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Abstract

A natural Mg-Al-Fe spinel from the Balmuccia peridotite (Italian Western Alps) was annealed at T between
650 and 1150°C, under controlled oxygen activity, and quenched in H,O. Twenty-three cation distributions
were calculated from XRD structural refinements in tandem with microprobe analysis, and verified by
Mossbauer spectroscopy in the case of unheated samples.

Unheated crystals showed essentially ordered distribution of Fe** in octahedral and Fe?* in tetrahedral sites,
the only intracrystalline disorder being represented by ~0.12 atoms per formula unit of *IAl and '“'Mg.
Thermal runs and quenching maintained substantially ordered distribution of Fe** and Fe** up to ~990°C and
produced continuous “Mg-'"JAl exchange. Between 990 and 1150°C, the previous order of Fe*-Fe**
appeared to change slightly, )Fe?* reaching ~0.04 afu and "!Mg =*IAl 220.24 afu at the highest T. After
quenching from this temperature, Fe>* still resided mainly in the T site. Some previously heated crystals
underwent reordering on lowering of the temperature.

Experimental data, integrated with existing literature, enabled cation-oxygen distance in this structure to be
improved. Results from annealed samples allowed the formulation of an experimental thermometric function

based on Mg-Al intracrystalline disorder.

KeYwoRDS: spinel, disorder, temperature dependence, peridotite, Italian Alps.

Introduction

SPINELS are common accessory minerals in many
rocks; due to their magnetic properties, they are of
great intercst in geophysical research and in the
ceramics industry. As petrogenetic indicators, they
have been investigated by Irvine (1965), Sack (1982),
Gasparik and Newton (1984) and Sack and Ghiorso
(1991a), among others. Site populations have been
investigated in synthetic magnetite by Wu and Mason
(1981), Trestman-Matts er al. (1983); in synthetic
MgAl,04 by Grimes et al. (1982), Yamanaka and
Takeuchi (1983), Peterson et al. (1991), Millard et al.
(1992); in synthetic FeAl,O4 by Larsson et al.
(1994); in synthetic MgCryO4, ZnCr,Qy4, Fe3Oy,
ZnAl,O4 by O’Neill and Dollase (1993); in synthetic
NiAl,O4 by O’Neill er al. (1991); in synthetic

ZnFe,04 by O’Neill (1992); in synthetic MgFe,0,
by O’Neill et al. (1992), and in several binary joins
by Nell et al. (1989), Waerenborgh et al. (1994).
Thermodynamic modelling of spinels has also been
studied by Petric and Jacob (1982), Urusov (1983),
O’Neill and Navrotsky (1983), Ottonello (1986),
Sack and Ghiorso (1991b), and Della Giusta and
Ottonello (1993).

Spinel structure (Hafner, 1960; Hill et al, 1979)
has Fd3m symmetry, and with only the oxygen atom
with (u, u, u) independent fractional coordinates and
a multiplicity of 32. Eight cations lie in a tetrahedral
site (T) with 43m symmetry, coordinates (1/8, 1/8, 1/
8), and sixtcen in an octahedral site (M), with
coordinates (1/2, 1/2, 1/2). These refer to the origin at
centre (3m). The M site has 3m symmetry, and may
be slightly distorted being elongated or shortened
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along the three-fold axis following the (u, u, u)
oxygen coordinates. M is a perfect octahedron for u =
0.25. The oxygen atom is surrounded by three M and
one T cations, forming a triangular pyramid with 3m
symmetry. Thus the structure is defined by only two
cation-to-oxygen distances, T-O and M-O, which are
related to the a cell parameter and to « by the
following equations:

8
11v/3

a

[S(T ~0)+1/33(M - 0)® - 8(T — 0)2]
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0.75R — 2+ 1/BR - 05 -
2

6(R—1)

u =

where R = (M-O)*/(T-O)* .

In previous papers (Basso et al., 1984; Della
Giusta ez al., 1986, 1987; Princivalle et al., 1989), we
investigated several natural samples from various
geological environments. One result was that a
depends mainly on bulk chemistry, while w, being
determined by cation distribution, is strongly affected
by physical environment. One of the previously
investigated spinels (TS2) has now been selected to
measure changes in site population due to tempera-
ture. Rock sample TS2 comes from a suite of
websteritic dykes crossing a peridotite of mainly
lherzolitic composition in the Ivrea-Verbano area,
Italian Western Alps (Pizzolon, 1991). This suite,
named ’Al-augite suite’ (Comin-Chiaramonti et al.,
1982), contains spinel with low Cr content, the Ct/
(Cr + Al) ratio generally being < 0.04. Very slow
cooling during uplift allowed strong exsolution
phenomena to take place in the associated pyroxene,
so that highly ordered Mg-Al distribution is to be
expected in TS2 spinels (Princivalle et al., 1989;
Schmocker and Waldner, 1976; Cynn et al., 1993;
Peterson et al.,, 1991; Yamanaka and Takeuchi,
1983). In these spinels, as in spinel sensu stricto,
completely ordered distribution means all divalent
cations in the T site and all trivalent ones in the M
site.

