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SYNOPSIS

IT was not until 1966 that pseudorutile was first
defined. Earlier, its X-ray diffraction spectrum had
been confused with that of rutde and, to a lesser
degree, with those of hematite and ilmenite. Sub-
sequent work has shown that pseudorutile has a
world-wide distribution in detrital ilmenite-bearing
heavy mineral deposits. The present work has con-
firmed its magnetic susceptibility and density. In
addition pseudorutile is shown to be a magnetic
spin glass with a peak susceptibility at 23 °K.
Altered ilmenites, in which pseudorutile occurs as
a secondary alteration product, display a range of
chemical composition and magnetic susceptibility.
The most highly magnetic fractions are not neces-
sarily those containing the least-altered ilmenite,

and in material from Capel, Western Australia, the
most highly magnetic fractions were those contain-
ing grains of ferrimagnetic ferrian ilmenite.
Quantitative X-ray diffraction has shown that
West Australian altered ilmenite contains signifi-
cant amounts of amorphous ilmenite, pseudorutile,
and rutile. The magnetic susceptibility of para-
magnetic fractions of altered ilmenite from Capel,
Western Australia, can be calculated from norma-
tive compositions based on chemical analyses.
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Introduction

Ilmenits graine in besch sands gre almost inverisbly altered
The alteration initially involves the removal of iron and the formation
of a mineral phase having the approximate compasition Fe Tiz0g. The
name p ile has heen sugg for this phase (Teufer and Templs
1966): its chemical composition maetches that of arizonite (Qverholt et
8L, 1950; Karkhanavala, 1959) and proarizonits, but noms of these
mineral namgs has besn internationally recognised (Fleischer, 1967).
Although the chemical compositions of these three minerals are very
similar, their X-ray diffraction spectra are reportedly different
In addition, the X-ray diffraction spectrum of pseudorutile has heen
confused with the spactra of ilmanite, rutile and hematite (Fig. 1),
especially when these minerals occur tobether in the same samples.
Thus, Lynd et al.(1954) noted that weskly magnetic fractions of ilmemite
concentrates gavs rutile-liks spectra yet did not show the main pgak
of rutile: the brosd maximum peak found by Lynd ot al.at d = 1.69% gay
be reinterpreted as bsing the main pesk of peeudorutila (d = 1.688 E;.

Nominally pure pseudorutilo has only besn reported From Seuth
Australia {Larrett and Spencer, 1971}, but X-ray diffraction peaks
attributable to this minaral are found in the spectra of detrital
ilmenite from many lacalities. It is difficult to determime accurately
the amount of pseudorutile in altered ilmenite grains: this paper
describes an attempt to quantify this value by a combination af
X-ray diffractien results and chamical analyses.

The magnetic Susceptibilities of various altered ilmenite fractions
have also bean determined, and the results are interpreted in tarms
of their calculated mineralogical compositions.

ica) distribution of le

In addition ta the South Australian lacality, it has been shawn
that pseudorutile occurs in altered ilmenite grains Prom Capel, Western
fustralia (see below, and Grey and Reid, 1974), and that slightly impure
pseudorutils, containing traces of ilmenite and rutile, occurs in
detrital specimens from Indonesia (Grey and Reid, 1975). The pressnt
authors have confirmad that tha mineral occurs in altered ilmensts
from Eneabba, Western Australia (Lissiman and Oxenford, 1975, p.1068);
in ilmenite concentrates from esstern Australia; and from Pulmoddai,
Sri Lanka (Fig. 2}, It has also been shown {Teufer and Temple, 1966)
that pseudorutile octurs in Florida, .in Brazil, and at Quilon in
Southern India.

Chemical Studies
The complex chemical

the sl i
of ilmenite can be simplified to tws mejor resctions {Dimanche and
Bartholon§, 1976) that teke place sequentially.

