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Abstract  

During research on the influence of temperature on cation partitioning in natural Mg-A1-Fe2+-Fe 3+ spinels, 
some crystals were accidentally oxidized during heat treatment. The oxidation product, studied by means of 
single-crystal X-ray diffraction, turned out to be a phase retaining the Fd3m parent spinel structure, but with 
cell edge a and oxygen coordinate u considerably smaller than the parent ones (a ~ 8.087 as compared with 
~8.111 A; u ~0.2609 vs. 0.2617-0.2636) and with vacant sites due to oxidation. 

Assuming that the oxidation process must occur due to the addition of oxygen to the crystal boundary as 
cations are being preserved and rising in total valence, the site population was determined and compared 
with that of untreated and heated samples. It was found that, on oxidation, a charge enrichment in the 
tetrahedral site T had occurred, this phenomenon following that observed during heating at increasing 
temperatures also in other spinel series. This continuity was always in the direction of an increase in 
random charge distribution. Cation vacancies produced during oxidation were restricted to the octahedral 
site M. 

Examination of bulk sections by reflected light microscopy showed a few hematite lamellae as inclusions in 
the oxidized samples, not detectable by microprobe analysis or single-crystal structural refinement. However, 
hematite played a marginal part in oxidation. Vacancy-oxygen distances in oxidized spinels were determined 
from experimental data in the literature. 
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Introduction 

RESEARCH was undertaken on a Mg-AI-Fe  spinel 
from the Balmuccia peridotite (ltalian Western Alps), 
with the aim of studying cation distribution in various 
conditions. Cation partitioning was calculated by 
applying a mathematical model to the experimental 
data obtained from single-crystal X-ray diffraction 
and electron microprobe analysis. 
This study was carried out in three phases: 

Untreated samples: comparison between calcu- 
lated cation distributions in single crystals and those 
observed on powders from M6ssbauer spectroscopy. 
The satisfactory agreement found proved the 
reliability of the model and the assumptions made, 
at least in the samples studied. In the examined 

spinels, Fe 2+ and Fe 3+ were virtually ordered, in T 
and M sites respectively. 

Site population variations: analysis of crystals 
heated at various temperatures for various durations 
and then quenched. Thermal runs and quenching 
maintained substantially ordered distribution of Fe z+ 
and Fe 3+ up to ~990~ and produced continuous 
141Mg-161A1 exchange. Between 990 and 1150~ the 

2+ 3+ previous order of Fe -Fe  appeared to change 
slightly towards an increase in f61Fe2+; I61Mg and 
14]A1 disorder reached its maximum at the highest 
temperature. After quenching from this temperature, 

2+ Fe still resided mainly in the T site. 
Determination of cation distribution in some 

samples which underwent oxidation during the above 
experiments. 
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The first two phases of this research, which were 
recently published (Carbonin et  al.,  1996; Della 
Giusta et  al. ,  1996), report spinel characteristics 
(occurrence, homogeneity) and experimental techni- 
ques in more detail. 

Data collection 

Rock sample TS2 comes from a suite of websteritic 
dykes crossing a peridotite of mainly lherzolitic 
composit ion in the Ivrea-Verbano area, Italian 
Western Alps (Comin-Chiaramonti et  al. ,  1982; 
Pizzolon, 1991 ). 

The homogeneity of TS2 spinels was tested by 
microprobe in 103 randomly chosen points of one 
thin section. Whereas single grains showed suffi- 
ciently good homogeneity, their chemical composi- 
tion was quite different from grain to grain, above all 
as regards Cr content. Several crystals extracted from 
the same hand-picked specimen had to be examined 
before seven ( A - G )  suitable for single-crystal data 
collection could be identified. They shared both 
similar cell parameters and Cr content - -  the latter 
being much lower than average on ~ 100 analysed 
points. 

The crystals were mounted on a STOE AED4 
single-crystal diffractometer with monochromatized 
Mo-K~ radiation. Unit cell parameters a were always 
obtained with the same standard program of the 
diffractometer. Intensities were collected in the m - 
20 scan mode up to 2 0 ~  100 ~ and used for crystal 
structural refinement with the SHELX-93 program 
(Sheldrick, 1993). Corrections for absorption and 
background were performed following North et  al. 
(1968) and Blessing et  al. (1972) respectively. 
Structural refinements were carried out in the F d 3 m  
space group (with origin at 3m), since no evidence of 
different symmetry appeared. Refined parameters 
were: scale factor, secondary extinction coefficient, 
oxygen coordinate u, tetrahedral and octahedral site 
occupancies, and displacement parameters. Two 
scattering curves, Mg vs. Fe in the T site and A1 vs. 
Fe in the M site, were assigned to sites involved in 
isomorphous replacements, with the constraint of full 
site occupancy and equal displacement parameters. 
No constraints were imposed by chemical analyses. 

