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Diffusion data for clinopyroxenes from homogenization and
self-diffusion experiments

JoHN B. Bneoy

Department of Geology
Smith College

Northampton, Massachusetts 01063

eNo Rosenr H. McCnrlrsrEnr
Department of Geosciences

Purdue University
West Lafayette, Indiana 47907

Abstract

Kinetic experiments involving the homogenization of fine-scale, coherent (001) pigeonite
lamellae in a sub-calcic diopside have been used to constrain Ca-Mg interdifusion
coefficients for clinopyroxenes. At 1150'-1250'c and 25 kbar, "average" Ca-Mg effective
binary interdiffusion coefficients are described by

D : (f .SS x l0-7) exp(-360.87 kJIRT) (m2isec)

(D : (3.89 x l0-3) exp(-86.25 kcattRl) (cm2lsec))

with an uncertainty of a factor of 2. Because of the large thermodynamic effect on diffusion
near a solvus, actual interdiffusion coefficients should vary by an order of magnitude or
more with composition for the conditions of these experiments. Attempts to obtain Ca and
Fe self-difttsion coefficients in natural diopsides at I atm using a5Ca and 57Fe tracers and
thin-fiIm, autoradiographic techniques were unsuccessful. These negative results place
upper bounds on the Ca and Fe self-ditrusion coefficients in diopside that are consistent
with the results of the homogenization experiments.

Introduction

Comparatively few data are available on diffusion
in pyroxenes. Although several measurements of
tracer diffusion or self-diffusion have been reported
(Sneeringer and Hart, 1978; McCallister and Brady,
1979), we know of no published measurements of
chemical diffusion coefrcients. Negative results re-
ported by Huebner et al. (1975, p.5a3) suggested
that it might be dfficult to produce the good inter-
face required for a chemical exchange between two
pyroxene crystals. Therefore, we considered study-
ing exsolved natural pyroxenes with presumably
well-annealed or even coherent interfaces between
chemically distinct exsolution lamellae. Previous
work by one of us (McCallister, 1977) indicated that
homogenization of finely exsolved clinopyroxenes
(lamellar wavelength )r : 15-30 nm) was compara-

rPresent address: Exxon Production Research Co., Reservoir
Evaluation, P.O. Box 21E9, Houston. Texas 77001.

tively rapid at high pressures. We have studied the
rate of this homogenization for a natural pyroxene
and interpret our results below on the assumption
that the homogenization rate is diffusion-limited.
Brady and Yund (1983) have shown that diffusion
coefficients obtained from similar homogenization
experiments with alkali feldspars agree well with
diffusion coefficients obtained by other methods.
Because of the small size of the exsolution lamellae.
very small diffusion coefficients are accessible
through kinetic studies of this kind.

Experimental procedures

A subcalcic diopside megacryst from the Mabuki
kimberlite, T anzania, containing coherent pigeonite
exsolution lamellae parallel to (001) was used for
most experiments. The wavelength )t for these
lamellae is 19.8+1.5 nm as determined from exami-
nation of a thin foil using a JEoL 200cx transmission
electron microscope. Comparable results were ob-
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96 BRADY AND MCCALLISTER: DIFFUSION DATA FOR CLINOPYROXENES

tained using a pyroxene from the Thaba Putsoa
kimberlite, Lesotho (Nixon and Boyd, 1973, PHN-
1611). The Mabuki pyroxene has a very uniform
bulk composition represented by the formula
(based on four cations) Ko.oorNao.os+Cao.szsMgr tol
Feol?zaMno.omNi6.so2Cre.6osAls. 1 s7Tis.s 1sSi1.e6O5.eee
determined by electron microprobe. The coherency
on (001) of the diopside host, space group CZl c, and
pigeonite lamellae, space group P21lc, is demon-
strated by a common c* axis and identical a and b
unit cell dimensions for both pyroxenes as observed
on precession X-ray photographs. Initially, B :

106"40'for the diopside and 108'39'for the pigeon-
ite. Compositions of the diopside host and pigeonite
lamellae can be estimated from the measured B's
using the data of Turnock et al. (1973) and by
assuming that both phases have the same ratio
(0.136) of Fe to (Fe+Mg). All pyroxene composi-
tions reported below are calculated in this manner.
The ratios of Ca to (Ca+Mg*Fe) so calculated,
0.348 for the diopside and 0.077 for the pigeonite,
were not corrected for coherency strain (see Tullis
and Yund, 1979).

