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Nucleation and growth of iron oxides in olivines, 
(ng,Fe)2Si04 
P. E. C H A M P N E S S  
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S U M M A R Y .  Iron-rich olivines have been oxidized in air in the laboratory and the mechanism of their 
breakdown has been elucidated using X-ray diffraction and electron microscopy. Low-temperature 
oxidation (5oo-8oo ~ produces well-oriented hematite- and magnetite-like precipitates together with 
amorphous silica. The reaction is a cellular one in which thin needles of oxide about 5o-Ioo/~ apart 
grow into the matrix separated by regions of amorphous silica. Nucleation of spherical colonies of 
the iron oxide and silica occurs on dislocations. 

Although the hematite or magnetite always shows the same topotactic relationship with the matrix, 
the direction in which the needle-like precipitates grow is determined by the orientation of the nucleat- 
ing dislocation. The small size and highly distorted nature of these precipitates accounts for the 
diffuseness of their X-ray reflections. 

Oxidation at IOOO ~ produces undistorted equiaxed grains of the oxides about o'2 /,m in size. 
They are surrounded by silica, which produces a disordered electron diffraction pattern. As the 
temperature is raised, the silica achieves more structural order and the oxide grains increase in size. 

THE c o m m o n  rock- forming  mineral  olivine forms a complete  solid solut ion between 
forsterite,  Mg2SiO4, and  fayalite, F%SiO4. I t  is an orthosi l icate  (i.e. it contains  individual  
SiO4 te t rahedra)  in which the oxygen ions are approx imate ly  hexagonal  dose -packed  
paral le l  to (lOO). The magnes ium and i ron  ions are sixfold coord ina ted  by oxygen and 
occupy ha l f  o f  the available sites, forming zigzag chains o f  oc tahedra  a long [OOl], 
while silicon occupies one-eighth of  the available fourfold  sites. 

Fors ter i te  has been used as a refractory in the ceramic and metal lurgical  industries and  
the fact tha t  solid solut ion o f  the ferrous end member  no t  only  reduces the melt ing poin t  
o f  the refractory  bu t  also in t roduces  complexit ies by oxidat ion,  together  with the impor-  
tance o f  olivine a l tera t ion in rocks,  has led to  studies of  olivine oxidat ion in the past. ~ 

Ko l t e rmann  (1962) investigated the a tmospher ic  oxida t ion  of  powdered  olivines 
conta ining 1 I, 34, and  53 % fayalite by  X- ray  powder  diffraction and infra-red spectro- 
scopy. His results for  the 53 % fayali te specimen may  be briefly summar ized:  

(Mg,Fe)2SiO4 fast reaction Mg2SiO4, SiO2, F%Oa 
820 ~ forsterite amorphous hematite 

silica 
fast reaction 

> SiO2, Mg2SiO4, MgSiOa, F%Oa 
Io8o ~ cristobalite enstatite 

with prolonged heating Mg2SiO4, S i Q ,  MgSiOa, FeaO~ 
IIOO ~ cristobalite magnetite 

Gorgeu (I885), Hugill and Green 0938), Weiskirchner (I958), Koltermann (I962), Koltermann 
and Mueller (I963), Haggerty and Baker 0967), Champness 0968), Champness and Gay (I968). 

�9 Copyright the Mineralogical Society. 
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Koltermann and Mueller (I963) made further studies on the oxidation of powdered 
olivines, including fayalite, using differential thermal analysis and X-ray powder 
diffraction. Their results were similar to those described by Koltermann (r962). 

Recently Haggerty and Baker (i967) have studied the high-temperature oxidation 
of olivines in basaltic and associated lavas by means of reflection microscopy and X-ray 
powder diffraction. To supplement these observations, they carried out heating experi- 
ments in air at 6oo-Iooo ~ on powdered and single-crystal samples of composition 
2o % fayalite. In the powdered samples forsterite and hematite formed at all tempera- 
tures, no silica or enstatite being detected by X-rays. 

