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Ansrnncr

Crystal structural data of orthopyroxene suggest that Fe-Mg interdiffirsion should be
fastest along the c axis and slowest along the a axis and that the overall kinetics of the
Fe2*-Mg fractionation, or order-disorder, between the Ml and M2 sites should be domi-
nated by exchange along the c and b directions. Using these crystallographic constraints
and a formulation of the diffirsion process according to absolute reaction rate theory, we
have developed an expression of the average Fe2*-MB interdiftrsion coefficient along the
c and b directions of orthopyroxene, D(Fe-Mg)"-', in terms of the rate constant of the
disordering process [Fe,* (M2) + Mg (Ml) + Fe2+ (M1) + Mg (M2)], the equilibrium
intracrystalline distribution of Fe2+ and Mg, and the average distance between the neigh-
boring Ml and M2 sites along c and b. D(Fe-Mg)"-o has been evaluated from the available
experimental data on the order-disorder process as a function of temperature and com-
position and is defined as follows:

log D(Fe-Mg)* : -5.54 + 2.6XF"- 
12530

T

This expression is valid aI T * 500-800 "C, fo, * WI to 0.8 log units above the WI buffer,
and X." *, 0.10-0.50 and yields values of D(Fe-Mg)"-o in orthopyroxene that are at least
two orders of magnitude smaller than D(Fe-Mg)" in olivine and about one order of mag-
nitude larger than the isotropic D(Fe-Mg) in garnet at the same X"" and /o, conditions.
However, because of diffusion anisotropy in orthopyroxene, the apparent difference be-
tween D(Fe-Mg) in orthopyroxene and garnet could seem smaller in terms of composi-
tional zoning in random thin sections of natural rocks. Comparison of the value of the
tracer diffi.rsion coefficient of Mg, D{0*, at Xr" : l, derived from the above interdiffi.rsion
data with that determined by Cygan et al. (1994) at Xr" : 0.1 suggests that Df{r increases
with increasing Fe/Mg ratio.

InrnonucrroN to that in garnet, but perhaps somewhat faster, at the

Knowledge of the Fe-Mg interdiffusion property in or- conditions through which diffusion was effective in these

thopyroxene, D(Fe-Mg), is important to the interpreta- rocks. On the other hand, Delaney et al. (1981) have ar-
tion of the closure temperature of Fe-Mg exchange geo- gued that D(Fe-Mg) in orthopyroxene should be similar
thermometers that involve orthopyroxene and to the to that in olivine, which is several orders of magnitude
retrieval of cooling history of the host rocks from the larger than that in garnet.
retrograde compositional zoning in orthoplroxene crys- In orthopyroxene, Fe and Mg fractionate between two
tals in terrestrial rocks (e.g., Lasaga, 1983; Ganguly and nonequivalent octahedral sites, Ml and M2. The rate of
Chakraborty, 1991; Smith and Barron, l99l; Pattison and this fractionation process has been measured experimen-
B6gin, 1994) and in meteorites (Ganguly et al., 1994). tally by several workers (Besancon, I 98 I ; Anovitz et al.,
However, in the absence of any direct experimental data, I 988; Saxena et al., I 987; Skogby, 1992; and Sykes-Nord
several workers have tried to constrain Fe-Mg interdif- and Molin, 1993). Inasmuch as intracrystalline fraction-
fusion in orthopyroxene relative to that in garnet on the ation or order-disorder is a diffrsion-controlled phenom-
basis of Fe-Mg zoning profiles in coexisting orthopyrox- enon, it should be possible to retrieve the Fe-Mg inter-
ene and garnet crystals in granulite facies rocks (Pattison diffusion coefficient in orthopyroxene from these
andB6gin, 1994)andinmantle-derivedxenoliths(Smith experimental data. The purpose of this paper is (l) to
and Barron, l99l). The general consensus ofthese studies develop a theoretical relation between diffusion and or-
is that Fe-Mg interdiffirsion in orthopyroxene is similar der-disorder properties of Fe and Mg in orthopyroxene

ooo3-004x/94l09 10-0930$02.00 930



GANGULY AND TAZZOLI: Fe-Mg INTERDIFFUSION IN ORTHOPYROXENE 931

and (2) to predict D(Fe-Mg) in orthopyroxene from the
available experimental data on the order-disorder prop-
erties. Preliminary reports of this work were presented by
Ganguly and Chakraborty (1990) and Ganguly andTaz-
zoli (1992).

