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Intersite distribution of Fe** and Mg in the spinel (sensu stricto)-hercynite series by single-

crystal X-ray diffraction
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ABSTRACT

The influence of composition on Fe**-Mg intracrystalline distribution was studied in eleven syn-
thetic crystals belonging to the spinel (sensu stricto)-hercynite series (Mg, ,FeZ")AL,O,, with0 <y <
1, produced by flux-growth at 800 °C. Samples were analyzed by single-crystal X-ray diffraction
and electron microprobe methods, and found to be chemically homogeneous with only minor Fe?**,
which substitutes for Al and increases up to 0.09 atoms per formula unit with total Fe. Structural
parameters a, u, T-O, and M-O increase with hercynite content and, among bond distances, T-O
shows the maximum change, from 1.920 to 1.968 A. The a variation from 8.0855 to 8.1646 A is
essentially caused by the T-O increase that, in turn, is due to the cooperative effects of (1) Fe?* - Mg
substitution and (2) decrease of inversion from 0.23 to 0.15 along the series.

Intracrystalline cation distribution was obtained by a minimization procedure that takes into ac-
count structural and chemical data. The T site is mainly populated by Mg and Fe®* but, at a given
temperature, Fe?* shows a marked preference for tetrahedral coordination with respect to Mg. The
influence of composition and temperature on Fe-Mg intracrystalline distribution was modeled within
the framework of the general thermodynamic model of O’Neill and Navrotsky for spinel binary
solid solutions. The inversion values observed in our samples agree very well with those calculated
by the model. Both measured and calculated amounts of octahedral Fe?* (V'Fe?*) show a non-linear
increase from spinel s.s. to hercynite. Consequently, the Y'Fe?*/Fe*",, ratio is not constant along the
join, but increases from zero to 15% toward the hercynite end-member. This behavior explains the very
limited Fe?* inversion observed in natural spinels, which usually belong to the hercynite-poor part of the

join.

INTRODUCTION

Spinels have a very compact oxygen array, with cations in
tetrahedral (T) and octahedral (M) coordination. They may be
described by the (A, B,))Y'(B,,A)O, structural formula, in
which IV and VI represent tetrahedrally and octahedrally co-
ordinated sites, A and B cations with variable valence distrib-
uted in T and M sites, and i the inversion parameter. Normal
spinels show i =0 (e.g., MgAl,O,, FeAl,O,); inverse ones have
i=1 (e.g., MgFe,0,, FeFe,0,). Symmetry is cubic (Fd3m),
with the single oxygen atom at u, u, u fractional coordinates; T
and M sites have fixed positions. Modifications of T-O and M-
O bond distances to accommodate various chemical composi-
tions and/or cation ordering determine variations in the oxygen
positional parameter # and the cell edge a (Hafner 1960; Hill
et al. 1979).

Within the spinel group, minerals of the (Mg,Fe*")(ALFe*),0,
system are widespread in most geological environments. A com-
plete solid solution exists between spinel sensu stricto (s.s.),
MgAl,QO,, and hercynite, FeAl,O,, whereas a large immiscibil-
ity gap is observed between hercynite and Mg-Fe?*-ferrites
(Turnock and Eugster 1962; Lehmann and Roux 1986). As a
consequence, most natural crystals belong to the spinel s.s.-
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hercynite series with a minor ferrite component. This is the
case, for example, for spinels from volcanic xenoliths (Lucchesi
and Della Giusta 1997; Lucchesi et al. 1998a), websteritic dykes
in a peridotite (Basso et al. 1984), and metamorphosed lime-
stones (Carbonin et al. 1996).

