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X-ray single-crystal studies have been made of armalcolites from the 2-5-mm fraction of Apollo 17 soils 75082 
and 78502. Two types of armalcolite, "ortho" and "para" have previously been distinguished on the basis of optical 
properties and crystal habit in the Apollo 17 samples. "Ortho"-armalcolite has the space group of pseudobrookite, 
Bbmm, and has cell dimensions: a = 9.743 (5); b = 10.001 (5); and c = 3.728 (2) A. The crystal structure, refined 
from 582 symmetry-independent intensities, is ordered with Ti in the site with m symmetry and Mg and Fe in the 
site with mm symmetry. "Para"-armalcolite has space group Bbmm, cell dimensions: a = 9.712 (20), b = 9.997 (20), 
and c 3.735 (8) A; and is structurally identical with "ortho"-armalcolite. The two crystals studied are similar but not 
identical in composition, but the slight compositional differences and identical structures do not warrant the use of 
separate mineral names. 

1. Introduction 

Armalcolite was first recognized in Apollo 11 high 
Ti basalts and described by  Anderson et al. [1 ]. From 
X-ray powder diffraction studies, these workers deter- 
mined that armalcolite is isomorphous with pseudo- 
brookite,  Fe2TiO5, being an intermediate between 
the synthetic compounds "ferropseudobrooki te" ,  
FeTi205 [2], and "karooi te" ,  MgTi205 [3]. Armalco- 
lite has an approximate composit ion of  (Mg0.5, Fe0.5) 
Ti205. Armalcolite crystals returned by Apollo 11 are 
quite small ( <  50/~m is greatest dimension) and con- 
sequently have not been characterized by single-crystal 
diffraction methods. 

The structure of  pseudobrookite  was determined 
by Pauling [4]. It has space group symmetry B b m m ,  

and all atoms lie on mirror planes normal to c which 
are located at zero and one-half on c. The structure is 
made up of  bands of  distorted edge-sharing octahedra 
parallel to b. These are two crystallographically distinct 
octahedral metal sites: one, with a multiplici ty of  4, 
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has site symmetry m m  (Wyckoff notat ion 4c); and the 
other, with a multiplici ty of  8, has site symmetry m 
(Wyckoff  notat ion 8f). The bands of  octahedra share 
edges with adjacent bands above and below on c such 
that they enclose channels of  voids parallel to b. One 
such band of  octahedra is illustrated in Fig. 1. The 
structures of  synthetic armalcolite and "karooi te"  
were determined by  Lind and Housley [5]. They re- 
ported that the structures were ordered with Ti in the 
8f metal site and Mg and Fe in the 4c metal site. They 
further inferred from the MiSssbauer studies of  
Muranaka et al. [6] and refinement of  the crystallo- 
graphic data of  Hammelin [7] that  pseudobrookite  
(Fe 3+ TiO5) is ordered on a similar scheme, that is 
with half of  the total  Fe 3+ in the 4c metal site, and 
the other half of  the Fe 3+ and Ti 4+ in the 8f metal site 
This is the inverse of  the ordering scheme for pseudo- 
brookite  proposed by Pauling [4]. A refinement of  
the structure of  a natural armalcolite is necessary to 
determine if this ordering scheme occurs in the natu- 
ral lunar material. 

Armalcolite has been observed in TiO2-rich basalts 
from Taurus-Littrow (Apollo 17) forming crystals up 
to 0.5 mm in greatest dimension. In these rocks, 
Haggerty [8, 9] has described two distinct forms of  
armalcolite which have different optical properties 
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b 

Fig. 1. A c-axis projection of the structure of armalcolite after Grey and Ward [ 17]. Symbols used are: solid circle, M1 ; solid square 
M2; open circle, 01; open triangle, 02, and open square, 03. Atoms and polyhedral edges lying on the minor plane at c = ~ are in- 
dicated by larger symbols and bold lines respectively. 

and crystal habits. One type of  armalcolite, which is 
blue-gray in reflected light and commonly rimmed by 
ilmenite, is termed "ortho"-armalcolite [8, 9], and 
also occurs in Apollo 11 ilmenite basalts. The second 
type is tan-gray in reflected light, and occurs mainly 
as euhedral grains enclosed within pyroxenes or in 
"mutual and sealed but cuspate grain boundary con- 
tact with ilmenite" [8], and is termed "para" armal- 
colite. 

