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An Empirical Model for Predicting Diffusion
Coefficients in Silicate Minerals

STEVEN M. FORTIER AND BRUNO ]J. GILETTI

An empirical model describing the diffusion kinetics of oxygen in silicate minerals
under hydrothermal conditions has been established for temperatures between 773
and 1073 Kelvin at 100 megapascals of water pressure. The equation, log D = o +
B/T) + [(y + (8/T))Z], where D is the diffusion coefficient, &, B, v, and & are
constants, T is the Kelvin temperature, and Z is the total ionic porosity, may be used to
predict diffusion coefficients, in most cases to within the reported experimental
reproducibility of a factor of 2. For oxygen diffusion, @ = -2, = 3.4 X 10°K, y =
—0.13,and 6 = 6.4 x 10K, for D in square centimeters per second. Limited data for
the diffusion of argon in silicates suggest that the model describes this system as well.

as measured by the relative ease of reequili-

T HE POTENTIAL FOR SOLVING A WIDE
range of problems in the earth sci-
ences has motivated much research
on rates of diffusion in minerals and glasses.
Applications include the interpretation of
geothermometers and geobarometers, dis-
turbed geochronologic systems, and thermal
histories of rocks. These applications, and
others, involve a number of diffusing species
in a variety of different minerals. A method
of predicting diffusion coefficients without
having to measure them (which is difficult)
would clearly be of value.

A method of estimating diffusion coeffi-
cients (D) to approximately an order of
magnitude by the compensation law, which
relies on an observed correlation between
In Dy, the natural logarithm of the preexpo-
nential factor in the Arrhenius diffusion
relation D = Dy exp (—Q/RT), and Q, the
activation energy, has been reported (1) (R
is the gas constant and T is the absolute
temperature). The approach makes use of a
compensation relation for both the species
and the mineral of interest, which requires
considerable experimental data. In addition,
diffusion compensation rests on the assump-
tion that the diffusion mechanism is the
same for all the minerals and species being
considered (2).

An alternative approach was suggested by
Dowty (3): that some measure of the close-
ness of packing of the ions in a mineral is
likely to have a strong influence on diffusion
through a given structure. He showed that
there was a qualitative relation between
anion porosity (fraction of space in the unit
cell not occupied by anions) and diffusivity,
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bration of O isotopes in natural systems (3).
The recent acquistion of additional experi-
mentally determined diffusion data has
made it possible to develop this approach
further.

The basis for our model is an observed
linear relation between log D at a particular
temperature, for O diffusion in silicates, and

Table 1. Calculated total ionic porosities. The \g)p

experimental data are available for O diffusion un

er grou
er hydrothermal conditions (see text for references).

the total ionic porosity (4). We define total
ionic porosity, Z, as

Z = [1 —(ViVe)] X 100 (1)

where 1} is the total volume of the cations
plus anions in the unit cell and V¢ is the
volume of the unit cell. We have calculated
the value of Z for various minerals (Table
1). Ionic volumes were calculated by use of
effective ionic radii (5) and the assumption
of spherical geometry. Unit cell volumes
were calculated from 24°C unit cell data (6).
The unit cell volumes can be scaled to the
appropriate temperature with the constants
in Table 1 and the equation Ve = ¥, +
(0V/dT) T, where 1y is the intercept and
aVIaT is the slope, of the linear relation
between unit cell volume and temperature
for 400° = T = 800°C (7), and V7 is as-
sumed to remain constant. Values of Z
compensated for thermal expansion may
then be calculated with Eq. 1.

We used experimentally determined Ar-
rhenius relations for O self-diffusion (iso-
tope exchange) under hydrothermal condi-
tions (water pressure = 100 MPa, 500° = T
= 800°C) to determine the model relations
for feldspars (8, 9), quartz (10), amphiboles
(11), diopside (12), and micas (13, 14).
These minerals represent a range of struc-
tures from framework to single-chain sili-
cates. The rate for the fastest transport direc-

of minerals consists of those for which

The lower group consists of those for which diffusivity predictions are made in this report. All volumes
are expressed in cubic angstroms; V7 is the sum of the volumes of cations and anions in the unit cell (5),
Ve is the volume of the unit cell at 24°C (6), and Z is the total ionic porosity at 24°C. V, and aV/0T
are derived from thermal expansion data and may be used to scale Z to the temperature of interest (7).
dVc/dT for B-quartz equals 0 because no significant change occurs in the cell dimensions between the

a-B transition temperature and ~1000°C.

