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ABSTRACT

Reversed Fe-Mg exchange experiments between olivine
and Ti-rich magnetite [(Mg,Fe),TiO, - (Mg,Fe)Fe,0,]
show that the distribution coefficient for the exchange reac-
tion % Mg,TiO, + % Fe,Si0, = ¥ Mg,SiO, + Y4 Fe,TiO,
varies from approximately 2.4 to 1.8 in the range
800-1400°C and suggest that Fe-Mg titanium-based spinel
[(Mg,Fe)TiOq s0,] exhibits small positive deviations from
ideal mixing (=170 cal/mol) in this temperature range.
Comparison of these results with those for aluminum-based
spinels suggests that the Gibbs energy of the reciprocal reac-
tion MgALO, + ¥%Fe,TiO, = FeAl,04 + 2Mg,TiO, is
about 6.2 and 5.2 kcal/gfw at 1400 and 800°C, respectively.
A thermodynamic formulation for R;0; FeO-MgO-
Fe,0,-TiO, spinels based on a second-degree Taylor
expansion in terms of composition and cation-ordering vari-
ables is calibrated. It uses the above data in combination
with homogeneous and heterogeneous equilibria for the
FeQTiO4—Fe3O4, MngiO4—MgFe204, and Fe304'—MgF%04
spinel binary joins. The resulting calculated activity-
composition relations and cation-ordering schemes are in
accord with available experimental data and petrological
constraints. This model indicates that Mg and Fe?* are
more strongly ordered between tetrahedral and octahedral
sites in titanium-based spinels than in ferric-iron-based
spinels (with Mg?* showing a tetrahedral preference rela-
tive to Fe2™ in both spinels) and predicts an approximately
symmetrical miscibility gap for Fd3m Mg,TiO,-MgFe,0,
spinels (T, ~400°C). Calculated activity-composition rela-
tions indicate that the activities of both dilute and concen-
trated components that exhibit temperature-dependent
cation distributions are typically underestimated by
themodynamic models that do not make explicit provisions
for such cation ordering. A calibration for the olivine-spinel
Fe-Mg exchange geothermometer is presented.

Keywords: titaniferous magnetite, Fe-Mg exchange experi-
ments, thermodynamics, reciprocal reactions, cation
ordering, activity-composition relations, miscibility
gaps, olivine-spinel geothermometry.

SOMMAIRE

Des expériences (dans les deux sens) sur ’échange Fe-
Mg entre olivine et magnétite titanifere [(Mg,Fe),TiO, -
(Mg,Fe)Fe,0,] montrent que le coefficient de distri-
bution pour la réaction % Mg,TiO4 + % Fe,Si0, = %
Mg,SiOy + ¥ Fe,TiO, varie d’environ 2.4 4 1.8 entre 800
et 1400°C. Le spinelle Fe-Mg titanifere (Mg,Fe)Ti; 5O,
montrerait de légéres déviations positives d’un modele de

mélange idéal (=170 cal/mol) dans cet intervalle de tem--
pérature. Une comparaison avec les compositions alumi-.
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neuses fait penser que ’énergie de Gibbs pour la réaction
réciproque MgA1204 + %FezTiO4 = FeA1204 + l/ZMngiO4
est d’environ 6.2 et 5.2 kcal/gfw 4 1400 et 800°C, respec-
tivement. Une expression thermodynamique est étalonnée
pour les spinelles R3O, dans le systtme FeO-MgO-
Fe,0,-TiO,, par expansion de Taylor de deuxi¢me degré
en termes de composition et variables qui décrivent la mise
en ordre des cations. Elle est fondée sur les données citées
et les équilibres homogenes et hétérogénes pour les séries
binaires Fe,TiO, - Fe30,, Mg,TiO, - MgFe) 0y, et Fe;0,
- MgFe,0,. Il en résulte des relations activité - composi-
tion calculées et des schémas de mise en ordre des cations
qui concordent avec les données expérimentales disponi-
bles et les contraintes pétrologiques. Ce modele indique que
Mg et Fe™ sont plus effectivement ordonnés entre les sites
tétraédriques et octaédriques dans les spinelles titaniféres
que dans les spinelles ferriferes (le Mg?™ préfere le site
tétraédrique comparé au Fe?” dans les deux spinelles); de
plus, il prédit une lacune de miscibilité & peu pres symétri-
que pour les spinelles Fd3m de la série Mg,TiO, -
MgFe,0, (T, environ 400°C). Les relations calculées entre
activité et composition indiquent que Iactivité des compo-
sants dilués aussi bien que des composants concentrés dont
la distribution cationique dépend de la température est typi-
quement sous-estimée par les modeles thermodynamiques
qui ne prennent pas compte de fagon explicite du degré
d’ordre parmi les cations. On présente un étalonnage du
géothermomeétre fondé sur la réaction d’échange Fe-Mg
entre olivine et spinelle.

(Traduit par la Rédaction)

Mots-clés: magnétite titanifére, expériences d’échange Fe-
Mg, approche thermodynamique, réactions réciproques,
relations activité - composition, lacune de miscibilité,
géothermométrie olivine — spinelle.

INTRODUCTION

The importance of oxide spinels as petrogenetic
indicators of intensive variables operating during
igneous and metamorphic processes in the crust and
upper mantle has been emphasized in many contri-
butions (e.g., Buddington & Lindsley 1964, Irvine
1965, Hill & Roeder 1974, Wood & Nicholls 1978,
Sack 1980b, 1982a,b). [The oxide spinels of geo-
chemical interest exhibit Fd3m symmetry (Z = 8) at
high temperature, are composed predominantly of
the cations Fe2*, Mg2*, Fe**, A", Cr3* and Ti**
(often with at least minor amounts of Zn?*, Mn?*,
V3F, Ni2* and Co?"), typically approximate the
stoichiometry R;0, in having one tetrahedral and
two octahedral sites occupied per formula unit (equi-
points 8a and 16d, respectively), and are composed
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of 2-3 and 2-4 components (e.g., MgFe,O, and
Mg, TiO,, respectively) that exhibit variable degrees
of cation ordering between tetrahedral and octa-
hedral sites.] These and similar studies have shown
that the diversity of spinel chemistry may be related
to petrogenesis and bulk-rock chemistry through use
of activity—composition relationships. However, such
relationships are complicated because spinels show
a wide range of substitution of cations and varia-
tion from R,0, stoichiometry, particularly in ferric-
iron-based spinels (e.g., Webster & Bright 1961, Tay-
lor 1964, Aragon & McCallister 1982, Mattioli ef al.
1987). Further complications result from the order-
ing of di- and trivalent cations between tetrahedral
and octahedral sites (e.g., Barth & Posnjak 1932,
Verwey & Heilmann 1947, Goodenough & Loeb
1955), and pronounced positive deviations from
linearity in vibrational Gibbs energy along many
compositional joins (e.g., Fe,TiO,-FeAl,O, and
Mg,TiO,-MgAl,O,: Muan et al. 1972
FeAl,0,-Fe;0,: Turnock & Eugster 1962;
Fe,TiO,~Fe,0,: Lindsley 1981, Price 1981).
Development of a thermodynamic model that
makes explicit provisions for all of the above-
mentioned complexities is restricted owing to the lack
of reliable data on homogeneous and heterogeneous
equilibria (e.g., Sack 1982a, O’Neill & Navrotsky
1984). However, with the addition of recent high-
temperature determinations of Fe2*-Fe?* ordering
in the binary joins Fe;0,-Fe,TiO, and
Fe;0,-MgFe,0, (e.g., Trestman-Matts ef al. 1983,
1984) and the data supplied in this study, there
are now sufficient data to develop a thermo-
dynamic model relevant to the spinel system
Fe,Ti0,~-Mg,TiO,-Fe,0,~-MgFe,0, (FMFT) that

