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ABSTRACT

Reversed Fe-Mg exchange experiments between olivine
and Ti-rich magnetite [(Mg,Fe)2TiOa - (Mg,Fe)Fe2Oa]
show that the distribution coefficient for the exchange reac-
tion % Mg2TiO a + th Fe2SiOa: y2 N IC*SiO  + t/2 Fe2TiOA
varies from approximately 2.4 to 1.8 in the range
800-lzt@'C and suggest that Fe-Mg titanium-based spinel
[(Mg,Fe)TiOs.5O2] exhibits small positive deviations from
ideal mixing (<170 callmol) in this temperature range.
Comparison of these results with those for aluminum-based
spinels suggests that the Gibbs energy of the reciprocal reac-
tion MgAl2Oa + 1/zFe2'tiOa: FeAlzOa + t/uMg2TiOa is
about 6.2 and 5,2kcaVgfw x 14@ and 8@'C, respectively.
A thermodynamic formulation for R3Oa FeO-MgO-
Fe2O3-TiO2 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
FgTiO6Fe3Oa, Mg2tOa-MgFe2O4, and Fe3Oa-MgFgOa
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 Fez* are
more strongly ordered between tetrahedral and octahedral
sites in titanium-based spinels than in ferric-iron-based
spinels (with Mg3+ showing a tetrahedral preference rela-
tive to Fd* in both spinels) and predicts an approximately
symmetrical miscibility gap for Fd3m Mg2TOa-MgFe2Oa
spinels Cfc -400'C). Calculated activity-composition rela-
tibns 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 expdriences (dans les deux sens) sur l'6change Fe-
Mg entre olivine et magn6tite titanifdre [(Mg,Fe)zTiOa -
(Mg,Fe)Fe2Oal monfent que le coefficient de distri-
bution pour la rdaction t/z Mg2TiOa+ t/z Fe2SiOa= Vz
Mg2SiOa + thFe2TiOavarie d'environ 2.4 b,1.8 entre 800
et 1400'C. Le spinelle Fe-Mg titanifbre (Mg,Fe)Tie.5O2
montrerait de l6g€res d6viations positives d'un moddle de
mdlange id€al (s 170 callmol) dans cet intervalle de tem-
p6rature. Une comparaison avec les compositions alumi-.

neuses fait penser que l'6nergie de Gibbs pour la r6actiQn
rdciproque MeAl2O4 + %Fe2TiOa = FeA12O4 + lzMg'{ioo
est d'environ 6.2 et 5.2 kcal,/gfw i 1400 et 800oC, respec-
tivement. Une expression thermodynamique est 6talon[6e
pour les spinelles rR304 dans le systdme FeO-MgO-
Fe2O3-Tio2, par expansion de Taylor de deuxiime degr6
en termes de composition et variables qui ddcrivent la mise
en ordre des cations. Elle est fond6e sur les donndes cit6es
et les 6quilibres homogbnes et het6rogenes pour les s€ries
binaires Fe2TiOa - Fe3Oa, Mg2TiOo - MgFe2Oa, et Fe3O4
- MgFe2Oa, Il en r6sulte des relations activit6 - composi-
tion calcul6es et des sch€mas de mise en ordre des cations
qui concordent avec les donndes exp6rimentales disponi-
bles et les contraintes pdtrologiques. Ce modble indique que
Mg et Fd+ sont plus effectiiement ordonn€s entre les sites
t6tra6driques et octa6driques dans les sp^inelles titanifbres
que dans les spinelles ferrifbres 0e Md- prdfbre le site
t6tra6drique compard au Fd- dans les deux spinelles); de
plus, il pr€dit une lacune de miscibilit6 i peu pris sym6tri
que poru les spinelles Fd3m de la s6rie Mg2TiOa -

MgFe2Oa (T" environ 400'C). Les relations calcul6es entre
activite et composition indiquent que l'activitd des compo-
sants dilu6s aussi bien que des composants concentr€s dont
la distribution cationique d6pend de la temperature est typi-
quement sous-estimee par les modEles thermodynamiques
qui ne prennent pas compte de fagon explicite du degr6
d'ordre parmi les cations. On presente un dtalonnage du
g€othermomdtre fond6 sur la r6action d'echange Fe-Mg
entre olivine et spinelle.

(Traduit par la R6daction)

Mots-clds: magndtite titanifdre, expdriences d'6change Fe-
Mg, approche thermodynamique, rdactions r6ciproques'
relations activite - composition, lacune de miscibilit6'
gdothermom6trie olivine - spinelle.

INTRoDUCTION

The importance of oxide spinels as petrogenetic
indicators of intensive variables operating during
igneous and metarhorphic processes in the crust and
upper mantle has been emphasized in many contri-
butions (e.9., Buddington & Lindsley 1964, Irvine
1965, Hill & Roeder 1974, Wood & Nicholls 1978'
Sack 1980b" l982a,b). [The oxide spinels of geo-
chemical interest er,J;ribit Fd3m symmetry (Z = 8) at
high temperatlue, are composed predominantly of
the cations F**, Mg2*, p93+, [13+, Cr3* and Tia*
(often with at least minor amounts of Zn2+, Mn2+,
y3-+, lrli2+ and Co2+), typically approximate the
stoichiometry RrOa in having one tetrahedral and
two octahedral sites occupied per formula unit (equi-
points 8a and lM" respectivel9, and are composed*To whom correspondence should be addressed.
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of. 2-3 arrd 2-4 components (e.9., MgFqOa and
Mg2TiOa, respectively) that exhibit variable degrees
of cation ordering between tetrahedral and octa-
hedral sites.l 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 RrOo stoichiometry, particularly in ferric-
iron-based spinels (e.9., Webster & Brieht 1961, Tay-
lor 1964, Aragon &McCallister lgS2,N.Iattiolfet ol.
1987). Further complications result from the order-
ing of di- and trivalent cations between tetrahedral
and octahedral sites (e.g., Barth & Posnjak 1932,
Yerwey & Heilmann 1947, Goodenough & Loeb
1955), and pronounced positive deviations from
linearity in vibrational Gibbs energy along many
compositional joins (e.g., Fe2TiOo-FeAlrO, and
Mg2TiOa-MgAlrOa: Muan et ol. 1972;
FeAl2Oa-Fe3On: Turnock & Eugster 1962;
FqTiOa-Fe3Oa: Lindsley 1981, Price l98l).

Development of a thermodynamic model that
makes explicit provisions for all of the above-
mentioned complexities is restricted owing to the lack
ofreliable data on homogeneous and heterogeneous
equilibria (e.9., Sack 1982a, O'Neill & Nawotsky
1984). However, with the addition of recent high-
temperature determinations of Fd* -Fe3 + ordering
in the binary joins Fe3Oa-Fe2TiOa and
FerOn-MgFerO+ (e.9., Trestman-Matts et 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
Fe2TiOa-Mg2TiOa-Fe3Oo-MgFerOo (FMFT) that

