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ABSTRACT

Single-crystal X-ray techniques were used to study isothermal Fe?*-Mg disordering in
two orthopyroxene samples, Opx 4 (Fs,,) and Opx 5 (Fsq;), at temperatures of 625, 675,
725 °C and 5285, 575, and 6235 °C, respectively. Heating was continued until cation distri-
butions reached steady state, which was considered equilibrium. The structure data ob-
tained correlate very well with all other work on orthopyroxene, including natural (heated
and unheated) crystals and synthetic end-members. These crystallographic variations also
provide an internal constraint on the disordering process.

Instability of the orthopyroxene crystal structure was noted for some crystals where
heating was continued after cation distribution equilibrium was attained. This was indi-
cated by a decrease in Fe?+ in the M2 site, with no corresponding increase in Fe?* in the
M1 site. In addition, there was a small decrease in the size of the M1 site, which is thought
to be caused by vacancy introduction in the M2 site, with Fe2+-Fe?* substitution in the
MI site and the Fe sublimating during heating.

The Mueller chemical rate law was used to calculate rate constants of 4.70 x 10° and
(1.97 x 10°)/min and activation energies of 47.1 and 41.3 kcal/mol for Opx 4 and Opx
5, respectively. From these results, together with values in the literature, we have shown
that a distinct step is found at Fs,,~Fs,, in the activation energies, with higher activation
energies of approximately 60 kcal/mol for Mg-rich samples and lower activation energies
of approximately 50 kcal/mol for the Fe-rich samples. The rate constants of Opx 4 and

Opx 5 are comparable with previously determined disordering rates.

INTRODUCTION

In orthopyroxenes with space group Phca, long-range
order-disorder occurs between divalent Mg and Fe?* at-
oms in the two M sites, with Fe** preferring the larger
M2 site (Ghose, 1961, and subsequent workers). The dis-
tribution of Mg and Fe2?* varies as a function of temper-
ature (becoming more ordered at lower temperatures) and
chemical composition. Studies of the equilibrium order
are essential to the theoretical thermodynamic calcula-
tion of pyroxene solvi (Lindsley, 1983; Saxena, 1983a,
1983b; Davidson, 1985; Davidson and Lindsley, 1985)
and a more complete understanding of the two-pyroxene
geothermometer. Disequilibrium studies can be used to
give activation energies and reaction rates of both order-
ing and disordering reactions and lead to a better under-
standing of the subsolidus processes occurring in ortho-
pyroxene-bearing rocks.

Fe?+-Mg order-disorder in natural and equilibrated or-
thopyroxenes has been investigated experimentally by
Ghose (1965), Evans et al. (1967), Virgo and Hafner (1969,
1970), Saxena and Ghose (1971), Smyth (1973), Khris-
toforov et al. (1974), Besancon (1981), Domeneghetti et

0003-004X/93/0910-0921$02.00

al. (1985), Sposato and Besancon (1987), Anovitz et al.
(1988), Saxena et al. (1989), and Molin et al. (1991). Only
Virgo and Hafner (1969), Anovitz et al. (1988), and Mo-
lin et al. (1991) reversed the experiments. Kinetics of the
intracrystalline distribution in orthopyroxenes have been
studied by Virgo and Hafner (1969), Besancon (1981),
Anovitz et al. (1988), Saxena et al. (1989), and Molin et
al. (1991). These kinetic studies were all conducted using
the Mgssbauer technique except those of Saxena et al.
(1989) and Molin et al. (1991), where single-crystal X-ray
diffraction was used. Much of this work has been re-
viewed previously (Ganguly, 1982; Anovitz et al., 1988).
In addition, a comparison of site occupancy results from
both Mossbauer and single-crystal X-ray diffraction has
been made by Skogby et al. (1992) for five orthopyroxene
crystals.

In our study, disordering experiments were undertaken
to determine structural changes and equilibrium site oc-
cupancies (i.e., no further change with time) for heated
and unheated Fe?*-rich orthopyroxene crystals. Site oc-
cupancies were determined by single-crystal X-ray refine-
ments of progressively heated crystals following intra-
crystalline exchange.
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TasLe 1. Composition of Opx 4 and Opx 5
Opx 4 Opx 5 Opx 5*
Sio, 50.3 47.9 46.53
TiO, 0.1 0.0 0.05
Al,O, 0.0 0.4 0.76
Cr,0, 0.1 0.0 0.01
FeO** 34.6 47.4 45.58
Fe,O, 0.0 0.0 2.80
MnO 0.6 0.2 0.36
MgO 12.3 4.5 4.60
Ca0 1.2 1.2 1.13
Na,0 0.0 0.0 0.02
Total 99.2 1016 101.84

Molecular proportions per six O atoms

Si 2.01 1.99 1.94
Ti 0.00 0.00 0.00
Al 0.00 0.02 0.04
Cr 0.01 0.00 0.00
Fe?+ 1.16 1.65 1.59
Fe3+ 0.00 0.00 0.09
Mn 0.02 0.01 0.01
Mg 0.73 0.28 0.29
Ca 0.05 0.05 0.05
Na 0.00 0.00 0.00
Total 3.98 4.00 4.01

Note: compositions are in weight percent.
* Wavelength-dispersive analysis.
** Fe**/Fe?+ calculated by MINCLC (Freeborn et al., 1985).

