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WEATHERING OF ILMENITE IN A LATERITIC PALLID ZONE 
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Abstract-In a lateritic pallid zone ilmenite crystals alter via pseudorutile to porous leucoxene grains 
composed of randomly oriented aggregates of -0.06 /-Lm anatase crystals. This style of alteration differs 
from that in beach sands where parallel oriented rutile crystals develop from pseudorutile. Increased Si 
and Al in the altered grains is due to the crystallization from soil solution of halloysite, kaolinite and 
gibbsite within pores rather than to the incorporation of these elements into anatase crystals. Manganese 
was a significant constituent (3.2% Mn20 3) ofthe original ilmenite but was not retained by the leucoxene 
grains. The minor constituents Ni, Zn, Cu, Mg, Co and Ca were also lost, but Cr and V were retained. 
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INTRODUCTION 

The weathering of ilmenite is not well understood 
and deserves further investigation. It has been reported 
to alter to various products including anatase, rutile, a 
noncrystalline iron titanate (Bailey et al., 1956); ari­
zonite (Palmer, 1909; Karkhanavala, 1959); hydro­
ilmenite (Flinter, 1959); proarizonite (Bykov, 1964), 
and pseudorutile (Teufer and Temple, 1966; Grey and 
Reid, 1975). The relationship of the weathering envi­
ronment and the nature of the alteration products of 
ilmenite is also not known. The alteration of ilmenite 
in beach sand ore bodies has been extensively studied 
due to its economic importance, but relatively little 
attention (Hartman, 1959; Van Houten, 1968) has been 
given to the stability of this mineral in other soil en­
vironments. Hartman (1959) considered that the al­
teration mechanism of ilmenite during. bauxitization 
is different from that in weathered beach sands and 
that three distinct types of alteration occurred in baux­
ites: (1) direct alteration to leucoxene; (2) direct alter­
ation to OPtically identifiable anatase; (3) alteration to 
"patchy" ilmenite. 

The weathering of ilmenite in soils is of considerable 
interest to geologists because this mineral is a major 
primary source of the Ti in soils. Furthermore, the form 
of Ti in soils is to some 'extent determined by the 
alteration processes occurring within the confines of a 
single ilmenite grain rather than in the general soil 
matrix. Ilmenite commonly contains significant sub­
stitutions ofMn, Mg, V, Cr (Deer et aI., 1962), so that 
its mode of alteration will also affect the concentration 
and form of these elements in some soils. These con­
siderations suggest that there is clearly a need for a 
better understanding of weathering of ilmenite in soils. 
This paper deals with mineralogical and chemical as­
pects of ilmenite weathering in the pallid zone of a 
laterite developed from dolerite in southwestern Aus­
tralia. 

MATERIALS AND METHODS 

Samples from a laterite pallid zone developed from 
metamorphosed quartz dolerite were collected from a 
railway cutting at Jarrahdale, 45 km southeast of Perth, 
Western Australia. Detailed profile descriptions of the 
deeply weathered lateritic soil profile at this site were 
given by Sadleir and Gilkes (1976). The profile contains 
a distinct sequence of horizons, i.e., parent material 
(deeperthan 10 m and not exposed), mottled, red-white 
pallid-zone clay (depth interval, 6-10 m), irregular, 
brown, nodular concretions (4-6 m), loose, brown, 
nodular hard cap (2-4 m), and pisolitic hard cap (0-2 
m). Altered ilmenite grains were separated from the 
bulk samples which had been disaggregated by gentle 
shaking in 0.1 M NaOH solution. Partially and highly 
altered (leucoxene) grains remained intact and were 
next separated from other mineral grains in a Frantz 
isodynamic magnetic separator. 

X-ray powder diffraction (XRD) patterns of bulk 
samples of altered grains separated from the pallid zone 
were obtained with a Philips diffractometer with Fe­
fi.ltered CoKa radiation. For the measurement of the 
unit-cell parameters a CaF2 internal standard was added, 
and the powdered sample was scanned at a rate of 
0.25°28Imin. Single-grain X-ray diffraction patterns 
were made using a Gandolfi single crystal camera (Gan­
dolfi., 1967). Semiquantitative analysis ofthe minerals 
in the pallid-zone clay was made by thermogravimetric 
analysis (TGA). Simultaneous TGA and differential 
thermogravimetric (DTGA) curves for 10-mg samples 
were obtained in flowing air at a heating rate of 10°CI 
min using a Perkin Elmer TG 52 instrument. Dehy­
dration maxima at 60, 280, and 500°C produced by 
halloysite(IOA), gibbsite, and halloysite(7 A) + kaolin­
ite, respectively, were used to estimate the concentra­
tion of these minerals. 