Haggerty [8] suggests that the two forms may 
differ in paragenesis with "or tho"  being a primary 

crystallization product, and "para" being a secondary 
product o f  the decomposition of  a pre-existing miner- 
al phase intermediate in composition between armal- 
colite and ilmenite-geikielite solid solution. He reports 
[8, 9] chemical analyses which show that the two 
forms overlap in composition. He further suggests [9] 
that the difference in optical properties may be due 
to a difference in crystal structure between the two 
forms, but leaves this question open pending X-ray 
investigation. Indeed, if the terms "or tho"  and "para" 
are to have standing as mineral names the two forms 
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must be shown to differ in structure. E1 Goresy [10] 
reports analyses indicating that the two forms differ 
in MgO and Cr203 content and suggests that chemical 
composition may account for the difference in optical 
properties. Williams and Taylor [ 11 ] have studied opti- 
cal properties of  Apollo 17 armalcolites in the range 
440--640 nm and find no consistent difference in opti- 
cal properties or chemical composition between the 
two as distinguished on the basis of  the morphological 
criteria of  Haggerty. In order to evaluate the suggestion 
that the two forms differ in structure and to provide 
a complete characterization of  lunar armalcolite, crys- 
tals of  each were studied by single-crystal X-ray tech- 
niques. Space groups and cell dimensions were deter- 
mined from precession photography. The crystal struc- 
ture was determined from three-dimension X-ray inten- 
sity data taken on one of  the crystals and refined us- 
ing anisotropic thermal parameters. 

2. Sample selection and characterization 

Crystals of  armalcolite were selected from the 
2 - 5 - m m  coarse-fine fraction of  Apollo 17 soils 
(78502,26 and 75082,31). The soil fragments were 
prepared as polished sections about 100/Jm in thick- 
ness. The "or tho" and "para" forms were identified 
under the reflecting-light microscope (Fig. 2). The 
crystals were lifted from the polished sections with a 
sharp needle and mounted on goniometer heads for 
single-crystal X-ray study. The crystal of  "or tho"  
from section 78502,26 had approximate dimensions 
125 × 75 X 75/am and the crystal of  "para" from 
75082,31 had approximate dimensions 75 X 50 X 25 
/am. 

Precession photographs of  each crystal appeared to 
be identical and confirmed that the space group of  
both is Bbmm. Cell dimensions of  each (Table 1) are 

A 200 pm 
Fig. 2. A. Photomicrograph of a portion of a grain in polished section 78502,26 showing the crystal of "ortho"-armalcolite rimmed 
by ilmenite. Chips labeled 109 and 110 were lifted from this section and studied by single-crystal X-ray techniques. X-ray inten- 
sities were measured from fragment number 110. The microprobe chemical analyses were done on the remaining fragment. 
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B 150~m 
Fig. 2. B. Photomicrograph of a portion of a grain in section 75082,31 showing a crystal of "para"-armalcolite occurring as a dis- 
tinct euhedral grain. The left-hand portion of this crystal marked 115 was studied by the X-ray precession method and then re- 
sectioned and polished for chemical analysis by the electron microprobe. 

in good agreement with those presented by Anderson 
et al. [1 ] and Lind and Housley [5]. Both crystals 
showed slight shock effects which appeared as a doubl- 
ing of the reflections in the precession photographs. 
Because of the shock effects, the 1.5 a difference in 

TABLE 1 

Unit cell parameters of "ortho" and "para" armalcolite 

78502,26 75082,31 
"ortho" "para" 

a (A) 9.743 (5) * 9.712 (20) 
b (A) 10.001 (5) 9.997 (20) 
c (A) 3.738 (2) 3.735 (8) 
Vol. (A 3) 364.2 (2) 362.6 (9) 
Space Group Bbmm Bbmm 

* Parenthesized figures represent the estimated standard devia- 
tion (esd) in terms of the least units cited for the value to 
their immediate left; thus 9.743 (5) indicates an esd of 
0.005. This convention is followed in all tables. 

the a-axis length of the two crystals is probably not 
significant. The crystal of "ortho" showed only very 
slight shock effects, with the intensity of the rotated 
reciprocal lattice reflections being only about five 
percent of the main lattice reflections. Because of the 
unlikelihood of obtaining a more perfect, unshocked 

crystal, intensity data were collected on this crystal 
for structure refinement, despite the possibility of 
slight errors due to shock effects. 

