite (literature)
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Explanations:




Galactic Chemical Evolution Preserved in Dust and Gas
(e.g., D.D. Clayton 1988; Jacobsen et al. 2007)

nucleosynthetic production of oxygen
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dust 4
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Galactic Oxygen Isotope Evolution Model

— sjlicate dust
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Relative to gas, i.e. the Sun!
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Galactic Chemical Evolution Preserved in Dust and Gas
(e.g., D.D. Clayton 1988; Jacobsen et al. 2007)

nucleosynthetic production of oxygen

gas

dust 4

dust production destruction
rate = y rate = By

y dust
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Galactic Oxygen Isotope Evolution Model
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Galactic Chemical Evolution Preserved in Dust and Gas
(Krot et al., 2010)

Differentiated asteroids formed early but are %O poor.
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Galactic Chemical Evolution Preserved in Dust and Gas: Dust
was "0 poor? (Krot et al., 2010)
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Two-stage alternative:
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Galactic Chemical Evolution or Simply Aqueous Alteration?




Intramolecular disequilibrium (Non-RRKM) effects

Mass-independent fractionation (MIF)

Thiemens and others, since 1983

O+ 05 =03 (electrical discharge)

O3

A

0,

best-fit slope = 0.99 +/- 0.04

0 20 40

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




Intramolecular disequilibrium (Non-RRKM) effects

D
o

—
S
o
e
=
(e}
=
o
~
(Ze]

N
o

Thiemens (2006)

O, strato.

MIF
species

CcO,
strato.

H20, f—CO2 tropo.

?o Air O,
o< Bulk Earth’s silicate

Mass-dependent
species

: | |
T~ Standard mean ocean water

—— Atmospheric H,O

0 50 100
18
o OSMOW (0/00)




Intramolecular disequilibrium (Non-RRKM) effects

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)

symmetric

asymmetric




Intramolecular disequilibrium (Non-RRKM) effects

Marcus (2004) — analogous to ozone but mediated
by grain surfaces...

rock rock
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Intramolecular disequilibrium (Non-RRKM) effects

Marcus (2004) — analogous to ozone but mediated
by grain surfaces...

rock rock

A L
K, ky

Si160+160 Sil7,180+160

A A

- k K

sym asym

k k
160 + Si160 11! Si1602* 160 + Si17,180 _LSil7,180160*

Iy m"“

Dusty disk environment

111

No experimental confirmation as of yet!
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ISOTOPE-SELECTIVE PHOTODESTRUCTION OF CARBON MONOXIDE
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ABSTRACT

Observations of the molecular cloud boundary layer near the H 1 region S68 reveal an over-
abundance of '*CO and '*CO relative to C'®*O consistent with a simple model of isotope-selective
photodestruction of the rarer CO species. Self-shielding and the isotopic shift of the UV dissociative
transitions increase the lifetime of the more abundant isotopes of carbon monoxide ina UV irradiated
environment. As a result, large variations occur in the abundance ratios of CO isotopes in the surface
layer of clouds and near internal UV sources. This effect is important for the determination of

molecular abundances, cloud masses, iso

Subject headings: interstellar: molecules

nebulae: H 11 regions ' ISOTOPIC RATIO
DEVIATION
@ =1
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CO photodissociation self shielding
[,/I[°=¢e"

TClO =1
CO column

UV (C!Q) === Cl%0 + hv = C+ 160

1o
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CO photodissociation self shielding
[,/I[°=¢e"

TClO =1
CO column

O) === Cl°Q +hv > C+ 160 C'%0

0) ==» CBO+hv> C+1B0|  C+130, 80 +H, > OH + H > H,'*0

[
>

No fractionation 180 enriched O ~opaque
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CO photodissociation self shielding
[,/I[°=¢e"

TClO =1
CO column

0) ===» C!60 +hv > C +1°0 160
0) ==» CBO+hv> C+1B0|  C+130, 80 +H, > OH + H > H,'*0

0) ===» C!0+hv-> C+1"0 Cc+'0, "O+H, > "OH+H > H,"70

[
>

No fractionation 180, 170 enriched O ~opaque
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DO +uw—-C+0 New solar system H,0

(20 + H—> OH of Sakamoto et al.

