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Abstract

An experimental technique for evaluating the activity of chromite in
multicomponent spinels was developed by equilibrating the spinel of interest with a Pt-
alloy under a controlled temperature and oxygen fugacity. The thermodynamic
properties of the ternary Pt-Fe-Cr system was evaluated, such that activities of Cr and Fe
in an equilibrated Pt-alloy can be used to calculate the activity of chromite in the spinel of
interest.

The ternary activity model formulation used is based on the characterization of
each bounding binary system, Pt-Fe, Pt-Cr, Fe-Cr, with the addition of ternary interaction
terms. The Pt-Fe and Pt-Cr systems are described as asymmetric regular solutions with
interaction parameters of W p,=—138.0£3.3, W £,,=—90.8424.0, and Wp,,=—129.1%1.2,

Wee=—80.924.4, and Dp,,=+94.4£2.5 kJ/mol (1o), respectively. Combined with

literature thermodynamic properties for the Fe-Cr system, the ternary interaction
parameters in the Pt-Fe-Cr system were found to be C=0, Cp=+115.7, and C.,=—68.6
kJ/mol.

Using this technique, the metamorphic history of equilibrated ordinary chondrites
was evaluated by examining the compositions and textures of olivines, pyroxenes,
spinels, and alloys. Equilibrium temperatures based on Fe-Mg exchange between olivine
and spinel exhibit a range of 680-796°C in H, L, and LL ordinary chondrites spanning
petrographic type 4 to 6. Type 4 chondrites in all groups record variable temperatures
that are lower than or equal to those of types 5 and 6 chondrites, implying decoupling of

metamorphic temperature from petrographic type. Cooling rates near 800°C were found
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to be 1-3 K/Ma, slow enough to allow continous re-equilibration of spinel grains from
peak metamorphic temperatures to the olivine-spinel equilibration temperature.
The temperature-oxygen fugacity relationships in equilibrated H chondrites were
constrained from spinel-alloy and olivine-pyroxene-alloy phase assemblages based on the

mineral compositions and activity-composition models. Log,, f,, values based on the

assemblage olivine-pyroxene-alloy are —1.75+£0.02 log units below Iron-Wiistite (IW)
buffer, regardless of petrographic type. The log,, f,, values calculated based on the
spinel-alloy coexistence are at least ~1.5 log units more oxidizing than those based on the
olivine-pyroxene-alloy if olivine-spinel equilibration temperatures (728-820°C) are
assumed. This probably indicates that closure for spinel-alloy equilibria occurred under

retrograde conditions at temperatures below 700°C.
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INTRODUCTION

Spinel is a common accessory mineral in a wide variety of igneous and
metamorphic rocks, making it a potentially important indicator of petrologic processes.
For example, changes in the Cr or Ti contents of spinel are linked to the degree of partial
melting and fractionation of mantle—derived rocks from the Earth and Moon (Arai, 1987,
Dick and Bullen, 1984; El Goresy, 1976), variations in metamorphic gréde in serpentinites
(e.g.. Evans and Frost, 1975), and both crystallization and subsolidus reduction processes
in meteorites (Haggerty, 1972). Equilibria involving spinel and other coexisting phases in
a rock can be used to constrain the equilibrium conditions of the assemblage. An
appropriate reaction for the equilibrium assemblage can be written, and based on the
thermodynamic properties of the phases, an expression is obtained relating the observed
mineral compositions to temperature, pressure, and/or oxygen fugacity.

For example, a common thermometer involving spinel is based on the coexistence

of spinel and olivine, represented by the reaction:

Fe»Si0f" ™+ 2MgCr, 0™ = 2FeCr,07™'+ Mg, Sio§™" . (1a)

fayalite picrechromite chromite forsterite
Provided the activities of fayalite and forsterite in olivine and chromite and picrochromite
in spinel are known, this reaction can be used to constrain the equilibrium temperature
according to the expression:

( spinel )2 olivine

aFECr104 MgSi>04
Ki=exp[-AGy /RT)=——5———, (1b)
spinel < _oplivine
(aMgCr;Cu) FeSin0y
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where ] refers to the activity of component i in phase j, K, is the temperature-dependent

equilibrium constant, R is the gas constant, T is the temperature in Kelvin, and AG? is the
free energy of reaction la.
The coexistence of olivine, pyroxene, and alloy is commonly used to constrain the

temperature-oxygen fugacity ( f ;) relationship, according to the reaction:

—_—
Fe™” + FeSiOf™ "+ — 08" = Fe; SiOf"™ (2a)

ferrosilite Jayalite

which can rearranged to yield an expression for f :

olivine

¥ [

e, FeSiz04 2b

fol alloy  pyroxene ’ ( )
20Fe  CFeSip,

Provided afiire, | qftire . and af”, and the equilibrium constant for reaction 2a are
known, f, can be determined at any given temperature.
Calculations of temperature and f, using the above method are possible only if

the activity-composition relationships of the phases of interest are well constrained.
Natural spinels are complex solid solutions in the compositional space
(Fe* Mg)(Al,Cr,Fe*),0,-(Fe** Mg),TiO,. Ordering of cations between two
crystallographically distinct sites, tetrahedral and octahedral, can be a strong function of
composition and temperature (e.g., Sack and Ghiorso, 1991a,b) and the frequent presence
of Fe in two valence states complicates matters even further. Experimental studies
designed to obtain activity-composition models for spinels are, however, limited to binary
and rarely ternary subsystems and mostly involve magnetite as an end-member [e.g.,
Fe,O,-FeAl,O, (Mason and Bowen, 1981); Fe;0,-MgFe,0,, Fe,0,-Fe,TiO, (Woodland

and Wood, 1994); Fe;0,-FeCr,0, (Petric and Jacob, 1982); MgAl,O,-Fe;0,-yFe,;0,
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(Mattioli et al., 1987)]. The use of magnetite as an end-member spinel in these
experiments is problematic, due to its ﬁonstoichiometric composition at high temperatures
(Dieckmann, 1982). Lacking an accurate knowledge of Fe**/Fe** in the spinel of interest
results in an incorrect assessment of the magnetite mole fraction in the spinel. The lack of
direct experimentation on multicomponent spinels led to the development of activity-
composition models for natural spinels that are based on the binary systems extrapolated
to multicomponent spinels (e.g., Sack, 1982; Sack and Ghiorso, 1991a,b). The usage of
these models add an additional uncertainty in determining spinel activities, since such
models are poorly constrained in precisely those regions of composition space that are of
greatest interest for applications to natural occurrences.

In this work, an experimental technique is developed for evaluating the activity of
chromite, FeCr,0,, in multicomponent spinels (chapter 1 and 2). The technique is applied
to evaluate the metamorphic conditions experienced by equilibrated ordinary chondrites
(chapter 3 and 4).

The experimental technique developed here is based on equilibrating a spinel of
interest with a Pt-alloy under a controlled temperature and oxygen fugacity. Cations from
the oxides are reduced and dissolved into the alloy until equilibrium is reached according
to the experimental conditions. The activity of FeCr,O, in the spinel can then be
determined from the knowledge of the activities of Fe and Cr in the equilibrated Pt-alloy
and the equilibrium constant. A model is developed from which the Fe and Cr contents of
the Pt-alloys can be converted to activities. A wide range of alloy compositions is
produced by equilibrating them with Cr,0; and simple Cr-, Fe-bearing spinels at a range

of temperatures and oxygen fugacities. The compositions are fitted to a Pt-Fe-Cr ternary
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activity model formulation based on the characterization of each bounding binary system,
Pt-Fe, Pt-Cr, Fe-Cr, with the addition of ternary interaction terms.
The activity-composition relationship of alloys in the Pt-Fe system is evaluated in

chapter 1 by equilibrating Pt wires with Fe-oxides at a range of temperatures and f,. At

a given experimental condition, the chemical potential, and thus the activity, of Fe in the

Pt alloy is fixed by the chemical potential of O, (i.e., by the f, ) and of the Fe-oxide. By
equilibrating alloys and oxides over a range of temperatures and f, and analyzing the

metal at each set of conditions, the relationship between metal composition, temperature,
and iron activity is determined. This chapter has been recently published (Kessel et al.,
2001a).

In chapter 2, the activity-composition in the Pt-Cr system is determined by

equilibrating Pt wires with Cr,0; at 1300°C and a range of f,’s, and an activity-

composition model is fit to the results. For the Fe-Cr system activity-composition results
from Andersson and Sundman (1987) are used. The activity-composition relationships for
these two binary systems together with Pt-Fe system (chapter 1) are combined to construct
a ternary model in the Pt-Fe-Cr system. Compositions of Pt-alloys equilibrated with

FeCr,0,+Cr,0; and (Fe,Mg)Cr,0,+Cr,0; at 1300°C and a range of f, are used to

constrain the ternary interaction parameters based on the knowledge of the interaction
parameters for the three bounding binaries. Using the ternary activity model developed
for the Pt-Fe-Cr system, the free energy of formation of FeCr,0, at 1300°C is evaluated
based on the activities of Fe and Cr in Pt-alloys in equilibrium with FeCr,0,+Cr,0;. The
free energy of formation of chromite from Fe+Cr,0,+0, is also determined. The activity-

composition relationship of (Fe,Mg)Cr,0O, chromites is evaluated from a set of
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experiments in which Pt-alloys were equilibrated with spinel+Cr,0,. This chapter is ready
for submission (Kessel et al., 2001b).

The experimental technique for evaluating the activity of chromite in
multicomponent spinels is applied to evaluate the metamorphic conditions experienced by
equilibrated ordinary chondrites. Ordinary chondrites are primitive meteorites showing
variable degrees of metamorphism ranging from negligible to intensities sufficient to
completely obliterate the original phases. Based on the coexistence of olivine, pyroxene,
spinel, and alloy, the metamorphic temperatures and oxygen fugacities recorded by
chondrites spanning the range of observed metamorphic grades are evaluated. The
thermal history of equilibrated ordinary chondrites from H, L, and LL groups spanning
petrographic types 4 to 6 are examined in chapter 3. Olivine-spinel equilibration
temperatures (reaction la) are determined by equating expressions for the chemical
potentials of Fe-Mg exchange in olivine and spinel using thé formulation of Sack and
Ghiorso (1991a,b). The relation between the petrographic type, chemical and textural
maturation, and temperature is evaluated, and the cooling rates near peak metamorphic
conditions are constrained.

The oxidation state experienced by H chondrites is determined in chapter 4. First,
chromite activities in spinels whose compositions approximate those in equilibrated
ordinary chondrites are evaluated using the technique developed in Kessel et al. (2001a,b)
and compared to existing models. The activity of chromite in spinels, combined with
activity-composition model for Fe-metal (Miettinen, 1999), are used to constrain the T-

f o, relationships for spinelOalloy coexistence in equilibrated H chondrites. Additional T-

f o, relationships are derived from the coexistence of olivine, pyroxene, and alloy, using
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activity models for the ferromagnesian silicates incorporated into the program MELTS
(Ghiorso and Sack, 1995). Based on the evaluated peak metamorphic temperatures,

absolute f, values for equilibrated H chondrites are evaluated. Chapter 3 is ready for

submission (Kessel et al., 2001c) and chapter 4 is currently being prepared for publication.
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Chapter 1. Thermodynamic properties of the Pt-Fe system

(Reprinted from Kessel R., Beckett J. R., and Stolper E. M. (2001) Thermodynamic

properties of the Pt-Fe system. American Mineralogist. 86, 1003-1014).

Abstract—-We determined activity-composition relationships for the Pt-Fe system
by equilibrating Fe-oxides with Pt-Fe alloys at temperatures in the range of 1200-1400°C
and oxygen fugacities from 1.6 to 7.7 log units above the iron-wiistite (IW) buffer. The
system is characterized by strong negative deviations from ideality throughout the

alloy alloy

investigated temperature range (e.g., ¥y, <0.02 for X%*<0.3). Our data are consistent

with an asymmetric regular solution of the form:

RTInyS® =W, +2(Wy,— W) X0 (X%, where W, = -138.0+3.3 kI/mol and W,

Fe

= -90.8+£24.0 kJ/mol (16). Based on experiments at 1200°C-1400°C, variations in the

activity coefficients at a given composition are consistent with
Iny & (1) / Iny §7 (T2) = T2/ T:.
The Pt-Fe alloy composition in equilibrium with a FeO-bearing silicate liquid can

s 0
be obtained from: Jog,, fo; =log{exp[In @ 50, — In gy, — 2In g™ — (%)]} where AG?

is the standard state free energy for the reaction 2Fe™® + 05" + Si05 = Fe,Si0.". We
obtained values of am” from our model and used the program MELTS together with the
thermodynamic properties of these elements to evaluate activities of Si0O, and Fe,SiO,

components in the liquid and AG?. We provide sample calculations showing how to
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predict the optimum Fe concentrations for pre-saturation of Pt-bearing containers to reduce
Fe loss from the charge during experiments on magmatic liquids at high temperatures and

pressures from 1 atm to 40 kbar.
1. INTRODUCTION

Among the primary goals of experimental petrology are the simulation of processes
within the earth and other terrestrial planets and the determination of physical and
thermodynamic properties of relevant solid and liquid phases. Iron is an ubiquitous
element in these systems and there continues to be a search for suitable container materials
for experimentation involving Fe-bearing samples. Some prospective materials are limited
by their low melting points (e.g., Ag, Au) and/or their tendency to interact with the sample
(e.g., Si0,, AL,0;, Mo), while others can only be used under relatively reducing conditions
(e.g., Mo, graphite). In many respects, Pt is an ideal container material: it can be used at

high temperatures (e.g., 1600°C); it is stable over a wide range of f,; and, in many

systems, it is essentially inert. Unfortunately, the use of Pt for Fe-bearing systems is
complicated by a complete solid solution that stretches across the Pt-Fe join between 1350
and 1500°C and by both solid solutions and stable intermetallic compounds at lower
temperatures (Hultgren et al. 1973). This can lead to serious problems since Fe-loss from a
sample in contact with Pt can significantly change the phase equilibria (e.g., Bowen and
Schairer 1932; Presnall and Brenner 1974). In addition, for experiments in sealed capsules,
loss of Fe to a Pt capsule leads to the release of O, and a change in the oxidation state of
the sample (Merrill and Wyllie 1973; Stern and Wyllie 1975). A less widely recognized

potential problem in gas-mixing furnaces is the possible contamination of thermocouples
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and of electrodes for oxygen sensors because of Fe vaporizing from samples, which could

lead to errors in the measurement of temperature and f .

The problems associated with loss of Fe to a Pt sample container can be minimized
by using a pre-saturated Pt-Fe alloy that, at the oxygen fugacity of the experiment, has a Fe
content close to that of an alloy in equilibrium with the experimental charge. Grove (1981)
showed through characterization of Fe partitioning between Pt-Fe alloys and coexisting
phases how the alloy composition can be customized such that Fe gain or loss from the
charge is minimized. Pt-Fe alloys can also be used to determine the thermodynamic
properties of coexisting Fe-bearing phases if the activity-composition relations of the alloy
are known. Moreover, if the oxygen fugacity is known, Pt-Fe alloys can also be used to
determine the activities of iron oxide components (e.g., FeO, Fe,O,) in coexisting oxide
and silicate phases (e.g., Nolan 1977; Gudmundsson and Holloway 1993). Alternatively,
Pt-Fe alloys can be used to monitor redox conditions in expeﬁments including Fe-bearing
phases (e.g., Jamieson et al. 1992; Gudmundsson and Holloway 1993; Wasylenki 1998).

In each of the examples given above, the amount of Fe dissolved in the alloy is
related to the activity-composition relationships of the Pt-Fe system, and these have
therefore received considerable attention (e.g., Heald 1967; Petric et al. 1981; Petric and
Jacob 1982; Gudmundsson and Holloway 1993). There are, however, substantial
discrepancies among these previous studies, so an internally consistent characterization of
activities in the Pt-Fe system is not yet available. Possible sources of differences between

results of previous studies include different experimental conditions (7, f,) and

experimental and analytical methods and in some cases inappropriate techniques used to

calculate the activity of Fe in the alloy.
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In this paper, we determine the relationship between the activity of Fe in a Pt-Fe
alloy and its composition by equilibrating Pt with Fe-oxides at 1200 -1400°C over a wide
range of oxygen fugacities. In such experiments, the chemical potential (and thus the

activity) of Fe in the alloy is fixed by the chemical potential of O, (i.e., by the f ) and of

the Fe-oxide, which is independently known (Darken and Gurry 1945; Dieckmann 1982;
O’Neill 1988). Thus by equilibrating alloys and oxides over a range of temperatures and
oxygen fugacities and analyzing the metal at each set of conditions, the relationship
between metal composition, temperature, and iron activity can be precisely determined.
Our procedures are similar to those of some previous studies, but we have used modern
analytical techniques to reduce errors in the determination of alloy composition. In
addition, we have fit our data to a functional form for the thermodynamic properties of the
Pt-Fe alloys that is readily transportable to applications that require precise calculations of

Fe and Pt activities in Pt-Fe alloys.

2. PREVIOUS WORK

In Figure 1, run conditions of experiments to constrain the activity-composition

relationships of Pt-Fe alloys for this and previous studies are shown on the 7-log,, f,, plane

superimposed on the 1 atm phase relations of the Fe-O system (Darken and Gurry 1946).
For clarity, the temperatures for our experiments are displaced upward by 10°C. Although
wide ranges of conditions have been explored experimentally, there is considerable
disagreement among the various data sets, which were assembled using a variety of
experimental and analytical techniques. This has made it difficult to produce a definitive

assessment of activity-composition relations for the Pt-Fe system. Larson and Chipman
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(1954) equilibrated CaO-FeO-Fe,0, and FeO—FeZO_3 melts with Pt at known f 0, and
calculated the activity of Fe in Pt using previously determined Fe activities in the oxide
melts (Fetters and Chipman 1940). Heald (1967), Petric et al. (1981), and Petric and Jacob
(1982) equilibrated Pt foils with Fe-oxides in the wiistite or magnetite stability fields at

known f, and measured the Fe concentration in the Pt by wet chemistry. Taylor and

Muan (1962) did similar experiments but used a thermogravimetric technique and
determined the compositions of Pt-Fe alloys indirectly by measuring weight changes in the

sample as a function of f,. Gudmundsson and Holloway (1993) equilibrated Pt wire or

powder with Fe or Fe,O; powders in the magnetite or wiistite stability fields and
determined compositions of the Pt-Fe alloys by electron microprobe.

