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Abstract We have experimentally determined the tracer

diffusion coefficients (D*) of 44Ca and 26Mg in a natural

diopside (*Di96) as function of crystallographic direction

and temperature in the range of 950–1,150 �C at 1 bar and

f(O2) corresponding to those of the WI buffer. The exper-

imental data parallel to the a*, b, and c crystallographic

directions show significant diffusion anisotropy in the a–c

and b–c planes, with the fastest diffusion being parallel

to the c axis. With the exception of logD*(26Mg) parallel

to the a* axis, the experimental data conform to the

empirical diffusion ‘‘compensation relation’’, converging

to logD * -19.3 m2/s and T * 1,155 �C. Our data do not

show any change of diffusion mechanism within the tem-

perature range of the experiments. Assuming that D* varies

roughly linearly as a function of angle with respect to the c

axis in the a–c plane, at least within a limited domain of

*20� from the c-axis, our data do not suggest any sig-

nificant difference between D*(//c) and D*(\(001)), the

latter being the diffusion data required to model composi-

tional zoning in the (001) augite exsolution lamellae in

natural clinopyroxenes. Since the thermodynamic mixing

property of Ca and Mg is highly nonideal, calculation of

chemical diffusion coefficient of Ca and Mg must take into

account the effect of thermodynamic factor (TF) on dif-

fusion coefficient. We calculate the dependence of the TF

and the chemical interdiffusion coefficient, D(Ca–Mg), on

composition in the diopside–clinoenstatite mixture, using

the available data on mixing property in this binary system.

Our D*(Ca) values parallel to the c axis are about 1–1.5 log

units larger than those Dimanov et al. (1996). Incorporating

the effect of TF, the D(Ca–Mg) values calculated from our

data at 1,100–1,200 �C is *0.6–0.7 log unit greater than

the experimental quasibinary D((Ca–Mg ? Fe)) data of

Fujino et al. (1990) at 1 bar, and *0.6 log unit smaller

than that of Brady and McCallister (1983) at 25 kb, 1,150

�C, if our data are normalized to 25 kb using activation

volume (*4 and *6 cm3/mol for Mg and Ca diffusion,

respectively) calculated from theoretical considerations.

Keywords Diffusion � Thermodynamic factor �
Diopside � Eucrites � Cooling rates

Introduction

Clinopyroxenes in both slowly cooled terrestrial and

planetary samples often show compositional zoning of

major divalent cations and exsolution lamellae (e.g.

McCallum and O’Brien 1996; Schwartz and McCallum

2005). These features can be modeled to constrain the

cooling histories of the host rocks, if the appropriate dif-

fusion kinetic parameters of the divalent cations are known.

The relatively coarse exsolution lamellae, in which com-

positional zoning could be measured, are typically parallel

to (001) so that the diffusion direction during the growth of

the lamellae is normal to the (001) direction, or at an angle

of 16–18� to the c-axis. In addition, the coarsening of the
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exsolution lamellae can also be modeled using the theory

of Brady (1987) and the available data on lamellar coars-

ening kinetics (McCallister 1978; Nord and McCallister

1979; Nord and Gordon 1980) to provide complementary

constraints on the cooling rates of the host rocks. Several

workers, thus, have carried out experimental studies over

approximately the past three decades to determine the

diffusion parameters of the divalent cations in diopside.

Brady and McCallister (1983) determined the quasibi-

nary chemical interdiffusion coefficient of Ca and

(Mg ? Fe) at 25 kb, 1,150–1,250 �C from kinetic experi-

ments involving homogenization of fine scale (001)

coherent pigeonite exsolution lamellae in a sub-calcic

diopside megacryst from Mabuki kimberlite, Tanzania. (As

discussed later, a chemical interdiffusion coefficient rep-

resents a product of a weighted average of tracer diffusion

coefficients and a thermodynamic factor.) They presented

their data as ‘‘average’’ (chemical) inter-diffusion coeffi-

cient, �D Ca�Mgð Þ (which, in fact is �D Ca�ðMgþ Fe)ð Þ; at

the annealing temperatures since the inter-diffusion coef-

ficient must have varied as a function of composition

during homogenization as a result of the strong deviation

from thermodynamic ideality of mixing of the Ca and Mg

components (e.g. Lindsley et al. 1981), as discussed later.

Fujino et al. (1990) determined �D Ca� ðMgþ Fe)ð Þ; from

modeling the compositional profiles, as determined by

analytical transmission electron microscopy (ATEM) in

(001) pigeonite exsolution lamellae and augite host in a

natural crystal that was annealed to promote coarsening of

the lamellae at several temperatures between 1,000 and

1,200 �C at 1 bar pressure and controlled f(O2) conditions.

Dimanov et al. (1996) determined tracer diffusion coeffi-

cient of Ca, using natural crystal, whereas Azough and

Freer (2000) determined that of Fe2? using both natural

and synthetic (Fe-free) crystals. Preliminary experimental

data for Ca and Mg tracer diffusion coefficients in natural

diopside were also presented from our group (Stimpfl et al.

2003) and were used by Schwartz and McCallum (2005) to

model the compositional zoning in (001) exsolution

lamellae of augite in pigeonite host in unequilibrated eu-

crites. Miyamoto and Takeda (1994) and Miyamoto (1997)

used the quasi-binary Ca–(Mg ? Fe) inter-diffusion data

of Fujino et al. (1990) to estimate the cooling rate (and

from that the burial depth) of an eucrite on the basis of the

compositional zoning in (001) exsolved lamellae in

clinopyroxene.

