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Abstract. Chemical diffusion coefficients for oxygen in
melts of Columbia River basalt (Ice Harbor Dam flow)
and Mt. Hood andesite have been determined at 1 atm.
The diffusion model is that of sorption or desorption
of oxygen into a sphere of uniform initial concentration
from a constant and semi-infinite atmosphere. The exper-
imental design utilizes a thermogravimetric balance to
monitor the rate of weight change arising from the re-
sponse of the sample redox state to an imposed f,,. Oxy-
gen diffusion coefficients are approximately an order-of-
magnitude greater for basaltic melt than for andesitic
melt. At 1260° C, the oxygen diffusion coefficients are:

D=1.65x10"%cm?/s
and
D=1.43x10"7 cm?/s

for the basalt and andesite melts, respectively. The high
oxygen diffusivity in basaltic melt correlates with a high
ratio of nonbridging oxygen/tetrahedrally coordinated
cations, low melt viscosity, and high contents of net-
work-modifying cations. The dependence of the oxygen
diffusion coefficient on temperature is:

D =36.4 exp(— 51,600+ 3200/RT) cm?/s
for the basalt and
D =52.5 exp(— 60,060+ 4900/RT) cm?/s

for the andesite (R in cal/deg-mol; T'in Kelvin). Diffusion
coefficients are independent of the direction of oxygen
diffusion (equilibrium can be approached from extremely
oxidizing or reducing conditions) and thus, melt redox
state. Characteristic diffusion distances for oxygen at
1260° C vary from 10~2 to 10? m over the time interval
of 1 to 10° years. A compensation diagram shows two
distinct trends for oxygen chemical diffusion and oxygen
tracer diffusion. These different linear relationships are
interpreted as supporting distinct oxygen transport
mechanisms. Because oxygen chemical diffusivities are

generally greater than tracer diffusivities and their Arrhe-
nius activation energies are less, transport mechanisms
involving either molecular oxygen or vacancy diffusion
are favored.

Introduction

Chemical diffusion of species in silicate melts may con-
trol the rate of numerous transport-related igneous pro-
cesses including magma mixing, assimilation, fractional
crystallization, and partial melting. Experimental investi-
gations of diffusion in magmatic systems have dealt pri-
marily with cationic species (see reviews by Hofmann
1980; Dunn 1986) and rarely with anionic components,
including oxygen. The paucity of kinetic studies involv-
ing oxygen is surprising inasmuch as oxygen is the prin-
cipal constituent of abundant igneous magmas and,
therefore, its diffusional behavior should help explain
other melt properties, including the rates and possibly
the directions of cation diffusion (e.g., Davis and Pask
1972), melt structure, crystal growth and dissolution, and
viscous flow.

Most of the existing work on oxygen diffusion has
been done in simple binary and ternary systems (partially
summarized by Dunn 1982; Schreiber et al. 1986). These
experiments, generally designed to yield self-diffusion co-
efficients, have shown that there is a crude compositional
control on oxygen diffusivity: melts rich in network-
forming components, such as Si and Al, tend to have
low oxygen diffusivities while those melts with high pro-
portions of network-modifying cations, alkalis, in partic-
ular, have high diffusivities (Oishi et al. 1975). The alkali
content of melts also generally correlates with diffusivity,
although for similar temperatures and molar composi-
tions, sodium-rich melts have oxygen self-diffusivities
that are 2-3 times greater than those for potassic silicate
melts (May et al. 1974; May and Wollast 1974). Dunn
(1982) notes that the range of oxygen diffusivities in sili-
cate melts corresponds to the observed range of divalent
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cation diffusivities and that oxygen conforms to the com-
pensation law for cation diffusion. On the basis of these
observations, he suggests that oxygen diffusion mecha-
nisms might resemble those for cation diffusion and in-
volve, at least in part, discrete O?>~ anions. Schreiber
et al. (1986) however, propose that diffusion mechanisms
for tracer and chemical diffusion are different, the former
involving anionic oxygen species and interactions be-
tween oxygen and network-forming aluminosilicate an-
ions and the latter involving molecular oxygen. Al-
though May et al. (1974) and May and Wollast (1974)
reported oxygen diffusivities, D, varying inversely with
partial pressure of oxygen, subsequent measurements
(Muehlenbachs and Kushiro 1974; deBerg and Lauder
1978, 1980, Wendlandt 1980, this study; Schreiber et al.
1986) have indicated that D is independent of the oxida-
tion state of the system.