Krxnrrcs oF TNTRAcRvSTALLTNE Fe2+-Mg
FRACTIONATION

The thermodynamics and kinetics of Fe2*-Mg order-
disorder in ferromagrresian silicates have been reviewed
extensively by Ganguly (1982). Thus, only a brief outline
of the theory is given below. Following the work of Dienes
(1955) on metallic alloys, Mueller (1967, 1969) treated
the Fe'z+-Mg fractionation between the Ml and M2 sites
of orthoplroxene in terms of a homogeneous chemical
exchange reaction:

Fe'+ (M2) + Mg (Ml) + Fe2+ (Ml) + Mg (M2). (l)

It was assumed by Mueller, and subsequently shown by
experimental studies (e.9., Besancon, 1981; Saxena et al.,
1987; Anovitz et al., 1988), that the kinetics of this ex-
change reaction follows a second-order rate law, which
can be expressed as

-qffi : qColK+ xr"(rr)xrr(*,) - K- xr".nDx'*o,Dl

(2)

where K+ and K- are the specific rate constants for the
forward (disordering) and backward (ordering) reactions,
respectively, X, is the atomic fraction of the cation i in
the site j, Cois the total number of Ml and M2 sites in
a unit volume of the crystal, which is assumed to remain
constant through an order-disorder process, and q: C*t/
Co, where C* is the number of M2 sites in a unit volume
of the crystal. Other symbols are defined in Appendix l.
For brevity, we will henceforth refer to Fe'?+ simply as Fe.

The forward and backward rate constants are related
to the equilibrium intracrystalline distribution coeffi-
cient, Ko, according to (Mueller, 1967; Ganguly,1982),

u _F,  (Ml)Mg (M2) _ K* / r \^": trag (tntDrdvtz): r- \J,

where i(7) can be either the atomic fraction or the number
of atoms of i in the 7 site. The quantity CoK*, which has
the dimension of l-r, has been retrieved directly by mod-
eling the experimental kinetic data (Besancon, 198 1; Sax-
ena et al., 1987; Anovitz et al., 1988; Skogby, 1992; Sykes-
Nord and Molin, 1993) according to an integrated form
of Equation 2, which was derived originally by Mueller
(1967) and in which the ordering rate constant, K-, was
eliminated by using relation 3.

Rnr,,lTroxsHrp BETwEEN F'e-Mg TNTERDTFFUSIoN
AND ORDER-DISORDER KII\IETICS

Formalism based on absolute reaction rate theory

According to the absolute reaction rate theory (Glas-
stone et al., l94l), the diffirsion coefficient of a compo-

nent in an ideal solution can be expressed as

D : )(x (4)

where tr is the average jump distance between the succes-
sive equilibrium positions of the difiilsing species, and r
is the specific rate constant for diffusion. Inasmuch as the
mixing property of Fe and Mg in orthopyroxene does not
seem to deviate significantly from ideality at conditions
ofgeological interest (see Ganguly and Saxena, 1987, for
a review), Equation 4 should be applicable to orthopy-
roxene in natural rocks to a very good approximation.

The relationship between the rate constants for difrr-
sion and order-disorder can be understood in the follow-
ing way: the rate constant for the diftrsion of Fe from
M2 to an adjacent Ml site is, on the average, simply the
forward (or disordering) rate constant for the exchange
reaction and vice versa. The structural configuration of
orthopyroxene (Fig. l) suggests that the easiest diffirsion
path of Fe and Mg along any crystallographic direction
should be through the transfer of these atoms between
M2 and Ml sites. Thus, we expect that the rate constant
for the interdiffusion of Fe and Mg along any crystallo-
graphic direction should be an average of the rate con-
stants for disordering and ordering along that direction.
For example, we expect that

r(Fe-Mg)" : Vz(ki + k;) (5)

where x(Fe-Mg)" is the rate constant for Fe-Mg interdif-
fusion along the c axis and k"* and k; represent, respec-
tively, the disordering and ordering rate constants along
the same direction. However, the rate constants for or-
der-disorder are determined by measuring the change of
the average site occupancies (as a function of temperature
and time) of a single crystal by X-ray diffraction study
(Saxena et al., 1987; Sykes-Nord and Molin, 1993) or of
a collection of crystals of essentially the same composi-
tion by Mtjssbauer spectroscopy (Besancon, l98l; Ano-
ilz et al., 1988; Skogby , 1992). Thus, an experimentally
determined or overall rate constant represents the weight-
ed average of the microscopic rate constants, i.e., K* =

2wkl , and similarly for K-, where i stands for an axial
direction (a, b, or c) and w, is a weighting factor for k*
along the same direction.