In spinels, intracrystalline cation distribution depends on
temperature and has been proposed as a potential geothermo-
meter (Della Giusta et al. 1996; Harrison et al. 1998; Princivalle
et al. 1999; Andreozzi et al. 2000). However, the influence of
bulk composition on intracrystalline cation distribution has been
pointed out as a crucial factor (O’Neill and Navrotsky 1983,
1984; Waerenborgh et al. 1994a, 1994b; Andreozzi et al. 2001).
Both spinel s.s. and hercynite end-members are characterized
by a nearly normal configuration, with progressive increase of
inversion with increasing equilibration temperature (e.g., Roth
1964; Hill 1984; Bohlen et al. 1986; Harrison et al. 1998;
Redfern et al. 1999; Andreozzi et al. 2000). The crystal chem-
istry of the hercynite end-member is complicated because of
frequent deviations from stoichiometry due to Fe** and cation
vacancies (Slack 1964; Cremer 1969; Mason and Bowen 1981).
The substitution of Fe3* for Fe?* and the presence of cation va-
cancies were claimed by Waerenborgh et al. (1994a) to be de-
terminant in producing the discrepancy between their
experimental data and those calculated using the O’Neill and
Navrotsky (1984) model. Moreover, they suggested that the
value of site preference enthalpy 0. 4, estimated by O’Neill
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and Navrotsky to be about 52 kJ/mol, had to approach 35 kJ/
mol. Actually, an experimental value of Otg. o = 31.3 kJ/mol
was later obtained by Harrison et al. (1998) on synthetic
FeAl,O,. However, calculations with the new a-value still could
not account for the large disagreement observed between ex-
perimental and calculated inversion data. This disagreement
could be explained not only by vacancies, as the authors
claimed, but also by some underestimation of Y'Fe** content,
due to difficulties in accurately determining Fe?* distribution
by Mossbauer spectroscopy.

In FeAlL,O, a detailed study of Fe?*-Al disordering with tem-
perature was carried out by Larsson et al. (1994) using powder
X-ray diffraction (XRD) and Mossbauer spectroscopy, and by
Harrison et al. (1998) using in situ neutron diffraction, and both
studies revealed Fe* inversion up to 0.22 at 1150 °C. In
MgAlO,, higher inversion values, up to 0.30 at 1100 °C, were
observed (Andreozzi et al. 2000, and references therein). This
finding suggests that, compared with Fe**, Mg has some pref-
erence in substituting for octahedral Al. Hence, a compositional
influence on cation distribution is to be expected along the spinel
s.s.-hercynite join. However, published results on intermediate
compositions are not only scarce but also controversial: Nozik
and Kocharov (1989) measured zero Y'Fe?* content in a syn-
thetic intermediate sample, whereas Larsson (1994, 1995), who
studied both natural and synthetic samples, retrieved a con-
stant V'Fe?*/Fe%; ratio of about 20%, indicating that Fe** order-
ing is almost unaffected by hercynite content.

Due to such contradictory results in the literature, the influ-
ence of composition on intracrystalline cation distribution de-
serves further investigation and needs to be verified on a
homogeneous set of samples representative of the whole spinel
s.s.—hercynite series. Because the study of natural samples is
rather difficult, due to the ubiquitous presence of minor ele-
ments and the rarity of compositions close to the end-mem-
bers, synthetic single crystals were produced in the system
(Mg, ,Fel")AL,O, (0 <y < 1). Their crystal chemistry was stud-
ied by single-crystal XRD and electron microprobe analysis:
both cation distributions and induced structural modifications
are covered with in the present paper. Mossbauer and optical
absorption spectra were collected on the same materials and
are discussed separately (Hélenius et al. 2002).

EXPERIMENTAL PROCEDURES

Crystal synthesis

Single crystals along the spinel s.s.-hercynite join were syn-
thesized using a flux-growth method (Andreozzi 1999). Ana-
lytical grade A1(OH);, MgO, and Fe,O;powders were dried and
dehydrated at 1000 °C for 12 h before mixing with Na,B,0,
used as the flux compound. About 5 g of the starting material
was thoroughly ground under acetone in an agate mortar and
mixed, at flux/reagents ratios ranging from 1.3 to 1.4. A 10 cc
crucible of yttria-stabilized Pt/Au(5%) was employed, due to
its good resistance to chemicals at high temperatures in reduc-
ing conditions (Okaj et al. 1996).

Thermal runs were performed in a vertical furnace equipped
with Tylan CO,:H, flow controllers. Continuous flow of the
two gases in the ratio 2:1 was adopted to obtain an oxygen
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fugacity ranging from 107" to 10~'7 bars when the temperature
was varied from 1200 to 900 °C. The f,, values were within
—0.3 to +1.2 log units relative to the iron-wiistite solid buffer.
To obtain a homogeneous melt, the flux-reagents mix was
heated for 24 hours at 1200 °C, and then the temperature was
decreased by slow cooling (2—4 °C/h). Turning off the furnace
ended thermal runs, and the product was cooled down to room
temperature. Products consisted of spinel single crystals, a B-
rich glass, and sporadic borate crystals. The sodium borate glass
was dissolved in warm, dilute HCl solution, reducing final prod-
ucts to euhedral or subhedral spinel octahedra (range 0.1-1.0
mm across). Up to 200 mg of high-quality spinel crystals, about
0.2-0.5 mm across, were recovered from each experiment.