Crystals of the Mabuki pyroxene were packed in
a Pt capsule using powdered carbon as a filler. The
capsule was then sealed and annealed for periods
from 10 minutes to 4 days in a Vz inch piston
cylinder apparatus. Most runs were made at 25 kbar
(no friction correction) and at temperatures from
1050" to 1250'C as measured by PtlPtll%Rh ther-
mocouples. Following each run, a single crystal was
mounted and oriented for a b-axis precession X-ray
photograph. Progress of the homogenization was
marked by the separation of the B's of the diopside
and pigeonite on the precession photos (Fig. 1).

Results

The results of our experiments are summarized in
Table 1. Estimated lamellar compositions and "av-
erage" diffusion coefficients (see below) are listed
along with the measured values of temperature,
time, B (diopside), and B $igeonite). Compositions
were calculated from the Turnock et al. (1973) data
as discussed above and should be considered as
approximations to compare with the models pre-
sented below.

Although all runs were in the stability field of
orthopyroxene * diopside (Lindsley et al., l98l),

Fig. l b-axis precession X-ray photographs of the Mabuki
pyroxene (a) prior to any experiments, (b) after 15 minutes at
ll50'C, and (c) after 25 minutes at 1250"C (all at 25 kbar).
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Table l. Homogenization data
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Run r (  o c ) t ( s € o ) B (  P 1 e  ) g (D l  ) x (  P l s ) x (  D t )  6 (  c n 2 l s e o )

+
+
+
+
+

+ +
I

P X 1 0 7
PXI  06
P X 1 2 0

P X l  0 9
P I I 2 l
P X 1 2 4
P I I l O
P I 1 1 1

P X 1 1 4
P X 1 1 9

P X I  0 4
P X I  0 1
P X l l E
P X l  0 2
P X l  0 3

P X 1 1 2
P X 1 1 5

P x l  0 5

1  0 5 0
1  0 5 0
1  0 5 0

1 1 0 0
I  1 0 0
1  1 0 0
1  1 0 0
1  1 0 0

1 1 0 0
1  1 0 0

1 1 5 0
1 1 5 0
1 1 5 0
1 1 5 0
1 1 5 0

1 2 0 0
I  2 0 0

1  2 5 0

9 . 0  x
1 . 8  x
3 . 0  : (
7 . 2  x
2 . 8 E  x

6 . 0
1 . 2

9 . 0

1  o+2
1  o + 3

1  o + 2

1 o ? o 4 0 1
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t o S o l o r
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1 o 7 o 1 z l
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1  0 6 0 4 2  r
t o 6 0 5 o r

1 o ? o o o '
1 0 6 0 4 2 r

1 0 6 0 5 8 1
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1 o ? o l 5 l

1 0 f o 1 3 r
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<  6 . 9  r  1 0 - :  j
< 5 . 6  x  1 0 - i l
< z . o  x  t 0 - ' 1
> 5 . ?  x  1 O - 1 6

< 5 . 6  x  1 o - ' !  9
< 2 . 8  x  t o - l 9
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) 6 . 9  x  1 0 - "

< s . 3  x  t o - ! 9
) 4 . 2  x  1 0 - 1 o

I  O + 2
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K lne t l o !  a f f €c ted  by  Dov6nen t  o f  ooho t  €n t  l n t e r f ace .
l l o  l on8e t r  aohe r€n t .
H o [ o g e n l z 6 d  a t  l l 5 O o C  f o r  2  h o u r . s  t h e n  a n n e a l € d  a t  1 1 O O o C .  E x s o l u t l o n  a p p a r e n t l y  o c o u r n e d ,
b u t  l a o e l l a e  r € r e  n o t  c o h e r e n t  a f t e r  4  h o u r s  a t  l l O O o C .
P l S a o n l t o  r e f l c c t l o n r  s t 1 l l  f a l n t l y  v l s l b l e  o n  p n c c e s s L o n  p h o t o .