Availability of the tracer diffusion coefficients of the

diffusing species, D*(i), as function of crystallographic

orientation, along with their thermodynamic mixing prop-

erties, permits flexibility in the modeling of compositional

zoning as function of diffusion direction and composition.

There are now adequate data (e.g. Lindsley et al. 1981;

Ganguly and Saxena 1987) to evaluate thermodynamic

effect on the diffusion process. However, so far no data

have been available for D*(Mg) in clinopyroxene. The

primary purpose of this work is the determination of

D*(Ca) and D*(Mg) in natural diopside crystals as func-

tions of crystallographic orientation and temperature, and

to use these data and thermodynamic mixing properties of

Ca and Mg to calculate the binary chemical interdiffusion

coefficient.

Experimental and analytical methods

Sample preparation

Chips of a gem quality natural diopside crystal, *Di96, were

oriented in a 4-circle X-ray diffractometer and cut normal to

a*, b and c axial directions. Complete microprobe analysis

of the crystal yields a formula Ca0.96Na0.02Mg0.96Fe0.05

Mn0.01Al0.04Si1.97O6, and shows the crystal to be effectively

homogeneous. The cut surfaces were ground and were

polished down to 0.25 lm diamond powder and finally

finished to a mirror polish by a combination of mechanical

and chemical polishing using silica suspension on OP-chem

cloth from Struers. The last step was intended to remove a

very thin disturbed layer that usually develops very close to

a crystal surface by the abrasive action of mechanical pol-

ishing. The polished wafers were pre-annealed for 1–2 days

at or close to the conditions of the diffusion experiments in

order to equilibrate the point defects to a condition that is the

same as or close to the experimental condition, and also to

anneal the surface defects that might have been generated by

the polishing process.

The source materials for Ca and Mg tracer diffusion

experiments were 44Ca enriched CaO and 26Mg rich MgO,

respectively. A thin layer (*200–250 Å
´

) of a source

material was deposited on the polished surface of a

pre-annealed crystal by thermal evaporation under high-

vacuum condition. Initially, we tried to use 44Ca enriched

finely powdered CaCO3 as a source material for 44Ca, but

the powder kept on flying off the tungsten filament upon

which it was deposited for thermal evaporation by resistive

heating. The problem was solved by decarbonation and

grain coarsening in a furnace prior to deposition on the

tungsten filament.

Tracer diffusion experiments

All experiments were carried out in a computer controlled

vertical gas-mixing furnace. The oxygen fugacity was

controlled by a flowing mixture of CO and CO2 and cross

checked by a zirconia sensor. The furnace was pre-condi-

tioned to the desired temperature and f(O2) condition of an

experiment keeping the ends of the vertical ceramic tube
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closed. The sample with a thin layer of diffusing material

was quickly inserted from the top to the hot spot of the

furnace, and the ends of the ceramic tube were completely

sealed immediately thereafter. In order to minimize gas

consumption, the gas mixture was forced to recirculate into

the furnace and was vented out periodically through a

pressure release valve. After the end of an experiment, the

sample was quenched quickly by pulling it out of the fur-

nace and cooling in air.

Time series experiments were carried out at 1,000 �C

and f(O2) corresponding to that of the wüstite-iron (WI)

buffer to check if the retrieved diffusion coefficients show

any time dependence that would be indicative of effects

from non-diffusive processes on the development of the

concentration profiles. The results of the time series

experiments are discussed below.

Measurement of diffusion profiles

The experimentally induced diffusion profiles of 44Ca and
26Mg were measured by depth profiling in Ion-probes at the

University of Tokyo (Cameca ims-6f SIMS) and Arizona

State University (Cameca ims-3f SIMS). The primary ion

beam was mass filtered negative 16O accelerated to 10 keV

with a beam current of 30–80 nA, and was rastered over

*125 9 125 to 175 9 175 lm square area of the sample

during analyses. By using mechanical aperture, only the

secondary ions from the central segment of *60 lm

diameter of the rastered area were collected during depth

profiling. The electrostatic charging of a sample by the

primary ion beam irradiation was virtually eliminated by

depositing a thin film (*30 nm) of either Pd (Tokyo

facility) or Au (ASU facility) on the sample surface prior to

analysis. At the end of depth profiling a sample, the crater

depth within the sample was measured by a Dektak surface

profilometer that was calibrated against known standards.

Assuming that each step in the depth profiling caused the

same penetration into the sample, the step size was cal-

culated by dividing the crater depth by the total number of

steps. This assumption may not be valid for the sputtering

of the primary ion beam within the thin film versus the

crystal. However, the error due to the possible difference

between the step size within the film and the crystal sub-

strate should have negligible effect on the calculation of

the step size because of the overwhelmingly large number

of steps within the crystal relative to those within a thin

film.

In addition to 44Ca and 26Mg, the spatial variation

of several other non-diffusing species, namely 30Si, 25Mg,
42Ca or 54Fe, and 104Pb or 197Au, was also measured

simultaneously during the sputtering process. A typical

set of analytical data for an experiment designed to

determine 26Mg diffusion at 1,100 �C is shown in Fig. 1.