3. Chemical analyses 

The chemical composition of each crystal was deter 
mined on the ARL-EMX electron microprobe at the 
Johnson Space Center. The analyses were corrected 
for matrix effects using a Bence-Albee empirical cor- 
rection scheme. For the "ortho" crystal from 
78502,26, a fragment of the original crystal which 
remains in the polished section was analyzed. The 
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TABLE 2 

Chemical compositions of armalcolites 

J.R. SMYTH 

Ortho 

78502,26 range [9] 

Para 

range [10] 75082,31 range [9] range [10] 

Weight percent oxides 
TiO2 74.8 
A1203 2.00 
Cr203 2.02 
FeO 13.45 
MgO 7.43 
MnO 0.08 

Total 99.78 

Cations per 5 oxygens 
Ti 2.006 
A1 0.084 
Cr 0.056 
Fe 0.399 
Mg 0.392 
Mn 0.002 

2.939 

70.0 -74.9 
1.06- 1.33 
1.23- 1.79 

14.05-19.14 
5.10- 7.77 
0.01- 0.05 

73.1 -75.5 
1.88- 1.97 
1.79- 2.05 

12.8 -15.9 
6.88- 7.94 

n.d. 

72.6 70.3 -76.1 72.8 -73.6 
1.85 1.26- 1.65 1.93- 1.97 
1.49 1.45- 2.03 1.50- 1.61 

16.54 15.16-18.69 14.3 -16.2 
6.03 5.18- 7.89 5.89- 7.07 
0.10 0.01- 0.08 n.d. 

98.61 

1.997 
0.080 
0.043 
0.505 
0.329 
0.002 

2.956 

crystal of  "para"  armalcolite from 75082,31, was sec- 
t ioned, polished and analyzed after the precession 
study. The chemical compositions of  the two speci- 
mens along with the ranges of  composit ion reported 
by Haggerty [9] and E1 Goresy [10] are presented in 
Table 2. Both crystals indicate the presence of  signifi- 
cant amounts of  the normally trivalent cations Cr 3+ 
and A13+, although there is-a full complement of  2.00 
Ti atoms per five oxygens. I f  charge balance is to be 
maintained, either some of  the Ti must be present as 
Ti 3+ and some of  Cr as Cr 2+ or there must be some 
vacancies in this octahedral position. The chemical 
analyses are in agreement with those o f  E1 Goresy [ 10] 
and indicate lower Cr20 3 and MgO contents for "para"  
than for "or tho" .  

4. Crystal structure analysis and discussion 

The crystal of  "o r tho"  armalcolite from 78502,26 
was mounted on the Picker FACS-1 automated diffrac- 
tometer ,  and the cell edges and orientation matrix re- 
fined by  least-squares methods from precision manual 
centering of  ten reflections. The cell edges obtained in 
this manner appear in Table 1. Using MoKa radiation 

(Mo target X-ray tube and graphite crystal monochro-  
mator),  582 symmetry4ndependent  intensities, repre- 
senting all reflections of  20 less than 70 ° were mea- 
sured automatically.  The integrated intensities were 
corrected for Lorenz and polarization effects and cor- 
rected for absorption differences using numerical inte- 
gration techniques [12]. Based on a linear absorption 
coefficient 60.6 cm -1  , the transmission factors varied 
from 0.690 to 0.748. 

Refinements o f  the crystal structure were done with 
a modified version of  the full-matrix, least-squares re- 
finement program RFINE [13]. Observations were 
weighted according to w = 1/o 2 where o is the stand- 
ard deviation based on counting statistics as described 
by Burnham et al. [14]. Thirty-eight reflections were 
below the minimum observable level (20) and were re- 
jected from the normal equations matrix during refine- 
ment of  the model. Atomic scattering factors used are 
those given by Cromer and Mann [15] for Ti 4+, Mg 2+, 
Fe 2+ and O -1  as derived from Hartree-Fock wave func- 
tions neglecting relativistic effects. For purposes of  
scattering factors, A1 occupancy was included with 
that of  Mg, and Cr with that of  Fe. Both real and imagi- 
nary anomalous dispersion terms for Mg, Fe,  and Ti 
[16] were included in all cycles of  refinement. 
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TABLE 3 