The resultant crystals varied in color depending on hercynite
content: from colorless (spinel s.s.) to deep green or black
(hercynite). Crystals from most runs proved to be optically and
chemically homogeneous. Only the most Fe-rich sample
(He100c) showed a thin, light-colored rim, and in this case the
crystals were crushed and their cores selected for X-ray study.
For every composition, some crystals were selected for the
present study, while other material was used for Mossbauer
and single-crystal optical absorption spectroscopy (Hélenius
et al. 2002).

X-ray diffraction and structural analysis

Small equidimensional fragments of the crystals were se-
lected, cemented on a glass capillary, and mounted on a Si-
emens P4 four-circle, single-crystal automated diffractometer
for X-ray data collection (Table 1). Unit-cell parameters (Table
2) were obtained after centering 12 independent reflections and
their Friedel pairs chosen in the 83° < 20 < 92° range on both
sides of the direct beam, with MoK, radiation (A = 0.70930
A). For collection of diffraction intensity data, one-eighth of
the reciprocal space was examined with the ® scan method and
fixed scan range, using MoKo, radiation (A = 0.71073 A). Scan
speed was variable, depending on reflection intensity, estimated
with a pre-scan. Background was measured with a stationary
counter and crystal at the beginning and end of each scan, in
both cases for half the scan time. Three standard reflections
were monitored every 47 measurements. Further details of the
experimental conditions may be found in Lucchesi et al. (1997).

The SHELXTL-PC program package allowed reduction of
X-ray diffraction data. Intensities were corrected for polariza-
tion and Lorentz effects. An absorption correction was made
with a semi-empirical method, using intensities from the -
scans of 13 non-equivalent reflections collected in the range
10-90° 26. Reflections with I > 26(/) were considered as ob-
served, and the original set of about 624 data was reduced to
147-149 independent reflections. No significant deviations
from Fd3m symmetry were noted: the appearance of forbid-
den space-group reflections such as 200 was attributed, on the
basis of y-scan checks, to double reflection (Tokonami and
Horiuchi 1980). During structural refinement, variable param-
eters were: scale factor, oxygen coordinate, mean atomic num-
bers (m.a.n.) of the T and M sites, displacement parameters,
and isotropic secondary extinction coefficient (Table 2). The
starting oxygen coordinate was that proposed by Princivalle et
al. (1989), the origin being set at 3m. No chemical constraints
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were applied during refinement. Fully ionized scattering curves
for all elements were used, as they furnished the best values of
conventional agreement factors over all sin6/A intervals and
the best coherence between measured and calculated F(222),
the latter structural factor being particularly sensitive to ion-
ization levels of the atomic species of both M and O sites (Della
Giusta et al. 1996). This combination gave satisfactory agree-
ment between values of total m.a.n. obtained by structural re-
finement and electron microprobe analysis (within 16 of the
latter). Off-diagonal displacement parameters were extremely
small and of the same magnitude as their uncertainties, when
not forced by symmetry to zero; thus, only U,, are shown in
Table 2. The complete set of displacement parameters is avail-
able from the authors on request. Three cycles of isotropic re-
finement were followed by anisotropic cycles until convergence
to very satisfactory R values (Table 2).

Chemical analysis

After X-ray data collection, the same crystals were mounted
on glass slides, polished, and carbon coated for electron mi-
croprobe analysis (WDS method) on a Cameca-Camebax in-
strument operating at an accelerating potential of 15 kV and a
sample current of 15 nA. Synthetic MgO, Fe,0;, and ALO,

TABLE 1. Parameters for X-ray data collection

Unit-cell parameter determination
Mo Ao, 0.70930
Reflections used 12 (Friedel pairs on both +26 and —26)
Range (26) 83-92°
Temperature (K) 296

Radiation (A)

Diffraction intensity collection

Radiation (A) MoAa. 0.71073

Monochromator High crystallinity graphite crystal
Range (26) 3-95°

Reciprocal space range 0< Ak/<17

Scan method ®

Scan range (26) Fixed, 2.4°

Scan speed (26/min) Variable, 2.93-29.30°
Temperature (K) 296

Data reduction
SHELXTL-PC
Lorentz, Polarization
Semi-empirical, 13 ¥ scans

Refinement
Corrections
Absorption correction
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were used as standards, and a synthetic MgAl,O, sample was
used as reference material. For raw data reduction, the PAP
computer program was applied (Pouchou and Pichoir 1984).
Each element determination (Table 3) was accepted after check-
ing that the intensity of analyzed standards before and after
each measurement was within 1.00 £ 0.01. The FeO and Fe,0;
contents of the crystals used for XRD were calculated on the
basis of charge-balance requirements and turned out to fit
Mbéssbauer data collected on the same material. Sodium was
checked as a possible contaminant, but was not detected in any
sample. The absence of B was confirmed by means of "B(p,2cr)*He
nuclear reaction analysis (Kristiansson et al. 1999).