Stage 1:  3re* Ti0, + 2% & 10,

3+ 2+
—— o) 'I'i:’lilg + Fe™" 4+ H0

+ " =+
Stags 2: Fu2 Tizﬂg + 4H ——» 37102 + 2Fa ¢ ZHZD + §02

In stage 1 the ilmenite changes to pseudorutile by the loss af one
third of the total iron and the axidation of the remaining iron to the
farric stste. Stage 2 involves the removal of the remaining iren and
the loss of some oxygen to form rutile.

Thees alteration stages can be deduced qualitstively from the
changes in mineral proportions rovealed by the diffraction spectra of
magnetic fractions of altered ilmenite grains. The proportions of
ilmenite, pseudorutils and rutile wers estimated by Grey and Reid, (1974)
ueing X-ray diffraction calibration curves bssed on nominally pure,
natural pseudorutile and on synthetic ilmenite and rutile. The results
were similar to those obtaired by mormative calculation from chemical
assays by allocating all the Fe0 and M0 to ilmenita, the Fepls to

pseudorutile, and any remaining ‘unconsumed' Til, to rutile- This normative

calculation gives poor results if the kitanium - rich miperals sre
markedly non-steichiometric or if there are other minerals present.
Furthermare, the normative values will nat be matchad by the X-ray
diffraction results if the pssudorutile standard is poarly crystalline.
Altered ilmenite from Capel, Western Australia, was carefully
separated into magnatic f i of p vely d
using 2 Cook isodynamic separator with 2 sice Slope of 10 dagress. These
1 i ra hand-picked remave silicats and then chamically
anelysed. Table 1 and Figure 3 show the results of this analysis.

TRBLE I ANALYSES OF MAGNETIC FRACTIONS OF ALTERED
ILMENITE FROM CAPEL, W. AUSTRALIA

lity

Sepn Cook Analysis, Wt. %
Current

Lre X
A 102 3T%g™? Ti0, Tot. Fe  Fel  Fefy Cr; V05 A0 ;o

0.05 2737 55.8 30.0 19.7 20.9 0.04 0.13 1.33  0.18
.10 703 55.1 30.3 21.4 19.5 D.D¢  D.15 1.47  0.16
0.15 317 55.4 31.1 22.3 19.7 G.04 0.14 1.49 0.18
0.20 180 55.4 30.3 23.2 17.6 0.04 0,13 1.47 —_—
.25 116 55,0 31.5 25.2 17.0 0.04 0,15 1.52  9.13
g.30 a1 45.7 30.3 25.7 14.8 4,04  0.13 1.68 ——
0.35 60 57.4 28.86 18.3 20.6 0.5  0.13 1.66 0,17
0.40 46 61.5 23.7 10.2 22.6 0.07 0,17 1.48 _—
D.45 37 83.2 21.5 5.2 25.0 0.29 0.16 1.28 —_—

Analyses by Tioxide Intarnational Limited
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fig 1. Comparison of the X-ray diffraction spectra of hematite,
altered ilmenits, pseudorutile and rutile.
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Fig 3. Chemical Variation of magnetic fractians of altered ilmenite
from Capel, Western Australia.

‘Tha normative mineral compositions calculated from thase analyses
are given in Table 2. M0 and Mg0 were addad to the Fal for caleulating
the ilmenite contsnt.

TABLE II COMRARISON OF APPARENT MINERAL COMPOSITIONS
FOR MAGNETIC FRACTIONS OF ALTERED CAPEL ILMENITE,
OBTRINED BY NORMATIVE CALCULATION AND BY QUANTITATIVE
X-RAY DIFFRACTION.