The variability in techniques and conditions among previous studies is matched by
differences in data treatments, some of which are demonstr_ably incorrect. Petric and
coworkers (Petric and Jacob 1982; Petric et al. 1981) used the free energy of formation of
magnetite from Spencer and Kubaschewski (1978) to calculate Fe activities in all of their
experiments. Larson and Chipman (1954) used a Gibbs-Duhem integration for liquid Fe-
oxides introduced by Darken and Gurry (19406) to calculate the activities of Fe in Fe-oxide
and Fe-, Ca-oxide liquids. The interpretation of experiments in each of these studies is in
our view sound. On the other hand, Taylor and Muan (1962), Heald (1967), and
Gudmundsson and Holloway (1993) all used an integration method developed by Darken
and Gurry (1945) for experiments in the wiistite field. Yet, as shown in Figure 1, many of
their experiments were actually conducted in the magnetite stability field where the Darken
and Gurry (1945) algorithm does not apply. Heald (1967) compounded the problem by

combining all the results of his experiments (ranging in temperature from 1131 to 1347°C)
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with the 1300°C data of Taylor and Muan (1962) and fitting them to an isothermal Redlich-
Kister solution model. This led to a widely-used expression for Fe activities that
incorporates both correctly and incorrectly determined activities and ignores the possible
temperature dependence of the activity coefficients. The results of later workers who used
Heald’s (1967) expression (e.g., Grove 1981; Jamieson et al. 1992; Van der Laan and
Koster van Groos 1991) or depended on activities from Gudmundsson and Holloway
(1993) (e.g., Gudmundsson and Wood (1995), Wasylenki (1998)) may therefore require

reexamination.
3. EXPERIMENTAL PROCEDURES AND ANALYTICAL TECHNIQEUS

Experiments were conducted at 1 atm in a Deltech DT-31 furnace or a home-built
MoSi, furnace with gas-mixing capability. Oxygen fugacity was set by mixing CO, and H,
gases and measured using an yttria-doped-zirconia solid electrolyte oxygen sensor
(SIROZ@, Ceramic Oxide Fabricators, Ltd., Australia). The sensor was calibrated at two
points encompassing the range of oxygen fugacities imposed in this study: air, for which
agreement with the Nernst equation was checked (Williams and Mullins 1981), and the
Iron-Wiistite (IW) buffer, which was determined by measuring the resistance of high-purity

Fe wire as a function of f, (details given in Mendybaev et al. (1998)). Since all of our

experiments were conducted under conditions significantly more oxidizing than IW, no
correction for electronic conduction of the electrolyte was required (Mendybaev et al.
1998). During the experiments, the EMF was maintained to within +1 mV, leading to an

uncertainty of +0.05 (16) in log,, f ,,, €xcept for the most oxidizing experiments (Pt/Fe 17

and Pt/Fe 17R, see Table 1), where larger fluctuations in EMF during the experiments led



15

to an uncertainty of +0.1 (10). Temperatures were measured using a Pt-Pt,,Rh,, (type S)

thermocouple calibrated against the melting point of gold and are estimated to be accurate
to within £3°C.
For each experiment, a pellet (7 mm diameter) was prepared by pressing analytical

grade Fe,O, powder (99.999%, Johnson Matthey) around 3-5 mm long, 75 pwm diameter Pt

wires (99.9999%, Alfa® ESAR). The pellet was placed in a crucible constructed from 1/4"

diameter Al,O, rods (Vesuvius McDanel) and suspended in the hot spot of the vertical tube
furnace.

Experiments were conducted at 1200-1400°C and oxygen fugacities from TW+1.56
to IW+7.70. The experiments were run for 4-5 days at 1200°C, 2 days at 1300°C, and 1
day at 1400°C. These run durations were at least twice the characteristic time required to
homogenize the Pt-Fe alloys based on the diffusion data of Berger and Schwartz (1978);
they also ensured complete conversion of Fe,O; pellets to magnetite or wiistite with
equilibrium concentrations of defects, which occurs in significantly less than half the run
time (Darken and Gurry 1945; Darken and Gurry 1946). Experiments were terminated by
raising the crucible into the cold area of the furnace, with quench times on the order of
seconds; this time scale was sufficient to avoid significant changes in Pt-Fe alloy
composition. To test the approach to equilibrium, reversals were also performed by

equilibrating Pt wires with Fe-oxide at a given f, and temperature, quenching, removing

any adhering oxide from the equilibrated Pt-Fe wires, pressing them with a new batch of
Fe,0, powder, and then reequilibrating the wires with oxide at the same temperature but a

higher f o, than the initial equilibration for a time sufficient to reequilibrate the sample.
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After quenching, samples were removed from the furnace. The pellet was taken
from the crucible and the Pt-Fe wires physically separated from oxides. Four to five wires

were mounted in epoxy. Al,O, impregnated papers were used to expose the wires, and

diamond powder (<0.25 um) to achieve the final polished surfaces.

The Pt-Fe wires were analyzed using a JEOL733 Superprobe with an accelerating
voltage of 20 KeV, a beam current of 25 nA, and a takeoff angle of 40°. X-ray counts were
collected for 30 seconds on peak and 15 seconds at each background position. Pure metals
were used as standards and a ZAF correction procedure (Armstrong 1988) was applied.
The wires were checked for homogeneity by analyzing one or two traverses of 3-4 points
each across each wire from each run. Note that by having removed the wires from the
enclosing oxides, we avoided the possibility of Fe excitation from oxides adjacent to the
WIres.

The identity of Fe-oxides in equilibrium with the wires was confirmed for selected
experiments using x-ray diffraction. In every case, the phase was magnetite or wiistite, and

corresponded to the expected equilibrium oxide based on Figure 1.

4. EXPERIMENTAL RESULTS

The experimental conditions and results are listed in Table 1. Compositions of
alloys as a function of log,, f, are shown in Figure 2. Most experiments were done at

1300°C, encompassing a wide range of oxygen fugacities (from log,, f,, = -9.14 to -3.20),

leading to a correspondingly large range in mole fraction of Fe in the Pt-Fe alloy (X5 =

0.082-0.539). A smaller number of experiments were done at 1200°C and 1400°C to

determine the dependence of the mixing properties of the alloy on temperature and to
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facilitate comparison with literature data. The curves plotted in Figure 2 are based on a

regular solution model of the alloy described below.

4.1. Results

Values of XE™ were calculated from the measured wt% Fe by averaging all of the
analyses made on wires from each experiment. The averages and their uncertainties (the
standard deviation of the distribution of measured alloy compositions from each

experiment) are listed in Table 1. The uncertainties (reported throughout this work as 1o)

are less than 2% of the average concentration for most of the experiments.

The stable Fe-oxide in our experiments was either wiistite or magnetite. Neither of
these phases is stoichiometric over all of the conditions of our experiments and this must be
taken into account in determining Fe activities. In the following two subsections, we show
how this can be done for wiistite- and magnetite-saturated experiments. The first
subsection is essentially a brief reprise of Darken and Gurry’s (1945) procedure for wilstite.
In the second, we take advantage of measurements by Dieckmann and coworkers of

magnetite stoichiometry as a function of temperature and f, in evaluating the effect of

varying cation to oxygen ratios in the phase on resulting calculated alloy activities. To our
knowledge, this has not previously been done for magnetite. In the third and final
subsection we calculate free energies of formation of stable defect-bearing magnetite,
Fe;0,, and compare these values with those in the literature for metastable, essentially
defect-free magnetite under the same conditions.
4.1.1. Activity of iron in Pt-Fe alloys in equilibrium with wiistite

For experiments conducted in the wiistite stability field, activities of Fe in the alloy

in equilibrium with wiistite were calculated using Darken and Gurry’s (1945) procedure.
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In this approach a Gibbs-Duhem equation of the form Nidpl= > X/dIng! =0, where

Ni, ,LL{ , X{, and ¢! are the number of moles, chemical potential, mole fraction, and
activity of component i in phase j, is used to relate wiistite composition to f, at a given
temperature. For wiistite in the system Fe-O, this equation becomes
X gistte o 1 g pistic 4 ypusite g gwisie — () or where wiistite coexists with a Pt-Fe alloy
X d In g5 + X a5 dIn g@ = 0, which assumes the reference state for the pure Fe and
O components in wiistite and metal are the same. The activity of Fe in the alloy is

expressed as

" Xgﬂstite o
aloy __ 2
d In are” = wilstite 02 (la)
XFe
Integrating Equation 1a results in
i @ 8 e S
i 2
dingg»=- [ (£2) dinf}, (1b)
alloy Fe
ar. @IV foz@lw

where (Xo/ Xr) " refers to the oxygen/iron ratio of wiistite. Integration on the wiistite

composition is performed starting from an assumed Fe activity of 1 for wiistite coexisting
with pure Fe at the IW buffer (i.e., ignoring the small solubility of oxygen in the metal
(Darken and Gurry 1946, and references therein)) and proceeding to the wiistite

composition (and, therefore, the f, ) of interest. Activities of Fe in Pt-Fe alloys for our

wiistite-bearing experiments were calculated numerically using this procedure and are
given in Table 1.
Activities of FeO in the wiistite field in our experiments were calculated from the

equilibrium of wiistite with Pt-Fe alloy according to the reaction:
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e+ 208 = Feo™e, @
which can be described by the following equilibrium constant

wnsnte
{Fe0

=4 3)
a8 (fo)

and rearranged to

B = Ka(fop) " a” @
Using the equilibrium constant from O'Neill (1988), Equation 4 can be used to
calculate g¥™™ for each experiment. Contours of constant giiy* in the wiistite field are
shown in Figure 1.
4.1.2. Activity of iron in Pt-Fe alloys in equilibrium with magnetite
Most of our experiments were conducted within the magnetite stability field so
Darken and Gurry's (1945) experimental results within wiistite stability field could not be
used and the composition of the magnetite needs to be considered. Although the metal
equilibrates with magnetite in these experiments, it is not necessarily appropriate to assume
that the magnetite is fixed in composition throughout its stability field since magnetite can
be significantly non-stoichiometric (Dieckmann 1982). For temperatures below 1438°C,
the stability limit of wiistite (see Fig. 1), an appropriate Gibbs-Duhem integration to

evaluate the effect of changes in magnetite composition with f, on ame  is given by
(Darken and Gurry 1945):

alloy f @ magnetite
r. @magnetite magnetite

dln gt = N J Ry i & (5)

allay Fe
Y @wM )
a { s 0, @M

Fe
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(cf. Eq. 1b) where the integration is performed on the magnetite composition starting from

the wiistite-magnetite (WM) boundary (and the corresponding a%.” value at this f %
calculated from Eq. 1b) and proceeding to the magnetite composition (and, therefore, f 0,)

of interest. The following paragraphs explain how we calculated the magnetite
compositions and corresponding activities in our experiments.

Dieckmann and coworkers (Dieckmann 1982; Dieckmann 1998; Dieckmann et al.
1978; Dieckmann and Schmalzried 1977a§ Dieckmann and Schmalzried 1977b) showed
that magnetite deviates from Fe,;O, primarily due to Fe interstitials towards its more
reduced stability limit at the WM boundary and cation vacancies towards its more oxidized
stability limit at the magnetite-hematite (MH) boundary. By combining equilibria for these

two kinds of defects, the stoichiometry of magnetite, as expressed in the formula Fe, ;O,,

can be determined from (Dieckmann 1982)

(2+26)°
(1-36)°

(1-38)°

-2/3
int / o, ] 6
(2+268)° 7 K fo, ] ©)

= Kwefo, 1-[mtr

where K, is an equilibrium constant for the formation of cation vacancies and K;, is an

equilibrium constant for the formation of cation interstitials. Values of 8 in our

experiments were determined by iteration using Equation 6 and at 1300°C range from

~0.003 at the WM boundary (log,o f,,, =-7.69), 0 0 at log f,,, = —5.67, to +0.101 at the MH

magnefife

boundary (log,, f,, = -1.70). Since (Xo/ XFe) =4/(3-9), the activity of Fe at any given

composition can be obtained through Equation 5. Activities of Fe in Pt-Fe alloys for our

magnetite-bearing experiments calculated using this procedure are given in Table 1.
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The activity of Fe,O, in magnetite in equilibrium with a Pt-Fe alloy can be related

to af” and f, based on the reaction:

3Fe" +208" = Fes 05", Q)

which can be described by the equilibrium constant

magnetite

TR a)( - - @®

Rearranging Equation 8 gives

r;:agze;ue_K?(fov) ( atloy . (9)
Differentiating Equation 9 yields dlnapss;”=3dInas” +2dInf,, which can be

magnetife

=) dln f“’+4d1n fo.. Integrating this

converted (cf. Eq. 5) to dInafespi = —3(
Fe

magnetite ,

form of Gibbs-Duhem equation results in the following expression for ar. .

@Fe3-504 magnetite
magnetite __
In AFe:0s —

@Fe304
(6=0)

lain fF;? (10)

as given by Darken and Gurry (1946). We performed the integration across the magnetite

field at constant temperature starting from Fe,O, (i.e., § = Oand " =1, which

corresponds to a particular f, in the magnetite field based on Dieckmann’s results) to the

magnetite

fo, and hence Fe; 0, of interest. Curves of constant a7:7" in the magnetite stability

field are shown in Figure 1.
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Calculated values of qfe5:™ at 1300°C equal or exceed 0.988 for f, ’s between
the WM buffer and log,, f,, = -3.2, the most oxidizing condition for our experiments, but
can be as low as afp; " = 0.895 at the MH buffer (log,, f,, =-1.7). At 1200°C, az:5:"™

ranges from 0.996 at the WM buffer to 0.925 at the MH buffer but is >0.998 for our
experiments. At 1400°C, greater deviations from stoichiometry are physically accessible,

such that g7%™ = (.846 at the MH buffer; however, based on these calculations, gf&:"

magnetite

in our experiments is >0.999. Based on this analysis, the minimum value of af.g, ~ in our
experiments is thus estimated to be 0.988.
The difference in calculated values of ¢=” between using the above procedure and

simply assuming a magnetite activity of 1 in Equation 8 is smaller than the deviations in

magnetite magneiite

a™esrie from unity because g% scales with the cube root of af&e™ (cf. Eq. 9). For

magnetite

experiments at the MH boundary, assuming a7%:™ = 1 leads to values of af.” that are too

high by 2.7% at 1200°C, 3.7% at 1300°C, and 5.7% at 1400°C. The largest error in af”

magnetiie

for data in the literature resulting from assuming ar.. =1 would be 5.7% for an

experiment at 1400°C and log,, f ,,=-0.68 (at the MH boundary) reported by Gudmundsson

and Holloway (1993). Even here, there is only 0.8% error in the calculated value of

alloy

Iny%,” which is less than likely 1o errors due to other sources of uncertainty (see below).

Although the effect of nonstoichiometry of magnetite on calculated values of a%”

is generally small, we have nevertheless incorporated it into our calculations of a5~ for

both our own data and those from previous studies. Given g%, the activity coefficient of

alloy

Fe, y%” can be obtained by dividing af” by Xf™. Values of Iny§,” are listed for our

alloy

experiments in Table 1. Uncertainties on Iny ™ were calculated by propagating errors on
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the temperature (£3°C), logwfo2 (x0.05-0.10), and X20Y (0.5-3%, see Table 1); the

propagated uncertainties on Iny % for our experiments are +1-6% (16).

4.1.3. Free energy of formation of stable, non-stoichiometric magnetite

The free energy of formation of stable, non-stoichiometric Fe,O, (i.e., d = 0 with

equal but non-negligible amounts of Fe interstitials and Fe vacancies) at high temperature
was evaluated and compared to the free energy of formation of metastable, stoichiometric

magnetite given by O'Neill (1988). Stoichiometric magnetite (=0 and defect population

approaches zero) is metastable above ~560°C, and O'Neill's (1988) values for the free
energy of formation of stoichiometric magnetite at higher temperatures are based on an
extrapolation of electrochemical measurements obtained at 477-560°C. The free energy of
formation of stable non-stoichiometric Fe,O, at 1200-1400°C was evaluated from

AGY=—RT In K, using the calculated values of a%” in equilibrium with Fe,O, and the f,,

corresponding to 8=0(via Egs. 5 and 6). The free energy of formation of Fe;O, from the

elements is —645.88 kJ/mol at 1200°C (0.73 kJ/mol lower than O'Neill's (1988) value),
—615.84 kJ/mol at 1300°C (0.91 kJ/mol lower than O'Neill's (1988) value), and —585.65
kJ/mol at 1400°C (1.36 kJ/mol lower than O'Neill's (1988) value). The increasing
deviation between our values and those of O'Neill with increasing temperature is consistent
with increasing defect concentrations, but all of these differences are within the uncertainty

(+1.0-1.5 kJ/mol) based on propagated errors on the calculated g%* (taken as +0.2% on

a?® (Darken and Gurry 1945)).
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4.2. Activity-composition model for the Pt-Fe system

As shown in Table 1, activity-composition relations for the Pt-Fe system are
characterized by negative deviations from ideality (i.e., ¥%"<1) over the full range of
compositions we have investigated. Other binary alloys involving Pt show a similar or
even more extreme behavior (e.g., Pt-Mn, (Garbers-Craig and Dippenar 1997); Pt-Cr, Pt-V,
(Pretorius and Muan 1992)), and this pattern is also common to other platinum group
element alloys (e.g., Pd-Si, Pd-Mg, Pd-Al, (Chamberlin et al. 1994); Pd-Th, Pd-Sn, etc.,
(Schaller 1989); Nb-Rh, (Kleykamp 1982); U-Pd, U-Rh, (Kleykamp and Kang 1991); Ir-
Fe, Rh-Fe, (Schwerdtfeger and Zwell 1968)). Several effects are thought to contribute to
the non-ideal behavior of such systems. Schaller and coworkers (see detailed discussion in
Schaller (1989) and references therein) emphasize a lattice distortion introduced by the size
difference of the components and an electronic effect common to Pt and Pd alloys, which
accounts for both charge transfer between solute and solvent atoms and the resulting rise in
Fermi energy through filling of holes in the electron bands. In Pt-alloys with non-noble
metals, the electronic effect dominates and the non-ideality scales with the number of
valence electrons in the solute and its electronegativity. An alternative view (e.g., Brewer
1981) is that the non-ideality reflects acid-base interactions between nonbonding electrons
in Pt and empty orbitals in the solute. Either approach can be used to rationalize the
negative deviations from ideality.

