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FORMULATION OF ISCTTOPIC MASS FRACTIONATION BY EVAPORATION OF 
SOLIDS AND ITS APPLICATION TO CHONDRITIC MATERIALS; A. Tsuchiyarna, T. 
Takahashi, and C. Uyeda, Depart. Earth & Space Sci. Osaka University, Toyonaka 560, JAPAN 

Isotopic mass fractionation by evaporation of solids was formulated. The fractionation is 
determined by evaporation rates of solids, R, and diffusion coefficients of elements in solids, D. 
If the grain size is smaller than the order of DIR, isotopic fractionation is expected. The results 
were applied to isotopic fractionation occurred in the primordial solar nebula. The evaporation 
ratesof forsterite and metallic iron in thenebula were also estimatedbasedon previous experiments. 
It is concluded that fractionation is expected only for Mg isotopes and not for Si and 0 isotopes 
in forsterite of 2100 pm in size. This indicates that isotopic fractionation observed in CAI's 
cannot be interpreted by evaporation in the solid state. Mg isotopic fractionation observed in 
forsterite in Allende could occur at low temperatures (1000-1200K) for long durations (10-lo6 
yr). A large isotopic mass fractionation of Fe is expected by evaporation of metallic iron. 
1. Introduction. 

Isotopic mass fractionation is expected by evaporation. However, the fractionation is very 
small by evaporation of solids if diffusion of elements in the solids is very slow [I]. Lately, Mg 
isotopic fractionation was reported in forsterite crystals from Allende meteorite caused by 
evaporation in the solid state [2]. In the present study, isotopic mass fractionation by evaporation 
of solids i s formulated to obtain conditions for observed isotopic mass fractionations in meteorites. 
The evaporation rates of important minerals, such as forsterite and metallic iron, in the nebula 
were estimated based on previous experimental studies first. Then, the results were applied to 
isotopic mass fractionation in the primordial solar nebula 
2. Formulation of isotopic mass fractionation by evaporation. 

When evaporation of a solid occurs, light isotopes evaporate selectively, and heavy isotopes 
are concentrated in the solid near the surface. If the diffusion rates of isotopes are faster than the 
evaporation rate, the isotopic composition becomes uniform in the solid, and complete isotopic 
fractionation occurs (Rayleigh fractionation). On the other hand, if the diffusion rates are 
slower than the evaporation rate, little fractionation occurs because only a portion concentrated 
in heavy isotopes near the surface is evaporated. To evaluate isotopic mass fractionation by 
evaporation of solids, equation which was originally developed for solute distribution by one- 
dimensional solidification [3] can be useful as pointed by [4]. The solution has a steady state; 
6 = [(I - a)/a]exp[ - (&)/D] , where 6 is the variation of the isotopic ratio in the solid with 

respect to the initial solid, a the fractionation factor between the gas and the solid and is 
determined by the evaporated molecule mass; e.g., a = 4- for 6 (26~g124~g) ,  R the 
evaporation rate of the solid, x the distance from the evaporation surface in the solid, and D the 
diffusion coefficient of the element. In the steady state, 6 decreases from (1 -a)/a at the 
surface (x=O) to 0 with increasing x. The depth from the surface where 6 = 6,=,/e is called 
"penetmtion depth", xp, and is obtained from the steady state equation; xpd = D/R. The time 

required for reaching the steady state, z, becomes follows; z = D/(~R')  = D/R' . Therefore, 
xpd = Rz. This means that the width of x,, is evaporated, and the solid with the width of about 
x, from the surface is fractionated is0t6~icall~ after time t = r elapsed. Accordingly, if we 
consider evaporation of a solid plate with the with of d, isotopic fractionation occurs when 
d @ xpd and t = z .  Little fractionation is expected to occur if d >> x,, , while perfect (Rayleigh) 
fractionation if d << x ,, as long as t < d l(2R) (the solid evaporates completely at t = d l(2R)). 
3. Evaporation of minbrals in the primary solar nebula. 

Forsterite and metallic iron are important minerals in the solar nebula, and evaporates 
congruently. The evaporation rate of forsterite in the nebula, j, can be obtained from the 
evaporation reaction; Mg,SiO,(s) + 3 H2(g) = 2Mg(g) + S i q g )  + 3H,O(g), and the Hertz- 

O Lunar and Planetary Institute * Provided by the NASA Astrophysics Data System 



1424 LPS XXVI 

ISCrr OPIC FRACTIONATION BY EVAPORATION OF SOLIDS: Tsuchiyama, A. e t  al. 

Knudsen equation [5] ; j = ( a . ~ ~ ) / [ 2 ~ ' ~  m~m~,",(nkr)1'2 A,] , where a, is the evaporation 
coefficient, K the reaction constant, m the mass of a molecule, and A,  the effective O/H ratio of 
solar composition; 4, = [2(0  - C - 2Si - M ~ ) Y H .  a, is always less than unity, and depends on 
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evaporation lunetics The values of jla, can be caiculated from thermochemical data [6]. 
Evaporation experiments on forsterite in vacuum [4,7] and 4-rich atmospheres [8,9] show that 
a, is always approximately 0.1 (q = 0.04 to 0.14). Therefore, it is reasonable to assume that 
a, = 0.1 in the solar nebula. Evaporation of metallic iron was obtained by [lo]. 
4. Isotopic mass. fractionation of chondritic materials 

Isotopic mass fractionations of forsterite and metallic iron were discussed from the above 
results. Diffusion coefficients of elements determined by experiments [ll-141 were used. Fig.1 
shows log -c vs. log x,, for forsterite evaporating in the solar nebula with a, = 0.1. No and 
complete fractionations occur when x,, 5 dl10 and x,, 2 10d, respectively. A partial fractionation 
occurs when dl10 i x,, s 10d. If the time required for complete evaporation is greater than lo7 
yr or less than 100 s, the time is unrealistic. Therefore, there is a window where isotopic 
fractionation is possible. If forsterite of d=100 pm is taken into consideration, it is expected 
from Fig. 1 that fractionation of only Mg isotopes occurs at about 1000-1200K. Large isotopic 
mass fractionations have been observed for Mg in some CAI's (FUN), but 0 and Si isotopic 
fractionations are accompanied. This suggests that these fractionations cannot be formed by 
evaporation in the solid state. Mg isotopic fractionation caused by evaporation in the solid state 
was observed in forsterite crystals from Allende meteorite [2]. This can be explained by evaporation 
of forsterite in the solar nebula at low temperatures (1000- 1200K) for long durations (10- lo6 
yr). A large isotopic mass fractionation of Fe is expected by evaporation of metallic iron. 
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Figure 1.  The time requiredfor reaching steady state, t, plotted against the of Dislocations, 661 pp., 
penetration depth, xpfl for evaporation of forsterite in the solar nebula with aV=O. 1. Maruzen Pub. Co. (in 
The size of forsterite plate, d, = 100 pn in this diagram. Japanese). 
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