TABLE 1. RESULTS OF Fe2*-Mg2* EXCHANGE EXPERIMENTS INVOLYING OLIVINE

AND TITANIUM-BASED SPINEL

Initia) compositions Final compgsitions

L I Y U ) e 287

Ex-1 800 0,434 0.0 1.0 0.416(006) 0.051(003) 0.93  2.584(084)
Ex-2 80 0.434 0,204 1.0  0.423(006) 0.081{005) 0.935  2.423(112)
Ex-3 1000 0.216 0.204 1.0  0.199(003) 0.029(002) 0.959  2.130(086)
Exd 1000 0.216 0.0 1.0  0.204(005) 0.032(002) 0.975  2.046(096)
Ex5 1000 0,216 0.0 1.0 0.276(004) 0.044(002) 0.959  2.121(064)
£x6 1000 0.43%8 0,208 1.0  0.451(004) 0.081(005) 0.858  2.224(097)
Ex-7 1000 0.43 0,204 1.0  0.458(005) 0.083(003) 0.979  2.228(080)
Ex8 1000 0.620 0.208 1.0  0.629(005) 0.147(004) 0.969  2.287(060)
Ex-8 1000 0.620 0.204 1.0  0.633(003) 0.146(004) 0.971  2.315(050)
E-10 1200 0.216 0.0 1.0 0.203(005) 0.037(003) 0.879  1.896(116)
Ecll 1200 0.216 0.0 1.0 0.220(005) 0.040(002) 0.946  1.921(08D)
Ex-12 1200 0.216 0.204 1.0  0.243(007) 0.046(002) 0.858  1.892(076)
Ex-13 1200 0.216 0,204 1.0  0.283(008) 0.054(002) 0.956  1.931(083)
Ex-18 1200 0434 0.0 1.0  0.401(005) 0.085(004) 0.903  1.975(072)
Ex-15 1200 0.434 0.204 1.0 0.444(003) 0.100(008) 0.922  1.971(045)
Ex-16 1200 - 0.434 0.412 0.983 0.493(009) 0.116(004) 0.906  1.998(080)
Ex-17 1200 05620 0.0 1.0 0.577(005) O0.148(011) 0.893  2.087(112)
Ex-18 1200 03701 - 0.0 1.0 0.679(005) 0.209(009) 0.944  2.078(079)
Ex-19 1200 0.701. 0.412 0.983 0.732(005) 0.248(008) 0.935  2.115(078)
Ex-20 1200 0.799° 0.204 1.0 0.786(004) 0.302(017) 0.948  2.137(110)
Ex-21 1200 0.799 0.412 0.983 0.807(003) 0.335(013) 0.034  2.115(077)
Ex-22 1200 0.98 0.412 0.983 0.886(008) 0.466(016) 0.951  2.130(123)
Ex-23 1200 0.898 0.515 0,082 0.903(004) 0.541(011) 0.057  2.073(084)
Ex-2¢ 1400 0.701 0.615 0.982 0.778(003) 0.333(009) 01974  1.952(051)
Ex-25 1400 0,799 0.412 0,983 0.823(005) 0.392(011) 0.982  1.974(083)
Ex-26 1400 0.799 0,615.0.982 0.866(003) 0.476(018) 0.960  1.961(088)
Ex-27 1400 0.898 0.4127 0.983 0.871(003) 0.488(012) 0.956  1.952(075)
Ex-28 1400 0,898 - 0.515 0,982 '0.908(005) 0.581(034) 0.981  1.961(197)

Results: are based on the averafe of 15-20 microprobe analyses. Values of In Kps
as defined in the text, were calfulated after correcting for the ferric-iron-
bearing component in spinel assuming Rg0y stoichiometry.
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makes explicit provisions for cation ordering (assum-
ing R0, stoichiometry and.no short-range order-
ing). This system represents a model subsystem for
many spinel-group minerals that occur in meta-
morphic rocks or in equilibrium with basic and more
differentiated liquids (e.g., Sack & Carmichael 1984,
Sack et al. 1987). Thus the intention of the present
study is fourfold: (1) to supplement the available
thermodynamic data-base for spinels, (2) to develop
and test a thermodynamic model for the system
FezTiO4—Mg2TiO4—Fe304—MgF6204 that makes €X-~
plicit provisions for cation ordering, (3) to use this
thermodynamic model to predict activity-
composition relations and Fe-Mg ordering in
Fe,TiO,~Mg,TiO, spinels, and (4) to examine the
petrogenetic significance of the activity—composition
relations deduced from this model.

EXPERIMENTAL METHODS AND RESULTS
Mineral synthesis

Ulvdspinel, magnesium ulvdspinel, fayalite and
forsterite were synthesized from Fe powder, Fe,O;,
TiO,, SiO, and MgO. The reagents Fe,0;, TiO,,
MgO and SiO, were dried for 24 hours before
weighing, mixing, and grinding under acetone in an
agate mortar. In the synthesis of ulvospinel and faya-
lite, stoichiometric proportions of the appropriate
reagents were annealed in Fe crucibles with friction-
fitting lids at a temperature of 1150°C for three
48-hour periods in horizontal tube-furnaces under
a stream of argon. Iron metal containers were
employed to ensure that the spinels closely approxi-
mated R;0, stoichiometry (e.g., Webster & Bright
1961, Taylor 1964). To aid homogenization, the con-
tents were reground under acetone between cycles
of annealing. Similar procedures were employed in
the synthesis of forsterite and Mg,TiO,, but they
were annealed at 1350°C in Pt crucibles in air. The
final products were examined by electron microprobe
and powder X-ray-diffraction analysis. Microprobe
analyses established that all end-member spinel and
olivine compositions are homogeneous, stoichiomet-
ric phases. X-ray-diffraction patterns are character-
ized by sharp diffraction-maxima; cell edges deduced
from these patterns are in the range established for
these end members (e.g., Lindsley 1965, Wechsler
et al. 1984).

Intermediate compositions along the
Fe,Ti0,-Mg,TiO, and Fe,Si0,~-Mg,Si0, joins were
synthesized by annealing appropriate proportions of
end-member components in Fe crucibles with
friction-fitting lids under a stream of argon in a ver-
tical furnace. Olivine (Fogy, Fogy, Foy, Fog, Foys,
and Fo,,) and titanium-based spinel compositions
(Uspgo, Uspse, Uspag, and Usp,) were produced by
repeated annealing (1150-1350°C, 48 hr) and grind-
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ing under acetone until homogeneity could be estab-
lished by electron-microprobe analysis (Table 1).
Microprobe analyses of these materials and products
of Fe-Mg exchange experiments were accomplished
with a MAC 500 microprobe (Purdue Univ.) inter-
faced with a Digital Equipment Corporation
PDP-11/05 computer. Operating conditions were 15
kV acceleration voltage and 0.25 x 108 A beam cur-
rent. The raw analytical data were reduced by the
ZAF correction procedure using MAGIC IV, Stan-
dards used were the end members Fe,SiOy,
Mg,Si0,, Fe,TiO, and Mg,TiO, synthesized at the
Lawrence Berkeley Laboratory and characterized at
the University of California, Berkeley.

OLIVINE-SPINEL EXCHANGE EXPERIMENTS
Fe?*-Mg?* exchange experiments were con-

ducted at 1400, 1200, 1000, and 800°C. Olivine and
spinel were enclosed in Fe capsules with friction-
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fitting lids. The capsules were machined from high-
purity Fe rod (Johnson Matthey Chemicals, cata-
logue #40037), 5 mm in diameter, cut into 8-mm
lengths. Capsules were loaded with 0.15-0.1 gram
of material with a spinel:olivine weight ratio of about
30:70. All starting materials were stored in an evacu-
ated desiccator and mixed under acetone to minimize
water adsorption.

For the 1400 and 1200°C exchange runs, the Fe
capsules were placed in an outer capsule of Fe metal
crimped at both ends, hung by platinum wire in a
vertical alumina-tube furnace, and annealed under
a stream of argon. The experiments were quenched
by dropping the sample through the furnace tube into
a water bath introduced immediately prior to quench.
In the 1000 and 800°C exchange experiments, the
iron capsules were sealed in evacuated silica tubes
and annealed in horizontal tube furnaces. Temper-
atures were measured periodically during each experi-
ment with a Pt-PtgRh,, thermocouple calibrated

Fe28i04

XFo

0.6 0.8 Mgzsi04

FIG. 1 Experimental determinations of the Fe?™-Mg exchange distribution coefficients for coexisting olivine and
Ti#* -rich spinels, where KB = (Xy1p/ Xpe2+)OU X2+ /Xyg)SP. Solid lines are calculated distribution-isotherms
using the expressions of Davidson & Mukhopadhyay (1984) for the mixing properties of olivine, and the aF ropriate

expressions and parameters of the model presented herein. Arrows indicate directions of change of an?,

P during

Fe-Mg exchange experiments. Error bar shown in upper left corner represents typical uncertainty.
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against the melting point of gold (1064°C), with an
accuracy of +5°C. Demonstration of Fe2™-Mg2*
exchange equilibrium was achieved through use of
reversals, i.e., for each olivine composition,
appropriate spinel compositions were loaded such
that the equilibrium Fe2* -Mg?* distribution coeffi-
cient (K3-P) was approached from opposite direc-
tions. In general, the 1400°C and 1200°C experi-
ments exhibited convergence of the Fe**-Mg?*
distribution coefficient within 1 to 2 weeks. Such
convergence of the 1000 and 800°C experiments
occurred within 2 to 4 and approximately 10 months,
respectively.