Polished sections of bulk pallid-zone clay samples 
and ilmenite concentrates were made for petrographic 
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Figure 1. Thermogravimetric curves for pallid-zone clay. 
DTGA = differential thermal gravimetric analysis; TGA = 
thermogravimetric analysis; HH = hydrated halloysite; H = 
halloysite; H = halloysite(7 A); K = kaolinite; G = gibbsite. 
Dehydration maxima at 60, 280, and 500·C correspond to 
hydrated halloysite, gibbsite, and halloysite(7 A) + kaolinite, 
respectively. The values 0.9%, 11 %, and 7.6% are water losses 
due to hydrated halloysite, gibbsite, and halloysite(7 A) + ka­
olinite, respectively, and account for the total 19.5% water 
loss. 

and electron microprobe examination. Separated grains 
were mounted on aluminum stubs and coated with a 
150-A layer of platinum in a vacuum evaporator and 
investigated by scanning electron microscopy (SEM) 
using a Philips PSEM 500 instrument. Selected grains 
were crushed and dispersed for transmission electron 
microscopy (TEM) and selected area electron diffrac­
tion (SAD) using a Hitachi HU 11 B instrument. Pallid­
zone samples and subsamples of highly altered grains 
were analyzed for major and trace elements by X-ray 
fluorescence spectrometry after fusion in a lithium bo­
rate-lithium carbonate flux (low dilution fusion) fol­
lowing the method of Lee and McConchie (1982). Sub­
samples of partially altered grains were dissolved in a 
mixture of HCI04 and HF acids and analyzed for Ti, 
Fe, Mn, Ca, AI, Si, Cr, Ni, Zn, V, Cu, Mg, and Co 
using a Perkin Elmer atomic absorption spectropho­
tometer. Ferrous iron was determined under a nitrogen 
atmosphere by dichromate titration (Vogel, 1961). 
Chemical analyses of different phases within grains viz. 
ilmenite, pseudorutile, and anatase were obtained from 
polished sections using an ARL-SEMQ electron mi­
croprobe. 

RESULTS AND DISCUSSION 

XRD patterns of bulk samples showed that halloy­
site, kaolinite, gibbsite, quartz, ilmenite, and anatase 
were present in the pallid-zone clay. TGA of bulk pal­
lid-zone samples showed the presence of about 6% 
halloysite(lOA), 46% halloysite(7A) and/or kaolinite, 
and 32% gibbsite (Figure 1). TGA of replicate samples 

hgure 2. Transmission electron mIcrograph 01 the clay ( < 2 
I'm) fraction of pallid-zone clay showing tubular halloysite 
crystals (I); platy crystals of kaolinite or gibbsite (2), and 
aggregates of very small (-0.02 I'm) anatase crystals (3). 

and standard mixtures showed a lower limit of detec­
tion of 2% and a reproducibility of 2% for these min­
erals. The chemical composition of the bulk pallid­
zone clay is shown in Table 1 and corresponds well 
with the mineralogy determined by XRD and TGA. 
The distribution of Ti between the various materials 
was estimated on the basis of chemical analyses of these 
materials and microscopic measurements of their 
abundance. Of the 4.5% Ti02 content of the pallid zone 
about 35% is in residual ilmenite, 60% is in anatase in 
leucoxene grains, and 5% is in microcrystalline anatase 
which is dispersed through clay and which has been 
derived from weathering of amphibole and other pri­
mary minerals. Electron micrographs of the clay frac­
tion «2 ~m) of the pallid-zone clay show tubular hal­
loysite crystals with an average length of 0.69 ± 0.41 
~m and diameter of 0.11 ± 0.04 ~m, platy kaolinite 
and/or gibbsite crystals with average major axis length 
of 0.16 ± 0.08 ~m and minor axis length of 0.14 ± 
0.06 ~m, and aggregates of very small (-0.02 ~m) an­
atase crystals (Figure 2). These identifications were 
supported by electron diffraction measurements which 
are described below. 

XRD patterns of partially altered ilmenite grains show 
the presence of ilmenite, pseudorutile, and anatase 
(Figure 3A). Highly altered grains contained mainly 
anatase, traces of ilmenite and/or pseudorutile, and 
minor amounts ofhalloysite(7 A) and/or kaolinite and 
gibbsite (Figure 3B). X-ray diffraction patterns of non­
rotated, partially altered grains taken with the Gandolfi 
camera showed sharp reflections of ilmenite/pseudo­
rutile and an anatase powder pattern with no arcing of 
reflections, indicating that the anatase crystals were 
randomly oriented within the grain (Figure 4). Thus, 
the crystal structure of the parent ilmenite grains does 
not appear to control the orientation of the product 
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Figure 3. X-ray powder diffraction patterns of bulk samples 
of partially altered (A) and highly altered ilmenite (B). I = 
ilmenite; PR = pseudorutile; A = anatase; H/K = halloy­
site(7 A) and/or kaolinite; G = gibbsite. 