In this investigation, chemical diffusion coefficients
are reported for oxygen in natural basaltic and andesitic
melts. There are few other studies of oxygen diffusion
in natural silicate systems. Muehlenbachs and Kushiro
(1974) and Canil and Muehlenbachs (1990) reported
tracer diffusion coefficients at 1 atm for a basaltic melt
of unspecified composition and an iron-rich basalt from
the Galapagos spreading center, respectively. Chemical
diffusion coefficients have been determined for Hamada
nephelinite, 1921 Kileaua tholeiite, and alkali olivine ba-
salt melts at elevated pressures (Dunn 1983), andesite
melt as a function of pressure at 1350° C (Dunn and
Scarfe 1986), and Columbia River basalt and Mt. Hood
andesite melt at one atmosphere (Wendlandt 1980). The
differences between self and chemical diffusion have been
discussed elsewhere (e.g., Hofmann 1980; Dunn 1986).
From the perspective of this study, the principal disad-
vantage of chemical diffusion studies is that chemical
potential gradients impose compositional effects on the
diffusion coefficients resulting in measured cffective diffu-
sivities that may be rigorously applicable only when the
experimental end-points are matched by those in nature.
The advantage of these types of experiments, however,
is that many processes involving silicate melts are mass
transport processes and, perhaps, best constrained by
chemical diffusion measurements.

Experimental methods
Starting materials

Starting materials were samples of Mt. Hood andesite (MHA) and
Goose Island basalt (GIB). Chemical analyses of these materials
are presented in Table 1. The basalt is extremely iron-rich, contain-
ing over 17% (wt) FeO, (total iron as FeO), and was selected in
part because of the large anticipated weight change that would
accompany a change of redox state. The chemistry and relationship
of GIB to the Columbia River basalt stratigraphy has been dis-
cussed by Wright et al. (1973) and Helz (1978). The sample is from
the uppermost of 2 flows near Ice Harbor Dam, Washington. Strati-
graphically, these flows are near the top of the Upper Yakima
series.

The MHA was selected as a contrasting composition with higher
oxygen content and viscosity. The andesite contains approximately
5.5% (wt) FeO,, hence the anticipated weight change in response

Table 1. Melt compositions

Oxide Prerun Postrun

GIB MHA  GIB GIB-2 MHA
Weight percent
Si0, 45.93 60.78 61.39
TiO, 3.73 0.83 0.85
Al O, 11.67 17.38 18.23
Fe,0, 4.06 2.24
FeO 13.36 3.38 17.7 16.5 5.49
MnO 0.30 0.10 0.13
MgO 423 3.12 3.41
Ca0 8.81 6.09 6.39
Na,O 2.40 4.16 1.36 1.53 2.13
K,0 1.28 1.20 0.81
P,04 .77 0.18
S 0.13 n.d.
H,0, 1.03 0.44

98.70 99.90 98.83

Cations per 100 oxygens

Si 29.30 34.66
Ti 1.79 0.36
Al 8.78 11.69
Fe3* 1.95 0.96
Fe?t 7.13 1.61
Mn 0.16 0.05
Mg 402 2.65
Ca 6.02 3.72
Na 297 4.60
K 1.04 0.87
P 0.96 0.09
NBO/T 0.898 0.274
Network

modifying 23.29 14.46
cations

Analyscs completed at the Johnson Space Center, Houston, TX.
Prerun: total H,O by ignition; Na,O by INAA; FeO by titration;
other clements by XRF; n.d., not determined. Postrun: sodium
and iron by INAA (GIB, GIB-2); MHA analyzed by electron mi-
croprobe

NBO/T =nonbridging oxygen/tetrahedrally coordinated cations
(Si, Ti, Al, P) (Mysen et al. 1981)

to an imposed f,, is approximately 1/3 that for an equivalent
amount of basalt. The relationship of the andesite to the geology
of Mt. Hood has been described by Wise (1969).

Experimental apparatus and procedure

In this study the gain or loss of oxygen from the sample is used
to determine the diffusion coefficient. The experimental design uti-
lizes a high precision Cahn electrobalance to measure continuously
sample weight change arising from the response of the sample redox
state to an imposed f,,. The redox couple used to monitor the
diffusion kinetics is the ferric-ferrous iron transition. One arm of
the balance is suspended over the vertical tube of a Deltech gas-
mixing furnace (Williams and Mullins 1981). The oxygen fugacity
in the furnace is controlled by a CO—CO, mixture and measured
using a ceramic oxygen electrolyte cell (Williams and Mullins 1976).
The sample is suspended from a Pt support wire extending from
the balance arm to within 1 cm of the ceramic oxygen electrolyte



cell (a distance of approximately 43 cm), the latter remaining in
situ during the experiments. An inherent difficulty in monitering
small weight changes at low fy, is the precipitation of graphite
on the Pt support wire in the cooler portions of the furnace. To
overcome this problem, the support wire is dropped through a
7 mm diameter ceramic tube (30 cm length), which is held at the
top of the furnace tube by an O-ring seal, through which a slight
positive pressure of Ar gas can be forced. By isolating the electroba-
lance in an Ar atmosphere with the only gas escape through the
ceramic tube, the precipitation of graphite on the sample support
wire is prevented.

