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Abstract

Samples of pseudorutile from South Australian and Indonesian localities have been
analyzed chemically and studied by X-ray diffraction techniques. A complete structure
analysis has been carried out on a single crystal of the Indonesian material. The structure is
based on hexagonal close-packed oxygens with metal atoms randomized with two thirds oc-
cupancy over half the available octahedral sites and fully ordered in the remaining sites. The
ordered atoms form chains of alternately filled and empty octahedral sites along [001]. Poor
correlation between these ordered chains leads to diffuse streaking of the metal-ordering
reflections in certain planes perpendicular to [001]. We have obtained a satisfactory refine-
ment of the single crystal intensity data for an average metal-ordering model defined by a hex-
agonal cell with @ = 14.375 A and ¢ = 4.615 A.

The structural relationships between ilmenite, pseudorutile, and rutile are discussed. A two-
stage mechanism for the natural alteration of ilmenite to pseudorutile to rutile is proposed. An
electrochemical corrosion model in the zone of saturation is suggested for the initial alteration
of ilmenite to pseudorutile. Further alteration to rutile is considered to take place in a zone of

oxidation via a dissolution and reprecipitation process.

Introduction

Natural weathering of ilmenite, FeTiO,, involves
oxidation of the ferrous iron to ferric, and progres-
sive removal of iron by leaching, resulting eventually
in the production of rutile, TiO,. As early as 1909
(Palmer, 1909) it was recognized that the alteration of
ilmenite to rutile proceeded through a distinct in-
termediate species with approximate composition
Fe,0;-3TiO,. The intermediate alteration phase was
termed arizonite by Palmer (1909). Whether arizonite
is an independent mineral with a definite structure
and composition has been the subject of considerable
debate (Miller, 1945; Lynd, Sigurdson, North, and
Anderson, 1954; Dyadchenko and Khatuntseva,
1960; Bykov, 1964); a number of researchers sup-
ported the alternative thesis that arizonite was a
polymineralic mixture of rutile, anatase, hematite,
and ilmenite (Ernst, 1943; Overholt, Vaux, and
Rodda, 1950). However, regardless of whether it was
called arizonite, proarizonite (Bykov, 1964), or
amorphous iron-titanate (Bailey, Cameron, Spedden,
and Weege, 1956), most researchers were agreed that
the alteration of ilmenite proceeded through a dis-
tinct intermediate isotropic material with a narrow

range of composition, e.g. Fe;0;-nTiO,-mH,0;3 < n
< 5and | <m < 2 (Dyadchenko and Khatuntseva,
1960). Much of the confusion regarding this in-
termediate alteration compound resulted because the
usual method of characterization, powder X-ray
diffraction, proved unsatisfactory because of the poor
crystallinity of the alteration phases and because of
the coincidence of many of the diffraction lines from
different phases. These problems were overcome by
Teufer and Temple (1966) by the application of single
crystal X-ray diffraction techniques to single crystal
grains of altered ilmenite from commercial ilmenite
concentrates. They identified a new compound with
hexagonal symmetry and with composition approx-
imating Fe,Ti;O, as the main constituent of the
altered product. Small amounts of auxiliary ilmenite
and rutile gave separate, easily identifiable single
crystal X-ray patterns. Structure factor calculations
were carried out for the new compound, which these
authors named pseudorutile. The general structure
was shown to consist of a hexagonal close-packed ox-
ygen lattice with metal atoms statistically distributed
over the available octahedral sites. However, such a
disordered model for pseudorutile, with a random dis-
tribution of metal atoms, does not readily explain the
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consistent composition Fe,Ti;O, closely approx-
imated in occurrences of the mineral as widespread
as the U.S.A., India, Russia, Brazil, Indonesia, and
Australia. Moreover, the small hexagonal unit cell
chosen by Teufer and Temple for random metal atom
occupancy, with a = 2.872 A andc = 4.594 A, failed
to index a number of the strong diffuse reflections
which they observed in the single crystal diffraction
patterns.