no orthopyroxene was observed in any ofthe runs.
At 1250', 1200', and ll50'C homogenization was
complete in 50 minutes or less. At 1100'and 1050.C.
complete homogenization did not occur, even for
runs of four days duration. We interpret these data
as indicating the presence of a metastable coherent
solvus for iron-poor clinopyroxenes at 25 kbar
(compare Ross et al., 1973). The data are shown in
Figure 2 with the inferred solvus projected onto the
enstatite{iopside-temperature plane. Half-filled
data points represent final diopside or pigeonite
lamellar compositions (see caption). Solid data
points are final homogenized pyroxene composi-
tions. In each case the starting compositions were
the same: pigeonite : 15.4 mole percent Di
(CaMgSi2O), 84.6 mole percent En (Mg2Si2O6);
diopside :69.6%Di,30.4Vo En. All of rhe composi-
tion changes were toward the solvus from the
outside, except for the diopside compositions at
1050'C, which became richer in Di. The solvus
shown was fit to the observed "final" diopside and
pigeonite compositions using the method of Thomp-
son and Waldbaum (1969a, p.681). The single open
data point represents the bulk composition of a
sample (PXl19) that was homogenized at 1150'C for
two hours, then annealed at 1100"C for four davs.

Because exsolution was observed in this sample,
we concluded that the point was inside the solvus.
Evidence for noncoherency was observed in the
precession photos of PXl19 and PXl14, both four
day runs. The position of the solvus has not been
reversibly defined, but all evidence is consistent
with a coherent solvus located roughly as shown in
Figure 2.

Diffusion

The homogenization process requires diffusion in
only one dimension, due to the regular geometry of
the exsolution lamellae. Because each of the lamel-
lae is bisected by a plane of symmetry, only one
host-lamella pair need be considered. For the spe-
cial case of binary diffusion with a single constant
interdiffusion coefficient, a solution to the diffusion
equation for the lamellar geometry is given by
Crank (1975, p.63) in the form of an infinite series.
This solution is shown graphically in Figures 3a and
3b for the host-lamellar width ratio of the Mabuki
pyroxenes. The normalized concentration profile is
shown in Figure 3a at various stages of the homog-
enization. The concentration difference between
the centers of adjacent lamellae is shown in Figure
3b as a function of a dimensionless variable (DtlL2',

Downloaded from http://pubs.geoscienceworld.org/msa/ammin/article-pdf/68/1-2/95/4208869/am68_95.pdf
by Smith College user
on 25 March 2024



9E

o
o

BRADY AND MCCALLISTER: DIFFUSION DATA FOR CLINOPYROXENES

l,rJ
G  t t s a
f

E
$  r r o o

IJJ

lo50

MOLE FRACTION Di
Fig. 2. Estimated compositions of diopside (l) and pigeonite

(C) lamellae following homogenization experiments. Fully
homogenized compositions () are shown at 1150" and 1200'C.
One sample homogenized at ll50'was exsolved by heating at
ll00'C (O). The dashed line is our estimate of the position of a
metastable coherent solvus for the clinopyroxenes at 25 kbar.
Composit ions have been projected onto the enstat i te
(Mg2Si2O6)-diopside (CaMgSi2O6) composition axis as described
in the text.

that marks the progress of the homogenization. D is
the interdiffusion coefficient (cm2lsec), t is time
(sec), and L is the distance (cm) between the
centers of adjacent lamellae ()r/2). Because B of a
clinopyroxene is a function of composition, the
difference in B between the diopside host and
pigeonite guest in our experiments should decay in
a manner similar to that shown in Figure 3b.