EXPERIMENTAL RESULTS

The Fe-Mg exchange experiments demonstrate
that InK@S (where KZP=[Xy/Xpo+) O Xpa2+/
XMg]SP ‘is both temperature- and composition-
dependent (Fig. 1; see Table 1 for experimental data).
For the spinels defining the Fe-Mg exchange
isotherms, molar concentrations of (Fe,Mg)Fe,O,
between 2 and 15 mole % are calculated from
microprobe data, assuming charge balance and

TABLE 2. RELATIONSHIPS BETWEEN THE THERMODYNAMIC PARAMETERS AND

EXPANSION COEFFICIENTS

9o = 171634 + W13 - 2834) + 1/8(k7g - W56 + Wi5 - W7
+ a8y + 5aBhry) + VA Mg + 1283 + BF - o87a)
gry = VB 5, - aBHA) + 1/40Hp7 - W15 + Wo6 - W7g + Wia
- 38y} + V20 - 8 - afls + alfp)
ar, = 178634 -~ Brysy + Wsg + Wpg) + 1/8(Wa7 - Wig - Wig + 867 rp)
+ 1/2(8% - &)
gs) = V/B(34BY - ABF15)) + 1/4(lzg - Use + W1g * W15 - o7 + aBryry)
gs, = 1/2887g - 1/8(W14 - W3 - Wsg - Wrg - 2E5a)
- 1/4(Wg - Wy + Aé;]r‘z)
grysp ® 12(Wh3 - Wia)
Bryry = 1/B(4EY + aBFp) + /4005 - a7 + W13 - aBFyry)
Grys, = V/A(aB3 - Mge + Wg - Wia + W13) + 17208885 - aBfg
* Wy - Wp7 + MGy rp)
Orysy = /BGEL ¢ - AB34) + 1/4(N5 - W7 ~ W13 + 88ry)
Grys, = 1/BUH1g - W3 - Usg - Wrg - ABHA) + 174016 - Wp7 + ABFyry)
955, = /4GB sy + Wsg - ¥rg - W14 - W3)
aryry ® =V8EH g + Mg + W)
Gryr, = /160014 - W13 - 2B34) + 1/B(EY r, - W7 - W5)
9s;s; = VaBhg - ¥ig - W)
95,5, = ~174 ¥yg

Vertices of composition-ordering space are as follows:

1) FepTi0g [1T01]; 2) MgpTiog (TT011; 3) Fe(Mg,Ti)204 LOT11;

4) Mg(Fe,Ti)o04 [OTT1]; 5) Fed*(Fe2*,Fe3*)504 [11711; 6) Fel*(Fed*),04
[11171; 7) Fe3*(Mg,Fe3*)204 [0101]; 8) Mg(Fe3+),04 [01071, where

parentheses indicate cations in octahedral co-ordination. Enclosed in
square brackets is the numerical representation of each component in
terms of the composition and ordering variables (ry,r,,s1,8,), respec-
tively. By convention, the second vertex (subscript) is subtracted
from the first in defining appropriate parameters.
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R,0, stoichiometry for spinels in equilibrium with
Fe metal (Webster & Bright 1961, Taylor 1964). As
will be noted from Figure 1, the 1200°C experiments
establish the composition dependence of InK@-5p
over most of the range of Mg/(Mg + Fe) values of
olivine. At 1400°C, data collection was restricted to
the most Mg-rich compositions of the Fe-Mg
exchange isotherm, owing to melting of Fe-rich

_products. At 1000 and 800°C, the long-term experi-

ments produced useful data only for the more Fe-
rich compositions. Collectively, the experimental
results suggest that the compositional dependence on
InK3Y P is approximately a linear function of Xg! in
the fayalite-rich portion of Figure 1 (Fo,;~Fog). In
general, the compositional dependence in this range
can be accounted for by considering the nonideal
properties of olivine (e.g., Davidson & Mukhopad-
hyay 1984), because changes in X§3,,1i0, are small
compared to changes in X2!. Beyond Fog, the com-
positional dependence of InK-5? on X§! may be
nonlinear owing to nonideal effects of the Fe-Mg
substitution in spinel solid-solutions.

THERMODYNAMIC MODELING

Formulation of a thermodynamic model

As a compromise between feasibility and exacti-
tude it will be assumed that a second-degree Taylor
expansion in terms of composition and ordering vari-
ables will adequately describe the vibrational (i.e.,
nonconfigurational) Gibbs energy of R0, spinels in
the composition space FeO-MgO-Fe,0,-Ti0O,, i.e.,
FMFT spinels. This assumption is equivalent to
assuming that spinels exhibit symmetrical regular-
solution-type behavior (e.g., Thompson 1967, 1969,
Sack 1982a) along the joins of the space defined by
composition and ordering variables. It is the simplest
one that makes explicit provision for dependence of
the energetics of cation ordering on degree of inver-
sion in unary spinels. It is also the most complicated
one that can be supported by currently available
phase-equilibrium and site-population constraints
(e.g., Sack 1982a, Trestman-Matts ef al. 1983, 1984).

It will be assumed that Ti** occupies octahedral
sites only (Ishikawa et al. 1964, 1971, O’Reilly &
Banerjee 1965, Stephenson 1969, Wechsler et al.
1984) and that no short-range or long-range order-
ing of cations occurs on octahedral sites. Making
explicit provision for long-range ordering of di- and
trivalent cations between octahedral and tetrahedral
sites, the following composition (r; and 1,) and
ordering (s,and s,) variables may be chosen to
describe a R,0,-FMFT spinel: 1, = 1-(X3;’ +
2X%T); 1, = (XU +2X95%) -1 s = XEds -
2X9T; s, = (X8 -2X025%) + 1. These variables
assume values of either + 1, 0, or -1 for the vertices
(i.e., end-member components) of composition -



THERMODYNAMIC PROPERTIES OF TITANIFEROUS MAGNETITE SPINELS

ordering space (see caption to Table 2) and are
independent only for mixed FMFT spinels (see
Appendix). A second-degree Taylor expansion in
terms of these variables results in the. following
expression for the vibrational Gibbs energy of a
FMFT spinel solid-solution:

G*= g + g1 + 8(r2) + 84(81) + 8(2) + Zryry(Tr)
(12) + 8r5y(1)(81) + Brysn(r1)(82) + By (T2)(51) +
Lon(T)(82) + Zs(81)(s2) + n(r)? + Zoml(2)? +
gsm(sl)z + gszsz(sz)z- ‘

The coefficients of the above expansion may be
identified with five types of linearly independent ther-
modynamic parameters by setting the values of r;,
I,, §; and s, to those they assume at the vertices and
along the joins of composition-ordering space (e.g.,
Thompson 1969, Sack 1982a). The parameters
chosen here are as follows:

A. Vibrational Gibbs energies of the vertices
Fe,TiO, [G; 1, Mg,TiO,[G; ], and Fe?* (Fe3”,
Fe?*),0, [G; 1.

B. Vibrational Gibbs energies of cation-ordering
reactions between the following vertices:
Fe(Mg,Ti),0, [3] and Mg(Fe,Ti),0, [4] [AG;, =
G; -G, 1, Fe¥*(Fe’* ,Fe?"),0, [5] and
Fe?*(Fe’"),0,06] [AGss = [G5 ~-G§ 1,
and Fe** (Mg?” ,Fe3*),0,[7] and Mg*" (Fe**),0,
18] [4G} = G - G; ).

C. Vibrational Gibbs energies of the reciprocal reac-
tions Fe,Ti0, + Mg,TiO, = Fe(Mg,Ti),0, +
Mg(Fe,Ti),0, [AG] | and %Mg,TiO, +
Fe’* (Fe3t,Fe?*),0, = Fe** (Fe’* ,Mg?),0, +
15 Fe,TiO, [AG;M].

D. Symmetrical regular-solution-type parameters
describing departures from linearity in the vibra-
tional Gibbs energy along joins between vertices
differing in composition, Fe,TiO, - Fe(Mg,Ti),O,
[W3], Fe,TiO, - Mg(Fe, Ti),0, [Wy4], Fe,TiO, -
Fe'" (Fe*" ,Fe?*),0, [Wy], Fe,TiO, - Fe?*
(Fe*¥),0, [Wygl, and Mg,TiO, - Fe*™ (Mg?”,
F&*),0, [Wy] (e.g., Thompson 1967, Sack
1982a).

E. Symmetrical regular-solution-type parameters
describing departures from linearity in vibra-
tional Gibbs energy along joins between vertices
differing only in degree of order,
Fe3* (Fe?* ,Fe2*),0,-Fe** (Fe*),0, [Wyl and
Fe’* (Fel* ,Mg?"),0,-Mg?" (Fe*7),0, [Wo]
(e.g., Sack 1982a, p. 178-181, O’Neill &
Navrotsky 1983).

The relationships between the parameters given
above and the coefficients of the Taylor’s series
expansion are given in Table 2. It is important to
note that the parameters chosen do not define a
unique set of such types of thermodynamic
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TABLE 3. ESTIMATED VALUES OF THERMODYNAMIC PARAMETERS

AB5G = ~2.845 + 0.0027%T

AB%g = -3.437 + 0.000955%T
4834 = 5.97 - 0,001745%T

Afi’,tl s, = 5.795 - 0.003265+T
88y, v, = ~0.8626 + 0,000756+T

Wgg = 0.003255+T
W7g = 0.00
W5 = 6.2
Wi = 2.0
Wo7 = 5.4
Wig = 0.5
W13 = 0.5

All parameter values and temperatures are expressed in kcal/gfw and
degrees kelvin. Uncertainties in parameter values are difficult to
estimate owing to the varied data sets employed in their calibration.
However, sufficient data gre available for the Fe,Ti0;-Fe30, binary
to constrain vaiues of AG56’ Weg s ww, and H]G to within +1 kcal.

With the exception of Ww and WM’ all remaining parameter values are

considered to- have associated with them an uncertainty of at least +)
kcal owing to a high degree of covariance between many of them. The
uniqueness of the values of these parameters may be tested only as more
data relevant to FMFT spinels become available.

parameters. For example, W,, might equally well be
replaced by a regular-solution-type parameter for the
join Mg,TiO,~Mg(Fe’*),0, (i.e., Wyg). This non-
uniqueness of the chosen thermodynamic parameters
requires that there are relationships between these
parameters and all other such parameters relevant
to R;0,, FMFT spinels. These relationships are the
consequence of the assumption that a Taylor expan-
sion of only second degree is adequate to describe
the vibrational Gibbs energy of R;0,, FMFT
spinels. They are developed in the Appendix and will
be utilized subsequently.