anatase. These results are in contrast to those ofTeufer 
and Temple (1966) and Grey and Reid (1975) who 
found that microcrystalline rutile in altered ilmenite 
grains developed as oriented aggregates by epitaxial 
growth upon the close-packed anion layers of ilmenite. 
According to Grey and Reid (1975), rutile in altered 
ilmenite grains is present in a triply twinned arrange­
ment and likely resulted from dissolution followed by 
epitaxial growth of Ti02• In marked contrast to the 
findings of these workers, we found anatase and not 
rutile to be the alteration product of the ilmenite and 
the overall orientation of anatase microcrystals within 
the altered grain to be random. 

The chemical compositions of bulk samples of par­
tially altered ilmenite and completely altered grains are 
shown in Table 2. Bulk samples of unweathered il­
menite grains from rock were not analyzed because 
unweathered dolerite containing unaltered ilmenite was 

Table 1. Chemical analyses and semiquantitative mineral­
ogical analyses based on X-ray powder diffraction and ther­
mogravimetric analyses of pallid zone clay. 

SiOz 
TiOz 
AI20 3 

Fc20 3 

MnO 
CaO 
MgO 
L.0.1. 
Total 

Halloysite and/or kaolinite = 52% 
Gibbsite = 32 
Quartz = 10 
Ilmenite, anatase, pseudorutile = 6 

Wt.% 

34.3 
4.5 

38.5 
3.6 
0.01 
0.02 
0.09 

19.5 
100.5 

-3'74 A 
.-2'75 

-3'52 

B 

Figure 4 .. Gandolfi camera X-ray diffraction patterns of a 
single, partially altered ilmenite grain. Patterns were o.btained 
with the grain stationary (A) and rotating (B) .. Spacmgs are 
indicated. 3.74 A (102),2.75 A (104),2.23 A (113), and 1.73 
A (116) single crystal reflections correspond to ilmenite and 
2.19 A (101) to pseudorutile. 3.52 A (101),2.37 A (004),1.89 
A (200), 1.70 A (105), and 1.667 A (211) rings are due to 
anatase. 

not exposed at this locality. Therefore, the ilmenite 
analysis in Table 2 is an average of electron microprobe 
analyses of unaltered parts of grains which were sep­
arated from the pallid-zone clay. The bulk sample of 
partially altered ilmenite consisted of a mixture of il­
menite, pseudorutile, anatase, and minor amounts of 
other minerals, whereas the highly altered bulk sample 
consisted mostly of anatase with minor amounts of 
ilmenite, pseudorutile and amounts of other minerals. 
The increase in Ti02 in the partially altered ilmenite 
is accompanied by a decrease in iron to an amount 
that is consistent with the development of pseudo rutile 
as a major first alteration product. During the subse­
quent stage of alteration, most iron was lost from com­
pletely altered grains due to dissolution of pseudo rutile, 

Table 2. Chemical analyses of ilmenite, partially altered il­
menite, and completely altered ilmenite (Ieucoxene). 

Partially Completely 
altered altered 

Wt.% Ilmenite l ilmenite2 ilmenite2 

FeO 44.6 19.3 
Fe20 3 19.4 6.4 
Ti02 52.3 56.7 81.4 
Si02 0.07 2.6 
AI20 3 0.07 0.31 7.3 
MnO 2.9 2.2 0.11 
CaO 0.06 0.04 
Total 99.87 98.04 97.85 

ppm 
--cr 420 790 

V 680 1230 
Zn 210 70 
Cu 160 75 
Ni 150 60 
Co 100 <20 
Mg 150 25 

I Average of electron microprobe analyses of fresh ilmenite 
regions in partially altered grains. 

2 Chemical analyses of bulk samples of grains. 
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Figure 5. Photomicrographs (reflected light) of polished sections of altered ilmenite grains showing various stages of alteration. 
(A) Ilmenite with dark grey primary alteration product (pseudorutile) along linear directions (I) and rimmed with secondary 
alteration product anatase (white) (2). (B) Grain in which anatase zones (I) are separated by parallel bands of isolated ilmenite 
and/or pseudorutile. (C) Isolated remnants of ilmenite and pseudorutile surrounded by anatase. (D) Leucoxene grain where 
anatase has completely replaced ilmenite. 

crystallization of anatase, and removal of iron by soil 
solution. The accumulation of Al and Si and the re­
tention of some Fe in completely altered grains were 
probably due to the presence of impurities in the bulk 
samples; the probable forms of these elements are dis­
cussed below. The analyses of bulk samples of partially 
and highly altered grains indicate that Cr and V in­
creased whereas Mn, Ni, Zn, Cu, Mg, Co, and Ca de­
creased during the alteration. The loss of Mn, Cu, Zn, 
Ni, Co, Ca, and Mg from highly altered grains was 
probably due to their incompatibility in the crystal 
structure of anatase; these ions differ from Ti in ionic 
radius and valency. 

