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Abstract—We employed the thin source technique to investigate tracer diffusion of Mg, Ca, Sr, and Ba in

glasses and supercooled melts of albite (Nag&lg) and

jadeite (NaAISiOg) compositions. The experiments

were conducted at 1 bar and at temperatures between 645 and 1025°C. Typical run durations ranged between

30 min and 35 days. The analysis of the diffusion

profiles was performed with the electron microprobe.

Diffusivities of Ca, Sr, and Ba were found to be independent of either duration t of the experiment or tracer
concentration M, initially introduced into the sample. Mg exhibits a diffusivity depending on run time and
concentration and tracer diffusivity is derived by extrapolation tg M/~ 0. Temperature dependence of the
diffusivity D can be represented by an Arrhenius equatior=D, exp(—Ea/RT) yielding the following

least- squares fit parameters (with D if/eand I;m kJ/mol): Dy = 1.8+ 10" ° exp(-234 = 20/RT) D..=

3.5- 10 ® exp(—159 = 6/RT), Dg, = 3.6+ 10 ° exp(~160 = 6/RT) and I:ga =6.0- 10 ® exp(—188 =

12/RT) for albite; and f, = 8.3 10°© exp(—207+ 18/RT), D-, = 3.8: 10" ° exp(—153 *+ 4/RT), Dg, =

2.3-10 ®exp(—150 + 4/RT) and @y, = 3.7- 10~ ° exp(—198 = 4/RT) for jadeite composition. Ca and Sr
diffusivities agree within error in both compositions and exhibit the fastest diffusivities, whereas Mg reveals
the lowest diffusivity. The relationship between activation energy and radius shows a minimum at Ca and Sr
for albite and jadeite compositions extending the relationship already observed elsewhere for alkalies. With
increasing substitution of Si by (Na Al), diffusivities increase, whereas activation energies decrease.
Furthermore, a simple model modified from that of Anderson and Stuart (Anderson O. L. and Stuart D. A,
“Calculation of activation energy of ionic conductivity in silica glasses by classical methadsgi. Ceram.

Soc. 37, 573-580, 1954) is discussed for calculating the activation enerdiepyright © 2002 Elsevier

Science Ltd

1. INTRODUCTION

Knowledge of the diffusion behavior of trace elements in
silicate melts is important to understand quantitatively mag-
matic processes—for example, during crystal growth, trace
element partitioning can be influenced by the diffusivity of the
trace element in the silicate melt (e.g., Albdeeand Bottinga,
1972). In partially molten systems, diffusivities of trace ele-
ments in melts are rate-determining in reaching local equilib-
rium, a prerequisite for the interpretation of isotope signatures
of mantle rocks (e.g., Hofmann and Hart, 1978). Melting of
solids and magma mixing are also under diffusive control, with
a relationship existing between chemical interdiffusion and
tracer diffusion (e.g., Zhang et al., 1989).

In view of the complexity of natural magmas, systematic
studies as a function of composition are needed to improve our
understanding of diffusion properties. Furthermore, such stud-
ies, particularly those that include analyses of atoms of differ-
ent size and charge, provide insight into the dynamics and

structure of silicate melts and are necessary to develop quan-.

titative models of diffusion mechanisms.

Glasses and supercooled melts along the join ,SiO
NaAlISi,Og are particularly useful because they have a similar
tridymite-like structure (Taylor and Brown, 1979) with varying
Na contents within the available voids. Hence, introducing

small amounts of other trace elements (noble gases, alkalies,
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alkaline earths) into these matrixes, assuming that they diffuse
along similar interring positions and voids, yields potential
information on diffusion mechanism in melts of simple com-
position.

Here, we report complementary measurements to previous
works on diffusivities of alkaline earths in the system $iO
NaAISi,Og (SiO,: Ca, Ba: Zhabrev et al., 1976; NaAlSl:

Ca: Jambon and Delbove, 1977; Sr, Ba: Jambon, 1980). Spe-
cifically, we present new data on the diffusivity of alkaline
earths in albite and jadeite composition glasses and melts, and
we present what is to our knowledge the first experimental
results of Mg tracer diffusion in highly viscous silicate melts,
one of the most abundant cations in the Earth. We performed
the experiments at temperatures at which structural relaxation
times (Siewert and Rosenhauer, 1994, 1997) are much shorter
than the run duration of the diffusion experiments, and there-
fore diffusivity of alkaline earths is investigated in relaxed
melts (cf. Roselieb and Jambon, 1997), with the exception of
Ca and Sr diffusivity, which was studied at 645°C and 650°C

in albite glass.

At the end of this article, we present a detailed discussion of
the diffusion behavior of noble gases, alkalies, and alkaline
earths within the framework of a calculation model of activa-
tion energies in melts of the system SiNaAISi,Og.

2. EXPERIMENTAL PROCEDURE

The jadeite glass was obtained from Schott-Glaswerke, Mainz, and it
is from the same batch used previously for the tracer diffusion mea-
surements of Li (Roselieb et al., 1998) and of K, Rb, and Cs (Roselieb
and Jambon, 1997), for measurements of the electrical conductivity of
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Table 1. Composition of the starting materials (wt%).2

Material SO, AlL,Oq Na,0 Cao MgO FeO K,0 Rb,O Cs,0 MnO
Albite 69.1 19.33 11.74 n.d. n.d. n.d. 0.022 <0.02 <0.02 n.d.
Jadeite B5560 59.86 25.52 14.58 0.018 0.004 0.023 0.022 <0.02 <0.02 0.021

2 Analysis by electron microprobe (jadeite: D. Badia, personal communication). n.d., not determined.

Na (Fritzsche, 1990; Fuchser, 1996), noble gas diffusivity (Roselieb et
al., 1995, 1996), noble gas solubility (Walter et al., 2000), and struc-
tural relaxation times (Siewert and Rosenhauer, 1994). The albite glass
was prepared by D. Dingwell from oxides at the Bayerisches Geoin-
stitut in Bayreuth. Table 1 summarizes the chemical analyses of the
starting glasses. Cuboids with an edge length of 2 mm and height of 3
mm, cubes with an edge length of 1.5 and 2 mm, or cylinders with a
height of 3.6 mm and a diameter of 2.6 mm were prepared from the
starting glasses.

The thin source enriched with the tracer element was produced by
depositing a chloride solution on a polished surface of the glass sample
and a subsequent short preannealing in air, except for the Mg samples
and some Sr and Ba albite samples, which were anneadled in an Ar
atmosphere of 1 bar. The run durations and temperatures of this
preanneal are summarized in Table 2. The variation of the preanneal
time and temperature allows the production of samples with varying
amounts of the tracer. The thickness of the produced thin source is
roughly one order of magnitude smaller than the length of the diffusion
profile, except in case of Sr in abite, where profile lengths are only
three to six times larger than the extension of the thin source.

To remove excess salt after the preanneal, the samples were washed
with distilled water. This procedure yields a nearly homogeneous thin
source. The errors of the measured integral amounts of the introduced
tracer, M (see below), from various profile analyses on the same sample
are usualy smaller than 10%, and only a few samples exhibit errors up
to ~45%. However, for Ba and especially Mg, this approach was not
successful, and M values differ, sometimes significantly, from one
profile to the next for the same sample. This effect presumably results
from the formation of refractory akaline earths oxides, which are
insoluble in water. Consequently, we rejected the first set of results for
Mg; the samples of subsequent experiments on jadeite and albite for
Mg, Ca, Sr, and Ba were washed with a 10% HCI solution after the
pretreatment to remove the oxide layer (=run x.130596; see Tables 3
to 6; the six numbers after the decimal point indicate the date of sample
preparation [x.ddmmyy]). This yields a homogeneous thin source of
Ba, although tracer concentrations are decreased when compared with
samples treated at similar temperatures and durations, but washed with
water. For Ca and Sr, no significant differences between both proce-
dures were observed. Results for Ca, Sr, and Ba from both procedures
agree within experimental error (Tables 4 to 6).