The ensuing work can be divided into two main sec-
tions. The first section focuses on crystallographic vari-
ations of the orthopyroxene structure on heating. This
provides an inherent constraint on the disordering pro-
cess lacking in the previous Méssbauer studies. In addi-
tion, the crystallographic parameters indicate problems
in the stability of Fe-rich orthopyroxene on heating at the
experimental pressure of 1 bar. Therefore, ordering ex-
periments that necessitate initial heating at a high tem-
perature were not attempted. In the second section, re-
action rates for the disordering reaction are calculated
from the chemical rate law, as developed by Mueller
(1962, 1967, 1969). These are compared with previous
work on both disordering and ordering and discussed with
respect to composition and temperature. From these re-
sults, activation energies are calculated. The problems of
using a chemical rate law are discussed and a possible
alternative approach suggested.

EXPERIMENTAL AND REFINEMENT TECHNIQUES
Samples

Two Fe?*-rich orthopyroxenes (Opx) have been chosen
for this study, both from granulite facies metamorphic
rocks. Opx 4 [Fe2*/(Fe** + Mg) = 0.61] is from Uusima,
Finland (Saxena, 1969); Opx S [Fe?*/(Fe*+ + Mg) = 0.85]
is from a metamorphosed Fe formation in the Wind Riv-
er Mountains in Wyoming (Sykes, 1984). The composi-
tional data are given in Table 1.

Procedures

The following procedure was applied to every crystal:
(1) X-ray data measurement and structure refinement of

SYKES-NORD AND MOLIN: Mg-Fe ORDER-DISORDER

the unheated crystal were obtained. (2) Isothermal heat-
ing experiments in silica tubes were conducted on the
same crystal until a close approximation of the exchange
equilibrium was reached. The experiments were con-
ducted at three temperatures for each composition: 525,
575, 625 °C for Opx 5; 625, 675, 725 °C for Opx 4. Re-
mounting of the crystal, X-ray data measurement, and
structure refinements were carried out after every heating.
(3) X-ray energy-dispersive analysis of the same crystal
was performed after the last X-ray data measurements.

Sample preparation and analysis

Clear, inclusion-free, equidimensional crystals of or-
thopyroxene (100-200 pm) with no visible exsolution la-
mellae and perfect extinction parallel to ¢ were used.

An energy-dispersive spectrometer, EDS EG&G, con-
nected to a SEM Autoscan electron microscope operating
at 15 keV was employed to analyze the single crystals
(Table 1). A Magic program (Colby, 1972) in the Ortec
Magic IV M. version was used to convert X-ray counts
into oxide weight percent. The analyses were averaged
over several spots. In addition, Opx 5 was analyzed at
the U.S. Geological Survey using an ARL-SEMQ micro-
probe and the Bence-Albee data reduction method. These
results are also noted in Table 1. The microprobe data
agree with the X-ray energy-dispersive analysis, except
that the WDA analysis gives 2.8% Fe,O, after recalcula-
tion by the program MINCLC (Freeborn et al., 1985).

Heating experiments

The crystals were sealed in small silica tubes containing
pure Ar (fluxed at 800 °C with Ti and passed over an-
hydrous silica gel) at slightly above 1 atm. The durations
of the heating experiments were initially chosen by con-
sideration of the temperature, the composition of the py-
roxene, and the results of previous work (Saxena and
Ghose, 1971; Besancon, 1981). The sample was heated
in a vertical, temperature-controlled furnace [+3 °C, Pt/
(Pt-Rh) thermocouple). Quenching of the crystal was done
by dropping the tube into cold H,O.

X-ray data measurement and structural refinement

Intensity data were obtained by using a computer-con-
trolled Siemens AED four-circle diffractometer with
MoKa radiation monochromatized by a flat graphite
crystal at Padua, Italy. Intensities of reflections with § <
30° were measured using the w-scan mode. The equiva-
lent pairs Akl and %kl were scanned. The intensities were
corrected for absorption following the semiempirical
method of North et al. (1968), and the values of the
equivalent pairs were averaged. The X-ray data were pro-
cessed by means of a program specifically written for the
STOE AED II diffractometer; one of its standard pro-
grams (DL) was used to optimize the unit-cell parame-
ters.

The refinements were carried out in space group Pbca
without chemical constraints using a full-matrix least-
squares program (BLSQ cop. STOE). (The site partition-
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Fig. 1. Variation of the unit-cell volume with composition.

Solid circles are for samples from Ross and Huebner (1979).
Samples 4 and 5 are from this study, and samples 274, 10, and
10/68 are from Domeneghetti et al. (1985).

ing used to obtain the reaction rates is calculated using
both structure site occupancies and the chemical com-
position of the sample, as discussed later.) This refine-
ment program allows assignment of two scattering curves
(f1 and f2) for each site and refinement of the occupancy
factors x(f) with the constraint that x(f1) + x(f2) = 1.
Since the maximum difference between neutral and ion-
ized scattering curves occurs at low sin(6/)) values (up to
0.30), a partial ionization model was adopted (Rossi et
al., 1983). Fully ionized cations were assigned to the M1
and M2 sites (Mg?* and Fe?* for M1; Mg2+ and Fe?* for
M?2), a partly ionized Si cation (Si25+) for TA and TB,
and a negative charge (O'5-) for the O sites (Comer and
Waber, 1974; Tokonami, 1965). All of the structure sites
were considered fully occupied. The reflections with 7 =
3o (I) were considered as observed and were given equal
weight. All of the displacement factors were treated as
isotropic at first and then as anisotropic, starting with the
atomic and thermal parameters of Ganguly and Ghose
(1979).