Reflected-light photomicrographs of polished sec­
tions show that partly altered ilmenite grains consist 
of a core or bands of a dark grey phase with anatase 
showing bright yellow internal reflection having de­
veloped within and around grains (Figure 5A). The 
dark grey phase is pseudorutile (Temple, 1966; Ram-

dohr, 1980). At the intermediate stage of alteration 
anatase is commonly distributed in bands contained 
within parallel sheets of original ilmenite/pseudorutile 
(Figure 5B). Residual ilmenite/pseudorutile is com­
mon as small isolated remnants surrounded by anatase 
(Figure 5C). In the final stages of alteration ilmenite is 
completely replaced by anatase (Figure 5D). 

Scanning electron micrographs of fresh and slightly 
altered grains show massive, irregular surfaces (Figure 
6A). Energy dispersive X-ray spectra from such sur­
faces (Figure 6B) show the presence of Ti, Fe, and Mn 
and confirm that the surface material is ilmenite or 
pseudorutile. Titanomagnetite was not observed in these 
specimens. Partially altered grains show smooth il­
menite or pseudorutile surfaces covered with fine­
grained anatase (Figure 6C). Highly altered grains have 
very porous surfaces consisting of aggregates (- 2 J,tm) 
of anhedral particles of anatase and platy to hexagonal 
crystals of gibbsite and/or kaolinite (1-5 J,tm) (Figure 
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Figure 6. Scanning electron micrographs and energy dispersive X-ray (ED X) spectra of fresh, partially altered, and highly 
altered ilmenite grains. (A) Fresh ilmenite grain showing massive irregular surface. (B) Spectrum shows the presence of Fe, 
Ti, and Mn which confirms that the surface material is ilmenite or pseudorutile. Platinum lines are due to the conductive 
coating. (C) Partially altered grain showing a smooth ilmenite or pseudorutile surface (I) covered with fine-grained alteration 
products (anatase) (2). (D) Highly altered ilmenite showing a porous framework consisting of aggregates of microcrystalline 
anatase crystals (1) and platy crystals of kaolinite and/or gibbsite (2). (E) EDX spectrum of surface of grain shown in (D) 
indicating the presence of much Ti with smaller amounts of Fe, AI, and Si confirming anatase as the major constituent with 
lesser gibbsite, halloysite and/or kaolinite. (F) Halloysite crystals in voids in a porous microcrystalline anatase framework 
(I). 

https://doi.org/10.1346/CCMN.1984.0320504 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1984.0320504


368 R. R. Anand and R. J. Gilkes Clays and Clay Minerals 

6D). Halloysite (-0. 7 ~m) apparently crystallized within 
the porous framework of the altered grain (Figure 6F). 
EDX spectra (Figure 6E) show the presence of consid­
erable Ti at the surfaces of highly altered grains and 
lesser amounts of Fe, AI, and Si which are due to the 
presence of anatase, clay minerals (halloysite, kaolin­
ite), and gibbsite. The presence of these clay minerals 
and gibbsite within the porous surface is consistent 
with the mineralogy of the associated pallid-zone clay 
which is mostly halloysite, kaolinite, and gibbsite. 

The retention of the original ilmenite grain shape by 
its alteration products indicates that isovolumetric 
weathering has occurred (Millot, 1970). Chemical re­
actions which describe the alteration of ilmenite to 
rutile (Grey and Reid, 1975) can be written as: 

3Fe2+Ti03 
(ilmenite) 

FeH 2 Ti30 9 + Fe3+ (solid state ox­
(pseudorutile) idation) 

3Ti02 + FeH 203 (dissolution, pre­
(rutile) (hematite) cipitation) 

During the alteration of ilmenite to anatase in the 
pallid zone most of the Fe was lost to soil solution, 
whereas in weathered beach sands abundant hematite 
occurs in leucoxene grains (Grey and Reid, 1975). In 
the present study no Fe oxides were identified in the 
leucoxene grains. Thus, alteration of ilmenite in the 
pallid zone differs from the above model in that anatase 
is the major product and hematite does not remain 
within the altered grain. 