In the present work we have carried out a single
crystal X-ray structure analysis of pseudorutile and
have determined the local metal ordering, which ap-
pears to contribute to the stability of the Fe,Ti;O,
composition. This has enabled us to establish the
structural relationships between ilmenite, pseudo-
rutile, and rutile, and to propose a model for the
mechanism of alteration of ilmenite.

Present Work
Description of Samples

Samples of carefully purified pseudorutile from In-
donesian and South Australian localities were kindly
supplied by the Australian Mineral Development
Laboratories (Amdel). The occurrence and physical
properties of the South Australian sample have
previously been described by Larrett and Spencer
(1971). A representative set of analyses is reproduced
in Table 1. The Indonesian pseudorutile occurs as a
major constituent in certain commercial “ilmenite”
concentrates produced as by-products of tin process-
ing operations. It has the appearance of a typical
beach-sand ilmenite, with grain size mainly in the
range 50-200 um. Indonesian pseudorutile samples
were prepared by Amdel by initial density separation
in the range 4.0-4.3, followed by magnetic separation.
Chemical analyses for the Indonesian pseudorutile
(Table 1) show that it contains about five times the
manganese content and three times the ferrous iron
content of the South Australian material. On the
basis of nine oxygen atoms, the calculated formulae
are:

South Aust.
pseudorutile:

Fe* a1 Fe* o.00 M®¥ g 05 Ti** 508 Op-0.75 H,O
= M,40,-3/4 H,O
Indonesian
pseudorutile:

= M;40,-1/2 H,O

i.e., both formulae are close to the ideal M0, for-
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TaBLE 1. Analyses of Materials
Chemical South Australian Indonesian Western
analyses pseudorutile pseudorutile Australian

9
(oit™ &) (Larrett This Sample  Sample ?i;:ziie
& Spencer, Work AX. 4 TP.9

1971)
TiO2 62.85 58.8Y4 “nL 01 63.02 59.0
}"5203 Ju.2a 34.65 24.37 26.00 20.0
Fel 1 1.24 L.18 L.51 15.7
Mn203 0.54 .60 2.36 2.87 1.4
H0, OH™ - 3, 24 2.56 2,08 0.67
TOTAL 98.29 98.57 97.u48 98.48 96.8

*Fpom weight loss on heating to 800°C in air,
of iron.

corrected for oxidation

mula, although we have not considered the possibility
of some hydroxyl ions in the close packed anion
framework.

Powder X-ray diffraction patterns for the two
pseudorutiles (Fig. 1, iii, iv) show the South
Australian sample to be very clean, with lines from
other phases completely absent, whereas the Indone-
sian sample shows extra weak diffraction lines from
both rutile and ilmenite.

Also shown in Figure 1 is the diffraction pattern
for an altered ilmenite from Western Australia (top,
i). This pattern is reproduced closely by the pattern
for a mechanical mixture comprising 40 wt percent
synthetic ilmenite, 55 wt percent pseudorutile and 5
wt percent rutile (Fig. 1, ii). It is easy to see how the
presence of amounts even as large as 50 wt percent of
pseudorutile were not detected in early diffraction
studies on altered ilmenites. There is almost complete
coincidence of the sharp pseudorutile reflections with
rutile reflections, and the broad metal-ordering reflec-
tions lie underneath strong ilmenite reflections.

Single Crystal X-ray Studies

A number of single crystal grains of both
pseudorutiles were studied by X-ray diffraction using
both oscillation-Weissenberg and precession
methods. Our observations agree with those of
Teufer and Temple (1966), i.e., the diffraction pat-
terns showed both sharp, well defined spots and
diffuse streaks, or arcs, of considerable intensity. The
sharp reflections, indexed by a simple hexagonal
cell—a = 2.875 A, ¢ = 4.615 A—represent diffraction
from close-packed anion planes and for convenience
will be called the fundamental reflections. The diffuse
reflections, which were confined to reciprocal layers
of the fundamental cell with / odd (Fig. 2), were con-
sidered to resuit from diffraction by a (poorly)
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FiG. 1. X-ray powder diffraction patterns. In (i)-(iii), cross-hatching = ilmenite;

black shading = rutile; and no shading = pseudorutile peaks. The pattern in (ii) cor-
responds to a mechanical mixture containing 40 wt percent synthetic ilmenite, 55 wt
percent pseudorutile (South Australian sample), and 5 wt percent synthetic rutile. In
(iif) and (iv) the metal-ordering peaks are indicated by arrows.

