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Abstract-The fractionation of oxygen isotopes between CO2 vapor and silica glass was determined
at a total pressure of ~0.5 bars at temperatures of 550-950°C. Experiments were conducted by
equilibrating a small amount of CO2 gas with a large amount of silica glass of known isotopic com-
position. Because most of the oxygen in the system is in the glass, its oxygen isotope ratio changes
negligibly over the course of the experiment, and the fractionation factor (a) can be determined by
measurement of the isotopic composition of CO2 in the vapor at the end of the experiment. Results
are independent of the grain size of the silica glass and of time in long duration runs; these are among
the criteria used to conclude that isotopic equilibrium was achieved.

The 1i180 value of CO2 vapor is higher than that of coexisting silica glass at equilibrium. The
fractionation factor decreases from 1.0042 ± 0.0002 at 550°C to 1.0022 ± 0.0002 at 950°C. Ln(a)
is linear with liT over the temperature range we investigated, corresponding to a standard state
enthalpy change for the isotopic exchange reaction of approximately -lOcal/mole. The reduced
partition function ratio for silica glass is well described by multiplying that of crystalline quartz by
1.035. Comparison of our results with data in the literature on crystalline quartz suggests that silica
glass is enriched in 180 relative to quartz with which it is in isotopic equilibrium by 0.3-0.6 per mil
over the temperature range we have investigated. This appears to confirm previous suggestions that
oxygen isotopic fractionations between crystalline and amorphous materials of the same composition
and similar short-range structures are small. In contrast to the COrsilica glass fractionation factor,
the logarithm of the crystalline quartz-silica glass fractionation factor is expected to be roughly pro-
portional to IIT2 over the temperature range of this study.

Experiments were also conducted to determine the kinetics of oxygen isotopic exchange between
CO2 vapor and silica glass. The activation energy for apparent self-diffusion of oxygen in the glass is
similar to those for diffusion of Ar and molecular CO2, O2, and H20 in silica-rich glasses. This
suggests that isotopic exchange in our experiments occurs by diffusion of CO2 molecules into the
glass followed by exchange with the oxygen atoms of the glass structure and that the rate limiting
step is the diffusion of the CO2 molecules, not their reaction with the glass network.

INTRODUCfION

FRACTIONATIONFACTORSFOR oxygen isotopes
provide essential constraints on interpretations of
their distributions in natural systems and for un-
derstanding the principles underlying their behav-
ior. There have been over the years many efforts to
determine vapor-mineral and mineral-mineral
fractionation factors (see review by O'NEIL, 1986),
and recent studies suggest that in some of the most
critical ofthese systems, workers may be converging
on the correct values (e.g., CLAYTONet al., 1989;
CmBAet al., 1989; CHACKOet al., 1991). However,
fewmeasurements have been made of fractionation
factors involving silicate melts or glasses, even
though knowledge of such fractionation factors is
necessary for understanding the behavior of oxygen
isotopes during igneous processes.

Studies of oxygen isotope fractionations between
coexisting crystals and naturally occurring glass (or
groundmass, usually assumed to be representative
of a melt phase) have shown that for some minerals,
mineral-melt fractionations can be on the order of

controls on fractionation factors (e.g., GARLICK,
1966; TAYLOR, 1968; ANDERSONet al., 1971;
MATSUHISA,1979). However, little experimental
work has been done that is relevant to the fraction-
ation of oxygen isotopes between silicate glasses or
melts and other phases. MUEHLENBACHSand Ktr,
SHIRO(1974) measured oxygen isotope fraction-
ations between 1 atm of CO2 (or O2) vapor and
basaltic melt, plagioclase, and enstatite at 1250-
1500°C. MUEHLENBACHSand SCHAEFFER(1977)
estimated from these results that at 1150-1430°C,
oxygen gas has about a two per mil higher 180/160
ratio than coexisting silica glass. MATSUHISAet al.
(1979) reported a single determination for hydrous
albitic melt and water at 825°C, 3 kbar (0.0 per
mil) and estimated that oxygen isotope fractionation
between crystalline albite and hydrous albitic melt
under these conditions may be as small as 0.2 per
mil. CONNOLLYand MUEHLENBACHS(1988) state
that melilite, "basalt," and "silicate glass" all have
2.33 per mil lower 180/60 ratios than coexisting
CO2 gas.