TABLE t. mSULTS OF Fe2i-il92{ EICMIIGE EXpERI|4ENTS INVOLVTIG oLIylNE
AND TITA(IUFBASED SPINEL

Run I ToC 't! .r9!' ,91 ,t! e'9t' rnKD
0.0 1.0 0.416(006) 0.051(003) 0.934 2.584(084)
0.204 r.0 0.423(006) 0.061 (005) 0.935 2.423(112)
0.204 1.0 0.199(003) 0.0?9(002) 0.959 2.1$(086)
0,0 1.0 0.204(005) 0.032(002) 0.975 2.046(096)
0.0 r .0 0.276(004) 0.044(002) 0.959 2.12t(064)
0.204 1.0 0.45t (004) 0.08r (005) 0.958 2.224@97)
0.204 1.0 0.458(005) 0.083(003) 0.979 2.22A|l60)
0.204 r.0 0.629(005) 0.t47(004) 0.969 2.287(0m)
0.204 1.0 0.633(003) 0,146(004) 0.97t 2.315(050)
0.0 t .0 0.203(005) 0.037(003) 0.879 1.896016)
0.0 r .0 0.220(00s) 0,040(002) 0.946 r.921(@)
0.204 r.0 0.243(007) 0.046(@2) 0.858 t .892(076)
0.204 r.0 0.283(006) 0.054(002) 0.958 1.931(083)
0.0 r .0 0.40r(005) 0.0&5(004) 0.903 r.975(072)
0.204 1.0 0.444(003) 0.1@(@4) 0.922 1.971(045)
0.412 0.983 0.493(009) 0.116(@4) 0.906 1.998(0e0)
0.0 1.0 0.577(@5) 0,14.8(0l l )  0.893 2.0570t2)
0.0 1.0 0.679(005) 0.2@(@9) 0.914 2.078(079)
0.412 0.983 0.732(005) 0.248(@9) 0.935 2.n5(078)
0.204 1.0 0.786(004) 0.302(0t7) 0.948 2.137(l t0)
0.4r2 0.983 0.@7(@3) 0.335(013) 0.934 2. i l5{077)
0.412 0.983 0.886(006) 0.466(016) 0.951 2.r90(l23)
0.615 0.982 0.903(004) 0.54r (0r )  0.957 2.073(084)
0.515 0.982 0.778(@3) 0.333(009) 0;974 1.952(05t)
0.4r2 0.983 0,823(005) 0.392(0n) 0.982 1.974(083)
0.6r5 0.982 0.866(003) 0.476(018) 0.960 1.96t(098)
0 . 4 1 2  0 . 9 8 3  0 . 8 7 r ( 0 0 3 )  0 . 4 8 8 ( 0 t 2 )  0 . 9 5 5  1 . 9 5 2 ( 0 7 5 )
0 . 6 1 5  0 . 9 8 2  0 . 9 0 8 ( 0 0 5 )  0 . 5 8 1 ( 0 3 4 )  0 . 9 5 r  1 , 9 6 r ( 1 9 7 )

ksu lB  6 .e  hsed on  the  averag€ o f  l5 -20  mlc rcpmh ana lyses .  Va lues  o f  tn  K" .
as  de f ln€d ln  the  tex t ,  Here  ca l fu la&d d fhr  cdr rec t lnq  ib r  the  fe r r l c_ tmn_ " '
beadng cmFnot  ln  sp lne)  assdng R30!  s to lch lomet ry :

makes explicit provisions for cation ordering (assum-
ing R3Oa 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 el al. 1987). Thus the intention ofthe present
study is fourfold: (l) to supplement the available
thermodynamic data-base for spinels, (2) to develop
and test a thermodynamic model for the system
Fe2TiOa-Mg2TOa-Fe3Oa-MgFerOa that makes ex-
plicit provisions for cation ordering, (3) to use this
thermodynamic model to predict activity-
composition relations and Fe-Mg ordering in
Fe2TiOo-Mg2TiOo spinels, and (4) to examine the
petrogenetic sigaificance of the activity-composition
relations deduced from this model.

Expnmvgxral METHoDS AND RESULTS

Mineral synthesis

Ulvdspinel, magnesium ulvdspinel, fayalite and
forsterite were synthesized from Fe powder, Fe2Or,
TiO2, SiO2 and MgO. The reagents FqO3, TiO2,
MgO and SiO2 were dried for 24 hours before
weighing, mixing, and grinding under acetone in an
agate mortar. In the synthesis of ulvdspinel and faya-
lite, stoichiometric proportions of the appropriate
reagents were annealed in Fe crucibles with friction-
fitting lids at a temperature of 1l50oC for three
48-hour periods in horizontal tube-furnaces under
a stre€rm of argon. Iron metal containers were
employed to ensure that the spinels closely approxi-
mated RrOo stoictriometry (e.9., Webster & Bright
1961, Taylor L964).To aid homogenization, the con-
tents were reground under acetone between cycles
of annealing. Similar procedures were employed in
lhe synthesis of forsterite and Mg2TiOo, but they
were annealed at 1350oC 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
Fe2TiOa-Mg2TOo and Fe2SiOa-Mg2SiOa 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 (Foe6, Fos6, Fo79, Fo62, Foa3,
and Fo2) and titanium-based spinel compositions
(Uspao, Usp5e, UsP3o, and Usp2l) were produced by
repeated annealing (l150-1350'C, 48 hr) and grind-
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ing under acetone until homogeneity could be estab-
lished by electron-microprobe analysis (Table l).
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-Il/05 computer. Operating conditions were 15
kV acceleration voltage and 0.25 x 10-6 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 Fe2SiOn,
Mg2SiOa, FerTiOn and Mg2TiOa synthesized at the
Lawrence Berkeley Laboratory and characterized at
the University of California, Berkeley.

Or-tvtNB-SprNEL ExcHANGE Expnnntrxrs

Fe2*-Mg2n exchange experiments were con-
ducted at 14C0,1200, 1000, and 800"C. Olivine and
spinel were enclosed in Fe capsules with friction-

M5

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 l2moc 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-Pte0Rhro thermocouple calibrated
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Ftc. l. Experimental determinations of the Fe2'-Mg exchange distribution coefficients for coexisting olivine and
Tia+-rich spinels, where KB-to = (Xy1*/Xprz+)ot(XFe+/XM)sp, Solid lines are calculated distribution-isotherms
using the expressions of Davidson & Mukhopadhyay (1984) foi the mixing properties of olivine, and the appropriate
expressions and parameters of the model.presented herein. Arrows indicate directions of change of lnl$t-5n 4rr.ing
Fe-Mg exchange experiments. Error bar shown in upper left corner represents typical uncertainty.

o.8 Mg2SiO4
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against the melting point of gold (1064"C), with an
accuracy of t5'C. Demonstration of Fd*-Mg2"
exchange equilibrium was achieved through use of
reversals, i.e., for each olivine composition,
appropriate spinel compositions were loaded such
that the equilibrium Fd*-Mgz* distribution coeffi-
cient (l($-sn; was approached from opposite direc-
tions. In general, the l400oC and l200oC experi-
ments exhibited convergence of the Fd+-Mg2+
distribution coefficient within I to 2 weeks. Such
convergence of the lOm and 800"C experiments
occurred within 2 to 4 and approximately l0 montls,
respectively.

ExprnrNasNrel RESULTS

The Fe-Mg exchange experiments demonstrate
that InX$+o (where K$l-sn :lXy1n/Xse2+)otlXu4*/
X"ulto 'is both temperature- and composition-
dependent (Fig. l; see Table I for experimental data).
For the spinels defining the Fe-Mg exchange
isotherms, molar concentrations of @e,Mg)Fe2Oo
between 2 and 15 mole 7o are calculated from
microprobe data, assuming charge balance and

TABLE 2. RILATIONSHIPS BEI}IEEN THE 
'I}IERI4ODYNAI'I1C 

PAMIGIERS AND
ETPANSION COEFFICIENTS

so - l/16(3t{4 r rrr - a65+) + l/8(Us - [s6 r q5 - r27

r aditsr * 5^*r"z) + lla \6 + r/2(6i + 6! - r0is)

srt .l/8(adils.l - 461) + t/a(rzz - tlls { tl56 - l,ts + rl4
- $6i:"2) * llztej ' 6) ' a6!5 + 46i61

sr2 . l/8(Adt - 46f15., + 156 + ig8) , 1t4(r17 - lq4 - 116 + a6|.,1r)

+ 17z16! - 6ir

ss1 -  l /8(346!a -adf l r l )  r l , /4( f76- f55 rr ' t4*  f l5 -  127 'a{ l r r )

gsz . t/za6ia - l/8(tlt4 - Ir3 - tl56 -,tg - 46:4)
- l/4(rt6 - r27 t Adi?)