Cation distribution

As previously discussed, A and B cations are expected to
be disordered between T and M sites. Several different proce-
dures may be adopted to determine cation distribution, and very
satisfactory results have recently been obtained by combining
data from single-crystal X-ray structural refinements and elec-
tron microprobe analysis (Carbonin et al. 1996; Della Giusta
et al. 1996; Lucchesi et al. 1997, 1998a, 1998b, 1999). This
approach simultaneously takes into account both structural and
chemical data and reproduces the observed parameters by op-
timizing cation distributions. Differences between measured
and calculated parameters are minimized by the “chi-square”
function:

F(XJ:g{[(Oj —cj(x,.))/cj]z}/n )

where O; is the observed quantity, o; its standard deviation, X;
the variables, i.e., cation fractions in T and M sites, and C;(X,)
the same quantity as O; calculated by means of X; parameters.
The n O; quantities taken into account were: unit-cell and oxy-
gen parameter, m.a.n. of T and M sites, total atomic propor-
tions given by microprobe analyses, and constraints imposed
by crystal chemistry (total charges and occupancies of T and
M sites). Several minimization cycles of Equation 1 up to con-
vergence were performed using a home-developed calculation
routine. Further details about the minimization procedure may
be found in Lavina et al. (2002).

M-O and T-O bond distances were calculated as the linear
contribution of each cation multiplied by its specific site bond
distance, the latter refined on the basis of analysis of more than

TABLE 2. Results of structure refinement of synthetic crystals belonging to spinel s.s.-hercynite series

Sample SP3/10a He2fle He3a/b Hedalc Hed4b/d Heb5a/a Heb6ale He7a/b He8a/h He9a/h He100c/a
a(A) 8.0855(2) 8.0895(3) 8.0937(3) 8.1006(3) 8.1071(3) 8.1134(3) 8.1221(3) 8.1306(3) 8.1406(3) 8.1494(4) 8.1646(3)
u 0.26213(5) 0.26218(4) 0.26215(5) 0.26258(5) 0.26278(5) 0.26280(5) 0.26308(5) 0.26306(7) 0.26362(6) 0.26377(7) 0.26416(8)
T-O (A) 1.9204(4) 1.9221(3) 1.9227(4) 1.9303(4) 1.9347(4) 1.9365(4) 1.9425(4) 1.9471(6) 1.9545(5) 1.9588(6) 1.9679(7)
M-O (A) 1.9283(4) 1.9289(3) 1.9301(4) 1.9286(4) 1.9287(4) 1.9301(4) 1.9301(4) 1.9309(6) 1.9307(5) 1.9317(6) 1.9325(7)
Tm.a.n. 11.99(10) 12.77(7) 13.87(9) 14.87(10) 15.99(8) 17.05(10) 18.32(10) 19.71(12) 21.21(11) 22.64(18) 24.57(17)
M m.a.n. 12.82(7) 12.81(5) 12.81(5) 12.86(5) 13.00(4) 13.03(5) 13.26(5) 13.40(5) 13.67(4) 13.95(6) 14.55(7)
Uy T (A2X10%*  42(2) 46(2) 52(2) 57(2) 54(1) 73(2) 61(1) 76(1) 65(1) 76(1) 78(1)
UM (A2X104* 43(2) 44(1) 41(1) 46(1) 44(1) 58(1) 44(1) 56(1) 42(1) 51(1) 50(2)
U0 (A2X10%* 75(2) 79(1) 81(1) 83(1) 80(1) 98(1) 84(1) 99(1) 87(1) 97(2) 99(2)
A 3.71 1.80 2.65 1.95 1.68 1.73 1.68 2.07 1.75 2.66 2.31
No. of refl. 147 147 147 147 147 149 149 149 149 149 149

Noles:Estimated standard deviation (+10) in brackets; m.a.n. = mean atomic number; no. of refl. = unique reflections from set of observed ones

[/> 26(/)].