After X-ray data collection, chemical analysis was 
performed on the polished surface of the same single 
crystal used for the XRD study. Composition was 
obtained on the Cameca/Camebax electron micro- 
probe at the Department of Mineralogy and Petrology 
of the Univers i ty  of Padova.  Analyses  were 
performed at 15 kV and 15 nA sample current, 
using only the WDS method. X-ray counts were 
converted into oxide weight percentages using a PAP 
correction program provided by Cameca. At least 
five point analyses were performed on each crystal. 

Model  used for cation distribution calculation 

Cation distribution was calculated in order to find the 
best fit for the experimental results. The necessary 
data obtained by the methods and procedures 
described above and considered with their errors, are: 

ten atomic frequencies Xo~,.~.j per formula unit (f.u.) 
obtained from microprobe analysis; 

structural refinement parameters: 

(l) 
where T-O and M-O are the bond distances; 

0.75R - 2 + R - 0.5 

u = 6(R - 1) (2) 

where R = (M-O)2/(T-O)2; 

e ( T )  = ~-.~XT,iZ i and e - (M)  = ~-~XM,iZi, 
where XT o,- M,i are the atomic fractions in T and M 
sites, and Zi the atomic number of the actual species 
in the spinel studied. 

The mathematical model used for calculations was 
based on the assumption that T - O  = s and 
M - O  = 1/2~2RM,iXM,i, where R T or M.i are pure bond 
lengths relative to the various species, presumed to be 
known and constant (Hill et  al., 1979). Substituting 
these expressions in equations (1) and (2) gives a and u 
as functions of Xi, the atomic fractions in the two sites. 
There are then N = 18 quantities (19, in the case of 
vacancies) which can be expressed through XT o,- M,i: a; 
u; e-(T); e-(M);  number of cations both per f. u. and 
in T and M sites (3, 1 and 2 respectively); number of 
charges for the balance; and 10 atomic proportions 
Xob,,j from microprobe analysis (plus, in the case of 
oxidized samples, the number of vacancies). Moreover, 
minor cations were assumed to be assigned to only one 

. 4 +  site, on the basis of their general site preference: S1 , 
2+  2 +  3 +  2 +  4 +  Mn andZn to t h e T s i t e ; C r  ,Ni  andTi  to the 

M site. Therefore, each sample was characterized by 
the 14 parameters (16 in the case of vacancies) XT o,- M,i 
(6 for minor elements plus 2. x 4 or 2 x 5 for major 
elements and vacancies) to be determined. 

The best estimate of these parameters was assumed 
to be the one minimizing the sum: 

j=l ~ j (3) 

where Oj is a quantity observed, Cj(Xi) the same 
quantity calculated by means of parameters Xi, and ~a 
the standard deviation of the observed quantity Oj. 

Minimization was performed by means of the 
MINUIT program (James and Roos, 1975). No 
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constraints were imposed, even on the equality 
between Xoh.~j and XT,i + XMj or the assignment of 
vacancies or major cations to one site. The sum of the 
N (18 or 19) residuals of equation (3) turned out to be 
homogeneous in all samples and typically ~ 2 ;  thus, 
in any case, cation distributions were found to be in 
very satisfactory agreement with the experimental 
data. 

The cation-to-oxygen distances used (A) are those 
already published (RT: M g - O  = 1.965, Fe2+-O = 
1.996, Fe3+-O = 1.891, A1-O  = 1.767, M n - O  = 
2.040, S i - O  = 1.652, Z n - O  = 1.966; RM: M g - O  = 
2.095, Fe2+-O = 2.138, Fe3+-O = 2.020, A1-O  = 
1.909, C r - O  -- 1.996, N i - O  = 2.076, T i - O  = 1.985). 
Instead, the vacancy-to-oxygen distances were first 
obtained from the experimental data of Kullerud et 
al. (1969) on 'kenotetrahedral '  and 'kenooctahedral 
magnetites' .  These distances were then refined from 
the data on 27 non-stoichiometric Mg-A1 synthetic 
spinels reported by Lucchesi and Della Giusta (1994) 
and were RT, n = 2.229 and RM,D = 2.105 A. 