In the single crystals, magnetite was also detected after oxidation at low temperatures 
and a phase resembling enstatite was precipitated at all temperatures from 82o to 
iooo ~ The enstatite disappeared on further heating at 95o ~ presumably forming 
forsterite and silica. 

Champness and Gay 0968) reported preliminary results of a study of olivine 
oxidation in which X-ray single crystal and powder methods, infra-red spectroscopy, 
and transmission electron microscopy were used. This paper is a more detailed account 
of part of that work. 

The specimens used for this investigation were a fayalite containing no magnesium 
(specimen no. ~84 in the mineral collection, Department of Mineralogy and 
Petrology, University of Cambridge) from Rockport, Massachusetts (Bowen et al., 
I933) and two hortonolites, no. 39~26 from Camas Mor, Muck, with composition 
52.2 tool % fayalite (Tilley, I952 ) and no. 54o87 (rock collection, Department of 
Mineralogy and Petrology, Cambridge) from the Bushveld Complex, South Africa. 
The spacing of the ~3o line on a powder diffractometer trace (Yoder and Sahama, 
~957) gave the approximate composition of the latter hortonolite as 47 tool % fayalite. 

Precipitation of iron oxides and silica 

For X-ray studies, hand-picked unaltered grains were heated in air in a vertical 
furnace in which the temperature was constant to within 4-5 ~ 

Oxides. Single crystal oscillation photographs showed that the main product of oxida- 
tion of iron-rich olivines between 2oo and 8oo ~ is a hematite-like phase in twinned 
orientation with respect to the host: ao~ I] eL; bo~ ]] 4-bh; Col II 4- [z~o]~. In the early stages 
of the reaction a twinned spinel-like phase is precipitated with the orientation 
aol I1 [ I I I ]sp ; bo~ ]q 4- [5 i2]s p; Col I1 4- [ I ]'O]s p- 

It seems probable that the composition of the spinel phase, at least for a reaction 
temperature above 90o ~ is near to that of magnetite, FeaO4, although it may contain 
a little magnesium in solid solution. Measurement of the high-angle line 75I on a 
powder photograph of olivine no. 54o87 heated for three days at I2oo ~ gave 
a 8"3934-0"o02 A, the value for pure FeaO4 (Deer, Howie, and Zussman, ~962). 
However, in view of the variation in the quoted values for synthetic magnesioferrite 
(Holgersson, I927, gives 8"34 A and Posnjak, I93o, gives 8"383 .h,), the cell dimension 
may not be a reliable guide to the magnesium content of the spinel. 

Topotaxy of both oxide phases in the olivine matrix is good although the spinel is 
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less well oriented than the hematite (fig. I). Both spinel and hematite have planes of 
approximately close-packed oxygens; on this basis the preferred orientation is readily 
interpreted in terms of diffusion of cations within a relatively unchanged oxygen 
framework. In hematite the oxygen planes are approximately hexagonal close-packed 
parallel to (oooi) and the Fe a+ occupy w of the six-fold interstices in each cation layer 
parallel to (oooi). 

FIG. I. X-ray oscillation photograph of a 53 mol % olivine that was heated for three days at 670 ~ 
The sharp reflections are olivine and hematite, and spinel reflections are marked h and s respectively. 

The spinel structure has approximately cubic close-packed oxygen planes parallel 
to {i I I}. Two kinds of cation layers alternate between the oxygen planes: the 'kagome' 
layer has metal atoms in ~ of the six-fold sites and the 'mixed-trigonal' layer has �88 of 
the four-fold and -} of the six-fold sites occupied. The transformation of olivine to 
spinel involves the change from hexagonal to cubic close-packed oxygen planes as 
well as diffusion of cations. Such change of packing can take place by slip on the 
close-packed planes with every two of the layers locked together (Venables, 1962 ). 
The shear process occurs by the passage of partial dislocations. 

