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Abstract—The energetics of multicomponent diffusion in molten CaQ@\}SiO, (CAS) were examined
experimentally at 1440 to 1650°C and 0.5 to 2 GPa. Two melt compositions were investigated: a haplodacitic
melt (25 wt.% CaO, 15% AD,, and 60% SiQ) and a haplobasaltic melt (35% CaO, 20%®d, and 45%

SiO,). Diffusion matrices were measured in a mass-fixed frame of reference with simple oxides as end-
member components and A); as a dependent variable. Chemical diffusion in molten CAS shows clear
evidence of diffusive coupling among the components. The diffusive flux of &iGignificantly enhanced
whenever there is a large CaO gradient that is oriented in a direction opposite to thgr&dient. This
coupling effect is more pronounced in the haplodacitic melt and is likely to be significant in natural magmas
of rhyolitic to andesitic compositions. The relative magnitude of coupled chemical diffusion is not very
sensitive to changes in temperature and pressure.

To a good approximation, the measured diffusion matrices follow well-defined Arrhenius relationships with
pressure and reciprocal temperature. Typically, a change in temperature of 100°C results in a relative change
in the elements of diffusion matrix of 50 to 100%, whereas a change in pressure of 1 GPa introduces a relative
change in elements of diffusion matrix of 4 to 6% for the haplobasalt, and less than 5% for the haplodacite.
At a pressure of 1 GPa, the ratios between the major and minor eigenvalues of the diffusiompizirace
not very sensitive to temperature variations, with an average of50= for the haplobasalt and 37 0.6
for the haplodacite. The activation energies for the major and minor eigenvalues of the diffusion matrix are
215+ 12 and 240+ 21 kJ mof™?, respectively, for the haplodacite and 1828 and 217= 14 kJ mot™ for
the haplobasalt. These values are comparable to the activation energies for self-diffusion of calcium and
silicon at the same melt compositions and pressure. At a fixed temperature of 1500°C, the fajioerease
with the increase of pressure, with/A, varying from 2.5 to 4.1 (0.5 to 1.3 GPa) for the haplodacite and 4
to 6.5 (0.5 to 2.0 GPa) for the haplobasalt. The activation volumes for the major and minor eigenvalues of the
diffusion matrix are 0.3t 0.44 and 2.3+ 0.8 cn? mol™, respectively, for the haplodacite and -1 48.18
and —0.42+ 0.24 cn? mol~for the haplobasalt. These values are quite different from the activation volumes
for self-diffusion of calcium and silicon at the same melt compositions and temperature. These differences in
activation volumes between the two melts likely result from a difference in the structure and thermodynamic
properties of the melt between the two compositions (e.g., partial molar volume).

Applications of the measured diffusion matrices to quartz crystal dissolution in molten CAS reveal that the
activation energy and activation volume for quartz dissolution are almost identical to the activation energy and
activation volume for diffusion of the minor or slower eigencomponent of the diffusion matrix. This suggests
that the diffusion rate of slow eigencomponent is the rate-limiting factor in isothermal crystal dissolution, a
conclusion that is likely to be valid for crystal growth and dissolution in natural magmas when diffusion in
liquid is the rate-limiting factor. Copyright © 2002 Elsevier Science Ltd

1. INTRODUCTION diffusive flux of component in an n-component liquid,J;, is
given by (e.g., Onsager, 1945, de Groot and Mazur, 1962;

Chemical diffusion in molten silicate has played a key role in SHaase, 1969)

many petrological and geochemical mass transfer processe
involving crystal-melt and melt-melt interactions. The rate of
crystal dissolution in a melt, for example, is determined by the
rate of diffusion in the liquid, the thickness of concentration = - pzD”VCJ" @)
boundary, and the extent of undersaturation of the melt (e.g., =

Cooper and Kingery, 1964; Watson, 1982; Zhang et al., 1989;
Watson and Baker, 1991; Kerr, 1995; Liang, 2000). Chemical
diffusion in natural magmas is multicomponent in that the flux
of a given component, say Sj0Os a linear combination of the
concentration gradients of the independent components in the
system. This is Onsager's extension of Fick's first law of

n—-1

wherep is melt densityD;; are elements of am(— 1) X (n —

1) diffusion matrix, D], with component taken as the depen-
dent variable; andC; is mass fraction of componentIn the
absence of a sink or source and bulk flow, mass conservation in
a fluid volume element leads to the multicomponent diffusion

S . ) : equation
diffusion. In a mass-fixed (barycentric) frame of reference the q
aC, n—-1
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When the density and composition variations in a melt of
interest are small, Egn. 2 can be simplified by neglecting the
nonlinear terms V(pD;;) - VC;, namely,

aC n—1
j=1
The neglected terms are of order AD;;/D and Ap/powhen com-
pared with the order-one term on the left-hand side of Eqgn. 3
and are small in many practical applications, where AD;; and
Ap are magnitudes of diffusivity and density variations in the
melt, respectively; D isacharacteristic diffusivity; and p, isthe
average melt density (e.g., Richter et al., 1998). In a ternary
system, the full expressions of Eqn. 3 are

aC, ) 5
Fral D, VCy + D,VC,y, (4a)
Tl D, V*Cy + Dx,VC,y, (4b)

