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SUMMARY. Chrome spinels from seams in the Rhum 
layered intrusion, Inner Hebrides, generally contain very 
fine platelets of exsolved phases. Despite the low bulk Ti 
content (< i ~) of the spinel grains, analytical electron 
microscopy shows these platelets to be highly enriched in 
titanium. Electron diffraction indicates the presence of 
platelets of two different phases, one a magnesian 
ilmenite, the other a defect spinel intermediate phase. The 
platelets are the result of oxidation of the spinel at 
moderate (c. 6oo ~ temperatures and their distribution 
suggests that oxygen fugacity gradients existed across 
some of the seams. 

CHROME spinels are common accessory minerals 
in basic and ultrabasic igneous rocks. On initial 
crystallization from the magma they are generally 
considered to be stoichiometric with general 
formula AB204 where the A cations are tetra- 

, hedrally coordinated and may be Fe 2§ Mg 2§ 
Fe 3 + and the octahedrally coordinated B cations 
may be Cr 3+, A13+, Ti 4+, Fe 2§ Fe 3§ However 
the changes in oxygen fugacity, fo2,which will occur 
during the cooling of such igneous bodies may lead 
to departures from stoichiometry in iron-bearing 
spinels, if their stability field in fo2-T space is 
intersected by the Co2 cooling curve of the host 
rock. Oxidation or reduction processes may bring 
about such changes in stoichiometry, but in the 
environment we will consider here we are solely 
concerned with oxidation. 

In order to maintain charge balance, the oxida- 
tion of Fe 2+ to Fe 3+ will be accompanied by the 
formation of cation vacancies. Except at very high 
temperatures such non-stoichiometry cannot be 
tolerated by the spinel structure and these defect 
spinels are metastable with respect to the exsolu- 
tion of a sesquioxide phase R203. Under these 
conditions the equilibrium assemblage at low tem- 
peratures consists of a stoichiometric spinel phase 
and a rhombohedral sesquioxide phase. 

The composition of the rhombohedral phase 
that forms depends on the composition of the 
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spinel, the oxygen fugacity, and the temperature. 
For  example, Turnock and Eugster (I962) have 
experimentally demonstrated that the oxidation of 
hercynite (FeA1204) leads to the formation of 
corundum and magnetite. At higher oxygen fugaci- 
ties hematite may also form. Similarly the oxidation 
of Ti-bearing magnetites results in the 'oxidation 
exsolution' of ilmenite lamellae (Buddington and 
Lindsley, ~964). 

Alternatively, at low temperatures the nucleation 
of a rhombohedral phase from the non-stoichio- 
metric spinel may be kinetically impeded due to the 
high activation energy for the process. Under these 
non-equilibrium conditions an ordered or par- 
tially ordered defect spinel phase may form with a 
structure based on the parent spinel structure. The 
low temperature oxidation of magnetite is an 
example of such a metastable process and results in 
the formation of maghemite, which is a superstruc- 
ture of the parent spinel phase (Lindsley, 1976). 

The problem of the oxidation of chrome spinels 
with complex compositions has not been investi- 
gated experimentally but some data on such 
systems may be obtained by a study of natural 
oxidized assemblages. Ideally such an assemblage 
should involve a variation in initial spinel composi- 
tion as well as oxygen fugacity. The chrome spinels 
that form thin seams between allivalite and peri- 
dotite layers in the Rhum layered intrusion, Inner 
Hebrides (Brown, I956) provide both of these 
requirements. 

