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Electron-probe micro-analysis of the iron-titanium oxides 
in some New Zealand ironsands 
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Summary. The electron probe was used to analyse for :Fe, Ti, Mg, A1, and Nn. 
Vanadium could not be determined because of int~erference from Ti. Calcium was 
shown to be present only in inclusions of apatite and silicate ; it does not occur in the 
titanomagnetite structure. 

Homogeneous grains (magnetite-ulv6spinel solid solutions) do not vary greatly 
in bulk composition, averaging close to 6 1 %  Fe and 8 % TiO~. Inhomogeneous 
grains contain variable amounts of hematite-ilmenite lamellae produced by pro- 
gressive oxidation of the homogeneous grains. In the early stages there is rapid 
build-up of titanium in the rhombohedral lamellae, which are initially relatively poor 
in iron. As oxidation proceeds the ahnost titanium-free cubic phase beconles 
strongly enriched in magnesium, aluminium, and manganese, while the iron: 
titanium ratio in the rhombohedral phase increases. The end-product may be 
a homogeneous titanhematite, if initial concentrations of Mg, A1, and Mn are low. 
Otherwise residuals of a relatively iron-poor almost titanium-free (Mg, A1, Mn)- 
enriched cubic phase remain in the titanhematite. The behaviour of iron and 
titanium agrees with recent synthetic work in the system. Some of the oxidized 
grains contain transparent spinel lamellae exsolved from the cubic phase. Ex- 
solution may commence at different stages in the oxidation process, but the reason 
is not clear--there are no significant differences in the composition of phases with 
and without spinel lamellae. 

Analyses and normative compositions are presented for the different phases in 
each grain, where possible. The compositional changes accompanying oxidation 
satisfactorily explain the slope of the thermomagnetic curves : there is no need to 
invoke bulk compositional variations within a given ironsand sample. 

Samples from an ilmenite and a non-titaniferous magnetite concentrate were also 
briefly examined. 

M A G N E T I C  concen t r a t e s  of i ronsands  f rom the  N o r t h  I s l and  of 

New Zea land  are, most ly ,  homogeneous  m a g n e t i t e - u l v 6 s p i n e l  

solid solut ions.  A smal l  p r o p o r t i o n  of i nhomogeneous  gra ins  con ta ins  

h e m a t i t e - i l m e n i t e  i n t e r g r o w t h s  and,  less commonly ,  exso lvcd  a luminous  

spinel  !amellae.  Such gra ins  develop b y  progress ive  ox ida t ion  of homo-  



IRON--TITANIUM OXIDES 605 

geneous magnetite-ulvSspinel solid solutions with homogeneous titan- 
hematite as the ideal end product (Wright, 1964, 1965; cf. Budding- 
ton and Lindsley, 1964). 

The electron-probe X-ray micro-analyser has been used in the study 
of these ironsands to determine : the chemical homogeneity within and 
between the homogeneous grains; also the elemental distribution be- 
tween the host phase and segregated hematite-ilmenite and aluminous 
spinel phases in inhomogeneous grains, as a function of progressive 
oxidation of original homogeneous grains. 

Analytical method. The electron-probe X-ray microanalyser is now well estab- 
lished as a valuable tool in mineralogical and  petrological studies (e.g. Levering 
and White,  1964). In  the  present  s tudy  an Applied Research Laboratories instru- 
ment  was used to determine Fe, Ti, Mn, A1, Mg concentrations in the  samples. 
Calcium has also been reported as a minor const i tuent  in the  ironsands (Wright,  
1964) but  some workers (e.g. Vincent et al., 1957) have pointed out  tha t  Ca is un- 
likely to enter  into the  t i tanomagnet i te  s tructure and tha t  its invariable but  varying 
appearance in analyses is due to calcium-bearing inclusions in the  samples. Much 
of the  calcium in the  ironsand analyses reported by Wright  (1964) is due to apati te  
inclusions (fig. 1) but  calcium-bearing silicate inclusions are probably also present. 
Vanad ium concentrations of 0-36 to 0.47 % V203 have been reported in these 
ironsands (e.g. Wright ,  1964), bu t  vanad ium analyses were not  possible with the  
analytical methods available, since the  V-Ks  radiation (2-505A) was interfered 
with by the  Ti-Kfl radiat ion ( ]~1 - 2-514 A, fi2 = 2.498/~). 