Experimental

Firstly, the homogeneity of TS2 spinels was tested by
microprobe in 103 randomly chosen points of one
thin section. Single grains showed sufficiently good
enough homogeneity, while chemical composition
was quite different from grain to grain, above all as
far as Cr content was concerned (average wt.% Cr,O3
=248, o = 1.12).

Several crystals extracted from the same rock
hand-specimen had to be examined to find some
suitable for single-crystal data collection. Seven of
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these, named A—G, were found for the experiments
reported below. They shared both similar cell
parameters and Cr content ~ the latter being much
lower than the average on the hundred analysed
points. This similarity provided some guarantee of
the possibility of carrying out experiments on seven
crystals as if they were just one.

Three of the crystals had already been the subject
of a comparison between Mossbauer spectroscopy
and X-ray refinement results (Carbonin et al., 1996).
The homogeneity, both intra- and intercrystalline, of
TS2 spinels was more extensively reported in that
work.

Single-crystal X-ray diffraction

Unit cell parameters were obtained on a single-
crystal STOE AED4 diffractometer with Mo-Ko
radiation, monochromatized by a graphite crystal: 22
reflections in the range 8°< 0 < 20° were accurately
centred; a stepscan through each reflection was made
at positive 20 and w and the centre of gravity was
calculated. Then reflections were scanned at negative
20 and o and the centres were again determined. The
mean of the @ centres was taken as the true 0 value.
The diffractometer alignment was checked by
measuring the cell parameters of a quartz crystal
and a ruby supplied by the Organizing Committee of
the XII Congress of the IUC. Diffraction data were
collected up to 20 = 100°. The ©-20 scan mode was
used with peak-base widths of 20 = 2°, 45-step
integration, 0.6 s per step counting time. The data
collection of crystal TS2A1 was performed for a P
lattice. A few reflections forbidden in the spinel
space group Fd3m were detected, but a ¥ scan
showed that they were due to multiple reflections.
Thus, all the other data were collected for an F
lattice. Up to six equivalent reflections were
measured and corrected for absorption and back-
ground, following North et al. (1968) and Blessing et
al. (1972) respectively. After correction for Lorentz
and polarization effects and isotropic secondary
extinction, a set of ~ 170 observed structure factors
Foyyy was obtained from each crystal (Table 1).

Crystal structure refinement

Structural refinements were performed in the Fd3m
space group. Two neutral scattering curves, Mg vs Fe
in the T site and Al vs Fe in the M site, were assigned
in the initial stage of the refinement, with the
constraints of full site occupancy and equal
displacement parameters. No constraint from
chemical analyses was imposed.

Calculations executed against Foyy, turned out to
be rather unstable and dependent on the ¢ threshold
used. Consequently, structural refinements were



605

TEMPERATURE-DEPENDENT DISORDER IN SPINEL

.voﬁ.aub =1 ‘01-xg = /J¥F 'SUOND3YJoI [je 10§ XpUl [enpisar By ‘op < SUOYOIYIAT JOJ XaPUI [ENpISal :2vy ‘op < suondapRl YN ‘sefdwes paziprxo § ‘suns SupopIQ
“Po,1 Suisn pajenoged
¥ xopui [enpisay -s[dwres 7S], WO S[RISAID JUSISJJIP 01 SI9Ja1 (J3112]) SUO Ing ISe] Y ‘[eISAID Sures Uo sjuauriiadxa JUaleJJIp 03 SI9J0I (Joquunu) IS)Oereyd Jse] Isif djdues uf :sa10N

yLovy 9 zeel (D 6Tyl (9) p8E6'T (01) L006'T (D611 . (@ 8L (@ 8L 95T $TO0 200 LST (L) €L0970 (6)0S808 P OIl 089 $pATSL
LIy (98Tl (D 19%L (9 69¢61 (1) $906'T @ EIT (@ SL @ 8L TOE 600 9200 €SI (8) LOI9TO (9) 16808 P OTL 089 §soTSL
860r (D vTel (D OSYL (9 LLg6'T (1) 8061 (@ L01 (D19 (@19 97T 1200 6100 SST  (4) 160970 (6) SL808 P OTI 089 §odeSL