Mg samples preannealed in air at 720 to 800°C for 10 to 20 min were
more affected by washing the samples with HCI. In this case, the
treatment with HCI resulted in a nearly complete removal of the tracer
deposit, and remaining tracer amounts (100 to 300 ppm) at the top of
the polished surface were only slightly above the detection limit of the
microprobe, thus resulting in enormous errors for the derived diffusiv-
ity. Therefore, only one experiment with albite and two with jadeite
exhibited sufficient Mg concentrations to allow reliable measurements
of diffusion profiles (cf. Table 3).

Table 2. Run durations t and temperatures T of the preannealing in
vitreous albite and jadeite.

Material Mg Ca Sr Ba
Albite
T (°C) 740-1020 800 750-900 700-900
t (min) 5-60 5-40 20-60 20-75
Jadeite
T (°C) 720-950 800 700 700-800
t (min) 10-60 1-5 10-60 60

We interpret this as aremoval of thin layers of alkaline earth oxides
formed during the pretreatment step (Jambon, 1980; Chakraborty et al.,
1994), which were then dissolved and removed. Oxides should aso be
formed by the other alkaline earths, but their contribution to the source
of tracer is most evident for elements with low diffusivities (e.g., Mg
and Ba because of a competition between penetration and oxidation at
the surface). In the case of Caand Sr, the influence of the oxide layer
is negligible.

To improve the production of an adequate thin source of Mg, we
enhanced the temperature of the pretreatment. Furthermore, we per-
formed the preanneal for al Mg experiments and some Sr and Ba
experiments on albite glass (Tables 5, 6) under an Ar atmosphere of 1
bar to minimize the formation of oxides. After that, the samples were
washed in distilled water. This procedure yields samples with homo-
geneous sources and measurable amounts of Mg. However, because the
Mg diffusion is rather slow, high preanneal temperatures are required
to produce a sufficient enrichment of Mg. Additional attempts to
enhance the Mg concentration by leaching the glass samplesfor 10 min
in 10% HCI before depositing the salt solution yield enriched Mg
concentrations of ~25% for jadeite glass, but for abite, this method
had no significant effect. The results of these experiments with Sr and
Ba agree within error with those prepared in air (see above).

The diffusion experiments were performed in a 1-bar furnace oper-
ated in air. Run temperatures ranged from 645 to 1025°C and were
measured with a Ptg,Rhg-Pt;qRh5, and a Pt;go-PteoRh,, thermocouple
for the experiments performed in Paris and Gdttingen, respectively (cf.
Tables 3 to 6). The temperature was checked against the melting point
of Au and NaCl and was believed to be accurate within +5°C. The
duration of the experiments ranged between 30 min and 35 d. Run
temperatures were typically reached within 40 sto 5 min, depending on
temperature. After the experiment, some samples run at higher tem-
peratures were slightly rounded, but this has no significant effect on the
diffusivity because the results from these samples are indistinguishable
within error from the results of other experiments.

The subsequent preparation and analysis, which used an electron
microprobe CAMECA SX 50, was similar to that previously described
by Roselieb and Jambon (1997). Briefly, by use of the K, lines of Mg
and Ca and the L, lines of Sr and Ba, profiles were collected at
operating conditions of 15 kV, beam current of 40 nA (Mg, Ca, Sr) and
50 nA (Mg, Ca, Sr, Ba), and counting times of 30 s (Mg), 10 and 20 s
(Ca), 30 and 50 s (Sr) and 30 s (Ba). The beam diameter was between
10 and 15 um. We checked the stability of the analysis by repeating
measurements on the same point (cf. below), and Mg, Ca, Sr, and Ba
were found to be stable under these conditions. Typical concentration-
distance profiles are presented in Figure 1. The diffusivities were
derived from fitting the measured profiles with the corresponding
solution for a thin source on top of a semi-infinite cylinder (Crank,
1975):

M
__ 2
C(x, 1) \/@ exp (—x*/4Dt) 1)

where C(x,t) is the measured concentration of tracer at distance x, M is
the amount introduced initially into the sample, D isthe diffusivity, and
t is the duration of the run. The background concentration was sub-
stracted to obtain C from the total measured concentration. Linearizing
Egn. 1 and plotting InC vs. x? yields the diffusivity from the slope
—1/(4Dt) and M from the intercept M/(wDt)¥2 of a linear least-square
regression. Tables 3 to 6 summarize the results for D and M as mean
values calculated from various profiles on each sample.

The linear least-square regression usually exhibits a statistical error
of =0.05 log units or less (1o). Tables 3 to 6 summarize the measure-
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Table 3. Results of the tracer diffusion of Mg in vitreous albite and jadeite.®

log D log D
Run T (°C) t () (D in m?s) lo r M (ppm - m) 1o n (D in m?s) Remarks
Albite
1.300197 800 3,024,000 —15.82 0.1 0.994 0.08 0.015 4
2.300197 800 3,024,000 —15.63 0.07 0.996 0.13 0.015 4
3.300197 800 3,024,000 —15.89 0.03 0.997 0.1 0.006 4
4.300197 800 3,024,000 —15.98 0.07 0.993 0.05 0.011 4
1.090796 800 3,110,400 —16.14 0.14 0.723 0.01 0.001 6 —16.16 = 0.07 Air
5.300197 850 1,036,800 —15.01 0.1 0.99 0.23 0.03 4
6.300197 850 1,036,800 —14.93 0.04 0.994 0.19 0.014 4
7.300197 850 1,036,800 —15.28 0.04 0.996 0.13 0.008 4
8.300197 850 1,036,800 —15.25 0.03 0.99 0.1 0.007 4
19.300197 850 2,124,900 —15.36 0.06 0.998 0.13 0.011 4
20.300197 850 2,124,900 —14.98 0.06 0.992 0.28 0.017 3
21.300197 850 2,124,900 —15.32 0.03 0.996 0.11 0.014 4
22.300197 850 2,124,900 —15.24 0.04 0.995 0.14 0.011 3 —1552 = 0.07
9.300197 900 774,000 —14.69 0.01 0.996 0.18 0.013 4
10.300197 900 774,000 —14.86 0.05 0.993 0.11 0.01 5
11.300197 900 774,000 —14.77 0.04 0.992 0.13 0.008 4
12.300197 900 774,000 —14.8 0.03 0.992 0.13 0.007 3 —15.1+0.05
9.201296 950 153,000 —14.83 0.15 0.98 0.01 0.002 3
10.201296 950 153,000 —14.81 0.11 0.951 0.02 0.007 5
13.201296 950 153,000 —14.25 0.03 0.997 0.13 0.007 4
14.201296 950 153,000 —14.26 0.03 0.991 0.13 0.004 4
13.300197 950 442,800 —14.42 0.02 0.996 0.19 0.005 5
14.300197 950 442,800 —14.47 0.04 0.991 0.16 0.002 3
15.300197 950 442,800 —14.52 0.06 0.993 0.14 0.01 3 —14.9 £ 0.02
16.300197 1020 28,800 —13.68 0.08 0.993 0.18 0.011 4
17.300197 1020 28,800 —13.74 0.07 0.987 0.14 0.013 4
18.300197 1020 28,800 —13.85 0.04 0.995 0.11 0.013 3 —1411 £ 0.12
Jadeite
1.290197 800 1,638,000 —15.16 0.04 0.999 0.16 0.007 3
2.290197 800 1,638,000 —14.98 0.01 0.997 0.29 0.005 2
3.290197 800 1,638,000 —14.93 0.01 0.995 0.39 0.018 2
4.290197 800 3,024,000 —15.01 0.01 0.995 0.31 0.003 3
5.290197 800 3,024,000 —14.88 0.02 0.998 0.42 0.014 2 —1528 £ 0.11
6.290197 850 687,600 —145 0.01 0.998 0.37 0.009 3
7.290197 850 687,600 —14.49 0.01 0.998 041 0.003 2
19.290197 850 2,124,900 —14.58 0.01 0.997 0.39 0.009 4
20.290197 850 2,124,900 —14.62 0.02 0.998 0.38 0.012 3
21.290197 850 2,124,900 —14.53 0.03 0.996 0.38 0.015 3
22.290197 850 2,124,900 —145 0.03 0.998 0.45 0.012 4 —14.66 = 0.06
1.201296 900 79,200 —-1391 0.04 0.996 0.38 0.015 4
3.201296 900 79,200 —13.99 0.06 0.996 0.26 0.061 5
4.201296 900 79,200 —13.82 0.05 0.991 0.43 0.025 5
11.290197 900 79,200 —14.15 0.02 0.997 0.13 0.004 3
12.290197 900 79,200 —13.95 0.03 0.994 0.3 0.005 2
10.030696 900 82,800 —-14.12 0.16 0.775 0.01 0.001 6 Air
8.030696 900 241,200 —14.23 0.08 0.773 0.02 0.002 6 Air
8.290197 900 442,800 —14.18 0.02 0.996 0.37 0.007 3
9.290197 900 442,800 —14.09 0.01 0.996 0.51 0.014 2
10.290197 900 442,800 —14.07 0.01 0.997 0.5 0.009 2 —14.23 = 0.03
5.201296 950 82,800 —13.59 0.03 0.998 0.46 0.017 3
6.201296 950 82,800 —13.77 0.07 0.92 0.04 0.005 3
7.201296 950 82,800 —13.82 0.06 0.997 0.16 0.034 5
8.201296 950 82,800 —13.67 0.04 0.995 0.34 0.088 5
13.290197 950 243,000 —13.84 0.01 0.996 0.42 0.022 3
14.290197 950 243,000 —13.77 0.02 0.991 0.51 0.009 3
15.290197 950 243,000 —13.78 0.01 0.998 0.53 0.002 4 —13.86 = 0.06
16.290197 1020 18,000 —13.26 0.01 0.998 0.35 0.009 4
17.290197 1020 18,000 —-13.2 0.01 0.996 0.43 0.014 3
18.290197 1020 18,000 —13.18 0.01 0.995 04 0.012 3 —13.56 = 0.25