where component 3 is taken as the dependent variable. Diffu-
sion matrices at selected compositions for a number of simple
molten silicate systems of petrologic interest have been re-
ported: CaO-Al,0,-SiO, (CAS) (Sugawara et a., 1977; Oishi
et a., 1982; Liang et al., 1996b), MgO-Al,05-SIO, and CaO-
MgO-Al,05-SIO, (CMAS) (Kress and Ghiorso, 1993; Richter
eta., 1998), K,0-Al,05-SiO, (Chakraborty et d., 1995), K,O-
SrO-SiIO, (Varshneya and Cooper, 1972), Na,0O-CaO-SiO,
(Wakabayashi and Oishi, 1978, with diffusion matrix given by
Tria and Spera, 1994), and K,0-NaO-Al,05-SiO,-H,0 (Mun-
gdl et a., 1998). In two recent studies (Liang et a., 19963,
1996b), we measured the composition dependence of self-
diffusion coefficients and multicomponent diffusion coeffi-
cients in molten CAS at 1500°C and 1 GPa. The primary
purpose of these two studies was to obtain a complete data set
of diffusion parameters that would allow us to test and validate
empirical multicomponent diffusion models (Liang et a.,
1997). In a more recent study, we showed that the measured
multicomponent diffusion coefficients can be used to predict
quartz diffusive dissolution rate and interface melt composition
in molten CAS once the quartz liquidus is known (Liang,
1999). In this paper, we report the temperature and pressure
dependence of multicomponent diffusion coefficientsin molten
CAS at two melt compositions: a haplodacite (25 wt.% CaO,
15% Al,O5, and 60% SiO,; composition 7 in Fig. 1) and a
haplobasalt (35% CaO, 20% Al,O,, and 45% SiO,; composi-
tion 12 in Fig. 1). By knowing the temperature, pressure, and
composition dependence of chemical diffusion coefficients, we
will have a complete set of diffusion parameters for modeling
any diffusion-related mass transport problems in molten CAS,
which is one of the simplest multicomponent systems that bears
key components of natural magmas.

A brief description of materials and methods is given in the
next section. Experimentally measured multicomponent diffu-
sion coefficients at the two melt compositions in the ternary
system CAS at temperatures of 1440 to 1650°C and pressures
of 0.5 to 2 GPa are presented under “Results.” Energetics of
chemical diffusion are discussed under “Discussion,” where
activation energies and activation volumes are evaluated for
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Fig. 1. Composition space relevant to the chemical diffusion studies
in molten CaO-Al,05-SiO,. Diffusion matrices were measured at com-
position 7 (25 wt.% Ca0, 15% Al O3, and 60% SiO,) and composition
12 (35% Ca0, 20% Al,0,, and 45% SiO,, filled circles). Open circles
mark the starting compositions used to form diffusion couples. For
example, compositions 4 and 2 and compositions 3 and 5 (joined by tie
lines) form two diffusion couples around composition 7.

melts of different compositions and compared with values
reported for other simple systems. And finaly, an example of
how the measured chemical diffusion coefficients can be used
to evaluate the energetics of crystal dissolution is given under
“Geological Applications.”

2. EXPERIMENTAL METHODS

Starting compositions for the chemical diffusion experiments in the
ternary system CAS reported below were from our earlier diffusion
studies (Liang et al., 1996a; 1996b). Figure 1 shows the compositions
(wt.%) that were used to form the chemical diffusion couples (open and
filled circles around compositions 7 and 12). Nomina compositions
were given in Liang et al. (1996a; 1996b).

Chemical diffusion experiments were carried out in a 3/4-inch piston
cylinder apparatus in much the same way as the diffusion experiments
described in Liang et al. (1996a; 1996b). Diffusion couples were
formed by firmly packing glass powders of one starting composition
against another in one of the two predrilled holes (1.4 to 2 mm inside
diameter, 7.5 to 9.0 mm long) in a molybdenum capsule. No platinum
liner was used in these setups because the exchange between the
molybdenum sidewall and the melts used in this study is negligibly
small (<50 ppm) for the run duration used in this study (=2.5 h). To
avoid convection, less dense starting compositions were placed on top
of the denser ones. To start a diffusion experiment, a diffusion capsule
was first pressurized cold to a pressure 10 to 20% higher than the
desired pressure in the piston cylinder apparatus. The temperature was
then raised at a rate of 75°C min~* up to 1000°C and 100 to 300°C
min~? to the run temperature (1440 to 1650°C). At the end of the run,
the temperature was first dropped to 600°C by a step change in
temperature (which takes ~10 s) while maintaining the pressure at
approximately the experimental run pressure. The charge was then held
at 600°C for ~2 min before a final quench to room temperature. The
purpose of this two-step quench is to minimize dilation cracks. The
guenched capsules were then sectioned longitudinally, polished, and
mounted for electron microprobe analysis.

The temperature was measured with a Wgy,Re;-W-sRe,s thermocou-
ple and a Eurotherm 818 controller. This system maintains temperature
to within 3°C of a desired run temperature. No pressure correction was
applied to the measured e.m.f. Uncertainties in temperature measure-
ments were ~10°C. Thisis due mainly to the presence of atemperature
gradient in the furnace (e.g., Ayers et al., 1992). The nominal pressure
was not corrected for friction because pressure fluctuations during a
typical run were comparable to the friction correction measured by
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Fig. 2. Plots of measured concentration profiles as a function of
10°X/V't (in m s~Y2) for two representative runs, CDT-12-2 (1570°C,
1 GPa, and 0.2 h) and CDT-12-4 (1440°C, 1 GPa, and 0.6 h). Solid
lines are calculated diffusion profiles using the exact solutions of Fujita
and Gosting (1956) and Kirkaldy (1958) and measured diffusion ma-
trices at the two temperatures (Table 1).