! r 1s1  " l / 2 ( l { 13 - f 14 )
91r, . l/8(aEfu ia0ilst) { l/4(!15 - U7 r rrr - atrz)

sq2 . t/l{ad3a - 156 r rys - rl4 + t{3) t tfztacio - adlg
+ ris - rlzz + a6n)

er2s1 "  l /s(a i l r1s1 -aE!41 * t7otr15 -  r27- q3+aG|. , ry)

9r2g . l/8(r14 - lt3 - 156 - tf/a - aful { l/4(116 - r27 * adi1"r)

e1 s, ' l/a(a6ls.t + !56 - l{78 - rt4 - rl3)

er.'r, " -1l4(tr1s1 + t4 + t3)
grrrr- 1t16(v14 - t3 - ^61a) + 1/8(a6..1r2 - U7 - Ils)

es.,s.,' l/4(aFqs1 - ll4 - !q3)

9srs, '-l/4 H7g

Vert lces of cmposlt lon-orderlng space are as fol lorsr

t)  Fe2Tl04 l l l0 l l ;  2) Ms21l04 t l lo l l ;  3) Fe(Ms,Tl)?04 tol l l l ;
4) Mg(Fe,Tl)204 toi iu;  5) re3+(Fe2+,Fe3{)204 t i l iu;  o) Fe2r(Fe3+)204

nlt l l ;  7) Fe3+(Mg,Fe3t)204 !0lol l ;  8) Ms(Fe3+)204 !0loJl ,  rhere
parentheses lndlcate catlons 'ln octahedral co-ordJnatJon. Enclosed ln
square brackets ls the nurerical representatlon of each component in
tem of the conposlt lon and ordertng var lables ( .r , r2,sr,s2),  respec-
t ively.  By convent lon, the second vertex (subscrlpt)  ls subtracted
fron the f l r l t  ln def lnlng apprcprlate parmeters.

R3Oa 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 ln-t($Lso
over most of the range of Mg/(Mg + Fe) values of
olivine. At 1400"C, data collection was restricted to
the most Mg-rich compositions of the Fe-Mg
exchange isotherm, owing to melting of Fe-rich
products. At 1000 and 800"C, the long-term experi-
ments produced useful data only for the more Fe-
rich compositions. Collectively, the experimental
results suggest that the compositional dependence on
lnl9fso is approximately a linear function of Xpol in
the fayalite-rich portion of Figure I (Fo1e-Fo66). In
general, the compositional dependence in this range
can be accounted for by considering the nonideal
properties of olivine (e.g., Davidson & Mukhopad-
hyay 1984), because changes in X!finrt,oo are small
compared to changes in XPol. Beyonii Fou6 the com-
positional dependence of ln($t-sn on xPJ 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 (1.e.,
nonconfigurational) Gibbs energy of RrOa spinels in
the composition space FeO-MgO-FqO t-TiO r, i. e.,
FMFT spinels. This assumption is equivalent to
assuming that spinels exhibit symmetrical regular-
solution-type behavior (e.9., Thomps on 196T, 1969,
Sack 1982a) along the joins ofthe 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 et al. 1983,1984).

It will be assumed that Tiat 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 r) and
ordering (s,and s) variables may be chosen to
describe a R.O'-FMFT spinel: r': l-(Xffi +
2Xfl,c"r); r, = (Xl!i + 2X?:{.) -l; sr = XrrEzr- -

ZXEf-; sr: (Xl!I. -249,) + l. These variables
assume values of either + l, 0, or -l for the vertices
(i.e., end-member components) of composition -



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*= &+gq(rr) + B.z(rz) *g*r(sr) +&lsr 4 &,,r(r,)
(r2) + g,r,r(rr)(s1) + g,,,r(r1)(sz) + go.,(rz)(sr) +
g""(r)(s) + gor(s1)(sr) * &,n(r,), * E',',$r)" +
9.1,1(s1)2 * g,z,z(sz)2.

The coefficients of the above expansion may be
identified with five types of linearly independent ther-
modynamic parameters by setting the values of r,,
f2, s1 illd s2 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:
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TABLE 3. ESTIMATED VALUES 0F THERl4oDYllAllIc PARAI'IETERS

o d i O . - 2 . * l + 0 , 0 0 2 7 * T

aGlg " -3.a3, + 0.00095srT

o Q A . S . g r - 0 . 0 0 1 7 4 5 * T

a6rsr " 5.79s - o'oo3255rr

a-o;r 12 " -0.8626 + o.@0755*T

tl56 ! 0.003255rT

fzg " o.oo

flt l - O.Z

f l o  ' z . o

un " s.q

f t q '  o . s

rt3 ' o.s

All par@ter values and tmperatures are expressed in kcal/gfr and
degrees ke]vln. uncerta'lntles ln par@t€r values are dlfficult to
est l ret€ qlng to the var led data sets qp' loyed in their  cal lbrat lon.
Horever,  suff ic ient data gre avai lable for the Fe2Ti0q-Fe304 binary
to constrain values of aG!U,1,156, I l5 '  and l '116 to ts i thln +l  kcal.

ulth the exception of l,lt3 and l,Jl4, all r@ining parileter values are

considered to'have assoclated wlth thq an uncertalnty of at least 1l
kcal qing to a high degree df covariance between mny of th@. The
unlqueness of the values of these par@ters my be tested on'ly as more
data relevant to FMFT spinels becm available.

parurmeters. For example, Wzr might equally well be
replaced by a regular-solution-type parameter for the
join Mg2Tio.-Mg(Fe3*)roa (i.e., Wn). This non-
uniqueness of the chosen thermodynamic parameters
requires that there are relationships between these
parameters and all other such parameters relevant
to R3Oa, FMFT spinels. These relationships are the
consequence ofthe assumption that a Taylor expan-
sion of only second degree is adequate to describe
the vibrational Gibbs energy of R3O4, 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 R3Oa, FMFT spinels
may be obtained from the relation
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A.

B .

Vibrational Gibbs energies of the vertices
Fe2Tioo tci l, Mg2TioolGl l, and p.r+1Fe3*,
Fe2*)2o4 [G; ].
Vibrational Gibbs energies of cation-ordering
reactions between the following vertices:
Fe(Mg,Ti)2Oa t3l and Mg(Fe,Ti)2Oa t4l tAG; :
Gi  -  6 l  l ,  ps3+(pe3+,Fez*)zo4 [5]  and
Fe2+(Fe3+)204[6]  IAGI6 :  tG;  -  Gl  l ,
and Fe3+ (Mg2*,Fd*)2o4[7] and Mg2*@e3*)2on
tsl taqs : Gi - Gi t.
Vibrational Gibbs energies of the reciprocal reac-
tions Fe2TiOa + Mg2TiO. = Fe(Mg,Ti)zOa +
Mg(Fe,Ti)2O+ [A6],,,J and VzMgrTiOo +
p.:- 1p9r+,Fd* )roo = p.:+6e3+,Mg2=)zoq +
'/zFe.TiO, IAG' r

r l f2J'

Symmetrical regular-solution-type parameters
describing departures from linearity in the vibra-
tional Gibbs energy along joins between vertices
differing in composition, FETiOa - FeMg,Ti)zO+
[W,3], FqTiOo - Mg(Fe,Ti)zOo [Wr+], FqTiOo -
ps3+(pe3+,Fe2*;roo [wrs], Fe2Tioa - Fe2*
(Fe3*)rOa [W16], and MgzTioa - Fd*1Mgz*,
Fe3*)zOa lWnl @.s., Thompson 1967, Sack
1982a\.

c.

D.

E. Symmetrical regular-solution-type parameters
describing depaitures from lin-earity in vibra- @= fr't'-1Stc Q)
tional Gibbs energy along joins between vertices
differing only in degree of order, Given the site-population constraints for RrOo,
ps3+1pg3+,Fd+)2o4-Fd+(Fe3*)zoa [wr6] and FMFT spinels,
Fe3+iFe3+,Me'F)roo-tvt**(Ft*)2o4 [wre] (xTEI' + W;,, +,Yl:I.): I' t{'# t.{ffiil +
(e.g.,' Sack 7Otfa,' p. 178-181, b'Neill & xffit + xRFI) = l, and,(2ffiI + x. + u{Ft) :
I\ivrotsky 1983). l,"in expiession for Src is readily derived from the

relation
The relationships between the parameters given

above and the coefficients of thi Taylor's Jeries $tc: -ft E Db.nl,,ln n1,, (3)

expansion are given in Table 2. It is important to
note that the parameters chosen do not define a where b, is the number of sites b per formula unit
unique set of such types of thermodynamic and n1.. is the fraction of species i on site s. It is
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expressed here in terms of
ordering variables r1r r2r s1
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Frc. 2. Calculated RTlnK2*composition relationships
for the FerQa - Fe2TiOa binary join, where
K p = (Xp4,+ / fu": + )rEr(Xp": + /Xp."z+)ocr. Dots,
squares and stars are experimental determinations of
Trestman-Matts et al. (1984) at l3@, 1000 and 630'C,
respectively. Not considered are the data of Trestman-
Matts et al. (1984) for iamples vdth Xusp :0.69 and
Xuro:0.58 at 1300'C. Samples prepared to have
Xu*o = 0.69 contain minor amounts of hematite and
ilmdnite (Trestman-Matts et ol. 1984). The value of
RTInKD for the sample with Xgro = 0.58 at 1300"C
deviates significantly from the trend defined by the sam-
ples with Xu., less than 0.5.