Sep'n

Current Normative Comp'n z Comp'n by Chung XRD method
a n PSR RUT. m PSR RUT ____ANORPR
0.08 45 52 1 31 24 4 3
0.10 49 49 1 38 30 3 29
0.15 81 49 -1 S0 32 3 15
0.20 52 44 1 48 30 2 19
0.25 87 42 -1 41 29 2 28
0.30 58 3?7 3 61 25 2 12
0.35% 42 52 4 39 42 3 16
0.40 25 57 14 16 51 4 29
0.45 14 63 23 10 66 7 16

The mase magnetic suscaptibilities of the fractions collectsd
at lou saparation currants are much highsr than the susceptibility
of purs synthetic ilmenite {X;) = 55 % 10-2 JT-Z Kg=)*. The
gualitative behaviour of grains in these fractions is ferromognetic,
which is explained by the fact that the high Fe,D contents obsorved
include selid solution of hematite in ilmenite. Such splid svlution
is known to produce s highly magnetic, ferrimagnetic structure
(Nagata, 1961; Stacey & Banerjea, 1974) for compositions in the
tange 45 - 10D molar % ilmenits. Thus, the trend of the curves in
Figure 3 over the range 0.05 - 0.30A can be interpreted as being tue
to magnetic frectionation, of relatively unaltersd graims,aceording to
tha composition and amount of ilmenite-hemstite soliu solution.
Curves of a similar trend have been published, though without this
intarpretation, for a Quilon ilmenite concentrate (Lynd et al, 1954).
The proportion of ilmenite falls steadily in the fractions 0.3 -
0.458. This is shown by the steady dacrease in the height of the main
ilmenite X-ray diffraction peak and a corresponding decrease in Fed
content, (Figurs 4).

120f

|~
o
100 \‘~\\\
L \\\
8of "
)
= | B
= 60f
X
|
w
i 40
5 30l
W 30

030 035 040 045
MAG. SEPN CURRENT, A.

Fig. 42 Height of nmain ilmenita peak relativs te Fe Intsrnal
standard as measursd from X-ray diffractograms.

X-ray diffraction studies

The Chung (1974) method of gquantitative X-ray diffraction snalysis
assumes that the identities but not the quantities of the crystalline
phases in a minersl mixture are already knoun. Reference mixtures are
made up from a pure specimen of each phese mixed in equal proportions
by weight with & suitable internal standard (such as pure metallic
iron powder). Thess reference mixturss sre then used to prepare
X-ray diffractograms in which the intensities corresponding to a selected
line of the mineral phase and of tha standerd are noted, and the intensity
ratio of minersl phase to standard is calculated. It is normally
assumed that the degres of crystallinity of the mineral phases used ta
prepare the reference mixtures matches the crystallinities of the mineral
phases in the natural mixtures. Howsver, when the method is used
specifically to determine the amorphous content of a specimen, the minerals
used to prepara the reference mixtures must be of known crystallinity -
preferably highly crystalline.

A diffractagram is prepared from the natural mixture into which a
known weight of the internal standard has been blended. The intenaities
of selected peaks far each phase are noted together with the intenaity
for the internal standard. The data so obtained are substituted in
the Chung working eguation, uhich is calculated far each component in
turn.

2 3172 k™! (5.1.) = 1076 erg 0872 o™ (cus) (Crangle, 1977)




whare %3 = Wt. fraction of phase i
I = Intensity of X-rays diffracted by a selected plane (hK1)
of phase i in the mixturs.
Intensity for a selected plane (hK1) of the internal
standard.
Ratio of the intensities of the selactsd peak of component
i to the selected peak of the internal staldard, as measured
from the 50/50 refersnce mixture.
. Wt. proportion of the internal standard added ta the mixture
being analysed.

c =

Even if 81l the standards are highly crystalline, the sum of the

X; terms doss not equal 100% when X-ray amorphous mattes is present
in"the unknoun specimen, and the amount of amorphous material can thus

be determined by difference. Howsver, this calculated figure also bacomes
& repository for errors in the individual X; terms,

In this wark, high purity izan (produced from iron carbonyl) of high
crystallinity was usad as the internal standard since its lines do not
interfere with those of ilmenite, rutile ar pssudorutile. The iron

was added to the diffraction samples in the ratio 135 by waight. The
other standards were synthetic ilmenite, synthetic rutile and carefully
cleaned Indonesian pssudorutile

The mineral proportinns obtained using the Chung technique are
given in Table II. In ths absence of amorphous phases and where all
phases are approximately stoichiometric, the proportion of a mineral
calculated by this method will match that obtained fram a normativa
chemical calculatian.