Crystallographic constraints and diffusion anisotropy

To understand how the microscopic rate constants re-
late to an overall rate constant, let us consider the spatial
relations of the octahedral sites in the structure of ortho-
pyroxene, which is schematically illustrated in Figure l.
The distances between the nearest-neighbor Ml and M2
sites along a, b, and c axes are summarized in Table l. It
is evident that these sites are most closely spaced along
c, being linked together in a zigzagpattern Thus, we ex-
pect that the Fe-Mg exchange along c should be easier
than along the other crystallographic directions. On the
other hand, Fe-Mg exchange along a should be relatively
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Fig. 1. Schematic illustration ofthe stereochemical arrangement ofthe octahedral sites in orthopyroxene along the a, b, and c
directions. The solid and dashed lines indicate the jump distances summarized in Table l. Along a, there is a tetrahedral (T) layer
between two successive octahedral (O) Iayers.

difficult because there is an intervening tetrahedral layer When site occupancies are used instead of Ko, Equation
between two successive octahedral layers. The kinetics of 7 transforms to
Fe-Mg exchange along b is likely to be intermediate be-

lff::,lE::1",ffi,x:'.;;"";:',1'j:ffrii'f"Tl:l:i,'i:':,1: D(Fe_Mg)*."f[(L+lp] (8)
exchange process in orthopyroxene should represent a
weighted average of the microscopic rate constants along where x: Fe (Ml) andy: Fe (M2). The value of tr (i.e.,
the three crystallographic directions, with relatively little the jump distance between successive equilibrium sites)
contribution from k,. We also conclude from the crystal- should be equated to the average distance between the
structural data that the Fe-Mg interdiffusion in orthopy- centers of successive Ml and M2 sites along the c and b
roxene should be anisotropic according to the following axes.
order: D.(Fe-Mg) > Do@e-Mg) > D.(Fe-Mg) and that
the interdiffusion coefficient retrieved from the macro-
scopic order-disorder rate constants should be closer to Fe-Mg TNTERDTFFT.ISTON COEFFTCTENT rN

those along c and b relative to that along the a axis. oRTHoPYRoxENE

Evaluation of the disordering rate constant

Besancon (1981), Anovitz et al. (1988), and Saxena et
al. (1987) have determined Ko and K+ as functions of
temperature for natural orthopyroxene crystals with com-
positions very close to the binary Fe-Mg join. Their ki-
netic data, along with the compositions of the orthopy-
roxene crystals, are illustrated in an Arrhenius plot in
Figure 2. We have ignored the data on Fe-rich orthopy-
roxene, PX4-TM2 (81 molo/o Fe) of Anovitz et al. (1988),
because of the experimental problems discussed in their
paper. Also, as they noted, orthopyroxene of the com-
position of PX4-TM2 is unstable relative to olivine *
q\arlz at the conditions of their experiment. Thus, al-
though they did not detect any breakdown product by
X-ray diffraction, the presence of a small amount of ol-
ivine below the detection limit of X-ray difraction can-
not be ruled out (also see below).

Use of the experimentally determined rate constants

From the above discussion, it follows that the substi-
tution of the experimentally determined or overall rate
constants of the order-disorder process, K+ and K-, in
place of the corresponding microscopic rate constants in
Equation 5, would yield an average diffirsion rate con-
stant that is weighted relatively heavily toward the dif-
fusion rate constants along c and b. Thus,

D(Fe-Mg).': tr'x*r - ^'(^. ; "-). (6)
/

When K- is expressed in terms of Kt according to Equa-
tion 3, the above relation reduces to

D(Fe-Mg)*o - ISl/t . +). (7)n 2  \ -  K" / '



Besancon (1981) and Anovitz et al. (1988) determined
the site occupancies by Mtissbauer spectroscopy, whereas
Saxena et al. (1987) employed single-crystal X-ray refine-
ment technique. The experimental temperature range was
within 500-800'C in all studies. The /o, in Besancon's
experiments was controlled by a mixture of H, and CO,
and was -0.8 log /o, units above that defined by the
wiistite + iron (WI) buffer when compared with the cal-
ibration of the buffer by o'Neill (1988). Anovitz et al.
(1988) controlled /", at, and -0.5 log units above, that
defined by the WI buffer, depending on the duration of
their experiments. Saxena et al. (1987), on the other hand,
did not buffer the fo,but instead carried out the experi-
ments by sealing the orthopyroxene crystals in evacuated
silica tubes to maintain a low but undefined /o, condition.
Since the rate constants depend on /o, (see below), the
lack of knowledge of /o, limits the usefulness of the data
ofSaxena et al. in the present work. The work ofSkogby
(1992) also suffers from the same problem. Further, Skog-
by has determined K+ only at 650'C, which adds to the
problem of using his data for any independent and un-
ambiguous constraint in this work.