Site occupancies, coordinates, and anisotropic temperature factors, and R factors for cation-ordered, disordered and cation defi- 
cient structure models of armalcolite 

Atom Parameter Ordered Disordered M1 deficient 

M1 Fe occ. 0.50 0.17 0.475 
Mg occ. 0.50 0.16 0.475 
Ti occ. 0 0.67 0 
Total occ. 1.00 1.00 0.95 
X 0.1954 (3) 0.1951 (3) 0.1949 (5) 

Z 0 0 0 
311 0.0024 (4) 0.0040 (4) -0.0003 (6) * 
322 0.0009 (2) 0.0016 (3) -0.0007 (3) 
/333 0.0066 (19) 0.0112 (21) -0.0004 (21) 
/312=•13=/323 0 0 0 

M2 

O1 

02 

03 

Fe occ. 0 0.17 0 
Mg occ. 0 0.16 0 
Ti occ. 1.00 0.67 1.00 
Total occ. 1.00 1.00 1.00 
X 0.1352 (2) 0.1352 (2) 0.1353 (3) 
Y 0.5651 (2) 0.5650 (2) 0.5649 (3) 
Z 0 0 0 
31~ 0.0025 (2) 0.0022 (2) 0.0049 (4) 
322 0.0013 (1) 0.0009 (1) 0.0022 (2) 
/333 0.0068 (9) 0.0045 (10) 0.0112 (16) 
/312 0.0000 (2) 0.0000 (2) --0.0002 (3) 
/313=/323 0 0 0 

X 0.7811 (12) 0.7825 (12) 0.7725 

Z 0 0 0 
311 0.0047 (15) 0.0021 (15) 0.0015 (21) * 
322 0.0004 (8) 0.0011 (9) -0.0009 (11) 
333 0.0183 (74) 0.0224 (86) 0.0122 (103) 
/312=313=323 0 0 0 

X 0.0476 (80 0.0476 (9) 0.0450 (12) 
Y 0.1142 (6) 0.1135 (7) 0.1154 (11) 
Z 0 0 0 
311 0.0047 (10) 0.0068 (12) -0.0001 (12) * 
322 0.0007 (6) 0.0004 (7) 0.0006 (9) 
fl33 0.0246 (56) 0.0221 (60) 0.0131 (74) 
312 -0.0010 (6) -0.0012 (8) -0.0007 (9) 
/313=/323 0 0 0 

X 0.3165 (6) 0.3166 (7) 0.3112 (10) 
Y 0.0603 (7) 0.0602 (8) 0.0618 (13) 
Z 0 0 0 
311 -0.0005 (7) * -0.0005 (8) * -0.0034 (11) * 
322 0.0033 (7) 0.0030 (7) 0.0039 (12) 
333 0.0094 (41) 0.0100 (45) 0.0049 (61) 
312 -0.0001 (7) -0.0002 (7) -0.0004 (11) 
~1a=~23 0 0 0 
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TABLE 3 (continued) 

Atom Parameter Ordered Disordered M1 deficient 

R weighted 0.060 0.066 0.102 
R unweighted 0.061 0.066 0.109 

* Anisotropic temperature factor of this atom is not positive-definite (does not describe an ellipse). 

The initial structure model used for refinement 
was that of  pseudobrookite.  In order to minimize con- 
fusion resulting from reversed site occupancies be- 
tween pseudobrookite and armalcolite, I propose a 
nomenclature for the sites which is analogous to that 
of  pyroxene and olivine. I shall refer to the 4c cation 
site with m m  symmetry as M1. I shall refer to the 8f 
cation site with m symmetry as M2. I shall refer to the 
4c oxygen site with m m  symmetry as 01; and 02 and 
03 shall be used for the 8f oxygen sites with m sym- 
metry.  These are equivalent to Oi, Oii , and Oii I res- 
pectively of  Pauling [4], and 01 ,02 ,  and 03 of  Lind 
and Housley [5]. 