6cTy O srel @SSt (Doger (1) 10261 (@l @LL ()88 978 SE00 1€00 891  (8) 891970 (b)) LOII'S W OQI OSII £€0TSL
sty D0sel (19SSt (D eLger ANLT @Il @LL (@06 18v €600 8200 99T (8)9L19T0 () ITII8 weg  OSII 7OTSL

gI'zy (9 8¢el (ADOFST () 6£26'T (R 8861 (D8 (@ IL () L8 €6'S TEO0O ST00 L9T  (9) L9690 (€) 9€1T'8 TeaquR  1HTSL
€Ty el @D LTS W IveeT @6l (@6 @9 ()88 8811 0500 6200 €LI  (9) 6S£970 () TTIT'S JeAYUN [ 4ZSL
w0y W seel D IeST 6Tt (W 6e9v61T (DSL (D9 (9L €0¥y €200 0200 891  (S) €990 (S) 1801°8 eAyUR [ HZSL

Yoy O el D I19sT (9 9sz6T N ¥9r6T (@88 (@ IL (@8 958 1£00 L2000 L91 (L) 8vE9z0 (©) ISII'8 PHT  SLO €deslL
sy (O Lbel (D 09st (9 z8Te'T O €96l (D06 (@ SL ()68 T6L €£00 6200 891 (L) 6v€970 () 8EIT8 PIE  0S9 7qazslL
9Ty (O ISEl ED ST (D SHeT (O Isvel (@Ds8 @ IL (@98 06 €€00 1€00 TLT (L) 19¢970 () €411'8 ‘YU QTSI
LTy 9ecel (D oSSt (L) 6Lz6'T (€1 T6E6'T (@701 (@D9L ()06 666 6500 L£00 891  (6) €090 (€) ITIT'8 U OVE S69 *VOTSL
ey (Worel Q1) sssT (D 6Lz6'T (€N 18861 (@001 (D 9L (£) 68 9511 W00 0v00 ILI  (6) 867970 () L60T'8 U OLI  S69 *£DTSL
Lety @e6cel (€D 09ST (9 SLT6T (1196561 @66 (DyL @) 68 98 $E00 100 691  (8) LOE9TO (€) SOTI'S UoF  OEL TOTSL
STy (D Iel G st D epz6T (D ovel @D s8 @ 1L (@98 L9L SE00 €€0°0 vLI () ¥SE9T0 (W) €TTT'S eayun  1DTSL
€Ity @ egel D LSt (99061 (1) 6Te6T (@601 (8L (D16 €£6 SE00 LZOO 991 (L) 192970 (€) L6018 HOL  OfL *SHTSL
Lty @ogel (WD SSSt (WLIET (€1 06T (@601 (@) SL  (R) 88 0001 ¥€00 000 +SI  (6) ¥b29z0 () ¥6018 UT 0c8 *PdTSL
ww @ IFEl ED oSt (LD Lege't (€1 €926'T (@D SIT (@D LL ()06 SECOT SE00 €00 891  (6) SIZ9T0 () 68018 W Q9  SI6 €LISL
YOty (9 €e€l @D BEST (9 6£6T (VD ILk6T (@18 ()99 ()18 6v6 ZE00 0£00 OLL (L) 65€970 (€) €111'8 W OIT S69 4TSl
80Ty (DOVEl (D 8TST (9 Leg6l ODUvel @L8 (@I (298 LL'8 00 1€00 SOI (L) 19€970 (b) 80118 Jeayun  1gqzSL
80Ty (6 LEEl (LD vEST (OD ¥Se6'T (BT SET6T ()96  (€)LS () L9 €6'T SvO0 vP00 TLI (€D ¥61970 () 96018 UT 026 +9VZSL
wwr Worel SDo09sT W TseeT WD Wl @l (D8 (£)s6 811 86000 L£00 £L91 (O1) 861920 (£) 0011’8 W OL 066 SVISL
Iy (9 6£€l (€D €91 (9 e£e61T (A 6LT6T @ SIT (@ LL (@16 LOTT TEOO I1€00 OLT  (8) STToz0 (£) 00LI'8S WOl 066 PVTSL
€y (98e€l @D 8rst (Do1eeT (1) Lege'l @ O1T (D6L (@16 8TIL TEO0 0£0°0 OLL  (8) 8ST9T0 (4) 9011’8 W 06  0€8 EVTSL
€T Werel D8est @ veeel QDovel @16 (D8L (£)16 €571 8€00 L£OO0 1L1  (8) 19€9T0 (£) 66018 UT 0£9 TVISL

€07y (9)8e€l (D 9TST () Seel D eLve1 (@18 (@l (298 91'6 €00 0£00 <TLI (L) 796970 (B) 40118 JeyUn  |YZSL
(¥) ¥ ) V) W ) (o})
%% (W2 (L2 O oL (O Wa Wn w7 ™y vy W n D 7 1z srdures

sfourds pejeay pie pajeayun fernjeu ur e1ep [eIsAI) *| T16V]



606

performed against FoZ, using the SHELX-93
program (Sheldrick, 1993). Recovering all informa-
tion from the relatively large number of weak
reflections with 7 > 2o(]), stable refinements were
obtained and all correlations involving site occupan-
cies disappeared, allowing simultaneous minimiza-
tion of all structural parameters. The refined
parameters were: scale factor, secondary extinction
coefficient (Ext.), oxygen coordinate (i), tetrahedral
and octahedral site occupancies, occ.(T) and occ.(M),
and displacement parameters, U(Ox), U(T) and
UM).