a few per mil at magmatic temperatures and that In this paper, we report the results of experiments
melt composition and crystal chemistry exert strong to determine the fractionation of oxygen isotopes
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between CO2 vapor and silica glass at 550-950°C,
P - 0.5 bar. Although these results are not directly
applicable to mineral-melt fractionation factors in
complex igneous systems, in combination with
available data on COrquartz fractionations they
provide data relevant to fractionations among crys-
talline and amorphous silicates. They also can be
used to evaluate the hypothesis that oxygen isotope
fractionations between minerals and melts of the
same composition are small (GARLICK, 1966;
MATSUHISA et al., 1979) and to predict the likely
dependence of mineral-melt fractionation factors
on temperature.

EXPERIMENTAL TECHNIQUES

The design of our experiments was similar in principle
to that employed by O'NEIL and EpSTEIN(1966) in their
study of the partitioning of oxygen and carbon isotopes
among calcite, dolomite, and CO2 vapor and by LIU and
EpSTEIN(1984) in their study of the partitioning of hy-
drogen isotopes between kaolinite and water vapor. In each
experiment, a small amount of CO2 gas (typically a few
tens of micromoles) of known isotopic composition was
sealed in a tube along with a large amount of silica glass
(up to several grams) of known isotopic composition, and
held at elevated temperature and allowed to exchange ox-
ygen isotopes. Once equilibrium is achieved in such ex-
periments, the fractionation factor can be determined
simply by measuring the isotopic composition of the CO2

because the oxygen isotope ratio of the silica glass (which
contains most of the oxygen in the system) changes neg-
ligibly over the course of the experiment. By using fine-
grained glass as the starting material, the success of the
experiment does not require complete exchange between
the gas and the entire silicate sample; i.e., by maximizing
the surface area to volume ratio of the silicate, it is possible
for the number of oxygen atoms sufficiently deep within
the glass so as to be representative of the bulk glass yet
still near enough to the surface to be readily exchanged to
far exceed the number of oxygens in the vapor phase.

In addition to such experiments designed to determine
the equilibrium fractionation factor, we conducted a series
of experiments in which CO2 gas of known isotopic com-
position was sealed in empty silica and Vycor glass tubes
and allowed to exchange for varying times in order to set
constraints on the kinetics of oxygen isotope exchange
between CO2 gas and silica-rich glass.

Starting materials

Experiments were conducted on three different batches
of silica glass. Most experiments were conducted on sam-
ples taken from a batch of silica glasswool (referred to as
Qtz Wool I) with an average thread diameter of about 10
µm. A smaller number of experiments was conducted on
a second batch of quartz wool with a similar average thread
diameter (referred to as Qtz Wool 3; manufactured by
Heraeus Amersil, Inc.). The third batch of glass was pre-
pared from chunks of General Electric #214 fused quartz
(referred to as GE214) by crushing in a stainless steel mor-
tar followed by dry sieving with nylon screens. Most ex-
periments on this material were conducted on a <400
mesh «37 µm) fraction, but several experiments were
conducted on 325-400 mesh (37-44 um) and 200-325

(44-74 urn) size fractions. The b180SMOWvalues of the three
batches of glass are + 14.1 (Qtz Wool I), + 16.8 (Qtz Wool
3), and + 11.2 (GE214). Techniques for isotopic analysis
of these glassesand precision of the analyses are discussed
below.

One of three sources of CO2 gas was used in each ex-
periment: a tank of liquid CO2 (1i180SMOW= -I); CO2
prepared from commercial CaC03 powder (bI80SMOW
= +20); or CO2 prepared from a conch shell (Strombus
gigas; 1i180SMOW= +42). Techniques for isotopic analysis
of the gases and precision of the analyses are discussed
below.