All analyses were carried out  using an accelerating potential  of 10 KV on the  
pr imary electron beam (minimum width approximately 1/~ but  sometimes 2-3~).  
In  general, two separate series of analyses were carried out  to make full use of  the  
three separate spectrometers on the  ins t rument .  In  the  first series Fe, Mn, and Mg 
were determined together and in the  second series Ti and A1. All X-ray intensities 
were corrected for beam-current  drift, detector dead-time, and background. Mass 
absorption corrections were made using data  given by Birks (1963). Final  correc- 
t ion factors were derived for each element analysed by using a selection of s tandard  
phases (pure metals,  t i tanium-free magneti te ,  magnesian ilmenite, magnesian 
spinel, sapphire). As far as accuracy of the  measurements  is concerned, comparison 
with chemical analyses (table I below) shows tha t  they  cannot be seriously in error. 

Results 
Homogeneous titanomagnetite grains. Analyses were made along short 

step traverses of up to 10/~ interval, or on random spots, to test for 
compositional inhomogeneities within individual grains, of which no 
evidence was found. 

Four full and two partial analyses are given in table I, together with 
a simplified average chemical analysis, calculated from Wright, 1964, 
table 4, and recast as a homogeneous titanomagnetite. 

The somewhat arbitrary norms are believed to be the simplest way of 
deriving a measure of the oxygen balance in the analysis and apportion- 
ing it between Fe e+ and Fe 3+. They indicate the variation in amount of 
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different potential phases present, particularly for inhomogeneous 
grains, which will be discussed presently. Limiting F%04 contents are 
calculated by  assuming t h a t  all the F%0 a is combined with FeO as 
magnetite (el. Vincent et al., 1957). 

Ca Fe 

FIO. 1. X-ray scan pictures, 10 KV excitation potential, to show localization of 
calcium in apatite inclusion in titanomagnetite grain (titanomagnetite concentrate, 
Waikato North Head. No. 4, also fig. 5 of Wright, 1964). Scale bar represents 20F. 

Inhomogeneous grains. There are two main types : Grains with varying 
amounts of a hematite-ilmenite phase formed by oxidation of original 
homogeneous magnetite-uIvSspinel solid solutions; three grains were 
part ly analysed and five grains fully analysed, including one completely 
oxidized to homogeneous t i tanhematite.  And grains with the hemat i te -  
ilmenite phase as above, and exsolved aluminous spinel lamellae; one 
grain was part ly and two grains fully analysed; the aluminous spinels 
were exsolved on so fine a scale that  only partial resolution was possible 
with the electron beam. 

Most analyses were made along 2 F step traverses across selected 
portions of each grain. The results are summarized on succeeding pages 
as profiles showing weight per cent. of each element plotted against 
traverse distance. Traverse vectors are indicated on the accompanying 
photomicrographs. For some grains data from adjacent traverses 
could be combined into composite profiles. All fully analysed grains and 
one partially analysed grain are figured. The remainder merely provide 
confirmatory information. 