The concentration profiles of the non-diffusing species

were used to locate the thin film and crystal surfaces. The

mixing effect during depth profiling caused smearing out of

the intensity of the Pd or Au layer over a certain distance.

As in our previous studies, and for reasons discussed

therein (e.g. Ganguly et al. 2007), it was assumed that the

surface of a thin film was located approximately at half-

intensity for the counts of 104Pd or 197Au, whereas the

crystal surface was located at the initial peak of 30Si

(Fig. 1a). The criterion for locating the crystal surface is

justified on the basis of an earlier study (Ganguly et al.

1998a) in which the diffusing species was deposited on the

crystal surface from a dilute HCl solution. It was found that

a sharp drop of Cl counts to almost zero value, which

indicates a position at or very close to the crystal surface,

coincided with the initial peak of 30Si. It has been found in

all our studies of diffusion kinetics involving Ion-probe

analysis that the 30Si counts attain a peak before settling to
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Fig. 1 A typical SIMS depth profile (symbols), showing the normal-

ized concentration of 26Mg versus penetration distance within the

sample parallel to the c-axis of diopside, and the model fit to the data

according to the solution of the diffusion equation (Eq. 1). Also

shown are the depth profiles for the non-diffusing species 30Si, 42Ca

and a surface layer of 104Pd that was deposited to eliminate sample

charging during SIMS analysis. The residual thin film surface is

assumed to be located at half the intensity of 104Pd, whereas the

crystal surface (x = 0) is assumed to be located at the peak intensity

of 30Si
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a plateau value during depth profiling. We have also shown

in Fig. 1 the profile of 42Ca that is expected to be a non-

diffusing isotope in the specific experiment. It should be

noted that the crystal surface located on the basis of 30Si

peak approximately coincides with the beginning of pla-

teau value of 42Ca. A 50-Å
´

uncertainty on the location of a

crystal surface has negligible effect on the value of

retrieved diffusion coefficients in our study in which the

profile lengths were at least 1,200 Å
´

.

Results and discussion

Modeling of the diffusion profiles

The experimentally produced diffusion profiles of 44Ca and
26Mg were modeled to retrieve the tracer diffusion coeffi-

cients according to the solution of diffusion equation in a

semi-infinite medium with either (a) a homogeneous semi-

infinite source or (b) a depleting source (Crank 1975). The

solution for the semi-infinite source [case (a)] always

yielded better statistical fit to the experimental data than

that for a depleting source [case (b)]. The fit to the

experimental data according to the case (a) is illustrated in

Fig. 1b. The data within the domain marked as SIMS

instability were neglected in the fitting procedure. The

semi-infinite source solution of the diffusion equation is

(Crank 1975)

Cs � Cðx; tÞ
Cs � C1

¼ erf
x

2
ffiffiffiffiffi

Dt
p

� �

ð1Þ

where x is the normal distance from the interface, t is the

time, Cs is the surface concentration and C? = C at t = 0.

The surface concentration of the diffusing (and any other)

species, Cs, could not be determined because of the typical

instability of the SIMS analyses in the first four or five

analytical cycles. Thus, as in our earlier studies (e.g.

Ganguly et al. 1998a, 2007; Tirone et al. 2005), the solu-

tion to the diffusion equation was interfaced with an opti-

mization program that yields the best combination of Cs

and D values. Tirone et al. (2005) showed by Rutherford

Back Scattering (RBS) measurement that a thin film of Nd

indeed preserved the property of a homogeneous semi-

infinite reservoir during diffusion into a garnet over a

distance of 1,000 Å. Optimization analysis of the solutions

to the SIMS data for the same sample also yielded better fit

for a homogeneous semi-infinite source [case (a)] than a

depleting source [case (b)].

The retrieved D*(Ca) and D*(Mg) data for the time

series experiments at 1 bar, 1,000 �C, and f(O2) corre-

sponding to the WI buffer condition that are mentioned

above are illustrated in Fig. 2. The diffusion direction for

these experiments is parallel to the b-axis of diopside. The

diffusion coefficients for both 44Ca and 26Mg do not show

any noticeable dependence on time. Thus, there is no evi-

dence for the interference of any non-diffusive process on

the development of the concentration profiles of Ca and Mg

in our experimental studies.

The experimental conditions and retrieved D*(44Ca) and

D*(26Mg) values at different conditions along different

crystallographic directions are summarized in Tables 1 and

2, respectively. There are two primary sources of statistical

errors in the retrieved D values: (a) scatter of the data and

(b) error in the measurement of crater depth. However,

using the relation D � x2, we find that the error of a D

value (*1.5% on the average) resulting from that of crater

depth measurement is negligible compared to those arising

from the scatter of the data points in a measured concen-

tration profile. The latter was calculated according to the

numerical method of Tirone et al. (2005) and was shown in

Table 1 as ±1r values.

Arrhenian relations and diffusion anisotropy

Figures 3 and 4 show the Arrhenius plots of the experi-

mentally determined diffusion parameters of 44Ca and
26Mg, respectively, as function of temperature along the

a*, b and c axial directions. The Arrhenian relation is

expressed according to D = D0 exp(-E/RT), where D0 is a

constant and E is the activation energy of diffusion. The

vertical bars on the data points represent ±2r values.