Electron microprobe analyses of individual 
chrome spinel grains show a systematic variation in 
composition across the seams. Spinels that lie 
directly above or below the seams (within the peri- 
dotite or allivalite respectively) also have different 
compositions. These variations in composition and 
possible post-depositional re-equilibration re- 
actions that cause them have been discussed by 
Henderson and Suddaby (I97I) and Henderson 
(I975). The variation in oxygen fugacity arises from 
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FIG. I. Variation in chrome spinel compositions across 
the seam in R]x 7. The top of the seam lies on the left. 

the fact that within the peridotite the oxygen 
fugacity is buffered by the reaction olivine 
pyroxene + magnetite (Putnis, I979) whereas in the 
allivalite the spinels are usually isolated from any 
iron-bearing phase. This investigation confirms 
that in such a chemically heterogeneous system sig- 
nificant variation in oxygen fugacity may persist on 
a small scale�9 Thus a sampling of spinel grains from 
a single thin section taken across a seam provides 
specimens of different compositions which have 
existed under different fo~ conditions. 

In this paper we describe the oxidation effects 
observed in two specimens: R117 taken from the 
junction of the unit ]3 allivalite with the 
unit 14 peridotite, and R59 from the junction of the 
unit 7 allivalite with the unit 8 peridotite. (Units 
as defined by Brown, i956. Specimens collected by 
P. Henderson, British Museum (Natural History).) 
The spinel analyses were carried out using an 
energy-dispersive electron microprobe and the 
oxidation products were characterized by transmis- 
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FIG. 2. Variation in chrome spinel compositions across 
the seam in R59. The top of the seam lies on the left. 

sion electron microscopy, selected area diffraction, 
and microanalysis facilities fitted to a Philips 4oo 
transmission electron microscope. 

Chrome spinel compositions�9 Electron micro- 
probe analyses were made of chrome spinels lying 
in four different local environments in and around 
both seams: chrome spinel grains totally enclosed 
by olivine in the peridotite layers; chrome spinel 
grains within embayments in olivine in the peri- 
dotite layers; chrome spinel grains within the 
seams; and chrome spinel grains within the alli- 
valite and totally enclosed by plagioclase feldspar. 
A further description of these environments in 
terms of the petrography of the rocks has been 
given by Henderson (I975). 

The most striking feature of these analyses is the 
compositional difference between seam and non- 
seam chrome spinels, and secondly the systematic 
variation in the composition of seam spinels as a 
function of their position in the seam (figs�9 I, 2). 
The seam spinels are very markedly depleted in iron 
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and chromium and enriched in aluminium and 
magnesium compared with chrome spinels lying 
outside the seam. The titanium content is also 
slightly lower in the seam spinels. 

The chrome spinels that lie outside the seams 
have none of the obvious systematic compositional 
variations shown by the seam spinels. Their com- 
position is apparently dependent on the nature of 
the adjacent phases and on the extent of any 
reaction between them. Generally, however, spinels 
totally enclosed by olivine have lower magnesium 
and aluminium contents and higher chromium 
contents than those that lie in embayments and 
show a reaction relationship with the olivine. 
Spinels totally enclosed by feldspar in the allivalite 
layer have the lowest magnesium and aluminium 
contents and the highest titanium contents. Some 
typical chrome spinel analyses from these environ- 
ments are given in Table I. 

It is not the purpose of this paper to speculate 
on the nature of the post-cumulus reactions that 
have partly or wholly contributed to these chemical 
variations. Here we are merely using the bulk com- 
position of the spinels as one aspect of the charac- 
terization of their oxidation behaviour. 
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TABLE I. Chrome spinel analyses from samples 
RI17 and R59 

Element % 
t 2 3 4 5 6 

Mg 2-46 7.74 9-31 8-73 8.62 5Ao 
Al 4.34 I8-64 2I'O4 I9'92 1 8 . O 0  I2.15 
Ti 2-14 O.49 0.33 O-39 O.41 O-56 
Cr 16.42 15.77 13.38 14.5o 16.o4 18.4o 
Mn 0.3o 0.26 o.15 0.27 o.25 0.33 
Fe 43.49 21.9I 18.93 21.19 20.60 3o.13 
Co 0.43 0.27 0.34 o.I4 0.34 0.38 
Ni o.17 o.I7 o.14 o.16 o.14 o.I2 