The porosity of completely altered grains can be cal­
culated from the above equations and the densitites of 
the minerals. Isovolumetric alteration would produce 
only 0.65 ml of anatase in I ml previously occupied 
by ilmenite, i.e., the porosity is 35%. This highly porous 
structure is evident in SEM and microprobe back-scat­
tered electron photographs of altered grains (Figure 6D) 
with pores ranging from -100 /Lm down to the limits 
of resolution of the techniques ( -0.1 ~m). These results 
are consistent with the observations of Lynd (1960) 
and Temple (1966) who found that altered ilmenites 
are granular in character and show an increase in po­
rosity with decreasing content of iron. 

The identification from SEM photographs and EDX 
data of the minerals on natural surfaces and fractures 
of altered grains are tentative because it is based solely 
on morphology and chemistry. Transmission electron 
microscopy and electron diffraction were employed to 
identify alteration products in materials separated from 
grain surfaces and interiors. Electron micrographs of 
dispersed, partially altered ilmenite grains show them 
to consist mostly of anhedral (-0.7 5 ~m) ilmenite and 
aggregates of -0.05-~m size particles of anhedral an­
atase (Figure 7 A). In highly altered grains these very 
small, roughly cylindrical to lath-shaped anatase par­
ticles are the major constituents (Figure 7B). They have 

A 

,Q·25um, 
" 

Figure 7. Transmission electron micrographs of <2-~m 
fraction of altered ilmenite grains. (A) Partially altered il­
menite showing anhedral to subhedral fragments (-0.5 I'm) 
which consist of ilmenite and/or pseudorutile and anatase (1) 
and fine-grained anatase (2). (B) Highly altered ilmenite show­
ing approximately acicular or lath-shaped (-0.05 I'm) anatase 
crystals (1), tubular halloysite (-0.5 I'm) (2), platy crystals of 
kaolinite (-0.2 I'm) (3), and platy, hexagonal crystals (-0.1 
~m) which are probably gibbsite (4). 

a mean length of 0.06 ± 0.04/Lm. Anatase grains were 
reported to be about O.I/Lm in size in clays and bauxites 
(Hartman, 1959), 0.2 ~m in size in silcrete (Milnes and 
Hutton, 1974), and 0.2 ~m in size in soils (Campbell, 
1973). An exception to the generally microcrystalline 
nature of anatase in soils are the 0.1 mm crystals re­
ported in weathered clays in sandstone (Loughnan and 
Golding, 1957). 

Pseudorutile invariably occurs as anhedral frag­
ments (Figure 8A) and was identified from SAD pat­
terns by its characteristic diffuse reflections (e.g., at 2.78 
A, Figure 8B) that may be assigned to the large, hex­
agonal, average unit cell described by Grey and Reid 
(1975). Most reflections are sharp (e.g., at 2.49 A) and 
can be assigned to the usual rutile unit cell, but inas­
much as discrete rutile was not present, these reflec-
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Figure 8. Transmission electron micrograph of an anhedral fragment of pseudorutile (A) and its selected area diffraction 
(SAD) pattern (B). Indices of reflections due to pseudo rutile and anatase are shown. Correctly oriented SAD pattern exhibits 
characteristic diffuse reflections (2 .78 A) and also sharp reflections ( 2.49 A) due to pseudorutile (PR). Spotty ring pattern 
(3. 52 A) is due to anatase (AN). Bright (C) and dark (D) field micrographs of an aggregate of -O. l -fotm , lath-shaped anatase 
crystals in a parallel oriented array and their SAD pattern (E) confirming the high degree of orientation. The dark field 
micrograph was derived from the 004 reflection shown in (E). SAD pattern shows that crystals are e longated along their c-axis. 

tions must result from pseudorutile (Brown, 1980). 
Pseudorutile grains give a single crystal pattern and 
generally also give a spotty ring pattern (e.g., the 3.52 
A ring in Figure 8B), indicating that several very small 
anatase particles are present and that anatase did not 
develop in an oriented epitaxial manner from pseu­
dorutile. This assemblage contrasts with the micro­
crystalline rutile reported in some altered ilmenites 
(Teufer and Temple, 1966; Grey and Reid, 1975) which 