Experiments
Silica glass wool or powder (0.3-2.2 g) was placed in a

fused quartz (General Electric #214; b180SMOW= +11.2;
<5 ppm by weight OH-) or Vycor glass (Corning Code
No. 7913; 96% Si02; b180SMOW= +20.7) tube with an
OD of 9 mm and an ID of 7 mm. Tubes were typically
~ 15 em long. After heating in air for 20-30 minutes at
850°C to oxidize any organic contaminants in the samples
and tubes, the loaded tubes were attached to a vacuum
line and 30-75 µmoles of CO2 were frozen into the tube
along with the glasssample, after which the tube was sealed
with a torch. Tubes were loaded into the hotspots of home-
built, wire-wound horizontal furnaces and held at 550,
650, 750, 850, or 950°C (monitored with Type K or S
thermocouples located at the hotspot) for 1-428 days.
Hotspot temperatures were controlled by Eurotherm tem-
perature controllers (model 808) and typically varied by
less than 1°C. Temperature gradients were such that the
temperature varied by at most 15°C over the length of
each sample tube, and typically less than 5°C over the
segment of the tube containing the silica glass sample.
Many experiments could be run simultaneously in each
furnace; transient temperature fluctuations up to several
tens of degrees and lasting several minutes were experi-
enced when cold samples were introduced into an already
hot furnace. For several experiments, samples were first
held at one temperature for sufficient time (based on other
experiments) to closely approach equilibrium, then placed
in a furnace at a higher or lower temperature and allowed
to approach equilibrium at the second temperature. For
a few experiments, the run products and/or tubes from
previous experiments were reused in later experiments,
and in others about 0.6 µmoles of H20 was loaded into
the tube along with the sample and the CO2•

Analysis ofQtz Wool I material after a 850°C, 30 min-
ute preheating in air gave a value within I <T of the mean
value (see below), indicating that our procedure for re-
moving organics does not significantly influence the bulk
isotopic composition of the starting material, although
some exchange between oxygen near the surfaces of the
threads and air undoubtedly occurred. Based on our de-
termination of the self-diffusion coefficient for oxygen in
silica glass (seebelow), the depth of penetration of oxygen
exchange during the preheating would be about 0.03 µm.

Several experiments were conducted by sealing 37-132
µmoles of the CO2 prepared from the conch shell inside
GE214 fused quartz or Vycor glass tubes (preheated at
850°C in air for 30 minutes) without any silicate sample,
and then holding these tubes at 550-850°C for I hour to
153 days to examine the kinetics of exchange between the
glass tube and CO2•

Analytical techniques
After removal from the furnace and cooling in air, each

tube was cracked on an extraction line; the CO2 was col-
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lected, its quantity measured manometrically, and its 0180
and <l13C analyzed on a mass spectrometer. Starting ma-
terials and several run products were examined by scanning
electron microscopy; no changes were detected. X-ray dif-
fraction measurements on run products showed no evi-
dence of crystallization of the glasses over the course of
the experiments.

To evaluate the precision of our mass spectrometric
analyses of CO2, we prepared a large batch of CO2 from
the conch shell and sealed ~ 100-150 µmoles into each
of about 50 pyrex tubes. The gas from one or more of
these tubes was analyzed in most of the sessions on the
mass spectrometer during which the gases extracted from
our experiments were analyzed. Based on 13 such analyses
obtained over more than a year, the precision of the <1180
values we report for CO2 gas is 0.14 per mil (10').

Oxygen was extracted from the starting materials by
reaction with either BrF5 or F2 and then reacted with
graphite to produce CO2 that was then analyzed mass
spectrometrically. Precisions of the isotopic analyses of
the starting materials include contributions both from un-
certainties in the mass spectrometry and from uncertainties
introduced during the extraction procedure. Multiple
analyses of the starting materials suggest a procedural con-
tribution to the uncertainty in our silicate 0180 values of
about 0.1 per mil (1,,-), Accuracy of the oxygen isotope
analyses is difficult to assess and, except for systematic
inaccuracies introduced during the extraction procedure,
is of little consequence to us since we are primarily inter-
ested in differences between measurements. However,
Professor R. Clayton and T. Mayeda of the University of
Chicago analyzed samples of the Qtz Wool 1 and GE214
glass for us and obtained 0180SMOW values of +13.8 and
+ 10.9 compared to our values of + 14.1 and + 11.2. Pre-
vious comparisons have also shown that 0180 values ob-
tained at Caltech are characteristically higher than those
reported by the Chicago group by about 0.3 per mil
(H. P. TAYLOR, pers. comm.).