Selection of crystals of suitable quality was difficult.
Approximately one crystal in six for Opx 4 (R discrep-
ancy values 2.7-3.9%) and one crystal in four for Opx 5
(R discrepancy values 2.9-3.9%) were selected for the
heating experiments after initial study by X-ray diffrac-
tion. R values of 2.7-4.4% were obtained for the heated
crystals. The resulting standard errors in site occupancies
are 0.006-0.009 apfu. Final atomic parameters and ob-
served and calculated structure factors are available from
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Fig. 2. Filling of both the M1 and M2 sites in orthopyroxene
with respect to total Fe?+ content at 700 °C. Samples indicated
are the same as in Fig. 1.

the authors. Structure data utilized in this paper are given
in Table 2.

EFFECTS OF HEATING ON THE STRUCTURE OF
ORTHOPYROXENE

Crystallographic variations

The structure data for both the heated and unheated
crystals of this study are consistent with previous data on
orthopyroxenes (Domeneghetti et al., 1985, samples
274,10,10/68) and the synthetic end-members enstatite
(Ganguly and Ghose, 1979) and ferrosilite (Sueno et al.,
1976). Structure data are compiled in Table 2. The values
X and X, are the crystallographic site occupancies
calculated from electron density at the sites, assuming
that only Fe?* and Mg are present.

Variations in the volume of the unit cell are essentially
linear with respect to the Fe/(Fe + Mg) content (Fig. 1).
Data for the samples are compared with those of un-
heated samples of both Ross and Huebner (1979) and
Domeneghetti et al. (1985). With heating, the unit-cell
volume increases because Fe?* enters and enlarges the
smaller M1 site, as shown by the slight increase in M1-
O. The volume change on heating, although noted (Table
2) for each individual crystal, is within the symbol size
on Figure 1.

The distribution of Fe?* between the two M sites is not
equal, in agreement with previous studies. We have clear-
ly shown this distribution in Figure 2. With increasing
X+, Fe?* first enters the M2 site. Then, when X, is be-
tween 0.5 and 0.6 and the M2 site is almost saturated
with Fe2+, the additional Fe?+ fills the M1 site preferen-
tially. Other physical changes occurring at this composi-
tional range are a break in the slope of the tie line rotation
between orthopyroxene and clinopyroxene (Ross and
Huebner, 1975) and a change in the activation energy of
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TaBLE 2. Structural data for Opx 4 from Finland and Opx 5 from Wyoming

TA-O TA-O TA-O TB-O TB-0 TB-O
t M1 + M2 Cell V mean bridging nonbridging mean bridging nonbridging
T(C) (min) Xeewn Xeaz  ©lectron no.* (A% (Y] A A )] A A
Opx 4
25 unh 0.300 0.939 41.346 861.940 1.626 1.645 1.606 1.639 1.667 1.610
625 20 0.352 0.892 41.416 862.520 1.626 1.647 1.605 1.641 1.667 1.614
625 40 0.370 0.859 41.206 862.870 1.628 1.648 1.610 1.640 1.670. 1.610
625 60 0.391 0.850 41.374 862.850 1.626 1.647 1.605 1.638 1.668 1.608
625 120 0.393 0.834 41.178 862.560 1.626 1.647 1.605 1.641 1.669 1.613
625 300 0.403 0.824 41.178 862.720 1.627 1.647 1.606 1.640 1.668 1.612
625** 1800 0.408 0.802 40.940 862.660 1.628 1.647 1.609 1.639 1.666 1.612
625** 6000 0.411 0.746 40.198 860.750 1.625 1.643 1.606 1.637 1.664 1.610
25 unh 0.296 0.953 41.486 861.560 1.625 1.646 1.605 1.638 1.667 1.610
25t unh 0.291 0.937 41.192 862.420 1.626 1.647 1.605 1.640 1.669 1.611
6751 10 0.352 0.879 41.234 863.070 1.626 1.648 1.604 1.640 1.671 1.610
675 15 0.362 0.860 41.108 863.270 1.627 1.647 1.608 1.639 1.668 1.610
675 30 0.387 0.841 41.192 863.400 1.628 1.646 1.609 1,640 1.670 1.609
6751 30 0.378 0.844 41.108 863.440 1.627 1.649 1.606 1.640 1.669 1.619
675 45 0.392 0.839 41.234 863.820 1.626 1.648 1.603 1.640 1.669 1.611
675+ 120 0.392 0.832 41.136 863.980 1.626 1.648 1.603 1.641 1.671 1.611
25 unh 0.288 0.942 41.220 861.603 1.625 1.644 1.607 1.638 1.667 1.609
725 5 0.425 0.804 41.206 862.780 1.624 1.645 1.602 1.639 1.669 1.608
725 10 0.411 0.789 40.800 862.520 1.625 1.645 1.604 1.640 1.668 1.612
725 15 0.422 0.784 40.884 862.280 1.626 1.649 1.603 1.641 1.667 1.614
725 45 0.422 0.784 40.884 862.420 1.626 1.646 1.607 1.635 1.667 1.603
725** 180 0.426 0.740 40.324 860.870 1.625 1.647 1.604 1.638 1.665 1.610
Opx 5