Thompson (1967) summarized the use of one form of polynomial excess function to
describe the thermodynamics of non-ideal binary solid solutions. By assuming ideal
configurational entropy but non-zero enthalpy of mixing (i.e., a regular solution) and

expressing the excess free energy as a Taylor expansion truncated to a third-order
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polynomial in terms of composition, the activity coefficients have the form (written in

terms of the Pt-Fe system):

2

RTIny5” =W, +2Ws, - W) XE"1(X5™) (11a)
and
alloy __ alloy alloy, 2
RTIny 3" =[Wq +2(Wg — W) X5”1(XE") (11b)

at constant pressure. The Wg’s in Equation 1la and 11b are temperature- and

composition-independent constants referred to as Margules parameters (Hildebrand 1929)
that correspond to the difference between the molar Gibbs free energy of component i in
the solution and the molar Gibbs free energy of pure component i. Symmetric solutions are

characterized by only one parameter (i.e., Wg;=Wg,=W), while asymmetric solutions are

described by two constants.
A best fit of our data to Equation 11a using a weighted least-squares method (Reed

1992) resulted in WG = —138.0+3.3 kJ/mol and W, = —90.8+24.0 kJ/mol. Other binary
alloys involving Pt and a transition element show Wg’s values in the same range (e.g.,

—179.1 and —73.68 kJ/mol for the Pt-Cr system, and —225.63 and —153.87 kJ/mol for Pt-V,
(Pretorius and Muan 1992)). Figure 3 shows our data for RTIny % plotted against X&'
compared to the best fits assuming asymmetric and symmetric regular solution behavior
(the best fit W assuming a symmetric regular solution is -116.6£2.4 kJ/mol). Our data are
clearly poorly fit by a symmetric regular solution but well described by an asymmetric

solution. The deviations of our data from best fits for both models are shown as an inset in

Figure 3 as a function of composition. Deviations from an asymmetric regular solution
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model are independent of X5, Most data points plot within 16 of the predicted curve. In

contrast, absolute deviations from the best fit to a symmetric regular solution model show a
systematic increase with increasing X2

In describing the system as a regular solution (i.e., one in which the excess Gibbs
free energy is a function only of composition), we implicitly adopt the assumption that

RTIny % is independent of temperature for a given alloy composition; i.e.,

alloy

Iny3”(T) _Ts (12)
Iy (T Ty

where temperature is in degrees K. Figure 3 demonstrates that this is a valid approximation
in that all of our data at 1200, 1300, and 1400°C can be fit by a single set of temperature-
independent Margules parameters. This is shown more clearly in Figure 2, where the

variation of log,, f,, as a function of X% given by our data is well described by the

calculated curves at 1200°C, 1300°C, and 1400°C based on the asymmetric regular solution
fit with its temperature-independent Margules parameters. We conclude that our data are
consistent with asymmetric regular solution behavior of the Pt-Fe system over the range of
temperature and composition explored in this study. Calculated activities of Fe and Pt at
1300°C as functions of alloy composition based on Equations 11a and 11b are shown in

Figure 4. The strong negative deviations from ideality are apparent.

4.3. Comparison with previous studies

Figure 5 compares the compositions of Pt-Fe alloys in equilibrium with Fe oxides

versus log,, f,, at 1300°C from our study and from earlier work. A similar pattern is

observed for 1400°C. Our alloy compositions plot near the upper bound of the literature
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data; i.e., they are generally more Fe-rich at a given f, than those reported in most other
studies; overall agreement is best between our results and those of Gudmundsson and
Holloway (1993), especially at 1400°C (not shown), in the range of compositions on which
our model is based, although deviations of their results from our fit are observed at lower
and higher Fe contents. In spite of greater scatter in some of the earlier data sets, the
results define an overall trend in Figure 5 that is consistent with the asymmetric regular
solution mixing model to which our data have been fit.

Figures 6a and b show Iny%” values from this study and previous work as a
function of X&”. Also shown are the calculated trends using Equation 11a and our best fit
model parameters. Where necessary, activity coefficients given by Taylor and Muan
(1962), Heald (1967), and Gudmundsson and Holloway (1993), which implicitly assumed
wiistite saturation, were recalculated to be consistent with .magnetite saturation. We
accepted the authors’ stated 7- f, conditions and X%,” and obtained a corresponding value
of q&” based on modeling of oxide defect equilibria as described above. The correction

yielded changes in Iny %” relative to those given in the original papers as large as 0.25 log

units for Gudmundsson and Holloway's (1993) experiments, 0.33 log units for data of
Taylor and Muan (1962) and 1.0 log units for experiments of Heald (1967). As explained
earlier, the effect of magnetite nonstoichiometry on calculated values of Iny e is
negligible (<0.01), except for the most oxidizing of Gudmundsson and Holloway (1993)
experiments (at 1400°C close to MH) where the effect is as much as 0.06 log units,
corresponding to 0.8%. We also corrected the standard state of Fe for the 1550°C data of

Larson and Chipman (1954) from liquid to solid Fe, which decreases their reported values

of Iny% by 0.014 (~0.5% difference). Figures 5 and 6 show that recalculated values for
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Gudmundsson and Holloway's (1993) experiments agree reasonably well with our data and

thus with the model trend: the deviations are largest for X5*>0.4 at 1400°C. For other

studies, however, values of Iny®? at a given X{” are generally higher than obtained in

our study, as expected given the generally lower X* at constant log,, f,, (Fig. 5).
We are uncertain about the cause(s) of systematic differences shown in Figures 5
and 6 between our data (and those of Gudmundsson and Holloway (1993)) versus other

data in the literature. Errors in determining f , or temperature are unlikely candidates as
deviations of 0.5-1.5 log units in f, or ~100°C would be required and this is well outside

likely errors even in the earliest studies. An exception may be Heald's (1967) experiments
at temperatures below 1200°C, which could have been prone to systematic errors of this

magnitude in f, due to disequilibrium in the H,-CO, gas mixtures (e.g., Beckett and

Mendybaev 1997; Huebner 1975). Although Heald (1967) did not give run times, the
experiments of Taylor and Muan (1962) and Petric and coworkers (Petric and Jacob 1982;
Petric et al. 1981) were, according to the diffusion data of Berger and Schwartz (1978),
long enough to homogenize the Pt-Fe alloys. We consider the most likely explanation for
the systematically lower Fe contents of the alloys reported by the older studies to reflect
either inaccuracies in the analytical procedures or inclusion of incompletely equilibrated
(i.e., Fe-poor) alloys in the analyzed metal. Analytical procedures were very different in
our study and that of Gudmundsson and Holloway (1993) compared to those of Taylor and
Muan (1962), Heald (1967), Petric et al. (1981), and Petric and Jacob (1982). In particular,
a modern microanalytical procedure, (i.e., electron microprobe analysis) was used in our
work and that of Gudmundsson and Holloway (1993) whereas either bulk analytical

techniques (Heald 1967; Petric and Jacob 1982; Petric et al. 1981) or an indirect
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measurement of composition via weight change (Taylor and Muan 1962) were used in the
older studies. Without access to the run products from the other studies it is difficult to
pinpoint the source of the systematic discrepancies, but the agreement between our results
and those of Gudmundsson and Holloway (1993), both of which used spatially resolved,
modern electron microprobe methods to analyze the alloys, and the fact that both studies
are reversed, gives us considerable confidence in these data and the thermodynamic model
based upon them.

Grove (1981), Jamieson et al. (1992), and Wasylenki (1998) all used Heald's (1967)

model to determine qf” when evaluating the f, of reactions containing Fe-bearing

phases in equilibrium with a Pt-Fe alloy. As shown in Figures 5 and 6, our results differ
substantially from those of Heald (1967). For Fe-poor alloys (corresponding to highly

oxidizing conditions and/or FeO-poor liquids), our model for the alloy leads to much

alloy

higher calculated oxygen fugacities for the reaction po"” + 20, = Fe0", up to 2.07 log

units at 1300°C as the alloy composition approaches pure Pt, compared to the oxygen
fugacities calculated using the model of Heald (1967). For more Fe-rich alloys

(corresponding to lower oxygen fugacities and/or FeO-rich liquids), the models are in

alloy

better agreement (e.g., for Xg~>0.45, the deviation is less than 0.1 log units). These

curves of calculated oxygen fugacities for the two models reflects the cross-over in Iny % -

Xy slopes (Fig. 6a) and the fact that 4f,” must approach 1 as the alloy approaches pure

Fe (i.e., all models must agree as Xg.'—1). As shown in Figure 4, small changes in X%

alloy

for Pt-rich alloys can lead to order of magnitude changes in a%.” while at high Fe contents

alloy

a® is a relatively weak function of composition. Heald's expression of Iny%
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temperature-independent, while ours scales with temperature according to Equation 12 and
therefore, differences between the two models diminish at higher temperatures and become
greater at lower temperatures. Since experiments under most conditions of interest to
experimental geochemists and as conducted by Jamieson et al. (1992), and Wasylenki
(1998) generally yield Xa><0.5, the use of our activity-composition expression for Pt-Fe
alloys in place of the widely used Heald’s (1967) expression can have noticeable effects on

the calculated X&' or redox conditions.

5. APPLICATIONS OF THE ACTIVITY-COMPOSITION MODEL

As described in the Introduction, there are currently two major geochemical
applications for a thermodynamic model of Pt-Fe alloys. The first is to predict the
appropriate composition of an alloy to be used as a container in an experiment so that
changes in sample composition are minimized. Second, given the composition of an alloy
equilibrated with an experimental charge, the alloy model can be used to determine the
oxygen fugacity in an experiment provided activities of iron oxide components are fixed by
the coexisting phase assemblage. Previous workers (e.g., Grove 1981, Jamieson et al.
1992, Gudmundsson and Holloway 1993, Wasylenki 1998) have performed such
calculations only for olivinetpyroxene-saturated melts. In this section, we show how it is
possible using our model for Pt-Fe alloys together with the program MELTS for silicate
liquids (Ghiorso and Sack 1995) to perform calculations of this type for a wider range of
melt compositions. In particular, we show that equilibrium alloy compositions are readily
calculated for liquids that are not saturated with crystalline silicates or oxide. We begin by
showing how the apparent free energies of liquid components obtained from MELTS can

be modified to accommodate reactions involving alloys. We then provide examples of how
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to use MELTS with our alloy model to calculate appropriate Fe contents for pre-saturation
of Pt-Fe containers, both at 1 bar and in high-pressure experiments, or given alloy
compositions, to calculate the oxygen fugacity of an experiment.

The program MELTS recasts liquid compositions expressed in terms of oxides into
an alternative set of components including Fe,SiO,, Mg,Si0O,, CaSiO;, and Si0O,. It is,
therefore, convenient to write exchange reactions between the solid alloy and silicate liquid

in terms of the MELTS component set. For a Pt-Fe alloy this leads to

2Fe™ + 05" + Si058 = Fe, Si04"™, (13)

which has a free energy of reaction

[ ar,so ]
AGP=0=AG?+ RTIn| — = i“ ' (14)
ag?Oz (a;l:oy)z f03

where AG? is the standard state free energy of reaction. If standard state free energies for
SiO, and Fe,SiO, in the liquid are referenced to the elements at the temperature of interest

and 1 bar, then AG? = GF2{%+" — G§¢+". Unfortunately, for our purposes, free energies

for liquid components given by MELTS are apparent values relative to the elements at
298.15 K and 1 bar. To use Equation 14 with MELTS output, we must, therefore, first

correct the standard state from 298.15 K to the temperature of interest, which can be done

via
. ) wele . ) T ) ) T Ci _
Ghe =Gl + 2 vil(Hi, ~ i) + [ CodT = T(St, + [ Z2am) + V/(P-D], (1)
i 1 T,
where v!is the stoichiometry of element i in phase j (e.g., V=% =2), Gle, is the

apparent free energy of formation of j as given by MELTS, and T} is either 298K or the 1
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bar temperature of transition for element 7 that is closest to but less than the temperature of
interest, T (e.g., for Si, solid Si is stable between 298 K and the melting point at 1685 K if
T = 1600 K, then Ty= 298K; if T = 1700 K, then Ty= 1685 K). (Hf —Hbs) is the
difference in enthalpy between a mole of element 7 at T; and 298 K, §i, is the third law
entropy of element i at T, C}, is the heat capacity of element i, V* is the molar volume of
element 7 and P is the pressure in bars. Values for (Hy, —His) and S%, are 1 bar values
taken either at 298 K or at the high temperature side of T, if it represents a transition.
Values of (Hf —His), S%,, and V' are obtained directly from Robie et al. (1978).
Temperature dependent expressions for C, were taken from Robie et al. (1978) except for

Fe, which were interpolated from the tabulation because Robie et al. (1978) lacks
expressions for C;° as a function of temperature.

All of our applications involve the use of Equation 14 for which the liquid
composition, possibly excepting Fe*/Fe*, is known. For a known liquid composition and
temperature, MELTS can provide a2 o, and a%,,. Using Equation 15, apparent free
energies of Si0,™ and Fe,Si0,™ are converted to free energies of formation at temperature,

ailoy

allowing AG? to be computed. If the alloy composition is known, then gf%,” is obtained

from Equation 11a and f,, can then be obtained from Equation 14. Alternatively, if f, is

known, then % can be calculated and the alloy composition can be determined. Figure 7
Fe g

compares calculated log,, f,, for selected olivine-saturated experiments by Grove (1981)
using MELTS and the measured log,, f,,- We note the good agreement (within 0.5 log

units) between the calculated values based on the liquid and equilibrated Pt-Fe alloy

compositions and the values determined by the gas ratio imposed during the experiments.
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The principle advantage of using MELTS for these types of calculations is that
olivine need not be present and, therefore, a much broader spectrum of liquid compositions
can be evaluated than would have been possible using the formulations of previous
workers. Suppose, for example, that we were interested in doing equilibrium or dynamic
crystallization experiments on the calc-alkaline andesite, ET80, from Elat massif, southern
Israel, analyzed by Kessel et al. (1998). Taking the composition of ET80 on an anhydrous
basis and assuming oxygen fugacities between 1 log unit above the Quartz-Fayalite-
Magnetite buffer (QFM) and 1 log unit below it, plagioclase (Plag) is the liquidus phase
according to MELTS at 1155°C. Plagioclase is followed by pyroxene (px) and either
spinel (sp) or ilmenite (il) during equilibrium or fractional crystallization. Note that olivine
does not appear anywhere in the liquid line of descent and therefore previous formulations
for determining equilibrium alloy compositions for this liquid would be inapplicable.
Using activities and apparent free energies of Si0," and FeZSiOfq as given by MELTS, we
calculated AG? using Equation 15, solved Equation 14 for g% and then used Equation
11a to obtain X%”. The results are shown in Figure 8 for both equilibrium and fractional
crystallization paths. For equilibrium and fractional crystallization at QFM+1 and
temperature above 1000°C, alloy compositions would be virtually identical, but under more
reducing conditions, alloy compositions diverge slightly below ~1100°C. Optimal pre-
saturation compositions for an isothermal experiment can be read directly from the figure.
For example, the sample container for an experiment at QFM+1 and 1100°C should be pre-
saturated with X%%=0.26, while at QFM-1, the appropriate composition would be

X%-0.38. Choosing the best pre-saturation level for a dynamic crystallization

experiment would be more difficult because X7.” changes with temperature, and both the
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liquid line of descent and the rate of exchange between the container and sample will
depend on the length of time at the maximum temperature, T,,., the cooling rate, relative
weights and geometry of sample and container, and the desired quench temperature, T,.
Figure 8 nevertheless provides a quantitative basis for choosing an initial X o,

Similar calculations can be done for experiments conducted at high pressure. AG?
at a given temperature and pressure can be calculated as described above since MELTS
provides the apparent free energies of SiO,™ and Fe,SiO," at temperature and pressure and
Equation 15 can be used with an additional pressure term to convert these values to free
energies of formation for the components. The pressure effect on liquid components is
significant due to compressibility of the liquids, but the effect on alloy activities can be
ignored for experiments below ~40 kbar because excess volumes are small in the Pt-Fe
system (see discussions on the pressure effect on Iny‘}f"y for X#»<0.35 in Gudmundsson
and Holloway (1993); we performed similar calculations using the unit-cell data of Cabri
(1975) for x4*<0.7 and came to the same conclusion). To illustrate the effect of pressure,
we computed equilibrium alloy compositions at 10 kbar for liquid compositions produced
at 1100 and 1200°C via equilibrium crystallization at 1 bar of an andesitic liquid (Fig. 8).

The Fe**/Fe* of these same liquids was recalculated using MELTS (i.e., assuming constant
relative f, ) and the equilibrium alloy composition was then calculated using Equations
11a, 14 and 15. The Pt-Fe alloys produced under these conditions are enriched in Fe by 3-4
mole% compared to values at 1 bar (e.g., the 1200°C, QFM liquid has X%”=0.30 at 1 bar
and 0.33 at 10 kbar).