The output systems of the electrobalance consist of a chart re-
corder (recording sample weight as a function of timc), digital volt-
meter displays which monitor the millivoltage corresponding to
the oxygen fugacity and the balance output voltage, and an integra-
ting printer which time averages the voltage inputs and prints sam-
ple weight and f;, as a function of time. Time-averaged data were
collected at 10 min intervals except during the initial stages of high
temperature experiments when the rate of sample weight change
was high and data were collected at 2 min intervals. Signal noise
is less than 10 pg when the atmosphere is pure CO, and less than
5 pug when the atmosphere is CO-rich. Total weight changes were
about 0.5 mg for MHA and 1.5 mg for GIB.

Furnace temperature is controlled with a Ptg,Rhgs—Pt,Rhs,
thermocouple located between the heating elements, outside the
muffle tube. Temperatures are measured, however, with a
Pt-PiyoRN,, thermocouple within the ceramic oxygen electrolyte
cell. A difference of 5° C exists between the temperature ol the
sample and that recorded in the cell; sample temperatures are re-
ported in this paper. Temperatures are accurate to better than
4-5° C and precise to +1° C.

The samples were suspended on Pt wire (0.10 mm diameter)
loops (method of Donaldson et al. 1975) attached to the Pt support
wire. The loops had been previously “Fe-saturated” by running
samples of the same approximate weight as the samples used in
the diffusivity measurements at 1260° C and log fo,=IW 4 0.5 for
a period of 24 h for the andesite and at 1160° C and log fo,=IW
+0.5 for 25 h for the basalt. The silicate beads were then dissolved
in HF acid and the loops reused in the diffusion experiments. Iron
activitics arc not exactly matched over the range of f,, considered
in this study; however, minimization of iron-loss to the Pt loops
is indicated by obscrvations that sample weights do not decrease
with elapsed time of the experiment and by FeO analyses of the
samples after the experiments (Table 1).

Experiments with a sample of GIB were made at 1160°, 1260°,
and 1360° C and with MHA at 1260° and 1360° C. A second sam-
ple of basalt (GIB-2) was run at 1260° C. Sample weights for the
basalt were 128 and 65 mg, respectively; the andesite sample weight
was 148 mg. The liquidus of the basalt is 1115° C (Helz 1978) while
that of the andesite is approximately 1250° C (Eggler and Burnham
1973). Samples were initially cquilibrated at a given temperature
and fy,, until sample weight was constant and then cycled between
Jo,8 of about TW+0.5 (log) and pure CO,, the endpoints being
about 7-8 log f,, units apart. Redox equilibria were approached
from both oxidizing (weight gain) and reducing (weight loss) direc-
tions at 1160° C. Volatilization of componcnts from the samples
at 1260° and 1360° C and low oxygen fugacities, however, pre-
cluded reliable high temperature measurements in a reducing direc-
tion. All diffusion coefficients at 1260° and 1360° C are derived
from experiments that were run in an oxidizing direction.

Table 1 includes partial analyses of the samples determined after
the runs. For a run duration of 16 days (at 1260° and 1360° C),
MHA lost 2% of its weight while the basalt lost 3.7% of its weight
over 10 days (temperatures ranging from 1160° to 1360° C). Alka-
lies, and particularly Na, arc volatilized. Similar observations have
been reported by Donaldson (1979), Corrigan and Gibb (1979),
and Seifert et al. (1979). Because previous studies have delineated
a strong positive correlation: between atkali content and oxygen
diffusion coefficient (May et al. 1974; May and Wollast 1974), mca-
surements were performed at 1160° C for the basalt and at 1260° C
for the andesite both before and after all the higher temperature
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measurements were made. The anticipated decrease in diffusivity
was not observed for either composition, suggesting that oxygen
diffusion mechanisms in natural systems are considerably more
complex than those in simple systems.

Analysis of data

The diffusion model is non-steady state: oxygen penctrates a sphere
of uniform initial concentration from a constant and semi-infinite
medium. The total amount of diffusing substance (oxygen) entering
or leaving the sphere is described by the following solution to the
diffusion equation:

(M,/My=1—(6/1%) i n~2exp(—n?n? Dt/?) (L

(Crank 1975), where M, and M, arc the amounts of oxygen that
have diffused into the sphere of radius # in time ¢ and at infinite
time, respectively, and D is the diffusion coefficient defined by Fick’s
Law. This diffusion cquation is presented in terms amenable to
thermogravimetric balance measurements. Because the entire range
of fractional equilibration has been determined experimentally, the
evaluation of D follows directly from balance measurements of
weight change as a function of time if the radius of the sphere
is known. Tt is assumed that only radial diffusion occurs and that
D does not vary as a function of time.

