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Investigations of armalcolite and ilmenite crystal structures at several 
temperatures give new information on Fe/Ti order-disorder in these minerals. 
Armalcolite is of interest because of its implication for the petrogenesis and 
cooling history of the lunar rocks in which it is found. Its chemical and 
textural trends can be used to define the temperature, pressure, and oxygen 
fugacity conditions pertaining during crystallization of lunar basalt melts 
[l-41. In a previous paper [5], we reported on the structural chemistries of 
lunar and synthetic armalcolites and presented strong evidence for the pres- 
ence of ~ i ~ +  in many lunar armalcolite crystals. The question of the degree 
of ordering between the M1 and M2 sites in armalcolite and other compositions 
with the pseudobrookite structure remains a problem as conflicting results are 
obtained using different techniques, i-e., Mdssbauer spectroscopy, neutron 
diffraction, and x-ray diffraction [6]. Ilmenite contains ~ e ~ +  and ~ i ~ +  in 
octahedral sites as does pseudobrookite, but significant disorder between 
sites has not been reported. Although our investigations have been oriented 
more toward learning more about the degree of cation-site disorder in armalco- 
lite and ilmenite at high temperatures, it is felt that the following informa- 
tion will also be of value to those interested in petrologic interpretation of 
the lunar rocks. 
Armalcoli te 

The structures of two synthetic armalcolite crystals of composition 
Fe0.5Mg0.5Ti205 (synthesized at and quenched from 12000~) have been refined 
using x-ray intensity data obtained at high temperature. One crystal (Arm-C) 
was heated at 24OC and 400°C. When the temperature was raised to 600°C, the - 

crystal began to decompose; data collected at this and higher temperatures are 
not discussed here. For the other crystal (Arm-E), x-ray data were first ob- 
tained at 24OC, after which the crystal was annealed at Q 400°C and quenched 
to 24OC. X-ray data were then collected at 240CI llOO°C, and again at 24OC. 
At room temperature after quenching from 1200°C, mean M-0 distances suggest 
the presence of substantial cation disorder. Annealing at 40O0C for 24 hours 
resulted in expansion of MI-0 and contraction of M2-0 distances measured at 
room temperature. This indicates that intracrystalline diffusion took place 
at 400°C, yielding an essentially completely-ordered cation distribution. The 
refined structure at 400°C shows similar trends. At llOO°C, cation disorder 
reappeared, and M1-0 was more similar tt M2-0 than at room temperature or 
400°C. The average bond distances (in A) below summarize the refinement re- 
sults: (1) is for 24OC before annealing, (2) is for 24OC after annealing at 
Q, 400°C for 24 hours, (3) is for llOO°C, and (4) is for 24OC after llOO°C 
heating. 

(1 ( 2  1 (3 (4) 

<MI-0> 2.069 2.103 2.078 2.071 
<M2-0> 1.994 1.979 2.023 1.994 

unit-cell parameters also reflect the degree of cation ordering. These obser- 
yagons are consistent with stabilization at high temperatures due to config- 
urational mtropy. Navrotsky [7] studied the thermodynamics of pseudobrookite 

0 Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 



STRUCTURAL CHEMISTRY OF ARMALCOLITE AND I L M E N I T E  

Wechsler, B. A. et al. -- 

structures and concluded that the observed positive enthalpy of formation of 
pseudobrookite (from the oxides), compensated by a positive entropy of forma- 
tion, means that pseudobrookite is stable only at high temperatures and with a 
certain amount of substitutional disorder on the cation sites. 
Ilmeni te 

A crystal of ilmenite synthesized by D. H. Lindsley was studied at high 
temperature using the four-circle diffractometer. Three-dimensional x-ray 
diffraction data were collected at 24OC, 400°C, 600°CI 800°C, 1050°CI and 
again at 24OC. Although the 24OC unit cell was slightly larger after heating, 
the average Fe-0 and Ti-0 distances indicate that ilmenite remains completely 
ordered, even after heating to 1050°C for two days. However, the interatomic 
distances and isotorpic temperature factors do not show the linear bel-iavior 
usually seen for other minerals [8]. In particular, the results for the 800°C 
data are anomalous with the cations being displaced more toward the centers of 
their respective octahedra than at the other temperatures. Further experi- 
ments must be performed before we can be confident about the details of the 
expansion of the crystal structure. In contrast with these anomalous results 
for individual interatomic distances, the average interatomic distances and 
the cell parameters are linear and appear to be normal. For this reason, only 
the cell parameters, average Fe-0 and Ti-0 distances, and residual factors 
from the refinements are listed below: 

Temp. (OC) - a ( A )  c ( A )  <~e-O> <~i-O> R - - 
24 (before) 5.0884(1) 14.0855(4) 2.140 1.982 0.021 
400 5.1080 (1) 14.1287 (6) 2.162 1.976 0.057 
600 5.1182 (1) ,14.*1566 (6) 2.162 1.987 0.047 
800 5.1280(1) 14.187(1) 2.165 1.984 0.080 
1050 5.1412 (1) 14.2250 (6) 2.179 1.990 0.074 
24 (afLer) 5.0889 (1) 14.0933 (5) 2.142 1.980 0.025 
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