exhibit strong preferred orientation due to epitaxial 
growth upon the close-packed oxygen sheets of pseu­
dorutile. The anatase structure contains no such well­
defined, close-packed oxygen layer (Vegard, 1916), so 
the potential for epitaxial growth may be absent. Al­
though epitaxial growth on pseudo rutile was not ob­
served, anatase crystals were commonly elongated along 
the c-axis in almost perfectly oriented parallel aggre­
gates (Figures 8C, SE). The SAD patterns of these ag-
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Figure 9. Transmission electron micrographs of halloysite, kaolinite and gibbsite in a dispersed preparation of a highly 
altered ilmenite (anatase) grain and their selected area diffraction (SAD) patterns. (A) Frayed crystal of tubular halloysite 
(-0.4 f.'m long). (B) Its correctly oriented SAD pattern showing that it is elongated along its b-axis. (C) Platy anhedral kaolinite 
crystal (- 2 f.'m) with a few attached anatase crystals. (D) Its correctly oriented SAD pattern consisting of an hkO net of 
reflections with an 060 spacing of 1.49 A. (E) Anhedral particle (-0.2 f.'m) of &ibbsite. (F) Its correctly oriented SAD pattern 
consisting of typical slightly arced hkO reflections with a 330 spacing of 1.46 A. 
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Figure 10. Back scattered electron images of polished sec­
tions of altered ilmenite grains. (A) Patchy pseudorutile (1) 
within ilmenite. (B) Porous framework of anatase (1) sepa­
rated by approximately ,parallel zones of unweathered ilmen­
ite and! or pseudorutile (2). (C) A porous framework consisting 
solely of anatase (l). 

gregates consist of hh/ reflections indicating that the 
crystals were resting on (110) faces. 

The anatase structure (density - 3.4 glcml) is much 

Table 3. Average electron microprobe analyses of various 
regions present in partially altered ilmenite grains. 

Wt.% llmenite Pseudorutile Anatase 

FeO t 44.6 34.9 5.0 
Ti02 52.3 57.3 88.6 
MnzO, 3.2 2.3 0.02 
SiOz 0.0 0.0 0.58 
Al20 1 0.07 0.39 2.1 

I Expressed as FeO; most iron is oxidized in pseudorutile 
and anatase regions. 

less compact than that of rutile (-4.4 glcml) and may 
be better able to accommodate structural distortions 
due to foreign ions being incorporated into the crystals 
from soil solution. The crystallization of anatase rather 
than rutile may for this reason be a consequence of the 
presence of the various ions in solution in the pallid­
zone weathering environment. In this zone most pri­
mary minerals alter and release ions to soil solution. 
The crystallization of rutile in some beach sands may 
be due to relatively lower concentrations of ions in soil 
solution due to the scarcity of easily weathered min­
erals in these deposits. 

Halloysite crystals within highly altered ilmenite 
grains are distinctly tubular in shape but have a some­
what irregular outline (average length = 0.4 ± 0.1 ,urn; 
width = 0.1 ± 0.004 ,um). These crystals are generally 
slightly shorter than the halloysite in the pallid-zone 
matrix which has an average length of 0.7 ± 0.4 ,urn 
and a width of 0.1 ± 0.04 ,um. This difference may be 
a consequence of the restricted space for crystal growth 
within pores in the altered ilmenite grain. SAD patterns 
show that halloysite crystals are mostly elongated along 
their b-axis (Figure 9A, 9B) as in the matrix. Honjo et 
at. (1954) also found that most halloysite crystals in 
Hong Kong kaolin are elongated along their b-axis. 

Some kaolinite occurs as large (> 2 ,um) anhedral 
grains within the anatase matrix (Figure 9C). The elec­
tron diffraction pattern of kaolinite consists of a hkO 
net of reflections with an 060 spacing of 1.49 A (Figure 
9C). Gibbsite usually occurs as anhedral grains (-0.4 
,um) that give typical, slightly arced hkO reflections (Fig­
ures 9E, 9F) with a 330 spacing of 1.46 A. 

An examination of weathered ilmenite grains from 
Western Australian beach sands showed that haIloy­
site, kaolinite, and gibbsite occur within grains in an 
identical manner to the grains from the pallid zone 
described above. This is a significant result inasmuch 
as existing methods of beneficiating the ore are based 
on the assumption that Al and Si impurities are sub­
stituted in rutile or anatase. Because most of the Al 
and Si has been shown to be present as discrete clay 
minerals and gibbsite, these elements may be removed 
by caustic leaching procedures that do not dissolve the 
titanium oxides. 
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Figure II. Electron microprobe X-ray images of partially altered ilmenite grains showing zones of ilmenite/pseudorutile 
and anatase. The association of Ti, Fe, and Mn in the residual ilmenite/pseudorutile zones and the absence of Fe and Mn 
and presence of Al in anatase zones (B, C, D, E) are shown. The presence of Al within the porous anatase matrix is due to 
crystallization ofhalloysite, kaolinite, and gibbsite from soil solution. (F) Highly altered grain showing a porous arrangement 
of anatase (1) with isolated remnants of ilmenite and pseudorutile (2). The pores within the porous framework of anatase are 
filled by a mixture of 56% gibbsite and 44% kaolinite andlor halloysite (3). BSE = Back scattered electron images. 
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Chemical composition of individual 
altered grains 