The least squares fits to the logD versus 1/T data are

illustrated in Figs. 3 and 4 as solid lines. The dashed lines

show the 95% confidence intervals of the logD values that

have been calculated according to the procedure of Tirone

et al. (2005). The retrieved Arrhenian parameters are

summarized in Table 3. The standard deviations of D0 have

been calculated from those of logD0, which are directly

retrieved from the least squares regression of logD0 versus
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Fig. 2 Tracer diffusion coefficients of 44Ca and 26Mg parallel to the b
axis of diopside retrieved from time series experiments at 1 bar, 1,000

�C and f(O2) corresponding to the WI buffer condition. Half-lengths

of the vertical bars represent 2r statistical errors
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1/T data, according to r(D0) = (2.303D0) 9 r(logD0)

(Liermann and Ganguly 2002). The Arrhenian relation for

D(44Ca) and D(26Mg) parallel to the three axial directions

are complied in the lower right panels of Figs. 3 and 4,

respectively.

It is evident from the illustrations of the diffusion data

that both Ca and Mg diffusion are significantly anisotropic

within the temperature range (950–1,150 �C) of the exper-

imental data. According to the empirical relation known as

the ‘‘compensation law’’, logD versus 1/T relations within a

given mineral should converge with increasing temperature

so that at some high temperature, usually referred to as the

‘‘compensation temperature’’, all diffusivities in a given

crystal (or of a given species in different crystals) become

the same (Winchell 1969; Lasaga 1998). The behavior of

the logD versus 1/T relations for Ca diffusion parallel to a*,

b and c axial directions (Fig. 3) conforms to that expected

from the ‘‘compensation law’’. However, the D*(Mg)

values do not conform to the ‘‘compensation’’ behavior

(Fig. 4). There are insufficient data in the literature to test if

the ‘‘compensation law’’ holds at a statistically significant

level for anisotropic diffusion.

Figure 5 shows a compilation of the Arrhenian relations

for 44Ca parallel to a*, b and c and for 26Mg parallel to b

and c axial directions of diopside. It is interesting to find

that these five relations seem to satisfy the ‘‘compensation

relation’’ with a compensation condition defined by

logD & -19.3 m2/s, T & 1,155 �C (1,428 K). It, there-

fore, seems reasonable to suppose that the 26Mg diffusion

in diopside parallel to a* should also satisfy the compen-

sation relation. We, therefore, regress these data in diopside

using the form of Arrhenian relation and constraining it to

pass through the compensation condition. This is shown in

Fig. 5 as ‘‘Mg(//a*): comp’’, and the constrained Arrhenian

parameters are listed in Table 3. We recommend these

parameters for D*(26Mg) in diopside. The inset in Fig. 5

Table 1 Summary of experimental conditions and 44Ca tracer diffusion coefficients in diopside

Run# T (�C) Time (h) logD(1r) (m2/s) D(1r) (m2/s) LogfO2 (bars)

Diffusion direction://c-axis

CaDi10c 1,150 24 -19.33 (±0.10) 4.68 (±1.08) 9 10-20 -12.14 (WI)

-19.37 (±0.04) 4.27 (±0.43) 9 10-20

CaMgDi05c 1,100 48 -19.92 (±0.08) 1.20 (±0.22) 9 10-20 -12.9 (WI)

-19.55 (±0.06) 2.82 (±0.39) 9 10-20

CaMgDi01c 1,050 72 -19.99 (±0.06) 1.02 (±0.14) 9 10-20 -14.42 (WI)

-19.97 (±0.06) 1.07 (±0.15) 9 10-20

CaMgDi02 1,000 72 -20.39 (±0.10) 4.07 (±0.94) 9 10-21 -13.03 (WM)

-20.41 (±0.09) 3.89 (±0.82) 9 10-21

CaDi11c 950 324 -20.82 (±0.09) 1.51 (±0.32) 9 10-21 -18.29 (WI)

-21.18 (±0.10) 6.61 (±0.15) 9 10-22

Diffusion direction://b-axis

CaDi10b 1,150 24 -19.39 (±0.06) 4.07 (±0.53) 9 10-20 -12.14 (WI)

-19.38 (±0.10) 4.17 (±1.00) 9 10-20

CaMgDi01b 1,050 72 -20.06 (±0.06) 8.71 (±1.20) 9 10-21 -14.42 (WI)

-20.07 (±0.06) 8.51 (±1.18) 9 10-21

CaDi15b 1,000 192 -20.95 (±0.24) 1.11 (±0.51) 9 10-21 -16.19 (WI)

-21.08 (±0.08) 8.25 (±2.10) 9 10-22

CaDi16b 1,000 336 -20.92 (±0.16) 1.22 (±0.84) 9 10-21 -16.19 (WI)

-21.18 (±0.07) 6.54 (±1.41) 9 10-22

CaDi11b 950 324 -21.26 (±0.13) 5.50 (±1.65) 9 10-22 -18.29 (WI)

-21.36 (±0.04) 4.37 (±0.44) 9 10-22

Diffusion direction://a*-axis

CaDi10a 1,150 24 -19.49 (±0.12) 3.24 (±0.91) 9 10-20 -12.14 (WI)

-19.44 (±0.13) 3.63 (±1.09) 9 10-20

CaMgDi01a 1,050 72 -20.12 (±0.04) 7.59 (±0.76) 9 10-21 -14.42 (WI)

-20.24 (±0.05) 5.75 (±0.69) 9 10-21

CaDi11a 950 324 -21.36 (±0.05) 4.37 (±0.48) 9 10-22 -18.29 (WI)

-21.38 (±0.03) 4.17 (±0.25) 9 10-22

The parenthetical numbers beside logf(O2) indicate corresponding solid oxygen buffer conditions
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shows a comparison of the constrained Arrhenius relation

with the experimental data of Mg diffusion parallel to the

a* axis.