2T = run temperature; t = run time; D = diffusivity; r = correlation coefficient of the linearized profiles (see text); M = calculated amount of
the tracer initially deposited on the sample; n = number of analysed profiles. 1o error for D represents mean values of the measured profiles on the
sample. Last column indicates extrapolated values to M/\V/t = 0 (see text) (error 1o). All experiments were performed in Gottingen. All runs
preannealed in Ar, except those indicated in air.
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Table 4. Results of the tracer diffusion of Cain vitreous abite and jadeite.®
M
Run T (°C) t (s log D (D in m?/s) lo r (ppm - m) lo n
Albite
5.040697 650 335,700 —1453 0.04 0.996 0.31 0.011 6
16.150596 800 32,580 —13.17 0.03 0.993 0.24 0.012 6
4.021296 800 55,860 -13.15 0.03 0.996 0.4 0.012 4
3.021296 900 7,200 —12.41 0.02 0.997 0.36 0.01 4
4.131094 1020 3,600 —12.03 0.11 0.978 0.17 0.024 5
1.040697 1025 2,660 —11.88 0.03 0.994 0.33 0.005 4
2.040697 1025 2,660 -11.83 0.02 0.997 0.49 0.018 4
Jadeite
7.201294 800 86,400 -1291 0.02 0.989 0.81 0.007 4
8.201294 800 86,400 —12.89 0.01 0.998 1.72 0.036 2
9.201294 801 255,600 -12.94 0.03 0.995 15 0.089 4
15.201294 801 255,600 —12.92 0.02 0.984 1.33 0.039 3
8.150596 900 7,200 —12.26 0.01 0.997 0.53 0.037 4
9.150596 900 7,200 —12.18 0.03 0.998 0.79 0.076 5
10.150596 900 7,200 -12.18 0.01 0.999 0.97 0.066 4
11.201294 900 10,800 —12.25 0.01 0.996 1.32 0.003 2
11.150596 900 32,400 -1221 0.01 0.997 11 0.024 3
12.150596 1020 1,800 —11.65 0.01 0.999 0.61 0.038 4
13.150596 1020 1,800 -1161 0.02 0.998 0.84 0.089 4
14.150596 1020 1,800 —11.62 0.03 0.996 0.76 0.118 3
5.131094 1020 3,600 -11.67 0.03 0.996 0.69 0.042 2
15.150596 1020 7,200 —11.66 0.02 0.987 0.71 0.039 3

2 See Table 3. Experiments with run numbers = x.150596 (x.ddmmyy) were performed in Gottingen (see text).

ments of the various profiles on each sample as mean values with a
corresponding error, usualy +0.05 log units or less (1a). The profiles
were measured employing various techniques: repeated, overlapping,
or obliquely to the interface (cf. Roselieb and Jambon, 1997). An
estimate of the overall experimental error is possible from runs per-
formed under identical run conditions, including uncertainties from the
temperature measurement, run time, preannealing conditions, orienta-
tion of sample and profile, which yields an error of usually =0.1 log
units or less (10), except for Mg in abite, which has errors up to 0.2
log units (10).

3. RESULTS

3.1. Dependence of Diffusivities on Introduced Tracer
Concentration and Run Duration

Before evaluating the results obtained in this study, it seems
useful to comment on the kind of diffusivity determined. In
general, we studied the diffusion of a trace element otherwise
not present in the starting material, and therefore, it is evident

Table 5. Results of the tracer diffusion of Sr in vitreous abite and jadeite.

M
Run T (°C) t(s) log D (D in m?/s) 1o r (ppm - m) lo n Remarks
Albite
9.021296 645 331,200 —14.56 0.04 0.991 057 0.006 4
12.130596 800 32,580 —13.32 0.04 0.987 0.27 0.011 4
8.021296 800 55,860 —13.16 0.01 0.998 1.65 0.012 4 Ar
7.021296 900 7,200 —12.47 0.05 0.986 0.67 0.006 4
13.130596 1020 1,800 —11.98 0.02 0.99 0.33 0.03 3
6.021296 1020 2,700 -11.9 0.05 0.992 111 0.139 4 Ar
Jadeite
4.130596 800 3,600 —12.85 0.03 0.997 0.68 0.035 3
3.130596 800 7,200 -12.92 0.02 0.998 0.72 0.018 4
1.130596 800 32,580 —13.01 0.01 0.996 0.53 0.025 3
2.130596 800 32,580 —12.96 0.01 0.997 0.71 0.022 2
6.130596 900 3,600 —12.26 0.02 0.995 0.63 0.011 3
7.130596 900 3,600 -12.25 0.02 0.996 0.72 0.016 4
8.130596 900 3,600 —12.24 0.01 0.996 0.89 0.029 4
5.130596 900 14,400 -12.29 0.05 0.986 0.64 0.006 2
9.130596 1020 1,800 -11.7 0.02 0.997 0.68 0.001 2
10.130596 1020 1,800 —11.65 0.02 0.996 0.95 0.045 2
3.090196 1020 3,300 —11.73 0.03 0.972 0.55 0.009 4
4.090196 1020 3,300 -11.74 0.04 0.969 0.73 0.047 5
11.130596 1020 7,200 —11.65 0.05 0.993 0.97 0.029 2

2 See Table 3. Experiments with run numbers = x.130596 (x.ddmmyy) were performed in Gottingen. Ar refers to preanneal made in 1 bar Ar
atmosphere (see text).
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Table 6. Results of the tracer diffusion of Bain vitreous abite and jadeite.®
M
Run T (°C) t (9 log D (D in m?%s) lo r (ppm - m) lo n Remarks
Albite
12.130596 800 442,800 —14.47 0.03 0.94 0.12 0.003 4
14.130596 800 442,800 —14.42 0.08 0.937 0.13 0.008 5
12.021296 800 450,000 —14.29 0.02 0.998 0.97 0.027 4 Ar
11.021296 900 90,300 —13.46 0.01 0.997 1.08 0.015 4 Ar
13.130596 1020 7,200 —12.99 0.06 0.972 0.12 0.007 4
10.021296 1020 7,200 —12.78 0.01 0.998 1.19 0.06 3 Ar, a
10.021296 1020 7,200 —12.73 0.01 0.997 0.76 0.232 3 Ar, b
Jadeite

3.130596 800 223,200 -14.1 0.01 0.997 0.74 0.007 3

4.130596 800 223,200 —14.13 0.04 0.989 0.29 0.01 4
10.130596 800 223,200 —14.09 0.02 0.976 03 0.014 3