One means of solving the equation given above is by plotting
log [1—(M/My)] vs t and measuring the slope of the curve at
large ¢ when it approaches a straight linc. As pointed out by Serin
and Ellickson (1941), however, a straight line occurs when all the
terms in the series become negligible compared to the first term.
For a sphere, M,/M, must be about 0.7 (or the diffusion process
must be about 70% completed) for this to occur. Serin and Ellick-
son present an alternative method to circumvent this limitation
in which a curve that relates M,/M, to n? Dt/r?, and that represents
all the terms in the series, is calculated. Because a value of n2 Dt/r?
uniquely defines a value of M,/M,, knowing the value of ¢ (and
sample radius) for a given fractional saturation allows calculation
of D. The method of Serin and Ellickson (1941} was adopted in
this study because it allows Ds to be calculated for any and all
data points. Calculated oxygen diffusivities were typically low for
data points representing short elapsed times (an artifact that is
related to changing the furnace fo,; discussed later), but rapidly
attained a plateau value that was interpreted to be the true oxygen
diffusion coefficient for the run conditions. These platcau values
wete averaged and a standard deviation calculated.

Figurc 1 compares the derived oxygen diffusivity (line) to the
experimental data (points) for a typical experiment. The validity
of the analytical mcthod is corroborated by the excellent agreement
(with the exception of the point at short elapsed time). Additionally,
when calculated oxygen diffusivitics are substituted into Eq. (1)
and the serics cxpansion solved for fractional saturation, conver-
gence to the experimental value is confirmed: convergence typically
requires three or less tcrms for z>6000sec, five terms for
t=1500 sec, and greater than 10 terms for ¢ < 600 sec.

The radii of the sample beads were determined from calculated
melt densities (Bottinga and Weil 1970) using the analyses in Ta-
ble 1 and assuming spherical sample geometry. These radii arc
0.221 cm for GIB, 0.243 cm for MHA, and 0.177 cm for GIB-2.
The uncertainties resulting from a calculated density are insignifi-
cant in relation to those arising from assuming a spherical gcome-
try. For example, changing the density of MHA from 2.46 g/cm?
to 2.51 g/cm® decreases the calculated bead radius by 0.0016 cm
(for a samplc weight of 148 mg) which affects the diffusivity by
less than 1%. Because the change in radius due to the effect of
thermal expansion on the molar volume (and density) is less than
0.001 cm over the temperature interval 1160°-1360° C, only the
radius determined at 1260° C for each composition is used in calcu-
lating the diffusivity.
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Fig. 1. Experimental measurements (squares) showing change in
fractional saturation, M,/M, of Goose Island basalt as a function
of elapsed time (experiment 9; 1160° C). The solid line represents
the calculated oxygen chemical diffusivity. Data were collected at
10 min intervals. The total weight change is approximately 1.5 mg

Aberration from spherical geometry can introduce appreciable
errors of a systematic nature into the calculation: Because diffusi-
vity varies as the square of the radius, an error of +10% increases
D by about 20%. The GIB bead geometries, measured by microme-
ter, are slightly tear-drop shaped with a length (axis of rotation)
to width ratio of approximately 5:4. The sample volume is the
same (within the uncertainties), however, whether calculated from
the Bottinga and Weill (1970) density or from the measured dimen-
sions and the volume formula for a prolate spheroid. The bead
of MHA was noticeably deformed during an attempt to fast quench
and measurements of that sample geometry are not available.
(Other experiments with MHA showed a tendency to form more
spherical beads than the basalt, presumably because of the higher
viscosity of the andesite). Although it is difficult to quantify the
effect of sample shape on D, any deviation from sphericity will
reduce the effective diffusion distance. Calculated Ds are, therefore,
maximum values and may be systematically higher than true values.

In addition to the assumptions of spherical sample geometry
and constant D as a function of time at a given temperature, it
is also assumed that:

(1) the surface is brought to the equilibrium oxygen concentration
instantancously when the oxygen fugacity is changed; and

(2) the kinetics are diffusion controlled.

With regard to assumption (1), changing f,, from pure CO, to
IW +0.5 (log) takes approximately 3—4 min although the f5,, is with-
in 1 log unit of the desired atmosphere within 1 min. The reverse
cycle is slightly slower with the f5, change being completed within
4 -5 min but within 1 log unit of the desired value in 1-2 min. The
apparent consequence of changing f,,, is that diffusivities calculated
for short elapsed times (less than 25% of the total equilibration
time; see Fig. 1) are lower than those for long times. Dunn (1982)
attributed similar observations to a competing transport process
(other than oxygen diffusion) that is rate-limiting during the initial
stages of experiments. This process, which he believed to be the
establishment of a surface equilibrium between sample and furnace
atmosphere, was observed to become negligible relative to the diffu-
sion process as fractional saturation increased. The results of this
study are consistent with Dunn’s (1982) observations: calculated

Ds rapidly increase to a constant value that is interpreted as the
true oxygen diffusion coefficient for the run conditions.