An EXCEL spreadsheet that can be used in conjunction with the MELTS

supplemental calculator to perform calculations described above is available from the
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authors upon request. As a caveat, note that the current version of the MELTS

supplemental calculator incorporates f, through deviations relative to a buffer (e.g.,

QFM=x log units) at 1 bar no matter what the total pressure might be (i.e., for the 10 kbar

0.05(P(bar)-1)
T(K)

calculations discussed here, we entered QFM+ to “fool” the MELTS

supplemental calculator into giving results for QFM at 10 kbar).
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Table 1. Experimental conditions and results

Run Temp  Feoxide log,f, time n* Xdoy 15 Inye” 1o starting
(°C) phaset (atm)  (hr) alloy@
forward experiments
Pt/Fe 38 1200 Wiistite -9.93 9 12 0477 0.011 -1.77 0.08 Pt
Pt/Fe 39 1200 Magnetite -8.63 97 16 0.352  0.003 -3.29 0.07 Pt
Pt/Fe 34 1200 Magnetite -1.74 8 23 0290 0.003 -4.47 0.07 Pt
Pt/Fe 35 1200 Magnetite -7.05 161 15 0254 0.003 -5.38 0.07 Pt
Pt/Fe 36 1200 Magnetite -6.50 144 12 0211 0.002 -6.04 0.07 Pt
Pt/Fe 28 1300 Wiistite -9.14 465 23 0.524 0.009 -1.34 0.07 Pt
Pt/Fe 21 1300 Wiistite§ -9.05 47 19 0539 0.004 -149 0.07 Pt
Pt/Fe 10 1300 Wiistite -8.50 45 16 0472 0.009 -2.08 0.08 Pt
Pt/Fe 30 1300 Wiistite§ -7.95 46 21 0400 0.004 -2.63 0.07 Pt
Pt/Fe 33 1300 Magnetite§ -759 405 14 0359 0.003 -3.02 0.07 Pt
PtFe 9 1300 Magnetite§ -7.47 4 19 0361 0.003 -3.22 0.07 Pt
Pt/Fe 14 1300 Magnetite -690 465 28 0314 0.003 -3.95 0.07 Pt
Pt/Fe 11 1300 Magnetite -6.15 455 21 0275 0.004 -4.96 0.07 Pt
Pt/Fe 13 1300 Magnetite -5.64 44 9 0.220 0.001 -5.52 0.07 Pt
Pt/Fe 15 1300 Magnetite§ -5.10 47 26 0204 0.002 -6.27 0.07 Pt
Pv/Fe 12 1300 Magnetite -3.97 48 9 0.118  0.003 -7.46 0.08 Pt
" PuFe 17 1300 Magnetite§ -3.20 455 25 0.082 0.001 -8.28 0.14 Pt
Pt/Fe 31 1400 Magnetite -5.81 215 14 0.292  0.004 -3.92 0.07 Pt
Ptv/Fe 26 1400 Magnetite -5.79 20 24 0291 0.003 -3.88 0.07 Pt
Pt/Fe 32 1400 Magnetite -540 225 12 0254 0.005 -4.37 0.08 Pt
reversal experiments
Pt/Fe 36R 1200 Magnetite -6.50 96 12 0209 0.002 -6.03 0.07 Pt/Fe34
Pt/Fe 33R 1300 Magnetite -7.56 73 22 0360 0.004 -3.08 0.07 PtFe28
PtFe37R 1300 Magnetite -5.38 73 22 0.195 0.002 -5.79 0.07 PtFell
PtFe 17R 1300 Magnetite -3.20 73 22 0.090 0.001 -8.37 0.14  PtvFe30
PvFe32R 1400 Magnetite -537 455 16 0256 0.002 -4.44 0.07  PtFe3l

alloy

Notes: X5 = mole fraction of Fe in Pt-Fe alloy, ¥ Fe = activity coefficient of Fe in Pt-Fe alloy, 10 values are

standard deviations of the mean calculated by error propagation.
7 Predicted Fe-oxide according to 7- fo2 conditions in the Fe-O system (Darken and Gurry 1945).

§ Phase identification confirmed by XRD analysis.
* Number of analyses. 3-4 analyses were obtained on each 4-5 wires.
@ “Pt” indicates that pure Pt wire was used as starting material. Otherwise, a Fe-bearing alloy taken from the run

product of the indicated forward experiment was used.
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Figure 1. Run conditions for experiments in which the Pt-Fe alloys were equilibrated
with Fe-oxides superimposed on the 1 atm phase diagram for the system Fe-O (Darken

and Gurry 1946) as a function of temperature (°C) and log,, f o,- Literature data are from:

Larson and Chipman (1954), LC54, Taylor and Muan (1962), TM62, Heald (1967), H67,
Petric et al. (1981) and Petric and Jacob (1982), PJA81 and PJ82, and Gudmundsson and
Holloway (1993), GH93. Our data (filled circles) are shown as well, displaced 10°C
above the actual run temperature for clarity. Curves of constant @™ in the wiistite

(Darken and Gurry 1946) and constant g, © in the magnetite field (see text) are also

shown.
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X7 vs. log, f,, in the Pt-Fe system for data obtained in this study. Closed

symbols reflect "forward" experiments in which pure Pt was used as starting material,

and open symbols the results of reversals (the equilibrium composition of the alloy was

approached from the high-Fe side). Where larger than the symbol size, individual error

bars (10) are plotted. Also shown are predicted trends of log,, £, as a function of X&~

using the curve fit to our experimentally derived values (see text) with dashed curves

extending outside our composition range. Positions of the wiistite-magnetite (WM)

buffer at each temperature are indicated by horizontal lines segments cross-cutting the

curves.
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Equation 11a. Abbreviations for literature data are described in the caption to Figure 1.

Positions of the WM and IW buffers are also indicated.
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Chapter 2. The activity of chromite in multicomponent spinels.

Part I: Experimental technique

Abstract—We determined activity-composition relationships in the Pt-Cr and Pt-
Fe-Cr systems at 1300°C experimentally and used the results to constrain the
thermodynamic properties of chromite-picrochromite spinels. The Pt-Cr binary is
characterized by strong negative deviations from ideality throughout the investigated
composition range; the activity-composition relationship can be fit by an asymmetric
regular solution with three binary interaction parameters. The ternary alloy was modeled
as a four-suffix asymmetric regular solution; the three ternary interaction parameters in
this mode] were constrained by combining interaction parameters for the three bounding
binaries taken from this and previous work with results for a set of experiments in which

the activity of Cr in Pt-Fe-Cr-alloys was fixed by coexisting Cr,O; at known f, .

The free energy of formation of FeCr,O, at 1300°C was determined using the
activities of Fe and Cr in Pt-alloys in equilibrium with oxide mixes of FeCr,0, and Cr,0;.
The free energy of formation of chromite from Fe+Cr,0,+0, was found to be —202.7+0.4

kJ/mol (1o), which is indistinguishable from literature values. The activity-composition

relationships of chromites in (Fe,Mg)Cr,0, were determined from a set of experiments in
which Pt-alloys were equilibrated with spinel+Cr,0,. (Fe,Mg)Cr,0O, spinels are nearly
ideal at 1300°C; modeling our data with a one-site symmetric regular solution yields an

interaction parameter of +2.14+0.62 kJ/mol (1o) similar within errors to literature

evaluation.
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1. INTRODUCTION

Although spinel is usually an accessory mineral, it occurs in wide variety of
igneous and metamorphic rocks on Earth and other planets, making it a potentially
valuable indicator of petrologic processes. For example, changes in the Cr or Ti contents
of spinels are linked to the degree of partial melting during melting of planetary mantles
and to crystallization differentiation of basaltic magmas (Arai, 1987; Dick and Bullen,
1984; El Goresy, 1976), to variations in metamorphic grade in terrestrial serpentinites
(e.g., Evans and Frost, 1975), and to both igneous crystallization and subsolidus reduction
processes in meteorites (Haggerty, 1972). Spinel is also commonly used in constructing
geothermometers, geobarometers, and oxygen barometers: for example, cordierite
(Fe,Al,Si50 g, Cd), corundum (Al,O3, Cor) and hercynitic spinel (FeAl,O4, Hc) are
common in contact aureoles, so pertinent reactions include the geothermometer Cd = He +
5Q and the geobarometer Cd + Cor = 2Hc (e.g., Grant and Frost, 1990). Likewise, in
mantle peridotites the phase assemblage olivine+orthopyroxene+spinel leads to an oxygen
barometer based on the reaction 2Fe;0,4 (magnetite; Mt) + FeSiO; (ferrosilite) = Fe,SiO,
(fayalite) + O, (e.g., Mattioli et al., 1987; O’Neill and Wall, 1987); the coexistence of a
magnetite-ulvéspinel (Fe,TiO4, Usp) solid solution with a hematite (Fe,0Oj,
Hem)-ilmenite (FeTiO5, Ilm) solid solution, a common occurrence in terrestrial igneous

rocks (e.g., Carmichael, 1967), allows temperature and oxygen fugacity to be constrained

simultaneously using the reactions 6Usp + O, = 2Mt + 61lm and Hem + Usp = Mt + [lm

(Buddington and Lindsley, 1964).
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The wide range of rock types and phase assemblages in which spinel occurs makes
it potentially versatile for constraining conditions of origin of rocks, the calculation of
precise and accurate pressures, temperatures, and oxygen fugacities is possible only if the
activity-composition relationships of all the phases in an assemblage are well constrained.
Although structurally simple, this is problematic for spinels because natural spinels are
compositionally complex (e.g., there are often significant concentrations of six or more
different cations substituting into the two crystallographically distinct sites), ordering of
cations between sites can be a strong function of composition and temperature (e.g., Sack
and Ghiorso, 1991a,b), and the occurrence of Fe and sometimes other cations in multiple
valence states can complicate matters even further.

Although petrologic applications of spinel thermochemistry almost always involve
compositionally complex spinels, experimental studies designed to obtain the
thermodynamic properties of spinel have been generally linﬁted to binary and rarely
ternary subsystems, and most involve magnetite as an end-member [e.g., Fe,0,-FeAl,O,,
(Mason and Bowen, 1981); Fe;O,-MgFe,O,, Fe,0,-FeAl,O,, Fe;0,-MgAL,O, (Nell et al.,
1989; Nell and Wood, 1989); Fe,0,-Fe,TiO, (Katsura et al., 1975; Woodland and Wood,
1994); Fe,0,-FeCr,0, (Katsura et al., 1975, Petric and Jacob, 1982); FeAl,O,-FeCr,0,
(Petric and Jacob, 1982); FeCr,0,-MgCr,0, (Hino et al., 1994; Jacob and Iyengar, 1999),

MgAl,0,-Fe,0,-yFe, 0, (Mattioli et al., 1987)]. This lack of direct experimentation on

multicomponent spinels lead to the development of activity-composition models for
natural spinels that are extrapolated from simple subsystems. The models attempt to take
into account observed miscibility gaps, dependence of cation ordering energies on

composition, and the degree of long-range ordering of di- and trivalent cations between
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tetrahedral and octahedral sites (e.g., Sack, 1982; Sack and Ghiorso, 1991a,b), but they are
usually not well constrained in those regions of composition space that are of greatest
interest for applications to natural systems.

Chromium is an essential constituent of many spinels in terrestrial crustal and
mantle rocks and in extraterrestrial rocks, so the activity-composition relationships for Cr-
bearing spinel components are key to full utilization of spinel-bearing assemblages for
thermometry and barometry. One way to determine the activity of the chromite
component, FeCr,O,, in multicomponent spinels is to equilibrate them with a Pt-alloy at
known temperature and oxygen fugacity and then measure the Fe and Cr contents of the
alloy. If the activity coefficients of Fe and Cr in the alloy are known, the activity of the
chromite component can then be readily calculated. In this paper, we focus on
determining the activity-composition relationships of ternary Pt-Fe-Cr alloys (a key
ingredient for determining the thermodynamic properties of multicomponent Cr-, Fe-
bearing spinels based on equilibrium with Pt-alloys) by equilibrating them with Cr,0; and
simple Cr-, Fe-bearing spinels at known temperature and oxygen fugacity. The results of
these experiments also yield the free energy of formation of end-member FeCr,O, and
activity-composition relationships for binary chromite-picrochromite (MgCr,0,) spinels at
1300°C. In Part II, we apply our technique to experimentally determine chromite

activities in spinels whose compositions approximate those in ordinary chondrites.

2. THEORETICAL APPROACH

During the approach to equilibrium between a Cr-, Fe-bearing spinel and initially
pure Pt metal wire at a fixed temperature and oxygen fugacity, cations in the spinel are

partially reduced and dissolved into the metal. Equilibrium between metal, a Pt-bearing
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alloy in our case, and a chromite-bearing spinel in the presence of an oxygen-bearing

vapor can be represented by the reaction:

Fe"™ +2Cr""*% + 208" = FeCr 07", (1a)
and its equilibrium constant

spinel
Ki= exp[-AGf/RT]= ———"@2 ——, (1b)
(angeCr)(agFFe r) (fO;)

which can be rearranged such that the activity of chromite is expressed as

spinel o =Cr tFeCr 2 2
AFecros = €XP[-AG? / RT1(af™")(al* ) (fo,) - (Ic)
In Eqns. 1b and lc, a/ refers to the activity of component i in system j, K, is the
temperature-dependent equilibrium constant, R is the gas constant, T is the temperature in

Kelvin, AG{ is the free energy of formation of FeCr,0, from the elements, and f, is the

oxygen fugacity. Equation lc is the basis for our experimental approach to evaluating the

thermodynamic properties of multicomponent spinels. Given the temperature, [, , and

AG?, Eqn. lc yields the activity of chromite provided the activities of Fe and Cr in the
metal are known. The thermodynamic properties of ternary Pt-Fe-Cr alloys, which are
necessary to evaluate gy °“ and g¢ " in our experiments, have not been previously
investigated, so we first performed a set of experiments to constrain activity-composition
relationships in the relevant portion of this system.

Many binary systems of interest to metallurgists and geochemists are adequately
described by expressing the excess free energy of mixing (AG*) as a Taylor expansion in

composition, truncated after a suitable number of terms (e.g., Wohl, 1946; Wohl, 1953).

For many systems, a second or third order polynomial is adequate (e.g., Grover, 1976;



56

Saxena, 1973), but where the two components are characterized by highly differing atomic
or molecular size and/or shape, a fourth-order polynomial in terms of composition
(sometimes referred to as a four-suffix asymmetric subregular solution) may be required
leading to

ex

——AR(; =X\ X3 XW i+ X2 - X4 X D). 2
In Eqn. 2, W; and Dy are subregular interaction parameters [temperature- and

composition-independent constants referred to as Margules parameters (Hildebrand,

1929)], and X! is the mole fraction of component i in the solid solution ¢. The activity

of a particular component i, ¢!, is derived by differentiating the sum X J-AG‘E‘t over all j
J

with respect to the number of moles of component i, #:. For a binary alloy, the activity
coefficient, ¥ (obtained through the identity y? = 4/ X?) can be expressed as a function
of composition according to
RTIny] =[W ,+2(W =W ;= D) X! + 3D, (X} 1(X% ®3)
Polynomial functions can also be constructed to represent the excess free energy of
mixing in ternary and higher solutions. For example, Wohl (1953) expressed AG* as a

power series truncated after the fourth degree and obtained a formulation in which the

binaries have a four-suffix subregular behavior:

__ARC; =3 XIXS(XIW 4+ X5W = XIXTDy) + XIXIXiG 2w -2 xic). (4a)
#] I#] I#]

Most of the terms in this equation refer to binaries (cf. Eqn. 2); the effects of ternary

interactions are incorporated via the ternary interaction parameters, C,'s. Letting
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components 1=Pt, 2=Cr, and 3=Fe and differentiating Eqn. 4a for AG* for the ternary
system with respect to the number of moles of Cr results in the following expression for

the activity coefficient of Cr (after Wohl, 1953):

PtFeCr

RTlIlyC =

2
[W ceet (W rer— W CrPt — DP{Cr) ® XPtFeCr i 3DPrCr(XPtFecr ](X‘P;;FeCr) ¥

2
HW core + (W rece— W core— Dere) * XEF + 3 Drre (X 2P | (X EFeCT)” +
+ X?zFeCr X}P;:‘FeCr[_z_ (W pcr T W o T W FeCr— W CrFe — 1% PtFe w FEP{) &5 (4b)

PitFeCi
+XETW pcr—Wear + W re—Weme) + +(Xp - = Xt YW pire— W peps) +
+3 XPlFeCr XII;’IFeCrDPtFe _ Xg'FeCr CCr .y

~(1=3XENXE Cort XB Cort XFO Cr)].

Expressions for the other components can be obtained by advancing the subscript
of the parameters and variables of the equation in the order Pt— Cr, Cr—Fe, Fe—Pt. For
Fe, this leads to

PtFeCr

RT ]nyF =
2
[W Fecr T (W CrFe -W FeCr DFeCr) ¥ X?LFecr i 3DFeCr (XPtFeCI') ](XgiFeCr) ¥

2
HW perr + (W pie = W repi— Drerr) * Xt ° + 3 Drep (X7 ] (XPey +
¥ Xg:FeCr Xg{rFecr[’f (W cre T W recr + W pipe — W pepr — W cri— W PiCr) + (4C)

r PtFeC PtFeC
+ X W cre =W reer T Were = Wre) ++ (X - = Xt YW o= W pier) +
+3 XPrFeCr XPlFeCrDch{ o X?;FeCr CFe -
FeCi PtFeC
_(1 3XPIFeCr)(XPrFeCrCFE 4 ng_ e rCCr+ XP§ e rCPt)]-

Equations 3, 4b, and 4c are the basic tools with which we develop a ternary
composition model for Pt-Fe-Cr alloys and evaluate activities of components in coexisting
phases. The ternary is developed stepwise by first characterizing the three binaries, Pt-Fe,
Pt-Cr, and Fe-Cr using Eqn. 3, and then evaluating the ternary interaction parameters via

Eqn. 4b.
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3. EXPERIMENTAL PROCEDURES AND ANALYTICAL TECHNIQUES

3.1. Analytical procedures

Platinum-alloys were analyzed for Pt, Fe, Cr, and Mg using a JEOL733
Superprobe with an accelerating voltage of 20 keV. Pure metals were used as standards
for Pt, Fe, and Cr, and MgAl,O, was used for Mg. With a beam current of 25 nA, counts
were collected for 30 seconds on peak and 15 seconds at each background position on the

standards. For the metals from the run products, Pt (L) and Fe (K,) were analyzed first

using the same analytical conditions as for the standards (i.e., 25 nA); Cr (K,) and Mg

(K,) were then analyzed with a beam current up to 400 nA and counting times between 10

and 30 minutes as needed to achieve detection limits <40 ppm for both Cr and Mg.
Magnesium was found to be below detection limit in all alloys. Note that count rates on
standards for Cr and Mg were much lower than on samples. This was necessary to
prevent dead time corrections, which become nonlinear at very high count rates (J.
Goldstein, written communication, 1998), from introducing spurious counts. A ZAF
correction procedure (Armstrong, 1988) was applied to the results.