Ayers et al. (1992) for a similar furnace assemblage (~25 MPa).
Pressure correction at 0.5 GPais somewhat larger (20 to 30%, based on
our preliminary NaCl melting experiments).

Most of the chemical diffusion profiles were collected using either a
Cameca SX-50 electron microprobe at the University of Chicago or a
JEOL 730 electron microprobe at Rensselaer Polytechnic Institute.
Several chemical diffusion profiles were measured at the University of
Chicago using a JEOL-5800LV scanning electron microscope
equipped with an Oxford Link 1SIS-300 X-ray microanalysis system.
Operating conditions for electron microprobe were an accelerating
voltage of 15 kV, a beam current of 25 nA, a beam spot of 5 um, and
a counting time of 30 s. Operating conditions for scanning electron
microscopy were an accelerating voltage of 15 kV and a beam current
of 15 nA. Under these conditions, precisions of ~0.3% relative for
major elements can be demonstrated on the flat portions of diffusion
profiles. Representative chemical diffusion profiles are shown in Fig-
ures 2a and 2b.

3. RESULTS

The temperature and pressure dependence of chemical dif-
fusion matricesin molten CAS wereinvestigated for two melts:
composition 7 (25 wt.% CaO, 15% Al,O5, and 60% SiO,) and
composition 12 (35% CaO, 20% Al,O,, and 45% SiO,). Two
diffusion couples were used at each melt composition: diffu-
sion couples 4/2 and 3/5 (top/bottom) for composition 7 and
diffusion couples 16/14 and 17/10 for composition 12 (Fig. 1).
Use of two diffusion couples around each melt composition
allows us to better constrain the diffusion matrices in the

ternary system (e.g., Varshneya and Cooper, 1972; Liang,
1994; Trial and Spera, 1994). Figures 2a and 2b present the
measured concentration profiles as a function of distance nor-
malized by the square root of time (10° X/V/'t for two runs
around composition 12 (CDT-12-2, 1570°C and 1 GPa, and
CDT-12-4, 1440°C and 1 GPa). (An example of measured
concentration profiles in diffusion couples 4/2 and 3/5 can be
found in Figs. 3a and 3b of Liang et al., 1996b.) In diffusion
couple 17/10 (Figs. 1 and 2a), the concentration of CaO was
initially uniform across the interface. Diffusive exchange be-
tween compositions 17 and 10 was dominated by concentration
gradients of SIO, and Al,Os. In diffusion couple 16/14 (Figs. 1
and 2b), the concentration of Al,O; was initially uniform.
Diffusive exchange between compositions 16 and 14 was dom-
inated by the concentration gradient of CaO, and to a lesser
extent the concentration gradient SiO,, aswill be shown below.
These diffusive exchanges are strongly coupled in that concen-
tration gradients of CaO in Figure 2a, for example, are affected
by concentration gradients of SO, (if Al,O; is taken as the
dependent variable). The apparent diffusion rate of SO, is
enhanced by the presence of a CaO concentration gradient (cf.
Figs. 2a and 2b). These, as well as the uphill diffusion profiles
of CaO in Figure 2a and Al,O; in Figure 2b, are results of
coupled chemical diffusion, and can be fully accounted for by
a diffusion matrix defined in Eqgn. 4.

Table 1 and Figures 3 and 4 summarize the measured diffu-
sion matrices as a function of temperature and run pressure for
the two melt compositions when Al,O; (designated as compo-
nent 3) is taken as the dependent variable. (CaO is taken as
component 1 and SiO, as component 2.) These diffusion ma-
trices were obtained from a simultaneous inversion of concen-
tration profiles along two directions in the composition space
following the same procedure as in Liang (1994) and Liang et
a. (1996b). The sources of error for the chemical diffusion
coefficients given in Table 1 are due mainly to uncertaintiesin
temperature measurements and capsule deformation during the
run (eg., Liang et a., 1996a; 1996b; also see below). The
relative 1o errors for the elements of the diffusion matrix
around compositions 7 and 12 are approximately 10 to 15% for
D,, and D, and 20 to 25% for D,, and D, . Figures 2a and 2b
show good agreement between the calculated concentration
profiles (solid lines) using appropriate diffusion matrices listed
in Table 1 and the measured concentration profiles in the two
runs (circles and squares). Figures 3 and 4 show that to a good
approximation, temperature and pressure dependence of the
measured diffusion matrices can be parameterized using the
exponential relationships

10000A,
Dy = Awexp| — ——— |, (59)
D; = B.exp(B,P), (5h)

where T is the absolute temperature, P isin GPa, and D;; isin
m? s L. Coefficients A;, A,, B,, and B, are listed in Table 2.
Overall, achange in temperature of 10°C givesriseto arelative
change in elements of diffusion matrix of 5 to 10% over the
temperature range of 1440 to 1650°C. A change in pressure of
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Table 1. List of chemical diffusion coefficients taking Al,O5 as the dependent variable.
Run
Composition T (°C) P (GPa) Time (h) D1, Do D,, D,, number
7 1450 1.0 25 251 0.22 -1.18 0.45 CDT-7-1
1500 10 4.66 0.44 —2.68 1.00 [12
1570 1.0 05 8.16 0.93 -3.52 1.59 CDT-7-4
1650 10 0.2 13.40 1.90 —6.29 2.28 CDT-7-3
1500 05 15 4.16 0.50 -1.92 0.93 CDP-7-2
1500 13 1.0 391 0.47 -1.77 0.67 CDT-7-3
1500 13 1.0 4.50 0.61 211 0.64 CDP-7-4
12 1440 1.0 0.6 7.40 -2.55 —2.98 2.97 CDT-12-4
1450 10 0.6 9.29 -3.39 -3.69 3.62 CDT-12-1
1500 1.0 05 12.34 —2.26 —2.97 4.28 CD-10°
1500 1.0 0.3 11.85 -3.45 —4.44 4,90 CD-15
1570 1.0 0.2 21.37 -6.11 -8.06 7.67 CDT-12-2
1650 10 0.1 34.52 -11.08 -12.02 14.86 CDT-12-3
1500 05 0.3 10.51 -2.89 -3.54 4.27 CDP-12-5
1500 15 0.3 13.13 —A4.77 -6.22 6.54 CDP-12-15
1500 20 0.3 17.73 -5.97 -11.52 8.27 CDP-12-20