As is evident from Figure 2, the data of Besancon
(1981), Saxena et al. (1987), and Anovitz et al. (1988)
agree quite well insofar as the activation energy (O) of
the disordering process is concerned. It ranges between
60701 and 66503 callmol, with an average of 62767 (+
2223) caVmol. Here and elsewhere, the error represents
I o statistical uncertainty, arising solely from the scatter
of the data but without incorporating the uncertainty of
each measurement. The kinetic data do not reveal any
systematic dependence of Q on the composition for the
range of composition considered above (X." : 0.13-0.49).
From analyses ofthe available kinetic data from ortho-
pyroxene crystals spanning the range of composition X."
s 0.13-0.85, Sykes-Nord and Molin (1993) have shown
that Q drops sharply to -45 kcal/mol at Xr.:0.50-0.60.
However, they noted evidence of structural instability in
the two Fe-rich crystals that they investigated (X." : 0.61
and 0.85). They concluded from the crystal structural data
that a small amount of Fe2* had sublimated during heat-
ing, thereby introducing vacancies, and cautioned about
this problem in future experimental studies and when
using previously published kinetic data on orthopyroxene
in the compositional range X." : 0.60-0.95. In view of
these problems and the others discussed by Anovitz et al.
(1988), we ignored the available kinetic data on Fe-rich
orthopyroxene crystals, and restricted our predictive
model to XF" < 0.5, using only those Arrhenian relations
that are constrained by experimental determinations at
more than two different temperatures.

Whereas the activation energy for Fe-Mg disordering
was found to remain essentially independent of compo-
sition in the range X," r 0.10-0.50, the kinetic data of
Besancon (1981) show that log K+ increases by approxi-
mately one order of magnitude with the increase of X."
from 0.13 to 0.49. Since the kinetic processes for both
compositions were investigated by the same technique
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Fig. 2. An Arrhenius plot of the Fe2+-Mg disordering rate
constant (K+) for orthopyroxene with XF. < 0.5 The experi-
mental data (solid lines) are from Besancon (1981), Saxena et al.
(1987), and Anovitz et al. (1988). The data for orthopyroxene
urith xF" > 0.50 and also for which the Arrhenian relation is
poorly constrained, have been neglected (see text for discussion).
The numbers on the lines indicate Xo.. The /o. conditions are
as follows: Besancon (1981): -0.8 log units above the WI buffer;
Anovitz et al. (1988): at the WI buffer and -0.5 log units above
the WI bufer; Saxena et al. (1987): undefined (evacuated silica
tube). D is expected to vary approximately as (/o,)'/6. The dashed
line represents the result of calculation according to Eq. l0 for
orthopyroxene with XF. :0.49.

(and the same investigator), the kinetic data should be
considered reliable at least in a relative sense. Also, the
nature of the dependence of the rate constant on com-
position is in qualitative agreement with that of the Fe-
Mg interdiffusion coefficient on composition in olivine
(see, for example, Morioka and Nagasawa, l99l). How-
ever, the log K+ vs. l/T relation determined by Anovitz
et al. (1988) for orthopyroxene with X'" : 0.38 lies sig-
nificantly above what one would predict from the data of
Besancon (1981). The difference in the /o, conditions be-
tween the two sets of experiments is too small to explain
this discrepancy.

By analogy with the log D(Fe-Mg) vs. XF" relation in
olivine (Morioka and Nagasawa, l99l), we assumed that
log K+ changes linearly with XF". However, since Q has
been found to be independent of composition ar XF. x

0.10-0.50, the dependence of K* on composition has to
be absorbed in the preexponential factor ofthe Arrhenius
relation, K+: Kotsexp(-Q/RT). The best fit to the data
ofBesancon (1981) and Anovitz et al. (1988) suggests

ln Kf : 26.2 + 6.0Xo" 1+ 1.82) min-'. (9)

(Although the Arrhenius relation for the disordering rate
constant determined by Saxena et al., 1987, for ortho-
pyroxene with XF" : 0.49 agrees very well with that of
Besancon, 198 I , for crystals of very similar composition,
we have ignored their data in the derivation of Eq. 9
because of the lack of information about the fo. condi-
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TABLE 1. Jump distances (A) of octahedral cations along the
crystallographic axes of orthopyroxene

a axrs b axis c axrs

Dashed SolidPath (Fig. 1) Dashed Solid Dashed Solid

Enstatite 4.766 4.817
Hypersthene

(Mgo5rFeo.e) 4.804 4.849
Ferrosilite 4.839 4.884

3.165 5.648 2.945 3.01 1

3.228 5.705 2.989 3.049
3.270 5.807 2.996 3.068

tions in their experiments.) Thus, incorporating the av-
erage activation of energy of 66767 (+ 2223) callmol, we
obtained the following Arrhenius relation for the disor-
dering rate constant K+:

l n K + : n f t - Q
RT

: (26.2 + 6.0XF") - 1# min-r. (10)

The standard deviation of ln K+ is given by [(1.82)'z +
(tttg/7)21k.

