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Introduction: Clinopyroxenes in slowly cooled 

igneous rocks often show exsolution lamllae of augite 
and pigeonite that are nearly parallel to (001). The Ca-
Mg-Fe compositional zoning in these lamellae along 
with their thickness depends on the cooling rate of the 
host rock, which can be retrieved [e.g. 1, 2, 3, 4] if the 
diffusion data for the divalent cations are available. In 
this paper, we present the results for self-diffusion of 
Ca and Mg in diopside as function of temperature and 
crystallographic orientations, compare the data with 
those from earlier studies, and discuss their implica-
tions for the cooling rates of non-cumulate eucrites.   

Experimental: Gem-quality natural diopside crys-
tals, ~ Di96, were oriented in an X-ray diffractometer, 
cut normal to the a*-, b- and c- axial directions, and 
polished to mirror finish by a combination of mechani-
cal and chemical polishing.  The polished wafers were 
pre-annealed for 1-2 days at or closed to the conditions 
of the diffusion experiments, and thin diffusant layers 
were deposited on the polished surfaces of the pre-
annealed samples by thermal evaporation of  44Ca en-
riched CaO and 26Mg enriched MgO under high vac-
uum conditions. Diffusion experiments were carried 
out at 1 bar, 950-1150 oC and f(O2) corresponding to 
the wüstite-iron (WI) buffer that was controlled by a 
flowing mixture CO and CO2, and monitored by a zir-
conia sensor. Concentration profiles of 44Ca and 26Mg 
were measured by depth profiling in Ion-probe (SIMS) 
at the University of Tokyo and Arizona State Univer-
sity, and modeled to retrieve the self-diffusion coeffi-
cients of Ca and Mg (Fig. 1) 

Results:  Figure 2 show the Arrhenian plots of the 
measured self-diffusion data parallel to a*-, b- and c-
axial directions of diopside. These data demonstrate 
small anisotropy of diffusion of the divalent cations in 
diopside. The data set for Ca diffusion parallel to c-
axis defines a well constrained Arrhenian relation, D = 
Doexp(-Q/RT), with Do(//c) = -6.46(10-10) m2/s and Q 
(activation energy) = 275 ± 18 kJ/mol. We fitted the 
diffusion data parallel to the a*- and b-directions 
assuming that the activation energies for diffusion 
along these directions is the same as that parallel to the 
c-axis. The resultant pre-exponential factors are: 
Do(//b) = 4.9(10-10) and Do(//a*) = 4.27(10-10) m2/s. 
Following the same procedure, we obtain the 
Arrhenian parameters for Mg diffusion as Do(//c) = 
1.12(10-12), Do(b) = 5.62(10-13) and Do(//a*) = 6.61(10-

13) m2/s, with Q =  197 ± 17 kJ/mol. The assumption of 
independendence of Q on the diffusion direction may 
not be completely valid in view of the empirical 

compensation relation that implies increase of 
activation energy with decrease of diffusivity, but the 
error introduced in the predicted D values from the 
given Arrhenian relations should be quite small within 
the temperature range of geological and planetary 
interests.  
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Fig. 1. An example of self diffusion data (// c-axis), as 
determined by SIMS analysis, and model-fit to the 
data. 30Si data show SIMS instability until a depth 
penetration of ~ 500 Å. 

 
Discussion and Applications: Figure 2(a) shows the 
Ca diffusion data in augite, as determined by Fujino et 
al. [5]  and  Dimanov et al. [6]. Fujino et al. 
determined the Ca-(Mg,Fe) interdiffusion coeffiient 
normal to  (001) from concentration profiles measured 
by analytical TEM in exsolved lamellae and host that 
were induced by thermal annealing of natural samples. 
A critical evaluation of these diffusion data is 
impossible since the data are only available in an AGU 
abstract. We note, however, that the discontinuous 
change of slope at ~ 1100 oC, implying a change of 
diffusion mechanism, has not been found in any recent 
study of cation diffusion in rock forming silicates, 
such as garnet [7], olivine [8,9], orthopyroxene [10] 
etc. Therefore, the low segment (< 1100 C) of the data 
set of Fujino et al. [5] is highly questionable.  
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Fig. 2. Arrhenian plots of Ca and Mg self diffusion in 
diopside parallel to c-, b, and a*- axial directions. The 
Ca-Mg interdiffusion data of Fujino et al. [4], Ca self 
diffusion data of Dimanov et al. [5] and Stimpfl et al. 
[10] are shown in the top panel.  

 
Dimanov et al. [6] suggested that there is no 

significant diffusion anisotropy of Ca in diopside. 
Their Ca diffusion coefficients (Fig. 2a) are 15- 25 
times slower than those of ours in the temperature 
range of 1200 – 950 oC. The discrepancy between the 
different data sets may be sorted out from the 
compatibility of the results with external constraints, 
when these are applied to natural samples to retrieve 
their thermal histories. We note, incidentally, that the 
small change of slope at ~ 1100 oC, shown by 
Dimanov et al. [6] does not seem justified by the data 
since the entire data set can be fitted quite well by a 
single regression line.   

The data for Ca diffusion from an earlier 
preliminary report of Ca-Mg diffusion in diopside 
from the our group [11] are illustrated in Fig 2(a) by 
open triangles. The datum at 900 oC is in agreement 
with the Arrhenian relation defined by the present data 
set, but that at 1000 C is much faster, possibly due to 
problems in the SIMS analysis. 

The data from [11] was used by Schwartz and 
McCallum [3] to deduce the cooling rates of two non-
cumulate eucrites, Pasamonte and Hariya. Use of the 
present diffusion data would lead to downward 
revision of the cooling rates to ≤10-3 C/day for 
Pasamonte and ≤10-5 oC for Hariya. Kinetc analysis of 
lamellar coarsening, on the other hand, yields cooling 
rates of ~10-2C/day for Hariya and 10-5 C/day for 
Pasamonte [3]. Thus, we infer cooling rates of 10-2-103 
oC/day for Hariya and ~10-5 C/day for Pasamonte. 
These cooling rates can be used to infer the burial 
depths of the samples in the parent body. In 
comparison, cooling rate of a cumulate eucrite, Serra 
de Mage, was found to be 2-27 C/Myr at 830-980 C, 
implying an initial burial depth of >30 km in the parent 
body Vesta [10].   
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