RESULTS

Silica glass exchange experiments.

Results of all experiments on silica glass are listed
in Tables 1-3 and representative results on Qtz
Wool 1 and GE214 are shown graphically versus
run duration in Figs. 1 and 2. Our best estimates
of the fractionation factors for each sample at each
temperature are listed in Table 4 and shown versus
106IT (K)2 in Fig. 3. At each temperature, the frac-
tionation factors determined for the three starting
materials are essentially identical. For the quartz
wool samples at 550-850°C, these values are av-
erages of all results obtained at durations long
enough so that results similar within error were ob-
tained. For the quartz wool samples at 950°C, only
samples run in silica glass tubes were included in
the averages, although for the Qtz Wool 3 experi-
ments, when samples and tubes were reused from
previous experiments, results were similar whether
silica or Vycor tubes were used. For the GE214 ex-
periments, only the results of experiments on the
<37 µm size fraction were included in the averages,
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and then only if the run duration was sufficiently
long that the results appeared independent of run
duration.

In the context of our study, a "reversal" is a pair
of experiments in which the /)180 of the gases from
two experiments run at the same temperature ap-
proached the equilibrium value from a starting
value heavier than the equilibrium value in one ex-
periment and from a value lighter than the equilib-
rium value in the other. Reversals are available over
most of the temperature range for all three starting
materials. In some experiments, the direction from
which the equilibrium gas composition was ap-
proached was controlled by pre-equilibrating the
gas and the silica glass rather than by loading a
starting gas with a particular /)180 value. For ex-
ample, experiment # l5B (Table 1) was first equil-
ibrated with glasswool for 31 days at 650°C, during
which time the /)180SMOW of the gas decreased from
the starting value of +20 to a value of +18.0 (based
on the results of # 15C, run simultaneously under
identical conditions); after removal from the 650°C
furnace, the sealed tube was then placed in the
550°C furnace for 76 days, during which time the
/)180SMOW of the CO2 gas increased to a final value
of +18.7. Four experiments of this sort were con-
ducted, giving values at 550, 650, 750, and 850°C.
In every case, including runs such as # 15Cin which
the final /)180 value was overshot in the pre-equil-
ibration stage, the results of these experiments were
indistinguishable from the values we report as the
equilibrium values based on long duration runs held
only at a single temperature.

Long duration runs on the 37-44 µm size fraction
of the GE214 starting material at temperatures
? 650°C yield results indistinguishable from re-
versed results of shorter experiments conducted on
the <37 µm size fraction (Fig. 2). Lengthy experi-
ments on this size fraction at 550°C approach to
within 0.4 per mil of the results on finer size frac-
tions at shorter times. Similarly, reversal experi-
ments on the 44-74 µm size fraction reproduce re-
sults on finer size fractions in experiments of suf-
ficiently long duration te.g., runs #23R and #23V
at 850°C; Fig. 2). Results at the lower temperatures
on the 37-44 µm size fraction are in most cases
also consistent with the results on finer grained
samples, but some experiments appear to have in-
completely exchanged (e.g., runs #23S and #23T
at 550 and 650°C). All experiments at 950°C on
the GE214 starting material yield gas anomalously
rich in 180; this could reflect a transient because all
of these experiments were of short duration, or per-
haps incipient crystallization of the glass, although
X-ray and optical evidence do not support this latter
suggestion.
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FlG. 1. Summary OfC02/i180SMOWvalues for Qtz Wool
1 silica glass experiments as a function of run duration at
650 and 850°C. Error bars are ±20' for our gas analyses
on our mass spectrometer (see text). Horizontal lines are
averages oflong duration runs (listed in Table 1 in italics);
these average values are listed in Table 4 and are the values
used in determining fractionation factors. Open symbols
indicate experiments conducted in Vycor tubes; closed
symbols indicate experiments conducted in GE214 silica
glass tubes. Circles indicate experiments with a starting
/i180SMOWvalue for the CO2 of +42; diamonds indicate a
starting /i180SMOWvalue for the CO2 of +20; triangles in-
dicate a starting /i180SMOWvalue for the CO2 of =0.