1.130596 800 442,800 —14.06 0.07 0.991 0.48 0.026 3

2.130596 800 442,800 -14.13 0.15 0.874 0.13 0.012 4

7.130596 900 28,800 —13.24 0.01 0.968 0.21 0.016 4
15.090196 900 79,200 —13.23 0.02 0.982 0.42 0.016 4
16.090196 900 79,200 —13.23 0.03 0.979 1.28 0.141 4
13.090196 901 232,980 —13.09 0.08 0.787 0.28 0.011 3
11.090196 1020 3,300 —-124 0.02 0.997 0.43 0.025 4
12.090196 1020 3,300 —12.41 0.04 0.972 021 0.078 4

8.130596 1020 7,200 —12.54 0.15 0.939 0.15 0.006 3

9.130596 1020 7,200 —12.44 0.04 0.99 0.57 0.028 3
11.130596 1020 7,200 —1251 0.01 0.917 0.15 0.006 3

9.090196 1020 29,340 —12.38 0.07 0.98 0.41 0.008 2
10.090196 1020 29,340 —12.49 0.01 0.993 0.95 0.434 2

2 See Table 3. Experiments with run numbers = x.130596 (x.ddmmyy) were performed in Géttingen. Ar refers to preanneal made in 1 bar Ar

atmosphere (see text); sample 10.021296 was pretreated incidentally with Ba both on the top (a) and on the bottom (b).

that this diffusion process involves some exchange with other
cations (here, Na) and is not self-diffusion. Chemical diffusion
prevails when strong coupling occurs in the cross-transfer of a
number of elements, which is not the case here. When the

CIC,

Fig. 1. Diffusion profiles of Mg, Ca, Sr, and Ba in a supercooled
jadeite melt at 900°C and run times of 123, 2, 1, and 22 h, respectively.
To account for different run times and diffusivities, the distance x is
normalized to the run time (t¥2). The corresponding concentrations C,
are ~4600, 5100, 11300, and 3500 ppm for Mg, Ca, Sr, and Ba,
respectively. Symbols represent analyzed points by electron micro-
probe, and the solid line indicates the cal culated diffusion profile using
Eqgn. 1 (see text), yielding log D + 10 (D in m?%/s) of —14.07 + 0.01,
—12.25 = 0.01, —12.23 = 0.01, and —13.21 + 0.02 for Mg, Ca, Sr,
and Ba, respectively.

major cations of the matrix can diffuse rapidly (e.g., Na) there
will be on average many more jumps than necessary to balance
the flux of a cation of slower or equal diffusivity but in trace
amount. In this case, the diffusivity of a tracer will not be
limited by the counterflux of major cations; therefore, different
tracers will exhibit different diffusivities. With increasing con-
centration, this may no longer be true, and therefore, this aspect
must be considered eventually. Wei and Wuensch (1976)
pointed out that low tracer concentrations in the final profiles
do not preclude concentration-dependent diffusivity. They
showed that high solute concentrations, in the early stage of the
experiment, could affect the profile significantly, especially for
shallow diffusion penetrations (i.e., Mg in our case), depending
on the thickness of the thin source and the tracer concentration.

To investigate the effect of concentration at the beginning of
the experiment, we varied our preanneal conditions to produce
thin sources of different thickness and the durations of the
diffusion experiments. This approach requires measurable con-
centrations with regard to the sensitivity of the microprobe;
because spot sizes of 10 to 15 wm are required, profiles shorter
than 30 to 40 wm were impracticable to measure. Besides the
problem of introducing adequate tracer concentrations (see
above), long durations flatten the concentration gradient and
sometimes deteriorate sample geometry due to lowered viscos-
ity. On the other hand, short runs with shallow profiles and high
concentrations may be falsified by a concentration-dependent
diffusivity in the early stage of the experiment.

Figure 2 presents representative diffusivities of Ca, Sr (at
900°C), and Ba (at 1020°C) in a supercooled jadeite melt as a
function of M. For all of these cations, the diffusivity is
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Fig. 2. Diffusivity of Ca, Sr, and Ba in a supercooled jadeite (solid
symbols) and albite melt (open symbols) at the indicated temperature as
a function of the tracer concentration M (see text). 1o error bars are
obtained from the fit of the diffusion profile.

independent on M within the error. We conclude that the
derived diffusivity is independent of the introduced concentra-
tion of the tracer and run time, and that the tracer diffusivities
of Ca, Sr, and Ba in jadeite composition are true tracer diffu-
sivities.

For albite, only a few measurements are available (Fig. 2),
and the database are too sparse to demonstrate explicitly that
diffusivities are independent of the preanneal conditions. How-
ever, the results agree within a range of ~0.2 log units or less,
and because the introduced amount of the tracer is comparable
to that on jadeite composition, we conclude that the derived
diffusivities are true tracer diffusivities as well. This assump-
tion is further supported by the fair agreement between the
derived diffusivities of Ca, Sr, and Ba from the radiotracer
techniques of Jambon and Delbove (1977) and Jambon (1980)
when compared with those from microprobe profiling (this
study; see below). It is worth noting that Jambon (1980) gives
Sr diffusivities of =15% in investigations where tracer surface
concentration vary by a factor of 300.

Unlike other cations, Mg in both abite and jadeite compo-
sitions exhibits a clear dependence of its diffusivity on the
amount M of tracer introduced (Fig. 3). Within the attainable M
range, the diffusivity increases with increasing M of ~ 0.4 and
0.6 log units for jadeite and albite composition, respectively,
which is well above the error range of repeated profiles on the
same sample (see above). Furthermore, the diffusivity de-
creases with increasing run time for a given range of M,
yielding diffusivities close to those runs with shorter run times
but lower tracer concentrations (Fig. 3). We interpret this as a
result of a concentration-dependent diffusion coefficient in the
early stage of the experiment (Wei and Wuensch, 1976; cf.
above). Therefore, we plotted the diffusivities for each temper-
ature vs. the ratio M/\/t, as illustrated in Figure 3 for
NaAISi,Og (900°C) and NaAlSi;Og (950°C), and determined
the infinite dilution diffusivity from a linear extrapolation to
M/~/t = 0. The extrapolated values for these tracer diffusivities
are listed in Table 3.

1/2

1/2

M-t (ppm'm-h™ %)

Fig. 3. Diffusivity of Mg in supercooled albite and jadeite melt at the
indicated temperature as a function of the tracer concentration M,
normalized to t¥2 (see text). 1o error bars are obtained from the mean
values of al profiles on each sample. A linear extrapolation to the
diffusivity at M = 0 (i.e, infinite dilution), and t = o« yieldsalog D (D
in m%s) of —14.9 * 0.02 for NaAlSi;05 and —14.23 = 0.03 for
NaAlSi,Og.

Generally, the determined diffusivities should be indepen-
dent of run duration if no other transport mechanisms are
effective (e.g., viscous flow). Experiments on the Ca, Sr, and
Ba diffusion in jadeite melt were performed with various run
durations, clearly demonstrating that the derived diffusivities
do not depend on duration (Tables 4 to 6). In the case of the Mg
diffusion, the effect of run time is more evident (Fig. 3), and we
interpret this effect as a result of concentration-dependent dif-
fusivity in the early stage of the experiment (see above), rather
than from other transport mechanisms other than diffusion.
Because the durations are large in comparison with the time for
heating up and cooling down the samples, we ignored this
contribution, considering the error to be negligible.