Modeling of compositional zoning in the exsolved (001)

augite lamellae in clinopyroxene requires diffusion data

normal to the lamellar surface. This normal direction

makes an angle of 16�–18� with the c axis of augite.

Considering the difference between the D values parallel to

a* and c axial directions, and the errors in the retrieved D

values, we feel that a linear interpolation of D value as a

function of angle with respect to an axial direction in the a–

c plane should be adequate to define D normal to (001).

This approximation does not yield any significant differ-

ence between D (\(001) and D(//c).

In principle, the diffusion coefficient along any arbitrary

direction, x, can be determined if the diffusion coefficients

along the three principal axes of diffusion and the direction

cosines of x with respect to these axes are known (e.g. Crank

1975). Since an axis of symmetry constitutes a principal

axis, the D(//b) yields the diffusion coefficient parallel to

one of the principal axes. More work (i.e. determination of

D parallel to at least one more direction in the a–c plane) is

needed to define the other two principal axes and diffusion

coefficients parallel to these axes. The general mathemati-

cal procedures are discussed by Nye (1985).

Chemical interdiffusion coefficient

of Ca and Mg in diopside

A binary chemical inter-diffusion coefficient between two

species i and j is related to the individual self-diffusion

Table 2 Summary of experimental conditions and 26Mg tracer diffusion coefficients in diopside

Run# T (�C) Time (h) logD(1r)(m2/s) D(1r)(m2/s) LogfO2 (bars)

Diffusion direction://c-axis

MgDi10c 1,150 24 -19.26 (±0.03) 5.50 (±0.44) 9 10-20 -12.14 (WI)

-19.44 (±0.06) 3.63 (±0.47) 9 10-20

CaMgDi05c 1,100 48 -19.64 (±0.08) 2.29 (±0.42) 9 10-20 -12.90 (WI)

-19.39 (±0.08) 4.07 (±0.75) 9 10-20

CaMgDi01c 1,050 72 -19.82 (±0.05) 1.51 (±0.17) 9 10-20 -14.42 (WI)

-19.78 (±0.08) 1.66 (±0.30) 9 10-20

CaMgDi02 1,000 72 -19.97 (±0.06) 1.07 (±0.14) 9 10-20 -13.03 (WM)

-19.91 (±0.07) 1.23 (±0.20) 9 10-20

MgDi11c 950 324 -20.48 (±0.04) 3.32 (±0.30) 9 10-21 -18.29 (WI)

-20.42 (±0.07) 3.80 (±0.61) 9 10-21

Diffusion direction://b-axis

MgDi10b 1,150 24 -19.50 (±0.14) 3.16 (±1.01) 9 10-20 -12.14 (WI)

-19.38 (±0.10) 4.17 (±1.00) 9 10-20

CaMgDi01b 1,050 72 -19.87 (±0.09) 1.34 (±0.28) 9 10-20 -14.42 (WI)

-19.88 (±0.09) 1.31 (±0.27) 9 10-20

MgDi12b 1,000 73 -20.38 (±0.06) 4.17 (±0.54) 9 10-21 -16.19 (WI)

-20.43 (±0.09) 3.72 (±0.78) 9 10-21

MgDi13b 1,000 145 -20.47 (±0.03) 3.39 (±0.24) 9 10-21 -16.19 (WI)

-20.67 (±0.07) 2.14 (±0.34) 9 10-21

MgDi15b 1,000 336 -20.23 (±0.04) 5.93 (±0.58) 9 10-21 -16.19 (WI)

-20.25 (±0.07) 5.63 (±1.75) 9 10-21

MgDi11b 950 324 -20.90 (±0.04) 1.26 (±0.08) 9 10-21 -18.29 (WI)

-20.66 (±0.09) 2.19 (±0.44) 9 10-21

Diffusion direction ://a*-axis

MgDi10a 1,150 24 -19.71 (±0.07) 1.95 (±0.33) 9 10-20 -12.14 (WI)

-19.56 (±0.06) 2.75 (±0.39) 9 10-20

CaMgDi01a 1,050 72 -20.06 (±0.07) 8.71 (±1.39) 9 10-21 -14.42 (WI)

-20.15 (±0.07) 7.08 (±1.13) 9 10-21

MgDi11a 950 324 -20.57 (±0.09) 2.69 (±0.54) 9 10-21 -18.29 (WI)

-20.50 (±0.10) 3.16 (±0.70) 9 10-21

The parenthetical numbers beside logf(O2) indicate corresponding solid buffer conditions
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Fig. 3 Arrhenius plot of the

tracer diffusion coefficients of
44Ca parallel to the a*, b and c
axial directions of diopside at

f(O2) corresponding to the WI

buffer condition. The solid lines
are least squares fits to the

experimental data. The vertical
bars on the data points

represent ± 2r error, and the

dashed curves show the ±95%

error envelopes of the regressed

relations. The lower right panel
shows a comparison of the

Arrhenian relations for diffusion

parallel to a*, b and c directions

Fig. 4 Same as Fig. 3 for 26Mg

diffusion
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coefficients, D(i), according to (e.g. Brady and McCallister