Site occupancies depended only slightly on the
ionization level of the oxygen scattering curve, while
the cation ionization level was irrelevant.
Refinements of all crystals were repeated system-
atically, changing the scattering curves to obtain the
best values of all conventional agreement factors
over all sin®/A intervals. The best results were
obtained with neutral cations and O™,

Table 1 shows the crystallographic data obtained.
Residual R factors were calculated using Fo,y
instead of Fok, for comparison with conventional
refinements.

Microprobe analysis on X-ray refined crystals

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 by the Cameca/Camebax electron microp-
robe at the Dept. of Mineralogy and Petrology of the
University of Padova. Analyses were performed at
15kV 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. Synthetic oxide
standards were used, and results were monitored
against the same standards. Analyses were carried out
after a check that Ixg4/Iq was 1.00 + 0.01 for each
element, where Ixyq was the intensity of the analysed
standard and Iy the intensity of the same standard
monitored after each element calibration. Typically,
analyses for MgO, FeO and Al,O3 were accurate to
within 1% of the amounts present, and for minor
elements MnO, ZnO, TiO;, Cr,03, NiO and SiO; to
within 5%. At least five point analyses were
performed on each crystal. The Fe** was calculated
on the basis of three cations per four oxygens; its &
was obviously much higher than the others, since it
was affected by those of all the remaining cations.
Table 2 reports the chemical data of the
investigated crystals before thermal runs. The total
number of electrons obtained from chemical analyses
agrees with that from site occupancies, the differ-
ences always being < 0.3¢”. The TS2C crystal was
not analysed before thermal runs and was assigned

A. DELLA GIUSTA ET AL.

the same composition as crystal B, on the basis of a
similarity.

Thermal runs

Heating experiments were then undertaken in order
to study structure and site population variations at
various T. Some crystals were heated at first
increasing (disordering) and then decreasing
temperatures (ordering), with the aim of ascertaining
if, at a given temperature, they showed the same
structure and site population on both heating and
cooling.

The crystals were sealed in SiO; tubes, 2 mm &,
containing iron-wustite buffer wrapped in platinum
foil, to prevent reaction between iron and silica. The
tubes were filled with argon purified on molecular
sieves and titanium sponges. Heating experiments
were performed in a vertical furnace with tempera-
ture control accurate to +5°C; quench was obtained
by dropping the sealed tubes into cold water. For an
estimate of cooling rate, an insulated  thermocouple
was inserted in a SiO, tube and connected to a high-
speed recorder. The tube was flame-heated to 1100°C
and then dropped into cold water from the same
height as the sealed tubes. This sequence was
repeated several times and indicated a time of
~0.5 s for a T decrease from 1100 to 400°C. The
temperature and duration of each run are reported in
Table 1. Five crystals were used for eleven
disordering and five reordering thermal experiments.
After each run, the crystals were remounted in the
same position on the diffractometer, to minimize the
differences in absorption correction of the new data
collection. Microprobe analyses repeated at the end
of thermal runs showed no appreciable variations, in
spite of strong reducing conditions. However, some
runs produced oxidized samples. The SiO, tubes
allowed experiments up to 1150°C for ~10 hours
and up to 700°C for 30 days. Longer durations caused
incipient recrystallization of the tube and the
entrance of air through silica grain boundaries, with
consequent oxidation even of spinel iron. In some
samples, oxidation produced very thin lamellae of
haematite, identified by its morphology, reflectance,
colour and anisotropy. The crystal data for these
samples, which will be the subject of future studies,
are reported in Table 1 (bottom three rows) for
comparison purposes only.