Sample oxidation 

In order to study the variations in site population due 
to temperature, the crystals were sealed in SiO2 tubes 
2 mm in diameter, containing an iron-wtistite buffer 
wrapped in platinum foil to prevent reaction between 
iron and silica, and placed in a vertical furnace. 
However, in thermal runs at 1150~ after ~ 10 h and 
at 700~ after 30 days, incipient recrystallization of 
the tube occurred and air entered through the silica 
grain boundaries, with consequent oxidation of 
spinel. The oxidized crystals (TS2B6, C5, D4), 
heated at 680~ for four months and then quenched 
in water, were dark brown in colour and appeared 
somewhat metallic on the surface, with respect to the 
unoxidized parents, which were always green and 
quite translucent. 

A preliminary examination of these oxidized 
spinels by single-crystal diflYactometer showed that 
the reflections were of very good quality and 
indicated a cubic face-centred Bravais lattice, no 
violation being observed. A data collection procedure 
with profile fitting was selected: preliminarily, a set 
of ~ 5 0  reflections, including {hhh} and covering as 
wide a range of 20 as possible, was used to best 
determine the shape of the profile and the parameters 
describing its width (Clegg, 1981). A quarter of the 
reciprocal space was then examined, so that up to 12 
equivalent reflections of the general form {hkl} were 
measured. After correction for Lorentz and polariza- 
tion effects and isotropic secondary extinction, a set 
of ~ 160 observed structural factors FOhk! w a s  

obtained from each crystal. 
The crystallographic parameters provided by 

structural refinement were quite different from 

those of untreated and heated samples, in particular 
as regards cell edges, oxygen coordinates and 
extinction coefficients (Ext) (see Table 1, from data 
already published in Della Giusta et al., 1996). The 
latter parameter decrease was probably caused by 
more crystal imperfections due to the vacancies, as 
suggested by Colombo et al. (1964a). 

After X-ray data collection, electron microprobe 
analyses were performed on these crystals. In TS2C5 
and D4, the first section to be analysed was not deep 
but quite near the surface. Although points analysed 
right on the borderline revealed much higher FeO 
contents than in the unoxidized sample, points inside 
but still on the rim and near the previous ones showed 
a significant depletion in the same oxide. After a 
second polishing, which revealed an equatorial zone, 
the analysed points no longer showed significant 
differences in FeO content with respect to the 
unoxidized sample. Instead, approximate ly  30 
points of crystal TS2B6, which was first analysed 
close to the equatorial zone, did not show significant 
differences from analysis belore oxidation. This 
indicates that iron atoms had migrated towards the 
surface, al though they came from the nearest 
underlying layers. It may therefore be concluded 
that the most representative analysis of the oxidized 
sample was not significantly different from that of 
the parent spinel, except for some inhomogeneous 
zones near the surface where some iron loss occurred. 

During crystal polishing for microprobe analysis, 
examination of one bulk section by reflected light 
microscopy showed some inclusions of hematite, 
identified by morphology, reflectance, colour and 
anisotropy. They were particularly evident when the 
lamellae were needle-like in shape, ~0 .5  p,m x 5 gm, 
and oriented only in particular directions (probably 
{ 111 }) of the host crystal (Davis et al., 1968; Fleet 
and Arima, 1985). In one particularly thin crystal, 
they were detected in transmitted light as pseudo- 
hexagonal in shape and so translucent as to appear 
characteristically orange-red in colour. 

Microprobe analyses of spinel crystals with 
hematite inclusions, although performed with a 
defocussed electron beam, failed to reveal the 
expected increase in total iron contents, as compared 
to inclusion-free spinel compositions. The lamellae 
were detectable only by means of an Fe-K~ scanning 
picture. An FeO content significantly higher than the 
average was measured by means of a highly focussed 
beam just over these inclusions. Similarly, X-ray data 
collection failed to reveal any contribution of 
hematite to the spinel {hhh} reflections. Again, 
although there were some indications of the presence 
of hematite seeds in untreated samples, they could 
not be detected even by M/3ssbauer spectroscopy. 

In conclusion, hematite formation was a quantita- 
tively secondary phenomenon in oxidation: the role 
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of the seeds may have consisted in catalyzing this 
process, as suggested by Colombo e t  al. (1964b). 