25 unh 0.713 0.959 47.408 871.440 1.626 1.645 1.607 1.641 1.669 1.614
525 5 0.720 0.965 47.590 871.650 1.626 1.644 1.609 1.642 1.666 1.618
525 15 0.719 0.950 47.366 871.550 1.623 1.644 1.602 1.639 1.666 1.613
525 30 0.731 0.962 47.702 871.420 1.627 1.647 1.607 1.641 1.668 1.614
525 120 0.747 0.945 47.688 871.520 1.625 1.644 1.606 1.642 1.668 1.616
525* 34560 0.741 0.893 46.876 871.050 1.627 1.644 1.609 1.641 1.666 1.615
25 unh 0.704 0.958 47.268 871.640 1.626 1.645 1.607 1.641 1.667 1.615
575% 5 0.717 0.948 47.310 871.940 1.626 1.645 1.608 1.643 1.668 1.618
5751 10 0.690 0.925 46.610 871.610 1.626 1.646 1.606 1.639 1.666 1.613
575 15 0.718 0.935 47.142 871.840 1.627 1.647 1.607 1.645 1.668 1.617
5175 30 0.713 0.929 46.988 871.950 1.625 1.646 1.605 1.642 1.670 1.614
575t 120 0.718 0.933 47114 872.150 1.627 1.647 1.607 1.642 1.669 1.614
5751 600 0.726 0.928 47.156 872.550 1.628 1.649 1.606 1.644 1.669 1.619
25 unh 0.708 0.956 47.296 871.970 1.626 1.644 1.608 1.642 1.667 1.617
25+ unh 0.714 0.963 47.478 872.010 1.626 1.644 1.608 1.640 1.668 1.613
6251 5 0.740 0.917 47.198 872.150 1.624 1.643 1.606 1.643 1.668 1.617
625 10 0732 0.920 47.128 871.990 1.626 1.644 1.608 1.641 1.670 1.612
625 20 0.740 0.920 47.240 872.600 1.627 1.645 1.610 1.639 1.670 1.608
625 30 0.744 0.918 47.268 872.131 1.625 1.645 1.605 1.641 1.668 1.613
625 90 0.747 0.913 47.240 871.720 1.626 1.646 1.607 1.640 1.666 1.615
625 270 0.749 0.918 47.338 871.700 1.625 1.644 1.607 1.640 1.666 1.613

Note: the abbreviation unh = unheated.

* See text for calculation.
** Problem with stability.
t Second crystal studied.

disordering, as we have noted. These observations are
discussed later.

The tetrahedral sites TA and TB show slight geomet-
rical variations (Table 2). The general trend with increas-
ing Xean + Xeme content is for a lengthening of the (T-
O) nonbridging distances and a shortening of the (T-O)
bridging bond distances. The mean (T-O) distances for
both A and B chains do not change significantly with
increasing Xeaq, + Xeme. Data for Opx 5 support the
observation (Domeneghetti et al., 1985) that “1Al substi-
tution occurs only in the TB site, resulting in an increase
in the (TB-O) bond lengths, especially for the (TB-O)
nonbridging bonds.

The M2 site has an irregular coordination with six O

atoms. Figure 3a shows the variation in the M2-O3A
bond length with respect 10 Xy + Xpewmz for the un-
heated samples. The regular increase in the M2-O3B bond
length with composition is shown in Figure 3b. As dis-
cussed by Domeneghetti et al. (1985), this regular in-
crease in the bond lengths between the M2 site and the
bridging O3 atoms with X;.\, + Xpm, indicate that these
bonds are sensitive to the bulk octahedral layer size rath-
er than the single M2 site. Samples 10 and 5 have slightly
shorter M2-O3B bond lengths. This observation comple-
ments the increase in size of the (TB-O) bond lengths
caused by a small amount of WAl in the TB site, as sug-
gested by Domeneghetti et al. (1985).

The M1 octahedral site shows a wide variation in size
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TaBLE 2— Continued

M1-0 M2-0
mean mean M2-03A M2-03B M2 v M1 Vv
A &) A) A (&) &)
Opx 4
2.103 2.222 2414 2.560 13.413 12.26
2.103 2.219 2.408 2.556 13.378 12.266
2.105 2.217 2.405 2.553 13.364 12.291
2.105 2.220 2.406 2.554 13.404 12.30
2.104 2.217 2.407 2.551 13.36 12.104
2.105 2.218 2.406 2.557 13.35 12.29
2.103 2.219 2.407 2.561 13.38 12.27
2.101 2.221 2.408 2.565 13.42 12.23
2.102 2221 2414 2.561 13.40 12.241
2.103 2.221 2.415 2.558 13.403 12.255
2.106 2.219 2.412 2.554 13.366 12.314
2.105 2.219 2.411 2.557 13.39 12.290
2.106 2.218 2.410 2.556 13.36 12.32
2.105 2.218 2.404 2.556 13.37 12.29
2.108 2.218 2.409 2.555 13.36 12.348
2.108 2.218 2410 2.554 13.358 12.351
2.101 2.222 2.416 2.555 13.429 12.240
2.106 2.217 2.406 2.553 13.35 12.32
2.106 2.216 2.407 2.552 13.331 12.306
2.105 2.217 2.404 2.556 13.343 12.295
2.105 2.221 2.406 2.562 13.42 12.302
2.102 2.219 2.404 2.551 13.40 12.25
Opx 5
2.119 2.224 2.441 2.563 13.442 12.545
2.120 2.223 2.445 2.567 13.426 12.55
2.120 2.227 2.446 2.569 13.506 12.588
2.120 2.220 2.438 2.563 13.42 12.553
2.120 2.223 2.441 2.563 13.42 12.56
2117 2.227 2.440 2.572 13.49 12.51
2.119 2.227 2.445 2.566 13.50 12.55
2.118 2.226 2.441 2.563 13.48 12,515
2.120 2.228 2.442 2.572 13.52 12.56
2.119 2.225 2.438 2.563 13.44 12.54
2.121 2.223 2.441 2.561 13.43 12.58
2121 2.224 2.438 2.563 13.46 12.57
2,119 2.225 2.439 2.563 13.45 12.54
2118 2.226 2.444 2.562 13.46 12.52
2.118 2.228 2.444 2.570 13.514 12.53
2.120 2.225 2.446 2.568 13.457 12.56
2121 2.226 2.443 2.562 13.49 12.56
2122 2.227 2.443 2.567 13.505 12.591
2122 2.226 2.441 2.568 13.482 12.583
2.119 2.229 2.444 2.574 13.527 12.53
2.119 2.442 2.574