Crystallographic results

Crystal data are reported in Table 1. In the unheated
crystals, a ranges from 8.1081 (TS2E1) to 8.1143 A
(TS2D1), an interval about fifteen times wider than
the mean o of the a determinations. The higher a
values correspond to higher contents of larger
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TABLE 2. Microprobe analysis on X-Ray refined crystals, on basis of 3 cations and 4 oxygens

TS2A TS2B-C TS2D TS2E TS2F TS2G
Al,O4 65.33 65.30 64.44 65.01 64.61 64.45
FeO 13.43 12.34 13.83 13.13 13.62 13.78
MgO 20.58 20.69 19.94 20.49 20.16 19.94
MnO 0.11 0.10 0.09 0.09 0.10 0.09
SiO, n.a. 0.05 n.a. 0.03 0.03 n.a.
ZnO 0.11 0.13 0.11 0.00 0.10 0.11
Cr,05 0.33 0.64 0.95 0.16 0.50 0.90
NiO n.a. 033 0.29 0.25 0.39 0.34
TiO, 0.04 0.03 0.05 0.03 0.05 0.11
Total 99.93 99.60 99.71 99.58 99.56 99.72
Al 1.935 1.938 1.924 1.938 1.927 1924
Fe?* 0.225 0214 0.238 0.221 0.229 0.238
Fe®* 0.057 0.046 0.055 0.057 0.059 0.054
Mg 0.771 0.777 0.753 0.773 0.761 0.753
Mn 0.002 0.002 0.002 0.002 0.002 0.002
Si n.a. 0.001 n.a. 0.001 0.001 n.a.
Zn 0.002 0.002 0.002 0.000 0.002 0.002
Cr 0.006 0.013 0.019 0.003 0.010 0.018
Ni n.a. 0.007 0.006 0.005 0.008 0.007
Ti 0.001 0.000 0.001 0.001 0.001 0.002
Total 3.000 3.000 3.000 3.000 3.000 3.000
€chem.* 42.04 41.91 4242 42.01 42.28 4242

* Total number of electrons calculated from microprobe analysis: compare with Table 1, last column.

n.a. = not analysed.

cations, Fe?* and Cr, whose sum ranges from 0.224
(TS2E1) to 0.257 afu (TS2D1) (see Table 2). These
compositional differences do not affect the oxygen
coordinate u, whose range is only 0.00013, less than
twice the mean o. Site occupancies and derived
number of electrons in the T and M sites, e(T) and
e(M), which overlap within 2c are also very similar,
as well as displacement parameters for T, M and O
sites, only TS2E1 showing lower values related to a
lower extinction factor.

In the heated crystals, it is worth noting that: (a)
The a cell parameter needs the highest T (1150°C) to
undergo a small decrease (TS2G3); this is still too
small to be attributable to Fe oxidation, as shown by
the comparison with a and u collapses in oxidized
samples (Table 1, bottom three rows); the a cell
parameter does not change significantly in lower-
temperature experiments except in TS2D3, in which
a small increase is observed. A similar variation also
occurred in Larsson’s (1995) experiments after
heating a natural spinel at low temperature and was
attributed to re-adjustment of the spinel crystal. (b) U

displacement parameters generally increase with
annealing temperature but are lower if the extinction
factor is diminished. (¢) The number of electrons
does not change significantly: e(M), just over 13,
suggests — besides Al and Mg residing in the M site —
an amount of Fe approximately corresponding to the
total estimated Fe *; e(T), over 15, clearly points to
the great amount of Fe in this site. (d) The parameter
most sensitive to heat treatment is the oxygen
coordinate u, whose variation vs temperature is
shown in Fig. 1A.

On disordering (upper curve), u undergoes the
highest decrease (~0.0020) at the maximum T
reached, 1150°C, (TS2G2-G3), U(Ox) increasing
considerably. At 990°C (TS2A4) the u decrease
was already significant after 10 min, but further
heating at the same temperature caused a further
definitive u decrease (TS2AS5). At 730°C (TS2C2)
the u decrease and U(Ox) increase with respect to the
unheated crystals were still significant, while in runs
at 650 and 675°C lasting up to one month (TS2D2-
D3), the u decrease was very small. Runs at 630 and
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695°C (TS2A2-B2) were performed for a time (~2h)
insufficient to give definitive results. Regarding the
rate of change vs T over 1100°C, crystallographic
parameter variations were achieved in a few minutes
(TS2G2-G3), while below 1000°C definitely longer
times were required (TS2A4-A5).

From the durations of the experiments, it may be
concluded that some crystals did not in fact attain
equilibrium conditions (TS2A2, B2, A4, G2). This is
suggested by the fact that at least one crystal-
lographic parameter — the oxygen coordinate, oxygen
displacement parameter or extinction coefficient —
was anomalous with respect to the trend of the other
crystals (Figs 1A,B).

Results of ordering experiments between 920 and
695°C are also shown in Fig. 1A (lower curve) and
marked with an asterisk in Table 1. With decreasing
T, only TS2B4 (820°C) reached the u and U(Ox)
previously obtained (TS2A3) and TS2A6 (920°C)
only reached — within 26 ~ the u obtained during
disordering at a similar temperature (TS2B3, 915°C),
while U displacement parameters remained higher.
Run TS2B5 (730°C) did not last long enough to
regain the u measured on increasing T (TS2C2),
probably like TS2C3-C4 (695°C), whose u values
were still significantly lower than in the upper curve.