Although it is possible to trace in detail the
progress of the homogenization in terms of the
difference in B between the two pyroxenes, it is not
warranted in this case due to the complications
discussed below. The data are most appropriately
used to determine either complete or incomplete
homogenization. We conclude from Figure 3b that
if no difference in B between the diopside and
pigeonite is measureable (i.e., only one diffraction
pattern visible), the dimensionless parameter (Dt/
L2) would be greater than 0.5, if the diffusion
coemcient were independent of composition. Simi-
larly, if two diffraction patterns and two values of B
are visible on the precession photo, (DtlL2) would
be less than 0.5. Because the duration of each
experiment (t) and the lamellar spacing (L : l0 nm)
are known, upper and lower bounds to an "aver-
age" D may be calculated. "Average" D's calculat-
ed in this manner are listed in Table 1.

Unfortunately, neither the assumption of binary
Ca-Mg exchange nor the assumption cf a constant
interdiffusion coemcient can be correct. The pres-
ence of chemical components other than En and Di
in the Mabuki pyroxene means that multicompo-
nent difusion probably occurred. However, the
one-dimensional geometry of the sample and its Ca-
Mg-rich composition satisfy the requirements for
the successful use of an "effective binary (Ca-Mg)

2  0 . 1  8 . 6  6 . 4

NORMALIZED DISTANCE

o . s  a . l  g  2  0 . 3  s . 4  0 . 5

Dt/L2

Fig. 3. (a) Composition profiles for stages in the ideal
homogenization of two exsolution lamellae are shown in terms of
dimensionless composition and distance variables, assuming a
single constant interdiffusion coefficient. The initial width ratio
of the two lamellae is l:3. The profiles shown are for values of
the dimensionless time variable Dt/L2 (see text) of 0, 0.0025,
0.01, 0.M, 0.16, and 0.64. (b) The normalized ditrerence in
composition between the centers of the two lamellae during the
homogenization described in (a) is shown as a function of the
dimensionless time parameter btlL2. Homogenization is
essentially complete when DVL2 > 0.5.
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diffusion coefficient" (Cooper, 1968). Thus, ne-
glecting the presence and movement of other chem-
ical species should not seriously reduce the useful-
ness of our results.

Because the experiments were conducted for
compositions, temperatures, and pressures near a
solvus (see below), the interdiffusion coefficient
may vary by two orders of magnitude or more over
the composition range considered. Near a solvus
there is a thermodynamic "drag" that inhibits nor-
mal "random walk" diffusion. Within a spinodal
this "thermodynamic effect" can lead to exsolution
processes involving diffusion up concentration gra-
dients. The magnitude of the thermodynamic effect
for binary interdiffusion is given by the expression:

d ln a(i)

d lt xO 
(l)

where a(i) is the molar thermodynamic activity and
X(i) the mole fraction of either of the two compo-
nents i (see Darken,1948; Brady, 1975).

To see the nature of the thermodynamic effect,
consider the relation between the self-diffusion co-
efficients of Ca and Mg and the binary Ca-Mg
interdiffusion coefficient in an iron-free diopside-
clinoenstatite solid solution. The desired relation,
which may be obtained from charge-balance and
thermodynamic arguments (Manning, 1968; Brady,
1975), is

D(Ca-Mg):

I n*(Me)D*(ca) \ /a m a(Di)\

\xlnnyn*tue) + x(Di)D*(cil ) \o rn xttil/ \-'

where D(Ca-tvtg) is the Ca-Mg interdiffusion coeffi-
cient, D*(Mg) and D*(Ca) are the Mg and Ca self-
diffusion coefficients, a(Di) is the molar activity of
diopside, and X(Di) is the mole fraction of diopside
in a (CaMgSizOo)-(MgzSizOo) pyroxene. This
expression may be fully evaluated only for systems
where both tracer diffusion coefficients and thermo-
dynamic data are available (e.g., Reynolds et al.,
1957; Brady and Yund, 1983). Because self-diffu-
sion coefficients are not available for clinopyrox-
enes (see below), the variation of the interdifusion
coefficient with composition must be evaluated on
the basis of thermodynamic data alone.