From the resulting expression for G, expressions
for the conditions of homogeneous equilibrium,
(a6lasr)r,p,,2,,r,,2 :( ac/as)r,p,,2,,r,,r = 0, maybe
readily derived. Expressions for the chemical poten-
tials of the vertices of composition-order space may
be derived from the relation

l r i j r r  :  G+  ( i - r , ) ( 0G ld r1 )1 ,p ,12 ,s1 ,s2  +  ( j - r r )

(a'G/ ar)r,p,,,,,r.,2 * (k-s1)(dGldsr)r,p,,r,,2,.2 *
,/- 

'(Gc/a$r,P,,r,r2,s1 (5)

where i, j, k, and .{ represent the respective values
11, 12, sl, and s2 have in the vertex of interest (e.g.,
i  =  *1,  i :  -1 ,  k :0,  and [  = * l  for  Fe2TiOa
component). Such expressions are given in Table A
of the appendix.

Calibrqtion

In principle, calibration of the energetic
paraneters may be achieved from analysis of the
three types of data presently available: l) site
occupancies for unary and binary spinels, 2)
activity-composition determinations and miscibility-
gap data for binary spinels, and 3) Fd*-Mgz*
exchange data for coexisting olivine and spinels. Any
calibration, however, wtllbe 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) W*
:Wra : 0.5-1.0 kcal, based on the similar

volumes of Mgz+- versusF**-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 Fe3Oa and MgFqOo. Values for
parimeters relevant to the Fe2TiOa-Fe3Oa binary
join may then be constrained from analysis of
homogeneous equilibrium, miscibilily 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 Mg2TiOa-MgFe2Oa,
Fe2TiOa-Mg2TOo and Fe3Oa-MgFe2Oa, and appli-
cation of relationships (A-15), (4-16) and (A-18).

The energetic parameters of Fe2TiOa - FerOa
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 AE!6, 43;6, and Wso for FerOa.
These constraints and site-occupancy data

the composition and
and s2:

Stc = -n({t/n(l--tr) - 
)/z(r1+ sr+ srl '  ln[74(3-r2)

- t/z(r, + s, + s)lf + llvo(l-r) + %(r1 + st)l .

ln[ '/a (l-r2) t 
'/z(r; + st)] ] + llt/z(sz+ r2)l .

ln lVz(sr+r) l f  + { [%( l  +r)  + %,(st  +sr- r ' ) ]  '

l n l 7a ( l+ r t  + ' / a ( s1+s t - r t ) ] ]  +  { l / + ( l - 1 )  +
'/z(r1-s1)l . lnl '4(1-r) + '/+(1-sr)l], + tlt +
Vz(r2-s2)l . -lnfVz + t/t(r2-s)l| + {t/z(l-rJJ '

lnl/+(l-rJ]l). (4)
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(Trestman-Mat|s et al. 1983), activity-composition
determinations (Katsura et al, 1975), approximate
miscibility-gap constrainls (Kawai et al, l954,Kawai
1956, Vincent et al. 1957, Price 1981, Lindsley 1981),
and composition-volume relationships (e.9., Linds-
ley 1965, Wechsler et al. 1984) for Fe3Oa-Fe2TiOo
spinels allow determination of plausible values for
the energetic parameters AE;6, ̂ 43;6, W56, W,, and
W16 employing relations (A-7), (A-19) and (A-21).
In a first approximation, the site-population data of
Trestman-\llatts et al. (1983) for titaniferous magnet-
ite with Xre3o4 2 0.5 provide a direct estimate for
the quantity (Wr6-Wr5-W5) in equation (A-7),
because they indicate that the ordering variable s2
is effectively constant at 630, 1000, and 1300'C (see
caption to Fig. 2). These data require that aWj6/AT
be marginally negative, given the ground rule that
W15 and W16 are constants. With these constraints
and the previous constraints on relationships among
AFI;6, 43;6, and Wr., all FgTiOn-FerOn parameters
may be estimated from the remaining data. In par-
ticular, roqn-temperature volume-composition rela-
tions (Linddley 1965, Wechsler et al. 1984) suggest

M9

that (W,u-W,5) is approximately equal to -4,2 kcal
based on (A-7), the cation radii of O'Neill &
Navrotsky (1983), and the expressions of Hill et ol.
(1979), whereas high-temperature activity-
composition determinations and miscibility-gap fea-
tures suggest that Wtr is approximately 6.0 kcal if
(Wro-Wrs) is equal to 4.2 kcal. Less negative
values of W16-Wtr 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' 
Fd*-Fe3* electron exchange between tetrahedral
and octahedral sites cannot be quenched at high tem-
perature (i.e., composition-volume measruements
reflect ordering schemes closer to room temperature)
(e.g., O'Donovan & O'Reilly 1980, Diekmann 1982,
Wechsler et al. 1984, Mattioli et ol. 1987). Substan-
tially more negative values of Wr6-W1r are unsatis-
factory because they would be inconsistent with
values predicted by empirical size-mismatch consider-
ations (e.9., Lawson l9N,Daies & Nawotsky 1983,
O'Neill & Navrotsky 1984) and would also require
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Fto. 3. Activity-composition relations for the Fe3O4 - FqTiOa binary join predicted
by the model presented herein, the model of Sack (1982a), and for a statistically
ideal Fe3Oa - Fe2TiOa spinel (a = lP). Dots are experimental determinations of
Katstra et al. (1915) at 1300'C. Calculated activities of FerTiOo beyond Xp""1i6,
greater or equal to 0.5 are equivalent for both models,
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negative values of Wr5 at lower temperatures.
Larfer values of W15 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 FqTiOa - Fe3Oa binary system,
only site-occupancy data are available to constrain
the energetic par€rmeters relevant to the MgrTiO* -
MgFe2Oa join, AHls. AS;8, w78, W, and W2. In
analogous fashion as for Fe3Oo, relations among
the parameters AFii6, ASi6, and W1 may be con-
strained from analysis ofthe site-occupancy data of
Kriessman & Harrison (1956), Epstein & Frackiewicz
(1958), Pauthenet & Bochirol (1951), Mozzi &
Paladino (1963), and Pucher (1971) for MgFerOn
employing (A-5). For MgzTiOa - MgFe2Oa spinels,
relations between the values of (W27-W4-$) and
W7s were obtained from the site-occupancy data of
DeGrave et ol. (1975) at l100oC by employing (A-8).

S) uoo
F
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Frc.4. Calculated position of the solvus in the Fe3Oa - Fe2TiOa 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 MgFe2Oa - Mg2TiOa binary given by the model
presented herein.

With the above relations, values for W2r may_qhen
be calculated from (A-18) given a value for AGrtr2.
Employing values of AGi F2that will be determined
subsequently, considerations of (A-8) and (A-18) sug-
gest that all possible values of (W1-Wrr-Wrs) and
W^ consistent with the data of DeGrave et al.
(1975) are also consistent with a value of W27 of
approximately 5.4 kcal, a value consistent with size-
mismatch considerations (i.e., W2r < W6). Using
similar size-mismatch constraints to define W2s,
final values for Wr6, AH)r and ASie may then be
determined. Comparison of the calculated site-
occupancies (Fie. 5) and miscibility Cap (Fic. 4) with

. experimental determinations and petrological con-' 
straints (e.g., Price l98l) suggests thatthe energetic
parameters selected are consistent with them.