Compositions and normative reealculations for the major phases in 
each grain are also presented (table lI) .  Where profiles are of simple 
aspect (e.g. fig. 3, grain no. 8) there is no problem in such recalculations. 
Where profiles are uneven and provide different data for traverses over 
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TABLE I. Analyses of homogeneous titanomagnetite grains 

Average 
chemical 

1 2 3 4 5 6 analysis 
Fe 60"5 60"9 60.6 58.4* 61.6 n.d. 60"6 
Mg 2.1 2"0 2'6 2.5 n.d. n.d. 1"9 
Mn 0"2 0"3 0"3 0"3 n.d. n.d. 0"5 
Ti 3"9 4"6 6'0 4'3 n.d. 5"4 4"7 
A1 3"5 2"1 1'9 2"7 1"0 1"7 1"7 

Potential normative composition (wt o,~)) 

MgA1204 9"2 5"5 5.0 7.1 - -  - -  4'5 
MgFe~O 4 4"6 8"8 14"6 10-6 - -  - -  9"6 
MnF%O 4 0"9 1"4 1.4 1.4 - -  - -  1.8 
F%O 4 66.8 63"1 52.2 57.5 - -  - -  59"9 
]~%TiO 4 18"1 21"5 28.0 20.2 - -  - -  22"0 

99"6 98"9 101.2 96"8 - -  - -  98"0 

Limiting 
wt ~ F%0 4 ] 73 73 71 71 73 

Nos. 1, 2, 3, and 5 from titunomagnetite concentrate, Raglan (no. 3 of Wright, 
1964). 

Nos. 4 and 6 from titanom~gnetite concentrate, Waikato North Head (no. 4 of 
Wright, 1964). 

* Low Fe value attributect to unusually short traverse very close to silicate 
inclusion. 

different par ts  of the  same phase (e.g. fig. 2, grain no. 7) subjec t ive  

selection of amounts  to incorporate  into these norms was somet imes 

necessary, in order t ha t  the  totals  might  approach 100 ~ Compo- 

st t ional inhomogenei t ies  s~part, such irregulari t ies in profiles could be 

due to electron pene t ra t ion  of a near-surface boundary  be tween the  

segregated phases or be tween the  analysed phase and an inclusion. Fo r  

most  grains, the  former  is more likely, in which case composi t ional  dif- 

ferences be tween  coexistent  phases can be regarded as minima.  In te r -  

ference between the  major  i r on - t i t an ium oxide phases would reduce 

figures for Fe,  Mg, Mn, and A1 in cubic phases and increase them in the  

rhombohedra l  portions,  and vice versa for Ti. 

Re la t ive  proport ions  of magne t i t e -u lv6sp ine l  and h e m a t i t e q l m e n i t e  

phases were es t imated  by  cut t ing up and weighing photomicrographs .  

For  the r andom sections the  photogral~hs nmst  be assumed to represent,  

such a procedure will give a measure of relat ive volumes.  Since the  

specific gravi t ies  of the  two phases are probably  ve ry  close, the  re la t ive  

volumes  will also be a measure of their  re la t ive  proport ions by weight.  
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FIGS. 2 and 3: FIG. 2 (t~p). Grain 
no. 7 (in t i tanomagnetite concen- 
trate, Raglan. No. 3 of Wright, 
1964). Lower traverse on photo- 
mierograph (2 tL steps): Fe, Mg, Mn. 
Upper traverse on photomicro- 
graph (2~ steps): Ti, A]. Scale 
bar represents 10t~. Note. Coinci- 
dence of profile peaks from the 
two traverses is purely fortuitous. 

FIG. 3 (bottom). Grain no. 8 
(in t i tanomagneti te concentrate, 
Raglan. No. 3, also fig. 6 of 
Wright, 1964). Upper traverse on 
photomicrograph (3t~ steps): Fe, 
Mg, Mn. Lower traverse on photo- 
micrograph (2t~ steps): Ti, A]. 
Scale bar represents 10tL. Note. 
The faint cloudine3s in the cubic 
phase in lower right is extremely 
fine-scale transparent  spinel ex- 

solution. 
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Fros. 4 and 5: Fin.  4 (top). Gr~in 
no. 9 (in t i tanomagneti te concen- 
trate,  Waikato North Head. No. 4 
of Wright, 1964). Upper traverse on 
photomicrograph (2/z steps): Fe, Mg, 
Mn. Lower traverse on photomicro- 
graph (2tz steps): Ti, Al. Scale bar 
represents 10/z. Note. Sparse trans- 
parent  spinel lamellae visible in the 
cubic phase, extreme upper left. 