Although the thermodynamic properties of iron-
free clinopyroxenes are fairly well known (see
Lindsley et al.,l98l), the Mabuki pyroxene should
obey a somewhat different equation of state. Stress-

es from the coherency of the lamellae (Tullis and
Yund, 1979) require that a coherency-corrected
molar Gibbs function for clinopyroxenes be used to
determine the thermodynamic factor (1). We have
used the solvus shown in Figure 2 along with the
method of Thompson and Waldbaum (1969b, p.
836) to obtain the following Margules parameters
(WG) for the apparent excess molar Gibbs function
for our pseudo-binary pyroxenes:

IUG(En) : 46910.76 - 16.719T (J/mole)
(3)

WG(Di):6741'85 + ll-799 Z(J/mole)

where 7 is the temperature in degrees K. These
parameters are poorly constrained by the data
shown in Figure 2 and should be considered only
rough approximations. It can be shown that the
thermodynamic factor (l) is equivalent to the
expression

- lxtgn)x(Di)\
l + l - l X

\Rr l

lwc{nnl pX@n) - 4x(Di)l \
\ * wc(Di) tzx(Di) - 4x(En)l ) el\ /

The thermodynamic factor obtained from equations
(3) and (4) is shown as the solid curves in Figures 4a
and 4b for temperatures of 1150" and 1250'C. The
dashed lines in Figures 4a and 4b show the "tem-
perature adjusted " thermodynamic factor calculat-
ed from the excess Gibbs function given by Linds-
ley et al. (1981, p. 168) for iron-free clinopyroxenes
at 25 kbar. The Lindsley et al. data shown are for
temperatures in the same position relative to their
critical temperature (1500'C) as the listed tempera-
tures are relative to the critical temperature
(ll32"C) shown in Figure 2. The fact that the two
curves agree fairly well for all temperatures sug-
gests that the exact shape of the solvus is not
required for estimating the the.rmodynamic effect.

The important features of Figure 4 are the magni-
tude and variation of the thermodynamic factor.
Clearly the interdiffusion coefficient in our homog-
enization experiments could not have been constant
and may have varied by up to two orders of
magnitude with composition. This would be true
even if the Ca and Mg self-diffusion coefficients
were identical, which is unlikely. To examine the
consequences of a non-constant diffusion coeffi-
cient on the homogenization process, a finite-differ-
ence computer model was developed. Homogeniza-
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Fig. 4. The dimensionless thermodynamic factor of equation

(1) is shown here as a function of pyroxene composition (En-Di)
at 25 kbar and (a) ll50"C and (b) 1250'C. The solid curves are
calculated from equations (3). The dashed curves are calculated
from the data of Lindsley et al. (1981) as described in the text.

tion was simulated using a composition-dependent
ditrusion coefficient calculated from (2) using a
thermodynamic factor calculated from (3) and (4)
and assuming that the self-diffusion coefficients
D*(Ca) and D*(Mg) are identical and independent
of composition. The results of the simulation for
1150', 1200', and 1250oC are shown in Figure 5,
analogous to Figure 3b. Figure 5 shows the normal-
ized difference between the compositions of the
centers of the lamellae as a function of a dimension-
less l'progress variable." In this case the dimen-
sionless variable is the product of the assumed
constant self-diffusion coemcient (DSD) and time
(t) divided by the square of the lamellar spacing

(l: N2). We may conclude from Figure 5 that, for
example at 1200'C, no separation in B for the host
and lamellae means that KDSD)(OIL2I is greater
than 3. Thus, the "average" diffusion coefficients
listed in Table I should be about a factor of 6 less
than the Ca and Mg self-diffusion coefficients at the
same temperature, if the self-diffusion coefficients
are identical and independent of composition. If the
self-diffusion coefficients are different and variable,
as they probably are, then the "average" difusion
coefficients listed in Table I should approximate the
minimum interdiffusion coefficient for each tem-
perature (Brady and Yund, 1983).