The X-ray reflections from the oxide phases precipitated below 9oo ~ are extremely 
diffuse (fig. I). Above this temperature the reflections sharpen gradually and at 
IOOO ~ coarsening of the precipitates occurs (the powder rings become spotty). The 
diffuseness at low temperatures affects all the reflections of the oxides and does not 
appear to depend on the distance of the diffraction maximum concerned from the 
origin of reciprocal space. Diffuse reflections of the kind observed here are indicative 
of disordered or imperfect precipitates, but X-ray diffraction methods cannot, in 
general, distinguish between the various kinds of imperfection. 
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FIG. z a, Oscillation photograph of a 47 mol % fayalite crystal heated for three days at moo ~ 
c-axis across a*. Six diffuse reflections from a cristobalite-like phase are marked c. b, A similar crystal 
heated for one day at 1 Ioo ~ c-axis across a*. The silica reflections are accompanied by twelve 

pyroxene reflections (marked p). 

Silica. Heating single crystals of bo th  forsteritic and  fayalitic olivines in air for three 
days at 900 ~ and above produces six diffuse X-ray reflections that  can be at tr ibuted 
to silica (fig. za). Although the topotaxy is no t  as good as in the case of the i ron 
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oxides, the reflections can be indexed as a cr is tobali te- l ike phase  with the or ien ta t ion :  

(IO0)ol 1] (III)erlst; bol ]l [I~O]erist. The zone repeats  are consistent  with the dimensions 
a 7"o2, c 6.9 z • for  a t e t ragonaP unit  cell (Jay, I944). 

There is a second or ienta t ion  that  sometimes occurs with the first, 0OO)o ~ I[ (I I I)erlst, 

@ O @ O @  O 0 0 O O  
O~ OoO O~ O~ 

~O~176176149 0 ~O~176176176 O 
�9 �9 �9 /~ O~ 0 ~ 
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FIGS. 3 and 4: Fig. 3. The idealized orientations of olivine and its breakdown products. Idealized 
partial projections. Fig. 4. Infra-red spectra of fayalite samples heated in air for three days at tempera- 
tures from 7oo to I I5O ~ Heating at 7oo and 75o ~ results in incomplete oxidation (the fayalite 
peaks are marked f). q is the diagnostic peak of quartz and the two peaks marked c are diagnostic of 

cristobalite. 

A l though  the oxygen planes  in cr is tobali te  are no t  densely packed,  their  s tacking 
a long [Ir~]  to some extent  resembles hexagonal  close-packing.  The modera te  pre- 
ferred or ienta t ion o f  the cristobali te- l ike phase  in olivine is readi ly explained by this 
fact;  bo th  [z~o] and liT2] o f  cr is tobali te  are direct ions tha t  are s t ructural ly  similar 
to [ozo] o f  olivine (fig. 3). 

A small  amoun t  o f  quar tz  can also be detected as an oxida t ion  p roduc t  o f  olivine. 

The C-face centred cell is used here in order to conform with the axes of the high-temperature, 
cubic form. 
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It appears to occur as an early phase and to be later replaced by cristobalite. It is 
unoriented in the olivine matrix, presumably because of the dissimilarity between the 
two structures. 

Oxidation of olivines at temperatures below that at which silica crystallizes produces 
an amorphous silica phase. The variation in crystallinity of the silica was followed by 
comparing infra-red spectra of fayalite heated in air for three days at temperatures 
between 7oo ~ and I t 5o ~ The infra-red absorption spectra were recorded in the 
I3oo to 5oo cm -1 region on a Perkin Elmer Model 337 grating infra-red spectrometer 
at sample concentrations of 1.2 mg in 2oo mg of KBr. 

The spectra obtained are shown in fig. 4. At 7oo and 75o ~ some of the fayalite 
remains unoxidized, but for all other temperatures the whole spectrum can be 
attributed to silica (the absorption peaks for hematite and spinel occur between 4oo 
and 600 cm-1). 

At the lower temperatures, the peaks are very broad and the spectrum resembles 
that of silica glass. As the temperature is raised the peaks at approximately I IOO and 
800 cm -1 sharpen, and at Io5o ~ a small blip (marked q), which can be attributed to 
quartz, appears at about 78o cm-L 

At higher temperatures two peaks characteristic of cristobalite appear (marked c). 