FIo. 5 (bottom)~ Grain no. l l  (in 
t i tanomagnetite concentrate, Raglan. 
No. 3 of Wright, 1964). Upper traverse 
on photomicrograph (2/z steps): Fe, 
Mg, Mn. Lower traverse on photo- 
micrograph (2t~ steps): Ti, A1. Scale 
bar represents 10/z. Notes. The 
Rhombohedral  phase is darker than 
the host t i tanomagneti te and must 
therefore be close to pure FeTiO~ (see 
text). The sympathetic variation of 
Ti and A1 profiles is at tr ibuted to very 
fine-scale spinel exsolution bordering 
the narrow ihnenite lamellae and 
visible only at extreme magnification. 
Neither phase was fully resolved by 
the electron beans, so composition 
figures are simply average values 

from each traverse. 

q q  
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From these figures, possible bulk compositions have been calculated 
(table II) for comparison with those of homogeneous grains in table I. 
X-ray scanning pictures for two grains are also appended, to supple- 
ment the profiles. 

Discussion 

Major constituents. Fig. 11 summarizes molecular compositions for 
all fully analysed grains in terms of (limiting FeaOa)/(substituted 
ulvSspinel) for cubic phases, and F%Oa/(substituted ilmenite) for 
rhombohedral phases. Tie-lines join the compositions of coexisting 
phases. 

Grains in advanced stages of oxidation (e.g. no. 9) are likely to be at 
or near equilibrium because by this stage virtually all the titanium is in 
the rhombohedral phase and little further migration of major constituent 
cations is involved--the main change on further oxidation is conversion 
of Fe ~+ to Fe 3+. (Titanhematite grains with cubie phases very rich in 
Muminous spinel constituents (e.g. no. 10) have irregular profiles, how- 
ever, and cannot be near equilibrium.) Except in the least oxidized 
grains, all rhombohedral phases coexist with a very titanium-poor 
magnetite phase. This is consistent with the data summarized in fig. 5 
of Buddington and Lindsley (1964), where the gap in experimental data 
for equilibrium compositions (magnetit%oulv6spinello to magnetite100 
and hematitelsilmenites~ to hematites00) shows that great increases in 
F%0 s content of the rhombohedral phases can be accompanied by only 
small changes in composition of coexisting equilibrium cubic phases. 

At earlier stages in the oxidation process equilibrium rhombohedral 
phases must be close to FeTiO a. Much titanium would have to migrate 
over comparatively long distances to become concentrated in a few 
narrow lamellae, if equilibrium were to be attained. Failure to reach 
such equilibrium could be one reason for the low Ti values in rhombo- 
hedral phases of weakly oxidized grains such as no. 7 and for some 
irregularity in their profiles. A more likely explanation is that the 
lamellae are too narrow (lt~ wide) to have been completely resolved by 
the 2/z step traverses of the electron beam. The low Ti figure in the 
calculated bulk composition is consistent with this hypothesis, par- 
ticularly as the lamell~e retain a very faint pink tinge in oil and are 
slightly pleochroic. Vincent et al. (1957) have shown that ihnenite of 
this appearance may contain as little as 10 ~o F%O3. Compare grain 
no. l l, in which rhombohedrM lamellae are greyer than the host and 
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m u s t  be  sti l l  r icher  in  FeTiO~, a l t h o u g h  be ing  nar rower ,  t h e y  were less 

well  resolved b y  t he  e lec t ron  beam.  

.r 

.=_ 

5 5  

5 5  

4 5  

Mg 

One micron interval 

FtG. 6. Grain no. 10 (in ilmenite concentrate, Waikato North Head. No. 9, also 
fig. 10, of Wright, 1964). Upper traverse on photomicrograph (3/x step): Fe, Mg, 
Mn. Lower traverse on photomicrograph (2/x step): Ti, A1. Scale bar represents 
10ft. Notes. Lack of coincidence of peaks at right-hand end of profile due to 
different traverse paths. Area of X-ray scan pictures (fig. 7) overlaps right-hand 

part of photomicrograph above. 
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Fe 

Mg M. 