with heating. In Figure 4, the variation in the mean (M1-
O) bond length with respect to time is shown. The change
in bond lengths is more pronounced for Opx 4 than Opx
5, as there is a much greater possibility for disorder due
to the larger amount of Mg. Initially, the (M1-O) bond
length increases as expected with increasing Fe2+ entering
the M1 site. However, with further heating the (M1-O)
bond length decreases significantly, with almost constant
Xrmi- This effect, not related to the degree of disorder,
will be discussed below.

Stability of Fe?+-rich orthopyroxene

Both Opx 4 and 5 showed signs of structural instability
with heating of the crystals. After every cycle of refine-
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lengths with X + Xrm, for the unheated samples. Samples
are the same as in Fig. 1, with the additional samples En from
Ganguly and Ghose (1979) and Fs from Sueno et al. (1976).
Estimated errors of +0.003 A are within the size of the symbol.

ment, an estimate of the total number of electrons in the
M1 and M2 sites was calculated from the refined occu-
pancy factors, assuming 26 and 12 electrons for Fe and
Mg, respectively (Table 2). The M1 + M2 electron num-
ber should remain approximately constant throughout the
experiment. For three crystals, Opx 4 at 625 and 725 °C
and Opx 5 at 525 °C, there was a marked decrease in the
number of electrons after several periods of heating (Fig.
4a—4c¢). This coincided with a decrease in the amount of
Fe2* in the M2 site, with no corresponding increase in
Fe2+ in the M1 site, indicating that this effect is not re-
lated to the order-disorder reaction. In addition, there
was a small decrease in the M1-O distances for the M1
site. (It should also be noted that Anovitz et al., 1988,
reported anomalous results for their most Fe?*-rich sam-
ple [PX4, TM2, Fe/(Fe + Mg) = 0.81] for long periods
of heating.)

This decrease in the calculated number of electrons with
time could be attributed to a loss of Fe?* (or other high
electron density ions) from the orthopyroxene crystal
structure, essentially from the M2 site. There are several
possible explanations for this observation including (1)
oxidation of the sample with formation of Fe*+ oxides,
(2) formation of a secondary Fe?*-rich phase within the
crystal, or (3) the introduction of vacancies.

Fe2+-rich orthopyroxenes are only stable at relatively
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high temperatures and pressures, normally associated with
granulite facies metamorphism. The equilibrium condi-
tions for orthopyroxene, relative to olivine and quartz,
are dependent not only on pressure and temperature but
also on f,,. The actual value of f,, attained during an-
nealing of Opx 4 and Opx 5 is not known. In order to
evaluate any changes that would indicate oxidation or
reduction, we have examined crystals of heated and un-
heated Opx 4 and Opx 5 by transmission and scanning
electron microscopy.

A first approximation to the relative stabilities of or-
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Fig. 4. (a-c) Summary of three of the heating experiments

showing crystal instability. The dashed line indicates trends out-
side the stability conditions.

thopyroxenes having the compositions of the studied
samples can be obtained from the phase diagram of Chat-
terjee (1987) (Fig. 5). The f,, appropriate for this phase
diagram is below the QFM buffer. The phase diagram is
contoured for the composition of the Fe?*-rich pyroxene.
P-T conditions for Opx 5 exceed the limits of the stability
field at 1 atm at all temperatures considered. However,
Opx 4, if a pure quadrilateral phase, should be stable up
to approximately 950 °C. Small amounts of nonquadri-
lateral components may cause it to become unstable at
lower temperatures. The Fe-rich sample of Anovitz et al.
(1988) also plots out of the orthopyroxene stability field
at the temperatures and pressures of their experiments.
Anovitz et al. (1988) obtained X-ray diffraction patterns
of the anomalous samples, but no other phases were de-
tected.

Heated and unheated samples of Opx 5 (700 °C, 15 h)
were studied by SEM and TEM. No surface phases were
seen on either crystal in SEM images; X-ray energy-dis-
persive analyses of parts of the crystal surface gave no
indication of an oxide phase. Therefore, oxidation due to
introduction of O seems unlikely. In both samples small
lamellae (<2% by area) of C2/c clinopyroxene were ob-
served in TEM images, as expected for granulite facies
pyroxenes. If these lamellae were homogenized during
the heating experiment, Ca2* that entered the M2 site
may have had an unknown effect on the disordering re-
action. However, other rate studies on clinopyroxenes of
similar Fe/Mg ratios indicate that significantly higher
temperatures and long times are necessary for any long-
range diffusion (tens of nanometers) that might affect the
rate law (Nord and McCallister, 1979; Buseck et al., 1980).
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No indication of any other secondary phase could be seen
in TEM images, and no structure distortions were noted.