1983; Ganguly 2002)

D i� jð Þ ¼ DðiÞDðjÞ
XiDðiÞ þ XjDðjÞ

1þ olnci

olnXi

� �

ð2Þ

where ci is the thermodynamic activity coefficient of the

species i. The tracer diffusion coefficient of an isotope of

an element and the self diffusion coefficient are equivalent

when all isotopes of the element have the same diffusivi-

ties. The concepts of tracer, self and chemical diffusion

coefficients have been reviewed and discussed by Ganguly

(2002). Assuming that the self and tracer diffusion coeffi-

cients of Ca and Mg are effectively the same, the above

relation can be used to calculate D(Ca–Mg). The paren-

thetical term in this equation is usually referred to as the

thermodynamic factor (TF). Brady and McCallister (1983)

demonstrated that there is a strong influence of TF on

D(Ca–Mg) in diopside that results from large deviation

from ideality of mixing of these species, which is mani-

fested in the presence of a large solvus in the binary

system.

To calculate the dependence of D(Ca–Mg) on the

composition of diopside, we use the Ca–Mg mixing

parameters from Lindsley et al. (1981). These authors

modeled the molar excess free energy of mixing, DGxs
m ;

in the Ca–Mg binary join in terms of a sub-regular

model

DGxs
m ¼ WMgCaXCa þWCaMgXMg

� �

XCaXMg ð3Þ

that yields

RTlnci ¼ Wij þ 2Xi Wji �Wij

� �� �

X2
j ð4Þ

1(e.g. Ganguly and Saxena 1987), where the W parameters

are subregular fitting parameters that are, in principle,

functions of pressure and temperature, but not composition.

From the last expression, we obtain

TF � 1þ olnci

olnXi

� �

¼ XiXj

RT
Wij 2Xi � 4Xj

� �

þWji 2Xj � 4Xi

� �� �

: ð5Þ

According to Lindsley et al. (1981) WCaMg = 31,217 ?

0.0061(P) J/mol and WMgCa = 25,485 ? 0.0812(P) J/mol

where P is in bars. Figure 6 shows the thermodynamic

factor versus mol fraction of diopside in the Ca–Mg binary

join at 1,200, 1,000 and 800 �C and pressure of 1 bar (solid

lines) and at 1,200 �C, 10 kb (dashed line).

Figure 7 shows the Arrhenius relations of D(Ca–Mg) for

X(Di) of 0.8 and 0.9 to illustrate the effect of the thermo-

dynamic factor on the interdiffusion coefficient. The

Arrhenius relations for ideal mixing at the two composi-

tions are indistinguishable in the graph, and are thus shown

by a single dashed line. The activation energy value is

223.7 kJ/mol for ideal mixing, and after including the

Table 3 Summary of 44Ca and 26Mg diffusion parameters in

diopside

//a* //b //c

Ca

logD*0 (m2/s)

-7.7 (0.7) -6.52 (1.29) -9.62 (0.91)

D*0 9109 (m2/s)

19.9 (32.2) 302.0 (897.0) 0.24 (0.50)

E (kJ/mol-K)

318.80 (17.68) 349.50 (32.06) 264.96 (22.99)

Mg

logD*0 (m2/s)

-14.17 (0.49) -10.91 (0.93) -12.84 (0.68)

D*0 9 1,013 (m2/s)

0.07 (0.08) 123.0 (263.0) 1.44 (2.26)

E (kJ/mol-K)

149.50 (22.24) 230.69 (22.92) 176.15 (176)

Mg://a* constrained to obey compensation law

logD*0 (m2/s) = -11.39 (1.19) [D*0 (m2/s) = 4.07

(11.16) 9 10-12]

E (kJ/mol-K) = 218.08 (15.93)

The parenthetical numbers represent 1r values

Fig. 5 Comparison of the Arrhenian relations of 44Ca and 26Mg

tracer diffusivities parallel to the a*, b and c axial directions of

diopside at f(O2) corresponding to the WI buffer. The dashed line
labeled ‘‘Mg(//a*): comp’’ shows the Arrhenian relation for Mg

diffusion parallel to a*, constrained to satisfy the compensation

condition defined by the others. The inset shows a comparison of the

constrained Arrhenius relation with the experimental data for

diffusion of Mg parallel to the a* axis
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thermodynamic effect, 427.4 and 251.9 kJ/mol for

X(Di) = 0.7 and 0.8, respectively.

Comparison with previous studies

Figure 8 shows a comparison of tracer diffusion data par-

allel to the c axis for 44Ca and 26Mg, as determined in this

study, with those of Ca and Fe2? of Dimanov et al. (1996)

and Azough and Freer (2000), respectively, and

Ca–(Mg ? Fe) quasibinary chemical inter-diffusion data

normal to (001) by Brady and McCallister (1983) and

Fujino et al. (1990). Dimanov et al. (1996) also carried out

a limited number of experiments for diffusion parallel to

the b axis at 1,180–1,250 �C, but did not find any signifi-

cant difference between the diffusion data parallel to the b

and c axial directions. This observation about the similarity

of D(Ca)//b and D(Ca)//c is consistent with our finding that

the diffusion anisotropy of Ca in diopside almost vanishes

at *1,150 �C (Fig. 3). Because of the lack of difference

between their data for D(Ca) parallel to the b and c axial

directions, Dimanov et al. (1996) fitted all their data (71 D

values//c and 6 D values//b) with a single Arrhenian rela-

tion. We find that while the activation energy of Ca dif-

fusion parallel to the c axis, as determined in this study, is

similar to that in Dimanov et al. (1996), the D(Ca) values

of this study are 1.0–1.5 log units larger. There is also a

slight kink in the logD(Ca) versus 1/T relation presented by

Dimanov et al., but there does not seem to be any statistical

justification for such a kink considering the scatter of their

experimental data.