3.2. Comparison with Radiotracer Technique

The diffusion measurements of Ca, Sr, and Ba on albite
composition were performed to compare our microprobe pro-
filing results (Tables 4 to 6, Fig. 4) with those of the residual
activity method of Jambon and Delbove (1977) and Jambon
(1980). This alows the comparison of tracer diffusion experi-
ments employing different concentrations of the tracer (4+ 10~°
to 1072 ppm - m) compared with 0.12 to 1.65 ppm - m for the
microprobe profiling and similar depths of penetration. Results
for Ba (Fig. 4) are in good agreement within the investigated
temperature range, whereas Ca and Sr diffusivities derived
from microprobe profiling are ~0.4 to0 0.7 and ~0.2 to 0.7 log
units, respectively, higher than those from the radiotracer tech-
nique. Jambon (1980) studied the diffusion of Sr in albite glass
at 697°C and with concentrations of the tracer from 4 - 10> to
10~ 2 ppm - m. He reports a reproducibility within =15% (four
samples and a single run) with a profile length of ~30 wm
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Fig. 4. Arrhenius diagram of the Mg, Ca, Sr, and Ba diffusivity in
vitreous albite. Symbols indicate the diffusivity derived from mean
values on each sample (Ca, Sr, Ba) and extrapolated values to M/tY2 =
0 (Mg) (cf. Tables3to 6). Error bars are usually within the symbol size
and are omitted for clarity. The solid line represents a fit with an
Arrhenius equation. Results for diffusivities from the radiotracer tech-
nique for Ca (Jambon and Delbove, 1977) and Sr, Ba (Jambon, 1980)
are indicated by filled symbols and the Arrhenius fit by dashed lines.

yielding log D (D in m%s) of —14.45 + 0.1. This can be
compared with the present results obtained from an Arrhenius
fit to the data of log D (D in m%s) of —14.06 = 0.6. Both
results agree within experimental error, and we conclude that
no evidence of concentration dependence exists in the case of
Sr. The deviations between the results of Jambon (1980) and
ours probably results from a small difference in the starting
material, slightly different experimental procedures, or both.

Activation energies derived from the diffusivities of the
microprobe profiling are ~20% lower when compared with
those from the radiotracer technique (see below; Figs. 4, 7).
This fair agreement demonstrates that the microprobe tech-
nigue is not significantly falsified by the concentration depen-
dent diffusion during the early stage of the experiment.

3.3. Temperature Dependence

To determine the temperature dependence, we used the mean
values of the average diffusivities obtained from the measured
profiles on each sample for Ca, Sr, and Ba and extrapolated
values to M/t¥2 = 0 for Mg (summarized in Tables 3 to 6).
They are plotted in Figures 4 and 5 for abite and jadeite,
respectively, against reciprocal temperature. The solid line rep-
resents a linear fit of the data according to an Arrhenian
equation,

@
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Fig. 5. Arrhenius diagram of the Mg, Ca, Sr, and Ba diffusivity in a
supercooled jadeite melt. Symbols indicate the diffusivity derived from
mean values on each sample (Ca, Sr, Ba) and extrapolated values to
M/tY2 = 0 (Mg) (cf. Tables 3 to 6). Error bars are usually within the
symbol size and are omitted for clarity. The solid line represents a fit
with an Arrhenius equation.

than 102 Pa- s. Results from both glass and supercooled liquid
can be well described by a single Arrhenian expression, indi-
cating no significant influence of the glass transition on the
tracer diffusivities, as found in previous measurements for Ca,
Sr, and Ba in vitreous abite (Jambon and Delbove, 1977;
Jambon, 1980; cf. Fig. 4).

3.4. Diffusivity and Activation Energy of Alkaline Earths
in the System SiO,-NaAlSi,O4

Caand Sr exhibit maximum diffusivities in both NaAlSi ;04
and NaAlSi,O4, whereas Mg, the smallest cation investigated,
shows the lowest diffusivity (Figs. 4, 5). A similar observation
is made for akalies—for example, in vitreous obsidian (Jam-
bon, 1983) or jadeite (Roselieb et al., 1998)—where a maxi-
mum diffusivity is exhibited for a cation of intermediate size
(Na). The effect of matrix composition is presented in Figure 6
at a constant temperature of 900°C and includes data from the
radiotracer technique. In contrast to the observed behavior of
akaliesin vitreous albite and jadeite (cf. Roselieb and Jambon,
1997), where diffusivities are indistinguishable within experi-

Table 7. Arrhenius parameters D, and E, between temperatures T i,
and T, of Mg, Ca, Sr, and Ba diffusion in abite and jadeite melts.

E.
D =D, exp(—ﬁ>

Herein, D is the diffusivity at temperature T, D, (m?/s) the
preexponential factor, E, (Jmoal) the activation energy, and R
the gas constant. For all alkaline earth cations, a clear Arrhe-
nian behavior is observed, and values for E, and D, are sum-
marized in Table 7 for abite and jadeite. For both Ca and Sr
diffusion in albite, one experiment was performed below the
glass transition temperature Tg—that is, at viscosities greater

I og DO Ea Tmin Tmax
Melt  (Dyinm%s) =*1lo (k¥mol) *lo (°C °0)
Albite
Mg —4.75 089 234 20 800 1020
Ca —5.46 0.3 159 6 650 1025
Sr —5.44 028 160 6 645 1020
Ba —5.22 052 188 12 800 1020
Jedeite
Mg —5.08 079 207 18 800 1020
Ca —5.42 016 153 4 800 1020
Sr —5.63 019 150 4 800 1020
Ba —4.43 0.2 198 4 800 1020
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Fig. 6. Diffusivities of alkaline earths as a function of the Al/(Al +
Si) ratio. For data sources, see Figures 4 and 5.

mental error, the diffusivity of alkaline earths increases with
increasing (Na + Al)/Si content, clearly evident from SIO,, to
NaAISi;O5. With increasing Na content toward NaAlSi,Op,
diffusivities further increase for Mg, whereas Ca, Sr, and Ba
diffusivities in both aluminosilicate compositions are rather
similar.

In Figure 7, the activation energy as a function of diffusing
speciesradius is presented. For albite and jadeite compositions,
a clear minimum corresponding to a radius of ~1to 1.2 A is

T I T T l T
300 - silica §_
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5
X 250 -
>
g | ® 'yl
c
)
g A
2 - .
©
< 150 & % |
Mg l Cla Sr| Ba
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Fig. 7. Activation energies (error bars +10) of alkaine earths in
vitreous silica, albite, and jadeite. For albite composition, the solid
symbols represent data from the radiotracer technique (cf. Fig. 4). lonic
radii from Shannon (1976). Data source: this study (Table 7); for
vitreous silica: Ca, Ba: Zhabrev et al. (1976); vitreous abite: Ca
Jambon and Delbove (1977); Sr, Ba: Jambon (1980).
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Fig. 8. Activation energies (error bars +10) of alkaline earths as a
function of the Al/(Al + Si) ratio. For data sources, see Figure 7. For
albite composition, the solid symbols represent data from the radio-
tracer technique (cf. Fig. 4). The dashed and solid lines indicate the
trend including only the abite data from this study and the radiotracer

technique, respectively.

evident. For vitreous silica, there are no data for Mg and Sr
available, but Ca shows a significantly lower activation energy
than Ba, in agreement with the observed behavior in the Na-
aluminosilicate compositions. A minimum in the relationship
between cation radius and activation energy was previously
observed for alkalies at ~1 A in vitreous obsidian (Jambon,
1983), silica, albite (Roselieb and Jambon, 1997), and jadeite
(Roselieb et a., 1998). This minimum can be explained qual-
itatively with the elastic and electrostatic contributions to the
activation energy described in the models presented below. The
significance of the activation energy on the diffusivity emerges
clearly from a comparison with the observed maximum in the
diffusivity of Caand Sr (Figs. 4 to 6), indicating that the cations
with the smallest activation energy exhibit the highest proba-
bility for a diffusive jump.

3.5. Activation Energy of Alkaline Earths as a Function
of Composition

Figure 8 compares mean values of all available data for the
activation energy of diffusion for alkaline earths in the system
SiO,-NaAlSi O, including datafrom this study aswell asfrom
the radiotracer technique (Jambon and Delbove, 1977; Jambon,
1980). For Mg, Ca, and Sr the activation energy clearly de-
creases with increasing substitution of Si by (Na + Al). How-
ever, for Ba, some discrepancy between both studies exists
despite excellent agreement of the results between 800 and
1020°C (cf. Fig. 4) and differences in the activation energies
due to only one measurement in the glass at 620°C (Jambon,
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Fig. 9. Activation energies (error bars =10) of noble gases, akalies,
and alkaline earths as afunction of particle radiusin vitreous silica. For
symbols without error bars, either there are no error estimates available
or they are within the symbol size. Solid lines and dashed lines
represent the best fit employing Egns. 9 and 11, respectively (see text).
Data sources: He: Swets et a. (1961), Perkins and Begea (1971),
Shelby (1971, 1972); Ne: Frank et a. (1961), Perkins and Begedl
(1971), Wortman and Shackelford (1990); Ar: Perkins and Begea
(1971), Nakayama and Shackelford (1990), Carroll and Stolper (1991),
Roselieb et al. (1995); Kr: Carroll et al. (1993), Roselieb et al. (1995);
Xe: Rosdlieb et al. (1995); Li: Doremus (1969); Na: Doremus (1969),
Frischat (1970), Zhabrev et a. (1976); K: Doremus (1969), Rothman et
al. (1982); Rb, Cs. Rothman et al. (1982); Ca, Ba: Zhabrev et al.
(1976). lonic radii from Shannon (1976); noble gas radii from Hir-
schfelder et al. (1954).