ordered array of the metal atoms. These metal-
ordering reflections appear as broad humps (marked
with arrows) in the powder patterns shown in Figure
1. For the South Australian pseudorutile, these
metal-ordering reflections were so diffuse and
elongated that an accurate determination of their
positions was very difficult. However, for the Indone-
sian samples the diffuse reflections were easily
resolvable into separate discrete spots with a
sharpness approaching that of the fundamental
reflections. We were thus able to index the reflections
and establish the superlattice defining the metal atom
ordering. Consequently, a complete structural
analysis was carried out on a single crystal of Indone-
sian pseudorutile.

Determination of Unit Cell and Space Group
Weissenberg photographs taken with the hex-
agonal ¢ axis as the oscillation axis showed metal-
ordering superstructure reflections only on reciprocal
layers with / = 2n + 1. If the metal ordering is defined
by a superlattice of the fundamental cell in the a-b
plane, the indices may be expressed in terms of the
fundamental cell indices hk/ as (h/d) = n, (k/6) £ n, !
with n integral and 6 = 1/m where m, integral, repre-
sents the superlattice multiplicity, e.g. 6 = 0.25 cor-
responds to a 4X superlattice along a and b. From
careful measurement of the spot positions on both
Weissenberg and precession photographs, it was
found that 6 was not constant but varied between
reflections in the range 0.185-0.195. The averaged
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Fi1G. 2. Reciprocal lattice sections for pseudorutile: k0 (upper),
hk1 (lower).

value of 8, 0.190, corresponds to a non-integral value
of m, the superlattice multiplicity, of 5.26.

A similar situation has been reported by Koch and
Cohen (1969) in their structural study on wilstite,
Fe,_,0, which has a cubic fundamental cell and ex-
hibits superlattice reflections with 6 = 0.384, cor-
responding to m = 2.60. This was interpreted to mean
that the unit cell defining the superstructure is an in-
tegral multiple of the fundamental cell which varies
from place to place in the specimen, so that the
observed spacing corresponds to the average, non-
integral repeat distance. By approximating 6 to 0.333,
Koch and Cohen derived a satisfactory model for the
short range order in terms of a 3X superstructure.

Following this procedure, we approximated 0 to
0.200, giving a 5X supercell for pseudorutile of com-
position Fe, 60Mng.15Ti5.2500 go—formula weight,

397.3 (Indonesian sample TP-9)—with a =
14.375(6)A and ¢ = 4.615(3)A, V = 825.9A%. Indices
for reflections based on this cell showed only one
systematic extinction, 00/ for / = 2n + 1. Hexagonal
space groups compatible with this requirement are
P6;, P6;/m, and P6,22. Of these only the last has the
experimentally observed Laue-group symmetry
(6mmm), and so the space group is unambiguously
P6,22.

Data Collection

For the collection of intensity data a single crystal
of the Indonesian pseudorutile, in the form of a small
hexagonal prism, was aligned about the ¢ axis. The
crystal measured 0.15 mm along its hexagonal edge
and was 0.07 mm thick. Intensity data for the levels
hk0O to hk4 were obtained by the integrated Weis-
senberg technique, using zirconium-filtered molyb-
denum radiation. The intensities were estimated
visually using a calibrated film strip. The areal
dimensions of each of the integrated reflections were
carefully measured with a micrometer to correct for
the greater spread of the metal-ordering reflections.
Lorentz and polarization corrections were applied,
but an absorption correction was not considered
necessary because of the small crystal size and the
low linear absorption (MoKa radiation) coefficient,
85.7 cm™.