At 550 and 650°C, short duration runs «30 days
at 650°C; 70 days at 550°C) give erratic results;
these may be influenced by surface fractionations
(and the effects on the surfaces of the preheating
step in air at 850°C) or kinetic isotope effects (see
below), but results of longer experiments at these
temperatures are not correlated with run duration
provided runs on the same silicate size fractions are
compared. Similarly, except for a few 1-2 day ex-
periments on the GE214 powder at 750 and 850°C,
results at these temperatures are not correlated with
run duration over the range of run durations ex-
amined.
It is well known that water pressure enhances the

apparent self-diffusion of oxygen in silica glass
(PFEFFER and OHRING, 1982) and in silicate min-
erals and glasses generally (see review in ZHANG et
al., 1991b). Thus, a few experiments in which the
vapor phase contained a small amount (-0.6

µmoles) of H20 in addition to CO2 were conducted
on the Qtz Wool 1 starting material at 750°C. The
final 0180 values of CO2 in the experiments that
had both water and CO2 turned out to be indistin-
guishable from those of samples run for comparable
times but with CO2 alone, and from experiments
run with CO2 alone but for much longer durations.
This offers strong support for our conclusion that
the long duration runs closely approached equilib-
rium.

CO2 yields ti.e., a comparison of the amount of
gas initially loaded with the amount collected at the
end ofthe experiment) are nearly all 100 ± 5% (Ta-
bles 1-3). The only significant exceptions are some
of the experiments on GE214, which have yields as
low as 82%. We think this is due to formation of
CO by reaction of CO2 with the minor amounts of
stainless steel that contaminated this sample during
crushing. This is consistent with the larger amounts
(up to a few µmoles) of non-condensable (at liquid
nitrogen temperatures) gas we detected in these ex-
periments. Nevertheless, the final /)180 values of CO2

in these experiments are indistinguishable from
those of experiments with yields near 100%. We
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FlG. 2. Summary of CO2gas /i180SMOWvalues for GE214
silica glass experiments as a function of run duration at
650 and 850°C. Error bars are ±20' for our gas analyses
on our mass spectrometer (see text). Horizontal lines are
averages oflong duration runs (listed in Table 3 in italics)
on <37 urn powder; these average values are listed in Table
4 and are the values used in determining fractionation
factors. Symbols as in Fig. I.
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Table 4. Summary of experimental results on COrsilica glass fractionation

/i180SMOW (%0) 0180SMOW (%0) 1000 In (a)
T(°C) (final gas) (silicate) (vaporIglass)

550 18.49 (0.20)8 14.12 (0.06)8 4.30 (0.21)b
650 17.94 (0.10) 3.76 (0.12)
750 17.37 (0.16) 3.20 (0.17)
850 16.89 (0.16) 2.73 (0.17)
950 16.29 (0.24) 2.14 (0.25)

750 19.86 (0.26) 16.82 (0.16) 2.99 (0.30)
950 19.02 (0.12) 2.16 (0.20)

550 15.56 (0.20) 11.24 (0.11) 4.26 (0.23)
650 15.02 (0.09) 3.73 (0.14)
750 14.49 (0.09) 3.21 (0.14)
850 14.16 (0.05) 2.88 (0.12)

note that except for these samples, the concentration
of non-condensable gaseous species was negligible.
We often checked for water in the gas collected at
the close of the experiments, and this was also usu-
ally negligible.