Iron-oxide-silica intergrowths. Whereas single-crystal X-ray diffraction gives an over- 
all picture of a solid state reaction in terms of the phases produced and their topotactic 
relationship to the host, it cannot, in general, be used to determine the mechanism of  
nucleation and growth of the phases. Transmission electron microscopy allows a high- 
resolution image to be correlated with the diffraction pattern from a region of the 
sample as small as 5 • xo-a~ cm3. It is therefore possible to isolate and examine the 
separate phases involved in the reaction; specifically this allows examination of the 
very early stages of phase transition. 

The instrument used in the investigation was an A.E.I. EM-6G equipped with high- 
resolution dark-field facilities and a goniometer stage. Some specimens were heated 
in the furnace as thin slices of rock (about o'5 mm thick) and then thinned by ion 
bombardment (Barber, 197o). ' Other samples were heated as single crystals and crushed 
in absolute alcohol and a drop of the suspension was deposited on a carbon-coated 
electron-microscope grid. 

Fig. 5a is a dark-field electron micrograph (taken with a matrix reflection) of the 
olivine containing 47 mol ~o fayalite that was heated for eight days at 65o ~ 
(X-ray diffraction indicates that a very small amount of hematite is formed during 
this heat treatment). The micrograph shows small two-phase particles, which have 
nucleated on an array of parallel dislocations. 

The reaction is a cellular one in which needles of hematite approximately 5o 
apart grow into the matrix (fig. 5b) separated by regions that appear to be amorphous 
silica (diffraction patterns from the two-phase precipitate indicate that only one 
crystalline phase, namely hematite, is present). Although the orientation of the oxide 

, The author is greatly indebted to Dr. D. J. Barber of the University of Essex for preparation of 
these samples. 



FIG. 5 a, Dark-field electron micrograph of 47 mol % fayalite olivine heated for eight days at 650 ~ 
Spherical particles of hematite-silica intergrowths have nucleated on dislocations and in the centre 
of the photograph have grown into a cylindrical colony. Specimen prepared by ion bombardment. 
b, Another area of the same single crystal showing needle-like hematite growing from a dislocation. 

in the olivine is topotact ic ,  the direct ion 
o f  the axes o f  the needle-like precipi-  
tates is determined by the or ientat ion o f  
the  nucleat ing dislocat ion.  The needles 
appear  to radia te  from the dis locat ion 
line forming a cyl indrical  colony.  The 
randomness  o f  the needle-axis direction 
is unusual  and  may  be related to the 
fact  tha t  the second phase is amor -  
phous  and can accommoda te  stress 
more  easily than  could  a well-crystall ized 
precipitate.  

Electron microscopy shows tha t  at  
temperatures  be low Iooo ~ the spinel- 
like phase also grows as needles (fig. 6). 
The average spacing of  the precipi tates  
is abou t  15o N and they show the same 
randomness  o f  axial  direct ion as the 
hemati te  precipitates.  

W h e n  the direct ion of  the opera t ing  

Fro. 6. Dark-field electron micrograph of fayalite reflection is paral le l  to the needle axis a 
heated for three days at 8o0 ~ three days at 900 ~ complex  banded  cont ras t  can be seen 
and one day at 950 ~ Needle-like spinel precipi- in the oxide phases.  The band ing  is 
tares show arrays of misfit dislocations and, in one 

case, a moir6 pattern M. always approx imate ly  perpendicular  to 
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the needle axis. Some of  the fringe contrast arises from moir6 patterns produced by 
the overlap of two needles with slightly different orientations (fig. 6); in other cases 
the fringes are extinction contours in the highly buckled needles, but in the majority 
of  cases they are produced by arrays of  dislocations. A similar contrast has been 
observed in metal alloys by Weatherly and Nicholson (I968) on semi-coherent pre- 
cipitates and on precipitates that had become completely non-coherent. 