TABLE I1I CALCULATED AND MEASURED MASS
MAGNETIL SUSCEPTIBILITIES FDR MAGNETIC FRACTIONS
OF ALTERED ILMENITE FROM CAPEL,
W. AUSTRALIA

tale. Actual

Sep'n Cook Normative Compa. 1 -2 -1 2
Current & LRXx 10 41m %P gaur  Xx102 3T Ko X % 10
0.05 2737 45 52 3 a1 170 F
0.10 703 49 49 2 64 15 F
0.15 317 s0 49 1 65 100 F
0.20 180 52 4 3 65 84 F
.25 16 g 43 - 70 82 F
a.30 B sa 37 3 ) 75w
0.35 &0 43 52 a 59 57
0.40 46 25 57 i 43 e
0.45 37 14 63 23 35 1P

F=f p=p ic

1= Thess figures are used £o normelise the chemically calculated composition

Note
)

(2)

to 100% minerals. This procedure brings the rutile contents closer to
the XRD determinations.

Susceptibility values used to calculata X were ilmenits 96, rutile 1.2
and pseudorutile 34.5 x 1072 3,72 kg1 respectively.

ilities as det
for f ic fracti
on account of the field
materials,

d in low Pields by a Cook isodynamic
are higher than ather determinations
of the ibility of P ic

For the 0.05 - 0.25R magnetic fractions, the normative contents

of pseudorutile are higher than expected because the mineral proportions
were calculated using the whole of the Fe,03 whereas part of the Feply
accurs in solid salution in the ilmenite. These high pseudorutile
figures also "caneume® extra Ti0,, and result in lower calculated rutils
fiqures than those determined by X-ray diffraction. (The normative
mineral proportions ave not norwalised ang were calvulaisd from chemital
analyses that did not add up to exectly 100%).

Within the D.DS - 0.25A range, the most highly
have the highest hous mineral n ggesting that these
fractions are the most alterad. In addition the results suggest that
fractions that contsin more Fo,0y tend to weather mare quickly. Both
the amorphous content and the Fey0y content are at a minimum in the
0.30A fraction for which reflected-light examination has revealsd the
highest proportion of ralatively unaltered 'pimk! ilmenits. #
tendency for ferrian ilmenite to become stromgly sltered has been noted
slsewhere (Rumbla, 1576).

magnetic fractions
c h

The 0.30A fraction gave the highest ilmenite diffraction intensities

and the lowest content of Fay0; (Tahls I) and estimstes of ilmenite cantent

obtained by the diffraction and mormative calculation methods agres

closely. This suggests that in this fraction virtually the whols

of tha ilmenite is crystalline and that most of the indicated amorphous

cantant is attributable to pseudorutile. Becsuse of the unknown, but

probably lou dsgres of crystallinity of the Indomssian pseudorutile

that was used as a standard, both the amount of pseudorutile and ths

content of amorphous material are approximations only. This is

bacause the Chung working equation only indivates amorphous cantent

over and asbove any amorphous material present in the standards.
Measurements of the width of the main pseudorutile peak at

half-height indicetes the size of the X-ray diffracting particlas,

{(Cullity, 1959, p.99, 262). In the samples studied, the crystallite

size was estimated to ba about 10 nm

fieneral properties of ile

In the past, the difficulties encountered in the study of pseudorutila

vere due to its tendency to form intergrowths with relict ilmenite

and secondary rutile. The unusual feature of the South Australian,

and ta a lesser extent, the Indonesian specimens of pseudorutile is that
the secand stage of alteration (forming rutile) did nat proceed

although the first stage (ilmemite to pseudorutile) went virtually

to completion.
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Chemical and microprobe analyses (Larrett and Spencer, 1971}
shou that the composition of the pssudorutile from South Neptuns
Island, South Australia, departs noticeably from the theoratical
formula Fe,Tiz0g. The specific gravity of this mineral is 4,2 and
the mass magnatic susceptibility (C) falls between 25 and
40 x 10°2 37-2 Kg~1. Qur own measurements on the Indonesian pseudorutile
give a specific oravity of 4.18 and a mass susceptibility value af
34.5 x 1072 T2 Kg™'. Pseudorutile from different localities need
nat, af caurse, have identical praperties, but thesa results show
that the South Australian and the Indonssian samples have clossly
similar magnetic auacaptibilities and densitises.