With regard to the second assumption, it is difficult to establish
that the rate controlling process is diffusion of oxygen, and not
convection or a surface reaction and/or an internal reaction, be-
cause concentrations of the diffusing species as a function of dis-
tance have not been measured. There are four indirect lines of
evidence, however, that support this assumption. First, the observed
sample weight change suggests that oxygen is the diffusing compo-
nent as opposed to another species such as CO,. Given the initial
GIB sample weight (128 mg), the FeQ, content (17.7 wt%), and
assuming the oxidation reaction

2Fe0+1/20,=Fe,0, )

occurs in the sample at run conditions, a maximum possible in-
crease in basalt sample weight of 1.53 mg is predicted. Althoug
it is not realistic to assume that reaction (2) goes to “completion”
in either direction, this value is in close agreement with the observed
change in sample weight (1.5 mg). The observed increase in the
andesite sample weight on oxidation, about 1/3 that of the basalt
weight increase, is commensurate with the different iron contents
of the two samples. Additional evidence that diffusion is the rate-
controlling process includes the experimental observation that cal-
culated Ds are independent of sample size. The second sample of
basalt, GIB-2, containing 1/2 the mass of the initial basalt sample,
produced an oxygen diffusion cocfficient that was indistinguishable
from GIB-1. (This lack of dependence of calculated Ds upon sample
size is an additional argument that volatilization and deviation
from spherical geometry are not significant sources of error because
surface area, which influences the former, and surface tension, which
affects bead shape, are both functions of the mass of the bead.)
Third, Semkow et al. (1982) determined experimentally that oxida-
tion reactions for Co, Ni, and Zn in silicate (diopside) melts are
many orders-of-magnitude more rapid than diffusion. Lastly, other
investigators using similar experimental approaches (Dunn 1983;
Schreiber et al. 1986), concluded that the determination of oxygen
diffusivities by monitoring redox reactions in samples was indeed
possible because oxygen diffusion was the rate-limiting process.

Experimental results

Oxygen diffusion coefficients for basalt and andesite
melts at various temperatures are summarized in Table 2
and plotted in Fig 2. Linear least-squares regression
analysis of these data yields the following Arrhenius
equations for the temperature dependence of D:

D =36.4 exp(— 51,600+ 3200/RT) cm?/s 3)
for the basalt, and

D =525 exp(—60,060+4900/RT) cm?/s (4)
for the andesite. These equations have the general form:
D=Dgexp ERT (3

where D, is the pre-exponential frequency factor, E is
the activation energy (cal/mol), R is the gas constant
(cal/deg-mol), and T is absolute temperature. Regression
errors are calculated using the method of Birge (1932)
and assuming a 1o error in D,

Diffusion coefficients for GIB are approximately an
order-of-magnitude greater than those for MHA. High
diffusivities correlate with low melt viscosity, high ratios
of non-bridging oxygens/tetrahedrally coordinated cat-



Table 2. Experimental rcsults

Run T No. of Dyyypen T20(cm*/5)
no. ) points

Goose Island basalt

2-R 1160 13 4594049 %1077

3 1160 17 54741.37x1077
8-R 1160 14 4964+0.79%x 1077
9 1160 17 46440621077
5 1260 17 1.664+041x107°
6 1260 15 1.814+033%x107°
7a 1360 6 4.48+0.55%x107°
7b 1360 5 4544048 % 107°

Goose Island basalt-2

13 1260 7 1.4940.08 x 10~¢
Mt. Hood andesite
4 1260 15 1.37+0.14 x 1077
6 1260 28 14940.11 %1077
11 1260 14 1444026 %1077
8 1360 11 496+0.60 x 1077
10 1360 12 4.64+0.63x1077

o, standard deviation
2-R, 8-R are reversal experiments (oxygen loss)

T (©)
1360 1260 1160
5.0 o L L L N 1 L 1 " 14
5.5 GIB F
o |
@ 1 s
o 60+ -
] ] L
§ i
i t MHA o
] 6.5 L
o |
L
] ) !
-7.0 o
7.5 T T T T T T T T g T
6.0 6.2 6.4 6.6 6.8 7.0
1/T(K) * 10000

Fig. 2. Log,, of the diffusion rate for oxygen plotted against recip-
rocal absolute temperature for Mt. Hood andesite (MHA) and
Goose Island basalt (GIB). Error bars are + 2 standard deviations.
Lines are least-squares fils

ions, NBO/T (Table 1; calculated using the procedure
of Mysen et al. 1981), low initial oxygen content, and
high contents of network modifying cations (Table 1).
The errors for the oxygen diffusion coefficients (Ta-
ble 2) are reported at the two standard deviation level.
These uncertainties are believed to be principally the
result of the f;,, instability and/or competing surface reac-
tion that existed during the initial stages of each run.
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In general, the data are highly reproducible. Note, how-
ever, that although the temperature dependence relation-
ship for MHA is based on 5 experiments, these experi-
ments have been made at only 2 temperatures: sample
volatilization at higher temperatures and initiation of
crystallization at lower temperatures limited experiments
to the range 1260°-1360° C. For these data, therefore,
the Arrhenius activation energy is not well constrained.