In the structure factor calculations the iron and
titanium atoms were not distinguished, and a com-
posite scattering curve was used, f(M) = 1/5[2f(Fe*t)
+ 3f(Ti*")]. Scattering curves for metals and oxygen,
0%, were taken from International Tables for X-ray
Crystallography (1962, pp. 201 f). All computing was
performed on the Monash University CDC3200 and
the CSIRO cpc7600 computers. For the least-squares
refinement a modified version of the full matrix least-
squares program of Busing, Martin, and Levy (1962)
was used.

Structure Solution and Refinement

As a basis for our structural models we considered
the model proposed by Teufer and Temple (1966),
i.e.,an hexagonal close-packed oxygen lattice with
metal atoms statistically distributed over the oc-
tahedral sites. Teufer and Temple reported an R fac-
tor of 0.045 for their refinement of this model, using
fundamental reflections only. Accordingly, oxygens
were arranged in hexagonal close-packed layers at z
= 1/4 and 3/4, and metals were placed in all the
available octahedral sites. This was accomplished in
the space group P6,22 by placing one atom at the
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origin, four atoms in positions 6g (x,0,0, etc. with x =
1/5,2/5, 3/5, and 4/5) and two atoms in the general
positions 12 with xi, y, z,, = 1/5, 2/5, 0 and x,, ys, 2,
= 1/5, 3/5, 0. The equipoints of space group P6,22
generate nickel-arsenide-like strings from the metals
placed in positions 2a and 12i, for which M-M = i
= 2.30 A. To prevent this unlikely structural situa-
tion, we constrained the site occupancies of these sites
to be less than 0.67. The occupancies of the metal
atom sites were also constrained to be consistent with
the overall stoichiometry of M;0,. With these limita-
tions only a few models for the metal atom ordering
remained to be considered, and a model was quickly
developed which gave good agreement between the
observed and calculated structure factors (R = 0.19).
It contained two filled 6g sites and two empty 6g sites
and had the 2a and 12i sites two-thirds filled. The ini-
tial ideal model coordinates and site occupancies are
given in Table 2.

Following the procedure used by Koch and Cohen
(1969) for a similar superstructure problem with
limited data, we first refined the scale factors and
overall temperature factors for the metals and ox-
ygens, using the fundamental reflections only. These
parameters were then fixed and all positional
parameters refined, using all observed reflections. In
some cases, atom positions for different atoms had to
be refined individually because of strong correlation
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satisfactorily, the occupation factors for each of the
metal atom sites were refined. A final R factor of
0.069 for all observed data was obtained.

The final positional and occupancy factors, with
standard deviations, are listed in Table 2. Table 3
gives the final observed and calculated structure fac-
tors.

Discussion

An (001) section of the pseudorutile structure (Fig.
3) shows one hexagonal close-packed oxygen layer.
The structure contains metal atom sites exhibiting
two types of occupancy, namely one set ordered and
one set disordered along ¢. These sites are shown
separately by filled and empty circles in Figure 3. The
disordered metals statistically occupy two-thirds of
the M(1), M(6), and M(7) octahedral sites available
to them. The clusters of disordered sites thus resem-
ble segments of ilmenite in which the pairs of oc-
tahedral face-shared metals have been disordered
along the hexagonal [001] direction.

Allowing for the large standard deviations as-
sociated with the occupancy values, the metal atom
sites M(2), M(3) are almost empty and the sites M(4),
M(5) are almost full. These metal atoms are ordered
into alternate octahedral sites, along ¢. Within the
basal plane these ordered atoms group together in
pairs, or, alternatively, the structure contains ordered

effects. After all atom coordinates had refined pairs of cation vacancies arranged in a specific
TABLE 2. Atomic Parameters for Pseudorutile
Starting parameters - ideal model Refined parameters

Atom X y z Occupancy X ¥ = Occupancy B (R) z
My 0 0 0 2/5 0 0 0 0.75(15) -

M, 1/5 0 0 0 0.206(11) 0 0 0.18(6)