Olivine - "ulvdspinel" Fe2+-Mg2+ exchange data
reported in this study are the only data available to
develop constraints on energetic parameters relevant
to Fe2TiOa - MgzTiOa spinels. Analysis of the con-
dition of Fe-Mg exchange equilibrium

Vzpf,igrrioa + t/zp,f"Lrsi6o :

Yrtfi!.[io.,, * Yztrffig2sioa (6)



ASir., = aws6/aT e)

ASj4 = 2(A$8 - aS;J - as;r,2 + aws6/aT, (s)

and ASi,,, = yz(AS'rs - aS;6 + aws6/aT) (9)

Accordingly, a final set of these parameters was
determined by testing values of AGio and AGi,,,
consistent with expressions (7), (8), (9) and the da'ta
for Fe,TiOo - MgzTiOa spinels, against the data for
Fe3Oo - MgFe2Oa spinels, to achieve a fit that satis-
fies all of the available data. A value of AGi,,, was
determined by considering expression (9), th'e-data
collected in this study and the data of Jamieson &
Roeder (1984). Comparison of calculated results and
available experimental determinations for
Fe3Oa - MgFe2Oa and FerTiOa - Mg2TiOa 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 RrOa, FMFT spinels based on the
expression given in Table A is available from the
authors on request.

DISCUSSIoN

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 &
Nawotsky 1983, 1984) and use the results 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 et al.
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f,lg2Tl 04

Ftc.5. Comparison of calculated values of InKil (solid and
dashed lines) with experimental determinations for the
Mg2TiOa - MgFe2Oa binary join. Error bars represent
the data of DeGrave et al. (1975\ at 1100'C, circles
represent the data of Tellier (1967) at I 100'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.9., O'Neill &
Nawotsky 1983): Mg shows a greater preference for
tetrahedral co-ordination in titanium- based than in
ferric-iron-based spinels (Frg. 9). These calculations
also indicate that the titanium-based spinels exhibit
slight positive deviations from ideality between 800
and 1400'C (see Figs. 10, ll). To an excellent
approximation, the excess Gibbs energy is syrnmetri-
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, Shishkovela/. 1980).
Secondly, it may be noted that the calculations sug-
gest a critical temperature of approximately 400oC
for MgrTiOo - MgFe2Oa, Fd3m spinels as opposed
to about 570'C for Fe2TiOo - Fe3Oa, Fd3m spinels
Gie.  ). Although the latter temperature and calcu-
lated binodal curyes 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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by employing (A-6), (A-19), (A-20) and rhe calibra-
tion of Davidson & Mukhopadhyay (1984) yields o'8

only relqtionships between possible values of AGla
and AG.,r,, for assumed values of W1a and W,3. 0.6
However, probable bounds on these parameters and
the parameters AG",,.may be developed by simul- 04
taneous consideratiijri of the data collected in this F
study and the following data relevant to the L
FerOo-MgFerOo binary: 1) site-occupancy data i"l [ 

*

(Irestman-Matts et al. 1983),2) activity-composition *ib
relations (Tret'yakov 1967, Shishkov etal.1980),and. b 

oo

3) exchange data for the pair Fd*-Muz* otvine- "ft
ferric-iron-based spinel (Jamieson & Roeder 1984). &l 3-o,
This is achieved by employing expressions (4-6), Y
(A-9), (A-10), (A-ll), (A-19-A-22), and three rela- = 

"o.o
tionships that may be derived from (A-15), (A-16),
and (A-18) for the ground rule that all regular- -0.6
solution-type compositional parameters rue cons-
tants,
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Flc.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 et al.
(1984) for the Fe3O4 - MgFe2O4 binary system. Arrows
indicate experimental determinations for end-member
Fe3O4 by Wu & Mason (1981) at 1300'C, l000oC and
650oC, from top to bottom, respectively.

'tooo"G

. Shishkov st  a l .
(1e8o)
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o.o 02 04 (to o€ to
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Frc. 7. Predicted activity-composition relations (dashed
line) compared with the experimental determinations of
Shishkov et al. (1980) at l000oC for the Fe3O4 -
MgFqOa binary system. Solid line indicates ideal mix-
ing, which closely approximates the data of Tret'yakov
(1967) at ll00"C.

Price (1981), 540-570'C and -490oC, respectively,
cannot be attributed to t}te 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.9.,
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 198?a.
Urosov 1983, O'Neill&Nawotsky 1983, 1984, Leh-
mann & Roux 1984). Firstly, because Fe3*-Fd*
and Fe3*-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 (a9., Sack 1982a, p.
178-l8l). The inadequacy of macroscopic models in
this regard may be illustrated by comparing activity-
composition relations for FerTiOa - Fe3Oo 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:Oa, FeO-MgO-
Fe2Or-Al2O3-Cr2Or-TiO2 (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:

x c r F $ : x I i L = x f f . l  : 9 ,

(XW./XW,) : (${./ry*), and
(XFTillX?$-) : 2. Although this calibration ade-
quately describes the activity of the Fe2TiO4 coID-
ponent over most of the composition range, it
underestimates its activity in the dilute range, and
it underestimates the activity of Fe3Oa throughout
most of the compositional range. A similar conclu-
sion was reached by Sack (1982a, p. 178-181) for
activities of Fe,Oo and Mgf'qOo in binary spinels in
the subsystems FFA, FFT, MFA, MFC, and MFT;
this conclusion has also been substantiated for
FqOa - MeAl2o4 spinels (Mattioli & Wood 1986b).
The consistent underestimation of Fe3Oa indicated
above would suggest, for example, that.the dis-
crepancies betwen orygen fugacities calculated from
mantle xenoliths bearing the assemblage spinel -
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Frc.9. Values of lnl(, for the Fe2+-Mg ordering reaction for titanium-based spinels
(solid lines) and ferric-iron-based spinels (dashed lines).
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Frc.8. Calculated values of the Fe?+-Mg exchange distribution-coefficients (solid
line) for coexisting olivine and ferric-iron-based spinel at l300oC compared with
the experimental determinations of Jamieson & Roeder (1984), where
1€'-to = Cxvr/Xr.z+lotqq"r*/XrraJsp. Dashed line is the calculated fit of Jarde-
son & Roeder. Calculations were aclieved through use ofthe expressions of David-
son & Mukhopadhyay (1984) for the mixing properties of Fe?+-Mg olivine and
the appropriate equations of the model presented herein.
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Ftc. 10. Predicted activity-composition relations for the FqTiO4 - Mg2TiOa binary
ioin.

FeTiq5O2 o,2 o.4 0.6 o.8 MgTis.sO2
XFeTio."o,

FIc. 11, Calculated excess Gibbs energy of mixing for the FeTie.5O2 - MgTis.5O2
binary join.
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olivine - orthopyroxene(e.g.,Mo et al. l982,Mat-
tioli & Wood 1986a) and those obtained from deter-
minations of intrinsic oxygen fugacity on individual so
minerals (e.9., Arculus & Delano l98l) may be even
larger than the several orders of magnitude differ-
ences noted by Mo et ql. (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 z.o
to describe the excess Gibbs energy. Such an
approach would be strictly empirical. It would
require that activity-"o-position relations be well *"o

known over the temperature and composition range g
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- 

'l'o

urable thermodynamic quantities. 6sgsldingly, it is
appropriate to examine various microscopic formu-
lations of thermodynamic properties.

Although the formulations given here and by Sack
(1982a, p. 178-18l) for Fe3Oa - FeCr2Oa spinels are
identical to those of Urosov (1983) and O'Neill &
Nawotsky (1983) for unary spinels, they differ in
several respects for binary and more complex spinels.
The formulations of O'Neill & Nawotsky (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 Fe3Oa
and MgFetO, are:

aclu - w:o(s)

and

t&. r t ,x8$ tKr In \ x?nrq.l \ffif / :

AGi3 - Wze(sJ, (11)

respectively. However, they consider that the W1.;
terms are identical constanls for spinels of a given
t]yl,e (e.9.,2-3 spinels). In their extensions to binary
spinels, O'Neill & Navrotsky (1984) and Nawotsky
(1986) assumed that (10) and (11) apply directly, and
that the equation defined by their difference describes
Fe2*-Mg2* ordering in Fe3On - MgF Oa and
Fe2TiOa - Mg2TiOa spinels. They also include a
size-mismatch (regular-solution type) term in their
formulation for the vibrational Gibbs energy of
mixing.