Element % 
7 8 9 lO II 12 

Mg 6.39, 7.51 9-23 9.43 8.62 5.56 
A1 II.52 16.32 I9.71 21.24 17.6I II.3O 
Ti 1.34 o.38 o.3o 0.26 0.36 o.73 
Cr 2o.67 18.33 I5.34 13.93 r7.71 22.39 
Mn o.I3 0.25 o.2I 0.20 o.I 5 o.32 
Fe 26.74 21.91 18.19 17.55 20.87 27.98 
Ni o.12 o.i2 o.23 o.16 o.18 o.i2 

Bulk chrome spinel analyses are presented in element weight 
percentages as the presence of a significant amount  of very fine 
ilmenite exsolution lamellae means that spinel stoichiometry 
cannot be assumed. 

Key to chrome spinel environments: 
I. Within the allivalite (R117). 
2, 3, 4. Within the seam at the base, middle and top respectively 
(R117). 
5- Within an embayment in olivine in the peridotite (R117). 
6. Totally enclosed by olivine in the peridotite (R117). 
7-12. Are from R59 in similar environments to 1-6 respectively. 

FIG. 3. Oil immersion reflected light micrograph of a 
chrome spinel grain showing a high density of platelet-like 

inclusions. 

Reflected light microscopy 

At high magnifications (x  i4oo ) oil immersion 
reflected light microscopy revealed that most of the 
chrome spinel grains contained a high density of 
very fine well-oriented platelets o f  an exsolved 
phase. These could be observed by the interference 
fringes formed when the platelets were inclined to 
the surface of the grain (fig. 3). In some grains the 
platelets were large enough to be identified as 
anisotropic with a reflectivity higher than that of 
the spinel and hence were assumed to be of a 
rhombohedral phase. Electron microprobe analy- 
sis did not reveal any significant variation in com- 
position in different parts of the same grain. As the 
distribution of the platelets was different in the two 
specimens examined they will be described in turn: 

Specimen RII7. Chrome spinel grains within the 
allivalite immediately below the seam almost in- 
variably contain exsolution lamellae, which at 
times are coarse enough to be observed with a lower 
power objective. These spinel grains have a typical 
composition similar to analysis I in Table I. 

Chrome spinel grains lying within the seam show 
an abrupt decrease in the scale of the exsolution 
lamellae. The platelets are only just within the 
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resolution of the high power objective. Their distri- 
bution is uniform throughout the grain and there is 
no evidence for any preferred nucleation on grain 
boundaries and cracks. The most striking feature of 
the distribution of the exsolved platelets is that in 
this seam they only occur in chrome spinels in the 
lower part of the seam. An abrupt boundary about 
3.5 mms from the allivalite/seam junction defines a 
cut-off line above which no exsolution lamellae 
could be found. This boundary does not appear to 
correspond with any significant change in the bulk 
composition of the spinels (fig. I). It does approxi- 
mately correspond, however, to the region where 
olivine becomes a major constituent within the 
spinel-rich seam. 

Small grains of interstitial chalcopyrite and 
pyrite occur throughout the seam. Where the 
sulphide is in contact with a precipitate-bearing 
spinel it is noticeable that a precipitate-free zone 
often occurs in that part of the spinel grain adjacent 
to the sulphide. 

Chrome spinel grains within the peridotite over- 
lying the seam do not contain any exsotved phases. 
The olivine, however, does show the effects of 
oxidation with the formation of eutectoid-like 
intergrowths of magnetite + pyroxene lying within 
lamellae in the olivine (Putnis, 1979). 

Specimen R59. In this specimen, in which the 
seam is I. 5 mm thick (fig. 2) exsolved platelets 
were found in almost all of the chrome spinel grains 
examined. Within the allivalite the chrome spinel 
has coarser and more widely spaced lamellae com- 
pared to the seam spinels in which the lamellae are 
again very fine and densely distributed. In this case 
there is a noticeable tendency for the platelets to be 
concentrated towards the centre of the grains with 
a precipitate-free zone around the edges. Very 
fine late-stage blebs of sulphide occur throughout 
the seam and often form coatings around the 
chrome spinel grains. 