1980), resulting in a higher activation energy. If only measure-
ments in the supercooled melt region are considered, a possibly
minimum in the activation energy for Ba at NaAISi;Og com-
position is indicated.

4. DISCUSSION OF MODELS FOR CALCULATING THE
ACTIVATION ENERGY OF DIFFUSION

At this stage, it seems that looking for a general formalism
for estimating activation energies of diffusion in the system
SiO,-NaAlSi,Og is necessary. Anderson and Stuart (1954) first
developed a model for calculating activation energies for ionic
conductivity in silica glass. This mode is discussed in the
literature with different points of view (e.g., Jambon, 1982;
McElfresh and Howitt, 1986; see below), but to our knowledge,
it has never been applied to experimental data that included
particles of different size and charge.

For glasses and supercooled melts along the join SiO,-
NaAIlSi,Og, a nearly complete data set of diffusivity measure-
ments for noble gases, akalies, and alkaline earths is available
(see captions to Figs. 9 to 11 for references). They are derived
from both electrical conductivity and tracer diffusion measure-
ments, as well as from permeation measurements of He for
NaAlSi;Og and NaAlSi,O5 composition (Shelby and Eagan,
1976). Figures 9 to 11 summarize the available activation
energies for particles of different charge and size as a function
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Fig. 10. Activation energies (error bars =1¢) of noble gases, aka-
lies, and akaline earths as a function of particle radius in vitreous
albite. Data sources: He: Shelby and Eagan (1976), Roselieb et al.
(1992); Ne: Rosdlieb et al. (1992); Ar: Carroll (1991), Roselieb et al.
(1992); Kr: Roselieb et al. (1992), Carroll et al. (1993); Xe: Roselieb et
al. (1995); Li: Jambon and Semet (1978); Na: Carron (1969), Jambon
and Carron (1976), Fritzsche (1990), Fuchser (1996); K, Rb: Jambon
and Carron (1976); Cs: Jambon and Carron (1976), Roselieb and
Jambon (1997); Mg: this work; Ca: Jambon and Delbove (1977), this
work; Sr, Ba: Jambon (1980), this work. Compare Figure 9.

of radius along the join SiIO,-NaAlSi,Og. Because few diffu-
sion data are available, especially for He in NaAlSi;Og and
NaAlSi,Og, we include the activation energy of permeation for
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Fig. 11. Activation energies (error bars =10) of noble gases, aka-
lies, and akaline earths as a function of particle radius in vitreous
jadeite. Data sources: He: Shelby and Eagan (1976); Ar, Kr, Xe:
Roselieb et al. (1995); Li: Roselieb et a. (1998); Na: Fritzsche (1990),
Fuchser (1996); K, Rb, Cs: Roselieb and Jambon (1997); Mg, Ca, Sr,
Ba: this work. Compare Figure 9.
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He in abite and jadeite glass (Shelby and Eagan, 1976), and it
should be noted that they can be different from that for diffu-
sion, depending on the temperature dependence of solubility.

The following trends emerge from all compositions (Figs. 9
to 11). The activation energy varies with size and charge of the
diffusing particle, as follows: an increase with size is conspic-
uous for noble gases and akalies whose size varies most. For
cations, a minimum is observed corresponding to an ionic
radius of ~1 A. This s especially noticeable for alkaline earths
in albite and jadeite compositions.

We now present the model proposed by Anderson and Stuart
(1954), including suggestions from the literature for the mod-
ification of this model. Furthermore, we propose an alternative
formulation of this model derived from our experimental ob-
servations. We use the experimental data to assess the param-
eters of both models and to discuss the derived estimates for the
material properties, as well as to decide what model yields a
better representation of the data.

4.1. Modified Anderson-Stuart Model

4.1.1. Contributions to the Energy of Activation

We now discuss the various contributions to the activation
energy. Anderson and Stuart (1954) first proposed a model
(hereafter referred as the Anderson-Stuart model) to calculate
the activation energy for theionic conductivity in silicaglass as
afunction of charge and radius. Two major contributions were
considered, the first of which, E, is the strain energy required
to enlarge the interstice the particle has to jump through. The
second contribution for charged particles is the so-called cou-
lombic contribution, E... Jambon (1982) argued that athird term
to account for defect formation, E;, is also necessary. Hence,
the activation energy E, can be described as

E,=E.+E, + E (3

We shall now consider these contributions successively.

4.1.2. Srain Energy

The strain energy, E,, required on jumping is the energy
necessary to dilate the network to enlarge a cavity with aradius
Iy the so-called doorway radius, to the radiusr of the diffusing
particle. Frenkel (1946) first derived an equation describing the
enlargement of a spherical cavity for a close-packed liquid:

E. = 87Gryg N (r — ry)? 4

where G is the shear modulus and N is Avogadro’s constant.
Anderson and Stuart (1954) modified this equation for a less
densely packed glass by halving the constant:

E. = 47Gryg N (r — ry)? (5)

Both equations were criticized by McElfresh and Howitt
(1986), who argued that describing the enlargement of a spher-
ical cavity yields physically unreasonable results because the
activation energy “to enlarge a small cavity can be less than
that to enlarge alarger cavity to the same size” (McElfresh and
Howitt, 1986, p. 237). Therefore, McElfresh and Howitt (1986)
described the diffusive jump as the enlargement of a circular

hole over its entire width 8W with no variation of the strain in
the direction of the width,

E, = OW @GN (r — r,)? (6)

where 6W is the width and r the radius of the cylindrical hole.
Because the dilation of the opening passes a maximum, the
dilation over the jump distance A can be described as a sinusoid
between 0 and

A
E =5 7GN (r — rg)® @)

However, despite the differences in the constant, the square
root relationship between activation energy and radius of the
diffusing particle remains unchanged.

4.1.3. Electrostatic Energy

If charged particles are considered, we must account for the
electrostatic energy associated with jumping. The Anderson-
Stuart model suggests that the bonding energy between the
cation and the surrounding network consists of a Coulomb term
of the form

N zzoez[ 1 1]

(r+ry) A2 ®)

¢ Ame, €
Here, N is Avogadro’s constant, e, is the dielectric constant of
the vacuum, z and z,, represent the charge, r and r,, represent the
radius of the cation and oxygen, respectively, e isthe charge of
the electron, A is the jump distance, and ¢ is the dielectric
constant.

4.1.4. Energy of Defect Formation

Jambon (1982) first suggested introduction of an energy term
E; for the formation of an available site in the Anderson-Stuart
formulation. This kind of contribution is a classical one for
diffusion in solids because it is well known that defects (e.g.,
vacancies) have a strong influence on diffusivities. In the case
of melts and glasses, the concept of defectsis difficult to define
in the same way as in crystals, and it is anticipated that plenty
of sites are available for jumping. Still, an energy of formation
of available sitesis necessary if the creation of sites appropriate
for jJumping is an activated process. Thermal expansion mesa-
surements of glasses clearly show that it not only results from
increased vibrations of the atoms (anharmonic oscillations), but
it also results from an increase of the free volume.

It is easiest to derive E; from noble gas data because the
electrostatic contribution is zero. However, the determination
of E; depends critically on the choice of the noble gas radii and
therefore ry and A too (see below).

4.1.5. Modified Anderson-Suart Model

Anderson and Stuart (1954) calculated the activation energy
for different cations in silica glass by combining Eqns. 5 and
8. In view of the criticism of McElfresh and Howitt (1986)
with regard to the dilation energy, we prefer the model for
the enlargement of a cylindrical cavity (Egn. 7). Hence, to
model the activation energy, we substitute into Egn. 3 the Egns.
7 and 8:
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This equation has not been previously applied to experimental
results. Now it can be tested by using the nearly complete data
set of diffusivities of noble gases, akalies, and alkaline earths
in the system SiO,-NaAlSi,Og.