With the data available from these experiments, the
exact nature of the electron loss cannot be determined;
however, it appears that the introduction of vacancies in
the M2 site (i.e., the removal of Fe?+) is the most likely
cause. The decrease in the M1-O mean bond length oc-
curring while the amount of Fe in the site remains con-
stant suggests a substitution of Fe** for Fe?+ in M1, which
would maintain the charge balance of the crystal. It is
inferred that a small amount of Fe sublimated during
heating. It is important to be aware of these problems
both for future experimentation and when using previ-
ously published data in the compositional range Fsg,—
Fs,;.

REACTION RATES AND ACTIVATION ENERGIES
Calculation of cation distribution

The structure data obtained in this study, together with
the microprobe data, have been used to calculate cation
distributions to analyze the kinetics of the disordering
exchange reaction in orthopyroxene, dominated by

Mg+ M1 + Fer* M2 - Fe2+ M1 + Mg+ M2. (1)

Other components in the crystal (Ca?*, Mn2+, Cr3+, Ti*t,
Al+) will also affect the exchange reaction. The cation
distributions used for the calculations of reaction rates in
this paper have been calculated from the X-ray site oc-
cupancies using the program MINUIT (James and Roos,
1975). Ca?* and Mn?* were assigned to the M2 site and
Al Fe3+, Cr*+, and Ti** to the M1 site (Tazzoli and
Domeneghetti, 1987; Molin, 1989). Mg2* and Fe>* dis-
tributions are obtained by the minimization of the squares
of the normalized residuals of the following constraints
(after Cundari and Salviulo, 1987): (1) the balance be-
tween atomic fractions and site electron densities of M1
and M2, (2) the sites TA, TB, M1, and M2 are completely
occupied, (3) charge balance between WAl and R+, (4)
bulk valence balance (converts Fe2* to Fe*+). The site
occupancies are reported in Table 3.

The results of this study are compared with those of
previous studies (Besancon, 1981; Anovitz et al., 1988),
where the relative proportions of Fe?* and Fe*+ in the
two M sites were determined by Méssbauer methods, and
cation distributions were calculated from Fe, of the sam-
ple, as determined by chemical analysis. The terms Xy,
and X:.., were introduced above as the calculated Fe and
Mg distributions with the assumption that only Fe and
Mg were present in the M sites. These values were useful
for the comparison of crystal structure geometry with site
occupancy and composition. For the reaction analysis,
however, the actual site occupancies as reported in Table
3 must be used to compare the results with those of the
Mossbauer analysis.

Reaction rate calculation

As in all previous studies of the order-disorder reaction
in orthopyroxene, we have used the Mueller chemical
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Fig. 5. Pressure-temperature phase equilibria for olivine, or-

thopyroxene, and quartz, contoured in mole percent ferrosilite
(Fs) component. Thermochemical data used and f;, are given in
the text.

rate law model (based on Dienes, 1955) to calculate the
reaction rates. Using the Mueller model one can derive
the following equation for the disordering reaction in py-
roxenes where(}( is the rate constant for disordering:

—dXEe 3
—SE = ey + 0T + . @)

The parameters for orthopyroxene are defined as a = '2(1
—K7Y), b=~ X, + K;'( X+ %), and ¢ = —K7' X,
and K is the distribution coefficient.

X5 XNs

XX

Xe = X X5)

where X, is the site mole fraction of Fe?* in the M2
site.
Mueller integrated Equation 2, yielding
> 1
—kAt = —7———
(b* — 4acy”

—QaX%, + b) + (b — dac)” X Fen)
(2aXip, + b) + (b* — 4ac)"

K, =

- In

XT50)