The chrome spinels that lie in the peridotite 
above the seam, either in embayments or totally 
enclosed by olivine also contain exsolved platelets. 
This is in contrast to the situation found in Speci- 
men RI 17. In the totally enclosed spinels within the 
olivine, the platelets are coarser and more widely 
spaced with a distribution very similar to those in 
the spinels in the allivalite. 

analytical electron microscopy, using an EDAX 
attachment fitted to a Philips EM 409 electron 
microscope. The techniques used were similar to 
those described by Cliff and Lorimer (I975). 
Analyses were made of the platelets and of the 
matrix on either side. The concentration ratios at 
each point were obtained by using the relation 
11/12 = kCa/C2, where 11 and 12 are the measured 
characteristic X-ray intensities, Ct and C2 are the 
weight fractions of the two elements in question 
and k is a proportionality factor. The propor- 
tionality factor was determined by measuring inte- 
grated peak intensities from a set of thin standards 
(Price, unpublished). The results indicate that the 
platelets are very greatly enriched in titanium rela- 
tive to the matrix. Iron and magnesium are also 
present in the approximate ratios Fe:Ti = 2:3 and 
Mg:Ti -- 1:6. On this basis the composition of the 
platelets approximates to that of a magnesium 
bearing ilmenite, similar to that found in oxidized 
chromites by B~be (I978). 

Observations of their orientations and diffrac- 
tion patterns indicates that the spinel contains 
platelets of two distinctly different phases. One set 
of platelets lies on the {III} planes of the spinel 
matrix and produces a diffraction pattern that can 
be indexed on a rhombohedral unit cell indicative 
of an R203 sesquioxide phase. The platelets have a 
hexagonal outline and the interface with the spinel 
matrix is bounded by dislocations (fig. 4). The 

Electron microscopy, diffraction, and microanalysis 

Transmission electron microscopy of ion-beam 
thinned chrome-spinel grains was used to charac- 
terize the exsolved platelets. Most of the platelets 
encountered in the thinned specimens were less 
than about o.I #m thick and o.5 #m long. Their 
composition was semiquantitatively determined by 

FIG. 4. Transmission electron micrograph approximately 
normal to the c axis of the rhombohedral phase, showing 
the dislocations at the interface with the spinel matrix. 
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FIG. 5. Transmission electron micrographs and oriented diffraction patterns from the two exsolvcd phases in a 
single chrome spinel grain: (a) the intermediate pilase piatelet lying on tit3) planes of the spinel matrix. The 
structure in the matrix is partly due to the ion-beam thinning process: (b) a platclet of the rhombohedral phase 
lying on ( i l l )  planes of the spinel matrix: (c) an oriented electron dill'faction pattern from the spinel matrix; (d) an 
electron diffraction pattern taken over the platelet in (a) showing the spinel superstructure. No splitting on reflections 
is evidenl; (e) an electron diffraction pattern taken over the platelet in {b) showing the overlapping patterns from 
the spinel and the rhombohedral phases. The arrow is the direction common to the c axis of the rhombohedral 
phase and the l i t  i] direction of the spinel. The circled split reflections show the degree of misfit between the 

pt~ases in this direction. 

diffraction data and the analyses indicate that the 
hexagonal platelets are magnesian ilmenite. The 
second set of platelets lies on {i I3} planes of the 
matrix and the diffraction pattern can be indexed 
on a unit cell which is a superstructure of the 
spinel structure. Figs. 5a, b are electron micro- 
graphs of platelets of the two phases within a single 
grain of chrome spinel while figs. 5 c, d, e show the 
oriented diffraction patterns of the spinel matrix 
alone, matr ix+supers t ructure  spinel phase, and 
matrix + rhombohedral  phase respectively. 