_/\,n_G 2

mTEY €

4.1.6. Alternative Approach

Considering cations of similar size—for example, the two
smallest cations Li and Mg, or Na and Ca—their E; value is
nearly zero, and E; is only a small fraction of E, (<~30
kJIJmol; see Figs. 9 to 11); therefore, E, should be close to E..
We obtain from Figures 9 to 11 the following:

E. (Mg) >> 2 E/(Li) and E; (Ca) >> 2 E(Na).

This relationship shows that the zz, term is not appropriate. We
must therefore conclude that Egn. 8 is not a reasonable model
of E.. This had already been implicitly noticed by Jambon and
Delbove (1977) and Jambon (1982) in their analyses of feldspar
glasses and obsidian; they preferred a quadratic relationship
between E, and charge for cations of small size (Eg ~ 0).

In Figures 9 to 11, we suggest that E, is independent of the
size of the diffusing cation, but a quadratic (or nearly so)
relationship with z isgiven. If we now consider that the charges
involved in Eqgn. 8 are those of the cation on one hand and of
the site on the other (not that of oxygen), then z and z, are
likely to have the same value, but with opposite sign. In other
words, acation resides only in sites of appropriate charge. If we
consider that it may jump into a site having a different charge,
the surrounding cations should move rapidly to suppress the
local charge imbalance. This is possible because sodium, the
most abundant cation, is aso the most mobile one. We till
have a problem with the size dependence in Eqgn. 8, even after
consideration of the appropriate charge. In the modified Ander-
son-Stuart formulation, E. is calculated for a negative charge at
adistance varying from (r + r.) in aregular siteto (A/2) in the
doorway, which assumes that the site is neutral and the door-
way charged in a nonsymmetrical way. If instead we consider
that the site carries a charge z,, compensated by that of the
cation and that the doorway is neutral (because of symmetry),
then the electrostatic term must be modified. When a charge is

located inside a spherical shell of opposite charge, it undergoes
no force, no matter what its exact position. If jumping out of the
shell, the electrostatic force appears when it reaches its bound-
ary at A2 until it reaches a new stable position at A. Then E,
becomes

N 22é

- Amrey €N

(10)

Beside this, the dependence on size can be fully accounted by
E, (as formulated in Eqn. 7), provided that the dependence is
still valid for r < ry. The size of rg, equivalent to the radius of
sodium, in these Na-aluminosilicates also suggests that the
contribution has to do with the best size for occupying sites.
The effect for r < rg on Eg can be understood as resulting from
the distortion of the lattice around asmall cation. The similarity
between E and the energy involved in calculating partition
coefficients (Blundy and Wood, 1994) is striking and is a good
argument in favor of a similar description.

Hence, the alternative formulation of the coulombic term in
the Anderson-Stuart model as required by the experimental
results yields for Eqn. 3

2

A
Ea= 5 mGN (r — rg)* +

5 +E (11)

dmey €N

4.2. Constraints on Input Parameters

The application of Egns. 9 and 11 to modd the activation
energy requires knowledge of two material properties (G, &)
and two structural parameters (A, rg) besides E;. Although some
specific material parameters are known from the literature, it is
not evident that these bulk properties are applicable to jumps
involving short-range properties. For the sake of simplicity, we
shall assume that they do not change with charge or size.

Because it is not possible to obtain a meaningful fit with
unique solutions to the five unknown parameters, which depend
on each other, it is necessary to fix some parameters.

For diffusion of uncharged particles such as noble gases in
vitreous materials, the square root relationship between active-
tion energy and radius (Eqns. 4 to 7) has been confirmed
experimentally by various authors (e.g., Perkins and Begedl,
1971; Roselieb et al., 1992, 1995). Employing the equations
derived by Frenkel (1946) and Anderson and Stuart (1954),
Roselieb et a. (1995) estimated values for the shear modulus

Table 8. Fitted parameters (A, ) and fixed parameters (G, ry, E;) for calculation of the activation energies of diffusion with Egns. 9 and 11.2

SO, NaAlSi;Oq NaAlSi,Oq
Variable Eqgn. 9 Egn. 11 Eqgn. 9 Egn. 11 Eqgn. 9 Egn.11

Fit parameters

AA) = 10 104+ 0.6 101+ 0.7 121+ 0.7 121+ 0.8 116 + 0.6 116 £ 0.7

e+ lo 53+ 04 18+01 79+08 25+02 87+09 29+03
Fixed parameters

E; (kJmol) 0 0 0 0 0 0

G (Kbar) 246 246 284 284 269 269

rq (A) = 1o 098 + 0.32/-0.26 098 + 0.32/-0.26 1.0+ 04/-03 1.0+ 04/-03 095+ 0.35-028 095+ 0.35/-0.28

1o (k¥mol) 25.6 30.2 328 35 22.8 27

8G = shear modulus; ry = doorway radius; E; = energy of formation; A = jump length; ¢ = dielectric constant. Last row indicates 1o standard
deviation between measured and calculated activation energies.
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(Table 8), and these are generally in reasonable agreement with
bulk values—for example, 313 kbar in silica glass (Bansal and
Doremus, 1986) or 50 to 420 kbar in silicate melts (Dingwell
and Webb, 1989). Because no bulk values for albite and jadeite
composition are available, we used the values given by Rose-
lieb et al. (1995) for supercooled melts in the system SiO,-
NaAlSi, Oy as fixed parameters (Table 8) as the best estimation
for a shear modulus applicable to an intrinsic process.

Because diffusion of uncharged particles requires no elec-
trostatic energy, the activation energies of noble gases can be
used to derive the doorway radius, which is then used as an
input parameter for modelling the activation energy of charged
particles. The doorway radius can be determined from a plot
VE,Vvs. r at theintercept \/E, = 0 and is not dependent on the
equation (Eqns. 4 to 7) used or other parameters such as G or
A

It is evident that the calculated doorway radii depend on the
choice of the noble gas atomic diameter used. Available data
from the literature exhibit a significant scattering (cf. Zhang
and Xu, 1995), and it is not clear what diameter is appropriate
for condensed matter. It is a prerequisite using a reasonable set
of noble gas diameters because the derived doorway radius is
an input parameter for calculating the activation energies of
charged particles. The doorway radius should be in the range of
the observed minimum in the activation energies (i.e., around 1
A). This follows from Eqns. 9 and 11, where the minimum is
defined by the contribution of the elastic part.

With this assumption, we evaluate the data sets of Dushman
(1949), Hirschfelder et al. (1954), Pauling (1960), Bondi
(1964), Ozima and Podosek (1983), and Zhang and Xu (1995).
Only the atomic diameters given by Hirschfelder et al. (1954),
Pauling (1960), and Bondi (1964) yield doorways within the
range of ~1 A. Because the best fit is obtained employing the
data of Hirschfelder et a. (1954), we used this data set for the
calculation of the doorway radii and for the parameterization of
the models. The doorway radius for SIO,, NaAlSi;Og4, and
NaAlSi, O, calculated from the mean values of al available
data, are summarized in Table 8. The E; term isignored in this
calculation because this yields doorway radii significantly
greater than 1 A. The activation energies for He and Ne in
albite glass (Roselieb et a., 1992) are too high (Fig. 10) when
compared with thetrend in silica (Fig. 9) or jadeite (Fig. 11), so
we did not use these values for the following calculations.
Instead, weincluded the activation energy of permeation for He
in abite and jadeite glass (Shelby and Eagan, 1976).

4.3. Calculation of Activation Energies of Diffusion

Now the unknown parameters are reduced to the jump dis-
tance A, the dielectric constant ¢, and the energy of formation
E;. Fitting these parameters with the models (Egns. 9 and 11)
yields for the modified Anderson-Stuart model (Eqn. 9) nega-
tive E; values (approximately —15 to —45 kJ/mol) and for the
model developed here (Egn. 11) positive values (between 17
and 23 kJ/mal), but with large errors up to 100%. Although the
standard deviation between measured and calculated values is
reduced by 3 to 10% if E; is ignored, we fitted both equations
(Egns. 9 and 11) only with A and ¢ and set E; = 0 because the
E; values do not allow a meaningful comparison of both mod-
els. The standard deviation between measured and calculated

values is somewhat better (7 to 18%) when Eqn. 9 isused. The
results for all parameters are summarized in Table 8, and the
experimental data are compared with the calculated activation
energies using Egns. 9 and 11 in Figures 9 to 11 for silica,
albite, and jadeite composition.