The patchy development of pseudorutile along linear 
directions in partly altered ilmenite is clearly seen in 
electron microprobe back-scattered electron images 
(Figure lOA). In partly altered grains anatase is com­
mon in zones aligned parallel with bands ofthe original 
ilmenite/pseudorutile (Figure lOB) so that ilmenite/ 
pseudorutile remnants are surrounded by porous an­
atase. In highly altered (leucoxene) grains, ilmenite has 
been completely replaced by a porous arrangement of 
microcrystalline anatase (Figure IOC). A similar po­
rous fabric was described by Ramdohr (1980) in altered 
ilmenite from Sweden. Average concentrations of Fe, 
Ti, Si, AI, and Mn in various regions of partly altered 
grains are given in Table 3. These data show an increase 
in titanium and a loss of iron with increasing alteration 
of ilmenite grains of average formula (Fe2+ 0.93 Ti4 + 0.99 
Mn3+ 0.0603) to anatase (Ti02) through pseudorutile 
(Fe3+ 1.99 Ti4+ 2.92Mn3+ 0.1209 == M5.03 0 9), Structural for­
mulae of ilmenite and pseudorutile were calculated on 
the basis of 3 and 9 oxygen atoms, respectively, and 
on the assumption that all of the Fe in ilmenite is 
present as Fe2+ and in pseudorutile as Fe3+. Grey and 
Reid (1975) published a structural formula for a South 
Australian pseudorutile, (Fe3+ l.81Fe2+ 0.07Mn3+ 0.03 
Ti4 + 3.0809 == M4 .990 9 (excluding H20», and an Indo­
nesian pseudorutile, (Fe3+ 1.34 Fe2+ 0.26 Mn3+ 0.15 Ti4 + 3.25 
0 9 == M5.000 9 (excluding H20». The structural formula 
obtained in the present study is close to the former. 

Some Mn was apparently lost during the alteration 
of ilmenite to pseudorutile, and the rest was lost during 
the subsequent alteration to anatase. The presence of 
Mn in ilmenite and pseudorutile and its absence in 
anatase is seen in the electron probe element distri­
bution maps of partly altered grains (Figure liD), con­
firming the interpretation of analyses of bulk materials 
described above. Evidently, Mn substitutes for Fe in 
ilmenite and pseudorutile but not for Ti in anatase. Al 
appears to be absent in ilmenite and pseudorutile but 
present in patches of clay within the porous anatase 
matrix (Figure liE). Si and Al are only minor con­
stituents of ilmenite but are abundant in bulk samples 
of completely altered grains (Table 2). These results 
agree with those of Frost et al. (1983) for partly altered 
ilmenite grains in mineral sand deposits where Si and 
Al increased with decreasing Fe within altered regions 
of grains having average compositions between rutile 
and pseudorutile. These authors considered that during 
the latter stages of ilmenite alteration, where rutile crys­
tallizes from solution, both alumina and silica are ex­
tracted from the ambient environment and are copre­
cipitated with, or adsorbed on, rutile. In the lateritic 
pallid zone studied in the present investigation, the 
altered grain simply acted as a continuation of the po­
rous soil matrix and was pervaded by soil solution from 

which the clay of the pallid zone crystallized. The pores 
within the anatase grains are commonly filled with clay 
minerals and gibbsite (Figure IIF). Microprobe anal­
ysis of clay-filled regions within anatase grains (such 
as region 3 in Figure 11 F) gave average values of 20% 
SiOz and 54% Alz0 3. These values are consistent with 
a mixture of gibbsite (56%) and halloysite and/or ka­
olinite (44%) and are similar to the composition of the 
clay fraction of the matrix (i.e., -40% gibbsite, 60% 
halloysite and/or kaolinite). 

Mechanism of ilmenite weathering 
in lateritic pallid zone 

Grey and Reid (1975) reported that the alteration of 
ilmenite is a 2-stage process. First, all of the iron ox­
idizes, and some diffuses from the ilmenite leaving 
pseudorutile in which closely packed oxygen layers re­
main intact. This stage of the alteration is represented 
by the following reaction: 

3Fe2+ 2 Ti03 -. Fe3+ z Ti30 9 + Fe 3+ . 

In the second stage of alteration pseudorutile dissolves, 
iron is removed by solution, and Ti02 precipitates rap­
idly. The second stage involves a disruption of the 
oxygen packing as both iron and oxygen are removed 
and is represented by the following reaction: 

Fe 3+ z Ti30 9 -4 3Ti02 + FeZ03' 

They considered that epitaxial growth ofTiOz crystals 
(rutile in their example) occurs on a pseudorutile sub­
strate so that the primary ilmenite grain is replaced by 
a highly oriented array of rutile microcrystals. 