Two of the data points at 1160° C for GIB were calcu-
lated from reduction experiments (weight loss) and two
were determined from oxidizing experiments (weight
gain). Inasmuch as the endpoints of the experiments
differ by 7-8 log,, fo, units, the overlap of the data
points, within statistical uncertainty, suggests that oxy-
gen diffusivities are independent of f, or the redox state
of the melt. These data are believed to be the first re-
versed determinations of oxygen chemical diffusion coef-
ficients in natural melts. Oxygen diffusivities in three ba-
salt melts (Dunn 1983) and andesite melt (Dunn and
Scarfe 1986) were based exclusively on reduction (oxygen
loss) experiments. Canil and Muehlenbachs (1990) report
that oxygen tracer diffusion coefficients are also indepen-
dent of the redox state of the melt.

Discussion
Comparison with other data

Figure 3 compares the temperature dependence of D for
the two compositions of this study with oxygen diffusion
coefficients for other natural melts. Although the data
are limited and varied with regard to the type of diffusion
coefficient and conditions at which they were collected,
several features stand out:

1. There is a large offset between the results for GIB
and Dunn’s tholeiite (line 4, Fig. 3). This difference is
tentatively ascribed to pressure and compositional differ-
ences between the two sets of experiments. The effect
of increasing pressure was shown by Watson (1979) to
decrease the tracer diffusivity of calcium, a trend that
would explain the observed offset if applicable to oxygen.
Dunn (1983) and Dunn and Scarfe (1986) however, sug-
gested a complex relationship between pressure and oxy-
gen diffusivity that is different from that observed for
cations. They found that Ds initially decrease and then
increase in the 1-10 kb range. Dunn (1983) noted an
abrupt decrease in D for the tholeiite over a narrow
pressure range from 6 to 8 kb which he attributed to
anionic disproportionation reactions in the melt. The
net change in D with increasing pressure from 4 to 12 kb,
however, is about half that required to reconcile the dif-
ference shown for the two tholeiites in Fig. 3. Alterna-
tively, the offset in Ds may be attributable to composi-
tional differences between the tholeiite and GIB, particu-
larly total FeO (17% in GIB vs 12.5% in the tholeiite),
MgO (about 4% in GIB vs 11.3% in the tholeiite), K,O
(1.28% in GIB vs 0.51% in the tholeiite), and P,O;
(1.77% in GIB vs 0.28% in the tholeiite).

2. The chemical diffusion coefficients for oxygen are 1-2
orders of magnitude greater than the tracer diffusivities.
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Fig. 3. Arrhenius plot comparing the results of this study with other
oxygen diffusivities in natural silicate melts. M&K (1974) and C&M
(1990) indicate latm data of Muehlenbachs and Kushiro (1974)
and Canil and Muchlenbachs (1990), respectively. Lines (1)—(5)
are from Dunn (1983): (1), (2), and (3) are for alkali basalt at
4, 12, and 20 kbar, respectively; (4) is for 1921 Kilcaua tholeiite
at 12 kb; and (5) is for Hamada nephelinite at 12 kbar. Line (6)
is the pressure-dependent range (3.5-20 kb) for andesite (Dunn and
Scarfe 1986)

This offset is consistent with predictions (Turkdogan
1983) and experiment (Schreiber et al. 1986) and has been
related to differences in the diffusion mechanisms for
oxygen that may involve predominantly molecular or
neutral (chemical diffusion) versus ionic (tracer diffusion)
species.