Diffusion coefficients in 10™* m?s™, component 1 = CaO, component 2 = SiO,.
2 Average of two runs from Liang et al. (1996b).
b From Liang et al. (1996b).

100 MPa, on the other hand, results in a relative change in 4. DISCUSSION
elements of diffusion matrix of 4 to 8% for composition 12, and

less than 5% for composition 7. Hence, errors in pressure 4.1. Diffusive Coupling

calibration will not significantly affect the measured [D] for the
two melt compositions examined in this study.

Temperature (°C)

One of the key features of chemical diffusion in a multicom-
ponent system is coupled diffusion. The nature and extent of
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Fig. 3. Plots of measured elements of diffusion matrices at composition 7 as a function of temperature (1 GPa, panel [a])
and pressure (1500°C, panel [b]). The diffusion matrices were calculated with Al,O5 as the dependent variable (component
3), Ca0 as component 1, and SO, as component 2. Elements of diffusion matrices are shown asfilled circles (D,,), open
circles (D,,), open sgquares (—D,,), and filled squares (D,,). Use of —D,, in the semilog plot is because measured D,, <
0. Solid or dashed lines represent the exponential fits to the measured data (regression coefficients are listed in Table 2).
One-o error hyperbolas are also shown for each regression line. The error hyperbolas were calculated using an uncertainty
of 12.5% relative for D,; and D.,, 22.5% relative for D4, and D,,, 10°C for temperature, 0.125 GPa for runs at 0.5 GPa,
and 0.1 GPafor all other runs.
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Fig. 4. Plots of measured elements of diffusion matrices at composition 12 as a function of temperature (1 GPa, panel
[a]) and pressure (1500°C, panel [b]). CaO and SiO, are designated as components 1 and 2, respectively. Al,O; is taken
as the dependent variable (component 3). Filled circles represent measured D,,, open circles are -D,,, open squares are
-D,,, and filled squares are D,,. Measured D,, and D,, are less than zero. Solid or dashed lines represent the exponential
fits to the measured data (regression coefficients are listed in Table 2). For clarity, 1o error hyperbolas for D,, and D,, are

not shown (see caption of Fig. 3 for details).

coupled chemical diffusion can be easily understood if we
compare the relative magnitudes of the two terms on the
right-hand side of Egn. 4a or 4b. The flux of component 2
(SI0,) is strongly coupled to the concentration gradients of
component 1 (Ca0) if |D,,AC,|<|D,,AC,|, where AC, and
AC,, are magnitudes of concentration variations across a diffu-
sion couple for component 1 and component 2, respectively.
Similarly, the flux of component 1 is strongly coupled to the
concentration gradient of component 2 if |D,;AC,|<|D;,AC,).
For the temperature and pressure ranges examined in this study,
the ratio |D,,/D,,| varies between 2 and 6 for composition 7,
and between 0.7 and 1 for composition 12. Hence, the flux of

SiO, is strongly coupled to the concentration gradients of CaO
except when the concentration gradients of CaO are very small
compared to the concentration gradients of SO, (cf. Figs. 2a
and 2b). This coupling effect is more pronounced for melts of
more siliceous compositions, which is consistent with our ear-
lier observations of the compositional dependence of multi-
component diffusionin CASat 1500°C and 1 GPa(Liang et al.,
1996b). Given the very small ratios of D,,/D, for composition
12 (~-0.3) and composition 7 (~0.2), the flux of CaO is
strongly affected by the concentration gradients of SiO, when
concentration variation in SiO, is much larger than that in CaO.
This is the case for diffusion couples 17/10 (Fig. 2a) and 4/2.

Table 2. List of coefficients for Eqn. 5a and 5b.

Composition [D] AsF A, B, B,
7 D1y 21 274 +0.33 4.28 0.00 = 0.20
D1, 20.1 3.55 = 0.56 0.45 0.10 = 0.36
D, 46 259 = 0.54 212 0.01 = 0.38
D,, 21 261 *=0.33 135 0.51 = 0.26
12 D1y 7.0 235=*0.27 8.66 -0.33x0.12
-D,, 15 2.29 + 0.46 1.79 —-0.59 + 0.22
-D,,; 14 2.25* 045 175 -0.89 = 0.23
o 4.4 243+ 027 3.01 -0.50 * 0.13

Component 1 = CaO, component 2 = SiO,.
aA; in10° m*s™
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Fig. 5. Plots of major (A, open circles) and minor (A,, squares) eigenvalues of diffusion matrices at composition 7 as a
function of temperature (1 GPa, panel [a]) and pressure (1500°C, panel [b]). Exponential fits to the measured data are shown
as solid lines. For comparison, calculated quartz diffusive dissolution distances (normalized by square root of time) are also
shown (filled circles). The normalized dissolution distances were calculated using independently measured quartz liquidus
(Table 4) and diffusion matrices at composition 7. Composition of the dissolving melt is 30% CaO, 20% Al,O, and 50%
SiO, (composition 16 in Fig. 1). Also shown in panel (b) are calculated products of quartz convective dissolution rate (V)
and convective boundary layer thickness (8) at selected pressures (open triangles). Exponentia fits to the calculated
dissolution rates or distances are shown as dashed lines. The rate of quartz dissolution is dominated by the rate of diffusion
of the slower eilgencomponent (composition dominated by SiO,) in the ternary system.