M, 2/5 0 0 0 0.400(10) 0 0 0.02(6)

b 1.1(2)

M, 3/5 0 0 1 0.591(3) 0 0 0.98(8)

M 4/5 0 0 1 0.809(3) 0 0 0.81(7)

M 1/5 2/s 0 2/3 0.184 0.378(3) 0.018(10) 0.67(10)

M, 1/5 3/5 0 2/3 0.224(2) 0.605(2) 0.017(22) 0.68(10) -

0, 2/3 1/3 1/4 0.667(10) 0.333 1/4 -

0, 1/15 2/15 1/4 0.666(12) 0.132 1/4

0y 4/15 8/15 1/4 0.260(10) 0.520 1/4

0, 1/15 8/15 1/4 0.067(16) 0.533 1/4 > 1.4(2)
0 4/15 2/15 1/4 0.260(20) 0.130 1/4

0 7/15 2/15 1/4 0.067(13) 0.339(9) 0.272(13)

0 1/1s 1/3 1/4 0.469(6) 0.129(5) 0.268(15)
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TasLE 3. Calculated and Observed Structure Factors for Pseudorutile

H K L FO FC H O FO FC H K L FO FC H K L FO FC
0 S 0 543.5 551.8 2 8 1 * 14,4 5 5 2 156.4 161.5 2 11 3 * 28.6
0 10 0 235.3 243.5 2 9 1 60.0 66.6 5 10 2 214.7 217.6 3 3 5 * 11.2
0 15 0 229.4 222,6 2 10 1 E 44.5 5 X5 12 90.3 75.5 3 4 3 * 26,7
5 5 0 762.9 761.1 2 11 1 * 17.4 0 1 3 & 66.8 3 5 3 ¥ 22.0
5 10 0 140.8 113.8 2 12 1 % 38, 2 0 2 3 " 13,2 3 6 3 84.0 87.2
10 10 0 140.0 135.2 3 3 3 & 30,0 0 33 &3 3.2 3] 7 3 & 30.6
0 11 & 38.1 3 4 1 ¥ 8.0 0 4 3 " 59.0 3 8 3 i 33.4
0 2 1 & 20.6 3 5 4 =3 16.7 5 0 3 190.9 221.4 3 9 3 " 13.5
0 3 1 E 320N 3 6 1 140.5 150.6 0 6 3 * 47.9 3 10 3 " 19.9
0 4 1 2 28,7 3 7 1 -] 39.9 0 7 3 # 1.9 3 11 3 /7N 58.4
0 5 1 438,5 415.4 3 8 1 L3 25.4 0 8 3 & 5.6 4 4 3 161.3 147.2
0 6 1 k- 21.8 3 9 1 & 2512 0 9 3 % 25.2 4 5 3 & 38.0
0 7 1 & 15.6 F 10 1 <3 23.4 0 10 3 100.2 118.9 4 6 3 = 31.2
0 8 1 H 9185 F 11 1 86.4 55541 0 11 3 * 25], ! 4 7 3 i 31.0
0 9 1 & 22.2 4 4 1 251.8 254.8 0 12 3 bt 18.1 4 8 3 ] 19.9
0 10 1 170.3 191.9 4 5 1 -3 16.6 0 13 3 * 2,9 4 9 3 124.9 138.4
0 11 1 ! 5.8 4 6 X w? 38.0 1 1) e 83.4 4 10 3 B 9.8
0 12 1 & 29.3 4 7 1 48.0 63.8 1 7 w2 26.0 5 5 3 X 14.3
0 13 1 * 19.0 4 8 1 & 15,1 1 g 3 182.9 170.0 5 6 3 L 33.6
1 1 1 211.8 208.9 4 9 1 147.6 156.6 1 4 3 * 53.3 5] 7 3 o 19.3
1 2 1 & OlS! g 5 = i 20.7 1 5 13 * 53.9 5 8 3 L3 23.3
1 3 1 199.4 230.7 5 6 1 ' 40.4 1 6 3 & 67.2 5 9 3 - 17.4
1 4 1 & 36.8 5 7 1 i 28.6 1 A B & 30.2 6 6 3 & .0
1 5 1 & 42.4 5 8 1 = 28,8 1 8 3 156.6 146,6 6 N 3 & 44.3
1 6 1 & 72.9 5 9 1 ¥ i/ N, 1 9 3 & 25,3 6 8 3 121.9 85.7
1 7 1 = 28.8 6 6 1 = 27 M1 e 3 * 40.6 6 9 3 i 13.7
1 8 1 191.0 184.8 6 7 1 L5 16.1 i1 Py 8 * 29.4 7 78 3 4 24.4
1 9 1 & 17,7 6 8 1 116.0 97.0 1 12 3 & 35.0 7 8 3 L7 21,5
1 10 1 £ 48.7 6 9 1 it 14.9 1 s 8 94.4 87.5 7 9 3 L 36.8
1 11 1 X 17,5 7 7 1 * 31.7 % 2 3 & 7ae) 8 8 3 * 6.1
1 12 1 & 24.7 Z 8 1 * 25),2 2 3 3 & 18,7 0 0 4 670.6 659,2
1 13 1 125.9 122.,4 7 9 1 e 25.4 2 4 3 69.5 112.0 0 5 4 250.3 285.0
2 2 1 & 18.5 8 8 1 = 15.0 2 5 15 & 34.0 0 10 4 152.0 148.8
2 3 1 i 18.6 8 9 1 * 11,6 2 6 3 * 25,5 0 15 4 159.8 142.1
2 4 1 94,7 130.4 9 9 1 99.3 126.9 22 7 BB * 20.9 5 5 4 260.0 269.7
2 5 4 = 37.8 0 5 2 831.0 824.8 2 8 3 & 11.3 5 10 4 115.7 77.7
2 6 1 % 28,7 0 10 2 385.1 398.9 o 5l 5 65.0 64.4 T