The "average" diffusion coefficients of Table I
are shown on an Arrhenius diagram in Figure 6. The
arrows indicate the bracketing nature of each data
point. A line drawn through the center of the
brackets at 1150'and 1250'C is described by the
expression

D = (3.89 x l0-7) exp (-360.87 kI/Rn (m2lsec)

(5)

(D : (3.89 x 10-3) exp (-86.25 kcal/RT) (cm2lsec))

although the uncertainty on the activation energy is
about a factor of two. Initially, the 1100'C data do
not appear to be consistent with the data for higher

o . s  o . 5  r . e  t . s  2 . e  2 . s  3 . 9
(DSDXO,/L'

Fig. 5. The normalized differences in composition between the
centers of adjacent lamellae during three numerical
homogenization experiments are shown here as a function of the
dimensionless time parameter (DSD)(t)/L'z. Differences among
the curves are due entirely to the thermodynamic factor of
equation (l) and Fig. 4. The finite-difference numerical
experiment assumed that self-diffusion coefficients for the
diffusing species (DSD) were equal and not a function of
composition.
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data for clinopyroxenes. A "thin-fiIm" (Shewmon,
1963, p. 7) of either o5ca or 57Fe was evaporated
from a chloride solution onto a polished (001) face
(-2 mm square) of a diopside crystal. For the
a5Ca experiment a very pure diopside Cao sss
Nao.ozlMgo.sgeMne.6e2Feo.oozAlo.oolSir.sssOo (U. S.
National Museum 117733) from Natural Bridge,
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Fig. 6. The "average" diffusion coefrcient brackets of Table I

are shown here on an Anhenius diagram. Arrows indicate the
direction of each bracket. The dashed line is drawn through the
midpoints of the brackets at I 150' and 1200"C and is described by
equation (5). brackets at 1100'C have been disregarded for
reasons described in the text.

temperatures. The 1100'C runs differ, however, in
the fact that complete homogenization was not
achieved. Because of the possibility that this might
affect the calculated diffusion coefficients, a more
elaborate numerical model was developed following
the procedures of Tanzilli and Heckel (1968). This
model allowed for the presence of a solvus along
with the variable diffusivity discussed above. Re-
sults of the numerical experiment are shown in
Figures 7a and 7b, which are analogous to Figures
3a and 3b. Evidently, the time required for comple-
tion of the partial homogenization in terms of
KDSDXtyL2I should be within afactor of two of the
dimensionless time required for complete homog-
enization at other temperatures (Fig. 5). This means
that the thermodynamic effect and composition
gradients associated with the partial homogeniza-
tion are not sufficient to explain the apparent dis-
crepancy of the 1100"C data. However, it is clear
from Figure Tathat the coherent interface must be
moved in this process. We feel that the motion of
the interface may significantly affect the rate of the
partial homogenization so that the kinetics may not
be controlled by Ca and Mg-Fe interdiffusion. The
"average" diffusion coefficients for 1100"C should,
therefore, be disregarded.

Ca and Fe self-diffusion

In an entirely separate set of experiments, we
have attempted to obtain Ca and Fe self-diffusion

lzo

// -- - L'::Z=::=:= - - - - - !

(a)

I

0.@0 0 .625

o . o  o . 2  6  4  0 . 0  0 . 8  l . B

NORMALIZED DISTANCE

LLAA"  C

(b)