Overall, temperature and pressure have only a minor to mod-
erate effect on the magnitude of coupled chemical diffusion for
the melt compositions examined in this study.

4.2. Energetics of Chemical Diffusion

The diffusion matrix [D] is the product of a kinetic matrix
[L] and a thermodynamic matrix [G] (e.g., Onsager, 1945; de
Groot and Mazur, 1962; Haase, 1969):

(D] = [L] - [G]. (6)

With proper choice of a reference frame the elements of [L]
satisfy Onsager’s reciprocal relation L;; = L;;. The elements of
[G] are functions of the derivatives of activity with respect to
concentration. Both [L] and [G] matrices are positive definite
for asingle-phase liquid, which guarantees[D] to have positive
eigenvalues (e.g., de Groot and Mazur, 1962; Haase, 1969).
Unlike the elements of a diffusion matrix, the eigenvalues of
[D] are independent of the choice of dependent variable. Hence
it is convenient to study temperature and pressure dependence
of the eigenvalues of [D]. For aternary system, the major (A,)
and minor (A,) eigenvalues of [D] are given by

Dy +Dyp* (Dn—
2= 5

D,)? + 4D1,D;,
(M

where A, takes the minus sign. Figures 5 and 6 display the
calculated major (open circles) and minor (open squares) eig-

envalues of the diffusion matrices as a function of pressure and
reciprocal temperature for composition 7 and 12, respectively.
The eigenvalues of [D] for the two melt compositions follow
well-defined Arrhenius relationships with the reciprocal tem-
perature (Figs. 5aand 6a). Table 3 lists the cal culated activation
energies for the two compositions at 1 GPa. These measured
values are comparable to the activation energies for calcium
and silicon self-diffusion at the same pressure and melt com-
positions (219 and 257 kJ mol~ for self-diffusion of calcium
and silicon in composition 7, and 211 and 197 kJ mol™ for
self-diffusion of calcium and silicon in composition 12 [Fig.
6a]; Liang et al., manuscript in preparation). This is very
similar to previous studies of the energetics of self-diffusion
and chemica diffusion in molten CAS at 1 bar and a melt
composition of 40 wt.% CaO, 20% Al,O,, and 40% SO,
(composition 14 in Fig. 1; Towers and Chipman, 1957; Sug-
awara et d., 1977; Oishi et d., 1982). Variations in activation
energies between compositions 7 and 12 are relatively small.
The activation energies for composition 7 (60% SiO,) are only
10% larger than the activation energies for composition 12,
which has 45% SiO,. At a given melt composition, the activa-
tion energy for A, is ~12% smaller than the activation energy
for A,. Consequently the ratios A,/A, are not very sensitive to
temperature variations (1440 to 1650°C), with an average of
5.5 = 0.2 for composition 12 and an average of 3.7 = 0.6 for
composition 7.

The pressure dependence of [D] is quite different. At
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Fig. 6. Plots of major (A4, open circles) and minor (A,, squares) eigenvalues of diffusion matrices at composition 12 as
a function of temperature (1 GPa, panel [a]) and pressure (1500°C, panel [b]). Exponential fits to the measured data are
shown as solid lines. For comparison, best fit lines to measured calcium, aluminum, and silicon self-diffusion coefficients
at the same melt composition, pressure (panel [a]) and temperature (panel [b]) are also shown (Liang et a., manuscript in

preparation).

1500°C, theratio A,/A, increases with increasing pressure, with
A/, varying from 2.5t0 4.1 (0.5 to 1.3 GPa) for composition
7 and 4 to 6.5 (0.5 to 2.0 GPa) for composition 12. Figure 5b
shows that A; and A, decrease with increasing pressure for
composition 7, with activation volumes of 0.31 X 10°° and
2.3 X 107°® m® mol™, respectively (at 1500°C, Table 3).
However, as shown in Figure 6b, A, and A, increase exponen-
tially with increasing pressure for composition 12, with activa-
tion volumes of —1.48 X 107 and —0.42 X 107° m® mol™
respectively (at 1500°C). Despite the similarities in their de-
pendence on temperature (Fig. 6a), the major and minor eig-
envalues of [D] respond very differently to pressure changes
than self-diffusivities of calcium and silicon for composition 12
(Fig. 6b). This is likely due to differences in structure and
thermodynamic properties between the two melts.

To understand the energetics of multicomponent diffusion,
we need to take a closer look at the relationship among [D],
[L], and [G]. Differentiating Egn. 6 with respect to temperature
and pressure at a constant melt composition, we have

Table 3. List of activation energies and activation volumes.

Composition E,? E, V,° V,
7 215+12 24021 0.31*044 23+08
12 192 +8 217*+14 -148*+0.18 -042=* 024

Quartz dissolution

a Activation energies, in kJ mol™, were calculated at 1 GPa.
PActivation volumes, in 107% m® mol2, were calculated at 1500°C.
1o errors are aso listed.

wo1- (1) or+ (") o= {() 1o

") o () e

a[G]
( 18 )} oP.