Given the above relation for G* and an expres-

sion for the molar configuration entropy, an expres-
sion for the Gibbs energy of R;0,, FMFT spinels
may be obtained from the relation
G=G*-TSIC ?)
Given the site-population constraints for R;0,,
FMFT spinels,
XL + XEh + XTe) =1, (XG5 + X0e1+ +
XOST + X9T) = 1, and (X9 + XSt + KXIEL) =
1, an expression for S¥C is readily derived from the
relation

Sic=-R £ Tbg In n; )
s 1

where b, is the number of sites b per formula unit
and n; is the fraction of species i on site s. It is
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expressed here in terms of the composition and
ordering variables r;, r,, s; and s,:

§1¢ = —R({[%B-1p - %(r,+5,+5)] « In[%4(3-1)
~+s +s)ly + {[4(-r) + %l +s)]
In[%0-1) + %+sPl} + {[BG+1)] »
In[%(s,+1)1} + {[4+1) + Y%(s+s1)] »
% +1) + %G +sp1)l} + {0%0-r) +

War-s)l » I[%(-r) + %(-sp1} + {01 +
Brs)l « Il + %@es)l} + {1 -
In[%(1-r)1})* 4

{kcal)

TET
)

XFga+

)OCT ( Xpe2+

XFo3+
XFez+

RTIn(

1 1 1 1 1 1 1 1 I
Fog0, 0.2 04 0.8 08

Fe.TIO,
x Fe,TiO4

FiGg. 2. Calculated RTInKj~composition relationships
for the Fe;Q4 - Fe,TiO, binary join, where
Kp =(Xpe2+/ Xpe3 +)TET(X g3+ / Xp2+)OCT,  Dots,
squares and stars are experimental determinations of
Trestman-Matts ez al. (1984) at 1300, 1000 and 630°C,
respectively. Not considzred are the data of Trestman-
Matts ez al. (1984) for samples with Xy, = 0.69 and
Xysp = 0.58 at 1300°C. Samples prepared to have
Xysp = 0.69 contain minor amounts of hematite and
ilmenite (Trestman-Matts ef a/. 1984). The value of
RTInK, for the sample with Xy, = 0.58 at 1300°C
deviates significantly from the trend defined by the sam-
ples with' Xy, less than 0.5.
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From the resulting expression for G, expressions
for the conditions of homogeneous equilibrium,
(aG/asl)T,P,rz,rl,sz =(0G/38)1pr2r,5 = 0, may be
readily derived. Expressions for the chemical poten-
tials of the vertices of composition-order space may
be derived from the relation

Rijkl = G’I'(i‘rl)(aé/arl)T,g,rz,sl,sz + (j_rZ)
@G/ 1 p,r1,51.52 + (k-s)(0G/08)1,p,r1,r252 T+
(0-5)(0G/ 081 pr1,e2.51 &)

where i, j, k, and £ represent the respective values
11, Iy, §;, and s, have in the vertex of interest (e.g.,
i=+1,j=-1, k=0, and £ = +1 for Fe,TiO,
component). Such expressions are given in Table A
of the appendix.

Calibration

In principle, calibration of the energetic
parameters may be achieved from analysis of the
three types of data presently available: 1) site
occupancies for unary and binary spinels, 2)
activity—composition determinations and miscibility-
gap data for binary spinels, and 3) Fe?*-Mg?*
exchange data for coexisting olivine and spinels. Any
calibration, however, will be ad hoc to some extent
owing to the large number of parameters relative to
the data sets available. In order to decrease the num-
ber of adjustable parameters we assume the follow-
ing: 1) all regular-solution-type parameters describ-
ing joins between vertices with different composition
are constants greater than zero, and 2) Wy,
=W,, = 0.5-1.0 kcal, based on the similar
volumes of Mg2"- versus Fe**-bearing end mem-
bers (Lawson 1947, Sack 1980a, Ganguly & Saxena
1984). Given these assumptions, provisional model
thermodynamic parameters are calibrated by first
developing constraints on relationships between sub-
sets of parameters from data relevant to homogene-
ous equilibrium for Fe;O, and MgFe,0,. Values for
parameters relevant to the Fe,TiO,~Fe;O, binary
join may then be constrained from analysis of
homogeneous equilibrium, miscibility gap, activity-
composition, and volume-composition data. Inter-
nally consistent values for the remaining para-
meters may then be established by analysis of
appropriate homogeneous and heterogeneous con-
straints for the binary systems Mg,TiO,-MgFe,0,,
Fe,TiO,~Mg,TiO, and Fe,0,-MgFe,0,, and appli-
cation of relationships (A-15), (A-16) and (A-18).

The energetic parameters of Fe,TiO, - Fe,O,
spinels are constrained best by the current data. We
may use the site-occupancy data of Wu & Mason
(1981) and relationship (A-4) to calculate possible
relationships among AHz, ASss, and Wi for Fe,0,.
These constraints and site-occupancy data
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F1G. 3. Activity-composition relations for the Fe;O, - Fe,TiO, binary join predicted
by the model presented herein, the model of Sack (1982a), and for a statistically
ideal Fe30, - Fe,TiO, spivel (a = X2). Dots are experimental determinations of
Katsura et al. (1975) at 1300°C. Calculated activities of Fe,TiO, beyond X; Fe,Ti0,
greater or equal to 0.5 are equivalent for both models.

(Trestman-Matts et al. 1983), activity-composition
determinations (Katsura et al. 1975), approximate
miscibility-gap constraints (Kawai ef ¢/, 1954, Kawai
1956, Vincent et al. 1957, Price 1981, Lindsley 1981),
and composition-volume relationships (e.g., Linds-
ley 1965, Wechsler ef al. 1984) for Fe,Q,-Fe,TiO,
spinels allow determination of plausible values for
the energetic parameters Ay, AS:,, Wss, W5 and
W,¢ employing relations (A-7), (A-19) and (A-21).
In a first approximation, the site-population data of
Trestman-Matts ef al. (1983) for titaniferous magnet-
ite with Xge,0, = 0.5 provide a direct estimate for
the quantity  (W,s-W;s~Wse) in equation (A-7),
because they indicate that the ordering variable s,
is effectively constant at 630, 1000, and 1300°C (see
caption to Fig. 2). These data require that 0W,/3T
be marginally negative, given the ground rule that
W5 and W, are constants. With these constraints
and the previous constraints on relationships among
A%, ASZ, and Wy, all Fe,TiO,-Fe,0, parameters
may be estimated from the remaining data. In par-
ticular, room-temperature volume-composition rela-
tions (Lindsley 1965, Wechsler et al. 1984) suggest

-

that (W4-W/;) is approximately equal to —4.2 kcal
based on (A-7), the cation radii of O’Neill &
Navrotsky (1983), and the expressions of Hill ez al.
(1979), whereas high-temperature activity-
composition determinations and miscibility-gap fea-
tures suggest that W5 is approximately 6.0 kcal if
(W,s~Wys) is equal to -4.2 kcal. Less negative
values of W W s appear to be unrealistic because
such values result in dramatic changes in s, (order-
ing) with composition at low temperatures. Such fea-
tures are inconsistent with the measured
composition-volume relationship, assuming that the
Fe?*-Fe3* electron exchange between tetrahedral
and octahedral sites cannot be quenched at high tem-
perature (i.e., composition-volume measurements
reflect ordering schemes closer to room temperature)
(e.g., O’Donovan & O’Reilly 1980, Diekmann 1982,
Wechsler et al. 1984, Mattioli ef al. 1987). Substan-
tially more negative values of W,,~W,; are unsatis-
factory because they would be inconsistent with
values predicted by empirical size-mismatch consider-
ations (e.g., Lawson 1947, Davies & Navrotsky 1983,
O’Neill & Navrotsky 1984) and would also require
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FIG. 4. Calculated position of the solvus in the Fe;0, ~ Fe,TiO,4 binary system (solid
line) compared with the results of the homogenization experiments of Lindsley
(1981). Arrow pairs at each temperature indicate the extent of homogenization;
closed symbols indicate that an essentially homogeneous product was obtained.
Dashed line is the solvus for the MgFe,O, — Mg,TiO, binary given by the model

presented herein.

negative values of Wy, at lower temperatures.
Larger values of Wy result in a consolute temper-
ature greater than that determined experimentally,
whereas lower values result in poor fits to high-
temperature activity-composition determinations.
Accordingly, parameter values consistent with the
above constraints have been used to calculate cation
ordering - composition relationships, activity-
composition relationships, and miscibility-gap fea-
tures. Such calculations are compared with
experimental determinations in Figures 2, 3 and 4.