* Off-diagonal displacement parameters are extremely small and of the same magnitude as their 6, when not forced by symmetry to zero, and thus

only U are shown.
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TABLE 3. Chemical composition of synthetic crystals belonging to spinel s.s.-hercynite series

Sample SP3/10a He2f/e He3a/b Hedalc He4b/d Heb5a/a He6ale He7a/b He8a/h He9a/h He100c/a

MgO 28.5(3) 26.6(3) 24.7(4) 22.46) 19.3(2) 17.0(3)  13.8(3) 10.4(2) 7.3(1) 4.2(2) -

FeO - 2.6(4) 5.4(1) 9.4(9) 13.7(3) 17.5(2) 22.6(5) 27.5(3) 33.0(3) 38.0(4) 44.7(2)

Al,O4 71.0(3) 71.0(3) 69.6(5) 68.8(6) 66.8(2) 66.3(6) 63.4(3) 62.3(4) 59.8(1) 58.0(3) 55.5(4)
Total 99.5 100.2 99.7 100.6 99.8 100.8 99.8 100.2 100.1 100.2 100.2

FeO . - 2.5(3) 5.0(4) 8.9(8) 13.0(3) 16.7(4) 20.9(4) 26.0(4) 30.4(1) 35.0(3) 40.9(2)

Fe,05 catc. - 0.1(1) 0.4(4) 0.6(3) 0.8(3) 0.9(4) 1.9(3) 1.7(4) 2.9(3) 3.3(4) 4.2(3)
Total 99.5 100.2 99.7 100.7 99.9 100.9 100.0 100.4 100.4 100.5 100.6

Cations on the basis of 4 oxygen atoms

Mg 1.011(6) 0.947(6) 0.895(12) 0.818(18) 0.726(6) 0.645(9) 0.541(9) 0.417(7) 0.301(3) 0.175(7) -

Fe?* - 0.051(7) 0.102(9) 0.182(18) 0.274(6) 0.354(8)  0.459(9) 0.583(7) 0.699(3) 0.825(7) 1.000(1)

Al 1.992(4)  2.000(4) 1.994(11) 1.989(6) 1.984(5) 1.982(9) 1.963(6) 1.967(8) 1.941(6) 1.929(9) 1.908(6)

Fe®* - 0.001(2) 0.008(8) 0.011(6) 0.016(5) 0.018(8) 0.037(6) 0.033(8) 0.059(6) 0.071(9)  0.092(6)
Total 3.003 2.999 2.999 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000

Fe?/Fe EMP — 0.98 0.93 0.94 0.94 0.95 0.93 0.95 0.92 0.92 0.92

Fe*/Feq MS — 0.98 0.96 n.a. 0.96 0.96 0.95 0.96 0.94 0.94 0.94

Notes. Average of 15 electron microprobe analyses. Estimated standard deviation (+1c) in brackets. EMP = Fe?*/Fe,, ratio calculated from electron
microprobe analysis. MS = Fe?*/Fe,, ratio measured from Mossbauer spectroscopy data (Halenius et al. 2002); n.a. = not available.

200 spinel structural data from the literature (Lavina et al. 2002).
Final F(X;) values ranging from 0.1 to 1.1 were obtained, con-
firming that all chemical and structural parameters were repro-
duced on average within +16, and hence that the corresponding
cation distributions are highly reliable (Table 4).

CRYSTAL CHEMISTRY OF THE SPINEL S.S.—HERCYNITE
SERIES

The studied crystal fragments are chemically homogeneous
and representative of the whole spinel s.s.—hercynite series, with
chemical composition dominated by Fe** — Mg substitution
(Table 3). All samples contain very minor Fe**, which substi-
tutes for Al and increases up to 0.09 atoms per formula unit
(apfu) with total Fe. The Fe*/Fe** ratios calculated from sto-
ichiometry turned out to fit Mdssbauer spectroscopy data col-
lected on the same materials (Hélenius et al. 2002). The
observed very minor deviations fall within the experimental
uncertainty of both methods. No indications of cation vacan-

cies with respect to AB,O, stoichiometry were thus revealed
by comparison of structural and chemical data.

Structural parameters a, u, T-O, and M-O increase with
hercynite content (Table 2 and Fig. 1). Among bond distances,
T-O shows the largest variation, from 1.920 to 1.968 A, whereas
M-O remains almost constant (from 1.928 to 1.933 A). As a
consequence, the relatively large a variation from 8.0855 to
8.1646 A is essentially due to T-O increase. It is noteworthy
that T-O and M-O take on the same value in sample He4a/c,
which has a hercynite content of about 20%; beyond this com-
position T-O becomes markedly larger than M-O (Fig. 1b).