Using the atomic coordinates of  pseudobrookite  
[4] for the initial structure refinement, the M1 site 
was assigned an occupancy of  half Mg (and A1) and 
half Fe (and Cr). An initial isotropic temperature fac- 
tor of  0.5 A 2 was assumed for each atom. The initial 
model yielded an R of  0.36. Six cycles of least-squares 
refinement with isotropic temperature factors and an 
additional six cycles with anisotropic temperature fac- 
tors yielded a final weighted R of  0.060 (unweighted 
0.061). At this point a cation-disordered model in 
which each cation site was equally occupied by  16.3% 
Fe, 17.0% Mg and 66.6% Ti, was substituted into the 
refinement and yielded a slightly higher R of  0.067 
and widely disparate isotropic temperature factors of  
0.93 for M1 and 0.47 for M2. 

The charge imbalance apparent in chemical anal- 
yses of  lunar armalcolites might be accounted for by  
a partial vacancy in the M1 site. A cation-deficient 
model with an M1 occupancy of  47.5% Fe (and Cr), 
47.5% Mg (and A1) and 5% vacancy, and an M2 site 
fully occupied by Ti, was then substituted into the 
refinement. Four cycles o f  least squares refinement 
resulted in an R of  0.100 and a non-positive definite 
anisotropic temperature factor for M1. Final atomic 
coordinates, isotropic temperature factors, and R for 
the final refinement of  each model are listed in Table 3. 

TABLE 4 

Thermal vibration ellipsoids of atoms in the crystal structure 
of armalcolite (ordered model) 

Atom Axis RMS Angle/a Angle/b Angle/c 
ampl. (A) 

M1 1 0.067(12) 90* 0* 90* 
2 0.068(13) 90 * 90 * 180 * 
3 0.107(15) 0 * 90 * 90 * 

M2 

01 

02 

1 0.069(7) 90 * 90 * 0 * 
2 0.081(7) 90(5) 180(5) 90* 
3 0.110(8) 0(5) 90(5) 90 * 

1 0.043 (26) 90 * 0 * 90 * 
2 0.113(30) 90* 90* 180" 
3 0.151(34) 0* 90* 90* 

1 0.047(15) 77(16) 13(16) 90 * 
2 0.132(20) 90 * 90 * 180 * 
3 0.155 (22) 13(16) 104(16) 90 * 

03 Thermal vibration ellipsoid for this atom is not positive- 
definite. 

* Angles fLxed by symmetry. 

It is most reasonable to conclude that the structure is 
ordered with Mg, A1, Cr and Fe in a fully occupied M1 
site and a Ti in M2. Thermal vibration ellipsoids for 
each atom in the ordered structure are presented in 

Table 4. 
Unfortunately,  it was not feasible to directly refine 

the cation occupancies of  the two sites because there 
are three possible cations for two sites, and the differ- 
ence in scattering power between Ti and a mixture of  
Fe and Mg is very small, and the resulting errors would 
be very large. The difference in the scattering factors 
of  the different cations is expected to have a greater 
effect on high angle diffractions than on the lower 
angle diffractions. Because high angle diffractions are, 
in general, weaker than the low angle diffractions, the 
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TABLE 5 

Cation-oxygen distances in lunar and synthetic armalcolite 

Atoms Lunar Synthetic 

M1-01 (2) 2.047 (3) 2.030 
M1-02 (2) 1.980 (3) 1.960 
M1 03 (2) 2.234(3) 2.191 

Average 2.060 

M2-01 (1) 2.021 (3) 2.061 
M2 02 (1) 1.986 (3) 1.993 
M2-02 (1) 1.848 (3) 1.845 
M2-03 (1) 2.166 (3) 2.172 
M2-03 (2) 1.928 (3) 1.938 

1.979 1.991 

ordered and disordered structure models are not ex- 
pected to differ greatly in R, but the differences in 
ordering should have a large effect on the temperature 
factors, as is observed. Because the ordered model 
produced a slightly lower R and reasonably similar iso- 
tropic temperature factors for M1 and M2, it should 
be strongly preferred over the disordered model. 