AI -fi 

FIG. 7. Grain no. 10. X-ray scan pictures, 10KV excitation potential. Rectangular 
shape of photomicrograph due to slightly different areas covered by Fe, Mg, Mn 
pictures on the one hand and by Ti, A1 pictures on the other. Scale bar represents 

lO,a. 
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FIG. 8. Grain no. 12 (in titanomagnetite concentrate, Raglan. No. 3 also fig. 3 of 
Wright, 1964). Upper traverse on photomierograhh (2tL steps): Fe, Ti, A1. Lower 
traverse on photomicrograph (2t~ steps): Mg, Mn. Scale bar represents 10t~. Note. 
Profile diagram includes information from four traverses, along different paths 
and with different beam widths. This accounts for lack of peak correspondence in 

some places. 
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Mg AI 

FIG. 9. Grain no. 12. X-ray scan pictures, 10KV excitation potential. Scale bar 
represents 10~. 

In grain no. 12 the rhombohedral lamellae are wide enough to be 
fully resolved, so that  compositional variations can be at tr ibuted to 
non-equilibrium conditions. The range of Ti contents, from 6 ~o to 
26 ~ is particularly striking. Changes of oxygen fugaeity in the 
rapidly cooling volcanic environment could well have been too rapid 
for equilibrium to be continuously maintained, especially in the early 
stages when greater migration of t i tanium was necessary. 

Analysed compositions of coexisting cubic and rhombohedral phases 
lie outside the range of equilibrium compositions presented in Budding- 
ton and Lindsley (1964, fig. 5). Some estimate of the limiting conditions 
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I~'zG. 10. Grain no. 13 (from ti tanomagneti te concentrate, Waikato North Head. 
No. 4, also fig. 9 of Wright, 1964). Traverse on photomicrograph (2t~ steps): Ti, 
A]. Spot in upper middle of photomicrograph also : Ti, A1. Scale bar represents 10~. 
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FIG. l l .  Compositions of analysed cubic and rhombohedral phases, to show changes 
on progressive oxidation ; molecular percentages. �9 homogeneous t i tanomagnetites 
(table I) and grain no. l l ,  average composition. A, average chemical analysis 
(table I). §  coexisting cubic and rhombohedral phases in oxidized grains (dotted 
tie-lines are for grains in which there is doubt whether the analysed rhombo- 
hedra! phase compositions are representative). Q ,  homogeneous ti tanhematite.  

D ,  ilmenites (table IV). 
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at commencement of oxidation is possible, however. As discussed above, 
the ihnenite lamellae in grain no. 7 are unlikely to contain more than 
10 ~ F%Oa, and those in grain no. 11, being considerably greyer, may 
well carry only about 5 ~ The cubic phase contains about 15 ~ 
ulvSspinel in grain no. 7, while that in no. 11 can be inferred to contain 
little more than 20 }/o (fig. 11). These estimates provide approximate 
coexisting compositions of Mt,sUspl 5 HenhoIlmgo for grain no. 7, and 
MtsoUspe~-HemsIlm,s for grain no. 11. From fig. 5 of Buddington and 
Lindsley (1.964) such compositions would be in equilibrium at tem- 
peratures and oxygen fugacities of 650 ~ and 10 -17"v and 665 ~ C and t0 -is'= 
respectively, provided the effect of minor constituents could be ignored. 