Evaluation of the distribution coefficient

In the Miissbauer studies of Besancon (1981) and Ano-
vilz et al. (1988), the site occupancy of Mg was treated
as (l - X.") in that particular site. This is not exactly
correct, since there are nonnegligible concentrations of
other components in the Ml and M2 sites. Thus, their
site occupancy data do not yield Ko as defined by Equa-
tion 3, which has been used to eliminate K- in Equation
7. Further, Besancon did not constrain the equilibrium
site occupancies by reversal experiments, that is, by ap-
proaching from both relatively ordered and relatively dis-
ordered initial distributions. Although Saxena et al. (1987)
determined site occupancies of both Fe and Mg by single-
crystal X-ray analysis within the framework of some rea-
sonable assumptions about the distribution of other
cations, they also did not constrain the equilibrium site
occupancies by reversal experiments.

A better data set of Ko values as a function of temper-
ature is provided by Molin et al. (1991), as follows:

ln K, :  0.854 (+ 0.013) - 3027(! 39)
( l  l )

7:(K)

They have reversed very tightly the equilibrium site oc-
cupancies of an orthopyroxene crystal with XF" :0.23 at
five different temperatures between 600 and 1000 "C.
Further, the site occupancies of all cations were deter-
mined by single-crystal X-ray studies, constrained by the
bulk composition of the investigated crystal and the elec-
tron density of the individual sites. The calibration has
recently been revised by Molin (personal communica-
tion) using more accurate microprobe data on the bulk
crystal composition and with the assumption, in accor-
dance with the results of Hawthorne and Ito (1978), that
Fe2+ and Mn fractionate similarly between Ml and M2

sites. However, these refinements did not significantly af-
fect the calibration.

Molin et al. (1991) carried out their experiments in
evacuated silica tubes. It should be noted that Ko does
not depend on /o, as long as the concentration of Fe2+
remains essentially unaffected. In other words, the Ko
value of an orthopyroxene crystal is essentially the same
at a fixed temperature (and pressure) as long as the vari-
ation of /o" does not exceed its stability limits bounded
by oxidation and reduction equilibria. However, the vari-
ation of fo, can signiflcantly affect the defect concentra-
tion, and hence the diffirsion and order-disorder kinetics,
by changing the Fe2+-Fe3+ ratio (through homogeneous
reaction), which is too small to be measured by micro-
probe analysis or to affect the Ko value. Thus, there is no
internal inconsistency in our rejecting the kinetic data of
Saxena et al. (1987) and accaptance of the intracrystalline
equilibrium partitioning data of Molin et al. (1991), both
ofwhich have been obtained by annealing orthopyroxene
single crystals in sealed and evacuated silica tubes.

Calculation of interdiffusion coefficient

Using the above data on the disordering rate constant
and the equilibrium distribution coefficient (Eqs. l0 and
ll, respectively) and the average distance between the
centers of successive Ml and M2 sites along c and b axes,
we have calculated D(Fe-Mg)"-o in orthopyroxene accord-
ing to Equation 7. Since K" is a function of X." due to
nonideal mixing in the Ml and M2 sites and Equation
I I applies to orthopyroxene with Xr.: 0.23, the calcu-
lation of D(Fe-Mg) should be restricted within a com-
positional range over which the Ko values do not change
significantly relative to that defined by this equation. Even
though the mixing properties of Fe and Mg in the Ml
and M2 sites are not sufficiently well constrained, the
available data (Ganguly, 1982; Anovitz et al., 1988) sug-
gest that the K" values are unlikely to be significantly
different from those obtained from Equation I I within
the compositional range Xe" : 0. 10-0.50. Thus, the cal-
culation of D(Fe-Mg) was restricted to within this com-
positional range. The value of tr was varied linearly as a
function of composition by interpolating between the data
for hypersthene (X', :0.49, X.": 0.51) and enstatite
(Table 1), for which tr was calculated to be 3.758 and
3.692 A, respectively.

The predicted values of D(Fe-Mg)"-o in orthopyroxene
with X." : 0.10, 0.30, and 0.50 are illustrated in Figure
3. The analytical expression of D(Fe-Mg)"-o is as follows:

log D(Fe-Mg)*r : -5.54 + 2.6XF. - PP
" I

(Q: 57338 + 2000 callmol). (r2)

The standard error in the estimated value of D according
to this expression is approximately one order of magni-
tude. It should be noted that Equation 12 yields an in-
terdiffusion coefficient al Xr" x 0.10-0.50 and at fo,de-
fined between the WI buffer and 0.8 log units above that
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buffer, since the disordering rate constants were deter-
mined at these conditions. By analogy with the results in
olivine (Buening and Buseck, 1973) and garnet (Chakm-
borty and Ganguly, l99l), we speculate that D(Fe-Mg)
on orthopyroxene varies approximately as ffi,)t/6.