6 ? 8 9 1 0 1 ' 1 1 2
6711 r roa (j1)

Frc. 12. A plot of ln/$ versas reciprocal temperature for
experimental olivine-FMFAC spinel assemblages where
lnK*p is defined bY the exPression

, ,  o l - -n
^ Y -

rnri= lnrr-fficxt- #Rr (l-2xFoal)

AcB* MLs--.= _  
R T  

+ R T 1 x t .

Dot with associated error bar represents experimental
data of Jamieson & Roeder (1984) for 1300'C. Open
arrows pointing downward at. 17ffi"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 expen-
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 (arge solid arrows) assemblages
with x$| < 0.95. Tips of arrows represent data points'
direction of arrows (up or down) indicates direction of
change of ln1(p during experiment, numbers asso-
ciated with open arrows indicate the molar ratio
Cr3+ /(Cr3+ + Fe3+ + Al3+) of spinels. Lines
represent calibration of lnl(p for aluminium- and
chromium-based spinels with X3 = 0'0, 0.25'*0-.;0,
0.7^5, 1.0;employ4Clhe following values for -AGEx'

Apb, ap.l.s, and "tGV: 1.33795 - (0.0009539) T(K)'
4.80,6.39, and 1.68 kcal/gfw, respectively:

nrrn(ffit (ffi):
(10)
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Trestman-Matts et al. (1983, 1984) have demon-
strated that, to a flrrst approximation, the above for-
mulation adequately accounts for site-occupancy
constraints, activity-composition relations, and
volume-composition data for Fe2TiOo - Fe3Oa and
Fe3Oa - MgFqOa spinels, provided W56 is not equal
to W76, Wr5 is temperature-dependent, and the
regular-solution formulation for the mixing term in
FerTiOa - Fe3Oa spinels is replaced by a subregular
(asymmetrical) solution formulation. Owing to the
different formulations employed lsee equations
(A-7), (A-8), (A-9), and (A-10)1, the regular-solution-
type parameters deduced here (e.9., Wts, Wl6, W27)
are systematically larger than those deduced from
application of the formulation of O'Neill &
Nawotsky (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 l) allow
for differences in tetrahedral-octahedral site-
preference energies for Fe2* and Mgz+ in 2-3
versw 2-4 spinels, 2) are based on a consistent set

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.9., Wood el al. 1986).It would
also require inclusion of a provision for cation vacan-
cies, at least at temperatures above l000oC, if it were
extended to treat T-l(Ot relations in assemblages
of titaniferous magnetite and rhombohedral oxide
(e.g., Webster & Brieht 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

a 6.0
o
o

J

t
c N

a
- 5.5

1200

Ftc. 13. The Gibbs energy of^the reciprocal reaction MgAl2O4 + VzFe2TiOaT
FeAl2Oa + thMg2TiOa, A1ria, as a function of temperature. Values of Apiq
computed from the experimental data given in Table I employing the parameter
values given in the caption to Figure 12 and the following expression:

ap9+ = 1 /xa(RT hJrgL-sP - a,.05(l-x, + iG$*l -'aokc9(l-241)1.

Errors bars indicate standard deviations defined by the data sets at each
temperature. Least-squares fit to the 1000-l400oc exchange data is given
by the following expression:

ap%: 3.s56t + (0.0015698) T(K) (r=0.999s).

rooo
T"C
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#*s*$r'l . ]+

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.9., Irvine 1965,
Wood & Nicholls 1978, Rawson & Irvine 1980) and
that olivine is a symmetrical regular solution (e.9.,
Sack 1980a, Davidson & Mukhopadhyay 1984). For
these assumptions, the condition of Fe-Mg exchange
equilibrium betwedn olivine and FMFACT spinel
may be written as follows:

[GP" 7,,,9'lruK!,t--se : -'# + RrT(&) +

o-zx?5 (ro)

where

AGg" = 7, (6ft3ho4 - Gg"rokon) + (69"iTroo - 6fla*liro),

ap%: (6Routdror+ 6$.flroo; - fc$"f;roo+ Gfl,rrf,roo),

adq:

( /, Gflauf Prr 
o n + 69.X, o o) - ('/, G$" j P1len + GRouflron),

Apgs = (6taur"2oa + 69"ar2oa) -( G$"roo + G$rger2oa),

GL

46! : (G$"1*1ru1*,r,oo + G&rs)y2oe)y1sio4) -

(6$"usioa - GRag2sio/,

Xr: nfut*, Xt: Vzn{,s*, {, : 1}fa+, Xs = VznT;*'

the ni terms are the number of the i cations in a for-
mula unit based on three cations, and o!C!: 1.63
kcallgfw (Davidson & Mukhopadhyay 1984).

Analysis of the Fe-Mg exchange experiments of
Engi (1983), Roeder et al. (1979) and Jamieson &
Roeder (l!8_4) permits estimates for the quantities
A1$3 and AG$" and demonstrates that this formu-
lation is consistent with all of the current experimen-
tal data for FMAC spinels to an excellent approxi-

mation (see Fig. 12). The data of Jamieson & Roeder
(1984) permit an estimate of 6.39 kcal,/gfw for Al5
at 1300oC: in combination with the above result
for -f,G$* , this estimate is in accord with those
obtained from low-temperature (greenschist-facies)
magnetite-olivine assemblages (e.9., Hoffman &
Walker 1978. 420"C). In combination with these
results for -AGE" and Ap.l5, the experimental con-
straints presented herein are consistent with the
calibration for Ay$a 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
FMFT spinels. In particular, the experimental results
of Sack (1982a) and Rawson & Irvine (1980) for
FMFACT and FMFT spinel-olivine assemblages,
respectively, give values of tn ,l$l--se systematically
greater than those predicted by this calibration. A
similar finding is suggested by comparing values of
ln K$t--se*itn 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 R3Oa stoichiometry in the synthetic
spinels of Sack (1982a) and Rawson & Irvine (1980)
(e.g., Webster & Bright 1961, Taylor 1964) and
preferential retrograde exchange of Mg2+ and Fd"
between olivine and spinel relative to Fd+Ti =
Fel*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 (198?a) and Rawson & Irvine (1980). Firstly,
higher-than-actual values of ln KSI--sr are calcu-
lated for FMFT and FMFACT spinels exhibiting
non-negligible cation-vacancy substitution, if RrOn
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) cumberlandites from
the Adirondack Mountains (Sack 1979: 670 t 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

3/r Z yAl'7,OaFe 2TiOo : T4 J'Fe%T\,Oo + FeAlrOo

in the formulation of the olivine-spinel Fe-Mg
exchange geothermomet er (e, g,, Diekmann I 982).
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 Fe2* and Mg2+ 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.9., Mattioli et al. 1987).
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APPENDD(.
EXPRESSIoN FoR CHEMICAL PoTeNnALs

AND TIIE CONOITTONS OF HOMOGENEOUS EQTILIBRIA

rN R3O4, FMFT SprNsr-s

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 gSven for R3Oa, FMFT
spinels, These expressions are based on the choice of a ser
of thermodynamic parameters grven 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 tle constituent binary and unary syr
tems to identify relations between the parameters chosen
and those appropriate to the constitrJent subsystems. These
relations are given in expressions (A-15), (4,-16) and
(A-18). An example of the derivation of one of these rela-
tions, (A-18), is outlined for further clarification.