A genaral featura of altered ilmenite grains is that an aptically
isotropic slteration product can often be seen. This product includes
material that gives a pseudorutile X-ray diffraction pattern as shown
by the South Australisn specimens. Pseudorutils has a hexagonal
crystal structure (Teufer and Temple, 1966; Grey and Reid, 1975). Since
hexagonal minerals are markedly anisptropic, it is concluded that the
pseudorutile specimena are su fine grained with respect to the wavelength
of light that they behave as if they were optically isotropic. This
conelusion is supportsd by the 3 nm granularity obssrved in specimens
of pseutorutile by electron microscopy (R.K. Temple, 1966).

Indonbsian pesudorutile 3s not pure and shows weak peaks of
ilmenite and rutile. Also, the peak intensities of the pseudorutile
are very low and it is probable that much of this mineral is of very low
degree of ctystallinity with passibly a significant X-ray smorphous
componant. The published molecular formula Feqtsy Feftys Mgty
Tig* 5 09.0-A8H2D) for this Indanesian pseudorutila {Grey and Reid, 1975)
doas not includé sny correction far the presence of the ilmenite and
rutils and consequently impliss a lower degrss of stoichiomstry in the
pseudorutile than is actually the case, The allocatian of mangsnese
ta the trivalent stats is also not unequivocal, since Mn has a wids
range of possible valences, and it is vsry difficult to ascertain the
oxidation state of this element in a solid phase. Whils My is known
to be i into the of many natural ilmenites, where
it is divalent, much less is knaun about its valence ance the ilmenite bacomes
largely altered to pseudorutile. However, it is unlikely that the M
remains in a divalent state except in omall areas of relict ilmenite- The
high Mn-fe ratio suggeste that much of the Mn has in fact entered tha
pseudorutile structure, and no areas free of Fin could be detected by our
electron proke microanslysis.

The published diffractogrem for South Australian pseudorutile shous
no detectable peaks for ilmenits or Tutile, and the implicit canclusion
that these pheses are sbssnt is supportad by the eppsrent chemical
homogeneity of the grains (Larrett and Spencer, 1971). Howsver. a mixturs
of BE% stoichiomatric pseudorutila, 9% Tutile and &% ilmenite,
would yield 3 similar moleculer farmula (Feite: Fe2t s Tidt . Og)

yield a similar moleculer 1. 233 3.5 9
t_thar for the South Australisn material (Foglry Eeo’ng
mB*os Tid% o Do), Such quantities of rutile ang ilMénite would
eaabos detidfon’if they vers X-ray amorphous.

PMeanetic properties of altered ilmenites

Magnetic fracti ware p from a West Australian (Capel)
ilmenite sample,using a Cook isedynamic separator employing a side-slope
of 10 degrees. After removal of impurities by hand-picking, the magnetic
susceptibllitias of these fractions wers deterwined using the
Faraday methad (Cullity, 1972, p.76): this method Ls applicable to
both tic ang ic materials and can give accurate
determinations of ferramagnetit susceptibility. The results were
interpreted in terms of the mormative mineralogical compositions )
derived from the chemical analyses (Tshle IIT). As partly discussed in
the sarlier section on Chemical studies, the high-susceptibility ferro~
magnetic fractions {marked F) suggest the possible presence of hematite
in solid solution in ilmenita, since their measured susceptibility values
usre much higher than thoss valculated from the normative compositions.
{The actual values given in Table ITI for the ferromsgnetic fractions
havs besn extrspolated to infinite fiald). further evidencs linking tne
Fagly in the chemical analyses with the observed ferromagnstic behaviour
was abtained by preparing megnetic sub-fractions of the D.0SA oticss
these sub-fractions wers chemically analysed, and their X-ray diffsactograms
displayed peak shifts similar to those expested for different members
of the hematite-ilmenite solid-solution series (Fig. 5), However, it has
Aot yet been shoun that the ferromagnetism in these frections is wholly
accaunted Par by hematite-ilmenite solid solution.
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fig, S: Correlatian of psak position for the 78.24% {Cuk«) lime of ilmenits