Oxides (the various spinels and Cr,0O;) were analyzed using an accelerating voltage
of 15 keV and a beam current of 10 nA. X-ray counts were collected for 30 seconds on

peak and 15 seconds on each background using Fe,O;, Cr,0, and MgAl,O, as standards.

3.2. Starting materials

Chromite was prepared following the procedure of Petric and Jacob (1982):
reagent grade powders of Fe (Alfa Products), Fe,O, (JMC Puratronic), and Cr,0; (JMC

Puratronic) were ground in a molar ratio of 1:1:3 in an automated alumina mortar under
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ethanol for ~7 hr. The mixture was pressed into 7 mm diameter pellets, placed inside
loosely capped alumina ceramic cylinders, and sealed inside an evacuated quartz tube.
The quartz tube was then heated at 1100°C for 4 days. Picrochromite was prepared
following the procedure of O’Neill and Dollase (1994): reagent MgO (JMC Puratronic)
was sintered in Al,O; crucibles at 1000°C for 40 hr and then ground together with reagent
grade Cr,O; in the required molar ratio in an automated alumina mortar under ethanol for
~6 hr. The mixture was pressed into 13 mm diameter pellets, placed inside a Pt crucible,
suspended from a sample holder at the hot spot of a vertical furnace, and held in a flowing
H,-CO, gas at 1100°C and log,, f,,=—11.5 for 20 hr. Chromite and picrochromite were

mixed in three different ratios corresponding to nominal mole fractions of chromite,

X8I0« of 0.13, 0.46, and 0.83. The three spinel binary mixes and a pure chromite

powder were further mechanically mixed with 40 mole% Cr203 using an automated
alumina mortar under ethanol for 2 hr to produce starting material for the experiments.
Homogeneity and the degree to which oxides were converted to chromite and
picrochromite were determined using a Scintag Pad-V x-ray diffractometer and electron
microprobe analyses. Usually one synthesis cycle was sufficient to produce chromite with

average lattice parameter of 2,=8.3665+0.0201A, consistent with a stoichiometric

chromite standard, 8.3790A (NBS 25,19,50). Two cycles were required to achieve pure
picrochromite with a,=8.3240+0.0088A [reference standard taken as 8.3330A (NBS
539,9,34)]. The compositions of the various spinels were further characterized using
EPMA analyses and found to be homogeneous. Some alumina was probably incorporated
into the spinels and Cr,O; through contamination during grinding in the alumina mortar.

We can only place upper limits on this effect due to our use of alumina polishing
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compound but analyses of all run products [Cr,0, (0.45+0.16 wt% Al,O,), FeCr,0,
(0.32+0.07 wt% Al,O;) and (Fe,Mg)Cr,O, (0.68+0.16 wt% Al,O, excluding one sample
with up to 2 wt% AL, O, that we attribute to alumina grit)] show that the amount of alumina
in solid solution is small. Assuming that Raoult’s law holds for the Cr-bearing oxides,
these concentration levels introduce errors of 0.01-0.02% into Cr activity coefficients in
alloys and 0.02-0.05% into calculated activity coefficients of FeCr,0, spinels. Since the
errors involved are small compared to other sources of error and we observed no
correlation between apparent alumina content and the thermodynamic properties, we

ignore the effect of alumina contamination on our results.
3.3. Experimental conditions

Kessel et al. (2001) present a detailed description of the furnace setup and
calibration procedure. All of the experiments were conducted at 1 atm in a Deltech DT-31
furnace or a home-built MoSi, furnace with gas-mixing capability. The oxygen fugacity
was set by mixing CO, and H, gases and measured using an yttria-doped-zirconia solid
electrolyte oxygen sensor (SIRO,®, Ceramic Oxide Fabricators, Ltd., Australia) with an
uncertainty of +0.05 log units. Temperatures were measured using a Pt-Pt,Rh,, (type S)
thermocouple and are estimated to be accurate to within £3°C. All experiments were
conducted at 1300°C.

In each experiment, up to five crucibles, made from 0.625 cm diameter, 1 cm long
Al,0; rods (Vesuvius McDanel), were suspended using Pt wire from a sample holder in
the vicinity of the furnace hot spot. Each crucible contained up to three horizontally
stacked pellets (7 mm diameter, 1-2 mm thick) of identical oxide/s pressed around three

pieces of Pt or Pt-Fe wire of known composition [see preparation and compositions in
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Kessel et al. (2001)]. One crucible contained a pellet of Cr,0O, pressed around pure Pt
wires [3-5 mm long, 75 um diameter wires (99.9999%, Alfa® ESAR)]. A second crucible

contained one or more pellets of FeCr,0,+Cr,0,, each pellet containing two wires of Pt-Fe
alloy of known composition, above and below the expected equilibrium Fe concentration
at the conditions of the experiment. Each of the remaining three crucibles contained
pellets of one of the three spinel binary mixes [(Fe,Mg)Cr,0O, +Cr,0,] pressed around two
Pt-Fe alloys.

Experiments were conducted for 8-14 days to ensure a close approach to
equilibrium of the Pt-alloys with the surrounding oxides. These run durations were at least
twice the characteristic time required to homogenize Fe in Pt wire based on the diffusion
data of Berger and Schwartz (1978). We are not aware of any diffusion data on Cr in Pt,
but concentrations of both Fe and Cr across the wires were homogeneous within analytical
error. Also, the Pt-Fe wires of initially different compositions and in pellets at different
positions in a stack converged in each crucible to the compositions that were
indistinguishable. Run durations were also found to be sufficient for complete conversion
of the binary spinel mixtures to the equilibrium solid-solution phase as shown by EPMA
analyses.

Experiments were terminated by raising the crucibles into the cold region of the
furnace under the flowing gas mixture. Once cooled, samples were removed from the
furnace. A small piece of each pellet containing a Pt-alloy surrounded by oxides was
mounted in epoxy within a brass cylinder for examination of the textures around the wire
and analyses of the oxides. The second wire from each pellet was physically separated

from the adjacent oxides, mounted using epoxy to a piece of quartz glass, and the
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combination mounted in epoxy within a brass cylinder such that a vertical cross section of
the wire was exposed. This sample was used to determine the alloy composition and to
check for homogeneity across the wire. Alumina impregnated papers were used to expose

the wires and oxides, and diamond powder (<0.25 um) to achieve the final polished
surfaces.

4. EXPERIMENTAL RESULTS

The experimental conditions and results for each set of experiments are listed in
Tables 1-3. The experiments were conducted at 1300°C, with oxygen fugacities ranging

from logy, f,,=—11.63 to ~7.90, corresponding to —0.86 log units below the iron—wiistite

(IW) buffer to +2.83 above. Values of Xit®“ and X&“ were calculated from the
measured wt% Fe and Cr, respectively, by averaging all analyses (3-10) made on each
wire. The averages and their uncertainties (the standard devi.ation of the distribution of
measured alloy compositions from each wire) are listed in the tables. Results for Pt-alloys
equilibrated with Cr,O, (Table 1) were used to constrain an activity-composition model
for the Pt-Cr binary system. Compositions of Pt-alloys equilibrated with FeCr,O,+Cr,0,
(Table 2) and (Fe,Mg)Cr,0,+Cr,0, (Table 3) were used to construct a ternary Pt-Fe-Cr
model by taking advantage of the existence of Cr,O; in the mixes, which fixed the activity
of Cr in the alloy. Platinum-alloys equilibrated with FeCr,0,+Cr,0, were also used to
evaluate the free energy of formation of end-member chromite and those equilibrated with

(Fe.Mg)Cr,0,+Cr,0, to evaluate the thermodynamics of binary (Fe,Mg)Cr,0, spinels.
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4.1. Pt-Fe and Fe-Cr binaries

Activity-composition relationships of alloys in the Pt-Fe system at various
temperatures were evaluated in Kessel et al. (2001) and only a brief summary is presented
here. At 1300°C, the system is characterized by strong negative deviations from ideality
that can be described by a three-suffix asymmetric subregular solution with two binary
interaction parameters (i.e., Eqn. 3 with D;=0), values of which are listed in Table 4. The
thermodynamic properties of alloys in the Fe-Cr system have little influence on our model
for Pt-Fe-Cr alloys because this binary is much more ideal then either Pt-Fe or Pt-Cr joins,
leading to a small contribution to the activity coefficient, at least for compositions of
interest for this study (i.e., very low in Cr and relatively rich in Pt). For the Fe-Cr binary

we used activity-composition relationships for Fe-Cr austenite (y, fcc) alloys ( X&<0.06

at 1300°C) from Andersson and Sundman (1987). For consistency with Eqns. 3 and 4, we
refit their model activities at 1300°C to a three-suffix asymmetric subregular solution with
least-squares best-fit interaction parameters as given in Table 4. These alloys are

characterized by a moderate positive deviation from ideality.

4.2. Pt-Cr binary
Activity-composition relationships in the Pt-Cr system were determined following

the approach used by Kessel et al. (2001) for Pt-Fe alloys. Initially pure Pt wire was

equilibrated with Cr,0; at a fixed temperature and f,. Under these conditions, if the

reaction

A+ 208 = CraDy (5a)
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reaches equilibrium, the corresponding expression for the equilibrium constant can be
solved for gf:

) 1/2

PiCr agﬂ%s

QB = | —fn0s | (5b)
Ks(f(h)

The equilibrium constant, K, can be obtained from the free energy of formation of Cr,0,
from the elements, AGS, via AG5=—-RTInK5. We used AG$ from Holzheid and O’Neill
(1995). Since Cr,0; is essentially a stoichiometric 2:3 oxide throughout the range of

experimental conditions explored in this study [as expected from Kofstad (1983) and

PiCr

confirmed by EPMA analyses], its activity, q&% , is taken as equal to 1, and ac-" can be

readily calculated from Eqn. 5b. Iron was detected in the Pt-Cr wires (and presumed to
be due to contamination by vapor transport from adjacent crucibles), but was always less

than 0.4 wt% Fe. Such low Fe concentrations introduce only a small error in the

calculation of Iny g‘c’ (less than 0.3% based on the ternary model developed below).

Experimental run conditions are presented in Table 1. Uncertainties in 1ny§'f’

were found by propagating errors on temperature, log,, f, , and X& (<5%) to be less

than 1.5%. Alloys in the Pt-Cr system are characterized by strong negative deviations

PiCr

from ideality (i.e., ¥, <<1) over the range of compositions explored in this study. Figure

PiCr

1 shows our data for RTIny .~ plotted against X compared to the best fits assuming

three-suffix and four-suffix subregular solution behavior. Our data are clearly poorly fit
by a three-suffix asymmetric subregular solution at the Cr-poor end of the binary but are
well described by a four-suffix solution, parameters for which are given in Table 4.

Uncertainties in the Margules parameters were calculated using a Monte Carlo simulation
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taking into account uncertainties on the alloy composition and Cr activity. The required
large Dp, value and the small uncertainty associated with it also indicate the necessity of
using three binary interaction parameters.
The deviations of our data from best fits to both models are shown as an inset in

Fig. 1 as a function of composition. Deviations from a four-suffix subregular solution

model are independent of X and most data plot within 1o of the predicted curve. In

contrast, absolute deviations from the best fit to a three-suffix subregular solution model

show a systematic increase with decreasing X&<". Since Cr contents of interest for the

ternary system in this study are X¢r <0.005, we adopted the four-suffix subregular

solution.
Results from previous studies at 1225 and 1500°C are also shown in Fig. 1. For
the sake of consistency, all of these data were recalculated using AGS from Holzheid and

O’Neill (1995) based on the reported f,, temperature, and alloy compositions.

Schwerdtfeger and Muan (1965) equilibrated mixtures of Pt and Cr,O; powders at 1225°C

and known f’s and measured the Cr concentration in Pt by x-ray diffraction. Their

results are scattered but generally consistent with our results at 1300°C. Pretorius and
Muan (1992) and Garbers-Craig and Dippenar (1997) equilibrated Pt wires with Cr,0, at

1500°C and known f, ’s and measured the Cr concentration in the Pt alloy using SEM-

EDS and EPMA, respectively. These two studies complement each other in alloy
compositions and result in a well-defined trend that is slightly different from ours. None
of the available studies on the Pt-Cr system were done at 1300°C preventing a direct

comparison, but all of the experiments in these latter two studies yield slightly Cr-poor
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alloys at any given f, compared to our predicted compositions based on the results we

obtained at 1300°C and assuming subregular solution behavior (i.e., RTInyg " is

independent of temperature for a given alloy composition). Such deviations would be
consistent with incompletely equilibrated alloys but both Pretorius and Muan (1992) and
Garbers-Craig and Dippenar (1997) demonstrated equilibrium through time series and
reversal experiments. Garbers-Craig and Dippenar (1997) published uncertainties on alloy
compositions (2%) and, assuming that uncertainties in temperature (+3°C) and log,, f,
(+0.05) were the same as in our experiments, this leads to uncertainties in calculated

RTInyZ" of ~5%. Their data deviate from our model by 4-18% (most of the data are

consistent with our model within 26). We used the same error estimates for data of

Pretorius and Muan (1992) although analytical uncertainties are likely to be larger by

several % because they used SEM-EDS to determine alloy composition. All but one of

the data points from Pretorius and Muan (1992) are consistent at the 26 level with an

extrapolation of our model to 1500°C.

4.3. Pt-Fe-Cr ternary model
If Cr,0, and an Fe-bearing oxide are equilibrated with Pt, the equilibrium Pt-
bearing alloy will contain Fe and Cr, and while the activity of Cr in the alloy at a given

fo, is fixed by the presence of Cr,0, (as in the Pt-Cr,0, experiments described in the

preceding section), the Cr concentration will in general be different due to the presence of
Fe. Table 2 presents results of a set of experiments in which Pt-alloys were equilibrated

with mixtures of FeCr,0,+Cr,0,. The equilibrium oxides were essentially end-member
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FeCr,0, and Cr,0;, as confirmed by microprobe analyses of oxide grains in the vicinity of
the Pt-alloys extracted from run products (i.e., the solubility of FeCr,O,, FeO, or Fe,0; in
Cr,0, and visa versa are negligible over the range of conditions explored in this study).
Table 3 presents results for a set of experiments in which Pt-alloys were equilibrated with
mixtures of FeCr,0,#MgCr,0,+Cr,0;. The addition of picrochromite to the spinel
reduced the activity of FeO in the oxides relative to the FeCr,0,+Cr,0, assemblage, so the

activity of Fe in the alloy at any given f, is also reduced. Values of X7*“ in our

ternary experiments were in the range 0.19-0.53.

