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The partitioning of a solute between two phases or grains in a rock 
is a useful indicator of the thermal history of that rock. The calculation 
of diffusion profiles in a finite couple is necessary to correlate measured 
concentration profiles and estimated cooling rates. The infinite non- 
isothermal problem (1) and the finite isothermal problem (2) have been 
solved, but in geological systems, the situation which most closely describes 
the temperature dependent partitioning between two phases in a polycrystal- 
line body is the nonisothermal finite problem. In this paper, we shall present 
a model which describes partitioning in a finite system subject to continuous 
cooling conditions. We shall also apply the analysis to the partitioning 
of zirconium between coexisting ilmenite and ulvospinel in a number of lunar 
rocks. 

Taylor et al. (3) have shown that partitioning is a function of 
temperature only, and is relatively constant for a given lunar sample. The 
partitioning coefficient for Zr in ilmenite and ulvospinel is 
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where 1 and 2 are the phases. 
In the present work, it was assumed that this relation holds at the 

interface (X=O) at all times. It was also assumed that the cooling rate 
is constant, although any dependence of temperature on time could be used. 
In this case 

Several cooling rates, a, were used and the resultant values of C /C 
determined. 

1 2  

This involves the solution of two simultaneous differential equations. 
The equation to be solved is the one-dimensional diffusion equation in each 
phase, with the diffusion coefficient a function of temperature and therefore 
time. That is: 

It was assumed that the diffusion coefficient is not a function of solute 
concentration. These equations cannot be solved analytically because of 
the concentration dependence of the boundary condition at x=O. 

Pending a direct determination of the diffusivities in each phase 
(see below), the effect of different diffusivities was investigated by 
assuming either (a) the diffusivity in both phases is the same and equal 
to that estimated (4) as rate-controlling, or (b) one diffusivity is equal 
to that estimated as rate-controlling, and the other is larger by a factor 
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of 10. The effect of the solute distribution at high temperatures on the 
value of C /C after cooling was also explored. At one extreme, it was 

1 2  assumed that Initially there is a uniform distribution of solute at a high 
temperature, such as the solidus. At the other extreme, it was assumed that 
at high temperatures the solute concentration is at equilibrium throughout 
both phases. In both cases, it was assumed that as the temperature was 
lowered the solute concentrations at the boundary are able to adjust so that 
the equilibrium ratio is maintained at the interface. 

Since the zirconium flux must be the same on either side of the inter- 
face, the boundary condition at the boundary is 

It was assumed that there is no solute flux across the center of a 
grairi 

where R and R are the radii of the grains. In the calculations presented 2 
here, tke grain sizes were taken as R1=R2=7. 5 urn (15 prn grains). 

To solve this problem numerically, Eqns. 3, 4, 6 and 7 were replaced 
by their backward difference analogs with the substitution y = -x for 
0 5 x 5 R2. Eqns. 3 and 4 were replaced by a difference equation of the form 

A 

where n+l is an unknown level in time and i is a point in space. The 
boundary conditions at x = -R and y = -R are replaced by: 1 2 

To include the boundary condition at the interface which couples the two 
differential equations, Eq. (6) was replaced by its finite difference analog 

[ (Cl(0,t> - C1(-Ax,t) I [C2(0,t) - C2(-Ay,t>l 
= -D 

Ax 2 AY (10) 

The Thomas tridiagonal method (5) was applied; the resulting equations were 
substituted into Eqn. 5; and the values of Cl(x,t) and C2(x,t) were 
calculated. The procedure was repeated at every step in time, and the 
concentration profiles of Zr were calculated for cooling rates of 0.3 to 
1000 K day-'. 

For the present calculations, the initial temperature was taken as 1400 
K, and the concentration of the solute was taken as 1%. This is probably 
somewhat high, and a more realistic value would be 0.5% (4). The results 
indicate that if the diffusion coefficient in Phase 2 is 10 times that in 
Phase 1 and the initial solute concentration is uniform, at high cooling 
rates, the solute cannot equilibrate within one phase even at high 
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- 1 temperatures. For a cooling rate of 1000 C day , e.g., at temperatures 
greater than 977 K, the equilibrium solute concentration at the boundary 
in Phase 1 is greater than that in Phase 2. Below 977 K the reverse is true. 
This results in an effective change in the direction of diffusion, which is 
most evident during rapid cooling when equilibrium is not attained within 
the grains. 

-1 If the cooling rate is decreased to 3 day and all other conditions are 
taken to be the same, after an initial transient, equilibrium is maintained 
as the sample is cooled to about 1123 K. Below this temperature sufficient 
diffusion cannot take place and concentration gradients within the grains 
develop. After cooling is complete, significant gradients remain within 3 pm 
of the grain boundary in Phase 1 and within about 2 pm of the grain boundary 
in Phase 2. 

If the diffusion coefficient is the same in both phases, the final 
concentration gradient at the interface in each phase differs from that cal- 
culated when D2=10 Dl. In Phase l, the gradient is smaller when D2=D1 than 
when D2=10 Dl. In Phase 2, the gradient is larger when D2=D1 than when D2=10 Dl. 
As would be expected from Eqn. 6, when D1=D2 the gradient in Phase 1 is equal 
to the opposite of the gradient in Phase 2. 

In using the analysis, the diffusion coefficients of zirconium in ilmenite 
and ulvospinel have been determined. Flat pellets of the respective pure Fe- 
Ti oxides were prepared and placed in contact with similar pellets saturated 
in zirconium. After firing for specified periods of time at the desired tem- 
peratures, the sintered-together pellets were mounted in epoxy. Ilmenite-to- 
ilmenite or ulvospinel - to-ulvospinel  contacts at the boundary of the two 
pellets were analyzed by automated EMP. It was difficult to find a "normal" 
profile between the doped and pure phases because of the presence of minute 
grains of ZrO in close proximity and throughout the charge. Each profile 
used for the zetermination of d.if fusion coefficients represents the average 
of 6-10 measured profiles. 

These data on diffusion coefficients were used with profiles measured 
in coexisting ilmenite and ulvospinel grains in a number of Apollo 15 
Elbow Crater gabbros. Rock 15075 was the most amenable to precise analysis 
since it was characterized by the most extensive gradients in composition. 
In other cases, measurements of the average compositions of the grains were 
used to determine the cooling rates. 
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