The observed structural modifications are caused by both
compositional changes and intracrystalline disorder. In particu-
lar, the T site is occupied mainly by either Mg or Fe*, depend-
ing on the amount of hercynite. Minor Al is also present in this
site due to inversion, but its content decreases with the hercynite
component (Fig. 2a). Because relationships among cation radii
are of the type Fe** > Mg > Al, the observed T-O increase to-

TABLE 4. Intracrystalline cation distribution and differences between observed and calculated structural parameters of synthetic crystals

belonging to spinel s.s.-hercynite series

Sample SP3/10a He2fle He3a/b Hedalc He4b/d Heb5a/a He6ale He7a/b He8a/h He9a/h He100c/a
T site
Mg 0.765 0.715 0.640 0.588 0.514 0.434 0.366 0.267 0.185 0.101 -
Fe? - 0.046 0.111 0.188 0.272 0.347 0.424 0.531 0.630 0.713 0.849
Al 0.235 0.239 0.249 0.224 0.214 0.219 0.194 0.192 0.168 0.152 0.133
Fe®* - 0.000 0.000 0.000 0.000 0.000 0.016 0.010 0.017 0.034 0.018
Total 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
M site
Mg 0.235 0.239 0.250 0.227 0.213 0.215 0.178 0.153 0.118 0.076 -
Fe?* - 0.000 0.000 0.000 0.004 0.008 0.035 0.054 0.072 0.114 0.153
Al 1.765 1.761 1.750 1.766 1.769 1.762 1.768 1.772 1.770 1.774 1.765
Fe® - 0.000 0.000 0.007 0.015 0.016 0.020 0.022 0.041 0.037 0.082
Total 2.000 2.000 2.000 2.000 2.001 2.001 2.001 2.001 2.001 2.001 2.000
F(X) 0.86 0.67 0.52 0.39 0.12 0.34 0.22 0.41 0.34 0.16 1.98
Aa(A) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0001 0.0001 0.0002
Aro (A) 0.0000 0.0000 0.0001 0.0002 0.0000 0.0000 0.0001 0.0001 0.0001 0.0000  0.0004
Auo (A) 0.0000 0.0000 0.0001 0.0001 0.0000 0.0000 0.0000 0.0001 0.0000 0.0000  0.0003
AT m.a.n. 0.25 0.12 0.06 0.01 0.01 0.04 0.05 0.06 0.03 0.01 0.30
AM m.a.n. 0.06 0.08 0.06 0.08 0.01 0.03 0.02 0.03 0.02 0.01 0.01

Notes.: F(X) = sum of square residuals divided by number of observed parameters; A = absolute deviation; m.a.n. = mean atomic number. Ideal bond
distances used (A): VMg — O = 1.966; VFe? — O = 2.000; YAl - O = 1.774; VFe®* - O = 1.875; VMg — O = 2.082; V'Fe? — O = 2.146; V'Al - O = 1.908;

VIFe**— 0 = 2.025.
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FIGURE 1. Variations in structural parameters as a function of
hercynite content in spinel s.s.-hercynite crystals. (a) Unit-cell
parameter vs. total Fe?* content. Circles = data from present work,
interpolated by solid line; dashed line = ideal trend calculated for
MgAlLO,-FeAlO, join at 800 °C; triangles = data from literature; outlier
is sample from Nozik and Kocharov (1989). With respect to ideal trend
at 800 °C, slope increases because of Fe** content and decreases because
of higher equilibration temperatures. (b) T-O and M-O bond distances
vs. total Fe** content. Sample He4a/c shows almost equal values for T-
O and M-O distances.

ward hercynite is therefore due to the cooperative effects of (1)
VFe?* — VMg substitution and (2) decrease of inversion, i.e.,
VAI content. The M-O variation, almost one order of magni-
tude smaller than that involving T-O, is essentially produced
by the increment of Y'Fe** (Fig. 2b), but a small contribution is
also due to Fe**, which substitutes for Al and mainly populates
the M site (Table 4).