The changes in alloy composition, X7z * and X¢ ", with f, for alloys in

equilibrium with FeCr,0,+Cr,0, are shown in Fig. 2. To test the approach to equilibrium,
up to three pellets were placed in a crucible, each composed of the mixed oxides but
pressed around Pt-Fe wires of different initial Fe content. Starting with Pt-Fe alloys
initially higher and lower in Fe than the equilibrium alloy composition enabled us to
}P;:Fec’r

“reverse” our experimental results. Also displayed in Fig. 2 are the initial X values

in each experiment. All Pt-alloys at a given f, converge to the same Fe content within

analytical errors. This convergence gives us considerable confidence that equilibrium was
attained in these experiments.
The activity of Cr in the Pt-alloys in equilibrium with either FeCr,0,+Cr,0, or

FeCr,0,+MgCr,0,+Cr,0; was calculated using Eqn. 5b assuming that end-member Cr,0,

; e ; " ; ; PtFeC
was in equilibrium with the alloys (i.e., a&% =1); corresponding values of ln'yc'fe " were

obtained from the measured XZ7“". For each of our 25 experiments, interaction

parameters for the three bounding binaries (Table 4) and values of Iny .. *" were inserted
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into Eqn. 4b to produce one equation in the three unknown ternary parameters C,, Cg,
and C,. We then used an iterative least-squares technique to find best fit values of the
three parameters. However, this resulted in a 1ar8¢ and unrealistic value for C,, (on the
order of 11,000 kJ/mol) and led to inconsistencies in the resylted binary spinel activity-
composition relationships. The source of the problem is that C, is multiplied by X&rec
in Eqn. 4b, which has a very small value in our experiments, and therefore the value of Ce,
is poorly constrained. It was found that fixing the value of C, anywhere in the range of
—500 to +500 kJ/mol and solving for the other tWO Parameters, C,,, and C,, iteratively had
virtually no effect on the sum of the squares of the residuals of the model in the
composition range covered by our experiments. We therefore chose arbitrarily to set C,,
to 0 and determined best-fit values for the other WO ternary interaction parameters in the
Pt-Fe-Cr system. This procedure yielded Cr=+115.7 kJ/mol, and C,,=—68.6 kJ/mol

PiFeCr

(Table 4). Values of h].'}’Cr calculated using Eqn. 4p and the interaction parameters

derived above are given in Tables 2 and 3. Uncertainties in the model Inyer™ values

calculated by propagating errors on temperature, and alloy composition [ X2 (1-3%)
and X7 (0.1-3%)] are less then 2.5% (10). Deviations of model from observed values

calculated using Eqn. 5b are shown in Fig. 3 as 2 function of log,y f, to be less than 0.2

PtFeCr .
log units (<5%). Deviations of model In¥¢ that inclyde ternary interactions are all

within 26 of observed values and are independent of log fo, as shown in Fig. 3. In

PiFeCr X ) ) )
contrast, as also shown in Fig. 3, model InY¢, ~ Valuesin which ternary interactions are

ignored yield much larger deviations and shOW a systematic increase with log,o fo,

indicating that the ternary interaction effect is significant and can not be ignored.
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The effect of Fe on Cr activity coefficients is significant and our model quantifies

PtFeCr

this. Figure 4a shows model values of Iny, "~ calculated using Eqn. 4b with the

PtF.
parameters from Table 4 as a function of X&“. At constant X&“", Iny 2™ increases

PtFeCr

with increasing Fe by 6 In units for X7z “" ranging between zero (i.e., Pt-Cr alloys) and

PtFeCr

XEFeCr=0.4. Also shown in Fig. 4a are the model Iny,, " calculated for our experiments

from the measured XZ7*“ and ternary model parameters. The corresponding X5

PtFeCr

values for each Pt-alloy is shown next to the symbol. Model Iny,, " values calculated

from Eqn. 4c, identical to values calculated using the Pt-Fe activity-composition model

developed by Kessel et al. (2001) are given in Tables 2 and 3 together with calculated

PtFeCr

uncertainties. Uncertainties in model Iny. — calculated by propagating errors on

temperature and alloy composition are less then 2.5% (16). The values of Iny.™ are

insensitive to whether or not ternary interactions are incorporated because
X BiFeCr 5o X PFeCr and using either the evaluated C,’s or setting them equal to zero yields

essentially the same results. This conclusion is demonstrated in Fig. 4b showing model

PtFeCr

values of Inyy,  calculated using Eqn. 4c as a function of X7 for a range of X5,

PiFeCr

The model values of Iny ~ calculated for our experiments are also shown and the

corresponding X5 value is given. We conclude that the activities of Cr and Fe in Pt-
alloys can be obtained for a given alloy composition using the model developed above.
Knowledge of @27 and ar ‘" is the basis for obtaining activities of Cr-, Fe-bearing
oxides or silicates using Pt-alloy equilibration. In Part II, activities of chromite in the

spinels of ordinary chondrites will be evaluated using the alloy model developed here.
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4.4. Free energy of formation of chromite

In the set of experiments in which Pt-alloys were equilibrated with mixtures of

end-member FeCr,0, and Cr,0,, equilibrium 1a holds, but the presence of Cr,0; also
allows an evaluation of the free energy of formation of chromite, AGg, from Cr,0,, Fe,

and O, based on the equilibrium:

1 .
FeFrFeCr 53 C?‘z 03 s Eogm - Fe Cr: inmeﬂ ) (63)

This yields an expression for AGg:

spinel
AGE= —RTln{ Dy, } (6b)

ars *“(aZs) (o)

PtFeCr

Using our measured values of Xz o

for each experiment calculating g, " from our

spinel oxide

activity-composition model for ternary alloys and setting both aj,c;,0, and aZig, equal to

1 allows AGg to be determined from Eqn. 6b. Calculated values of AGg are given in
Table 2 and shown in Fig. 5a as a function of log,, f, . The uncertainties obtained by

PtFeCr

propagating errors on temperature, f,,and ar. ~ are less than 1.5% (1o). The average

AG¢ and standard deviation of the mean at 1300°C is —202.7+0.4 kJ/mol with no

observed dependency on log,, f ,,; this value is given in Table 4. Our results (Fig. 5a) are

indistinguishable from the values of AG§=-202.5+6.8 and —202.5+0.6 kJ/mol obtained
by Hino et al. (1994) and Jacob and Alcock (1975), respectively. Hino et al. (1994)
equilibrated liquid silver with crucibles made of FeCr,0O, saturated with Cr,0O; at

temperatures between 1150 and 1450°C and log,, f 0, between —9.68 and —6.07 and the

free energy of chromite was determined using their activity-composition model for Fe-Ag
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liquids. Jacob and Alcock (1975) determined the free energy of formation of chromite at

temperatures between 750 and 1600°C and log,, f,, corresponding to the equilibrium of

FeCr,0,+Cr,0;+Fe using a bielectrolyte solid-state galvanic cell based on Eqn. 6a. The
excellent agreement between our value and those in the literature determined using
entirely independent techniques provides strong validation of the activity-composition
relationship for binary Pt-Fe alloys we have developed (Kessel et al., 2001) and of our
conclusion that at low Cr concentrations in the alloys, the effects of Cr on Fe activity
coefficients can be neglected.

The free energy of formation of FeCr,0, from the elements, AGf, at 1300°C and 1
bar can be calculated from our alloy compositions in two ways. First, measured values of
X7 and X&' can be used given our activity-composition relationship for the ternary

PiFeCr

alloys to compute values of ar. -

and ac, ©, which can then be substituted into Eqn. 1b

to calculate AGt directly. The observed values (Table 2) are independent of log,, f,

(Fig. 5b) and the average and standard deviation of the mean at 1300°C is —923.5+2.1

kJ/mol. Alternatively, our values of AGg (Fig. 5a) can be corrected to AG? via AGS from

Holzheid and O’Neill (1995), yielding —924.0+£0.4 kJ/mol. The same procedure, applied

to AGg values of Hino et al. (1994) and Jacob and Alcock (1975), gives —923.8+6.8 and

-923.8+0.6 kJ/mol, respectively. The four estimates of AGg at 1300°C are in excellent

agreement. Note that in contrast to AGe, our error on a direct determination of AGY is

larger than that of Jacob and Alcock (1975) or our own value obtained via AGg and AGS
PiFeCr

because the direct calculation of AGy requires an explicit evaluation of a¢y ", which

contributes uncertainty to the value of AGr. However, the fact that the determination of
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AG¢ based on our measured values of Xr  and X&' ° is indistinguishable from values
based on independent measurements and/or calculations from the literature provides

strong validation of the activity-composition relationship for ternary Fe-Pt-Cr alloys we

have developed.

5. ACTIVITY OF CHROMITE IN (Fe,Mg)Cr,0, SPINELS

In section 4, we presented a ternary model for Pt-Fe-Cr alloys using experiments in
which FeCr,0,+MgCr,0,+Cr,0, were equilibrated with Pt-Fe-Cr alloys. We used the
binary spinels primarily as a vehicle to extend the range of alloy compositions explored in
this study by decreasing the activity of FeCr,0, in the spinels (and that of Fe in the metal

relative to coexistence with FeCr,0,+Cr,0; at a given f, ). However, these experiments

also constrain the thermodynamic properties of binary (Fe,Mg)Cr,O, spinels, and we
examine these constraints in this section. As described above, three different mixes of
FeCr,0,+#MgCr,0, were studied experimentally (nominal mixes, expressed as mole

(Fe.Mg)Cr,04

fractions of FeCr,0, in Fe,Mg,  Cr,0, were Xp.(no, - =0.13, 0.46, 0.83), each mixed
together with 40 mole% of Cr,0,. Up to three pellets of a given binary spinel mix were
pressed around Pt-Fe wires, each with a different initial Fe content so that the equilibrium
alloy composition could be approached from both Fe-poor and Fe-rich compositions.
Homogeneous spinel and Cr,0O, were present in all run products as confirmed, with
particular attention to the vicinity of the Pt-Fe alloys, by electron probe analyses.

Analyzed values of X;i;’ijgic@‘"* in Cr,O;-saturated run products (calculated on an Al,Os-

free basis) were 0.12+0.01 (n=12), 0.44+0.05 (n=18), and 0.81+0.02 (n=18), in agreement

within uncertainties with the nominal values. The standard deviations refer to the
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distribution of measured spinel compositions and arise primarily from contamination from
overlap of the beam on adjacent Cr,0, grains during the analyses of individual spinel
grains. The fraction of Fe’* in the spinel run products, calculated assuming mass and
charge balance, was found to be less than 0.001, and the coexisting Cr,O; was found to be
stoichiometric, indicating that the solubilities of Fe,O, in Fe,Mg, \Cr,0, and of FeO or
Fe,0O; in Cr,0; are negligible under the experimental conditions used in this study.

The activity of FeCr,0, in FexMg, «Cr,0,, a%ens 2%, can be calculated based on
Eqn. 6b given the Fe content of the coexisting alloy at a given f, . For each experiment,
we substituted AG§ from Table 4 and ar " calculated using Eqn. 4¢ into Eqn. 6b to

obtain a;ﬁgfgic’zoa The calculated activities are given in Table 3 and shown in Fig. 6 as a

function of composition. Errors (16) on g% calculated using Eqn. 6a are 6-7%

based on propagating the errors on temperature, f,, and alloy composition.

(Fe,Mg)Cr,0, spinels are essentially ideal at 1300°C (Fig. 6). Our activities can be

reasonably fit to a one-site symmetric regular solution of the form:

e, ! 7,04 (Fe, Mg)Cr,04 2
RTln'}/(ch:fyic a = W(Fe.Mg)CrZO., (XMgCrfO)4 = ) ) (7)
and a best fit of our data yields W (s ug)cr,0,=+2.14£0.62 kJ/mol (10) taking into account

the uncertainties on RTlny(ch‘f;’giC’z"‘. The activities derived at log,, f,=—9.83 are

systematically higher than the activities derived at either log,, f, =—11.07 or -8.69 for

reasons that are unclear, but all results agree within 26 and a best fit excluding data
obtained at log,, f,,=-9.83 yields essentially ideal behavior (W (, ug)cr,0,=+0.29£0.75

kJ/mol). Also shown in Fig. 6 are results at 1300°C from previous studies (Hino et al.,
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1994; Jacob and Iyengar, 1999). For consistency, previous results were recalculated

based on the reported f,, temperature, and spinel composition, using our AGs.

Previous results for (Fe,Mg)Cr,0, range from nearly ideal (Jacob and Iyengar, 1999) to
systematic negative deviations from ideality (Hino et al., 1994). Hino et al. (1994)
equilibrated liquid silver with crucibles made of (Fe,Mg)Cr,0, saturated with Cr,0; at
temperatures between 1150 and 1450°C and log,, f, between —7.73 and —6.20. Values

of ageé;‘fg&zm were then calculated using Eqn. 6b based on their experimentally

determined activity-composition relationships for Fe-Ag liquids and their derived free
energy of formation of FeCr,0O, from Fe and Cr,0,. Jacob and Iyengar (1999)

determined afcng. *°* at temperatures between 777 and 1077°C and log,f,,

corresponding to the equilibrium of FeCr,0,+Cr,0,+Fe using a bielectrolyte solid-state
galvanic cell based on Eqn. 6a. Since both Fe and Cr,0; exist as end-member phases in
the cell, the activity of chromite is a function of the oxygen fugacity and the equilibrium
constant at each temperature. They found no temperature dependence for the mixing
properties of spinel and the activity of FeCr,O, from their study presented in Fig. 6 is an
extrapolation of their data to 1300°C. Both data sets imply small negative deviations

from ideality with the data of HINO et al. (1994) displaying greater deviations

(recalculated using our AG§ t0 W (repsg)cri0,=—3.14+2.22 kJ/mol) than those of Jacob and
Iyengar (1999) (recalculated W (rese)cr0,=—1.96£0.09 kJ/mol). We conclude based on
our own data and those from the literature that the absolute value of W (r. pe)cr,0, 1S DOt

more than a few kilojoules and that spinels in the (Fe,Mg)Cr,0O, system are essentially

ideal at 1300°C.
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Chromite and picrochromite are two end-member spinels with a common trivalent
cation, Cr’*. Both spinels are completely normal even at high temperature due to a very
large octahedral site preference energy for Cr’* (-158 kJ, Dunitz and Orgel, 1957)
compared to those of Mg* and Fe** (~-17 kJ), leading to exclusive occupation of the
octahedral sites by Cr’*. In the absence of redox reactions, a large size mismatch between
cations on the same site, or substitution of cations on multiple crystallographically distinct
sites, the thermodynamic behavior of (Fe,Mg)Cr,0, is influenced primarily by simple
mixing of divalent cations on the tetrahedral site. The free energy of mixing in such
simple spinel systems has been shown previously to approximate closely statistically ideal
mixing (O’Neill and Navrotsky, 1984). Essentially ideal behavior or slightly positive
deviations from ideality such as that we and others have observed for FeCr,0,-MgCr,0,
solid solutions is also typical of other systems such as FeSiO,-MgSiO, (e.g., Nafziger,
1973) where changes in composition involve only mixing of Fél" and Mg on one site.

An alternative approach to calculating the activity of FeCr,0, in FexMg, «Cr,O,
solutions is based on the equilibrium between the spinel of interest and the Pt alloy (Eqn.
la): that is, ac’*“ is not assumed to be fixed by f o,and the presence of Cr,O; in the

equilibrium assemblage; it is instead calculated from the measured X¢r o

and our
activity-composition model (Eqn. 4b and the parameters listed in Table 4) for ternary

alloys. The activity of FeCr,O, in the three binary spinels in each experiment is then

calculated according to Egn. 1c using the above determined AG?. Activities of chromite
in (Fe,Mg)Cr,0, calculated in this way and associated uncertainties (14-20%) obtained

through propagation of errors on temperature, f, , and alloy composition, are given in

Table 3. Note that uncertainties on alers. 2%* calculated using this approach are much
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larger than activities calculated via Eqn. 6a due to relatively large uncertainties in at’*;
nevertheless, the approach of using Eqn. 1a is very valuable in that it does not require the
presence of Cr,0;, and thus extends the range of conditions under which spinel activities

can be determined using our techniques. Figure 7 compares g, 2% values calculated

by the two methods. Differences in arons. 2% determined with these two methods are in
all cases less than 30% and average 12%, relative to the values obtained using reaction 6a,

and all determinations agree within 26 . We conclude that Eqn. 1a provides a viable

method for obtaining chromite activities where end-member Cr,0; is not stable, and in

Part IT we demonstrate the use of this approach for natural spinels in ordinary chondrites.

6. CONCLUSIONS

The experimental technique developed in this study provides a method for
obtaining chromite activities in multicomponent spinels by equilibrating the spinel of
interest with Pt-alloy at a known temperature and oxygen fugacity. Given the temperature

and f, of the experiment, and free energy of formation of chromite from the elements,

the activity of chromite in any given spinel can be determined if the activities of Fe and Cr
in the Pt-alloy are known. The activity-composition relationships in the ternary Pt-Fe-Cr
system, modeled as a four-suffix asymmetric regular solution, were constrained by
combining interaction parameters for the three bounding binaries with three ternary
interaction parameters. The Pt-Cr binary is characterized by an asymmetric regular
solution with three binary interaction parameters of Wp,=—129.1£1.2 kJ/mol,

Werr=—80.924.4 kJ/mol, and Dpc,=+94.4+2.5 kJ/mol (lo). Combining the

thermodynamic properties of the Pt-Cr system with those of Pt-Fe (Kessel et al., 2001)
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and Fe-Cr (Andersson and Sundman, 1987), the ternary interaction parameters were found
to be C,,=0, Cp=+115.7 kJ/mol, and C.,=—68.6 kJ/mol.
The activities of Fe and Cr in a set of Pt-alloys equilibrated with FeCr,0, and

Cr,0; were calculated using the ternary Pt-Fe-Cr model and the free energy of formation

of chromite from the elements was found to be —923.5+2.1 kJ/mol (16). The free energy

of formation of chromite from Fe+Cr,0,+0, was found to be —202.7+0.4 kJ/mol (10).

These values are in excellent agreement with literature, providing a measure of the
internal consistency of our ternary alloy model. The activities of chromite in
(Fe,Mg)Cr,0, are compatible with a one-site symmetric regular solution yields an

interaction parameter of +2.14+0.62 kJ/mol (1c) similar within errors to literature

evaluation. The experimental method developed above provides a method for obtaining

chromite activities in multicomponent spinels.
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Table 1. Experimental conditions and results for P/Cr+Cr,0; at 1300°C

Run log,o f 0s Time N* XEiC’b ]nygc,c
(atm) (hr)
RK281 11.63 a0 10 02386(29°  -6.0609)
RK191 -11.36 212.5 3 0.2130(23) -6.41(9)
RK150 -11.07 284 7 0.1943(10) -6.82(9)
RK135 -10.83 214 6  0.1639(12) -7.06(9)
RK291 -10.68 236 3 0.1570(20) -7.29(9)
RK255 -10.61 313 5 0.1610(16) -7.42(9)
RK212 -10.17 211 5 0.1309(28) 7.98(9)
RK286 9.83 256 5 0.1040(14) -8.34(9)
RK?248 -9.67 216 10 0.0936(35) -8.50(10)
RK137 -9.50 191 3 0.0799(6) -8.64(9)
RK156 -9.25 189.5 3 0.0689(9) -8.94(9)
RK267 -9.22 309.5 5 0.0679(8) -8.97(9)
RK218 873 330 10 0.0433(22) -9.36(10)
RK296 -8.69 221.5 3 0.0396(3) -9.34(9)
RK180 -7.90 188 4 0.0131(3) -9.60(9)

“N=Number of analyses.
® X /= mole fraction of i in j.
- }’f: activity coefficient of i in j.
“Numbers enclosed in parentheses indicate one standard deviation of the mean

calculated by error propagation.
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Table 4. Recommended values of thermodynamic parameters

Interaction Value 1o Source®
parameter” (kJ/mol)
Alloys
W pire -138.0 3.3 1
W rer: -90.8 23.9 1
Dpire 0.0 1
W eicr -129.1 12 2
W -80.9 A 2
Dpicy +94.4 235 2
W crre +3.3 3
W recr +15.0 3
Drecr 0.0 3
Ce 0.0 2
Cp, +115.7 2
Ce -68.6 2
Oxides
AGfb -923.5 2.1 2
AL -924.0 04 244
AGz -202.7 0.4 2

W (pete )Cry04 g +2.14 0.62 )

‘W, W s, and Dj are binary interaction parameters for the
system i-j (c.f. Eqn. 2) and C,are ternary interaction parameters
for the system Pt-Fe-Cr.