2 7 A i 28.3 0 20 2 61.3 44 .4 2] A0 13 * SR Denotes an unobserved reflection

threefold symmetry relationship. This is illustrated
more clearly in Figure 4(ii) where the basic structural
unit, consisting of three ordered pairs of cation
vacancies, is outlined. The ordered metal atoms M (4)
and M(5) are octahedrally coordinated to oxygens at
distances between 1.92 and 2.11 A, with average
M-O bonds of 1.95 and 2.01 A respectively. The
metal-metal separation across the edge-shared oc-
tahedra containing the ordered metals is 3.13 A. The
octahedral anion coordination around the disordered
metals M(6) and M(7) is much less regular, with M-O
bond lengths in the range 1.84-2.26 A. This range,
although large, may be compared with the M-O
range of 1.90-2.25 A found in another ferric titanate,
pseudobrookite (Pauling, 1930).

Figure 4 compares the metal atom arrangements
within hexagonal close packed layers for ilmenite,
pseudorutile, and triply-twinned rutile. The orienta-
tion relationship between the unit cells (Fig. 4) is like
that experimentally observed within altered ilmenite
grains containing all three phases (Teufer and Tem-
ple, 1966). The structural relationship between the
three phases, representing successive stages in il-

menite alteration, is apparent from a study of the out-
lined structural units (Fig. 4, i-iii). The alteration
process formally involves a successive growth of
cation vacancies within the three symmetry-related
[110] chains of octahedra in ilmenite. That the rutile
formed is always triply twinned and oriented (Fig. 4,
iii) is considered to result from an alteration
mechanism involving dissolution followed by epitax-
ial reprecipitation of TiO, in the second stage of the
alteration. This is discussed in detail in the following
section.