3. The activation energies for chemical diffusion are gen-
erally less than those for tracer diffusion. Although the
data set is limited in extent, comparison of the 1 atm
results in Fig. 3 illustrates this point. Muehlenbachs and
Kushiro (1974) and Canil and Muehlenbachs (1990) de-
termined activation energies of 90 and 60 kcal/mol
which, on average, are substantially greater than the en-
ergies determined in this study, 51.6 and 60 kcal/mol.
Muehlenbachs and Kushiro contended that the large ob-
served activation energy indicated that tracer oxygen dif-
fusion involved the breakage of Si—O bonds. Interest-
ingly, the activation energy for alkali basalt at 12 kb
(Dunn 1983), 86 kcal/mol, approaches the value reported
by Muehlenbachs and Kushiro. Dunn argues, however,
that this exceptional activation energy may be related
to structural transformations involving the various an-
ionic species in the melt at this particular pressure. Other
investigators have noted the difference between chemical
and tracer activation energiecs and proposed that tracer
diffusion mechanisms may involve more extensive inter-
actions between oxide ions, O%~, and silicate and alu-
minosilicate anionic groups than chemical diffusion
mechanisms (Turkdogan 1983; Schreiber 1986).
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Fig. 4. Compensation law plot of the Arrhenius frequency factor,
log,o Dy, against the Arrhenius activation energy, E, for all known
oxygen diffusion measurements in silicate melts (modified from
Schreiber et al. 1986). Solid lines are least-squares fits. Chemical
diffusion data (24 measurements) includes results of this study, Dor-
emus (1960), Lawless and Wedding (1970), Sasabe and Goto (1974),
Dunn (1983), Semkow and Haskin (1985), and Schreiber et al.
(1986). Tracer diffusion data (17 measurements) include results of
Koros and King (1962), May et al. (1974), Muehlenbachs and Kus-
hiro (1974), Oishi et al. (1975), deBerg and Lauder (1978, 1980),
Yinnon and Cooper (1980), Dunn (1982), Schaeffer et al. (1983),
Shimizu and Kushiro (1984), and Canil and Muehlenbachs (1990)

Chemical versus tracer diffusion

Evidence of different mechanisms for oxygen tracer and
chemical diffusion stems from the systematic differences
in observed diffusivities and activation energies. Specifi-
cally, chemical diffusion coefficients for oxygen are sys-
tematically higher than tracer diffusion coefficients, while
their activation energies are systematically lower. Differ-
ent mechanisms for the two types of diffusion are also
indicated by separate compensation laws (for discussions
of compensation, see Winchell 1969; Hart 1981). Fig-
ure 4, a compensation law plot of the frequency factor,
Dy, versus the Arrhenius activation energy for all known
oxygen chemical and tracer diffusion studies (selected
irregardless of experimental methodology, physical and
chemical state of the system, or measurement quality),
shows a clear distinction between the two types of diffu-
sion. The compensation law for oxygen chemical diffu-
sion can be expressed as:

log,o Do =0.121E—3.70 (r>=0.87) 6
and for oxygen tracer diffusion as:
logio Do=0.128 E—6.99 (r*=0.79). 7

The statistically distinct compensations laws are in-
terpreted as supporting different chemical versus tracer
diffusion mechanisms. Relative to tracer diffusion, chem-
ical diffusion changes less as a function of temperature



and is apparently easier to initiate, which may be related
to a greater number of pathways available for diffusion.
A previous attempt to define a compensation law rela-
tionship for oxygen combined tracer and chemical diffu-
sivity data (Dunn 1982). This relationship, heavily biased
by tracer diffusion data (and almost identical in slope
and intercept to Eq. 7; see Fig. 4), was noted to be indis-
tinguishable from Hofmann’s (1980) general expression
of the compensation law, based predominantly on cation
diffusivities. Schreiber et al. (1986) first pointed out that
the compensation law plot for chemical oxygen diffusion
may not be the same as that for tracer oxygen diffusion,
and they argued that separate compensation laws im-
plied different diffusion mechanisms. Their conclusions
are reinforced by the results of this study. Lowry et al
(1982) and Henderson et al. (1985) also used distinct
compensation law relationships for alkalis to infer differ-
ent diffusion mechanisms.

The results of this study are consistent with the theo-
retical and experimental observations of Schreiber et al.
(1986) regarding the differences between oxygen chemical
and tracer diffusion in silicate melts. Schreiber ct al.
argue that tracer diffusion involves anionic oxygen and
a high degree of interaction with large, network-forming
silicate and aluminosilicate anions and cite as evidence:
1. the determination of activation volumes for the diffus-
ing species being about the size of the O*~ jon (Dunn
1983; Shimizu and Kushiro 1984);

2. qualitative solution of the Eyring equation relating
experimental Ds and melt viscosities when the effective
diameter of the diffusing specics is somewhat larger than
the oxide anion dimension (perhaps the dimension of
the Si0O3 ~-group; Yinnon and Cooper 1980; Dunn 1982;
Shimizu and Kushiro 1984; and

3. similarity between the diffusion of tracer oxygen and
divalent cations in the same systems (Dunn, 1982 1983).

Schreiber et al. note that the activation energy for
tracer diffusion, although larger than that for chemical
diffusion, is not sufficiently large to enable significant
rupture of Si-O and Al-O bonds. The energies are, how-
ever, consistent with the movement of a free O?” ion
between discrete sites in a melt.

Chemical diffusion, on the other hand, is traditionally
seen as involving the migration of molecular oxygen, ei-
ther through channels or holes within the melt structure
or via sequential exchanges with network oxygens
(Schreiber et al. 1986), or oxygen-bearing species (silicate
or aluminosilicate anions), coupled with back-diffusion
of less oxygen-rich polymeric anions to prevent the de-
velopment of Al and Si chemical potential gradients
(Dunn and Scarfe 1986). It is not clear in the case of
the latter proposed mechanism, however, why chemical
diffusion of oxygen should be faster than tracer diffusion.
Indeed, considering the dimensions of the diffusing
charged particles, one would expect chemical diffusivities
for oxygen to be less than tracer diffusivities, if this mech-
anism was valid.