M e c h a n i s m  of  ox ida t ion  

The adopted oxidation model is based on the 
assumption that free oxygen at the surface of the 
crystal is adsorbed into the framework and ionized by 
Fe 2+ atoms, according to the reaction (O'Reilly and 
Banerjee, 1967): 

Fe 2+ + ~zO ~ zFe 3+ + (1 -z )Fe  2+ + �89 2-, 

where degree of oxidation z is the ratio between the 
number per f.u. of oxidized Fe 2+ ions and the initial 
number, Fe2+(0~<z~<l). Cations from inside the 
crystal then diffuse through the lattice and combine 
with anions to form new cells at the surface of the 
crystal, the continuous layer of ~-Fe203 on the 
surface not preventing further oxidation inside the 
crystal (Feitknecht and Gallagher, 1970). Moreover, 
it is a ssumed that  o ther  possible  concurrent  
phenomena are negligible. 

As the increment in the number of oxygens per f.u. 
is AO -- ~zFe~ +, the ratio between the number of 
oxygens of the whole crystal before and after 
oxidation, N o o x y g e n s  and N o x y g e n s  respectively, is: 

k - N o o x y g e n s  _ 4 _ 4 
1 ~ 2 +  N o x y g e n s  4 + AO 4 + ~ z r e  0 

Since the total number of cations in the whole 
crystal N c  is preserved: 

N c  - -  N o o x y g e n s  N o x y g e n s  
4 no ~ n (4) 

where no and n are the numbers of cations per 4 
oxygens before and after oxidation, respectively 
(no = 3). 

From equation (4) it follows that: 

N o o x y g e n s  4 
n - -  n o  = k n o  = 3 1 ~ 2 +  N o x y g e n s  4 + ~ z r e  o 

Thus, the total number of cations per f.u., and 
consequently also each atomic fraction, must be 
rescaled, because the initial number of cations is 
redistributed over an increased number of cells. 
Therefore, if the initial atomic fractions are Fe~ +, 
Fe~ +, Xo.i, after oxidation they become: 

X F . . . .  k(Fe 2+ - zFeg +) = k(l - z)Fe 2+ (5) 
XF~.,* = k(Fe 3+ + zFe~ +) (6) 

Xi = kXoj (7) 

Moreover, vacancies [ ]  form in the crystal, and 
their number Xm per f.u. is: 

( 4)  
1 - -  2 +  X G = n 0 - n = n 0 ( 1 - k ) = 3  1 4 + i z F e  0 

1 _rz~A2+ 
zr~0 

= 3  
4 l 2+ + ~ zFeo 

(8) 

As for the total number of cations N c ,  the total 
number of electrons N e - o f  the same cations in the 
whole crystal is also preserved. Therefore, as in 
equation (4): 

N o o x y g e n s  _ N o x y g e n s  _ 
N e -  -- 4 e~ - 4 e (9) 

where e o  and e -  are the numbers of electrons per f.u. 
before and after oxidation, respectively. 

From equation (9), and also using equation (8), it 
follows that: 

N o o x y g e n S e o  = k e  ~ = n _ 3 - Xtn _ 
e -  - N o x y g e n s  no e~ - -  3 e~ 

(10) 

So the number o f  electrons per f.u. decreases on 
oxidation, and the number o f  vacancies can be 
calculated from this variation. In fact, equation (10) 
gives: 

As the number of vacancies is also correlated to 
degree of oxidation z and to Fe~ +, equation (8) gives: 

z = 8  Xn 
(3 - XD)Peg + (12) 

Therefore, once the number of electrons per f.u. 
before and after oxidation and Fe z+ are known, 
equations (11) and (12) provide both the number of 
vacancies and the degree of oxidation. 

Errors in quanti t ies  (11) and (12) may be 
calculated from: 

( e -  Z ,~e ~_ + (13) o D : eo o2o 

O" z 
8 

(3 XE~) Fe 2+ 

9(Fe~ 2 X~ 2 [] 2 
[(3- x[])~@] 2 ~ + ~%~ ) ~ 

(14) 
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Crystallographic data in unoxidized and 
oxidized samples 

Electrons f rom X-ray structural refinements 

decrease in u and the charge increase in the T site 
(Della Giusta et al., 1996) suggests that, in this case 
too, the phenomenon is to be related to the increase in 
trivalent cations in the tetrahedron. 