In contrast to the Fe,TiO, ~ Fe;0, binary system,
only site-occupancy data are available to constrain
the energetic parameters relevant to the Mg,TiO, -
MgFe204 join, Aﬁ;g’ Ag;s, W78’ W27 and Wzs. In
analogous fashion as for Fe,O,, relations among
the parameters AH’;, ASY, and W,, may be con-
strained from analysis of the site-occupancy data of
Kriessman & Harrison (1956), Epstein & Frackiewicz
(1958), Pauthenet & Bochirol (1951), Mozzi &
Paladino (1963), and Pucher (1971) for MgFe,O,
employing (A-5). For Mg,TiO, - MgFe,0, spinels,
relations between the values of (W,,—W,s-Wog) and
W.s were obtained from the site-occupancy data of
DeGrave et al. (1975) at 1100°C by employing (A-8).

With the above relations, values for W5, may then
be calculated from (A-18) given a value for AGr 1,
Employing values of AGr,r, that will be determined
subsequently, considerations of (A-8) and (A-18) sug-
gest that all possible values of (W,-W,,—Wyg) and
W, consistent with the data of DeGrave ef al.
(1975) are also consistent with a value of W,, of
approximately 5.4 kcal, a value consistent with size-
mismatch considerations (l.e., W,; < Wis). Using
similar size-mismatch constraints to define W,g,
final values for W, AHj; and ASj; may then be
determined. Comparison of the calculated site-
occupancies (Fig. 5) and miscibility gap (Fig. 4) with

. experimental determinatjons and petrological con-

straints (e.g., Price 1981) suggests that the energetic
parameters selected are consistent with them.

Olivine - “ulvéspinel”’ Fe?*-Mg2* exchange data
reported in this study are the only data available to
develop constraints on energetic parameters relevant
to Fe,TiO, - Mg,TiO, spinels. Analysis of the con-
dition of Fe-Mg exchange equilibrium

14, ;5P 1, OL =
Ve mio, T YahEessio, =

Yoo, + Yk,  (6)
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by employing (A-6), (A-19), (A-20) and the calibra-
tion of Davidson & Mukhopadhyay (1984) yields
only relationships between possible values of AG;,
and AG,,, for assumed values of Wy, and W,;.
However, probable bounds on these parameters and
the parameters AG" may be developed by simul-
taneous consideration of the data collected in this
study and the following data relevant to the
Fe;0,~-MgFe,O, binary: 1) site-occupancy data
(Trestman-Matts et al. 1983), 2) activity-composition
relations (Tret’yakov 1967, Shishkov ef al. 1980), and
3) exchange data for the pair Fe?*-Mg2* olivine-
ferric-iron-based spinel (Jamieson & Roeder 1984).
This is achieved by employing expressions (A-6),
(A-9), (A-10), (A-11), (A-19-A-22), and three rela-
tionships that may be derived from (A-15), (A-16),
and (A-18) for the ground rule that all regular-
solution-type compositional parameters are cons-
tants,

AS;, = 0W/0T )
AS3, = 2(ASy - AS}) - AS:,, + dWs/0T,  (8)
and A5}, = %(A8" - ASY + OW/0T)  (9)

Accordingly, a final set of these parameters was
determined by testing values of AG3, and AG;,
consistent with expressions (7), (8), (9) and the data
for Fe,TiO, - Mg, TiO, spinels, against the data for
Fe;0, - MgFe,0, spinels, to achieve a fit that satis-
fies all of the available data. A value of AG],,, was
determined by considering expression (9), the data
collected in this study and the data of Jamieson &
Roeder (1984). Comparison of calculated results and
available experimental determinations for
Fe;0, - MgFe,0, and Fe,TiO, - Mg,TiO, spinels
are given in Figures 6, 7, 8, and Figure 1, respec-
tively.

A listing of a FORTRAN computer program that
calculates cation ordering states and activities of
components in R,0,, FMFT spinels based on the
expression given in Table A is available from the
authors on request.

DiISCUSSION

Several aspects of the thermodynamic model and
experimental data merit further discussion. It is of
interest to examine the predictions about titanium-
based and ferric-iron-based spinels that follow from
this model, compare them with those given by other
models (Sack 1982a, Urosov 1983, O’Neill &
Navrotsky 1983, 1984) and use the resulis of this
study to refine a calibration of the olivine-spinel Fe-
Mg exchange geothermometer (e.g., Irvine 1967,
Jackson 1968, Evans & Frost 1975, Roeder ef al.

T T T T T T T T T
08 - —

2+ TET
)

Xw,
Xpe3+

)OCT (

Xpgd+
ng"“

In(

. 1 1 { 1 1 [ H | 1L
Mg, Tio, 02 04 08

XwmgFe,0,

MgFe,0,

FiG. 5. Comparison of calculated values of InKj, (solid and
dashed lines) with experimental determinations for the
Mg, TiO, - MgFe,O, binary join. Error bars represent
the data of DeGrave et al. (1975) at 1100°C, circles
represent the data of Tellier (1967) at 1100°C (filled)
and 900°C (open), and the star and square reperesent
the 1100°C data of Pauthenet & Bochirol (1951) and
Epstein & Frackiewicz (1958), respectively.

1979, Sack 1982a, Engi 1983). Firstly, the calcula-
tions are in accord with predicted site-preferences of
cations for 2-4 and 2-3 spinels (e.g., O’Neill &
Navrotsky 1983): Mg shows a greater preference for
tetrahedral co-ordination in titanium- based than in
ferric-iron-based spinels (Fig. 9). These calculations
also indicate that the titanium-based spinels exhibit
slight positive deviations from ideality between 800
and 1400°C (see Figs. 10, 11). To an excellent
approximation, the excess Gibbs energy is symmetri-
cal with respect to composition and decreases regu-
larly with increasing temperature. A similar scenario
for ferric-iron-based spinels is predicted by this
model and is in accord with experimental determi-
nations (e.g., Tret’yakov 1967, Shishkov et al. 1980).
Secondly, it may be noted that the calculations sug-
gest a critical temperature of approximately 400°C
for Mg, TiO, - MgFe,0,, Fd3m spinels as opposed
to about 570°C for Fe,TiO, - Fe;0,, Fd3m spinels
(Fig. 4). Although the latter temperature and calcu-
lated binodal curves are in agreement with the
experimental constraints of Lindsley (1981), the
former suggests that the discrepancy between criti-
cal temperatures determined by Lindsley (1981) and
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'Fic. 6. Calculated values of the ratio of ferric to ferrous
iron in octahedral co-ordination (dashed lines) compared
with an interpolation (solid lines) through the
experimental determinations of Trestman-Matts ef al.
(1984) for the Fe;0, - MgFe,O, binary system. Arrows
indicate experimental determinations for end-member
Fe;04 by Wu & Mason (1981) at.1300°C, 1000°C and
650°C, from top to bottom, respectively.
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FiG. 7. Predicted activity-composition relations (dashed
line) compared with the experimental determinations of
Shishkov et al. (1980) at 1000°C for the Fe;O4 -
MgFe,O, binary system. Solid line indicates ideal mix-
ing, which closely approximates the data of Tret’yakov
(1967) at 1100°C.

Price (1981), 540-570°C and ~490°C, respectively,
cannot be attributed to the small amount of Mg in
the natural samples of titaniferous magnetite
annealed by Price (1981), even if one does not con-
sider that such spinel compositions probably undergo
octahedral site splitting at these temperatures (e.g.,
Preudhomme & Tarte 1980, Wechler & Navrotsky
1984).

To outline the requirements for a thermodynamic
model that will accurately predict activity-
composition relations in complex spinels of geochem-
ical and petrological interest, it is appropriate to com-
pare the general features of the model presented here
with those that result from other formulations of
thermodynamic mixing properties (e.g., Sack 1982a,
Urosov 1983, O’Neill & Navrotsky 1983, 1984, Leh-
mann & Roux 1984). Firstly, because Fe**-Fe2*
and Fe*"-Mg2* cation distributions exhibit sub-
stantial dependence on temperature and composi-
tion, calibrations of macroscopic formulations for
thermodynamic mixing properties will not allow ade-
quate description of activity-composition relations
in ferric-iron-based spinels (e.g., Sack 1982a, p.
178-181). The inadequacy of macroscopic models in
this regard may be illustrated by comparing activity—
composition relations for Fe,TiO, - Fe,O, spinels
calculated from the microscopic model given here
with those calculated from the macroscopic model
of Sack (1982a) or Spencer & Lindsley (1981) (Fig.
3, see also Mattioli & Wood 1986b). Sack (1982a)
used primarily miscibility-gap features and olivine—
spinel Fe-Mg exchange data to calibrate the ther-
modynamic coefficients of a third-degree Taylor
expansion for the R;0,, FeO-MgO-
FeZO3—A1203—Cr 203"Ti02 (FMFACT) Spinels in
terms of macroscopic (composition) variables only;
in calculating the configurational entropy, Sack
made the following limiting approximation for cation
distributions in FMFT spinels:

Xéﬁ'r*_:X;Els'f_,:X_{g&:O,
(XTI /XT0+) = (X988 /X55+), and

(XTBL/X9G%) = 2. Although this calibration ade-
quately describes the activity of the Fe,TiO, com-
ponent over most of the composition range, it
underestimates its activity in the dilute range, and
it underestimates the activity of Fe;0, throughout
most of the compositional range. A similar conclu-
sion was reached by Sack (1982a, p. 178-181) for
activities of Fe,O, and MgFe,0, in binary spinels in
the subsystems FFA, FFT, MFA, MFC, and MFT;
this conclusion has also been substantiated for
Fe;0, - MgAl,0, spinels (Mattioli & Wood 1986b).
The consistent underestimation of Fe;O, indicated
above would suggest, for example, that the dis-
crepancies between oxygen fugacities calculated from
mantle xenoliths bearing the assemblage spinel -