The disordering rates calculated and their fit to the ex-
perimental data in this study are shown as a function of
time in Figure 6. The reaction rates derived can be com-
pared with previous studies of the Fe?*-Mg exchange re-
action in orthopyroxene. Besancon (1981) studied two
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TaeLE 3. Site occupancies
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7 = M1 M2
(°C) (min) Mga+ Fe2+ Fe3+ Cre+ Tid+ Mgz+ Fe2+ Mn2+ Ca2+
Opx 4
25 unh 0.700 0.293 0.000 0.004 0.003 0.037 0.888 0.020 0.055
625 20 0.649 0.343 0.002 0.004 0.003 0.088 0.837 0.020 0.055
625 40 0.614 0.379 0.000 0.004 0.003 0.123 0.802 0.020 0.055
625 60 0.609 0.383 0.001 0.004 0.003 0.128 0.797 0.020 0.055
625 120 0.603 0.390 0.000 0.004 0.003 0.135 0.789 0.020 0.055
25 unh 0.702 0.289 0.002 0.004 0.003 0.023 0.904 0.020 0.053
675 10 0.646 0.345 0.002 0.004 0.003 0.097 0.830 0.020 0.053
675 15 0.636 0.355 0.002 0.004 0.003 0.116 0.811 0.020 0.053
675 30 0.611 0.380 0.002 0.004 0.003 0.135 0.792 0.020 0.053
675 45 0.606 0.385 0.002 0.004 0.003 0.155 0.772 0.020 0.053
25 unh 0.710 0.282 0.002 0.003 0.003 0.033 0.894 0.021 0.051
725 5 0.571 0.418 0.002 0.003 0.003 0.172 0.755 0.021 0.051
725 10 0.576 0.415 0.001 0.003 0.003 0.169 0.759 0.021 0.051
725 15 0.567 0.424 0.002 0.003 0.003 0.178 0.750 0.021 0.051
725 45 0.567 0.424 0.002 0.003 0.003 0.178 0.750 0.021 0.051
T ; M1 M2
°C) (min) Mgz+ Fez+ Fe?+ AR+ Mg+ Fe?+ Mn2+ Ca?+
Opx 5
25 unh 0.272 0.717 0.003 0.008 0.006 0.933 0.007 0.054
525 5 0.271 0.718 0.004 0.007 0.007 0.932 0.007 0.054
525 15 0.265 0.722 0.006 0.006 0.013 0.926 0.007 0.054
525 30 0.262 0.729 0.000 0.009 0.016 0.923 0.007 0.054
525 120 0.246 0.744 0.003 0.008 0.032 0.907 0.007 0.054
25 unh 0.288 0.699 0.005 0.008 0.018 0.921 0.007 0.054
575 5 0.275 0.712 0.005 0.008 0.028 0.911 0.007 0.054
575 15 0.275 0.712 0.005 0.008 0.041 0.898 0.007 0.054
575 30 0.280 0.707 0.005 0.008 0.047 0.892 0.007 0.054
575 120 0.275 0.712 0.005 0.008 0.043 0.896 0.007 0.054
575 600 0.267 0.720 0.005 0.008 0.048 0.891 0.007 0.054
25 unh 0.274 0.716 0.002 0.008 0.004 0.935 0.007 0.054
625 10 0.243 0.747 0.001 0.009 0.035 0.904 0.007 0.054
625 20 0.240 0.748 0.006 0.006 0.038 0.900 0.007 0.054
625 30 0.235 0.756 0.000 0.009 0.043 0.896 0.007 0.054
625 90 0.231 0.759 0.001 0.009 0.047 0.892 0.007 0.054
625 270 0.235 0.751 0.010 0.004 0.044 0.895 0.007 0.054
Note: cation distributions calculated using the program MINUIT (James and Roos, 1975). The abbreviation unh = unheated.
TasLE 4. Summary of rate constants for disordering (}), ordering (ﬁ), and other kinetic data
Sample HC* 274" M32B+t 10+ TZ* 4% 10/68** PX4§ 5%
Fe/{Fe + Mg) 0.13 0.18 0.39 0.49 0.61 0.57 0.77 0.81 0.85
T(C) k k k k k k k k
500 0.0000738 0.0003
525 0.0095
550 0.0026
575 0.048
600 0.0001 0.00732 0.003 0.000741 0.012 0.010
625 0.0205 0.17
650 0.000454 0.000725 0.0523 0.0129 0.00448 0.0332 0.0467 0.045 0.333
675 0.0370
700 0.00281 0.005 0.284 0.047 0.0147 0.15
725 0.3
750 0.0118 0.177
800 0.0566 0.06 5.54 0.406 1.44
K'/min 246 x 10" 1.05 x 10" 1.99 x 10 1.25 x 10° 1.06 x 10?2 470 x 10° 1.04 x 10° 3.35 x 10" 1.97 x 10°
E (kcal/mol) 62.2 59.8 61.6 46.4 60.7 471 43.7 45.9 413

* From Table 3, Besancon (1981).
** Calculated from full site occupancy data of Saxena et al. (1989).

1 Calculated from Eq. 26 of Anovitz et al. (1988).

f This study.
§ Calculated from Mssbauer analyses, Table 3 of Anovitz et al. (1988) because their Eq. 27 appears to be in error.
|| Rates calculated from £ and k' values.




SYKES-NORD AND MOLIN: Mg-Fe ORDER-DISORDER

B 625 °C
SAMPLE 4 A 675 °G
Lel o 725°C
0.85
080 e [=0.0205
k =0.037
0.75 [0~ © K=0.3
g.’n A 525 °C
083 SAMPLE 5 e
. 0.92
e -
K = 0.0095
M2 4 91
0.90 k=017
0.89
0 575°C
0.92
0.91
0.90 +
0.89
r K = 0.048
0.88 |-
0 I 20 ] 4!0 ] 6I0 I 8IO -160I1éOI1AO‘ =1
time (mins)

Fig. 6. Rate constant fits for samples 4 and 5 using the cation
distributions from Table 3.

samples (HC, Fs,,, and TZ, Fs,,) using Mdssbauer tech-
niques, and Saxena et al. (1989) studied three samples
(274, Fsg; 10, Fs,; and 10/68, Fs,,) using single-crystal
X-ray techniques. Also included for comparison are the
results of Anovitz et al. (1988). Two samples were studied
(M32b, Fs,,, and PX4, Fsg,).

Table 4 shows the rate constants arranged by temper-
ature and composition for all studies. As expected, the
general trends are for the rates to increase with both in-
creasing temperature and increasing Fe?* content. These
rate constants (disordering k and ordering 72) are also
shown on Figure 7 (all recalculated to 650 °C). If the same
process operates for all samples, a linear trend is expected
for a plot of reaction rate vs. composition. The solid line
shows the least-squares fit to the data, except for M32B.
The rate constant, as calculated from the Mueller model,
for sample M32B is one order of magnitude greater than
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Fig. 7. Natural log of rate constants from Table 4 for both
ordering and disordering at 650 °C with respect to composition.

for the other samples, whereas for sample PX4 (see note,
Table 4) the ordering rate is equivalent to that expected
for the disordering rate.