Electrons calculated from site-occupancy refinements 
decrease in all three samples after oxidation, from 
42.30 to 40.96 on average. A reasonable estimate from 
equations (11) and (13) is X~ = 0.095 +__ 0.018. In 
sample TS2D, the e - /eo  ratio is slightly lower than in 
the other samples, so that a slightly larger number of 
vacancies is to be expected. An analogous estimate of 
the degree of oxidation derived from equations (12) 
and (14) for the mean of the three samples (Fe 2§ 
0.225) gives z slightly higher than 1, with an error of 
0.2, so that this oxidation may reasonably be regarded 
as total. Further confirmation of this comes from the 
striking coincidence between the numbers of electrons 
which can be calculated from equation (10) for z = 1, 
and those effectively observed from site occupancy 
refinements, in all three samples. 

Electrons in T and M sites 

The decrease in number of electrons after oxidation is 
not homogeneously distributed: e - (M) is almost 
unchanged, whereas a loss of ~ l e -  occurs in the T 
site. This suggests that: (i) vacancies are restricted to 
the T site; (ii) more complex exchanges occurred 
between T and M sites, in which lighter atomic 
species migrated from M to T. 

However, mechanism (i) alone is not sufficient to 
explain the phenomenon, because cations already 
residing in the T site cannot have maintained their 
ratios unchanged. If this is so, on average for the 
three samples, e- (T)  should be (1 - Xtn) x co(T) ----- 
(1 - 0.095) • 15.48 ~ 14.02, whereas the value is in 
fact e- (T)  ~ 14.47. Therefore, it may reasonably be 
expected that light atoms occupy most of the T sites. 

Cell edges 

The a parameter decreases with increasing vacancies, 
as also observed in other spinels (Viertel and Seifert, 
1979; Navrotsky et al., 1986; Basso et al., 1991; 
Lucchesi and Della Giusta, 1994). A decrease in cell 
edge with vacancies is also described by Kullerud et 
aL (1969) in magnetites, when they are restricted to 
the M site. 

T - O  and M - O  bond lengths 

T - O  undergoes a significant decrease, the lowest 
values being found in sample TS2D4, which also has 
the lowest a value. This confirms that the ratio between 
tetrahedral cations does change and eliminates any 
doubt about vacancies in this site: if there were any 
vacancies, the T - O  bond length would increase, due to 
longer distances in vacant sites than in any of the 
occupied ones. The M--O bond length maintains 
similar values to those of crystals heated to the highest 
temperature (1150~ As vacancies are restricted to 
this site, more cations with smaller ionic radii than in 
the highest-temperature crystals are expected to 
counterbalance vacancies here, which in this site too 
have greater radii (2.105 A, as opposed to 1.909, 2.020, 
2.095 A for 16LA1, [6~Fe3+, [tlMg respectively). 

Conclusions 

The crystallographic data indicate that, in the T site: 
there are no vacancies; 
lighter atoms, including several trivalent atoms, 

occupy the site. 

Cation distribution calculation in oxidized 
samples 

The chemical formulae of the three oxidized samples 
were obtained from those before oxidation by using 
equations (5) - (8), for z varying from 0.0 to 1.0 with 
a step of 0.1. The minimum of equation (3) was 
sought for each formula thus obtained. In all three 
cases, it was found that the goodness of fit, which 
was inverse to the sum of the residuals, improved 
continuously for z from 0.0 to 1.0. Therefore, the 
experimental data fit the hypothesis of total oxidation 
better, as already suggested by the decrease in 
number of total electrons. 

The chemical formulae on the basis of four oxygens 
and the best cation distributions, relative to z = 1, are 
listed in Table 2 which, for comparison, also shows 
the distributions of some unoxidized samples already 
published in Della Giusta et al. (1996). 

Oxygen parameter 

The oxygen coordinate in the oxidized samples is 
diminished, suggesting complex exchanges of cations 
between sites, as already described in defect-free 
natural spinels (Princivalle et al., 1989). In particular, 
the already observed relat ionship between the 

Discussion of cation distribution and comparison 
with that of parent unoxidized spinel 

In comparing cation distribution before and after 
oxidation, it must be recalled that, although the 
cation fraction in oxidized samples is diminished by a 
factor of k (equations (5)-(8)) ,  comparison between 
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vacancy-free and oxidized spinels in sample TS2 is 
straightforward. 

AI, Mg and Fe B+, now present, undergo quite 
different distributions with respect to vacancy-free 
spinels. Fe 3+ (now present in considerable amounts) 
is similarly distributed between T (~0 .15)  and M 
sites ( ~  0.10 per f.u.), whereas the low quantities of 
Fe 3+ in the natural and heated sample TS2 were only 
found in the M site. Magnesium distributions do not 
compare with untreated or heated values, being 
respectively ~0 .60  in T and ~0 .14  per f.u. in M 
sites. Aluminium disorder resembles that of the 
natural heated sample at 1150~ [41A1 reaching 
~0 .25  - 0.27 per f.u.. 