a  2  4  6  I  r A

OSDXO,/L'
Fig. 7. (a) Normalized composition profiles for various stages

in a numerical experiment simulating the partial homogenization
of the Mabuki pyroxene lamellae at ll00'C and 25 kbar using
procedures described by Tanzilli and Heckel (196E). Profiles are
shown for values of the dimensionless time parameter (DSDX$/
L2 of 0.0, 0.0094, 0.03E, 0.188, 0.750, 3.00, and 12.00. Initially,
the pigeonite lamellae grow with the interface moving to the right
on the figure. For (DSDXt)/L2 greater than about 0.75, however,
diopside lamellae grow at the expense of pigeonite lamellae with
the interface moving to the left on the figure. (b) Progress ofthe
partial homogenization of (a) is shown in terms of the
dimensionless parameter (DSDX$/L'z.
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Fig. E. "Zero time" profiles of normalized ptrack density for
(a) a5Ca and (b) 57Fe self-diffirsion experiments. In each case the
ptrack profile is across the edge ofthe crystal (on the left) into
the mounting epoxy (on the right). The origin ofthe distance axis
is arbitrary because it was not possible to mark the location of
the edge of the crystal on the nuclear emulsion used to record the

B tracks. Neither the pyroxene nor the epoxy is "opaque" to p
particles emitted by asCa or s7Fe.

NY, was used. For the 57Fe experiments a diop-
side Cao.gzzNao.o: rMgo.ssEMn6.661Fe6.625Als.q22Si1.ese
06from Dekalb, New York, was used. Each crystal
was pre-annealed at 830"C for 72 hours to implant
the tracer. then annealed for various times from 3
weeks to 6 months at higher temperatures in air.
After the experiment, the diopside crystal was
mounted in epoxy, sectioned perpendicular to
(001), polished flat, and exposed to a K-5 Ilford
nuclear emulsion sensitive to pparticles. A p.track
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density profile was obtained from the developed
emulsion using an optical densitometer.

Although the observed "zero-time" (pre-anneal
only) Ftrack profiles were wider than expected
(Fig. 8), clear changes in the density profiles were
observed following each run (Fig. 9). Preliminary
results for a5Ca (McCallister et al.,1979) suggested
that the profiles could be interpreted in terms of
diffusion. We were particularly encouraged because
our results seemed to agree with the few published
diffusion data available for diopside (Seitz, 1973;
Sneeringer and Hart, 1978) and structurally similar
wollastonite (Lindner, 1955). Subsequent experi-
ments with very long run times (>6 months) haves . g
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Fig. 9. Normalized Strack density profiles for self-diffusion
experiments with (a) 45Ca at 1300'C for 22 days and (b) sTFe at
I 150'C for 207 days. In each case the crystal is on the left and the
epoxy is on the right.
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convinced us that the observed changes cannot be
interpreted in terms of a simple ditrusion process.
Specifically, the observed profile widths do not
change with time according to the expected square-
root of time law. Thus, we must conclude that the
self-difusion coefficients of Ca in diopside are
below our limit of detection (about 1 x 10-12 cmzl
sec at 1200"C and2 x l0-11 cm2lsec at 1300"C). Due
to the short half-life of 57Fe and the long runs
required we have fewer data for Fe. Our results
suggest, however, that the self-diffusion coefficient
for Fe in diopside is below 2 x 10-rr cm2lsec at
1150'C. These results are consistent with the results
of our homogenization experiments.

We do not have a good explanation for the
mechanism that produced the difference between
Figure 8 and Figure 9. There was no evidence of
recrystallization. Polished surfaces remained pol-
ished following each run. The B-track emulsions
showed that the radioactive atoms did actively
migrate around the surface of the crystal and into
cracks if present. It is possible that a limited amount
of diffusion along dislocations might have widened
the profiles. However, when some of the "hot"
side of the crystal was removed following one
experiment, no evidence of radioactive atoms was
observed at a depth of 50 microns.

Discussion

The basic point that we wish to make with this
paper is that diffusion in clinopyroxenes is a com-
paratively slow process. Although the "average"
diffusion coefficients shown in Figure 6 must be
considered estimates of the minimum expected Ca-
Mg interdiffusion coefficients, we believe that actu-
al Ca-Mg interdiffusion coefficients for most Fe-
poor compositions are within one or two orders of
magnitude of these values. Self-diffusion coeffi-
cients for the slowest cation should be about a
factor of 6 greater than the values calculated from
equation (5). For physical conditions well above the
clinopyroxene critical temperature (about 1500"C
up to 40 kbar, Lindsley et al., l98l) minimum
interdiffusion coefficients could be up to about an
order of magnitude higher due to a reduced thermo-
dynamic effect.