® AG?=free energy of formation of chromite from reaction i
calculated directly (Eqn. 1).

° AG?=free energy of formation of chromite from reaction i
calculated (Eqn. 6).

"W (Fe,ste)cr,0, =iteraction parameter for the
chromite-picrochromite spinel binary.

91=Kessel et al. (2001), 2=this work,

3=Andersson and Sundman (1987), 4=Holzheid and O’Neill (1995).
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Figure 1. Values of RTIny.~ vs. X ' in the Pt-Cr system. The best fits to our data

assuming four-suffix (solid curve, dashed where extended beyond our data) and three-
suffix (dotted curve) asymmetric subregular solution behavior are shown. Literature data
are from Schwedtfeger and Muan (1965)-SM65; Pretorius and Muan (1992)-PM92, and
Garbers-Craig and Dippenar (1997)-GD97. Uncertainties (1) for both Pretorius and

Muan (1992) and and Garbers-Craig and Dippenar (1997) were calculated by propagating
reported uncertainties on alloy composition given by Garbers-Craig and Dippenar (1997).

The inset shows deviations of our data from best fits to three-suffix and four-suffix

PitCr

subregular solution models relative to the modeled Iny,. " as a function of alloy

composition.
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Figure 2. X,

(plotted along the lower x-axis) and X, ©" (plotted along the upper x-
axis) vs. log,, f,, in the Pt-Fe-Cr system for data obtained in this study. Small open

diamonds are initial values of X7.°” (Cr-free) of Pt-alloys in each pellet in a given

experiment, and large circles represent the equilibrium alloy composition. Individual
error bars (1) are plotted where larger than the symbol size. Also shown are predicted

trends of log, f, as a function of XpFeCr and xXEF“ using the curve fit of our

experimentally derived activities to a four-suffix Margules expansion (see text).
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Figure 4. (a) Model values of Iny. " as a function of X2 calculated for various

values of X2%". Solid circles represent the model lnygfec' values obtained in our

PiFeCr
Cr

experiments from the measured X . Numbers adjacent to the symbols represent the

. PiFeC .
corresponding X527 values. (b) Model values of Iny,, " as a function of X5Fec

calculated for various values of X&*®. Solid circles represent the model Iny 2" values

obtained in our experiments from the measured XfY““. Numbers adjacent to the

symbols represent the corresponding X e *“" values.
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Figure 5. Free energy of formation of FeCr,0, at 1300°C as a function of log,, f, . Error
bars (1o) are shown. (a) Formation of FeCr,0O, from Cr,0O, and Fe and O, (Eqn. 6a)

calculated using the model values of a%®. (b) Formation of FeCr,0, from the elements

alloy alloy

(Eqn. 1a) calculated using the model values of ag,” and ap,~. Averages and 1o bounds

for Hino et al. (1994)-H94 and Jacob and Alcock (1975)-JA75 are also shown in both

panels (dashed and dotted lines, respectively).
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Chapter 3. The thermal history of equilibrated ordinary chondrites and

the relationship between textural maturity and temperature

Abstract—The compositions and textures of phases in equilibrated ordinary
chondrites from H, L, and LL groups spanning petrographic types 4 to 6 were studied and
used to constrain the thermal histories of the parent bodies. Based on Fe-Mg exchange
between olivine and spinel, equilibration temperatures for all equilibrated chondrites are
in the range 680-796°C. This is much smaller than the range of peak temperatures
commonly assumed for equilibrated ordinary chondrites (600-950°C), especially if
olivine-spinel thermometry records retrograde temperatures. Equilibration temperatures
for the H chondrites are similar, 778+26°C. Maximum olivine-spinel temperatures
recorded in L and LL chondrites are lower than in H chondrites and the type 4 chondrites
record significantly lower temperatures than do types 5-6. Our data combined with
olivine-spinel equilibration temperatures calculated for other equilibrated ordinary
chondrites using mineral compositions from the literature demonstrate that, in general,
type 4 chondrites record temperatures that are lower than or equal to those of types 5-6
chondrites. This implies a decoupling of metamorphic temperature from petrographic
type and that the classification used to assign a type, which is based on textural
maturation and chemical homogeneity is not a direct indication of peak metamorphic
temperature.

Flat composition profiles in spinel in contact with olivine grains constrain cooling
rates for ~650-800°C to a few degrees per million years. For H chondrites, the closure

temperature is a function of the spinel grain size, such that larger grains, abundant in



100

types 5-6 chondrites, record temperatures of ~800°C while smaller grains, rare in types 5-
6 but abundant in type 4 chondrites, record lower temperatures. For L and LL chondrites,
we did not observe a well-defined relationship between grain size and olivine-spinel
equilibration temperature but the similarity of temperatures for types 5-6 and lower than
but overlapping values for type 4 chondrites suggest a similar behavior. Cooling rates of
a few degrees per million years are in the range inferred across lower temperatures based
on metallographic, fission tracks, and intra-site partitioning in pyroxene. These results
suggest similar thermal history at high temperatures for types 5-6 and at least some type 4
chondrites within each chondrite group. The lack of correlation between petrographic
type and cooling rate can not be used as an argument in favor of a rubble-pile model
because chondrite type and temperature are largely decoupled. By the same token,
increasing degree of metamorphism does not necessarily correspond to increasing depth

within the parent body.

1. INTRODUCTION

Ordinary chondrites are primitive meteorites showing variable degrees of
metamorphism ranging from negligible to intensities sufficient to completely obliterate
the original phases. The variation in textural and chemical maturation from rock to rock
is reflected in the commonly accepted classification scheme (Sears et al., 1980; Van
Schmus and Wood, 1967), which combines a group designation (H, L, LL) based
primarily on reduced to oxidized iron in the bulk with a number corresponding to the
degree of metamorphism. The “unequilibrated” ordinary chondrites are labeled type 3
and subdivided into 3.0-3.9 with increasing number referring to increasing degree of

metamorphism and “equilibrated” ordinary chondrites range in type from 4 to 7. The rare
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type 7 chondrites have undergone partial melting but are generally regarded as a special
class of impact related or reheated material (e.g., Taylor et al., 1987; Yamaguchi et al.,
1998).

A fundamental issue in the study of ordinary chondrites is how the thermal history
is related to the textures and chemical homogeneity that are used to define type. At
present, there is a general assumption that increasing type corresponds to progressively
increasing temperature, especially among the equilibrated chondrites (e.g., Dodd, 1981).
Certainly, at the extremes there are substantial differences. Partial melting of type 7
chondrites requires temperatures of ~1000°C or more and geothermometry of type 6
chondrites frequently yields temperatures exceeding 900°C (e.g., Bunch and Olsen, 1974;
Ishii et al., 1979; McSween and Patchen, 1989; Saxena, 1976). This contrasts with type 3
chondrites for which metal compositions (Wood, 1967), zoning in matrix olivine
(Brearley et al., 1989), and the structural state of carbon aggregates (Brearley, 1990)
suggest maximum temperatures not exceeding ~400°C (Wood, 1967; Dodd, 1969). On
the other hand, the assertion that there is a systematic increase in peak metamorphic
temperature from type 4 to 5 to 6 rests almost entirely on a semi-quantitative
interpretation of pyroxene chemistry and feldspar grain size in LL chondrites (Heyse,
1978).

Relative equilibration temperatures among ordinary chondrites find an important
resonance in thermal models of the parent bodies (e.g., McSween and Labotka, 1993;
Miyamoto et al., 1981; Scott and Rajan, 1981). Two end-member scenarios are
envisioned. An onion shell model, which was advocated by Dodd (1969) and Miyamoto

et al. (1981) among others, postulates that ordinary chondrites of increasing petrographic
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type were excavated from progressively deeper portions of an undifferentiated parent
body. In this scenario, the most metamorphosed rocks (type 6) are from the center or
deep interior and the least metamorphosed (type 3) from near surface environments.
Such a model is consistent with possible heat source mechanisms (Miyamoto et al., 1981)
and inferred peak temperatures for the different petrographic types (Dodd, 1969; Heyse,
1978). It also predicts that peak metamorphic temperatures should be correlated and
cooling rates inversely correlated with petrographic type (i.e., deeper, hotter rocks cool
more slowly). Cooling rates based on the retention of fission tracks in different minerals
in several H chondrites (Pellas and Storzer, 1981) appear to agree with such a model but
metallographic cooling rates derived from Ni zoning in alloys (Scott and Rajan, 1981;
Taylor et al., 1987) do not. Based on the metallographic data, Scott and Rajan (1981)
suggested that the parent bodies of ordinary chondrites were disrupted and reassembled
leading to a rubble-pile structure. In this model, cooling below 500°C occurs after
previously metamorphosed fragments are assembled to form the parent body from which
ordinary chondrites were later extracted. This leads to a decoupling of cooling rates
above and below 500°C.

Both onion shell and rubble-pile models draw from various geobarometers,
geothermometers, and oxygen barometers as applied to ordinary chondrites in order to
infer peak metamorphic conditions, and the metamorphic processes that took place within
the parent bodies or small fragments prior to reassembly (e.g., Bunch and Olsen, 1974;
Clayton, 1993; Colucci and Hewins, 1984; Heyse, 1978; Ishii et al., 1979; McSween and
Patchen, 1989; Onuma et al., 1972; Saxena, 1976; Van Schmus and Koffman, 1967).

Since results of these studies are often inconsistent, the thermal modeling based on them
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(e.g., Bennett and McSween, 1996; Miyamoto et al., 1981) must also be regarded with
some care.

In this paper, we apply olivine-spinel thermometry to a suite of equilibrated H, L,
and LL ordinary chondrites spanning petrographic types 4-6 and constrain the
temperatures that prevailed near peak metamorphic conditions. Our objective is to
characterize the relationship between homogeﬁeity of phase compositions and textures,
which are the primary indicators of chondrite type, and the corresponding metamorphic
conditions as reflected in peak metamorphic temperatures and cooling rates during

retrograde metamorphism.

2. SAMPLES AND ANALYTICAL METHODS

We studied 11 meteorites (Table 1) representing H, L, and LL chondrites from
petrographic types 4, 5, and 6. Except for Greenwell Springs, all of the selected
representatives are falls and all are characterized by low shock intensity and relatively
unbrecciated character. Six of the thin sections (three Hs and three LLs) are identical to
samples studied by Gastineau and McSween (2001) and McSween (private
communication, 2001). |

Each thin section was examined by SEM and compositions of spinels, olivines,
pyroxenes, and feldspars were obtained using a JEOL733 Superprobe. Operating
conditions included an accelerating voltage of 15 keV and a beam current of 10 nA with
counting times of 30 seconds on peak and 15 seconds at each background position. A
ZAF correction procedure (Armstrong, 1988) was applied to the results. Spinels were
analyzed for Fe, Cr, Mg, Al, Ti, Mn, Si, Ca, V, and Ni using Fe,0,, Cr,0,, MgAl,O, (for

both Mg and Al), TiO,, Mn-olivine, anorthite (both for Si and Ca), V,0;, and NiO as
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standards. Silicon, Ca, and Ni were always below the detection limit (0.008, 0.012, 0.043
elemental wt%, respectively). Olivines were analyzed for the same elements using
fayalite, Cr,0;, forsterite (for both Mg and Si), anorthite, TiO,, Mn-olivine, V,0,, and Ni-
olivine as standards. Chromium, Al, Ti, Ca, V, and Ni were always below detection limit
(0.020, 0.007. 0.026, 0.012, 0.027, 0.043 elemental wt%, respectively). The same
standards were used for pyroxene except that diopside was used for Si. Nickel and V
were invariably below detection. Feldspars were analyzed for Fe, Mg, Al, Ca, Ti, Si, Na,
and K using fayalite, forsterite, anorthite (for both Al and Ca), TiO,, albite (both for Si
and Na), and microcline as standards. Magnesium and Fe were always below the

detection limit (0.011, 0.031 elemental wt%, respectively).

3. MINERAL COMPOSITIONS

Average major element compositions and end-member mole fractions determined
for olivines, spinels, pyroxenes, and feldspars in each meteorite are given in Tables 2a-d.
Cations in olivines, pyroxenes, and feldspars were calculated for the appropriate number
of oxygens assuming that all Fe is Fe*". The cation sums for individual analyses were
2.995+0.005 per 4 oxygens in olivine, 4.000+£0.001 per 6 oxygens in pyroxene and
5.024+0.112 per 8 oxygens in feldspar. Cations in spinels were calculated using mass
and charge balance constraints assuming that the spinel is stoichiometric with exactly
three cations for every four oxygens. The end-member mole fractions were calculated for
each mineral from the cations per formula unit. Also shown in the tables are ranges of
mineral compositions found in the literature for these meteorites. All analyzed minerals
are located in the matrix material outside chondrules and the spinel grains were always in

contact with metal in order to support work on redox conditions, which will be reported
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elsewhere. Olivine, pyroxene, and feldspar were always in the vicinity of the spinel

grains (<200 um) but not necessarily in contact in the plane of the thin section.

Olivine in all of the meteorites is Mg-rich and the dominant pyroxene is a low-Ca
enstatite (the mole fraction of wollastonite ranges from 0.010 to 0.017). Fayalite
(Fe,SiO,, Fa) and ferrosilite (Fe,Si,04, Fs) contents of olivine and pyroxene in type 4-6
ordinary chondrites analyzed in this work are shown in Fig. 1la. Also shown are fields
representing each group of ordinary chondrites as defined originally by Keil and
Fredriksson (1964) and revised by Fredriksson et al. (1968). The olivines and pyroxenes
are equilibrated in that standard deviations on Fa and Fs contents are typically <1 mole%
(Table 2a and 2c). Compositions for both phases are generally in good agreement with
the literature. We found significantly lower ferrosilite content in Saratov pyroxenes than
Folco et al. (1997). We also obtained more magnesian olivine in Siena than reported by
Kurat et al. (1969) although the wide range of olivine, pyroxene, and spinel compositions
noted by these authors for different portions of Siena suggests that our results for this
meteorite may actually be consistent with their results.

Spinels in ordinary chondrites are Cr-rich (Table 2b, Bunch et al., 1967). The
chromite (FeCr,O,, Chr) contents of spinel of type 4-6 ordinary chondrites analyzed in
this work are shown in Fig. 1b as a function of Fayalite in olivine. All of the H
chondrites have similar spinel compositions. The results for Allegan (HS) are similar to
those of Bunch et al. (1967) though they obtained slightly higher chromite contents than
we did. Type 5 and 6 L and LL chondrites have similar ranges in spinel composition and
are generally more Cr-rich than in the H chondrites. The results for Siena (LL5) are in

the range of compositions found by Kurat et al. (1969). Spinels in both L4 and LL4
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chondrites exhibit even higher chromite contents than in types 5-6 leading to a much
broader range of spinel compositions in L and LL chondrites than in H chondrites.
Overall, our results are consistent with the findings of Bunch et al. (1967) based on a
much larger database. To evaluate possible textural responses to metamorphism and their
relationships to peak metamorphic conditions, we also determined the minimum
dimension in the plane of the thin section for each spinel grain analyzed in each
meteorite. Averages and standard deviations are given in Table 2b. The average spinel is
coarser in types 5-6 chondrites than in type 4 for all groups and the largest grains (>100

pwm) are restricted to types 5-6.

Feldspars in equilibrated ordinary chondrites are sodic (e.g., Brearley and Jones,
1998; Rubin, 1992; Van Schmus and Ribbe, 1968; Table 2d). For H and LL chondrites,
the compositions we determined (Abg,An,Org, and Abg,AnyOr,, respectively) are
identical within error for all meteorites in a group regardless of petrographic type. On the
other hand, feldspar compositions in the L chondrites vary considerably with standard
deviations on the mole fraction of Ab an order of magnitude higher than observed in H or
LL chondrites (Table 2d). Neither the variability nor the composition appears to be
related to the assigned petrographic type. The feldspar in Saratov (L4) is alkali-rich with
less than 0.5% CaQ whereas feldspars in Ausson (LS) are more Ca-rich than those in
either H or LL chondrites. Since it has been suggested that the mean feldspar grain size
is correlated with temperature (Heyse, 1978), we also determined maximum dimensions

in the plane of the thin sections of 15 grains in the vicinity (<200 um) of the analyzed
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spinels in each meteorite. Feldspar grains increase in length with increasing petrographic

type as noted by Van Schmus and Wood (1967) and Heyse (1978).

4. THERMAL HISTORY OF EQUILIBRATED ORDINARY CHONDRITES

4.1. Olivine-spinel equilibration temperatures

We used olivine-spinel thermometry in this study as our principle tool for probing
the metamorphic history of equilibrated ordinary chondrites. The basic idea is that core
compositions of coexisting olivine and spinel record peak or near peak metamorphic
conditions. By inserting observed phase compositions into a thermodynamically based
model for the partitioning of Fe and Mg between olivine and spinel, it is possible to
extract an equilibration temperature. A necessary but insufficient condition for
preservation of peak metamorphic conditions is that central regions of coexisting grains
be homogeneous (i.e., unzoned) and retain initial composition. As a test for this
condition, we obtained traverses in the vicinity of one or two olivine-spinel contacts in
each of the meteorites studied. Traverses extended from the olivine core across the

interface to the spinel core at intervals of 1-2 um were taken. Mineral stoichiometry
along the traverse was within the accepted range except within 5 pum of the interface

where systematic deviations from stoichiometry were observed due to x-ray generation of
atoms from the adjacent phase and secondary fluorescence effects. A representative
traverse for each meteorite is shown in Figs. 2a—c with Y} = Mg /(Mg + Fe*"), where
Mg and Fe* are the cation mole fractions in the minerals, plotted as a function of

distance from the interface. A slight increase in Y§;™ of ~0.5 mole% is observed in



108

spinel

many of the olivine grains towards the interface with the spinel. Values of Yy, for all

spinel analyses in a given traverse are identical within analytical uncertainties with a
standard deviation of less than 1 mole%. Values of YZ™ [Cr’*/(Cr**+Al*+Fe*)] and
Y5 [AP/(Cr*+Al*+Fe**)] from core to rim are also constant within error.