. Vi Ve VA Vo oVcloT
Mineral (&) (A%) (%) (A% @K
Experimental O diffusion data available
Albite 371.93 665.32 44.1 657.29 0.0203
Anorthite 743.20 1339.79 44.5 1335.24 0.0178
Biotite 297.58 492.38 39.6 490.23 0.0136
Diopside 287.80 437.88 343 433.01 0.0134
Hornblende 561.59 911.97 384 901.59 0.0285
Muscovite 579.30 937.77 382 931.02 0.0295
Orthoclase 398.18 719.93 44.7 713.45 0.0165
Phlogopite 296.54 496.77 40.3 494.60 0.0137
a-quartz 66.27 112.98 41.3 102.25 0.0180
B-quartz 66.27 118.12 44.3 118.12 0.0000
Richterite 562.98 900.54 375 899.76 0.0304
Tremolite 561.97 907.10 38.0 895.16 0.0320
O diffusivity predicted with model
Almandite 1114.45 1532.81 27.3 1516.40 0.0424
Andalusite 224.17 34321 34.7 362.92 0.0156
Andradite 1177.51 1749.69 32.7 1733.57 0.0467
Forsterite 188.94 290.34 349 284.86 0.0132
Grossularite 1169.08 1664.01 29.7 1648.14 0.0431
Nepheline 403.53 729.78 44.7 712.66 0.0413
Pyrope 1106.07 1505.06 26.5 1490.51 0.0417
Spessartite 1123.98 1568.98 284 1551.93 0.0472
Sphene 241.02 369.62 34.8 365.96 0.0087
Zircon 182.77 260.49 29.8 258.80 0.0041
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tion was used in cases of anisotropic diffu-
sion. Measured diffusion coefficients for
these minerals range over six orders of mag-
nitude.

Plots of log D versus Z for O at 500° and
700°C (Fig. 1) are representative of O diffu-
sion behavior throughout the experimental
temperature range. Apparently as a result of
their large interlayer spacings, the micas all
behave anomalously. A possible approach to
modeling the micas is discussed below.

The linear trend from low ionic porosity
minerals such as diopside to high ionic
porosity minerals such as the feldspars (Fig.
1) yields the equation

log Dy = A + BZ (2)

where Dy is the diffusion coefficient at tem-
perature T, A is the y-intercept, B the slope
of the regression line (15), and Z the total
ionic porosity.

The relations for O diffusion in silicates
also change systematically as a function of
temperature. Because the data for individual
minerals obey an Arrhenius relation, the
intercepts A and the slopes B can be ex-
pressed as linear functions of the inverse
Kelvin temperature:

A=a+ (BT A3)

B=y+ (8/T) @)
Substitution of these expressions for A and
B in Eq. 2 yields

log =+ (B/T) + {[y + (5112}
(5)