It should be emphasized that the structure ob-
tained for pseudorutile (Fig. 3) results from an
idealized treatment of the observed diffraction pat-
tern in which the diffuse diffraction streaks have been
treated as discrete reciprocal lattice points defined ex-
actly by the 5X superlattice. The model shown in
Figure 3 is thus an averaged representation of the
long-range metal-atom ordering, which in fact varies
from place to place in the crystal. A more complete
understanding of the real situation may be obtained
only by a detailed analysis of the geometry of the
diffuse scattering. In the absence of a complete
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F1G. 3. An (001) section of the structure of pseudorutile showing
one hexagonal close-packed oxygen layer (large circles). Fully oc-
cupied metal atom sites are shown by the small solid circles, and
fractionally occupied metal atom sites are represented by the small
open circles. The unit cell outline is dashed.

analysis we can only make the qualitative observation
that the diffuse scattering peaks lie in reciprocal (00/)
planes, indicating a one-dimensional periodic struc-
ture parallel to ¢, i.e., a chain structure with a high
degree of ordering along the chain but imperfect
ordering between chains. In the case of pseudorutile
the chains are the [001] rows of alternately filled and
empty octahedral sites M(2)-M(5). Two possibilities
exist for ordering between pairs of chains

M-O-M-0-M-T] M-[J-M-[J-M-{]
or
M-[J-M-[J-M-[)

[001]-
-M-]-M-[]-M

where M and [ represent filled and empty sites
respectively. If the two types of chain are randomly
distributed, the corresponding diffraction pattern will
exhibit sheets of diffuse intensity perpendicular to
[001]. Introduction of correlations between chains
results in a modulation of the diffuse intensity within
the reciprocal (00/) planes. The relatively small extent
of diffuse streaking of the metal ordering peaks for
pseudorutile (Fig. 2) is consistent with a high degree
of correlation between the [001] chains of filled and
empty metal atom sites.

The Alteration of Ilmenite

The studies of Teufer and Temple (1966) and the
present crystal structure analysis show quite clearly
that pseudorutile is a persistent phase with a definite
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structure and composition. It occurs as a major con-
stituent (Grey and Reid, 1974) of many commercial,
altered-ilmenite deposits, and may be considered as a
distinct intermediate alteration product of ilmenite in
which all the iron has been oxidized to the trivalent
state and one-third of it has been leached out, to give
the stoichiometry Fe,TizO,.

In considering why such a composition should be
formed as a stable phase, relatively resistant to
further alteration, it is worth noting that the
pseudorutile stoichiometry corresponds to the max-
imum removal of iron from the ilmenite structure
without concomitant removal of oxygen:

3Fe?**TiO; — Fej*Ti,O, + Fe (n

i.e., up to the point of conversion of all Fe* to Fe?*,
metal ion diffusion and oxidation at the crystal sur-
face can account for the change of composition.

Further removal of iron by leaching to eventually
produce rutile must involve removal of oxygen also,
according to:

Fe,Ti;Op — 3TiO, + 2Fe** + 302
\—_ﬂ—-/
Fe, O,

(2)

‘/\ o o °
aII c-lll_ Y Y
° e e o o °
[ I ] LI
° ® °
o o ]
] ® °
L) LI ]
° L e L]
o o o o o ®
° o ® L3 °
o0 o o [ ) o e o e e 0

(iii)

F1G. 4. Metal atom arrangements within hexagonal close-packed
anion layers for (i) ilmenite, (ii) pseudorutile, and (iii) triply
twinned rutile. The orientations of the unit cells as shown in the
diagram are the same as those observed in X-ray diffraction studies
on grains of altered ilmenite containing all three phases.
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Thus, whereas Reaction (1) may occur topotac-
tically by the diffusion of iron through an essentially
unaltered oxygen lattice, the second stage of altera-
tion involves a disruption of the anion lattice as both
iron and oxygen are removed.