Comparison and discussion

Recently Cygan et al. ftlersonal communication, and
1994) determined the 27Mg tracer diffirsion coefficient
(Df*) at 1 bar, 800-900 'C, and /o, defined by the WI
buffer in an orthopyroxene crystal with X." : 0. 10. The
diffirsion along the c and b directions has been found to
be very similar, with an activation of energy of 60.71 +
4.54 kcal/mol (Fig. 3), which is in very good agreement
with that predicted above (Eq. l2). However, the values
of tracer (Df) and interdiffusion lD(i - nl coefrcients are
not directly comparable. When isotopic correlation ef-
fects are ignored, the relationship between these two kinds
of diffusion coefrcient in a binary solution is given by

- ' t : . . :  
-

1000 'c 900 "c 600 "c

103/r$)

Fig. 3. An Arrhenius plot of the predicted average inter-
diffusion coefficient of Fe'?+ and Mg along the c and b axes [D(Fe-
Mg)"-ol of orthopyroxene. The numbers on the lines indicate or-
thopyroxene compositions; /o,: between the WI buffer and 0.8
log units above the WI buffer. The short-dashed line is the aver-
age of Dfn" determined by Cygan etal. (1994, and personal com-
munication) along b and c of an orthopyroxene with XF. : 0.1.

mized if the plane of the section is significantly inclined
to the b and c axes. Thus, analysis of Fe-Mg zoning pro-
files ofcoexisting garnet and orthopyroxene in thin sec-
tions ofrandom orientation ofrocks should indicate that
D(Fe-Mg) in garnet is similar to or slower than that in
orthopyroxene. Indeed, this is the conclusion from de-
tailed study of the compositional zoning of coexisting or-
thopyroxene and garnet in mantle-derived xenoliths
(Smith and Barron, 1991) and in a granulite facies assem-
blage from northern Quebec (Pattison and B6gin, 1994).

Akamatsu and Kumazawa (1993) have derived a re-
lationship between Fe-Mg interdiftrsion coefficients and
microscopic specific rate constants for order-disorder
along the b axis of olivine. Noting that the term b/4 in
their treatment is simply the elementary jump distance
along the b axis, Equation 17 of Akamatsu and Kuma-
zawa, which was derived without any appeal to the for-
malism of absolute reaction rate theory, can be stated as
follows:

,":Ylr- x ) x + ( l
v(r - x)

-  Dv l '
(14)

There is a formal resemblance between this expression
and Equation 8, the two differing with respect to the com-
positional terms within the brackets. (Note from Eq. 2
that Akamatsu and Kumazawa, 1993, absorbed the fac-
tor 4, which equals Yz in the case of orthopyroxene, in
their rate constants.) In both cases, however, the term
inside the brackets is less than unity. Trial calculations
of D(Fe-Mg).-o for various orthopyroxene compositions
from Equation 14 by replacing k+ with K+, and conse-
quently tro with I.-b, yielded values that were either almost
equal to or within a factor of 4 lower than those derived
from Equations 7 and 8. This is an encouraging agree-

I- l

(t

E '
(J

o

( 1 3 )

where D*"-" reflects the nonideal mixing effect and is
unity as Xi- 7 (e.9., Manning, 1968; Brady, 1975; Lasa-
ga,1979). In principle, the tracer diffusion coefrcients are
also functions of composition.

It follows from Equation 13 that, as XF" + l, D(Fe-
Mg) : Dfn.(X." : l). Even though the compositional de-
pendence of D(Fe-Mg) is not known for compositions
more Fe-rich than X." = 0.50, we extrapolate log D(Fe-
Mg) linearly, for the purpose of comparison with the data
of Cygan et al. (1994), to Xr.: l. This yields Dfnr(X.":
l), which is -2.5 log units larger than the Dfi, determined
by Cygan et al. (1994) at Xr.:0.1. This suggests that
Dfn. in orthopyroxene increases with increasing Fe-Mg
ratio. A similar conclusion was reached by Ganguly and
Chakraborty (1991) about the compositional dependence
of Dfn, and Df" in olivine, which has recently been con-
firmed experimentally by Chakraborty et al. (personal
communication). Equation l2 can also be used to predict
approximately Df. in pure forsterite by extrapolation to
Xr. :  0 .

Ganguly et al. (1994) have compared D(Fe-Mg)"-o in
orthopyroxene derived above with the Fe-Mg interdiftr-
sion data in garnet (Chakraborty and Ganguly,1992) and
with that along the c axis of olivine (Buening and Buseck,
I 973 ; Misener, 1 97 4) after normalizing all data to X,. :
0.5 and /o, conditions defined by the WI buffer. These
data show that D(Fe-MB)"-o in orthopyroxene is at least
two orders of magnitude smaller than D(Fe-Mg)" in ol-
ivine and one order of magnitude larger than the isotropic
D(Fe-Mg) in garnet at f < 1000'C. Owing to the possible
diffusion anisotropy in orthopyroxene discussed above,
the effect of this difference of interdiffirsion coefficients
on the relative diffusion-induced (retrograde) zoning pro-
files of coexisting orthopyroxene and garnet in thin sec-
tions of natural assemblages may be considerably mini-