FIG. 7. a, Bright-field electron micrograph of a fayalite heated for three days at ro5o ~ showing 
equiaxed grains of hematite in a matrix of poorly crystalline silica, b, Dark-field micrograph of the 
same area showing extensive faulting in the silica, c, Diffraction pattern from the silica. It corresponds 

more nearly to cristobalite than tridymite or quartz. 

Christian (~965) has reviewed the dislocation structure at interfacial boundaries. In 
the case of  a semi-coherent boundary, the most efficient relief of  misfit is achieved by 
an array of parallel edge-dislocations with their Burgers vectors lying in the boundary 
plane. For a needle-shaped precipitate with a small misfit along the needle axis 
[uvw], the misfit can be relieved by prismatic loops with a Burgers vector in the 
[uvw] direction. I t  is probable that the dislocation structure present in the oxide pre- 
cipitates in olivine consists of such prismatic loops, although as yet it has not been 
possible to prove this proposal by diffraction experiments. 

The existence of misfit dislocations at the interface between the oxides and the 
amorphous silica that are precipitated from oxidized olivines shows that, at least in the 
early stages of the reaction, there is some degree of continuity across the inter-phase 
boundary. As the size of  the oxide precipitates does not change significantly between 
65o and 95o ~ for a fixed time of heating, the change in the diffuseness of  the X-ray 
reflections is probably due to a gradual decrease in structural continuity between the 
two phases. Complete loss of  coherency possibly coincides with the crystallization of 
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the silica at 90o ~ (this is the temperature at which the X-ray reflections become 
noticeably sharper). Diffuseness of the reflections at lower temperatures can be ac- 
counted for by the high state of strain in the oxide precipitates and possibly by some 

substitutional disorder, especially near 
the oxide-silica interface. A detailed 
investigation of the loss of coherency 
in the oxide-silica intergrowth is in 
progress. 

X-ray diffraction indicates that re- 
crystallization of the oxide phases 
occurs at IOOO ~ and the silica also 
crystallizes rapidly at this temperature. 
Electron micrographs of fayalite heated 
at IOOO ~ and above show equiaxed 
strain-free grains of oxide, the size of 
which increases with increasing tem- 
perature (fig. 7). After oxidation for 
three days at Iooo and IO5O ~ the 
matrix silica shows a very disordered 
diffraction pattern (fig. 7c) and dark 
field micrographs indicate an extremely 
high density of stacking faults and dis- 
locations (fig. 7b). 

As the temperature of crystallization 
is increased (or the sample is annealed 

Fic. 8. Electron micrograph and diffraction pattern at  c o n s t a n t  t empera tu re ) ,  the  s t ruc tura l  
of a grain of cristobalite formed from fayalite regularity of the silica improves. How- 
heated for three days at I I5O ~ The 'tweed' con- ever, even after heating for three days at 
trast is due to coherent microtwin domains on { I IO} 
planes, which form as the sample is quenched I I 5 0  ~  the  cristobalite-like phase still 
through the f l - -~  cristobalite transition (Champ- contains stacking faults (fig. 8) and 
hess, I968). The diffraction pattern shows evidence twins on { I I I } planes. 

of stacking faults on (I I I}. 
Both cristobalite and tridymite can be 

described in terms of stacking of sheets of six-membered rings of SiO4 tetrahedra 
parallel to (I I I}~ and {oo I }t; the stacking in cristobalite resembles cubic close-packing 
and that in tridymite resembles hexagonal close-packing. 'Mistakes' in the sequence 
of planes parallel to {I I I} of cristobalite can be considered as forming a small region 
of tridymite or a small twinned region depending on the nature of the stacking mis- 
takes. The faults have a stacking vector of a /3[Ti2  ] and this results in streaks in reci- 
procal space parallel to g(I I I)c for reflections (h+k+l) ~ 3n. Such streaks have been 
observed in diffraction patterns from the cristobalite-like phase (Champness, 1968). 