The analyses and observations indicate that the 
bulk composit ion of the chrome spinel grains must 
lie on the cation-deficient side of the AB204 spinel 
stoichiometry. Such deviations from stoichiometry 
could occur at high temperatures (c. IOOO ~ where 
a certain degree of solid solution exists between a 

spinel and a sesquioxide phase (Greskovitch and 
Stubican, 1968), or alternatively at lower tempera- 
tures by the oxidation of a stoichiometric spinel 
phase. In the present case it is considered that the 
former is unlikely. Slow cooling from the high 
temperatures involved would not produce the fine 
scale and distribution of the platelets observed. A 
homogeneous distribution of fine platelets with no 
observable nucleation on grain boundaries, cracks, 
etc. suggests a relatively low temperature process. 
The presence of the superstructure spinel phase also 
suggests a lower temperature origin, a point that  
will be taken up in the next section. We conclude 
that the platelets of  both phases form as a result 
of oxidation processes and that the variation in 
their distribution arises from local variations in 
oxygen fugacity, as well as bulk chemistry. 
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The spinel superstructure phase 

A large number of electron diffraction patterns 
that include both the platelets of the superstructure 
phase and the matrix were analysed to determine 
uniquely both the orientation of the platelets and 
the unit cell of the superstructure phase. These com- 
posite diffraction patterns, such as that in fig. 5d 
show no splitting of the subceU reflections indicat- 
ing very little mismatch between the matrix and 
the superstructure phase. There is no evidence for 
dislocations at the interface, suggesting that it may 
be coherent, although no lattice imaging has been 
carried out to confirm this. Compared with the 
rhombohedral phase, however, which shows both 
an incoherent interface and splitting of the subcell 
reflections (figs. 4, 5e), the mismatch is small. 

The unit cell of the superstructure phase could 
be indexed on a body-centred orthorhombic (or 
pseudo-orthorhornbic) cell with lattice parameters 
a/x/2 x a x 3a/x/2 (where a is the cell parameter of 
the parent spinel structure). This superstructure is 
illustrated in fig. 6. 

The formation of such spinel superstructure 
phases has been well documented in a number of 
synthetic systems in which the exsolution of a 
rhombohedral sesquioxide phase is the equilibrium 
process (Greskovitch and Stubican, t968; Lewis, 
I969; Dekker and Rieck, I974). In each of these 
cases the exsolved products were derived from a 
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FIG. 6. The relationship between the unit cell of the spinel 
structure (dashed lines) and the unit cell of the inter- 
mediate phase (full lines). The black dots represent lattice 
points of the face-centred spinel structure, while the 
starred dots are lattice points in the body-centred inter- 

mediate structure only. 

high-temperature spinel solid solution and the 
superstructures found were different from that 
described here. Essentially, the spinel superstruc- 
ture is a metastable intermediate phase that forms 
under non-equilibrium conditions when the forma- 
tion of the stable rhombohedral phase is kinetically 
impeded. The nucleation of the rhombohedral 
phase involves a change in the oxygen close- 
packing from cubic to hexagonal and hence a rela- 
tively high activation energy is implied. At lower 
temperatures such a process will be kineticaUy 
difficult and the non-stoichiometric spinel may 
reduce its free energy by an alternative process. 
Segregation of oxidation defects such as vacancies 
and Fe 3 + centres, followed by vacancy ordering, is 
such an alternative and results in a spinel super- 
structure. The oxygen close-packing is essentially 
unaltered and consequently the activation energy 
for nucleation will be lower. 

Under n0n-equilibrium conditions the meta- 
stable phase or phases that form are governed 
largely by the kinetics of the process. It is not 
surprising therefore that in systems of the type 
AB204-R203 a large number of different super- 
structure phases have been found and it is likely 
that both the stoichiometry and the temperature 
will affect the nature of the phase formed. 