We used the thermodynamic models of Sack and Ghiorso (1989) for olivine and
Sack and Ghiorso (1991a,b) for multicomponent spinels to estimate metamorphic
temperatures experienced by equilibrated ordinary chondrites. Sack and Ghiorso (1989)
describe olivine as a symmetric regular solution with negative deviations from ideality.
The thermodynamic behavior of spinel is more complicated and was modeled by Sack
and Ghiorso (1991a,b) using a second degree Taylor expansion in composition and
ordering parameters. The model parameters were calibrated to reproduce experimental
data on miscibility gaps and order-disorder phenomena. Sack and Ghiorso (1991a,b)
expressed the equilibrium between olivine and spinel by equating Fe-Mg exchange

potentials of the two phases, ,Ltf\’jg(Fe)_] = Wyrecrer1» and showed good agreement between

calculated and experimentally observed equilibrium temperatures.

Following Sack and Ghiorso (1991a,b), we calculated olivine-spinel equilibration
temperatures for ordinary chondrites by equating Fe-Mg exchange potentials. We used
the average compositions of coexisting olivine and spinel to estimate temperatures for
three to eight olivine-spinel pairs in each meteorite (averages for all pairs in each
meteorite are given in Tables 2a and 2c; individual results are available upon request
from the authors). Most spinels and olivines are in contact with each other. A few are

separated by as much as 60 um in the plane of the thin section but we observed no
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relationship between calculated temperature and distance between the minerals. The
temperatures are shown in Fig. 3 and the averages are given in Table 3. The individual
temperatures for all four H chondrites are equal within error to the H average
(778+£26°C). The data are suggestive of a subtle increase in temperature with increasing
petrographic type in that lowest, mean, and highest temperatures increase with type, and
we discuss this below. Calculated temperatures for the L chondrites extend to
significantly lower values than observed in the H chondrites. The lowest temperatures
(680£15°C) in our suite of ordinary chondrites are recorded by Saratov (L4) reflecting its
unusually chromite-rich spinels. Ausson (L5) exhibits a wide range of spinel
compositions resulting in a correspondingly wide range in temperatures (691-823°C)
although the average (756°C) is essentially equivalent to that of Glatton (L6; 749°C). A
similar behavior is observed for the LL chondrites. Mean temperatures for Greenwell
Springs (LL4) are at the low end of the range for the group. Temperature ranges for the
LL5-6 chondrites are broad and extend down into the LL4 range.

There are two key features to our data. First, the total range of our average
temperatures for equilibrated ordinary chondrites (659-829°C) is much smaller than
commonly assumed (e.g., 600-950°C, Dodd, 1969, Heyse, 1978) and the maximum
temperatures (~830°C) much lower. If the maximum temperatures correspond to or close
to peak metamorphic conditions, then this result has important implications for thermal
models of the ordinary chondrite parent bodies because they attempt to match peak
temperature. Second, only for type 4 versus types 5-6 in L and perhaps LL chondrites are
there significant temperature differences plausibly tied to petrographic type. This

suggests that the systematic variations in textural maturation and degree of homogeneity
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of phases, which are the basis for classifying ordinary chondrites (Van Schmus and
Wood, 1967), are not strongly correlated with temperature.

To test the idea that type 4 chondrites record temperatures lower than or equal to
types 3-6, we took olivine (Johnson and Prinz, 1997; Mason, 1963; Rubin, 1990) and
spinel (Bunch et al., 1967; Christophe Michel-Levy and Deneise, 1992; Hutchison et al.,
1981; Johnson and Prinz, 1997; Kleinschrot and Okrusch, 1999; Snetsinger et al., 1967)
compositions for types 4-6 chondrites available in the literature and calculated
equilibration temperatures. We avoided meteorites that are strongly shocked (>S3) or
show evidence of impact melting. We also restricted consideration of spinel analyses to
those containing less than 2.5 wt% Fe,0;, which corresponds to a mole fraction of
magnetite of ~0.03. Equilibrated ordinary chondrites were metamorphosed under very
reducing, metal-saturated conditions (e.g., Brett and Sato, 1984; McSween and Labotka,
1993; Mueller, 1964; Williams, 1971). A significant amount of Fe’* is not expected and
all of our analyses (Table 2b) are consistent with less than 2 mole% magnetite. Even
with these constraints, the exercise is not entirely satisfying in the sense that “coexisting”
phases are not from adjacent grains or even from the same thin section and compositions
were taken from different studies. Some equilibrated ordinary chondrites exhibit
substantial differences in phase compositions in different portions of the meteorite (e.g.,
Kurat et al., 1969) and there is, therefore, a possibility that some of the olivine-spinel
pairs we selected effectively come from different rock fragments. The gross features of
such calculations should, nevertheless, provide insight into whether the results for our

suite are generally applicable to equilibrated ordinary chondrites.
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For olivine-spinel pairs of H chondrites constructed from literature data, the
models of Sack and Ghiorso (1989, 1991a,b) yield 705-793°C for four H4 chondrites,
consistent with our data for Avanhandava (728-791°C) and Phum-Sambo (735-800°C).
These temperatures are within the range of the calculated values for six H5 chondrites
(668-820°C) and overlap ranges for three H6 chondrites (750-803°C), and our results for
Allegan (HS, 747-806°C) and Guarena (H6, 768-820°C). A similar result is obtained for
the L chondrites. Calculated temperatures of four L4 chondrites range from 618-690°C,
in agreement with our result for Saratov (L4, 659-694°C) and lower than the range of
temperatures calculated for two L5 (739-765°C) and four L6 chondrites (691-764°C)
and the L5-6 chondrites analyzed in this study (691-823°C). There is a hint in the L
chondrite data that L4s record slightly lower temperatures than do L5-6. Unfortunately,
our survey of the literature yielded no accepted spinel compositions from LL4 chondrites.
The calculated temperature of one LL5 chondrite is 663°C and ;1 range of 644-756°C was
obtained for six LL6 chondrites. These values are generally lower than but overlap our
data for LL5-6 chondrites (734-829°C).

Two common themes run through all of these calculated temperatures. First, the
range in olivine-spinel temperatures is only 160°C (659-829°C). This is substantially
smaller than commonly assumed for types 4-6 chondrites (~350°C) and the temperatures
are quite a bit higher than those experienced by type 3 chondrites (<400°C). If types 4-6
sampled progressively greater depths in the parent bodies, then there is a significant gap
in coverage between type 3 and 4 chondrites. Second, spinel and olivine in type 4

chondrites record temperatures that are lower than or equal to those of types 5-6
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chondrites and the results for the latter are, virtually, indistinguishable. The general
implication here is one of decoupling metamorphic temperature from petrographic type.
We noted above in discussing Fig. 3 that there may be a subtle increase in olivine-
spinel equilibration temperature for the H chondrites in going from type 4 to 5 to 6 as
minimum, mean, and maximum temperatures for our samples all increase progressively.
In principle, this could reflect differences in either prograde or retrograde temperatures.
Since spinels are far smaller and less abundant than olivine we might for the latter case
expect a correlation between spinel grain size and calculated temperature. Figure 4a
shows calculated temperatures as a function of the minimum dimension of the spinels in
the plane of the thin section for the H chondrites. For each meteorite, the highest
temperatures are associated with the largest spinel grains and the lowest temperatures
with the smallest spinel grains. In types 5 and 6 chondrites,: the larger grains (50-170

pum) record similarly high temperatures of ~800°C while many of the smaller grains (<70
wm) yield lower temperatures extending down to 750°C. Spinels in type 4 chondrite are
all smaller than 70 pm and record lower temperatures, similar to those recorded by the

smaller grains in types 5 and 6. The solid curves envelop the change in temperature as a
function of spinel grain size in H chondrites. One interpretation of this result is that all H
chondrites were subject to essentially the same peak temperatures of ~800°C. The larger
grains in H5 and H6 chondrites preserve this temperature but smaller grains in H5-6 and
most grains in H4s yield a range of temperatures that correlates with grain size because
the smaller grains partially re-equilibrated during cooling. Alternatively, the maximum

temperature was higher than 800°C and all grains re-equilibrated. If so, olivine-spinel
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pairs in equilibrated ordinary chondrites record conditions during retrograde
metamorphism. The relationships are slightly different for L. (Fig. 4b) and LL (Fig. 4c)
chondrites. Spinels in the type 5 and 6 chondrites are generally larger than and record
generally higher temperatures than type 4 spinels. The only overlap in size and/or
temperature between spinels in type 4 versus spinels in types 5 and 6 is obtained from
two small grains in Siena (LL5). The lack of a plateau analogous to that observed in Fig.

4a may reflect in part the absence of spinel grains larger than 100 um in our analyzed

sections of these meteorites. We return to the issue of whether olivine-spinel pairs record

peak or retrograde temperatures in section 4.3.

4.2. Comparison with previous thermometry work
4.2.1. Cation partitioning thermometers

Most approaches to determining the metamorphic temperatures experienced by
ordinary chondrites of different petrographic type including the present study are based
on the temperature-dependent partitioning of two cations between two coexisting phases.
Craig (1964) was the first to calculate temperatures for the equilibrated ordinary
chondrites using this approach. He modeled the distribution of Fe and Mg between
olivine and orthopyroxene, two commonly coexisting phases in equilibrated ordinary
chondrites, and concluded that peak temperatures were roughly ~1250°C regardless of
group or type. Later, experimental data (e.g., Larimer, 1968) showed that this particular
exchange is relatively insensitive to temperature. Although Williams (1971) was able to
obtain an approximate equilibration temperature of 880+150°C for type 5 and 6

chondrites, Fe-Mg partitioning between olivine and pyroxene is unsuitable for accurate
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thermometry. The underlying approach of Craig's (1964) work is, nevertheless, shared
by most subsequent studies.

Type 6 chondrites contain coexisting pyroxenes that are common and readily
analyzed. This motivates the use of the temperature dependence of cation partitioning
between them to infer equilibration temperatures. The thermometer was initially
calibrated using existing solution models for the two phases [e.g., Kretz, 1961 (Ca/Mg);
Kretz, 1963 (Fe/Mg)] or phase diagrams [Lindsley, 1983; Lindsley and Anderson, 1983
(Ca/Mg)] and all workers have used the same framework with periodic updatings of
thermodynamic formulations (e.g., Bunch and Olsen, 1974; Olsen and Bunch, 1984,
Saxena, 1976; Van Schmus and Koffman, 1967). Van Schmus and Koffman (1967)
calculated that type 6 equilibrated ordinary chondrites experienced a maximum
metamorphic temperature of ~820°C regardless of petrographic type or group. Bunch
and Olsen (1974) found modest differences in metamorphic temperatures among type 6
chondrites from 900°C for H, to 940°C for L, and 980°C for LLL. chondrites and were re-
evaluated by Olsen and Bunch (1984) to 830°C for H, and 860-930°C for L and LL
chondrites. Saxena (1976) improved the thermodynamic treatment and revised the Bunch
and Olsen (1974) equilibration temperatures downward to 875°C for H, 900°C for L and
920°C for LL chondrites. Ishii et al. (1979) used the coexistence of three pyroxene
assemblages to infer temperatures in the range 940-990°C for type 6 H, L, and LL
chondrites. Colucci and Hewins (1984) calculated equilibration temperatures of 867°C
for H6, 907°C for L6 and 905°C for LL6 chondrites.

Application of two pyroxene thermometry to ordinary chondrites less equilibrated

than type 6 is difficult because the clinopyroxene is rare and/or extremely fine-grained



115

and much of what is observed constitutes relic igneous grains that are only partially re-
equilibrated. Thus, two-pyroxene thermometry provides little direct insight into possible
correlations between temperature and type. Kleinschrot and Okrusch (1999) were able to
obtain a two-pyroxene equilibrium temperature for Carcote (HS5) of 750-840°C.
McSween and Patchen (1989) and Harvey et al. (1993) examined the pyroxenes in H, L,
and LL chondrites of types 3 to 7 but noted that equilibrium during metamorphism
between the two phases pertained only in type 6 chondrites and a few type 5 chondrites.
Clinopyroxenes were only partly overprinted by metamorphism in type 4-5 chondrites.
Assuming equilibrium between orthopyroxene and clinopyroxene, they estimated
equilibration temperatures in chondrites based on the composition of each pyroxene
separately. The temperatures recorded by type 5-6 chondrites of 900-960°C based on the
clinopyroxene compositions are 100-200°C higher than those based on the orthopyroxene
compositions, which they attributed to partially annealed chemical variations caused by
polymorphic inversions in the latter. The complications associated with structural
changes, demonstrable lack of equilibrium in many meteorites, and inconsistency of
temperatures inferred from the low and high calcium limbs of the solvus make two-
pyroxene thermometry difficult to apply quantitatively to equilibrated ordinary
chondrites. Tt is, however, probably fair to say that pyroxene in type 6 chondrites
suggests that peak metamorphic temperatures were higher than the ~800°C implied by
maximum values we obtained from olivine-spinel thermometry.

Olivine-spinel thermometry has been applied previously to ordinary chondrites by
Bunch and Olsen (1974), Johnson and Prinz (1997) and Kleinschrot and Okrusch (1999).

Bunch and Olsen (1974) reported temperatures in the range 867-972°C for ten chondrites
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based on the geothermometer of Jackson (1969) and literature data for phase
compositions (Bunch et al., 1970; Keil and Fredriksson, 1964). The relatively small
temperature range is consistent with our results described above for the same meteorites.
The absolute temperatures are significantly higher than we calculated but the agreement
is actually very good given the major revisions in our knowledge of spinel
thermochemistry since the publication of Jackson (1969).

Johnson and Prinz (1997) studied spinels and olivines from chondrules. Most of
their data concerns carbonaceous chondrites and unequilibrated ordinary chondrites but
they also considered Bjurbdle (L/LL4), Aldsworth (LL5) and Appley Bridge (LL6).
They used the formulation of Engi (1983), who modeled spinels as an ideal reciprocal
system. Although they did not report specific temperatures, all of their data fall well
below the 600°C isotherm, substantially lower than olivine-spinel temperatures of 660-
670°C we obtained for these meteorites using their compositions and the formulation of
Sack and Ghiorso (1989, 1991a,b). Figure 5 compares olivine-spinel temperatures for the
suite of equilibrated ordinary chondrites studied here calculated using Engi's (1983)
formulation and the calibration of Sack and Ghiorso (1989, 1991a,b). Engi’s (1983)
equations lead to systematic offsets of ~200°C relative to values calculated using the
formulation of Sack and Ghiorso (1989, 1991a,b). The basic source of the discrepancy
lies in the spinel models. Although we did not attempt to isolate the specific causes,
compositions of spinel in equilibrated ordinary chondrites lie outside the calibration
region provided by Engi (1983) and his model should, therefore, not be used.

Kleinschrot and Okrusch (1999) used spinel solution models of Fabriés (1979),

and Ballhaus et al. (1991). Use of the Ballhaus et al. (1991) formulation, which was
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designed for high-pressure assemblages in the earth’s mantle, is inappropriate for
ordinary chondrites. Fabriés (1979) calibrated the dependence of the olivine-spinel
distribution coefficient on spinel composition and temperature by modeling spinels as
ideal and empirically fitting existing phase equilibria data. Based on the Fabri¢s (1979)
model, Kleinschrot and Okrusch (1999) obtained a temperature of equilibrium for
Carcote (HS) of 650-720°C, which is much lower than the 820+33°C for the same
olivine-spinel pairs using the formulation of Sack and Ghiorso (1989, 1991a,b).

4.2.2. Oxygen isotopes

Onuma et al. (1972) determined metamorphic temperatures for equilibrated
ordinary chondrites, mostly of petrographic type 6, by examining the *O content of
olivine, plagioclase, and orthopyroxene. Minerals in each meteorite were separated using

heavy liquids and analyzed for 8'°0. Clayton (1993) updated the temperatures by

applying the calibration of Clayton and Kieffer (1991) to the isotopic compositions of
Onuma et al. (1972). Plagioclase-based thermometry was rejected due to the poorly
constrained dependence of isotope fractionation on composition (O'Neill and Taylor,
1967), but the average olivine-pyroxene isotopic temperatures, excluding Bjurbole (L4),
was found to be 794°+57°C with no observed systematic variation between groups or
petrographic types, which is in good agreement with our results. The isotopic
temperature recorded by Bjurbdle, 490°C, is much lower than any of the other values
obtained by Clayton (1993) and significantly lower than the olivine-spinel temperature of
660-680°C derived for Bjurbdle in this study from phase compositions given by Johnson
and Prinz (1997). The latter is consistent with our results for Saratov (Table 3) and is in

the range of temperatures we derived for L4 chondrites (659-694°C). Bjurbéle is highly
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friable (e.g., Grady, 2000), containing unequilibrated clasts and chondrules (Scott et al.,
1985), and the clinopyroxene compositions are highly variable, indicating lack of
equilibration (Bunch and Olsen, 1974). It is possible that the oxygen isotopic
temperature reflects contributions from exotic material or that retrograde isotopic
exchange among matrix minerals continued to an unusually low temperature in Bjurbéle
relative to other equilibrated ordinary chondrites. With the possible exception of
Bjurbole, oxygen isotope thermometry yields temperatures that are consistent with results
from cation partitioning, both in general range of temperatures and in demonstrating a
lack of correlation between temperature and petrographic type.

4.2.3. Structural state of feldspar

MacKenzie (1957) related the separation of two x-ray diffraction peaks in
feldspars to the temperature of formation. Miyashiro (1962) noted the high temperature
structure in ordinary chondrites and suggested peak metamorphic temperatures higher
than 700°C. Van Schmus and Ribbe (1968) estimated metamorphic temperatures for
type 6 H, L, and LL chondrites by examining the structural state of feldspars using the
calibration of MacKenzie (1957). Alt