with changing Fe,Dy content of the mapnetic fraction.
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for the paramagnetic fractions, it was found that the suscaptibility
values calculsted from the chemical nalyses sgree reascnably well with
the maasured values. The calculations were made using measured mass
susceptibility valuss of 96, 34,5 and 1.2 x 1072 I72 Kg=1 for pure
synthotic ilmenits, Indonesian pseudorutile and clean matural Capel

rutile respectivaly.

Ragnetic properties of ls

A concentrate of Indonesian paeudorutile was carefully cleaned
by hand-picking to remove sll obvious impurities. Its mass meghetic
susceptibility, determined by th Gouy wethod {Cullity, 1972 p.76) at
natural grain size, was 34.5 x 1072 37-Z Kg~1. The Gouy methad was
chggen bacause it can give highly accurate msasurements in the
paramagnstic regime, and no signficent ferromagnetic  component had
been detected in this specimen at room temperaturs,

wers carried out on this
Indonesian pseudorutile at 2939 and at 809K and thesa shou a simpla
ferric lon doublet with a very minor contribution from farsous ions,
(Fig. B). The curve represents the best fit which could be pbtained
on the basis of two sites, using a MBssbauer least-squares Pitting
program developed in the Chemistry Department at Imperial College.
These results indicate that no magnetic ordering is axhibited by
pseudarutile at temperatures dawn to BI%K.
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Susceptibility maasurements (Fig. 7) mada with an a.c. induction
bridge showsd an appersnt magnetic ordering at 23 K but tha peak mase
susceptibility value is not accurately known as yet. Tha shape of the
curve suggests that the mineral is sither antiferromagnetic, or a

tic spin glasa ( 1975). Hawaver, when antiferromagnetic

matsrials wre exsmined by neutron diffraction at temperatures below
their NBel point they normally display superisttice lines of magnstic
arigin, byt, when pseudorutile was examinad by neutron diffraction,

even at 4°K, it did not show any magnetic superlattica lines, (Fig. 8).
Conesquently, tha magnatic ordering is insufficiently long-range to
produce these superlattice lines. Bscause of this lack of long-range
order, we conclude thet pseudorutile is a maturally occurring exemple

of 2 magnetic spin glass.

Lonclusions,

Since 1967 when the mineral pseudorutile was regardsd ss a doubtful
new species by Flalscher (1957), additional data have been obtainsd
which taken togsther, argue stromgly that it is a genuine phase. In
this paper it is sssumed that ile should be this
status.

Quantitative X-rey diffraction demanatrates the presence of
significant amaunts of amorphous material in altersd “ilmenite™
graine that contain ilmenite, pssudorutile and rutile. Howsver, it
is not possible to apportion this amorphous materisl sccurately emong
the minera) phases that are present.

The crystallite eize of the X-ray diffrecting pssudarutile is
approximataly 10 nm. The obsarved optical isatrapism of pseudorutile
is probably Sus to this very amall crystallite size.

The density and magnetic susceptibility values established for
pseudorutile match those found in the literature.

Low temparsture magnetic susceptibility messurements, considsred
togsther with the resulta af neutron diffraction, indicate that
peeudorutile 1s a naturally ocourring magnetic spin glase with a
susceptibility pesk at 23°K. The combined magnetic and other
properties of pseudorutile are not found in any other mineral.

fany al ilmenite cantain significant amounts
of pseudorutile and the presence af this mineral has impartent
implications for the titanium dioxide pigment industry.
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