Previous discussion has evidenced that, along the spinel s.s.—
hercynite join, the increase in the unit-cell parameter is due to
Fe?* — Mg substitution, whereas for any fixed composition an
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FIGURE 2. Site population of spinel s.s.-hercynite synthetic samples
as a function of hercynite content: (a) T site; (b) M site. Symbol
dimensions are proportional to 26, except where error bars are shown.

increase of inversion (i.e., of equilibration temperature) deter-
mines cell contraction (Fig. 1a). At 800 °C, assuming an inver-
sion of 0.23 and 0.15 for spinel s.s. and hercynite, respectively
(Andreozzi et al. 2000; Harrison et al. 1998), the ideal trend
between cell parameter and Fe?* content (apfu) is described by
the linear relation:

a = 8.0855 + 0.0583 Fe*. 2)

However, because of the almost ubiquitous presence of
minor Fe** (which substitutes for Al in our samples and in those
from the literature), this ideal trend is rarely followed. In fact,
our samples plot higher than the ideal trend, the synthetic
samples of Zhukovskaya et al. (1980), characterized by Fe**
contents lower than ours, plot slightly below the observed trend,
whereas the sample studied by Nozik and Kocharov (1989),
the composition of which is close to stoichiometry, plots very
close to the ideal trend (Fig. 1a).
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THERMODYNAMIC MODELING OF CATION DISTRIBUTION

The influence of Mg-Fe?* composition on intracrystalline
cation distribution was modeled within the framework of the
general thermodynamic model for binary solid solutions be-
tween spinel end-members described by O’Neill and Navrotsky
(1984). In its simplest formulation, cation distribution at equi-
librium corresponds to the minimum of free energy of disor-
dering (AGp) with respect to inversion i, i.e., (8AGp/di); = 0.
The change in enthalpy of cation disordering (AHp), relative to
the same spinel with normal cation distribution, is shown to
vary with o, gi + Bi?, where o, is the difference in the “site
preference enthalpies” of cations A and B. In many cases, B is
taken to be constant for 2—-3 spinels at —20 kJ/mol, whereas for
both spinel s.s. and hercynite B has been found experimentally
to be positive and equal to 13 and 19.7 kJ/mol, respectively
(Andreozzi et al. 2000; Harrison et al. 1998). Combining this
expression of enthalpy of mixing with the configurational en-
tropy of a given cation distribution (ASc), and considering that
OAS/di is proportional to In[i%/(1-i)(2—i)], the following rela-
tion connecting i and T at equilibrium is derived:

—RTIn[*/(1-i)(2—i)] = Ola_p + 2Bi 3)

The cation distributions observed in our samples were com-
pared with those predicted by the general model by applying
Equation 3 to binary solid solution (Mg, ,FeZ")AL,O,. In the
ideal case, the cation distribution scheme may be written as:

Site T M Sum
Mg (1-y-"Mg) VMg 1y
Fe2+ (y-V'Fe2*) VIFg2+ y

Al (VIFez+ + VIMg) (2_V|Fez+_\/|Mg) 2
Sum 1 2 3

and the following equations may be derived:

—RTIn[V'Fe**(VIFe>* + VIMg)/(y — VIRe2)(2 — VIFg2* VIMg)]
= Olpe_ar + 2Brea"Fe? + (Bre_ai + Pme-a)'Mg 4

“RTIn[""Mg(V'Fe* + "Mg)/(1 —y — Mg)(2 — V'Fe>* — Mg)]
= Olmg-ar + 2BMg7AlVIMg + (Brear+ BMngl)VlFeZJr Q)

where T = 1073 K, 0Og._a = 31.3 kJ/mol and By, = 19.7 kJ/mol
(Harrison et al. 1998) and oty a1 = 23 kJ/mol and By, a1 = 13
kJ/mol (Andreozzi et al. 2000). Numerical solutions of equa-
tions (4) and (5) were found, and the calculated values of V'Fe?*
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and Y"Mg are reported in Table 5.

The agreement between experimental and calculated inver-
sion data is quite satisfactory (Fig. 3). Minor symmetrical de-
viations may be observed in the middle of the series, where
calculated Y'Fe?* and Y'"Mg are slightly over- and under-esti-
mated, respectively. However, this deviation becomes nil at the
hercynite end-member, which means that there is no system-
atic effect due to the low Fe content of the samples.

INFLUENCE OF COMPOSITION ON Fe?*-Mg INTERSITE
DISTRIBUTION AND GEOTHERMOMETRIC IMPLICATIONS

The spinel crystals studied here underwent the same ther-
mal history, and the equilibration temperature is about 800 °C
for all samples. Therefore, the inversion trend observed from
spinel s.s. to hercynite must be related to compositional varia-
tions.

The relation between inversion (i) and bulk composition
(y) may be expressed by YMg/(1 —i) = (1 —y) and "VFe?*/(1 — i)
=y (Fig. 4). It follows that, at constant temperature, Fe-Mg
ordering is influenced not only by bulk composition and over-
all degree of inversion, but also by the tetrahedral preference
of Fe?* with respect to Mg. To account for this last effect, an-
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FIGURE 3. Variations in Fe-Mg distribution and inversion (i) in
spinel s.s.-hercynite synthetic samples as a function of hercynite
content. Solid lines = best fit to experimental data; error bars = +26.
Dashed lines = calculated values using model of O’Neill and Navrotsky
(1984).