Seitz (1973) reported Al and U tracer diffusion
coefficients for diopside. His experiments involved
a natural diopside annealed in a U-doped diopside-
albite-anorthite melt. U diffusion coefficients were
based on visual counting of B-tracks on a nuclear
emulsion exposed to a cross section of his quenched

experimental charge. Al profiles were measured
with an electron microprobe. Seitz's results of I x
l0-rr to 1 x l0-r2 (cm2lsec) at 1240'C are not in
good agreement with our results if a simple radius
and charge analogy is used. Crystal growth may
have occurred in Seitz's runs. Sneeringer and Hart
(1978) and Sneeringer et al. (1981) have reported
several values for Sr tracer diffusion coefficients in
natural and synthetic diopsides ranging from I x
10-12to 1 x 10-16(cmzlsec)at 1250"C. Ourdataare
most consistent with the lower portion of their
range of values.

Freer et al. (1982) report the results of tracer
diffusion experiments for Ca, Mg, Fe, and Al in
diopside. Their "null results" (D*(Ca) and D*(Mg)
< 7 x l0-ra cm2lsec at 1250"C, D*(Fe) and D*(Al)
< 4 x 10-ra cm2lsec at 1200'C) are consistent with
our data. Sanford and Huebner (1979) calculated a
Ca-Mg interdiffusion coefficient for a lunar pigeon-
ite based on the thickness of pigeonite rims on
augite crystals. Their value of 4 x l0-rr (cm2lsec) at
1050"C is well above all other reported pyroxene
diffusion rates. Although the presence of iron or a
high oxygen fugacity might enhance diffusion in
pyroxenes as it does in olivines (Buening and Bu-
seck, 1973; Misener, 1974), these effects would
have to be quite large to reconcile our results with
Sanford and Huebner's high value. Perhaps their
interpretation of the development of the pigeonite
rims is in error.

Although our pyroxenes had the wrong composi-
tions to homogenize at 1 atmosphere, the work of
Fernandez-Moran et al. (1971) and Ross et a/.
(1973) suggest that low pressure homogenization
experiments can also lead to diffusion data. Fernan-
dez-Moran et aL reported that a lunar pigeonite
(12021,150) containing (001) augite exsolution la-
mellae homogenized in 8 days at ll25'C.If 60 nm is
taken as the interlamellar spacing (see their Fig.2),
a lower bound to an "average" D of 7.2 x 10-17
cm2lsec is obtained. Miyamoto and Takeda (1977)
calculated a D from these same data but used an
incorrect "infinite" diffusion model. A greater low-
er bound for a similar lunar (12021) pigeonite can be
obtained from a homogenization experiment report-
ed by Ross et al. (1973). Their crystal 3R was
homogenized in 19 hours at ll76"C. Again using L
: 60 nm, an "average" D must be greater than2.6
x 10-16 cm2lsec. Agreement with our data is un-
doubtedly fortuitous, considering the differences in
composition and absence of a time bracket.
Huebner and Nord (1981, Fig. 6) attribute to Ross et
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al. (1973) a much higher lower bound for D and
generally support much higher D's for clinopyrox-
enes. We cannot resolve this discrepancy on the
basis of the data provided in their abstract.

The validity of using homogenization experi-
ments as described above to obtain diffusion data
has been confirmed by Brady and Yund (1983) for
the alkali feldspars. Interdiffusion coefrcients for
alkali feldspars calculated from available K and Na
self-diffusion data are in good agreement with the
results of cryptoperthite homogenization experi-
ments. Price (1981) also has used homogenization
experiments to obtain diffusion data for titanomag-
netites, although the model used to interpret his
results was slightly different from that used here.
The general method has the advantages of simplic-
ity and of access to very small diffusion coefficients.
Disadvantages include the inability of the method to
determine other than "average" diffusion coeffi-
cients.
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