This single equation, where D is a function
of temperature and total ionic porosity only,
provides a model for O diffusion in silicate
minerals under the experimental conditions
for which the data are known. On the basis
of a minimal amount of experimental data to
determine the constants for the model, ap-
proximate values of the diffusion coefficient
for O in other minerals can be generated.
For O diffusion, based on the data for
eight minerals, the values of the constants
area = -2+ 1,8=—(34+03) x 10*
K,y = —0.13 £ 0.03,and 3 = (6.4 = 0.6)
x 10% K (16). The Arrhenius plots compar-
ing the experimental data for several miner-
als with the values predicted by the model
(Fig. 2) are within, or closely approach, the
estimated experimental reproducibility of a
factor of 2 reported for the diffusion coeffi-
clents with the exception of a-quartz. The
experimental data for a-quartz are the least
certain of all the data shown and indicate an
activation energy of 68 * 22 kcal mol™
(10); the model predicts 45 kcal mol™". For
the other data (without a-quartz), 1 SD of
the absolute values of the difference between
the measured and the predicted activation
energies is 3 kcal mol !, comparable to
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Fig. 1. Plot of log Dy for hydrothermal (pH,O =
100 MPa) O diffusion in various minerals versus
the total ionic porosity, Z, at 500° and 700°C.
Values of Z determined from data in Table 1.
Symbols are experimental data from Arrhenius
relations (M) 500°C; (®) 700°C (see text for
references). Values of the diffusion coeflicient are
for the fastest transport direction in cases where
diffusional anisotropy has been reported. Extrap-
olation of the amphibole and diopside data is
necessary to produce the 500°C plot. Lines are
least-squares regressions through all the data ex-
cept for the micas (see text). For clarity, only
700°C data for the micas are shown. Reported
experimental reproducibilities for individual dif-
fusion coeflicients are about a factor of 2, that is,
only slightly larger than the symbols. Minerals:
diopside, Di; tremolite, Tr; richterite, Ri; horn-
blende, Hb; quartz, Qz; albite, Ab; anorthite, An;

and potassium feldspar, Kf. The 700°C mica data lie

Mu; biotite, Bi; and phlogopite, Ph.

reported experimental uncertainties.

The experimental data indicate that most
of the minerals used to calibrate the model
exhibit some diffusional anisotropy; this an-
isotropy is quite pronounced in some cases
(12, 13). Despite this anisotropy, the total
ionic porosity, a volume property, can be
used to describe the diffusion behavior. For
the minerals quartz, hornblende, and diop-
side (10-12), O diffusion is essentially unidi-
rectional along the c-axis and is described by
the solution to the diffusion equation for an
infinite plate (17). The advantage of using a
volume parameter like the total ionic porosi-
ty is that it allows direct comparison of
minerals with different solutions to the dif-
fusion equation. The disadvantage is that no
a priori predictions of diffusional anisotropy
are obtained (18).

Because the thermal expansion of the
feldspars, amphiboles, and pyroxenes is of
similar magnitude between ~0° and
~900°C and small (1 to 2% by volume),
these minerals can be modeled reasonably
well with 24°C unit cell data and the as-
sumption that Z is a constant (7). Any
mineral that has a large or nonlinear change
in volume with increasing temperature, such
as quartz, is not well described with this
approach. Total pressure and water pressure
also play significant roles in O diffusion, but
the available data are as yet insufficient to
make an assessment of its effect.

The micas have proven difficult to model
(3). The most likely reason for this is that
muscovite, biotite, and phlogopite have
large interlayer spacings, on the order of 3.3
to 3.4 A (19). Calculated “ionic porosities”
for the interlayer spaces are much larger than
mica bulk ionic porosities. In addition, ther-
mal expansion occurs preferentially along
the c-axis, and most of the change occurs in
the interlayer space (7). Exchange controlled
by these large spacings can account for the
rapid rates of O exchange that have been
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Fig. 2. Arrhenius plot of model versus experimen-
tal values of the diffusion coeflicient for O diffu-
sion. Solid lines are experimental data (see text for
references). Dashed lines are model values from
Eq. 5. Abbreviations as in Fig. 1.

observed for these micas (13). The data in
Fig. 1 indicate that larger and roughly simi-
lar ionic porosities for the micas would be
required to obtain agreement between the
model and the experimental data. No calcu-
lated ionic porosity has been found to satisfy
the data, however, particularly the variation
of D as a function of temperature.

Effective ionic porosities for the micas can
be determined by projecting the experimen-
tal values onto the regression line for log Dy
versus Z that is obtained from the eight
other minerals (20). Are the ad hoc ionic
porosities determined in this manner rea-
sonable? One way to test this hypothesis is
to assume that a structural parameter, like
the ionic porosity, would behave the same
for argon diffusion as for O diffusion.

We applied the model to available argon
diffusion data (21), obtained under similar
experimental conditions, for orthoclase,
phlogopite, hornblende, and biotite, using
the effective ionic porosities for the micas
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determined as described above (Fig. 3).
Despite the limited amount of data used to
determine the constants (22), the fit is with-
in reported experimental uncertainties for
biotite and hornblende and within a factor
of 4 of the phlogopite and orthoclase data.
This result suggests that the effective ionic
porosities determined for the micas from the
O data are consistent with the argon diffu-
sion data.