:

THERMODYNAMIC PROPERTIES OF TITANIFEROUS MAGNETITE SPINELS

O1-Sp
InKp

1 1 1 1 1 I

0.3 04 0.5 0.6 07 08 0.9
Ol

XFo

10

FIG. 8. Calculated values of the Fe2*-Mg exchange distribution-coefficients (solid
line) for coexisting olivine and ferric-iron-based spinel at 1300°C compared with
the experimental determinations of Jamieson & Roeder (1984), where
K%l“sf’ = Xng/Xpe2 +)OUXKpe2+ /Xpig)P. Dashed line is the calculated fit of Jamie-
son & Roeder. Calculations were achieved through use of the expressions of David-
son & Mukhopadhyay (1984) for the mixing properties of Fe2*-Mg olivine and
the appropriate equations of the model presented herein.
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olivine - orthopyroxene (e.g., Mo et al. 1982, Mat-
tioli & Wood, 1986a) and those obtained from deter-
minations of intrinsic oxygen fugacity on individual
minerals (e.g., Arculus & Delano 1981) may be even
larger than the several orders of magnitude differ-
ences noted by Mo ef al. (1982). The above obser-
vations suggest that a macroscopic model is incapa-
ble of adequately describing simultaneously activities
of dilute and concentrated components unless a poly-
nomial expansion of greater than third degree is used
to describe the excess Gibbs energy. Such an
approach would be strictly empirical. It would
require that activity-composition relations be well
known over the temperature and composition range
of interest, because the coefficients of the expansion
would not be simple functions of temperature, and
many of them would not be related simply to meas-
urable thermodynamic quantltles Accordmgly, it is
appropriate to examine various microscopic formu-
lations of thermodynamic properties.

Although the formulations given here and by Sack
(1982a, p. 178-181) for Fe,O, — FeCr,0, spinels are
identical to those of Urosov (1983) and O’Neill &
Navrotsky (1983) for unary spinels, they differ in
several respects for binary and more complex spinels.
The formulations of O*Neill & Navrotsky (1983) and
Urosov (1983) both assume that, in unary spinels,
the vibrational Gibbs energy is a quadratic function
of the degree of disorder or that, for example, the
conditions of homogeneous equilibrium for Fe,O,
and MgFe,0, are:

£2+ o3+
R () (S ) -
AG3s - Wilsy) (10
and
RT In (-’ﬁg,jf;) () -
AGg - Wg(sy), an

respectively. However, they consider that the Wy
terms are identical constants for spinels of a given
type (e.g., 2-3 spinels). In their extensions to binary
spinels, O’Neill & Navrotsky (1984) and Navrotsky
(1986) assumed that (10) and (11) apply directly, and
that the equation defined by their difference describes
Fe?*-Mg?* ordering in Fe;0, - MgF,0, and
Fe,TiO, - Mg,TiO, spinels. They also include a
size-mismatch (regular-solution type) term in their
formulation for the vibrational Gibbs energy of
mixing.

i
6 7 8 9 10 1 12
(1/T) x10% (K)

FiG. 12. A plot of InKp, versus reciprocal temperature for
experimental olivine-FMFAC spinel assemblages where
InK*, is defined by the expression

A AG
Ik} = InK), - R";S(XS)— Ser 1-2xeh)
3G 233
=- %1 *tRT

Dot with associated error bar represents experimental
data of Jamieson & Roeder (1984) for 1300°C. Open
arrows pointing downward at 1200°C represent heat-
ing experiments of Roeder et al. (1979) on natural
olivine-spinel assemblages. Remaining arrows represent
tightest reversal brackets of Fe-Mg exchange experi-
ments of Engi (1983) for olivine - aluminum-based
spinel (small solid arrows), olivine - aluminum- and
chromium-based spinel (open arrows), and olivine -
chromium-based spinel (large solid arrows) assemblages
with X2l < 0.95. Tips of arrows represent data points,
direction of arrows (up or down) indicates direction of
change of InK, during experiment, numbers asso-
ciated with open arrows indicate the molar ratio
Cr3*t/(Cr3* 4+ Fe3* + AI3*) of spinels. Lines
represent calibration of InKj, for aluminium- and
chromium-based spinels with X3 = 0.0, 0.25,,0.50,
0.75, 1.0 employin; the following values for - AGEX,
Auds, Adds, and OGS 1.33795 - (0.0009539) T(K),
4.80, 6.39, and 1.68 kcal/gfw, respectively;
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Trestman-Matts et al. (1983, 1984) have demon-
strated that, to a first approximation, the above for-
mulation adequately accounts for site-occupancy
constraints, activity-composition relations, and
volume-composition data for Fe,TiO, - Fe,O, and
Fe,0, - MgFe, 0, spinels, provided W, is not equal
to Wos, Wy, is temperature-dependent, and the
regular-solution formulation for the mixing term in
Fe,TiO, - Fe;0, spinels is replaced by a subregular
(asymmetrical) solution formulation. Owing to the
different formulations employed [see equations
(A-7), (A-8), (A-9), and (A-10)], the regular-solution-
type parameters deduced here (e.g., W5, Wi, W)
are systematically larger than those deduced from
application of the formulation of O’Neill &
Navrotsky (1984). Extension of their formulation to
compositionally more complex spinels is problemat-
ical, however, owing to the need to develop expres-
sions for the vibrational Gibbs energy that 1) allow
for differences in tetrahedral-octahedral site-
preference energies for Fe2* and Mg?* in 2-3
versus 2-4 spinels, 2) are based on a consistent set

THE CANADIAN MINERALOGIST

of mathematical assumptions, 3) incorporate recipro-
cal energy-terms, and 4) make explicit provision for
size-mismatch contributions to cation distributions
through incorporation of cross-terms in
composition-ordering variables.

In principle, the approach outlined here may be
readily extended to complex spinels of general petro-
logical and geochemical interest. Such an extension
would require additional composition and ordering
variables. Specifically, it would be necessary to con-
sider additional composition variables for Cr and Al,
and at least one additional ordering variable specify-
ing the distribution of Al between octahedral and
tetrahedral sites (e.g., Wood ef al. 1986). It would
also require inclusion of a provision for cation vacan-
cies, at least at temperatures above 1000°C, if it were
extended to treat T-f(O,) relations in assemblages
of titaniferous magnetite and rhombohedral oxide
(e.g., Webster & Bright 1961, Taylor 1964, Aragon
& McCallister 1982, Mattioli et al. 1987).

Lastly, it is of interest to apply the results obtained
here to the development of an olivine-spinel Fe-Mg

-~ 6.0
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< 5.5
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Fic. 13. The Gibbs energy of the reciprocal reaction MgAl,O4 + %Fe,TiO, =
FeAl,0, + ¥%Mg,TiO,, A,&, as a function of temperature. Values of Ap.g4
computed from the experimental data given in Table 1 employing the parameter
values given in the caption to Figure 12 and the following expression:

. -
Auds = /X (RT InKQL-SP - Ads(1-X,) + AGEx)- %O5GI(1-2XQL)].

Errors bars indicate standard deviations defined by the data sets at each
temperature. Least-squares fit to the 1000-1400°C exchange data is given

by the following expression:

A,ug4 = 3.5561 + (0.0015698) T(K) (r=0.9998).
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exchange geothermometer. Unfortunately, such a
development for FMFACT spinels must be based on
a macroscopic formulation for thermodynamic
properties, as a calibration of a microscopic formu-
lation for such spinels is beyond the scope of this
study. In the simplest plausible macroscopic formu-
lation for the Fe-Mg exchange reaction between oli-
vine and FMFACT spinel, it is considered that spinel
is an “‘ideal” reciprocal solution (e.g., Irvine 1965,
Wood & Nicholls 1978, Rawson & Irvine 1980) and
that olivine is a symmetrical regular solution (e.g.,
Sack 1980a, Davidson & Mukhopadhyay 1984). For
these assumptions, the condition of Fe-Mg exchange
equilibrium between olivine and FMFACT spinel
may be written as follows:

aGix apds
L-SP _ _ e
[nKQL-SP = ®T t RT X3 +
apds apds G x> 10
RTED + R XD+ Sy (1-2Xr) (10)
where

70— 14(30 OL =0 OL ~0 Sp ~o SP
AGYy = V2(Gpg, si0, = OFe, sio) + (GFeas,0, = GMgan,0,)»

0 _ ({30 Sp =0 SP o SP =0 SP
Aply=(Cgcr 0, + Cearo,) ~ (Glecryo, + ChgaL,o.)s
204 204 204 204

A[A(2)4 =

~o0 SP ~0 SP ~o SP ~o SP

(%4 Gg, Tio, + Gleano,) = (“2Ghe,mio, + GMgao,)
0 (GO 50 50 0

Apds = (Glgre,0, + Ckeaty0,) ~( Greso, + Ggaro,)»

oL
AG) = (Glreyp My sios + ClvenpaEonsiog)

R0 70
(GEeysio, — OMgysioy)

SP.
X, =02+, X;=1ngs+, X, =nf+, Xs='hnrs+,

the n; terms are the number of the i cations in a for-
mula unit based on three cations, and °G9= 1.68
kcal/gfw (Davidson & Mukhopadhyay 1984).
Analysis of the Fe-Mg exchange experiments of
Engi (1983), Roeder et al. (1979) and Jamieson &
Roeder (1984) permits estimates for the quantities
Ay; and AGLy and demonstrates that this formu-
lation is consistent with all of the current experimen-
tal data for FMAC spinels to an excellent approxi-
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mation (see Fig. 12). The data of Jamieson & Roeder
(1984) permit an estimate of 6.39 kcal/gfw for Auls
at 1300°C; in combination with the above result
for —~AGQy , this estimate is in accord with those
obtained from low-temperature (greenschist-facies)
magnetite-olivine assemblages (e.g., Hoffman &
Walker 1978; 420°C). In combination with these
results for —ZGOEX and Auds, the experimental con-
straints presented herein are consistent with the
calibration for Aud, given in Figure 13.