In conclusion, ordering experiments performed
with this technique on spinel crystals show that
heating, however realistically prolonged at quite low
temperatures, does not last long enough for the
crystallographic parameters obtained on disordering
to be reached again. In fact, runs at 680°C continued
for 120 days (TS2B6, C5, and D4) were unsuccessful
precisely because of the difficulties evidenced in the
previous section.

Preliminary cation distribution

Cation distribution between the T and M sites in
unheated crystals was pursued through a minimiza-
tion program taking into account both X-ray
diffraction data and microprobe analyses.

Assuming a linear dimensional contribution of
each cation in a site to the relative bond distance,
T—0 and M—O may be expressed as Y ,X:Rt or m, is
where X; and Rt , \, ; are site cation fractions and
bond distances respectively. So substitution of these
expressions in equations 1 and 2 gives a and u as
functions of X;, once the oxygen-to-cation distances
involved are known.

The values of Ry . m, ; first used were those of
O’Neill and Navrotsky (1983).

The following assumptions were made about
cation distribution in our spinels: (a) Mg, Al,
Fe**and Fe** may occupy both T and M sites; (b)
minor cations are assigned to only one site, on the
basis of their general site preference: Si** (Urusov,
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1983), Mn** (Rieck and Driessens, 1966; Navrotsky
and Kleppa, 1967) and Zn?* (Navrotsky and Kleppa,
1967) to the T site; Cr’* (Navrotsky and Kleppa,
1967; O’ Neill and Navrotsky, 1984), Ni** (Navrotsky
and Kleppa, 1967; Urusov, 1983) and Ti**
(Navrotsky and Kleppa, 1967; O’Neill and
Navrotsky, 1984) to the M site.

Minimization on each sample was performed by
means of the MINUIT program (James and Roos,
1975). The minimized function was:

POy =3 (27 —) RS

=1

where O; is a quantity observed, C{(X;) the same
quantity calculated by means of parameters X, and o;
the standard deviation of the observed quantity. The
18 quantities were: a, u, e(M), e(T), number of
cations both per formula unit and in the T and M sites
(3, 1 and 2 respectively), number of charges for the
balance, and atomic proportions from microprobe
analysis. The X; parameters chosen were the 14
cation fractions in the two sites.

In the minimization, to point out possible
inconsistencies between data obtained from different
methods, the cation fractions were allowed to vary
without constraints: if the difference between
observed and calculated values exceeded 26, this
would have indicated some inconsistencies in
structural and/or chemical data. However, this
never occurred in the 23 final minimizations (see
below); in fact, the sum of the 18 residuals of
equation 3 was ~2 with a maximum of ~ 5.1, each
residual never exceeding 1.6.

In the minimization: (a) all parameters were
allowed to vary: cation fractions relative to each
species present in both sites were not constrained to
have their sum equal to the chemical value; this was
also valid for cations present in one site only; (b) for
species possibly in both T and M sites, the starting
value in each site and the starting step were both set
at % the cation fraction per formula unit. In this way,
the minimum could be searched on a preliminary
basis by sweeping the cases from all species in the T
site to all species in the M site; (c) for species
assigned to only one site, the starting value was set at
the chemical value and the starting step at 2 standard
deviations. In this way, the minimum could be
searched on a preliminary basis among reasonable
values of cation fractions; any solution, however, was
still allowed; (d) no constraints were imposed on
minima and maxima.

Initial results were not acceptable: Fe>* turned out
to reside systematically in the T site, while
Mdssbauer spectroscopic data .on the same sample
showed strong ordering of Fe>* in the M site and Fe?*
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in the T site (Carbonin et al., 1996). This compelled
us to revise the set of interatomic distances.

Bond distance optimization and final cation
distribution

For a more consistent set of cation bond distances, a
database of 83 natural and synthetic samples was
prepared, including the TS2 samples refined here and
others still unpublished, plus others from the
literature, in which a and u (or cation distribution)
were both known. They include binary and ternary
spinels containing Mg, Al, Fe?*, Fe**, Cr, Ni and Zn
(sece Table 3, deposited). All of them should be
vacancy-free and not involved in any electron-
hopping phenomena. For samples refined with the
powder profile technique, the « values were weighted
one half, due to lesser accuracy than in single-crystal
refinement (Raudsepp et al, 1990; Young, 1995).
Data from Peterson et al. (1991) for spinel sensu
stricto were used. Their a value, 8.08435(7) A, seems
to be the only published acceptable value and is
consistent both with the data of Tsirel’son et al.
(1987) and with the value calculated by Lucchesi and
Della Giusta (1994) for stoichiometric MgAl,Qy.
Starting cation distributions in samples from
literature were taken as published, and in our
samples were those obtained as previously described.
These data were used to minimize the function;

5 Ol_a 2
sz;( 0; ]

where O; is a quantity observed and C; the same
quantity calculated from the cation distribution. The
five quantities used were: a, T-O and M—-O
distances, e(T) and e(M).