One might expect that the two alteration reac-
tions, (1) and (2) above, would take place under
different environmental conditions, and indeed this
has been observed to be the case. Temple (1966) has
reported analytical results for a series of drill-hole
samples taken from a sand-type deposit of altered il-
menite in Florida. Below the water table level, at
about 7 feet and down to about 50 feet, the composi-
tion of the altered material was almost constant, with
weight percentages of TiO,, FeO, and Fe,O, of about
66, 2.5, and 30 percent respectively. The analyses cor-
respond quite closely to those for pseudorutile (¢f In-
donesian pseudorutile, Table 1). Thus, the material
taken from below the water table represents the first
stage in the alteration of ilmenite (Reaction 1). Above
the water table the composition of the altered il-
menite changed markedly, with TiO, analyses up to
83 percent and Fe,O; analyses below 15 percent; only
in the top few feet of the deposit does the second
alteration stage (Reaction (2) above) proceed to any
extent in the Florida deposit. Similar results were ob-
tained from studies on drill-hole samples from other
localities.

Models for the Alteration Mechanism

A feasible explanation for these observations is
that in the zone of saturation the oxidation and
leaching proceeds via an electrochemical corrosion
process, whereas in the zone of oxidation the ma-
terial is leached via a dissolution and reprecipita-
tion process. Considering these two processes in turn,
the electrochemical corrosion model has recently
been applied to the case of mineral oxidation to ex-
plain the oxidation of sulfide minerals in ground
water situations (Sato, 1960a,b; Nickel, Ross, and
Thornber, 1974). Natural ilmenites containing some
ferric iron (e.g., as Fe,04-FeTiO; solid solutions) are
quite good conductors, and in suitable ground water
situations might also be expected to oxidize by this
process. Possible half-cell reactions may be written

anodic: Fe?™ — Fe?* + e
cathodic: 20, + 2H,;0 + e — 1/3-(OH),*~

In situ anodic oxidation of ferrous ions produces
electrons which can move through the conducting
solid to the surface (or to a crack or fault in the
grain) and take part in cathodic reduction of oxygen
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in the ground water. The above half-cell reactions
show that complete oxidation of the ferrous iron in il-
menite to ferric iron releases one electron; this will
produce just enough hydroxyl ion (or some other
negatively charged anion) at the cathode to remove
one-third of the ferric ions produced. If we assume
that the oxygen content remains constant, then the
end product of electrochemical alteration of ilmenite
is Fe?*,,5 TiO; = Fe,Ti;0,, the pseudorutile composi-
tion. Thus, the electrochemical corrosion model is
consistent with the pseudorutile composition being a
stable alteration product of ilmenite in which all the
iron is in the ferric state. Although the model does
not require the addition or removal of oxygen from
the anion lattice, the change from ilmenite to
pseudorutile results in a volume reduction of about 6
percent which would produce considerable elastic
stress in the oxygen lattice at the coherent interface
between segments of ilmenite and its alteration
product, pseudorutile. This would result in the
development of considerable microcracking and por-
ing. Consistent with this, an electron microscope
study of the surface of pseudorutile shows it to have a
very fine granularity, about 30 A in diameter (Tem-
ple, 1966).

In contrast, electron microscope images of more
highly dltered ilmenites, approaching TiO, in com-
position, show a much coarser microstructure with
crystallites up to 500 A in diameter (Temple, 1966).
This suggests that alteration beyond the pseudorutile
composition occurs via a leaching and reprecipita-
tion process whereby both iron oxide and titanium
oxide go into solution and then titanium oxide
reprecipitates on the seed material. Such a
mechanism could change the microscopic features
such as granularity or crystallite size, while maintain-
ing the overall macroscopic morphology. Epitactic
reprecipitation of titanium oxide on the original
material would also be consistent with the observa-
tion of a triply twinned alteration product; i.e., the
rutile is adjusting to the hexagonal symmetry of an
undissolved pseudorutile crystallite. We envisage this
alteration mechanism to occur in the top few feet of
the deposit where the upper soil layer decomposes to
form active organic acids and carbonic acids
(Dyadchenko and Khatuntseva, 1960) capable of dis-
solving the pseudorutile. In this upper region of max-
imum temperature fluctuation, fluctuating water
level, and ready access of atmospheric oxygen,
mechanical weathering must also assist in the
chemical weathering. Finally, the role of bacteria and
metal-specific microorganisms may also contribute to
the dissolution process.
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