TABLE 5. Synthetic crystals belonging to spinel s.s. - hercynite series: Fe?*-Mg distributions and inversion values calculated from O’Neill
and Navrotsky thermodynamic model compared with those obtained from experimental data

Sample SP3/10a He2fle He3a/b Hedal/c He4b/d Heb5a/a He6ale He7a/b He8a/h He9a/h He100c/a
VIFe?* . 0.000 0.000 0.009 0.018 0.028 0.038 0.052 0.070 0.090 0.114 0.154
VIMQcarc. 0.230 0.225 0.214 0.200 0.184 0.168 0.147 0.119 0.090 0.055 0.000
frate. 0.230 0.225 0.223 0.218 0.212 0.206 0.198 0.189 0.180 0.169 0.154
VIFe?*,,, - 0.00(1) 0.00(1) 0.00(1) 0.00(1) 0.01(1) 0.04(1) 0.05(1) 0.07(1) 0.11(1) 0.15(1)
VIMGerp, 0.24(1) 0.24(1)  0.25(1) 0.23(1)  0.21(1) 0.21(1) 0.18(1) 0.15(1) 0.12(1) 0.08(1) -
loo 0.24(1) 0.24(1)  0.25(1) 0.23(1)  0.21(1) 0.22(1) 0.22(1) 0.20(1) 0.19(1) 0.19(1) 0.15(1)

Notes:All values in atoms per formula unit. Experimental data estimated standard deviation (£1c) in brackets.
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other order parameter (¢), which is independent of the overall
degree of inversion and defines the tetrahedral site preference
of Fe?* with respect to Mg, must be introduced. The tetrahedral
cation distribution is then:

"Mg=(1-y-g)(1-1) (6)

MFe2 = (y + g)(1 - i). %)

A value of ¢ = 0 refers to ideal mixing of Mg and Fe** re-
gardless of the particular degree of inversion, positive ¢ values
define the preference of Fe* for the tetrahedral site, and nega-
tive ones an octahedral preference. It is noteworthy that, in the
spinel s.s.-hercynite series, any variation in ¢ as a function of
bulk composition shows a symmetrical positive deviation from
ideality (Fig. 5).

From an energy point of view, the observed inversion trend
is a clear indication that, for a given temperature, the intersite
exchange Mg <> Al is favored with respect to Fe** <> Al.

Inspection of literature data shows that relationships between
Fe?*-Mg intracrystalline distribution and hercynite content are
not straightforward. Our results show that the percentage of
octahedral Fe** with respect to total Fe? content, Y'Fe?*/Fe?,,
increases from zero to 15% as a function of hercynite content
(Fig. 6). In particular, the Y'Fe?*/Fe?;, ratio markedly rises in
the hercynite-rich part of the series—that is, where Mg content
is lower than Fe?*—and this is in line with the tetrahedral pref-
erence of Fe?*. Instead, the trend derived from the data of
Larsson (1994, 1995) and Larsson et al. (1994) suggests al-
most constant disorder for Fe*, around 20% of Fe?;, all along
the spinel s.s.-hercynite join. Although V'Fe?*/Fe%; ratios suf-
fer from large uncertainties, especially at low hercynite con-
tent, this trend does not fit either our data or the predictions of
the O’Neill and Navrotsky model.
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FIGURE 6. Variations in Y'Fe?*/Fe%}; ratio as a function of hercynite
content in spinel s.s.-hercynite samples. Circles = this study,
interpolated by solid line; diamonds = data from Larsson (1994, 1995)
and Larsson et al. (1994), interpolated by dotted line; square = sample
from Nozik and Kocharov (1989).

The definition of the actual trend followed by Fe**-Mg or-
dering as a function of both composition and temperature has
important geothermometric implications, because Fe**-bearing
spinels are common in nature and may be used to reconstruct
the cooling history of host-rocks. Most natural spinels are char-
acterized by hercynite contents far lower than 50%, and the
trend outlined by our samples accounts for the very low amount
of Fe?* disorder (V'Fe**/Fe?;, always lower than 10%) commonly
reported in the literature (Della Giusta et al. 1996; Lucchesi
and Della Giusta 1997; Lucchesi et al. 1998a).
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