The quasibinary Ca–(Mg ? Fe) chemical interdiffusion

data of Fujino et al. (1990) show a conspicuous change of

slope in the Arrhenius plot (Fig. 7) that suggests a change

of diffusion mechanism. This is in contrast to our data that

do not suggest any change of slope of the logD versus 1/T

relation. We also note that intrinsic–extrinsic transition that

was suggested earlier for Fe–Mg interdiffusion in olivine

(Buening and Buseck 1973) is not supported by a thorough

investigation of the problem by Chakaraborty and co-

workers for over more than a decade, the results of which

are summarized in Dohmen and Chakraborty (2007), nor

was such a transition found within the temperature range of

750–1,450 �C for Mg tracer diffusion in garnet (Ganguly

et al. 1998b) and in many other modern studies of cation

diffusion in silicates and oxides. Although used by several

workers for modeling compositional zoning in pyroxenes

to retrieve the time scales of natural processes

(e.g. Miyamoto and Takeda 1994), the data of Fujino et al.

1200 C 

1200 C 

1000 C 

800 C 

Fig. 6 Illustration of the (non-coherent) thermodynamic factor

of chemical diffusion coefficient in diopside–clinoenstatite

(CaMgSi2O6–MgMgSi2O6) binary as function of the mole fraction

of diopside at 1,200, 1,000 and 800 �C, 1 bar (solid lines) and

1,200 �C, 10 kb (dashed line). The calculations terminate at the solvus

Fig. 7 Arrhenius relations of Ca–Mg interdiffusion coefficient as

function of composition, with and without thermodynamic effects.

The solid lines show the Arrhenian relations for X(Di) = 0.7 and 0.8.

The Arrhenian relations for ideal mixing in these compositions are

indistinguishable in the graph, and shown by a dashed line

B & M: Ca-(Mg+Fe) 

This Study  

Fujino et al.:  
Ca-(Mg+Fe)⊥

Dimanov et al.: Ca 

Mg  

Ca  

A & F: Fe  

Fig. 8 Comparison of diffusion data parallel or approximately

parallel to c-axis in diopside. B & M Brady and McCallister (1983);

A & F Azough and Freer (2000). The dashed line represents the

calculated D(Ca–Mg) for the average X(Di) composition in the

experiments of Fujino et al. (1990). All data are at 1 bar, except for

Brady and McCallister (1983), which are at 25 kb. The data of Fujino

et al. (1990) and Brady and McCallister (1983) are normal to (001)

(i.e. inclined by 16–18� to the c-axis)
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(1990) have not been available in any peer reviewed

international journal. Therefore, it is not possible to pro-

vide a critical evaluation of these diffusion data.

In order to roughly compare the chemical Ca–

(Mg ? Fe) inter-diffusion data of Fujino et al. (1990) and

Brady and McCallister (1983) with our results, we need to

calculate the Ca–Mg binary diffusion normal to the (001)

lamellae from our data, incorporating the effects of the

thermodynamic factor (TF). The comparison with the data

of Brady and McCallister (1983) also requires that we

calculate the effect of pressure on diffusion coefficient as

their experiments were carried out at 25 kb. As noted

above, there is no significant difference between D(//c) and

D(\(001)) if it is assumed that D changes linearly as

function of angle with respect to an axial direction in the a–

c plane between the values parallel to c and a* directions.

The average diopside content of the augite host in the

experiments of Fujino et al. (1990) is found to be

*81 mol% at 1,100 �C and 74 mol% at 1,200 �C (Fujino,

pers. com.). Thus, using Eq. 5 and the thermodynamic

mixing parameters of Lindsley et al. (1981), we calculate

log(TF) = -0.47 and -0.55 at 1,100 �C and l200 �C,

respectively, at P = 1 bar. From Eq. 2, we then calculate

D(Ca–Mg) at 1 bar, 1,100 and 1,200 �C. The linear

logD(Ca–Mg) versus 1/T relation defined by these data are

illustrated in Fig. 8 by a dashed line. The calculated D(Ca–

Mg) values are *0.6–0.7 log unit greater than the exper-

imental quasibinary D(Ca–(Fe ? Mg)) data of Fujino et al.

(1990). A part of this difference may be due to the presence

of Fe (Fe/RM-cations *0.13) in the sample used by Fujino

et al. (1990). Comparison of our data with those of Azough

and Freer (2000) suggests that D(Fe) is the slowest dif-

fusing divalent cation in diopside. It is, however, doubtful

if D(Fe) \ D(Ca) as the ionic radius of Ca is much larger

than that of Fe2?. It seems more likely that D(Fe) is smaller

than D(Mg), as has been shown to be the case for Mn poor

garnet (Ganguly et al. 1998b), but greater than D(Ca).