Formation of pyroxene 

The MgO-SiO2 equilibrium diagram shows that silica is unstable in the presence of 
forsterite, and therefore enstatite is to be expected as one of the reaction products of 
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the oxidation of forsteritic olivines. Though a small amount of  a pyroxene-like phase 
is precipitated at lower temperatures in Mg-rich single crystals of  olivine (though 
not in powders), silica is formed metastably and crystallizes at about 90o ~ 
However, as the reaction proceeds the silica and forsterite react to form more 
pyroxene (fig. 2b). 

The metastable crystallization of silica in the presence of  forsterite must be due to 
the intimate intergrowth that forms in the early stages of  the reaction between the 
silica and the iron oxides. Oxidation occurs on the surface, presumably by the diffusion 
of Fe 2+ ions through the oxygen framework to the reaction interface, where they 
become Fe 3+. Diffusion of Mg 2+ ions must occur in the opposite direction in order to 
maintain local charge balance. Thus as the iron-oxide-silica intergrowth forms, the 
interior of  the crystal becomes more 
forsteritic. It is only at temperatures 
where large-scale diffusion can take place 
that the forsterite and silica can react 
together to form enstatite. 

Initially only two very faint and rather 
diffuse powder lines at approximately 
d 3"2 A and d 2- 9 A can be detected from 
the pyroxene on single-crystal oscillation 
photographs. It  is thus impossible to 
identify the structure with any of the 
enstatite polymorphs and would pro- 
bably be meaningless to do so. On the 
other hand, forsteritic olivines heated at 
I IOO ~ and above show three additional 
powder lines from the pyroxene and, as 
the lines are sharper and more intense 
at these temperatures, they can be 
measured with greater accuracy. 
Measurements show that the pyroxene 
corresponds more closely to proto- 

FIG. 9. Electron rnicrograph and diffraction pattern 
enstatite than to either of  the other two of a pyroxene grain from the 47 % fayalite speci- 
polymorphs, men heated for three days at I2OO ~ It has 

The pyroxene has been isolated in the stacking faults on (Ioo) planes. 

electron microscope and fig. 9 shows a 
typical grain from the 47 ~o fayalite sample that was heated for three days at i2oo ~ 
The diffraction pattern shows that the phase is orthorhombic and leads to a value for a 
of  about 9/~. This confirms the X-ray result that the pyroxene resembles protoenstatite 
rather than orthoenstatite (which has an a-axis of  about  I8 .~). 

The preferred orientation of the pyroxene with respect to the parent olivine is poor. 
Twelve reflections appear on the 3" I7 /k  powder line on oscillation photographs taken 
with Col or bo~ vertical, oscillating across a* (fig. 2b). Measurement of  the layer-line 
spacings showed that there are two orientations of  the pyroxene with respect to the 



800 P. E. CHAMPNESS ON O X I D A T I O N  OF O L I V I N E  

olivine. These are: 0OO)o l [I (IOO)p, bol l] %, Col [/bp, and (IOO)o I ][ (too)p, bol ]] ~_ [oI 1]p, 
Co~ ][ • [oI~]~. 

The oxygen ions in the (zoo) plane form imperfect hexagonal sheets and the b and 
[or r] directions in these sheets are at approximately 60 ~ and to some extent resemble 
the close-packed direction in olivine (fig. 3)- 

The cell dimensions calculated f rom the layer-line spacings compare well with the 
normal  cell dimensions o f  protoenstatite.  

At  high oxidation temperatures the pyroxene is quite well crystalline; the electron- 
diffraction pattern in fig. 9 shows Kikuchi lines and the micrograph shows smooth 
extinction contours.  However,  there are numerous stacking faults on 0oo)  planes. 

The three c o m m o n  enstatite polymorphs have SiOa chains parallel to e, which are 
arranged in slabs parallel to (too). Successive slabs may be considered as related 
approximately by stacking vectors of  ~ c / 3  and the sequence in which these vectors 
occur gives rise to the different polymorphs.  The simple relationship between the 
structures leads to the possibility o f  disordered structures. Evidence o f  disorder similar 
to that  seen in the protoenstatite formed f rom olivine has been found by Brown and 
Smith (I963) in rapidly cooled enstatites. 
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