To summarize, in oxidized spinels: 
in the T site, trivalent ions are more abundant than 

in all the stoichiometric spinels, reaching a total of 
~0 .40  per f.u.; all the Fe z+ of the sample which was 
then oxidized resided here (contrary to what happens 
in titanomaghemites; O'Reilly and Banerjee, 1967); 

in the M site, cation occupancy is quite different 
with respect to that at the highest temperature: 
outgoing Mg is not completely counterbalanced by 
incoming Fe 3+. The resulting difference is ~0 .08  - 
0.09 vacancies, restricted to the M site, as already 
found by Guse and Saalfeld (1990), Basso et al. 
(1991), Lucchesi and Della Giusta (1994) and 
Waerenborgh et al. (1994). 

In oxidation processes, higher diffusion of Fe 3+ 
between the sites is observed, probably due to the 
p resence  of  vacancies ,  as a l ready noted by 
Waerenborgh et al. (1994), Larsson et al. (1994) 
and O'Neill  et al. (1991). 

Continuity o f  the series 

The proposed cation distribution leads to clear 
dependence between the non-fractional oxygen posi- 
tional parameter u* = a x u and the ratio q(T)/q(M) 
(charge unbalance), where q(T) and q(M) are the 
charges in T and M sites, respectively (see Fig. 1). The 
relation between these two parameters is linear: 

u* = cl x q ( T ) / q ( M )  + c2 (15) 

with cl = -0 .428,  c2 = 2.293 and R 2 = 0.987. 
As charge unbalance is a measure of the number of 

trivalent cations in the T site. it follows that u* 
decreases as trivalent cations enter the T site. This 
occurs continuously as temperatures become progres- 
sively higher and goes further with oxidation. This 
sequence suggests that oxidation may be regarded as 
a development of heating. 

Comparison  with other series 

The same clear dependence described by equation 
(15) is evident (see Fig  2) working on data on other 

series in the literature (Larsson et al., 1994; Lucchesi 
and Della Giusta, 1994; O'Neil l  et  al., 1991; 
Roelofsen et al., 1992; O'Neill  et al., 1992). In 
series i (synthetic FeAI204 ), the u* decrease on 
increasing q ( T ) / q ( M )  corresponds to increasing 
temperatures, as in our sample TS2. Series iii, iv 
(synthetic NiA1204) and v (synthetic MgFe204), 
which are partially inverse, behave in the opposite 
way. That is, in both inverse and normal spinels, 
increasing temperature causes cation distribution to 
approach q(T) /q(M) = 0.5, corresponding to an equal 
number of charges in the T and in each of the two M 
sites. Therefore, one hypothesis is that this arrange- 
ment represents the 'limit'  approached by the spinel 
structure as temperature approaches infinity. As a 
matter of fact, at least in binary spinels, q(T) /q(M)  = 
0.5 at x = 2/3 (x = degree of inversion), a state 
corresponding to random distribution and maximum 
configurational entropy (Navrotsky and Kleppa, 
1967). 

Conclusions 

The proposed 'addition of oxygen' mechanism, like 
that used by O'Reilly and Banerjee for titanomaghe- 
mites, fits our experimental data of TS2 spinel very 
well. Cation distributions calculated in the oxidized 
samples follow the same trend as those in heated 
samples and correspond to a higher temperature 
arrangement. The TS2 series behaves like other series 
in the literature, as regards charge increase in the T 
site with temperature. To our knowledge, no other 
series besides TS2, in which cation distribution both 
on heating and after total oxidation could be 
followed, has appeared in the literature. 

Hematite inclusions, identified in oxidized crys- 
tals, were not detectable either by X-ray diffraction 
or by electron microprobe analysis: their role is 
marginal in the process described. 

Further investigations on cation distributions in 
spinels oxidized at various temperatures would be 
informative. It would also be interesting to heat 
oxidized samples further, to verify whether oxidation 
also corresponds to the maximum degree of inversion 
for a given composition. 

Lastly, the methods described in this work to study 
artificially oxidized spinels (single-crystal X-ray 
structural refinement, electron microprobe analysis, 
cation distribution calculated assuming vacancies or 
otherwise) may also be adopted to study natural, 
possibly non-stoichiometric, spinels. 
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