Results of similar experiments in silica and Vycor
glass tubes at all temperatures below 950°C are
usually nearly indistinguishable. The fact that there
are no systematic differences between these exper-
iments (despite the fact that the Vycor tubes are
about 10 per mil heavier than the GE214 silica tubes
and have self-diffusion coefficients = 2 orders of
magnitude higher; see Table 5) demonstrates that
interaction of the vapor with the container does not
have a significant influence on the results. However,
at 950°C, results of experiments in Vycor tubes are
erratic, with /)180 values often much higher than
expected based on lower temperature experiments
run in Vycor tubes and on results of experiments
run simultaneously in silica tubes. We take this as
indicating that the results in Vycor at temperatures
above 850°C are not reliable, probably due to ex-
tensive interaction between the CO2 and the Vycor
tube at these temperatures.

In short duration experiments and at low tem-
peratures, there is evidence for complexity in the
exchange process, as anticipated by WILLIAMS
(1965) and MUEHLENBACHS and SCHAEFFER
(1977). For example, gas exposed to the <37 µm
size fraction of the GE214 glass in runs of 1-2 days
duration at 650-850°C experienced anomalous
amounts of exchange and in some cases even con-
verged from initially heavy and light 0180 values to
spurious, short-term "reversed" values. These ob-
servations could be evidence of surface-correlated

Sample

Qtz Wool 1

Qtz Wool 3

GE214

43

5 f; • Quartz ~OOI I 1 .•••••• j
o Quartz wool 3
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FIG. 3. Summary of CO,-silica glassfractionation factors
from this study. Errors are ±two standard errors on the
equilibrium gas compositions and do not include uncer-
tainties in the silicate analyses (see Table 4). The solid
curve is calculated based on the reduced partition function
ratios given for CO2 in CHACKOet al. (1991) and 1.035
times the crystalline quartz-I reduced partition function
ratio given by CLAYTONet al. (1989). The dashed curve
is the calculated COrcrystalline quartz fractionation factor
based on these reduced partition function ratios.

fractionations (perhaps influenced by the 850°C
preheating step) and/or kinetic isotope effects (e.g.,
such as would be observed if there were several dis-
tinguishable oxygen sites in the glass with different
fractionation factors and with different exchange
rates). Similarly, in short duration experiments at
550 and 650°C on Qtz Wool 1 with starting gas
heavier than the equilibrium value (based on long
duration runs), the final gas is frequently lighter
than the equilibrium value (see Fig. 1); i.e., they
appear to "overshoot" the equilibrium value. With

8Numbers in parentheses are 2(5of the mean of the analyses used to compute the average of gas analyses from all
successful experiments or silicate extractions, except for GE214 at 550°C where there were only two successful exper-
iments. The reported error in this case is one-half of the difference in <1180 between the two results.

bNumbers in parentheses are 20' errors based on propagation of the errors on the gas and silicate analyses reported
in the two previous columns.
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FIG. 4. Apparent self-diffusion coefficients for oxygen in silica (closed symbols) and Vycor (open
symbols) glass as a function of run duration at temperatures of550-850°C based on the experiments
and calculations described in the text (data listed in Table 5). The solid horizontal lines show the
average values for silica glass at each temperature based on runs of >0.5 days duration; runs of
shorter duration were excluded to minimize the possible influence of surface exchange kinetics on
the results. The dashed horizontal line at 750°C shows the approximate long duration value for
Vycor glass.

increasing run duration, the final gas value increases
slowly with time to a near constant value. Similar
effects are also suggested by some of our diffusion
experiments (discussed below) and were observed
by LIU and EpSTEIN (1984) in hydrogen isotope ex-
change experiments between water vapor and ka-
olinite. Although we do not fully understand these
phenomena, we have tried to avoid their influence
by (1) basing our evaluations of equilibrium frac-
tionation factors on the results of experiments run
for long enough times that the results do not appear
to be time dependent, thereby ensuring that sub-
stantial exchange occurred between the gas and ox-
ygen deep within the silicate material (see discussion
of diffusion experiments below); and (2) verifying
our results using different starting materials and size
fractions.