The formation of such intermediate phases is a 
common characteristic of processes in a number of 
mineral systems where the nucleation of a struc- 
turally dissimilar phase is involved. In each case the 
intermediate phase has a structure that is a variant 
of the parent structure. This has been found to be 
the case in the oxidation of olivine (Putnis, I979) 
and in the exsolution of hematite from rutile 
(Putnis, I978 ). An intermediate phase very similar 
to that described here has also been recently found 
in oxidized ceylonites where the equilibrium pro- 
duct is corundum (Price and Putnis, 1979). 

The cation: anion ratio in the intermediate phase 
described here could not be determined from the 
microanalyses. Some estimate can be made, how- 
ever, by considering the possible number of vacan- 
cies in the body-centred orthorhombic cell. As the 
increase in unit-cell volume is due to the presence 
of these vacancies we may associate either one 
of two vacancies with each lattice point. In other 
words the orthorhombic unit cell may contain 
either two or four vacancies. (Note that these vacan- 
cies are the extra vacant sites not already present 
in the stoichiometric spinel structure.) 

The spinel unit cell contains 24 cations and 32 
oxygen atoms. As the unit-cell volume of the inter- 
mediate phase is I�89 times that of spinel the cell 
content may be 34 cations to 48 anions (if there are 
two extra vacancies) or 32 to 48 (with four extra 
vacancies). This should be compared with the 
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rhombohedral phase where a similar volume would 
have a cation:anion ratio of 32:48. Generally inter- 
mediate phases have a composition between that of 
the parent phase and the stable product, and as the 
ratio 34:48 lies half-way between that of spinel and 
the rhombohedral phase it is suggested that this 
may be a likely composition. The cation content of 
the intermediate phase could not be determined but 
we assume that it lies between that of the spinel and 
the magnesian ilmenite. 

Discussion 

The first point that emerges from the observa- 
tions made here is that despite the very low propor- 
tion of the ulv6spinel component in the spinels the 
oxidation product is a magnesian ilmenite. The wide 
variations in the bulk chemistry do not appear to 
affect this result. It has been shown by Buddington 
and Lindsley (1964) that the addition of a small 
amount of ulv6spinel component to magnetite very 
significantly reduces the equilibrium fugacity for 
oxidation, especially at low temperatures, and that 
the rhombohedral phase formed is very highly 
enriched in titanium. Although the addition of 
other components will doubtlessly modify the 
equilibrium fo2 values, the overall result remains 
the same. This high preferential partitioning of Ti 
into the rhombohedral phase dominates the oxida- 
tion behaviour of Ti-bearing spinels even when the 
ulv6spinel content is less than I ~o. In practice this 
means that the first-formed equilibrium oxidation 
product will be a phase in the FeTiOE-MgTiO2 
solid solution. 

When all of the titanium is in a rhombohedral 
phase the remaining spinel composition lies in 
the system (Fe,Mg)A1204-(Fe,Mg)Cr204-Fe30 4. 
Turnock and Eugster (I962) have demonstrated 
that corundum + magnetite result as the products 
of oxidation of hercynite and that the oxidation of 
the magnetite component to hematite requires 
higher oxygen fugacities. Therefore with increasing 
oxygen fugacity the oxidation sequence in Ti- 
bearing spinels would be ilmenite-corundum- 
hematite. The formation of hematite and Cr20 3 
products requires high values off02 (Katsura and 
Muan, i964) and is unlikely to be important in this 
system. In the Rhum chrome spinels the oxygen 
fugacity evidently did not reach the values required 
for the formation of corundum. 

The presence of an intermediate spinel super- 
structure phase indicates relatively low- 
temperature oxidation and this conclusion is 
supported by the fine scale and homogeneous 
distribution of the platelets. Some guide to the 
oxidation temperature is provided by data on the 
oxidation of titanomagnetite. The direct formation 
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of ilmenite from titanomagnetite oxidation occurs 
above 600 ~ (Lindsley, I962 ) while below this 
temperature metastable cation deficient spinels of 
the titanomaghemite series are formed (Verhoogen, 
1962). In the Rhum chrome spinels both the stable 
and metastable products are present, suggesting 
that oxidation occurred over a temperature range 
during subsolidus cooling with the metastable 
phase being formed at lower temperatures. 