At a constant temperature, the pressure dependence of a

diffusion coefficient is given by the relation

ologD

oP
¼ � DVþ

2:303RT
ð6Þ

where DV? is the activation volume. No data are, however,

yet available for the DV? (Ca–Mg) for clinopyroxene.

Theoretical analysis of the problem of estimation of acti-

vation volume by Sammis et al. (1981) suggests that in a

given mineral group, the ratio of DV?/E should be

approximately constant. The experimental data for Ce and

Yb diffusion in diopside by Van Orman et al. (2001) yields

DV?/E = 0.022–0.023 cm3/kJ. Thus, using the E values

for Ca and Mg diffusion parallel to the c-axis, as deter-

mined in this study, we obtain DV? (Ca) *6 cm3/mol and

DV? (Mg) *4 cm3/mol, and consequently, using Eq. 6,

DlogD = -0.55 for Ca and -0.37 for Mg diffusion par-

allel to the c-axis in diopside at 1,150 �C, where D stands

for the change of logD value for an increase of pressure

from 1 bar to 25 kb. The estimated activation volumes are

comparable to those determined experimentally for Mg,

Fe2?, Mn2? diffusion in garnet (Chakraborty and Ganguly

1992) and olivine (Holzapfel et al. 2007).

The average composition of augite during the homoge-

nization experiment at 25 kb, 1,150 �C, as reported by

Brady and McCallister (1983), has *73 mol% diposide

component. Since the experimental studies involved

homogenization of coherent (001) pigeonite exsolution

lamellae, the thermodynamic factor should be calculated,

as pointed out by Brady and McCallister (1983), on the

basis of the mixing parameters describing the coherent

solvus. From the calculations of thermodynamic factor

presented by these workers, we find log(TF) & -0.6.

Thus, at 25 kb, 1,150 �C, our tracer diffusion data yield,

after incorporating pressure and thermodynamic effects,

logD(Ca–Mg) = -20.3 m2/s, as compared to -19.7 m2/s

that was determined by Brady and McCallister (1983) from

lamellar homogenization experiments.

Cooling rates of non-cumulate eucrites:

a test of the diffusion data

Because of the disagreement among the various sets of

data, selection of the most correct data set may have to be

made by comparison of their consequences against other

constraints. To this end, we compare the cooling rates of

eucrites calculated by Schwartz and McCallum (2005)

from lamellar coarsening kinetics with those calculated

from the compositional zoning within the host–lamellae

pairs using Ca–Mg diffusion data. Using the theory of

Brady (1987) on lamellar coarsening kinetics and the

experimental data of coarsening kinetics by Nord and

McCallister (1979) and Nord and Gordon (1980), Schwartz

and McCallum (2005) derived cooling rates of 10-2 �C/day

and 3(10-5) �C/day for the attainment of the observed

lamellar thicknesses in two planetary basaltic samples,

known as Pasamonte and Haraiya, respectively. These are

non-cumulate basaltic materials (eucrite) that are generally

believed to have been derived from the asteroid Vesta.

Schwartz and McCallum (2005) have also determined the

maximum cooling rates for these samples on the basis of

the observed compositional zoning within the host–lamel-

lae pairs in these eucrites, using the preliminary Ca and Mg

tracer diffusion data from our group (Stimpfl et al. 2003),

and assuming constant cooling rate. The results are 10-2

�C/day for Pasamonte and 10-4 �C/day for Haraiya.

The initial cooling rate of a system is independent of the

cooling model (Ganguly et al. 1994). Also, the cooling rate

184 Contrib Mineral Petrol (2010) 159:175–186

123



derived from one set of diffusion data can be adjusted to

yield cooling rate corresponding to a different set of data

by noting that the integral quantity
R

D tð Þdt is invariant

(the explicit functional dependence of D on t depends on

the T–t relation), as long as the initial and boundary con-

ditions are the same. Thus, extending the treatment of the

cooling rate problem by Ganguly et al. (1994), it can be

easily shown that the initial cooling rates ( _T) derived from

the application of two different sets of diffusion data to the

same compositional profile are related according to

_T1

_T2

¼ D1ðT0Þ=D2ðT0Þ
E1=E2

ð7Þ

where Di(T0) is the diffusion coefficient at T0 according to

the data set i.

The thermodynamically corrected chemical inter-diffu-

sion data for the augite lamella in the eucrites, as calculated

from our tracer diffusion data and the thermodynamic

mixing properties of Ca and Mg given by Lindsley et al.

(1981), yields an Arrhenian relation of D(Ca–Mg) =

4(10-12)exp(-E/RT) m2/s with E = 218,143 J/mol.

Schwartz and McCallum (2005) assumed an initial tem-

perature of 1,100 �C. Using these data, we obtain from the

last equation _T (this study)/ _T (S & M) = 3.22. Thus, our

diffusion data yield initial cooling rates of B3(10-3) �C/day

and B3(10-5) �C/day for Pasamonte and Hariya, respec-

tively. Modeling of lamellar coarsening yields a factor of

three faster cooling rate for Pasamonte and the same cooling

rate for Haraiya. All other diffusion data at one bar (Fig. 8)

would yield cooling rates that are much slower than those

obtained from the lamellar coarsening kinetics.
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