The variable parameters were twelve bond
distances (Mg, Al, Fe**, Fe>*, Zn, Ni, in the T site;
Mg, Al, Fe?*, Fe**, Cr**, Ni, in the M site) and an
inversion parameter for each sample. For complex
compositions, this parameter was changed in
subsequent minimization cycles choosing randomly
among all possible binary exchanges: Mg-Al,
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Mg-Fe*, Mg-Fe**, Fe**-Al, Fe®*-Fe**, Ni-Al. The
process was carried out varying ten parameters at a
time, randomly chosen among the bond distances and
inversion parameters. The procedure was initially
stopped far from convergence to avoid forcing
towards local minima.

The cation-to-oxygen distances obtained after
reaching convergence are reported in Table 4. Bond
distances for Si, Mn and Ti were taken from O’Neill
and Navrotsky (1983) and not minimized. The
estimated accuracy of this set of interatomic
distances was ~0.001 A. In fact, such variations in
the bond length of the most abundant species in T and
M sites propagate in such a way as to cause a
variations of ~0.001 and ~0.002 A respectively. As
these are the typical errors (~2c) by which a is
affected, bond length changes smaller than ~0.001
A would not cause effectively detectable a changes.

With this set of distances, the cation distribution of
each sample of the database was again calculated, as
previously described, with equation 3, and satisfac-
tory agreement was found for all of them. In
particular, the site populations of the TS2 unheated
crystals were in agreement with Mdssbauer
measurements.

The cation distributions of database samples are
reported in Table 3 (deposited), and those of TS2 in
Table 5. It should be stressed that, in Table 5, the
caiculated total number of cations for each species,
relative to the same crystal at different 7, may
occasionally not be constant, due to the absence of
constraints when using equation 3 for minimizations.
However, the difference between calculated and
observed values never exceeded 0.83 o.

Cation distribution results

In unheated TS2 crystals, iron is highly ordered, Fe**
being mainly in the T site and Fe** in the M site:
MIFe>* ranges from 0 to 0.002 afu, 'Fe?* from 0 to
0.007; these values are probably smaller than the
accuracy of the determination. This partitioning is
confirmed by Mossbauer spectroscopy. Similar Fe
distribution had already been found by Osborne et al.
(1981) and Chen et al. (1992) in chromites, and by

TaBLE 4. Radii Rt and Rym (A) obtained from bond distance optimization and used for cation distribution

calculation
Mg  F&  Fe* Al Mn Si Zn Cr Ni Ti
T site 1965 1996 1.891 1767 2.040* 1.652* 1.966 1.974
M site 2005 2138 2020 1909 199 2076  1.985*

*From O’Neill and Navrotsky (1983)
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Waerenborgh et al. (1994) in Zn-Fe-Al spinels from
Mossbauer data. The only intracrystalline disorder in
our crystals is therefore represented by ~0.12 afu of
Al and Mg,

On increasing T up to 1150°C, a maximum of
~0.12 atoms of “Mg exchanges with a similar
amount of Al Heating does not appear to affect the
total iron atoms in each site, as suggested by the very
slight variations of e(T) and e(M) (within 2g) in the
same crystal at different 7 (Table 1). This confirms
that increased temperatures did not cause substantial
exchanges between light (Mg, Al) and heavy cations
(Fe* or Fe>*). However, in TS2A5 (990°C), TS2G2-
G3 (1150°C) and TS2D3 (675°C), Fe*-Fe**
distribution does appear to be changed slightly,
®lFe?* reaching ~0.04 and “Fe** ~0.03 afu in
TS2G2. The above quantities suggest that the
phenomenon at high T was an [Fe?*-19Fe3+
exchange, difficult to maintain after quenching. In
fact, this disorder was not confirmed after longer
heating, particularly for “IFe®* (TS2G3).

To sum up, our experiments show that in these
spinels, on increasing T, Fe?* exhibits a greater
preference than Mg for tetrahedral coordination and
only migrates slightly to the M site. The behaviour of
Fe®* is not clear, probably due to the very low
content of this species (~0.06 afu).

Some previously heated crystals underwent lower
T reordering. As already outlined by the u parameter
values, some decrease of disorder occurred in terms
of Mg-Al distribution, particularly for TS2B4, whose
Al and Mg occupancies were similar to those
obtained on disordering TS2A3.