Although the calibration given above appears ade-
quate for FMFAC and FMT spinels, it may not be
adequate for many high-temperature FMFACT and
FMEFT spinels. In particular, the experimental results
of Sack (1982a) and Rawson & Irvine (1980) for
FMFACT and FMFT spinel-olivine assemblages,
respectively, give values of In KJL-5F systematically
greater than those predicted by this calibration. A
similar finding is suggested by comparing values of
In K3'-SPwith temperatures for ilmenite - titanifer-
ous magnetite assemblages in basaltic lavas (e.g.,
Nicholls et al. 1982) obtained by employing the
calibration of Buddington & Lindsley (1964). Such
discrepancies may well be due to non-negligible devi-
ations from R,0, stoichiometry in the synthetic
spinels of Sack (1982a) and Rawson & Irvine (1980)
(e.g., Webster & Bright 1961, Taylor 1964) and
preferential retrograde exchange of Mg?™ and Fe?*
between olivine and spinel relative to Fe?*Ti =
Fe3'exchange between ilmenite and spinel in the
natural assemblages. Two observations favor cation
vacancies as the cause for the discrepancy between
the calibration given here and the experimental data
of Sack (1982a) and Rawson & Irvine (1980). Firstly,
higher-than-actual values of In K3"-5* are calcu-
lated for FMFT and FMFACT spinels exhibiting
non-negligible cation-vacancy substitution, if R;0,
stoichiometry is assumed. Secondly, the calibration
of the olivine-spinel exchange reaction given here
yields temperatures for assemblages of olivine and
titaniferous magnetite virtually identical with those
obtained from the Buddington-Lindsley calibration
for coexisting iron-titanium oxides for lower-
temperature (granulite-facies) camberlandites from
the Adirondack Mountains (Sack 1979: 670 +30°C).
Assuming that cation vacancies are the cause of the
observed discrepancies at high temperatures, it would
be necessary to make explicit provision for non-zero
Gibbs energies of reciprocal reactions involving
vacancy-bearing components such as

in the formulation of the olivine-spinel Fe-Mg
exchange geothermometer (e.g., Dickmann 1982).
Although it would result in slight modifications of
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the values of parameters in the calibration for
olivine-FMFACT spinel assemblages, inclusion of
such a provision for slight departures from ideality
due to mixing of Fe?* and Mg?* would not
ameliorate the discrepancy noted above and would
be problematical, as such information is not well

known for aluminum- and chromium-based spinels
(e.g., Mattioli et al. 1987).
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APPENDIX.
EXPRESSION FOR CHEMICAL POTENTIALS
AND THE CONDITIONS OF HOMOGENEOUS EQUILIBRIA
IN R;0,4, FMFT SPINELS

In Table A, expressions for the conditions of homogene-
ous equilibrium (A-1, A-2 and A-3) and chemical poten-
tials of four vertices of composition-order space
(A-19,A-20, A-21 and A-22) are given for R;0,, FMFT
spinels. These expressions are based on the choice of a set
of thermodynamic parameters given in the text. As noted
in the text, this set of parameters is not a unique set of such
parameters. Accordingly, the expressions given for
homogeneous equilibrium in FMFT spinels are simplified
to those that apply in the constituent binary and unary sys-
tems to identify relations between the parameters chosen
and those appropriate to the constituent subsystems. These
relations are given in expressions (A-15), (A-16) and
(A-18). An example of the derivation of one of these rela-
tions, (A-18), is outlined for furtheér clarification.

Consider binary spinels on the join Mg,TiO, -
MgFe,0,. For such spinels we have the following relation-
ships between the composition—ordering variables used to
describe FMFT spinels: r, =1, and s, = 0. Taking into
account these simplifications, relation (A-2) for FMFT
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spinels may be reduced to relation (A-8) for Mg,TiO, -
MgFe,0, spinels. However, relation (A-8) is expressed in
terms of the thermodynamic coefficients chosen for FMFT
spinels. For such spinels an appropriate set of ther-
modynamic parameters would be G3, G3, AGJg, Wy, Wag,
and Wg. Identifying these parameters with the coefficients
in a second-degree Taylor expansion in ry and s,

G* =8 + grz(fz) + gsz(SZ) + grzrz(r?)z
+ Bope(82)? + Brpsy(T282)

and combining this result with_an expression for S¢
through the relation G = G2TSIC, leads to relation
(A-17) for the condition of homogeneous equilib-
rium ([0G/ds,],, = 0) in Mg, TiO, - MgFe,0, spinels.
Comparing (A-{7) with (A-8), it is concluded that the
parameter Wy must be related to the set of ther-
modynamic parameters chosen for FMFT spinels by rela-
tion (A-18) for the assumption that a second-degree Tay-
lor’s series expansion in r;, r,, §;, and s, is adequate to
describe the vibrational Gibbs energy of R;0,, FMFT
spinels. Following a similar procedure for Fe,O, -
MgFe,0, spinels, relations (A-15) and (A-16) may be read-
ily derived.
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TABLE A.  EXPRESSIONS USED FOR CALCULATION OF CATION SITE OCCUPANCIES AND CHEMICAL POTENTIALS

Conditions of Homogeneous Equilibrium for a FMFT Spinel.

36 B _ -
37 = 0 = 1/4(3a834 - AG’;]S]) + 1/2(W7g - W55 + Wig + Wi - Wp7 + AG’é]rz) + r1(H13 - Wg)
+ r2[1/4(A§¥151 - AB%4) + 1/2(W15 - Wo7 - Wi3 + AG:IrZ)] + s1(A§¢]s] - Wig - W13)
+ sz[l/Z(AG’F] s * Ws6 - Wyg - W14 - W13)] - RT 1L (Xpg/XFe2+) TET (XEa2+/Xpg) 0CT] (A-1)
36 _ _ -
55;' = 0 = ABYg - 1/4(W1g - Wi3 -~ W5 - Wyg - AG§4) - 1/2(W1p - Wo7 + AG:1r2)

+

r1[1/2(Aé§4 - Wsg + Wyg - Wig + Wi3) + AEEG - aGYg + Wi5 - Wp7 + AG:]YZJ

+

rol1/4(W14 - W13 - W5 ~ W7g - A§§4) + 1/2(W1g - Wo7 + Aé?lrz)]
S][]/Z(Aﬁﬁls] + W5 - Wyg - Wig - Wi3)1 - sa(Wyg) - RT 1n[(XMg/XFe3+)TET(XFe3+/XMg)0CT]
(A-2)

+

(g‘g‘z‘)-(g‘g? =0 = AGYg + Wpy - Aé’,i]rz - 1/2(a834 + Wig + Wi5) + 1/4(W13 - 3Wi4 + 3Wsp - Wyg + AE?;]S])
+ r1[1/2(Wyg - Wig + aGS4 - Wgg + Wyg) + A§§5 - Aé?g + W5 - Wo7 + AE:]rZ)]
+ rol1/4(W14 + W13 - Wsg - W7g - Aé,’:]sl) + 1/2(W1g - Wi5)1
+ $101/2(W56 - Wrg + Wha + W13 - ABRs))] - sgL1/20H7g + W6 - W4 - W13 + A8R 5]
- RT In[(Xpe2+/Xpe3+)TET (Xpa3+/Xpo2+)0CT] (A-3)

Conditions of Homogeneous Equilibrium for Unary Spinels of the FMFT Spinel System.

Fe2*+(Fed*)p0y - Fedt(Fed+,Fe2+),0,
RT 1nL(Xpe2+/Xpe3+)TET (X, 3+/Xpe2+)0CT] = AGSg - s2(Wsg) (A-4)

Mg(Fe3%)504 - Fe3*(Mg,Fe3+)04
RT 1nL(Xmg/XFe3+) TET(Xpe3+/Xug) 0CT1 = 2878 - sp(M7g) (A-5)

Conditions of Homogeneous Equilibrium for Binary Spinels of the FMFT Spinel System.