Minor constituents and the transparent spinels. Analysis figures show 
that aluminium commences to accumulate in the cubic phase soon after 
the start of oxidation. According to solvus diagrams in Turnock and 
Eugster (1962), magnetite will accommodate 14 mol% hercynite 
(FeA1204) in solid solution at 600 ~ C, while hematite will accept only 
6 tool ~ corundum (A12Oa) at the same temperature. An ilmenite- 
rich rhombohedral phase formed by oxidation of a titanomagnetite 
would accept still less alumina, since FeTiO a has a larger cell than F%0 a. 
By contrast, the cubic phase could accommodate more FeAI204 at this 
stage, because the cell parameter, in this ease initially close to that of 
F%04 (Wright, 1964), would be decreased by removal of the ulvSspinel 
to form ilmenite-rieh lamellae. 

Magnesium and manganese do not show the same extremes of inter- 
phase partitioning as aluminium, especially at earlier stages of oxidation, 
presumably because MgTiO a and MnF%0~ also substitute easily in 
magnetite. But with progressive oxidation only F%0 a is added to the 
rhombohedral phase, so that magnesium and manganese would con- 
centrate in the cubic phase, substituting as M2+F%04 and M2+A1204. 

Careful re-examination of polished sections revealed that contrary 
to an earlier statement (Wright, 1964), there are probably no unoxidized 
grains containing exsolved transparent spinels. In some grains (e.g. 
no. 11, fig. 12a) the disposition of spinels close to rhombohedral lamellae 
suggests that (in at least some grains) exsolution followed closely on 
commencement of oxidation, which must therefore have occurred near 
or below the magnetite-spinel solvus curve. Those grains showing only 
the early stages of oxidation (e.g. no. 12) might have evolved in a similar 
manner. Recalculation of the analysis for cubic phase I of grain no. 1 2 -  
considering magnetite and hereynite molecules alone gave respective 
proportions of 89 : 11 weight per cent. FeaO 4 and FeA1204. On the solvus 
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of Turnoek and Eugster (1962) this composition corresponds to 600 ~ C, 
which is probably a minimum, since entry of the smaller magnesium 
ion into the spinel structure (eft cubic phase 2 of grain no. 12) would 
probably raise the solvus temperature.  

a b 

~IG. 12. Oxidized grains with exsolved spinels. Both grains in tit, anomagnetite 
concentrate, Raglan. No. 3 of Wright, 1964. Scale bars represent 10g. (a) Spinel 
lamellae arranged near rhombohedral phase boundaries. This arrangement may 
represent a more advanced stage of the fine-scale spinels fringing ihnenite lamellae 
in grain no. 11. (b) Spinel lamellac in cubic phase of grain at advanced oxidation 

stage. 

At  550 ~ C and oxygen fugacity of more than 10 -2a, hercynite solid 
solutions break down to magneti te hemati te corundum assemblages 
(Turnock and Eugster, 1962, fig. 11). But fig. 5 iu Buddington and 
Lindsley (1964) shows tha t  advanced oxidation in these grains must take 
place under oxygen pressures higher than 10 -2a at  this temperature.  
This dispari ty persists to higher temperatures,  so tha t  hercynite should 
break down soon after oxidation commences. I t  may be tha t  the pre- 
sence of magnesium in the spinel lamellae (e.g. grain no. 12) inhibits 
breakdown until  much higher oxygen pressures are reached. 

Grains showing more advanced stages of oxidation must now be 
considered : 

No. 14. Ful ly  oxidized homogeneous t i tanhemati te ,  containing litt le 
Mg and A1, which presumably were fairly readily accommode~ted in the 
F%0 a FeTiO s solid solution. 

No. 9 (fig. 4). Contains relatively large amounts of A1 and Mg in the 
cubic phase, which contains very sparse spinel lamellae. 

Fig. 12b. Grain resembling no. 9, but  with appreciable exsolved 
spinels in the cubic phase. 
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No. 10 (figs. 6 and 7). Contains extremely large amounts of minor 
constituents in the homogeneous cubic phase. 

No. 13 (fig. 10) (incomplete analysis). With less A1 (and presumably 
less Mg) in the cubic phase than either of the previous two, yet  crowded 
with t ransparent  lamellae in the cubic phase. 

