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NON MASS DEPENDENT ISOTOPIC FRACTIONATION: A SURVEY OF 
VARIOUS EXPERIMENTAL CONDITIONS. 
Fran~ois ROBERT, JCr8me HALBOUT and Marc JAVOY. Lab. GCochimie Isotope Stables, Paris 
7,Tour 54-64 ler Ctage, 2 Place Jussieu 75251 Paris CEDEX 05, FRANCE. 

The non-mass dependent oxygen isotope effect occurring during the synthesis of ozone has 
been interpreted by various processes jl-61. The aim of the present work is to examine if the 
mechanism proposed recently by Robert et al. [6], can be responsible for oxygen isotope anomalies 
in minerals of cosmochemical interest. We shall first review the central idea of this interpretation; 
then we shall discuss the type of experiments that should yield these isotopic anomalies, and 
present preliminary results of such experiments. 
I. Theoretical framework 

The physical conditions of the systems we consider are the following: 
The processes which serve to restore the equilibrium velocity distribution operate less rapidly than 
the chemical reactions. 

In standard models, texcitated molecules whose energy is above a critical value are removed 
h m  the system via chemical reactions. If the excitation of the molecules occurs via atom-molecule 
collisions involving isotopes of the same element, the isotopically reactive and non-reactive 
reactions should be counted in the reaction rate (an experimental illustration of the contribution of 
the non-reactive processes was reported for the D2-H+ system 171). Taking as an example the three 
oxygen isotopes and neglecting, for simplicity, the masses of the isotopes, the non-reactive 
processes (subscript nr) can be described as follows (no isotopic fractionation is expected by 
reactive (subsript r) processes): 
160" + M 180 -+ 160' + M 180' + Chemical reaction 
160" + M 160 + 1601 + M 160' + Chemical reaction 
d (M 180) N X16 . n x18 . Knr x18 . Knr - - - - - X18 - - a-- X1 8 

d ( ~  160) Nx1 . n X16. % Xl6 .% '16 .O(nr+Kr) 
with N for atoms ani  n for molecules and xi the abundance of isot;; :ifor example x18 = 2. 

and with the prime and double prime Indicating the progressive transfer of kinetic energy 
between the hot atoms and the cold molecules. Contrarily to the classical isotope fractionation 
theory, a * 1 because Ki = 112 (Knr + Kr) and Knr * Kr (in quantum mechanics). Therefore the 
final product of the chemical reaction is anomalously fractionated. It is then obvious that the 
fractionation factor is equal for both 1811 6 and 17/16 since we purposed& did not express the 
isotopic masses in aThe ratio KnrIKr depends only upon the relative initial distribution of energies 
involved in the reaction 0-MO. An interpretation of this effect can be found in [@. 
II. Experimental situations 

Accurding to this theoretical situation, this mechanism should not produce an isotopic 
anomaly if isotopes are not exchanged between the reactants. However an anomalous isotopic 
effect has been observed for Mg isotopes in residual sputtered and vaporized minerals 181. 
Therefore we investigate the oxygen isotope fractionation during the evaporation and condensation 
of Si02 (1) and during the sputtering of a garnet (2). In another experiment, a plasma of Ti and Ti0 
produced by the vaporization of Ti0 solid, was irradiated by an atomic oxygen beam 
and the condensed Ti02 was isotopically analyzed (3). In this last system anomalous fractionation 
is expected since an isotopic exchange can occur in the gas between the energetic oxygen atoms 
h m  the beam and TiO. 

1). An industrial quartz sample was vaporized at 1800°K by pyrolysis under vacuum. A 
small fraction of the sample was condensed under the form of a 3000A layer of amorphous silica. 
This condensed bction did not exceed 10% of the total vaporized aliquot. The ox en isotopic 
composition of the initial and condensed silica was determined for both F170 and @O. 
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- WT-. 6170 5180 q6.. 2). A 2pm layer of ytrium-rich garnet was deposited on 
eo (b) &) -1 

an aluminium foil by bombarding an industrial garnet 
with a 5 Kev Argon beam . A search for isotopic 

P ' '1 
s ~ o ~ ~  B~ 63 13.0 0.47 variations according to the angular distribution of the 
i g L . 3  B, 203 105 sputtered mineral was investigated. 