An alternative mechanism, also consistent with exist-
ing experimental constraints, is that the weight change
experiments measnure diffusion of vacancies (E.B. Wat-
son; personal communication 1990). According to this
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mechanism, when the oxygen fugacity around a melt
droplet is lowered, oxygen atoms in the melt are lost to
this atmosphere, each leaving a vacancy and (presumably
2) electrons. These vacancies diffuse down their concen-
tration gradient (into the sample) by changing places
with neighboring oxygens. Electrons also diffuse inward
and are consumed by reaction with ferric iron. Because
electrons probably move faster than vacancies, the over-
all process is probably rate-limited by vacancy diffusion.
By this mechanism, individual oxygen atom transport
over long distances is not required; a given oxygen atom
has to make only one exchange for each diffusing va-
cancy. For the oxygen concentration to change at the
center of the bead, therefore, it is only necessary that
vacancies and some electrons get there. In contrast,
tracer diffusion requires than a specific oxygen atom dif-
fuse the entire distance from center to edge. A vacancy
diffusion mechanism could operate equally well in re-
sponsc to an increase in the surrounding oxygen fugacity.
A similar mechanism has been invoked for diffusion in
olivine (Boland and Duba 1985). Turkdogan (1983) has
documented the solution of oxygen into lattice vacancies
in vitreous silica.

Diffusion distances for oxygen in silicate melts

If the diffusivity in a silicate melt is constant for a given
temperature, then the “penetration distance™ (the dis-
tance at which the concentration of diffusing substance
is 50% of its final value) is approximately equal to
(D)2, Using this relationship, diffusion distances for
oxygen in static magma bodies can be estimated: In one
year, oxygen diffuses approximately 2.1 cm and 7.2 cm
in andesite and basalt melts at 1260° C, respectively. In
10° years, diffusion distances are approximately 21.3 m
for the andesite and 72.2 m for the basalt. The tempera-
ture dependence of these distances is, of course, exponen-
tial: for the basalt at 1160° C, oxygen diffuses 3.9 cm
in a year, while at 1360° C the diffusion distance is
11.9 ¢m over the same period.

These calculations suggest that repose periods for
melts at the surface or near surface are probably not
sufficiently long for oxygen diffusion-controlled reactions
(e.g., redox, assimilative melting) to be efficient. Because
thermal diffusion is many orders-of-magnitude greater
than chemical diffusion (Bowen 1921), and because D
decreases exponentially with falling temperature, a static
magma probably will not change its redox state to any
measureable extent on eruption to the surface. Circula-
tion of melt (e.g., convection, magma-mixing, magma
replenishment, magma ascent) may be required to attain
a particular equilibrium in melt at or near the surface.
In the upper mantle or lower crust, however, repose peri-
ods may be significantly longer and diffusion-controlled
redox processes may be important.

Application of the oxygen chemical diffusion coeffi-
cients in basalt and andesite melts from this study is
dependent on whether the chemical potential gradient
for oxygen is represented by a liguid-gas interface (simi-
lar to the experimental configuration) or by a liquid-solid
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interface. The data are rigorously applicable only to the
former case. To apply the data to the latter case, it must
first be established that the interface reaction (crystalliza-
tion, partial melting, assimilation) is fast, relative to the
diffusion rate of oxygen and other components away
from or towards the reaction surface. An important vari-
able to consider in the application of the data to either
case will be the ratio of reaction surface area to melt
volume; that is, the geometry of the magma body.

Summary

Oxygen chemical diffusion coefficients for basaltic and
andesitic melts have been determined as a function of
temperature at 1 atm by monitoring the weight change
associated with establishing redox equilibrium in these
samples when oxygen fugacity is changed. Weight
change was monitored continuously using a Cahn elec-
trobalance. Observed oxygen diffusivities at 1160° to
1360° C are approximately an order-of-magnitude
greater for the basalt than for the andesite, consistent
with differences in viscosity, proportions of network
modifying cations, and NBO/T in the two melts. Diffusi-
vities at 1160° C for the basalt, obtained for reactions
conducted in both oxidizing and reducing directions,
confirm that oxygen diffusivity is independent of the re-
dox state of the melt.

The compensation relationship for oxygen chemical
diffusion is distinctly different from that for tracer diffu-
sion. These different linear relationships are interpreted
as supporting different diffusion mechanisms of oxygen.
The lower Arrhenius activation energies and higher dif-
fusivities associated with chemical diffusion support
models for diffusion involving molecular oxygen or va-
cancies.
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