With Eq. 5, the constants given above,
Eq. 1, and the data in Table 1, Arrhenius
relations for O diffusion under hydrother-
mal conditions can be predicted for minerals
for which experimental data (at the condi-
tions of the reference data) are lacking (Fig.
4). Many minerals of potential interest may
have slow diffusivities for O (Fig. 4 and
Table 1), which makes experiments difficult
and a predictive model particularly valuable.

The fit of the model to the data indicates
that, on the level of individual minerals, Eq.
5 is a reasonable approximation of the Ar-
thenius relation D = Dy exp (—Q/RT).
Therefore Dy, and Q, must both be affected
by the total jonic porosity. Intuitively, acti-
vation energy is clearly linked to the ionic
porosity when viewed as an energy barrier
that must be overcome for diffusion to
occur. Lower porosity (that is, closer pack-
ing) implies a higher energy barrier. The
dependence of the preexponential factor is
more complicated, and its relation to ionic
porosity is less clear. The jump distance, A,
one factor given in expressions for Dy (23),
is likely to be related to the closeness of
packing, but there is no apparent, simple
relation between log Dy and Z such as the
linear one between Q and Z (7).
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Fig. 3. Model versus experimental Arrhenius
plots for argon diffusion. Solid lines represent
experimental values (see text for references).
Dashed lines are model values. Model values for
biotite (Bi) and phlogopite (Ph) were calculated
from Eq. 5 and by use of effective ionic porosities
determined from the O diffusion data (see text);
Or, orthoclase.
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A substantial body of data for O diffusion
under dry conditions at 1-atm total pressure
is available. A linear relation between activa-
tion energy and anion porosity has been
reported for a limited portion of these data
(24). Trends in log Dy versus Z are evident
in the dry data. There appears to be a
fundamental dichotomy, however, between
data from bulk exchange experiments and
those from single-crystal experiments. The
only mineral for which direct comparison is
possible is anorthite. The bulk exchange
data (25) imply faster diffusion and a higher
activation energy than the single-crystal data
(26). Because volume diffusion is likely to be
the slowest process measured in these ex-
periments, the lower values are more likely
to be correct. The single-crystal data for
anorthite (26), B-quartz (27), and forsterite
(28) define a linear trend at 800°C. Bulk
exchange data for various other minerals
(24, 25, 29) all lie above this trend. Further
experimental work is needed to determine
which measured values to use in testing the
model.

Treating silicate minerals as a collection of
more or less closely packed ionic spheres is
clearly a simplification. The fit of the model
to the 100-MPa hydrothermal experimental
data for O, however, is remarkably good.
Our observations concerning argon diffu-
sion and single-crystal data for dry O diffu-
sion suggest that Eq. 5, with different coeffi-
cients, may apply in those cases as well.

The total ionic porosity is a property of
the material structure, which does not
change with the diffusing species, and there-
fore should influence cation diffusion as
well. There are, however, insufficient data
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Fig. 4. Predicted Arrhenius relations for various
minerals. Values of the total jonic porosity were
corrected for the effects of thermal expansion.
Minerals: (1) nepheline; (2) forsterite; (3) andra-
dite; (4) grossularite; (5) zircon. Data for potassi-
um feldspar (Kf), hornblende (Hb), and diopside
(Di) are shown as dashed lines for comparison
with Fig. 2.

on cation diffusivities to permit a test of the
model. We suggest that this model provides
a framework in which relative diffusivities
can be rationalized and may also serve as a
basis for more fundamental diffusion mod-
els. If this approach can be extended to the
diffusion of additional species (cations?) and
to other experimental conditions it could
prove to be a powerful tool to guide and
extend experimental investigations.
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Interdecadal Variation in an Antarctic Sponge and Its
Predators from Oceanographic Climate Shifts

Paur K. DAYTON

During the 1960s there was extensive formation of anchor ice to depths of 30 meters at
McMurdo Station, Antarctica. During this period the sponge Homaxinella balfourensis
was rare, as were its predators in that depth zone. Most of the existing sponges were
killed by anchor ice. During the 1970s, anchor ice formation was reduced, and there
was a massive recruitment of Homaxinella, which covered as much as 80 percent of the
substrata in that zone. Many predators appeared but did not control the sponge
population, and it continued to grow through that decade. The early 1980s were
characterized by ice formation and almost all of the Homaxinella were eliminated,
leaving an order of magnitude more predators in that zone. The interdecadal increases
in anchor ice probably result from local upwelling of extremely cold deep water,
possibly in response to shifts in the strengths of regional currents.