Activation energies

The data for rate constants can be used to obtain the
activation energies and frequency factors for the order-
disorder reaction. The rate constant

> —-E
k=k —
exp< RT)
where k' = frequency or preexponential factor. This equa-
tion can be rewritten as

- —E,|[1 p
lnk——R—<T>+lnk.

The results can then be plotted on an Arrhenius dia-
gram, and a straight line relationship is expected if the
same mechanism is operable for each determination of
k. The slope of the line gives the activation energy of the
process (divided by R), and the intercept gives the natural
log of the frequency factor.

The values for E, and k' have been calculated by least
squares, assuming a linear relation. Activation energies
are 47 and 41 kcal/mol for Opx 4 and Opx 5, respectively,
with associated frequency factors of 4.70 x 10° and 1.97
x 10°. (R values are 88.6% for Opx 4; 99.9% for Opx 5.)

Activation energies as a function of composition are
shown in Figure 8 and Table 4. The activation energies
of the Mg-rich samples are approximately 60 kcal/mol.
This includes sample M32B, for which the ordering ac-
tivation energy, not the disordering activation energy, is
calculated. The more Fe-rich samples have activation en-
ergies of approximately 45 kcal/mol. Again the ordering
sample, PX4, shows an activation energy similar to those
of the disordering samples. Sample 10 and sample TZ
show significantly different activation energies for ap-
proximately the same composition. As results for sample
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Fig. 8. Activation energies from Table 4 with respect to com-
position.

10 are only based on two measurements and sample TZ
on four, the value for sample 10 may be in error, and
further experimentation should be carried out on it.

DiscussioN

Reaction rate constants (calculated using the Mueller
chemical rate law) show the expected increase with tem-
perature and Fe?+ enrichment for all disordering studies.
However, ordering studies give faster rates for disordered
sample M32B and the same rate for PX4. Theoretically,
ordering is expected to be a slower process than disor-
dering, since there are more paths available for the sys-
tem to disorder than to order (Putnis and McConnell,
1980). This indicates a possible problem with sample
M32B or with the chemical rate law when it is applied to
ordering.

Anovitz et al. (1988) disordered both samples by heat-
ing them at 900 °C for 2 h. As already stated, these con-
ditions are outside the stability field of orthopyroxene for
sample PX4. Although it is clearly shown by the experi-
ments that both samples became progressively more or-
dered, the degree of order of the initial material is not
fully known. The sample might have disordered further
with time if held at 900 °C. O’Neill et al. (1991) have
studied the variation in reaction rates for the cation dis-
tribution in magnesioferrite and found significant differ-
ences depending on the initial order of the sample relative
to the equilibrium state. In addition, there may have been
little long-range order but significant short-range order,
which could speed up the ordering reaction (e.g., such as
suspected in omphacites found in eclogites, Ross, 1991).
Clearly, the chemical rate law as defined by Mueller does
not account for reaction rate changes resulting from dif-
ferences between the degree of order in the starting ma-
terial and the degree of order at equilibrium.

A significant change in activation energy from the Mg-
rich samples to the Fe-rich samples is shown by several
site occupancy studies and two very different site defining
techniques (Mossbauer and X-ray structure refinement).
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The Mg-rich samples have a higher activation energy of
approximately 60 kcal/mol, and the Fe-rich samples have
a lower activation energy of approximately 45 kcal/mol.
The break is at approximately 50-60% Fs. This difference
could be attributed to a change in the site exchange mech-
anism at approximately Fs;,—Fs,,. In this composition
range the M2 site is almost saturated with Fe2+, and Fe?+
must begin to enter the M1 site (Fig. 2). This affects the
crystal structure, increasing the lengths of the M2-O3A
and M2-O3B bonds (Fig. 3a and 3b; Domeneghetti et al.,
1985). The opening up of the structure could make the
exchange reaction faster. Several other factors could affect
the activation energy, such as defect density or the types
of defects. In addition, it is possible that at greater Fe?+
concentrations the amount of Fe*+ will be greater, causing
an increase in vacancy concentration. This in turn in-
creases the probability that a site will be available for
exchange, i.e., the entropy is increased. All of these fac-
tors could account for a decrease in the activation energy
for the compositional range Fs;,~Fs,q. A further, prob-
ably connected, feature has been found at this composi-
tional range for macrocrystals. It is a break in slope of
Fe2+-Mg partitioning between Ca-rich and Ca-poor py-
roxene, which was discussed by Huebner (1980, p. 227).

The Mueller chemical rate law yields consistent results
for activation energy for both the ordering and disorder-
ing processes. As with Gibbs free energy, activation en-
ergy can be defined by the enthalpy and entropy of acti-
vation (AE, = AH, — TAS,). The entropy for disordering
must be larger than the entropy for ordering. However,
if the enthalpy is large relative to the entropy, very little
difference would be seen between the activation energies
of the two reactions.

Considering the above problems and the fact that the
chemical rate law results are not easily incorporated into
macroscopic thermodynamic functions, we suggest that a
further study may be possible using Landau theory for
nonconvergent ordering. Salje and Kroll (1990) have used
reaction rate laws derived from order-parameter theory
to describe the nonconvergent Al-Si order-disorder re-
action in sanidine (only disordering experiments consid-
ered), and both the equilibrium values and the reaction
rates are in good agreement with this theory.
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