To bare essential features of the energetics of chemical diffu-
sion while keeping the analysis simple, we use a binary system
below as an example. With component 2 as the dependent
variable, Egn. 6 can be written as (e.g., Darken, 1948; Cussler,
1984; Shewmon, 1989; Lasaga, 1998)

dlny, 0
al x) = bul,

(8

Du= Dg (1 + ©
where D,, is the binary diffusion coefficient; X, and vy, are
mole fraction and activity coefficient of component 1, respec-
tively; and | = 1 + dlny,/dlnX, is the thermodynamic factor
(e.g., Shewmon, 1989; Lasaga, 1998). D,(= RTL,,/X,) is the
binary chemical diffusivity when the system is thermodynam-
ically ideal (I = 1). Hence, at aconstant melt composition, Egn.

8 is reduced to
aDy, d aDy, d
a1 ) 9T o ) 9P

where the temperature and pressure derivatives are

dDy, = ( (10a)
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aD DY DY/ oH
(22), - (58) - hlm)
T/, aT ), RT\alnX,/

oD aD? DY/ aV
() =15 wrlame) o
aP ). aP ). alnXy/
H, and V, are partial molar enthalpy and partial molar volume
of component 1, respectively. The second terms on the right-

hand side of Egn. 10b and 10c were obtained using the standard
thermodynamic relationships (e.g., Denbigh, 1981)

dlny, _vl—v2
P ).~ RT

and

<6|n'yl> H, — HY
T Joe, RT?
where V§ and HY are partial molar enthalpy and partial molar
volume of component 1 at its standard state, respectively.
According to empirical models for multicomponent diffu-
sion, DY, is afunction of self-diffusion coefficients, melt com-
position, cation and anion charge numbers, and, to a lesser
extent, partial molar volumes of the components in the system
(e.g., Darken, 1948; Cooper, 1965; Oishi, 1965; Lasaga, 1979;
Richter, 1993; Zhang, 1993; Liang et a., 1997). In the simplest
form it can be written as

DY = (1 — XD, + X;D,, (11)

where D, and D,, are self-diffusion coefficients of components
1 and 2, respectively (e.g., Darken, 1948; similar but more
complete expressions for ionic melts can be found in Liang et
al., 1997). It is well known that self-diffusion coefficient de-
pends exponentially on temperature and pressure. Hence, it is
reasonable to assume that DY, follows a similar exponential
relationship, namely,

E.+ PV,
7) ; (12

Dgl = DOEXP< - RT

where D, is the preexponentia factor and E, and V, are
activation energy and activation volume for chemical diffusion
when the liquid is thermodynamically ideal. To a good approx-
imation, we expect that the magnitudes of E, and V, are
bounded by the activation energies and activation volumes for
self-diffusion of the components in the system (e.g., Sugawara
et a., 1977; also see Fig. 6). Substituting Egn. 12 into Egn. 10b
and 10c, after rearranging, we have

alnDy\ 1 by 1/ 9H, 3
o ) TRE| ST PV G | (133)

alnDy\ 1 1/ oV, b
aP T_ﬁVa_T ainxy ) |- (130)

The termsin the square brackets in Egn. 13a and 13b are equal
to the activation energy (at a constant pressure) and activation
volume (at a constant temperature), respectively, for chemical
diffusion in the binary liquid. The denominators in the last

terms in the square brackets in Egn. 13a and 13b account for
thermodynamic nonideality of the melt. Hence, similarities in
activation energies between chemical diffusion and self-diffu-
sion imply that the enthalpy of melt is not a strong function of
composition in molten CAS. The contrasting behavior in pres-
sure dependence between chemical diffusion and self-diffusion
suggests that the partial molar volume of melt in CAS may be
a strong function of melt composition. A detailed analysis of
the relationships among the energetics of self-diffusion, chem-
ical diffusion, and thermodynamic properties of the melt in
CAS will be presented in a companion paper in which the
energetics of self-diffusion will be discussed.

4.3. Comparison with Prevision Studies

A comparison of the major and minor eigenvectors of [D] for
the two melt compositions revealed that they are not very
sensitive to temperature and pressure variations. For the tem-
perature and pressure ranges examined in this study (1440 to
1650°C at 1 GPaand 0.5to 2.0 GPaat 1500°C), average values
of the major and minor eigendirections are —0.67 = 0.09 and
—0.62 = 0.9, respectively, for composition 7 and —0.55 = 0.11
and 2.4 = 0.2 for composition 12. Major eigendirection is
defined as (D,; — A,)/D,,, and minor eigendirection is given
by (D;; — A,)/D,,. This is consistent with observations of
weak temperature dependence of the eigenvectors of [D] in
simple molten systems such as K,O-CaO-SiO, (Engelke,
1972), K,0O-SrO-SiO, (Varshneya and Cooper, 1972), K,O-
Al,05-SIO, (Chakraborty et al., 1995), CAS (Sugawara et a.,
1977; Oishi et al., 1982), CMAS (Liang and Richter, unpub-
lished data), and K,O-NaO-Al,05-SiO,-H,0 (Mungall et a.,
1998).

