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Evaporation anisotropy of a synthetic single crystal of forsterite was investigated by high 
temperature vacuum experiments. The (00 I), (0 lo), and (00 1) surfaces show microstructures 
characteristic for each surface. Obtained overall linear evaporation rates for the (OOl), (OlO), and 
(001) surfaces are -17, -7, and -22 prnlhour, and the intrinsic evaporation rates, obtained by the 
change in surface microstructures, are -10, -4.5, and -35 pmhour, respectively. The difference 
between the intrinsic evaporation rates and overall rates can be regarded as contribution of 
dislocation, which is notable for the (100) and (010) surfaces and insignificant for the (001) 
surface. This is consistent with observed surface microstructures. 

Previous studies on evaporation of forsterite [I-31 have been focused mainly on its 
evaporation rates, which is important to understand the elemental and isotopic fractionation in the 
early solar nebula. The fundamental mechanism of evaporation of silicates is, however, still 
unclear. Because evaporation is a surface-controlled reaction, kinetics of evaporation of forsterite is 
affected by surface microstructures, such as surface roughness and dislocation pits. In the present 
work, the role of surface microstructures of forsterite was experimentally studied in an evacuating 
condition. 

Experiments were carried out in a tungsten-mesh furnace constructed in a vacuum chamber 
with experimental temperature of 1700°C under continuous evacuation. The starting materials are 
forsterite single crystals synthesized with the Chokralski method, pulled up along the a-axis. A 
parallelepiped of about 4 x 3 ~ 1  rnm in size, of which largest surface intersecting one of the three 
crystallographic axes perpendicularly, was used for each experiment. A sample was held on 
tungsten sieve and therefore the free evaporation condition was almost achieved. The sample was 
weighed and the size was measured by a micrometer, and heated for 8 to 10 hours in order to attain 
steady surface conditions for evaporation. After an experiment, it was weighed, measured, and the 
surface was observed with an SEM. Then, a set of weighing, measuring, 1 hour heating and 
observation was repeated for several times. 

Characteristic microstructures develop on each surface. The (100) plane is characterized by 
rectangular pits with the size up to 30x60 pm, which is centered in a curved depression of about 
200x300 pm (Fig. I). A pit has a minute hole at the center, which corresponds to a dislocation. 
This indicates that evaporation is enhanced significantly along dislocations. Development of a pit 
starts with formation of a tiny hole at dislocation, followed by growth of rectangular hollow around 
it till the steady size is attained. The microstructures suggest that for evaporation from the (100) 
plane, contribution from both intrinsic evaporation and that from dislocations are important. 

The (010) plane is characterized by shallow triangular grooves running parallel to the a- 
axis, and a groove has a wide opening angle (40-60") spreading from a tiny hole (Fig. 2). The 
grooves are hard to be tracked after the next 1-hour heating experiment, suggesting that the rapid 
spreading of other grooves destroys the old ones. In addition to the grooves, large flat-bottomed 
rectangular hollows, up to 0.4xlmm, were developed on the (010) plane. They usually have 
inclined pits at the edge in the b-axis directions, suggesting that the hollow developed from a nearly 
vertically oriented dislocation, which changed orientation leaving a large flat-bottomed hollow 
because of rapid lateral migration of the hollow walls. The microstructures suggest that evaporation 
proceeds substantially by lateral movement of the steps initiated at dislocations and that the intrinsic 
evaporation from the (010) plane is less significant. 

The (001) plane is characterized by triangular grooves with a small opening angle (10-20") 
running parallel to the a-axis (Fig. 3). A groove has a tiny hole at the apex corresponding to a 
dislocation, and a pair of shallow steps emanates from the hole. The (001) plane also has diamond- 
shaped pits with maximum width of 60pm, which correspond to dislocations running nearly 
perpendicular to the plane. The smaller size of diamond-shaped pits and the acute angle of 
triangular grooves suggest that direct evaporation from (001) surface is significant. 

In order to evaluate contribution of dislocation and to obtain the intrinsic evaporation rate 
for each surface, evaporation rates estimated from surface microstructure and overall evaporation 
rates (including the effects by both intrinsic evaporation and evaporation from dislocation) for each 
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surface were compared. The intrinsic evaporation rates of forsterite free of dislocation were 
estimated by measuring the moving velocity of nearly vertical microscopic steps on the observed 
evaporation surface assuming that the development of substantially large steps is principally 
governed by direct evaporation from the step edge and that the condition for free evaporation is 
satisfied. The obtained intrinsic evaporation rates are -10 d o u r  for the (100) surface, -4.5 
pmlhour for (01 O), and -35 d o u r  for (001). Overall evaporation was determined by nonlinear 
least squares optimization. We assumed a constant linear evaporation rate for each surface and used 
weight loss, shape of initial parallelepipeds, heating duration as input data. Obtained overall linear 
evaporation rates for the (OOl), (01 O), and (00 1) surfaces are 19, 8, and 27 pmlhour, respectively. 
The overall evaporation rates were also estimated by direct measurement of the change of thickness, 
which gives 14, 5, and 16 pmlhour for the (OOl), (OlO), and (001) surface, respectively. These 
values are different from those obtained by the optimization. This is supposed to be due to 
uncertainty of the size measurement. 

The difference between theintrinsic evaporation rates and the overall rates can be regarded 
as contribution of dislocation, which is estimated to be -50% for the (100) surface, -40% for the 
(010) surface, and -0% for the (001) surface. This is qualitatively consistent with observed surface 
microstructures. The (100) surface is completely covered by curved depressions centered by 
dislocation pits, indicating significant contribution of dislocation. The (010) surface is characterized 
by triangular grooves spreading laterally with remarkably rapid velocity. The (001) surface is 
characterized by narrow grooves running along the a-axis which expand slowly and whose inner 
steps keep the shape in spite of extensive overall evaporation from the surface. 

The observed microstructures on the evaporative surface are useful to distinguish forsterite 
as evaporative residue from that as a condensate and to recognize whether the surface is wet 
(melted) or dry (not melted). The microstructures observed here typically develop on dry 
evaporative residue and do not when the surface is wet with silicate melt. When the surface is wet, 
more smooth surface with linear or curved steps develops but clear dislocation pits and 
microstructures around the pits never develop. The microstructures on the surface of the isolated 
olivine in carbonaceous chondrites (e.g., Fig. 10.4.1 of [4]) do not resemble those observed here, 
suggesting that it may be a condensate. 
References: [I] Hashimoto, A. (1990) Nature 347, 53-55, [2] Wang, J et al. (1993) LPSCXXN 1479-1480, [3] 
Nagahara, H. and Ozawa, K. (1996) GCA (in press), [4] Steele, I. (1988) in Meteorites and the Early Solar System. 

Fig. 1 (100) surface, 11 hours at 1700OC Fig. 2 (010) surface, 10 hours at 1700°C Fig. 3 (001) surface, l l hours at 1700°C 
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