------ 
F ' U  3).Ti0 was vaporized by an 10 Kev electron gun. TiO, 
(;Met Bulk - 10.6 20.6 - 0 ~  was deposited on a matrix of Si02 or aluminium. The 
S p U c d *  Bulk 

-+ ;% 2178 condensation of Ti02 proceeds while bombarding the gas in 
123 - pn *.I9 - the direction of the surface of the matrix with a 500ev 

TLI 8,- >600 1 3  1.9 0 3  
oxygen beam. The extraction of O2 h m  Ti02 is performed 

rriq at different reaction temperature by the routine BrF5 
300 

='% 360 
13.7 149 258 28.9 -057 4.33 technique and 6170 and 6180 was determined. 

410 
455 

15.7 30.1 -0.02 III. Emerimental results and discussion 
16A 315 -0.04 

500 17.6 323 - 1 d ~  The results are presented following items 11.1, 11.2 and 
r q + s q w  ml ZLO 4~ 0.m 11.3. in the Table. It can be seen that: 

360 
410 $2 a) Mass independent fractionation was not induced by 
455 158 30.0 0.28 
500 16.1 30s 0.16 vaporization, deposition or sputtering of the samples. 
550 
600 :tf gf: z::': A "normal" fractionation was nevertheless observed. The 
6% ZZkl*** 44.9 +2t2 

7% isotopic fractionation factors are quite large: A l s o  = 
-I-%@) 300 ,, fl.l ,, 7.3% for vaporization and A180 = 4760 for sputtering. 

750 m*** +3s NO isotopic angular variation was found to within f 0.5760 
r%u ml 

750 
98 7 0 ~  -a for the sputtered samples. 
17.7 185 -1hS 

3 . 8  70.0 -28 
b) It was not possible to separate mechanically Ti0 from SiO, 

b mJ 
7~ 169 175 -15.9 on which Ti02 was deposited. consequentfY, at the 

A . d,Bs9i intermediate temperatures of reaction with the BrF5, oxygen 
- . .  originated mainly from Si02. At the highest and lowest 
lies ( =(P PG PO+ 0.17~(1-p) r i thp3515)  [lo]. temperatures, the contribution of oxygen from TiOZ was 
. . . : ~ < u ) ~  . 
P- I: V- mi of S i 4 .  

detected in the isotopic com ositions indicating that T102is 
~ I I ~ ~ O ~ ~ S ~ ~ ~ ~  enriched mass dependently inT70 and 180. 
&pe&mntm:-dTq i n ~ d S O O o v m y s c n  
uonrm(a)Sidm(b)ducuinkm 

c) On the contrary, the contribution of oxygen from the 
aluminium foil has been measured to be negligible. In 

agreement with (b), oxygen is mass dependently fractionationed when Ti02 is fluorinated at 
300°C. The fractionation factor expressed relative to the isotopic composition of the strating 
material is "enormous": A180 = 7W60. The low temperature of oxygen extraction (30O0C, compared 
with 650°C in the initial TiO; see the Table) probably reflects the amorphous nature of the 
condensed material (see the theoretical description of such an effect in [9]). This indicates that the 
oxygen atoms have been added to Ti by the atomic beam. A drastic isotopic fractionation occurs 
either during the production of these atoms in the ion-source or during their implantation along with 
rp: 
1 I. 

d) At high temperature mass indepently fractionated oxygen was collected. This fraction represents 
c.a. 20% of the total oxygen. Its 6170 and 6180 define a slope one line through the value of the 
starting TiO. This suggests that the refractory Ti0 molecule is subject to an isotopic exchange with 
the oxygen atoms of the beam (Ti in place of M in the above equations) while the molecules are 
removed from the gas not thermally i.e. with a selection in energy of the condensed molecules. 
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Note The samples used for experiments 111 and 111 have been prepared by: I: Rocard F. &'Bibring J.P.. Lab. CSNSM, Orsay - 
91406. II: Grange 0. & Legall H. Lab., Magnetisme-Optique des Solides, Meudon-BeLlevue, 92190. III: Flory F. & Pelletie-r 
C., Lab. Optique, ENS Phys. Marseille 13397. (all in France). 
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