Figure 7 compares our measured eigenvalues of [D] in
molten CAS at 1 GPa with eigenvaues of [D] in molten CAS
(Sugawara et al., 1977; composition 14 in Fig. 1) for two
compositions in molten K,0-Al,05-SiO, (Chakraborty et al.,
1995) and one composition in molten CMAS (Liang and Rich-
ter, unpublished data), all at 1 bar. At a given temperature (say
1500°C), diffusivities span over 5 orders of magnitude. Eigen-
values of [D] in molten CAS, CMAS, and MgO-Al,05-SIO,
(Richter et al., 1998), are 1 to 4 orders of magnitude higher than
those in molten K,0-Al,05-SiO,. Clearly, melt composition
and structure are the dominant factors in determining the acti-
vation energies and magnitudes of the eigenvalues of diffusion
matrices in these simple systems.

5. GEOLOGICAL APPLICATIONS

The diffusion matrices obtained from this study can be used
to model various mass transfer processes in molten or partially
molten CAS, which is one of the simplest multicomponent
systems that has some of the key components of natural mag-
mas. As an example, we show below how the experimentally
determined chemical diffusion coefficients can be used to cal-
culate the activation energy and activation volume of crystal
dissolution in this analog system. For simplicity, we consider
the rate of diffusive dissolution of a quartz crystal or a pure
quartzite in a CAS melt as a function a temperature and
pressure. The dissolving melt is a haplobasaltic-andesitic liquid
with 30 wt.% CaO, 20% Al,O,, and 50% SiO, (composition 16
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Fig. 7. Plots of eigenvalues of diffusion matricesin selected ternary and quaternary systems as a function of the reciprocal
temperature. Three compositionsin CaO-Al,05-SiO,: compositions 7, 12 (this study, at 1 GPa), and 14 (40 wt.% Ca0O, 20%
Al,O;, 40% SiO,, 1 bar, Sugawara et al., 1977). Two compositions in K,0-Al,O5-SIO, (KAS) (Chakraborty et a., 1995,
a 1 bar): KASA (9% K,0, 16% Al,O,, 75% SiO,) and KAS-B (16% K,0, 9% Al,O,, 75% SiO,). One composition in
Ca0-MgO-Al,05-SiO, (labeled CAIB): 33% Ca0, 8% MgO, 25% Al 0, 34% SiO,. Diffusion matricesin the CAIB melts
were calculated at 1 bar using the ionic common-force model of Liang et a. (1997), the activity model of Berman (1983),

and self diffusivities from the literature.

in Fig. 1). The SIO, content at the crystal-melt interface,
calculated from experimentally measured quartz liquidus (see
below), varies between 65 and 75% at the temperature and
pressure ranges considered (1375 to 1500°C at 1 GPa and 0.5
to 1.6 GPa at 1500°C). Hence, diffusion matrices at composi-
tion 7 can be used as an approximation in our dissolution
calculations. Also, for simplicity, we choose a one-dimen-
sional, effectively semi-infinite dissolution couple at a constant
temperature and pressure. For such a setup, we have shown
previously that dissolution distance and melt compositions at
the crystal-melt interface at a given time can be calculated
given the liquidus surface of the dissolving crystal, composition
of the starting melt, and elements of the diffusion matrix

(Liang, 1999). The dissolution distance, X, is given by the
usual expression
Xy = 2a A, (14)

where « is a dimensionless dissolution parameter and can be
calculated exactly using Egn. 1h and 3ato 3c in Liang (1999).
In the case of slow dissolution, the dissolution parameter can be
calculated using the approximate expression

()
a= — 0.7763<I>< 1—4/1+ 1'45356>8' (158)

where the three dimensionless parameters ®, 0, and ¢ are
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Table 4. List of quartz liquidus compositions.

Run T (°C) P (GPa) Ca0 (wt.%) Al O3 (wt.%) SiO, (wt.%) Duration (h)
QZLIQ5 1500 0.5 12.97 = 0.12 1042 + 0.11 76.61 = 0.18 253
QZLIQ5 1500 0.5 17.63 = 0.18 8.78 = 0.10 7359 £ 0.24 25.3
QZLIQ6 1500 16 24.61 = 0.22 1237 £ 0.11 63.02 = 0.29 48.9
QZLIQ6 1500 1.6 20.30 = 0.22 16.44 + 0.15 63.26 = 0.26 489
QZLIQ6 1500 16 2481+ 0.32 1241 + 0.19 62.78 = 0.47 48.9
QZLIQ6 1500 1.6 20.29 = 0.14 16.46 = 0.08 63.25 £ 0.14 489
QZLIQ7 1500 16 20.03 = 0.28 16.16 = 0.24 63.81 = 0.49 50.1
QZLIQ7 1500 1.6 24.25 = 0.38 12.29 = 0.30 63.46 + 0.66 50.1
QZLIQ3 1375 1.0 20.04 = 0.19 16.19 + 0.12 63.76 = 0.24 70.3
QZLIQ3 1375 1.0 24.43 = 0.19 12.29 = 0.09 63.23 £ 0.20 70.3
Q4B-4Q2 1375 1.0 20.67 = 0.27 16.09 + 0.20 63.24 = 0.42 51.3
Liquidus® T P P, P, s

1500 0.5 0.64856 1.0 0.85020
1500 1.0° 0.21040 1.0 0.71375
1500 16 0.090731 1.0 0.65294
1375 1.0 0.079344 1.0 0.65136

Concentrations from an average of 5 to 20 analyses of glasses coexisting with quartz.

2 Coefficients for the liquidus Egn. 15e were calculated from least squares fits to the measured liquidus data

b From Liang (1999). The bulk compositions of the starting mixtures are well within the expected quartz primary fields. Each run was first held
at 1600°C and a desired pressure for 0.5 h. The temperature was then decreased to a desired run temperature (second column) at 1°C min™ and held

at the run there for the duration indicated (last column).

s — Cyup; — Caupy Az Ay
0= &= 4| k=—,
Ae + A, A A,

(15b)

B 1+ ke
T 1+ ke?