@ OH +H— H, ‘
Reaction with rock
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Chakraborty et al. (2009)

Experimental Test of fimokedas
097 nm (RT) combined Ultraviolet Photodissociation of CO ;!
Self-shielding of carbon monoxide (CO) within the nebular disk has been proposed as the source  and the heavy a

fect associated

in interstellar ny

topic anomalieg

0 of isotopically anomalous oxygen in the solar reservoir and the source of meteoritic oxygen transported throt
94 l'llTl (' 66 C) isotopic iti A series of CO photodissociation experiments at the Advanced Light Source  forming zone,

A 105 nm (-66 C) 105.17 nm :
at RT
® 94 nm (RT) (y=1.38x+37.5) proo-Sin [vi

A l ()5 nm (RT) . that has not be}
Self-Shielding in Vacuum the observed d
Subrata Chakraborty," Musahid Ahmed, Teresa L. Jackson," Mark H. Thiemens™* proposed to act
show that vacuum ultraviolet (VUV) photodissociation of CO produces large wavelength-dependent  inclusions (CAIY

isotopic fractionation. An anomalously enriched atomic oxygen reservoir can thus be generated from the residul
through CO ph issociation without self-shielding. In the presence of optical self-shielding of avoid the erasu

0 VUV light, the fractionation associated with CO dissociation dominates over self-shielding. change (6), it
1 05 . ] 7 n m al _66 C These results indicate the potential role of photochemistry in early solar system formation and shiclding occurr
may help in the understanding of oxygen isotopic variations in Genesis solar-wind samples. molecular cloud|

(y=121x+ 14.5) o o

Y sotope-selective photod ion, or self- dissociation of the minor species results with  peratures (~50
see ol .
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Self-shielding in the
solar nebula

ariations in the abundance of isotopes
of elements i primitive meteorites
carry the record of chemical and
nuclear processes that occurred during the
formation of the Solar System. Here 1
explore the possibility that

that corresponds 1o *CO s more rapidly
atteruated than that which corresponds to
the less abundant ""CO. As a consequence,

products in the cloud interior. Millimetre-
wavelength observations reveal the comple-
‘mentary enhancement of “CO/"CO in the
cloud interior”. The same effect must occur
for

self-shielding of carbon monoxide, a
process that is known to occur in molecular
clouds, may also have been important in the
solar nebula. In the solar nebula, the
process is based on far-ultraviolet radiation
from the growing Sun, which is effective
over a small distance in the inner part of the
nebula. In order to acquire their observed
il of

because of the larges olope  ratios
070 =500 0/"0~2500.

‘The same type of sotopic sel-shielding
effect should occur in the T-Tauri stage of
solar evolution. The profo-Sun provides a
strong source of ultraviolet radiation, and
it has a gas/dust disk in which the gas
predominantly consists of Hy. CO and Ny

in the present inner Solar System must have
been processed through this region, and
subsequently expelled to greater distances
an X-wind or similar mechanism'
Self-shielding in the ultraviolet photo-
dissociation of CO is thought (@ be
responsible for large isotopic fractionation
t5 that are apparent in carbon and
xygen in molecular clouds®. Dissociation
of CO, in the wavelength range 91-110 nm,
occurs almost entircly by a

Irradiation o the disk isotopically
indiscriminatory dissociation of CO at the,
inner edge, and preferential production of
70 and "0 atoms in the interior (in
approximate. proportion to their overall
abundances). Further chemical processing
within the disk, (0 produce solid and/or
liquid condensates, should_preferentially
involve the heavy-isotope-enriched, reactive
atoms rather than the more inert CO mol-
ecules. T have thus elucidated a process for

ter

enriching the rocky wa
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Inner Edge of Disk
Clayton (2002)

Self shielding by CO near R, (high T)

Trajectories of Solids Launched in the ,+**
X-wind (Shu et al. 1996) 2

-
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Inner Edge of Disk
Clayton (2002)

Self shielding by CO near R, (high T)

Trajectories of Solids Launched in the_,.-"v
X-wind (Shu et al. 1996) o

CO

Oxygen

: Initial oxygen bulk composition
fraction

Depletion of CO is very rapid!
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~ solar-mass
star formation