"  r yD | 'ai-i):vff i(D'*-J



936 GANGULY AND TAZZOLI: Fe-Mg INTERDIFFUSION IN ORTHOPYROXENE

ment between the results from two independent formu-
lations. However, it should be noted that the derivation
of Equation 14 is based on the assumption that (l) the
adjacent Ml and M2 sites within the crystal are in equi-
librium with respect to the distribution of Fe and Mg
throughout the process of Fe-Mg interdiffusion and (2)
this local distribution is the same as macroscopic distri-
bution. We find both these assumptions to be somewhat
unsatisfactory in that the first assumption is incompatible
with the diffusion along a concentration gradient (because
no net transfer should take place if the adjacent Ml and
M2 sites are in equilibrium), and the second assumption
implies equivalence of the statos of short- and long-range
ordering.

AcxNowr-rocMENTs

This research was supported by gnnts from the U.S. National Science
Foundation, EAR-9117927,andthe National Aeronautics and Space Ad-
ministration, NAG 9-460, to J.G. Thanks are due to John Brady, Julia
Sykes-Nord, and Guilio Ottonello for constructive comments on the
manuscript and to Randy Cygan and Craig Schwandt for making the
results of their tracer difr]sion experiment available prior to publication.

Rrrnnmcns crrED
Akamatsu, T., and Kumazawa, M. (1993) Kinetics of intracrystallinecat-

ion distribution in olivine. Journal of Physics and Chemistry of Min-
erals. 19.42t-43O.

Anovitz, L.M., Essene, E.J., and Dunham, W.R. (1988) Order-disorder
experiments in orthoplroxenes: Implications for orthopyroxene geo-
speedometer. American Mineralogist, 7 3, I 060- 1 07 3.

Besancon, J.R. (1981) Rate ofcation ordering in orthopyroxenes. Amer-
ican Mineralogist, 66, 965-97 3.

Brady, J.B. (1975) Reference frames and difii.rsion coefficients. American
Journal of Science, 275, 954-983.

Buening, D.K., and Buseck, P.R. (1973) Fe-Mg lattice diffision in olivine.
Journal of Geophysical Research, 7 8, 6852-6862.

Chakraborty, S., and Ganguly, J. (1991) Compositional zoning and cation
diftrsion in garnets. In J. Ganguly, Ed., Dift.rsion, atomic ordering and
mass transport: Advances in physical geochemistry, vol. 8, p. 120-17 5.
Springer-Verlag, New York.

-(1992) Cation difihsion in alurninosilicate garnets: Experimental
determination in spessartine-almandine diftrsion couples, evaluation
of efective binary diffi.rsion coefficients, and applications. Contribu-
tions to Mineralogy and Petrology, ll|,74-86.

Cygan, R.T., Schwandt, C.S., and Westrich, H.R. (1994) Self-diftrsion of
cations in garnet and pyroxene minerals (abs.), in press. The 16th Gen-
eral Meeting ofthe International Mineralogical Association, Pisa, Italy.

Delaney, J.S., Nehru, C.E., Prinz, M., and Harlow, G.E. (1981) Meta-
morphisrn in mesosiderites Proceedings of the Lunar Planetary Sci-
ences. l2B. 1315-1342.

Dienes, G.J. ( I 9 5 5) Kinetics of order-disorder transformations. Acta Me-
talluryica, 3, 549-557.

Ganguly, J. (1982) Mg-Fe order-disorder in ferromagnesian silicates. II.
Thermodynamics, kinetics and geological applications. In S.K. Saxena,
Ed., Advances in physical geochemistry, vol. 2, p. 58-99. Springer-
Verlag, New York.

Ganguly, J., and Chakraborty, S. (1990) Characterization of metamor-
phism by Fe-Mg exchange reactions and Sm-Nd geochronology in-
volving garnet: Diftrsion kinetic analysis. Geological Society ofAmer-
ica Abstracts urith Programs, 22, A72.

- ( I 99 I ) Mutually compatible diffirsion and thermodynamic mixing
properties of Fe'z+, Mg and Mn in garnet and olivine: Sixth meeting of
the European Union ofGeosciences, Strasbourg. Terra Abstracts, 3, 5.

Ganguly, J., and Saxena, S.K (1987) Mixtures and mineral reactions, 291
p. Springer-Verlag, Berlin.

Ganguly, J., and Tazzoli, V. (1992) Fe'+-MB interdiftrsion in orthopy-

roxene: Constraints from cation ordering and structural data and im-
plications for cooling rates ofmeteorites. The 24th Lunar and Planetary
Science Conference, 5 17-5 18.