Consider binary spinels on the join Mg2TiOa -
MgFgOa. For such spinels we have the following relation-
ships between the composition-ordering variables used to
describe FMFT spinels: rr = rz and sr = 0. Taking into
account these simplifications, relation (A-2) for FMFT

-46r 
"

spinels may be reduced to relation (A-8) for Mg2TiOa -
MgFe2Oa spinbls. However, rela-tion (A-8) is elpressed in
terms of the tlermodynamic coefficient's chosen for FMFT
spinels. For such spinels an appropriate set of ther-
rnodynamic parameters would be Gl, G|, aGir, Wzu, Wze,
and Wza. Identifying these parameters with the poefficients
in a second-degree Taylor expansion in 12 and s2

d* = Bo + g,z$) + &z(s)'*E zrz(r)2

* Erzrz(s)2 * Er., (r2s)

and combining this result Eith_?l expression for Slc
through the relation 6 = 6:15tc, leads to relation
(A-17) for the condition of homogeneous equilib-
riurn ([dG,zdsz]r, = 0) in Mg2TiOa - MgFe2Oa spinels.
Comparing (A-fD with (A-8), it is concluded that the
parameter W4 must be related to the set of ther-
modynamic parameters chosen for FMFT spinels by rela-
tion (A-18) for the assumption that a seconddegree Tay-
lor's series expansion in 11, t2, s1, ond s2 is adequate to
describe the vibrational Gibbs energy of R3Oo, FMFT
spinels. Following a similar procedure for Fe3Oa -
MgF%Oa spinels, relations (A-15) and (A-16) may be read-
ily derived.

THERMODYNAMIC PROPERTIES OF TITANIFEROUS MAGNETITE SPINELS
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TABLE A. EXPRESSION

Cond i t ions  o f  Homogeneous Equ i l ib r ium fo r  a  FMFT Sp ine l .

^ ;
o til

f i  = o  =  y + t s a G i q - a G i t s t )  + 1 / 2 U 7 8  -  1 1 5 6 + W t 4 + t J t s  - b t z 7  +  a G i t r Z )  + r 1 ( W 1 3 -  t r , l 1 4 )

+ r 2 [ 1 / a ( a d f 1 s . , - a d ! a ) + l / z ( ! , l t s - ' t t 2 t - t l 1 3 + a G f . , 1 r ) J + s 1 ( a G f . , s . , - l l 1 4 - | l l 1 3 )

+ s2tl l2(aE|.,s1 + tt56 - H7a - 1,t14 - lc13)J - RT 1nt(Xi{glXp.2+)TET(Xps2+/x6n)0CTl (A-l)

d u

;S ;  =o  =ad le-  1 /4 (h114 -  t ln  -  } l s6  -  w7a -ad iq )  -  1 /2Ot16-  , i ,27  +  ad i . , r r l

+ r1t1/2(aEt4 - W56 + l,lZa - |nlt4 + wl3) + aEtO - aeig + I'll5 - lt27 + aG|.r7rl

+ r2Lt/4(w14 - l l rg - [so - t , lzs - aGiq) + l /2(wl6 - t tzT +adf 'rr l :

+ slt l /2Gd|.,s.I  + 1156 - l t7g - t , t14 - 1,113)J - sz(t lze) - RT lnt(xMg/xpg3+;TET11t.3+/xMg)0cTl

(A-2)

r d  a d
t f f i l - t f f i l = o = a e l s + V 2 7 - a d l r z - 1 / 2 G E \ a , + l t l 6 + r , J 1 5 ) + l / 4 ( w 1 3 - 3 } J 1 4 + 3 W 5 6 - } l 7 s + l d i r s r )

+ r1t1/2(tr l14 - l l l l3 + a6ja - w56 + W78) + aGio - aoie + l l l5 - wzz * aGi"z)l

+ rzl l l4(vt1| + I ' l t3 - UsO - t .Jzg - adhsr) + l /2( l ' l rO - wtS)l

+ slt l /2(W56 - r l78 + l , l t4 + q3 - adisr) l  -  szt l lz( lr l7s + t l l56 - lrJrq - lr trr * adhst) l

-  RT lnt(Xpg2+/[p.3+;TET11pg3+/Xp.2+10CT1 (A-3)

Condit ions of Honogeneous Equjl ibr ium for Unary Spinels of the Fl ' lFT Spinel System.

Fez+(Fe3+)204 _ Fe3+(Fe3+,F e2\ 204

RT lnt(Xpg2+/Xp"3+)TET11p"3+/tp.2+;0CT1 = aGtO - s2(1i56) (A-4)

Mg(Fe3+)204 - Fe3+(Mg,Fe3+)204

RT lnt(xys/Xps3+)TET(Xp.3+7Xpn)0CT1 = adie - s2(W7g) (A-5)

Condit ions of Homogeneous Equil ibr ium for Binary Spinels of the FMFT Spinel System.

Fe2Ti04 - Mg2Ti04

RT lnt(Xpg/Xp"2+)rEI$p"z+1Xyn)0CT1 = adt+ + r1 ($3 - 1,t14) + s1(a[| . tr . ,  -  t{14 - lrJ13) (A-6)

Fe304-Fe2Ti 04

R T l n f ( X p g 2 + / X p g 3 + ) T E T 1 1 p . 3 + / X p " t + ; 0 C T 1 = a d O + l / 2 ( w t S - l , l l 6 +  , , l g f i + r 2 1 1 / 2 ( w 1 6 - h I 1 5 - t , | 5 6 ) J

- s2(W56) (A-7)
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MgFe204-Mg2Ti 04

R r l n t ( X y s / X p d + ) r E r ( x F e 3 + , / X y n ) 0 c T 1  = t . s a 6 i a - a d h r z + t t z 7 + 1 / 2 ( w s a - a E t O - t l l 1 5 - h { 1 6 )

+ r2ta6f.1r2 -ttl27 + \/2U16 - t{56 + oetO - odle + !115)J - s2(l'l7g) (A-S)

Fe304-MgFe204

RT lnt(X6s/xpe3+)TET(xFe3+/xys)ocTl = AC;8

+ rlt l /z(adt4 - U56 + t ' lzs - lcta + !{13) + tdi6 - aGi6 + l,r l l5 - weZ +a6hrzl

+ slt l/2(adils.l + t, l56 - blZA - }l14 - ld13)J - S2(bl7g)

R T l n t ( X g . 2 + / X p " 3 + ) T E T ( X p . 3 + / X p . 2 + 1 0 C T 1  = a d e - a G i r r r + t l Z Z - t l t s + l / 2 ( t 1 5 6 - l r l 7 8 + l , l t 3 - I ' t t C - a O i q )

+ r l t l /z(adla - $156 + uze - t l l tg + |r l t4) + aGto - a$e + bt l5 - t l27 +lG|.,qt

+ s1[1/2(w55 - tr l78 + trJ14 + tr l13 - adi ' ' ,s.t l :  -  s2Tl2(! i7g + !{56 +aeiq - t ,r l14 - !113)J (A-lo)

R T l n [ ( X 6 g / X p " 2 + 1 T E T 1 1 p " 2 + / X y n ) O C T ] = t l l t 5 - l { 2 7 + a f i r r 2 + l l z ( t f t 4 . + r r | 7 8 - H 5 O + } i t + - l l l t 3 )

+ r t ( } t l 3 - W 1 4 )  + s r 0 G i f  s . t  - l / 1 4 - 1 d 1 3 ) +  s z E l / z ( t d S 1  - w Z s * 4 f t r i - w r + - t r l 1 3 ) 1  ( A - t l )

Conditions of Homogeneous Equilibrium in Terms of the Subsystem Parameters }J58, lrldT and hl28

(A-9)

(A-r  2)

(A-r 3)

(A-r 5 )

(A-r  6)

(A-r  7)

(A-r 8)

RT Int(xpg/xpq2+)TET1xr.r*/xug)0cr1 = a-oig-aGi6 + 1/2$67 - t,58+ ti l14 - tt13) +11 (!,113 - !1114)

+s1( l ' l5g+1167- l l lSO- t , r |Zg-  } l t3-  Uj4)  + s1t1 lz f ld5g+ht67 -2, , t7A- t '114 -  l l13)1 (A-14)

Fe304-MgFe204

RT lnt(Xys/Xpg3+)TET(Xpr3+7Xyn)0CTJ = a6e + ql l /2( ' i t67 - t{5B + l ' l13 - tr l14)J