Charge unbalance, oxygen positional and
displacement parameters

The proposed cation distribution leads to linear
dependence between the oxygen positional parameter
and the ratio g(T)/g(M) (charge unbalance), where
q(T) and g(M) are the charges in the T and M sites,
respectively:

_4(T)
q(M)

with ¢; = —0.058, ¢, = 0.284, and R = 0.994. This
strong correlation (Fig. 2) suggests very close
internal consistency both between the data obtained
from independent techniques and between the
various samples in the series.

The oxygen displacement parameter U(Ox) also
depends greatly on both charge unbalance and
extinction coefficient. A simple empirical relation
between the former quantities is:

u=aqc + (5)
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UOx)=c¢c - 9(T) +e- [LT) 2+03

o(M) 4(0) te (6)

"Ext.

The best coefficients found from our data were:
¢y = —0.1537, ¢; = 0.3562, c3 = —9-1075,
¢4 = 0.0187, and R? = 0.962. Equation 6 reproduces
the great majority of displacement parameters within
1o and all of them within 4c.

When thermal runs are performed, equations 5 and
6 are useful in checking parameter reliability and the
consistency of cation distributions.

Temperature-dependent Al distribution

According to our experimental data, Al partitioning
between the T and M sites is primarily controlled by
the annealing temperature. Some scattering may be
due to the presence of other cations, different from
Mg and Al in the T and M sites. Correcting for the
effect of foreign ions, a thermometric experimental
function is obtained in the form:

T=cy + B + c3B% (°C) 7
where
B = "AY™AL + VAD + eyl ~ HiMg — A
+cs(2 — Mg — 1Al )

and ¢; = 12529, ¢, = —13953, ¢3 = 83524, ¢4 =
0.08419, c5 = 0.040035.

The coefficients of equation 7 were obtained by
fitting the temperatures of runs in which equilibrium
was attained (TS2A3, AS, B3, C2, D2, D3 and G3)
and data from one unpublished run on a chromite
sample (CR5A2), reported in Table 3 (deposited).
The latter was included for a better estimate of the
third term of equation 8, since its cation distribution
was very different from TS2 spinels in terms of Mg
and ®A] contents.

Equation 7 is experimental: in general it should
hold for spinels up to 1150°C in which temperature
does not cause appreciable disorder in cations
different from Al and Mg. The temperatures of the
eight experimental data used are reproduced with
13°C as mean difference and 27°C as maximum. For
the unheated TS2 crystals, a temperature of ~670°C
was calculated, which may represent the threshold for
intracrystalline exchanges; this temperature agrees
with the results of Yamanaka and Takeuchi (1983) in
synthetic MgAl,0O4. For comparison with other
experimental results, annealing temperatures were
calculated on four quenched samples of MgAl,O, by
Millard et al. (1992), with 35°C as mean difference
and 88°C as maximum, relative to one sample
approaching equilibrium distribution from a
previously lower equilibration temperature.
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Fic. 2. Oxygen coordinate parameter u vs g(T)/g(M) plot in unheated and heated TS2 crystals. Values calculated
from cation distributions (Table 5).

Conclusions

The TS2 natural spinel shows strong enrichment of
Mg and Fe®* in tetrahedral site, while the M site is
mainly filled by Al and (to a lesser extent) by Fe>*.

There is no clear evidence of substantial changes
in Fe**-Fe®* distribution after heating and quenching.
Instead, ~0.12 afu of Mg and Al exchange between
the two sites at 1150°C.

Quenching at 1150°C seems to have been
effective, to judge from the oxygen coordinate
value, which is decreased with respect to that of
990°C.

Ordering experiments performed on single spinel
crystals were successful only at higher temperatures.
Prolonged heating, necessary at lower temperatures,
involves considerable drawbacks from a technical
viewpoint.

Cation distributions vs T are different from those
proposed by Nell er al. (1989) in synthetic spinels,
“quite rich in magnetite”. In TS2, “the small amount

of magnetite end-member was probably responsible
for the different behaviour of Fe>*” with respect to
the synthetic solid solution. The ordering scheme in
our samples, in fact, is completely different from that
of magnetite, since all Fe?*, even before heating, is
virtually in the T site and all Fe** in the M site thus
preventing the possibility of electron hopping. The
results of Nell et al. (1989) therefore cannot be
compared with ours.

Reappraisal and improvement of bond distances in
spinel structure are necessary to fit measured and
calculated cation distributions of Fe?* and Fe**. The
Mg-Al exchange vs T allowed the formulation of a
thermometric relation, which was tested with a
satisfactory fit on an MgALO, synthetic spinel,
similar to ours in composition.

The oxidation observed in some samples during
heating will be the subject of further investigation, as
well as short-range ordering ~ highlighted by
Mossbauer spectroscopy — which may play a role in
T reversal experiments.
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