1
A= m{[ P(D1 — Ap) + PaD2](Cyy — Cy) + [piD12

+ PADzx — A 1(Cy — Co)},  (150)

1
Ao = m{[ P(D1 — AY) + PaD2](Cyy — Cy) + [PiD12

+ PADz — A)](Cy — Co)},  (15d)

P., P2, and s are coefficients of the linearized quartz liquidus
given by

P:Cio + PLx% = s, (15¢)

and C,, and C,, are melt composition at the crystal-melt
interface and can be calculated from Eqgn. 3ato 3c in Liang
(1999) once « is known. Egn. 15a provides a good approxima-
tion to the dissolution parameter o when |®@/®|<0.6. @ is of
order 1 and O is a measure of the degree of undersaturation in
the liquid. An important assumption used in the derivation of
Eqgn. 14 is that crystal and melt are in thermodynamic equilib-
rium at their interface during the course of dissolution. We have
shown experimentally that thisis avalid assumption for quartz
dissolution in molten CAS at 1500°C and 1 GPa (Liang, 1999).

To calculate dissolution distances, the quartz liquidus was
experimentally determined at 1500°C and 0.5, 1.0, and 1.6 GPa
and at 1375°C and 1 GPa by equilibrating mixtures of fine-
grained quartz and glass powders of selected compositions in
the ternary system CAS following previously described proce-
dures (Liang, 1999; aso briefly summarized in the footnote to
Table 4). Table 4 summarizes results of electron microprobe
analysis of melts coexisting with quartz at the temperatures and

pressures examined. Coefficients for the linearized quartz lig-
uidus are listed in Table 4. Figures 5a and 5b display the
normalized dissolution distances, Xbl\/f, calculated using Egn.
15a to 15d with experimentally determined liquidus and diffu-
sion matrices at composition 7, as a function of pressure and
reciprocal temperature (dashed lines through filled circles). The
calculated activation energy and activation volume for quartz
dissolution at this melt composition are slightly different from
the measured activation energy and activation volume for
chemical diffusion of the minor or slow eigencomponent of the
system (Table 3). This is because quartz liquidus is also a
function of temperature and pressure (see Table 4). However,
such small differences, though real, are within the uncertainties
of the measured activation energy and activation volume for
chemical diffusion and crystal dissolution and hence are un-
likely to be detected from experimental measurements. Never-
theless, Figures 5a and especially 5b show quite convincingly
that the crystal dissolution rate is dominated by the diffusion
rate of the slow eigencomponent in the system, a conclusion
consistent with many previous crystal dissolution studies (e.g.,
Watson, 1982; Harrison and Watson, 1983; Zhang et al., 1989;
Woods, 1992; Liang, 1999). As will be shown elsewhere, this
conclusion is also true for convective crystal dissolution when
hydrodynamic factors are held constant. An example of the
calculated products of quartz convective dissolution rate (V)
and convective boundary layer thickness (8) at selected pres-
sures is given in Figure 5b (open triangles joined by dashed
line). The convective boundary layer thickness depends weakly
on diffusivity and melt viscosity when the convective flow is
laminar (e.g., Kerr, 1995).

6. CONCLUSIONS

The temperature and pressure dependence of the elements of
diffusion matrices for two melts in the ternary system CAS
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were examined at pressures of 0.5 to 2 GPaand temperatures of
1440 to 1650°C. Diffusion matrices were measured in a mass-
fixed frame of reference with simple oxides CaO, Al,O5, and
SiO, as end-member components and Al,O5 as the dependent
variable. To a good approximation, temperature and pressure
dependence of the measured diffusion matrices can be param-
eterized by simple exponential relationships. In genera, a
change in temperature of 100°C results in a relative change in
elements of diffusion matrix of 50 to 100%, whereas a change
in pressure of 1 GPaintroduces arelative change in elements of
diffusion matrix of lessthan 12%. Major and minor eigenvalues
of the diffusion matrices follow well-defined Arrhenius rela-
tionships with the pressure and reciprocal temperature. At 1
GPa, activation energies for the eigenvalues of the diffusion
matrices are comparable to the activation energies for self-
diffusion of Ca and Si at the same melt compositions. At
1500°C, activation volumes for the eigenvalues of the diffusion
matrices, though small, are quite different between the two
melts. This difference is likely a result of a difference in the
thermodynamic properties of the melt (e.g., partial molar vol-
ume).

Chemical diffusion in molten CAS shows clear evidence of
strong diffusive coupling among the components. Results from
this study further support our earlier conclusions that the flux of
SiO, is strongly coupled to the concentration gradients of CaO
(and perhaps MgO, FeO, Na,O, and K,O as well) in melts of
more siliceous compositions in natural magmas (rhyolitic-
andesitic compositions). For a given melt composition, coupled
chemical diffusion, hence directions of eigenvectors of [D], are
not very senditive to temperature and pressure variations.

Applications of our measured diffusion matrices to quartz
crystal dissolution in molten CAS reveal that the activation
energy and activation volume for quartz dissolution are almost
identical to the activation energy and activation volume for
diffusion of the minor or slower eigencomponent of the diffu-
sion matrix. This conclusion is likely to be valid for crystal
growth and dissolution in natura magmas when diffusion in
liquid is the rate-limiting factor.
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