Whether  or not t ransparent  spinels exsolve must depend primari ly on 
the cooling history rather than on composition. But it  cannot be estab- 
lished at  what stage exsolution of spinels commenced: thus grain no. 12 
and the one shown in fig. 12b have approximately similar spinel con- 
centrations in the cubic phase. Did the lamellae in the la t ter  separate 
and start  growing when oxidation started, and if so, what would happen 
to those lamelle~e in grains like no. 12, crowded with spinel lamellae at  
an early oxidation st~'~ge ? To answer such questions, further work must 
concentrate on ex;'mfineotion of these minerals in their original en- 
vironment. 

Correlation of thermomagnetic properties with analyses 

Following Vincent et al. (1957), the magnetic properties of homo- 
geneous cubic phases ill ironsand grains are a t t r ibuted to their limiting 
FesO 4 contents. Grains with homogeneous cubic phases are listed in 
table I I I ,  with their limiting FeaO 4 contents and corresponding Curie 
points, determined by  using the curves of Chevallier (Vincent et al., 1957). 
Upon progressive oxidation there is first a rise in Curie points, as early 
migration of t i tanium into the rhombohedral  phase leaves ~n iron- 
enriched cubic phase not yet  diluted by significant amounts of minor 
constituents. As the lat ter  increase in anmunt, the Curie point must fall 
again till i t  is at or below room temperature which accounts for the 
presence of grains of this type in the non-magnetic ihnenite concentrates. 

TabLE IIL Curie points of Cubic Phases 

Limiting 
FeaO4 

Grain No. wt ~o Curie point 
1 to 4 72 (av.) 405 ~ C 

7 85 500 
8 88 520 
9 71 400 

10 27 c. - 20 

The themmmagnet ic  curves for magnetic ironsand concentrates have 
their steepest slope in the vicinity of 400 ~ C, but  s tar t  their downward 
curve at about 200 ~ and terminate at  a lit t le over 500 ~ (Wright, 1964). 
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Table I I I  shows that the bulk of the grains (which are homogeneous) 
should have Curie points in the 400~ range and that the higher 
Curie points are probably due to the small proportion of grains in early 
stages of oxidation, while lower ones can be attributed to a few grains 
near the end of the oxidation process. 

The thermomagnetic curves are therefore not indicative of significant 
variations in bulk composition. They merely indicate the range of cubic 
phase compositions that are produced by progressive oxidation of 
original ulvS@inel-magnetite solid solutions covering a relatively small 
bulk compositional range. 

Ilmenites 

Two grains in an ilmenite concentrate from Muriwai (no. 8 of Wright, 
1964) were analysed and found to be identical in composition, within 
the limits of accuracy of the method (table IV). The molecular com- 
position of this ilmenite has been plotted on fig. l l .  According to fig. 5 
in Buddington and Lindsley (1964) such ilmenites could co-exist in 
equilibrium with titanomagnetite of a composition represented by an 
average of table I, at about 680 ~ C and oxygen fugacity of l0 -~7. 

TABLE IV. I]menite Composition 

Fe 34-5 A]203 - -  
Mg 1.0 MgTiOa 5.2 
Mn 0.5 MnTi03 1.2 
Ti 30.6 FeTiO,~ 89.2 
A1 - -  Fe20 a 4.8 

100.4 

Magnetic concentrate from the west coast of South Island 

Partial analysis for Fe, Ti, Mg were made for two magnetite grains 
in a magnetic concentrate from Gillespies Beach (no. 6 of Wright, 1964), 
where the iron oxide minerals are derived from metamorphic rocks. An 
average Fe figure of 72-5 ~ was obtained, in good agreement with that 
for pure F%0 a. No titanium or magnesium was recorded and it is 
possible that the small amount of titanium appearing in the chemical 
analyses (e.g. Wright, 1964) is due to admixed grains of ilmenite- 
bearing hematite. 
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