+
Massive /

Dense
cores, ny~ 10°cm

Tonization front
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Molecular cloud

Molecular Cloud

Yurimoto and Kuramoto (2004)

Molecular Cloud Origin for the
Oxygen Isotope Heterogeneity
in the Solar System

Hisayoshi Yurimoto™* and Kiyoshi Kuramoto?

ites and their p have ‘oxygen isotopic composi-
tions characterized by large variations in '80/60 and 70/"®Q ratios. On the
basis of recent observations of star-forming regions and models of accreting
protoplanetary disks, we suggest that these variations may originate in a parent
molecular cloud by ultraviolet photodissociation processes. Materials with
anomalous isotopic compositions were then transported into the solar nebula
by icy dust grains during the collapse of the cloud. The icy dust grains drifted
toward the Sun in the disk, and their subsequent evaporation resulted in the
70- and "0-enrichment of the inner disk gas.




Molecular Cloud
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Disk Surfaces

Young (2007)

A: H,,, number density (cm3)

Interstellar FUV

deasssnsnnnns

Vol 435(19 May 2005/d0i10.1038 /nature03557 nature

LETTERS

CO self-shielding as the origin of oxygen isotope
anomalies in the early solar nebula

1. R Lyons*? & E. D. Young™?

‘The abundances of oxygen isotopesin the most refractory mineral  CO sclf-shiclding on oxygen isotope ratios in the carly Solar System,
phases (calcium-aluminium-rich indusions, CAls) in meteorites' e used a one-dimensional photochemical model to compute the
have hitherto defied explanation. Most processes fractionate iso- _time-dependent oxygen isotope profiles in a two-dimensional, axi-

Stellar FUV
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»
...
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B: CO photodissociation rate
(em=3s)

Self shielding
To=1t04




Disk Surfaces

Reaction rate vs. height at different R
stellar sight line
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Disk Surfaces

Reaction rate vs. height at different R
stellar sight line
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Disk Surfaces Young (2007)

0 80

10 100 1000 10000

cO
c*o
versees O 313(3

O I 1 T 1 | 1 L) Ll L) L]
10" 10" 10" 102 10" 10" 10° 10% 107 10* 10° 10¢

ECOLE oequ C'O photodissociation rate (cm™ s™)
LES HOUCHES




Disk Surfaces

Reaction network — oxygen isotopologues
7603 reactions, 546 species, oxygen isotopologues, gas-grain reactions
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Disk Surfaces
Young (2007)
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Calculated H,O evolution in the early solar system

T

R=20AU
t = 700,000 yrs

mf
slope 1.0
Z=6.6 AU

Z=70AU ]

Z=17.6AU

Oxygen
fraction

Young (2007)

Initial oxygen bulk composition
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Box model
of solar circumstellar disk

Disk surface

\

Outer disk
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Inner disk

CO—-C+0
O+H,—-OH+H
OH +H — H,0




Box model
of solar circumstellar disk

Disk surface

\

Outer disk

Equations

CO—-C+0
@ O+H,—-OH+H

LM

.
AR

Inner disk

Input transport rate constants

ky = 107 yr! (100 M o yrJ OK, disk drains faster)

ky 4 =107 yr! (R/100 AU) (Hartmann, 2000)
kys=k;4/10  (radial mixing)

k3_4(H20) > k4 (Cuzzi and Zahnle, 2004)

ks, = kys~1/(Q0) (€ = angular velocity)

=20 AU, o= 102, (1, )7 = 1x104 yr!
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Is there a D/H signature of inward H,O migration?

I 1
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Timescale for oxygen isotopic
equilibration of dust
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Timescale for oxygen isotopic
equilibration of dust

1 um dust grains, 10° bar total pressure, P,,,o/P,, = 2x10™

Collisional limit ]
Spinel -
Olivine (Fog2)|

Solid
(dust/gas = 1)

1000 1200 1400 1600 1800
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Timescale for oxygen isotopic
equilibration of melt

1 mm chondrule, 10 bar total pressure, P . /P,,, = 2x10 "
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- t total
Self diffusion
——— Collisional limit
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12G/13C
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! clast, Isheyevo

Cometary
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Marty et al. (2011)
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