Further evidence for a high degree of cation order- 
ing is obtained by comparing the mean cation-oxygen 
distances with those obtained by Lind and Housley 
[5] for quenched synthetic armalcolite. Unfortunate- 
ly, the synthetic material was prepared directly on a 
Mo heating element, and since no chemical analysis 
of the material is reported, the possibility of Mo in 
the structure may affect their determination of order- 
ing. However, these authors do report that the mate- 
rial is ordered with Ti in M2 and Mg and Fe in M1 with 
error limits of about 15%. If their determination of 
ordering and composition are correct, a comparison 
of the mean cation-oxygen distances (Table 5) in the 
natural and synthetic armalcolites, indicates that the 
natural material has the smaller M2 and larger M1 site, 
hence is more ordered than the synthetic. 

Preliminary refinements of this structure indicated 
the charge imbalance implied by the chemical analysis 
could be explained by a 5% vacancy in the M1 site of 
the natural armalcolites. Subsequent refinements using 
a 30 instead of 2o observed-unobserved rejection 
criterion and full anisotropic thermal parameters yield 
a significantly higher R for both cation-ordered and 
disordered models when vacancies are permitted in the 

cation sites. The most reasonable explanation for the 
implied charge imbalance is that some (~ 12%) of the 
Ti is present as Ti 3+, assuming that both M1 and M2 
are fully occupied and all Cr is present as Cr 3+ and A1 
as A13+ . 

5. Conclusions 

The precession study has shown that the two forms 
"ortho" and "para" have the same space group and 
nearly the same cell dimensions eliminating the sug- 
gestion by Haggerty [8] that they are polymorphs, 
hence the names "ortho" and "para" can have no 
standing as mineral names. If the two forms have "the 
same structure and, as Haggerty [8] reports, overlap- 
ping composition ranges, it seems impossible to account 
for a consistent difference in optical properties. The 
two analyses reported here are in very good agree- 
ment with the work of E1 Goresy [10] who proposes 
that the difference in optical properties is caused by 
differing MgO and Cr203 contents. Haggerty has used 
both optical properties and crystal habit to distinguish 
the two forms, and it may be that the reflectivity varies 
with composition independently of habit or paragenesis. 

While there is fairly general agreement that "ortho"- 
armalcolite is a primary crystallization product, the 
origin of "para" is less clear. Those crystals of "para" 
which occur as distinct euhedral grains are most likely 
also primary crystallization products. Haggerty [8] 
suggests several possible 9rigins for those crystals of 
"para" occurring in "mutual and sealed but cuspate 
grain boundary contact with ilmenite": (1) ilmenite 
replacement by para-armalcolite; (2) partial decom- 
position of para-armalcolite; (3) para-armalcolite re- 
placement by ilmenite; (4) decomposition of a pre- 
existing phase to para-armalcolite + ilmenite; and (5) 
a new polymorph of (MgFe) Ti205 . . .  ". Suggestion 
(5) has been ruled out by the present work. Suggestion 
(4) is possible but will require experimental verifica- 
tion of the existence of a phase intermediate in com- 
position between armalcolite and ilmenite-geikielite 
solid solution. Haggerty [8] indicates that suggestion 
(3) is unlikely because it would require reaction with 
an exceptionally Ti-rich residual liquid. Suggestion 
(2) Haggerty says is unlikely because the breakdown 
of armalcolite yields ilmenite, plus rutile, and the mod- 
el concentration of ruffle and the textural relations 
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are inconsistent with this hypothesis. Haggerty states 
that the first suggestion is unlikely because he has 
observed "para"-armalcolite mantling ilmenite in a 
few specimens. However, since the most common as- 
sociation is for ilmenite to mantle'armalcolite ("ortho"),  
and the two forms are now known to have the same 
structure, suggestion (1) should be considered as the 
most likely origin. If, as E1 Goresy [10] asserts, the 
two forms do not overlap in composition, the differ- 
ence in optical properties can be explained by the dif- 
ference in composition, and the difference in habit 
and composition can be attributed to the two forms 

occurring at different points in the crystallization se- 
quence. 

The structure refinement has shown that natural 
lunar armalcolite is ordered with Mg, Cr, Fe and A1 in 

M1 and Ti in M2 in agreement with the work on syn- 

thetic armalcolite [5]. The charge imbalance apparent 
in the chemical analyses may be most easily explained 
if approximately 12% of the Ti is present as Ti 3+ in- 
stead of Ti 4+ implying extremely reducing conditions 
during crystallization of the natural lunar armalcolite. 
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