The variation in oxygen fugacity in and adjacent 
to the chrome spinel seams is evidenced by the 
distribution of oxidized and unoxidized spinel 
grains. In this respect the two seams examined 
differed and will be briefly discussed in turn. 

RII7. Only spinel grains in the lower part of the 
seam and within the allivalite are oxidized, 
although no correlations with composition could 
be made. Spinel grains within the allivalite (analy- 
sis I) show relatively coarse ilmenite lamellae, 
whereas grains lying within the peridotite im- 
mediately above the seam are unoxidized, despite 
containing more Ti (analysis 6) than oxidized grains 
within the seam (analysis 3). It appears that within 
the peridotite and the upper part of the seam the 
oxygen fugacity is buffered by the oxidation of the 
olivine (Fos6), which shows fine magnetite- 
pyroxene intergrowths (Putnis, 1979). This creates 
an oxygen-fugacity gradient across the seam with 
the fugacity increasing towards the allivalite 
boundary. At some point within the seam the fo2 
reaches the equilibrium value for the oxidation of 
the chrome spinel. As noted earlier this value 
appears to depend on the titanium content rather 
than the bulk composition. 

At a later stage in the cooling history the fo2 
decreased sufficiently for the formation of intersti- 
tial sulphides. A zone in the spinel grains adjacent 
to these sulphides is free of any oxidation products 
and provides some evidence for the re-equilibration 
of the spinel, apparently by resorption of the 
ilmenite platelets. 

R59. This specimen differs from RI 17 in that all 
of the spinel grains show evidence of oxidation, 
including those within and adjacent to the olivine. 
The scale of the platelets depends on the bulk 
titanium content and the immediate environment 
appears to have no effect. The olivine shows no 
signs of oxidation. Thus in this case the equilibrium 
f02 value for the oxidation of the chrome spinel is 
lower than that for the oxidation of the olivine, a 
fact that must be dependent on their compositions. 
The olivine composition is F087 and hence not sig- 
nificantly different from that in the peridotite of 
specimen Rx 17. The titanium content of the spinel 
is somewhat higher (cf. analyses 6 and t 2) although 
with such small overall values and the variations 
between grains no clear conclusions can be drawn. 
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Nevertheless at low temperatures the equilibrium 
oxygen fugacity for ulvrspinel oxidation is very 
dependent on Ti content (Buddington and 
Lindsley, I964) and the relevant fo2 values for 
oxidation of olivine and chrome spinel are un- 
likely to be very different. It could be concluded 
therefore that in the case of R59 slight composi- 
tional differences favoured the oxidation of the 
chrome spinel with respect to the oxidation of the 
olivine. 

Late stage reduction offo2 again produced inter- 
stitial sulphides throughout the seam and in this 
case re-equilibration of the spinels is more obvious. 
S~inel grains are frequently rimmed with thin sul- 
phide coatings and a platelet-free zone about  
o.oI mm wide is formed within the spinel. This 
represents a diffusion distance over which reduc- 
t ion and consequently resorption of the platelets 
was possible. 

Conclusions 

Local variations in oxygen fugacity associated 
with layering in the Rhum Ultramafic complex 
have led to significant differences in the extent of 
oxidation of the chrome spinel seams. Oxidation 
occurred at moderate to low temperatures (c. 
6oo ~ producing a fine-scale homogeneous distri- 
but ion of ilmenite platelets as well as platelets of a 
newly described intermediate phase. The nature 
and scale of the platelets is highly dependent on Ti 
content and an Mg-ilmenite is the first-formed 
oxidation product even in spinels with a TiO2 
content of less than I ~ .  
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