FepTi0g - MgpTiOg
RT InL(XMg/Xpe2+) TET(XEo2+/Xyg)0CT] = B34 + r1(Hi3 - Wig) + 51(Aé’;1 s; - Wia - W13) (A-6)

Fe304-FepTi04
RT InL(XFe2+/XFe3+) TET(Xpa3+/Xpe2+)0CTT = aGg + 1/2(W15 - Wig + Wsg) + ral1/2(Wig - Wi5 - Wsg)]
- s2(W56) . (A-7)
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MgFe204-MgoTi04
RT 1L (XMa/XFe3+) TET(Xpe3+/XMg)OCTT = 1.52878 - ABRqy, *+ Wo7 + 1/2(Wsg - ABhg - W15 - Hig)
Mg/ *Fe e 9 172
+ rolayr, - W27 + 1/2(Wig - Wsg + ABBp - 4678 + W15)] - s2(W7g) (A-8)

Fe304-MgFep0s
RT InL(Xpg/Xpe3) TET(XFe3+/Xug) OCTY = aB7g
+ r1[1/2(a634 - Wgg + Wyg - Wig + Wy3) + ABEg - AB%g + Wi - Wo7 + AG’F],-Z]
+ 51[]/2(AG:151 + Wgg - Wyg - Wig - W13)] - SalW78) (A-9)

-, =%k
RT 1nL(Xpa2+/XFa3+) TET(XFe3+/Xpe2+)0CT] = 28Yg - A8y rp* W7 - Wis + 1/2(W5g - W7g + W13 - W1 - 2634)
+ r[1/2(a834 - Wsg + W7g - W13 + W) + alBg - AB7g + Wi5 - W7 + 8B rp]
+ 5101/2(W56 - W7g + W1a + W13 - 8Brys;)1 - spL1/2(W7g + Wse + AGr s - Wig - W3] (A-10)

RT 1nL(Xpg/XFe2+) TET(XEo2+/Xug) 0TI = Wy5 - W7 + AGyr, + 1)2(4&34 + Wyg - W56 + Wig - Wi3)
* T3 - Wig) + 18Ry s - W1g - W13) + s2L1/2(Ws6 - Wrg + 88 sy - Wig - W13)] (A-11)

Conditions of Homogeneous Equilibrium in Terms of the Subsystem Parameters Wsg, Wg7 and Wog

Fe304-MgFe204
RT In[(XMg/XFe3+) TET(XFe3+/Xg) OCTI = aBYg + ri[1/2(Wg7 - W5g + W13 - W14)]
+ s101/2(W5g + Wg7 - 2W7g - W14 - W13)] - sa(H7g) (A-12)

RT In[(XFe2+/XFe3+)TET(Xpa3+/Xpe2+)0CT] = ABEg + 1/2(Wsg - Wg7 + W13 - Wig)
* ril1/2(Wg7 - Wsg - W13 + Wi4)] + s101/2(W13 + W4 - W5g - Wg7) + W5l
- s2L1/2(Wgg + Wg7 - Wia - W13)] (A-13)

RT TnL(Xpg/Xpe2+) TET(Xpe2+/Xug)OCT] = ABYg - aBEg + 1/2(Wg7 - Wsg + Wig - W13) + r1(Wy3 - Wig)

* s1(W5g + Wg7 - Wsg - W7g - W13 - W14) + spL1/2(Wsg + Wg7 - 2W7g - Wig - Wi3)] (A-14)
where We7 = Aé",i1 rp + ABEg - ABg + Wyg + Wi5 - Wp7 + 1/2(AG’§] s * AGHy) (A-15)
and Wsg = AG7g - AGEg - ABryry + Wsg = Wi5 + W7 + 1/2(A(';’;1 s - A8%4) (A-16)

MgoTi04-MgF ep04
RT InL(XMg/XFe3+) TET(Xpe3+/Xmg) 0CTT = aBYg + 1/2(W7 - Wog - W7g) + ral1/2(Wpg - Wp7 - W7g)]
= s2(W7g) (A-17)

'

where Wog = 28Gr, + AB5g - ABYg - Wsg + Wig + Wi5 - Wo7 + Wyg (A-18)
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Expressions for the Chemical Potentials of FMFT Spinel Components Used in the Text.

uFepTily = 62327104 + RT InL (Xpe2+) TET(Xpe2+)0CT (X 14)0CT]
+ [1/8(a834 + aliyqsy) * 1/40H5 - Wp7 + W13 = a8r;r,)IL(Hr2) (1-r)]
- [1/8(a8%4 - Wsg + Wyg - W14 + W13) + 1/2(a686 - aG7g + Wi5 = W7 + Al ry)IL(1-r7) (1-52)]
+ [1/8(W1g - Wi3 - Wsp - Wyg - AB34) + 1/4(W1g - Wp7 + AGF r))IL(1+r2) (1-52)]
*+ L1/8(a8F sy + g + W3)I0T-r112 - 1716001 - W3 - AB34) + 1/8(8GF r, - Wo7 - W15)1[1+rp]2
+ [1/20013 - W) ILA-r (s - [1/8(A§¢151 - AG%4) + /4015 - Wo7 - Wi3 + AG?]rz)][(l+r2)(51)]
+ [1/4(A§?15] + Wgg - W7g - Wyg - W13)I0(T1-s2)(s7)] - [1/4(AG¢]5] - Wig - W13)1(s)?
+1/4 Wrg (1-52)2 (A-19)

uMgaTi04 = Big,Ti0,* RT Inl(Xug)TET (Xng) OCT(X1)0CTY
- T1/8(aB84 + aBrysy) *+ 1/4(W15 - Wa7 + W13 = aBr ) 1L(14r2) (14r1)]
+ [1/4(s8%q - Wgg + Wyg - W1g + W13) + 1/2(aBEg - ABSg + Wi5 - Wo7 + A§¢1,2)1t(1+r])(1-s2)1
+ [1/8(W14 - W13 - W5 - Wrg - 8834) + 1/4(W1g - Wa7 + A8 1)) IL(T4+r2) (1-52)]
+ [V/8(A8r sy + Wig + Wi10+r2 - [1/16(W1g - W13 - 4834) + 1/8(ryr, - Wo7 - W15)1(1+r2)2
+ 1/4(U78) (1-s2)2 = [1/2(W13 - Wa)IL(r1+1) (s1)]
- [1/B(BYy sy - AG34) + 1/40H15 - W7 - W13 + A8, ) )IL(r2+1) (s1)]
+ [1/4(Ac¢151 + W56 - Wrg - W1a - Wi3)IL(1-s2)(s1)1 - [1/4(a8F g - W14 - W3 11(s1)2 (A-20)

uFe3*(Fe2*,Fed3+)04 = GF o3+ (Fe2*,Fe3+)204 + RT In[(Xpe2+)0CT(Xpe3+) TET(Xga3+)0CT]
- [1/8(a834 + 8GFysy) + 17805 - W7 + Wi3 - AG?]rz)][(1-r])(1-r2)]
+ [1/2(W3 - W) IL-rp) (+s7)]
- [1/4(5834 - Wgg + Wyg - Wig + Wi3) + 1/2(aBEg - aBhg + Wy5 - Wpy + A(_if‘]rz)][(l-r])(]-sz)]
+ [1/8(Af§¢]s] - aG3a) + 1/4ups - Wo7 - W13 + A§:1r2)][(1-r2)(1+51)]
- [1/8(W14 - W13 - Wg ~ Wyg - A(-5§4) + 1/4(W1g - Wo7 + Aﬁf‘]rz)][(l-r‘z)(l—sg)]
+ [1/4(A§¥151 + Wgg - Wyg - Wig - W13)I0(1+s7)(1-s2)] + [1/4(A§¥1S] + Wig + W3 T-r)2
- L1/16(Wq4 - W13 - AB34) + 1/8(A§:1r2- W7 - Wi5)1(1-rp)2
- [1/4(Aé¢]s] - Wig - Wi3)1(0+s7)2 + 1/4 Uyg(1-52)2 (A-21)

wFe3*(Mg,Fed3*)y04 = GEe3+(Mg,Fe3+)204 + RT 1n[(XFe3+)OCT(XFe3+)TET(XMg)OCT]
- [1/8(Wig - W13 - Ws6 - W7g - aB34) + 1/4(Wig - Wp7 + Aé:]rg)][(]-rZ)(]'SZ)]
+ [1/8(a854 + A§¢~151) + 1/4(W15 - Wa7 + W3 - Afi:]rz)][(rl)(l-rz)] - [1/2(W13 - W14)10(r1)(s7)]
+ [1/8aBfys; - aB5a) + 1/4(W15 - W7 - Wi3 + 88F ) IL(s)) (1-r2)]
+ [1/4(aBF;sy + W56 - Wrg - Wig - H13)L(57)(1-52)]
+ [1/8(3834 - Wsg + Wrg - Wig + W13) + 1/2(aGkg - aG%g + Wig - Wpy + AG:]rz)][(r])(l-sz)]
+UMm®ﬁ]+m4+mgwn2-mmm®ﬁ]-m4-myﬁuﬂ
- [1/16(W1q - W3 - AGYa) + 1/8(a8F,ry - W27 - W15)1(1-r2)2 + 1/4 U7g(1-52)2 (A-22)