+ st[ l /2(tJSA + 1,J67 - Ztt l7g - V14 - }J13)J - s2(]176)

RT 1nt(Xp"2+/Xpg3+;TET11t.3+/tp.2+10CT1 = ad!6 + t l2(ugs - 9167 + t l3 - l r t14)

+ 1111/2(1167 - l , lSe - H13 + I ' f t4) l  + s1t1/2(l{13 + ! | l t4 - tJ56 - t{57) + W55l

- s2l1/2(w56 + !1167 - hl14 - W13)J

where  w67=ad i r2  +aG!6  -aG lg+ l r t 7g+ t r l l s  - " t 27+  t /Z (aG i t s . ,  +aG!4 )

and  L lSA=aGle  -ad tO  -06 "2  * ISO -  ! , l tS  +b t27  +  t / 2 (ac i r s . ,  - 16 !a )

Mg2Ti 04-MgFe204

RT ln[(xMg/xpe3+)TET(xFe3+/xyn)0cr1 = aG]s + 1/2(w27 - I ' lee - v7g) + r2l1/2(' l i2a, - u27.- wza)l
-  s2( I l l7g)

where WZg = ahr ,  +aGlO -aGiA- |Js6 + Ht6 *  r '1U J wZ7 +r l t78
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Expressions for the Chemjcal Potentials of FMFT Spinel Components Used in the Text.

uFe2Ti04 = GiezTi0a + RT lnt(xFe2+;TET11r.21;Ocr1xtt10cT1

+ f t l8(aGla + a6f ]s . , )  + t /4( l | l rs  -  Hz7 + q3 -  aGf. |1r) ]111+r2)( l - r1)1

- t l / a ( a G l a - ! , 1 5 6 + t { z g - l , l t a + W 1 3 ) + 1 l 2 ( a G t 6 - a E l s + l i 5 - l J e z + 4 6 | . , " r ) l t t t - r 1 ) ( l - s 2 ) 1

+ t t /8( f l l4  -  l t tg  -  I ' lso -  | r |zg -  aetq)  + 1/4( ld t6 -  Nz7 +aGit rz) l t ( l+rz)(1-sz) l

+ t 1 1 4 ( a 6 i t s t + t l l 4 + t r t 1 3 ) 1 t l - r 1 1 2 - t l / l 6 ( l i 1 a - l , l t : - a 6 t a ) + l / B ( l d i t r z - ' d Z t - w 1 5 ) 1 t l + r 2 J 2

+ t l / 2 ( l , l r g - t , 1 1 4 ) 1 t ( l - r 1 ) ( s 1 ) J - l l / 8 ( a d i r s r - a 6 3 a l + l / 4 ( l , l r s - t t z t - | r J l 3 + a G ; l r z ) l t ( l + r z ) ( s r ) l

+ t l / 4 ( a 6 f . , s . ,  + l ' 1 5 6 - t { 7 s - H l q - l { r : ) l t ( l - s z ) ( s 1 ) l - t l / a G 6 } . , e . ,  - w r 4 - t , r l 1 3 ) J ( s 1 ) 2

+ 1/4 U7B 0-s2;2 (A-19)

uMg2Ti04 = GfisztiOA* nT lnl(Xyg)TET1XrnlOCT1Xtil0CT1

- t l /8(aG!a + aGlrsr)  + l /4(Ht5 -  NZ7 + W13 -  adf . , ; r ) l t ( l+r2)( l+r1)J

+ f l l a ( a G t 4 - U 5 6 + U 7 B - l , t r q + l ' 1 1 3 ) + l / 2 ( a 6 t O - a G l s + l l t S - t , l e z + a d i t r Z ) l [ ( t + r 1 ) ( l - s 2 ) J

+ tl/8(l ' l l4 - l{t3 - l, lse - Hze - a65a) + l/4(irlro -'vtz7 + aEi.,;r)Jt(1+r2)(l-s2)1

+ t l / 4 ( a G ; . I s . l  + 1 1 t 4 + [ 3 ) 1 ( 1 + r 1 ) 2 - f l l 1 6 6 1 1 4 - t l l 3 - a 6 ! a t + t / A t a S . , " r - d Z t - ! 1 1 1 5 ) 1 ( l + r 2 ) 2

+  t / 4 (wzS)0 -s2 )z  -  i l / 2 ( l ' l 13  -  l / 14 )1 t (11+ l ) ( s1 )J

-  t l /8(a6i . ,s1 -  adia)  + l /4(wl5 -  Vzt  -  l . l t3  + aGi l rz) l t ( r2+l ) (s1)1

+ i l / a ( a 6 i s i  + l / 5 6 - | , { z s - l r J 1 4 - w 1 3 ) J t ( l - s 2 ) ( s 1 ) J  - t l / 4 ( a G i . , s t  -  l l l t 4 - t ' l 1 3 ) J ( s 1 ) 2  ( A - 2 0 )

uFe3+(Fe2+,Fe3+)204 = 6p.3+1ps2+,fe3+1204 + RT lnt(Xps2+)oCT1xt.3+1TET1Xp.3+)0CT1

- t l ls (a6ja + acf . |sr )  + l /4(H15 - t t tz7 + w13 -  a6f . ,pr)J t f l - r1)(1-r2)J

+  t l / 2 (H l3  -  l , | l 14 )J t ( l - r 1 ) ( l +s t ) l

- t l / a ( a d l a - t c 5 6 + t , l z s - U r a + t r l t 3 ) + l / 2 ( a 6 6 0 - a G l s * l t r s - | l l z z + a d f i r e ) l t ( t - r 1 ) f i - s 2 ) J

+ t l /B(aGl ts t  -  aeja)  + t /4(wl5 -  btz t  -  | r l r3  +  ̂ d i . t rz) l t0- r2)0+s1)J

-  t l /8(wq4 -  l rJ tg -  UsO -  l iZe -  aeia)  + l /4( l 'h6 -  Nz1 +aGi. , r r l : t t t - r2)( l -s2)1

+ f l / 4 ( a c l s t + W 5 6 - t r l Z g - U t O - w 1 3 ) i t f i + s 1 ) f l - s 2 ) J + i l / 4 ( a 6 f t s t + t l { t 4 + t r l 1 3 ) 1 0 - r 1 ) 2

-  t l /16( l {14 -  l , l rg  -  adi t l  +  1/8(af i . ,12-  u27 -  td15)1( l - r2)2

-  t l /a(a6f . , r . ,  -  l i tc  -  w13)J( l+s1 rz  + l /4  t iTg( l -s2)2 (A-21)

uFe3+(Mg,Fe3+)20a = 6fg:+1yg,Fe3+;204 + RT lnl(XFe3+1OCI11r;q1TET11rn1OCT]

-  t l /8(w1a -  l i lg  -  wso -  l , lzs -  ^d ia l  r  l /4(wl6 -  r i rz7 *  aEf . , . r l l t t t - "2)0-s2)1

+ f l l8(ad]a.+ aGlrsr)  + t /4 f ld15 - ' t tz7 + w13 -  adf l1 , ) ] t ( r1)0-12)1 -  i l /z( t r l r :  -  r {14)J[ ( r1)(s1)J

+ t l l8(adi . ,s . ,  -  Adlq l  + l /4(wl5 -  uzt  -  w13 + ad| . ,1r)1t (s1) f l - r2)J

+ t l l4(aGl . ,s ,  + 1156 -  WZA -  l r l r4  -  td13) l t (s1) i l -s2)1

+ [ r / + ( i 6 5 q - [ s 6 + t i z a j l ' t i q + t l t 3 ) + t / z $ G $ 5 - a 6 ] s * l r t s , - l l z t + a 6 f r " r ) l t t r 1 ) 0 - s 2 ) 1

+ t t /4(adi rsr  + t . l r4  + l l13J(r1)2 -  t l la(a6i . ,s . ,  -  l l ra  -  ! {13)1(s1)2
- t l/16(ut4 - t{13 - a6!al + 1/8(aG}.|;, - Hzt - w15)10-r2)2 + 1/4 Ve(il-silZ (A-22)