The results of the present study differ from Grey and 
Reid's (1975) findings in three major respects which 
reflect the different weathering environments in beach 
sand deposits compared with a lateritic pallid zone. 
First, anatase and not rutile was the final alteration 
product. Second, anatase crystals did not crystallize in 
parallel alignment throughout the former ilmenite grain; 
they were found in parallel orientation, but these ag­
gregates were of limited extent only. Third, the high 
porosity of the anatase grain appears to have enabled 
halloysite, kaolinite, and gibbsite to crystallize from 
soil solution within pores. 
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Pe3IOMe-B JIaTepHToBoii: 6JIe):IH0ii: 30He KPHCTaJIJIbI HJIbMeHHTa BH,[lOH3MeHHIOTCH 'fepe3 nCeB,[lOpYTHJI B 
3epHa nopHCToro JIeii:KoKceHa, COCTOHIIIHe H3 arperaTOB 6eCnopH)l0'fHO 0pHeHTHpOBaHHblX -0,6 f.LM KPHC­
TaJIJIOB aHaTa3a. 3TOT THn BH,[lOH3MeHeHHH OTJIH'faeTCH OT THna B nJIH)KHbIX neCKax, B KOTOPbIX napaJI­
JIeJIbHO opHeHTHpoBaHHble KPHCTaJIJIbI PYTHJIOB Pa3BHBaIOTCH H3 nCeB,[lOPYTHJIOB. YBeJIH'feHHOe CO,[lep)KaHHe 
Si H Al B BH,[lOH3MeHeHHblX 3epHax 06YCJIOBJIeHO KpHCTaJIJIH3an:Heii: raJIJIYa3HTa, KaOJIHHHTa H m66cHTa H3 
nO'fBeHIloro paCTBopa BHyTpH nop CKopee, 'feM B pe3YJIbTaTe BKJIIO'feHHH 3THX 3JIeMeHTOB B KPHCTaJIJIbI 
aHaTa3a. MapraHen: HBJIHJICH 3Ha'fHTeJIbHbIM COCTaBHbIM 3JIeMeHTOM (3,2% Mn20 3) nepBOHa'faJIbHOrO HJIb­
MeHHTa, HO He y,[lep)KHBaJICH 3epHaMH JIeii:KoKceHa. BTopOCTeneHHble COCTaBHble 3JIeMeHTbI Ni, Zn, Cu, 
Mg, Co, H Ca 6bIJIH TaK)Ke nOTepHHbI, HO Cr H V y,[lep)KHBaJIHCb. [E.G.] 

Resiimee-In einer lateritischen palliden Zone wandeln sich Ilmenitkristalle tiber Pseudorutil in porose 
Leucoxenkorner urn, die aus Aggregaten von unregelmll13ig angeordneten etwa 0,6 f.Lm groJ3en Anatas­
kristallen bestehen. Diese Vmwandlungsart unterscheidet sich von der in Ktistensanden, wo sich parallel 
orientierte Rutilkristalle aus dem Pseudorutil bilden. Eine Zunahme des Si- und Al-Gehaltes in den 
umgewandelten Kornern riihrt eher von der Kristallisation von Halloysit, Kaolinit und Gibbsit in den 
Poren aus der Porenlosung her als vom Einbau dieser Elemente in die Anataskristalle. Mangan war in 
beachtlichen Mengen (3,2% Mn20 3) im urspriinglichen Ilmenit enthalten, wurde aber durch die Leuco­
xenkorner nicht zurUckgehalten. Die Spurenelemente Ni, Zn, Cu, Mg, Co, und Ca gingen ebenfalls verloren, 
wiihrend Cr und V zuriickgehalten wurden. [V.W.] 

Resume-Dans une zone ilmenite laterite pale, des cristaux sont alteres via la pseudorutile en grains 
leucoxenes poreux composes d'aggregats de cristaux d'anatase de -0,6 f.Lm orientes au hasard. Ce style 
d'alteration difIere de celui du sable de plage oil des cristaux de rutile orientes parallelement se developpent 
it partir de la pseudorutile. L'elevation du contenu en Si et AI dans les grains alteres est due it la cristallisation 
it partir de solutions du sol d'halloysite, de kaolinite, et de gibbsite endeans les pores plut6t qu'it I'incor­
poration de ces elements dans les cristaux anatase. La manganese etait un constituent significatif (3,2% 
Mn20 3) de I'ilmenite originale, mais n'a pas ete retenue par les grains leucoxenes. Les constituents mineurs 
Ni, Zn, Cu, Mg, Co, et Ca ont aussi ete perdus, mais Cr et V ont ete retenus. [D.J.] 
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