If G asinput parameter is varied by *10%, the fitted values
for A and ¢ change as well by *=10%, whereas the standard
deviation between measured and calculated activation energies
varies by *+3%. The doorway radius is estimated with large
errors of approximately 0.3 A (Table 8). Consequently, the
fitted parameters are significantly influenced by r, specifically
€ up to 40% and A up to afactor of two. However, the derived
ry values are reasonable because they agree with the observed
minimum in Figures 9 to 11. In genera, there is very good
agreement between measured and calculated activation ener-
gies, demonstrating that both models are reasonable. The ex-
perimentally observed minimum for Na, and Ca and Sr are
particularly well reproduced by the fit to both equations. The
1o standard deviation between the measured and calculated
values ranges between 23 and 35 kJmol (cf. Table 8) and is
somewhat larger than the range of the experimental error.

From Table 8 and Figures 9 to 11, it is evident that the
standard deviation for the charged particles is poorest for the
alkalies in vitreous albite; this is possibly caused by different
starting materials. It should be mentioned that a much better fit
is produced if the activation energies determined from Jambon
and Delbove (1976) for Rb and Cs are used, which are derived
from experiments at 4 kbar but with the same starting material
as used for the investigation of Li, Na, and K at 1 bar (Jambon
and Carron, 1976; Jambon and Semet, 1978).

5. DISCUSSION OF FITTED PARAMETERS

As the best fit to the experimental data is obtained with the
modified Anderson-Stuart model (Eqn. 9), we briefly discuss
the derived fit parameters employing this equation.

5.1. Didectric Constant

The dielectric properties of the compositions considered here
are well known only for silica glass. If network-modifying
cations are introduced into SiO,, the dielectric constant in-
creases depending on the field strength (e.g., Scholze, 1988).
The best fit of the experimentally determined activation ener-
gies employing Egn. 9 yields dielectric constants of 5.3 for
SiO,, 7.9 for NaAlSi;Og, and 8.7 for NaAISI,O4 (Table 8). The
experimentally derived dielectric constant for SIO, is ~4 over
awide range of frequency (Bansal and Doremus, 1986). To our
knowledge, no experimentally determined dielectric constants
are available for NaAlSi;Og and NaAlSi,Og at a sufficiently
high frequency. However, the dielectric constants can be cal-
culated from molar quantities by using the data of Appen and
Bresker (1952), yielding values of 6.2 and 7 for NaAlSi;O4 and
NaAlSi,Og, respectively. These data from the literature are in
reasonable agreement with the fitted parameters. Specifically,
the increase in the dielectric constant from SIO, to NaAISi;O4
and NaAlSi,O5 of ~1.5 is well represented by the obtained
parameters.
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5.2. Jump Distances

The derived jump distances in isostructural compositions of
Si0,, NaAISi 0, and NaAlSi,O vary between 10 and 12 A
(cf. Table 8) and agree within error. These values can be
compared with other known interatomic distances in vitreous
phases of the system SiO,-NaAlSi,Og Generaly the derived
jump distances appear to be large when compared with the
O-Si-O-distance of , for example, 3.26 A for albite glass (Taylor
and Brown, 1979) or the Na-O-distance of 2.62 A in isostruc-
tural nepheline glass (McKeown et al., 1985). Direct informa-
tion on the environment of noble gases in these structures is
available from the XAS measurements of Wulf et al. (1999).
They investigated the local neighbours of Kr incorporated in
supercooled SiO, melt and found Kr-O distances of 3.45 A.
Because the structure of glasses and melts along the join SIO,-
NaAIlSi Oy is described as tridymite-like (Taylor and Brown,
1979), a comparison to the interatomic distances of 4 A in
crystalline tridymite is possible. Evidence for jump lengths
greater than 10 A stems from the structural analysis of gas
diffusion by means of statistical mechanics and two-dimen-
sional Zachariasen schematics (Shackelford, 1982). Shackel-
ford (1982) estimated jump lengths between 8 and 23 A for
noble gases in vitreous silica. Roselieb et a. (1996) applied the
equation of McElfresh and Howitt (1986) to interpret the acti-
vation volumes of Ar and Kr diffusion in supercooled jadeite
melt and derived an average jump distance of 18 A. Shackel-
ford (1982) discussed possihilities to explain such large jump
distances inter alia the existence of network channels. Such
percolation channels were proposed by Greaves (1985) and
Greaves et a. (1991) in their modified random network model.
Herein, network-modifying cations in simple Na-silica glasses
are enriched in network channels, thus enhancing the alkali
mobility. Direct evidence about distances between the network
modifiersis available from X-ray and neutron scattering exper-
iments, and these range from 6 to 8 A (cf. Brown et al., 1995).
Although there is some evidence for jump distances larger than
afew angstroms, the derived jump distances should be consid-
ered with great care. Direct probing of the interatomic distances
would be a valuable contribution, improving the modeling of
activation energies for diffusion in vitreous silicates.

5.3. Doorway Radius

The doorway radii of ~1 A determined in the system SiO,-
NaAlSi, O, agree within error (0.3 A), which seems reason-
ablein view of the structural similarity (see above; Taylor and
Brown, 1979; Walter et al., 2000). However, there is some
evidence from Raman spectroscopy (Seifert et al., 1982) and
molecular dynamic simulation (Dempsey and Kawamura,
1984) that smaller ring structures with increasing substitution
of Si by (Na + Al) occur. Moreover, the radial distribution
analysis of Taylor and Brown (1979) indicates decreasing
structural order with increasing (Na + Al) content. Therefore,
one could expect that with increasing substitution of Si by
(Na + Al), a smaler doorway radius appears. However, this
decrease is possibly within the experimental error, and further
investigations, especially of He and Ne diffusion in NaAlSi;Oq
and NaAlSi,Og, would be helpful to resolve this problem. This
would also be helpful to better constrain the value for E;.

6. CONCLUSIONS

Tracer diffusivities of alkaline earth cations measured by
electron microprobe were found to be comparable to diffusivi-
ties measured at infinite dilution. Only Mg, and possibly other
elements with high charge/size ratio, exhibits a dependence on
concentration.

With changing composition of the matrix, especially substi-
tution of Si by (Na + Al) along the join SiO,-NaAlSi,Og,
diffusivities of akaline earths increase and activation energies
decrease.

The low diffusivity of Mg is a new and important piece of
information. Even though Mg diffusivity was measured at
infinite dilution, it clearly appears that Mg, despite its small
ionic radius, is not a fast-diffusing cation in silicate melts.
Because Mg is an abundant element in natural systems, under-
standing the effects on crystal dissolution and growth, ex-
change with impurities, etc., that may be under the control of
diffusion should take into account the particular behavior of
Mg.

The modified Anderson-Stuart model represents activation
energies reasonably well. The parameters obtained for the jump
distance A and the dielectric constant ¢ are in reasonable
agreement with values from other estimates in the literature.
The structural parameter A varies marginally from one compo-
sition to the next, in accordance with the structural similarity
along the join SIO,-NaAlSi,Og. The dependence of the dielec-
tric constant on composition compares well with values calcu-
lated for bulk compositions. The least-square residuals are
comparable to the observed analytical uncertainties. An alter-
native formulation concerning the electrostatic contribution in
the Anderson-Stuart model as quadratic on the charge z yields
somewhat poorer least-squares residuals. The fitted parameters
for A are comparable with those derived from the Anderson-
Stuart model, while the dielectric constants are lower.

Further applications of both models to other silicate melts
and glasses with additional measurements for trivalent cations
such as rare earth elements, Ga, and Al are urgently needed to
further test the models on other melt compositions and to
further extrapolate both models to highly charged cations. This
would also be helpful in deciding which model is more appro-
priate and whether bulk properties such as dielectric constants
can be used, or if they depend on charge and size of the
diffusing cation.

In conclusion, modeling the activation energy of diffusionin
melts of noble gases, alkalies, and akaline earths as rigid
spheres in a solid medium seems to be successful.
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