ARGE POPULATION FLUCTUATIONS

with frequencies exceeding a decade

often are characteristic of fishery

data (7). They also have been observed in a
few benthic and pelagic systems in which
there are episodic single recruitment events
that may or may not involve biotic coupling,
but which have very long-lasting conse-
quences (2). In most cases climatological
forcing functions are assumed, but except
for El Nifio—induced shifts, solid data on the
causes of long-term population variation
often is lacking (3). Antarctic benthic popu-
lations are often thought to be characterized
by low recruitment and slow growth and
mortality rates (4). Here I report massive
interdecadal changes in the population of an
Antarctic sponge and some of its predators.
These observations were at two sites,
Cape Armitage and Hut Point, in the vicini-
ty of McMurdo Station, on the southern
end of Ross Island, McMurdo Sound, Ant-
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arctica. The benthic fauna is strikingly zoned
(5). The shallow zone (0- to 10-m depth) is
relatively bare of sessile animals because it is
scoured by drifting sea ice and seasonally
covered with a sheet of ice growing down
from the shore. In addition, this shallow
zone is regularly disturbed by anchor ice.
Anchor ice is composed of ice platelets,
which form aggregations that may be as
large as 1 to 2 m in diameter and up to 0.7
m high. Eventually the aggregation floats
free of the bottom, carrying sessile orga-
nisms away. A zone from an approximately
15- to 30-m depth is disturbed occasionally
by anchor ice, and the sessile fauna in this
zone usually is characterized by coelenter-
ates that are either resistant to the anchor ice
or have turnover rates fast enough to allow
their populations to be maintained by re-
cruitment, or both. The anchor ice distur-
bance rarely occurs below 30 m, and there is
thus a deeper (30- to 45-m depth) zone
dominated by long-lived sponges and their
predators.

The demosponge Homaxinella balfourensis

was very rare in the intermediate 15- to 30-
m zone of both study areas in 1967. Eight
individuals were recorded in the over
30,000-m? Cape Armitage study area and all
were heavily fouled with anchor ice (Fig. 1);
six Homaxinella were observed in over
20,000 m? at Hut Point. By 1968 all of the
Cape Armitage individuals were gone, but,
while damaged by anchor ice, those at Hut
Point had reproduced, and there were per-
haps 100 juveniles, most of which were
fouled with anchor ice. All the small individ-
uals were conspicuously clumped under the
adults, suggesting that they might be
branches that had fallen oft the adults (6).

In 1974 a massive but patchy population
explosion of Homaxinella had occurred at
Hut Point, with local patches reaching 80%
cover. Despite the fact that there were no
Homaxinella at Cape Armitage in 1968, that
area also had a striking recruitment in 1974,
but it was more patchy than at Hut Point
and never exceeded 50% cover. By 1975 it
appeared that the 1974 population had at
least doubled in both sites, and three perma-
nent transects were established in each study
area. The percent cover of Homaxinella more
than doubled along these transects between
1975 and 1977 (Fig. 2). By following indi-
viduals on the photographs, it was found
that the unbranched buds or “twigs” were in
their first year, whereas the much larger
adult “bushes” could be several years old.
The ratio of twigs to bushes in 1977 varied
from six to ten per bush; clearly a massive
recruitment was still under way at that time
).

In an effort to evaluate the effect of anchor
ice, 30 large Homaxinella were marked with
adjacent permanent tags in 1975. By 1977
all but four had either disappeared or were
badly damaged. Anchor ice damage, in
which the flesh is present but discolored, is
readily differentiated from predation, which
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