Ganguly, J., Yang, H., and Ghose, S. (1994) Thermal history of mesosid-
erites: Constraints from compositional zoning and Fe-Mg ordering in
orthopyroxenes. Geochimica et Cosmochimica Acla, 48, 27 | l-27 23.

Glasstone, S.K., Laidler, J., and Elring, H. (1941) The theory of rate
processes, 600 p. McGraw-Hill, New York.

Hawthorne, F.C., and Ito, J. (1978) Refinement of the crystal structures
of (Mg,,.Coo rro)SiOr and (Mg r.rMnq 6,,)SiOr. Acta Crystallographica,
B34 ,891 -893 .

Lasaga, A.C. (1979) Multicomponent exchange and difihsion in silicates.
Geochimica et Cosmochimica Acta. 43. 455-469.

- (1983) Geospeedometry: An extension of geothermometry. In S.K.
Saxena, Ed., Kinetics and equilibrium in mineral reactions: Advances
in physical geochemistry, vol. 3, p. 8l-l 14. Springer-Verlag New York

Manning, J.R. (1968) Difrrsion kinetics for atoms in crystals, 257 p.Van
Nostrand, Princeton, New Jersey.

Molin, G.M., Saxena, S.K., and Brizi, E. (1991) Iron-magnesium order-
disorder in an onhopyroxene crystal from the Johnstown meteorite.
Ebrth and Planetary Science lrtters, 105,260-265.

Morioka, M., and Nagasawa, H. (1991) Ionic diffirsion in olivine. In J.
Ganguly, Ed., Diftrsion, atomic ordering, and mass transport: Ad-
vances in physical geochemistry, vol. 8, p. 176-197. Springer-Verlag,
New York

Mueller, R.F. (1967) Model for order-disorder kinetics for c€rtain quasi-

binary crystals of continuously variable composition. Journal of Phys-
ics and Chemistry of Solids, 28, 2239-2243.

-(1969) Kinetics and thermodynamics of intracrystalline distribu-
tion. Mineralogical Society of America Special Paper no . 2, 83-93.

O'Neill, H.SI.C. (1988) Systems Fe-O and Cu-O: Thermodynamic data
for the equilibria Fe-"FeO," Fe-FerOo, "FeO"-FerOo-FerOr, Cu-Cu2O,
and CurO-CuO from emf measurements. American Mineralogist, 73,
470-486.

Pattison, D.R.M., and B6gin, N.J. (1994) Compositional maps of meta-
morphic orthopyroxene and garnet: Evidence for a hierarchy ofclosure
temperatures and implications for geothermometry of granulites. Jour-
nal of Metamorphic Geology. in press.

Saxena, S.K., Tazzoli,Y., and Domeneghetti, M.C. (1987) Kinetics of
Fe'z+-Mg distribution in aluminous orthopyroxenes. Physics and
Chemistry of Minerals, 15, 140-147.

Smith, D., and Barron, B.R. (1991) Pyroxene-gamet equilibrium during
cooling in the mantle. American Mineralogist, 76, 1950-1963.

Skogby, H. (1992) Order-disorder kinetics in orthopyroxenes ofophiolite
origin. Contributions to Mineralogy and Petrology, 109,471-478.

Sykes-Nord, J.A., and Molin, G.M. (1993) Mg-Fe order-disorder reaction
in Fe-rich orthopyroxene: Structural variations and kinetics. American
Mineralogist, 78, 921-931.

MlNuscnsr REcErwD Ocronen 4, 1993
Mexuscnm AccEPTED Mw 27,1994

ApprNnrx 1. Svunor,s
Co no. of the sublattice sites Ml + M2 in a unit vol-

ume oforthopyroxene
C,a concentration of the cation i in a unit volume of

the sublattice site 7
interdiftrsion coefrcient of i and"l (cm'?ls)
tracer diffilsion coefficient of i
oxygen fugacity oars)
equilibrium intracrystalline distribution coefficient
of Fe2+ and Mg (Eq. 3)
overall disordering and ordering rate constants, re-
spectively, for intracrystalline exchange reaction of
Fe2* and Mg in orthopyroxene (min-t)
preexponential factor in the Arrhenius expression
o16r lmin_,)

D(i-i)
D i
J o z

KD

K*, K_

KI
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(k*), (k-),

o
WI
Xo, Xra*rtt

disordering and ordering rate contants, respective-
ly, for FeP+-Mg exchange along a specific crystal-
lographic direction I (min-')
activation energy (callmol)
wiistite + iron buffer
Fe2+/(fie2+ + Mg) in the bulk crystal and in the

M2 sublattice, respectively
X.".r, and XpqMa, resPectivelY
av. jump distance for difrrsion between two suc-
cessive equilibrium positions
rate constant for diftrsion (cm'?/s)

x , y
I

t(