Kinetics of oxygen isotope exchange

The results of experiments in which only CO2

gas was loaded into glass tubes are listed in Table
5. In order to extract quantitative information from

these data, we assumed that the inner surface of the
glass tube and the vapor were in local equilibrium
(with fractionation factors as given in Table 4) and
that simple interdiffusion of 180 and 160 occurs
within the glass. The time dependence of the iso-
topic composition of the inner surface of the tube
was then approximated by a polynomial. This led
to a series solution to the diffusion equation, from
which the self-diffusion coefficient for oxygen, D,
was obtained for each experiment. D values are
listed in Table 5 and shown in Fig. 4 as a function
of run duration for each temperature.

Despite some scatter in the results, calculated D
values for the silica glass tubes (which at 750°C are
"",2 orders of magnitude lower than calculated D
values for the Vycor glass tubes) are essentially in-
dependent of time and of the amount of gas loaded
into the tube, confirming the appropriateness of
treating the exchange as a diffusive phenomenon.
We do not have an explanation for the scatter in
calculated D values at each temperature; it could
reflect slightly different geometries for each sample
(i.e., the effects of the sealed ends of the tubes are
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not considered in our treatment), the influence at
short times and in the lower temperature experi-
ments of surface exchange phenomena with differ-
ent kinetics (possibly affected by partial equilibra-
tion of the inner surface of the tube with air during
the preheating step), or irregularities in the inner
surface of the tubes (e.g., microcracks).

Figure 5 compares the temperature dependence
of the self-diffusion coefficient for oxygen in silica
glass based on our CO2 exchange experiments with
previous determinations, all of which were based
on isotope exchange between glass and O2 gas
(HAULand DOMBGEN,1962; Sucov, 1963; WIL-
LIAMS,1965; MUEHLENBACHSand SCHAEFFER,
1977). Our results are consistent with the two most
recent of these determinations; because these were
based on high temperature experiments in which
the effects of surface phenomena could definitively
be ruled out, the similarity between their results
and those from our long duration experiments con-
ducted at lower temperature supports our conclu-
sion that such phenomena play at most a minor
role in our most lengthy experiments. In addition,
WILLIAMS(1965) obtained similar results whether
diffusion experiments were conducted on fine silica
fibers or silica tubes; this is consistent with our find-
ing that grain size and sample preparation tech-
niques are not major factors in the results of long
duration isotope exchange experiments.

DISCUSSION

Evaluation of pitfalls

The most serious potential pitfall of our experi-
ments is the possibility that the fractionation mea-
sured is between vapor and a surface layer rather
than between vapor and bulk sample. Several ob-
servations and lines of reasoning suggest that this
was not a major factor in most of our experiments.

Using our self-diffusion coefficients for oxygen
in silica glass (Fig. 5), we calculate that for experi-
ments lasting longer than about 18 days at 850°C,
6 weeks at 750°C, and 14 months at 550°C, the
depth of penetration of oxygen exchange into silica
glass is greater than about 1 µm. This is well into
the bulk of the sample and indicates that the frac-
tionation factors obtained from experiments of this
duration are not likely to be influenced by surface
effects. Experiments of at least these durations were
conducted at each temperature, and inspection of
the results (e.g., Figs. 1 and 2) reveals that approx-
imately constant /)180 values for the gas, whether
approached from heavier or lighter initial values,
were achieved in runs of similar duration. In de-
termining the "best" fractionation factors for each
temperature, no runs in which calculated depths of
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FIG.5. Summaryof data on the apparent oxygenself-
diffusioncoefficientin silicaglassfromthisstudyand from
the literature.Valuesfromthisstudyareaveragesofresults
ofallrunsof>0.5 daysduration;errorbarsare ±20' based
on the distributionofanalysesusedto calculatetheseav-
eragevalues.The line throughour data is givenby

logIOD(cm2/s) = -11.0(1.4) - 4.3(1.3) X 103IT(K)

andcorrespondsto an activationenergyof=20 kcal/mole,
Numbers on lines refer to: I-HAUL and DOMBGEN
(1962); 2-Sucov (1963); 3-WILLIAMS(1965); 4-
MUEHLENBACHSand SCHAEFFER(1977);5-this work.

penetration of exchange are less than 0.36 µm were
used. For the GE214 experiments, the convergence
of the results of experiments on several different
size fractions to similar final 0180 values at tem-
peratures of ~650°C also supports our conclusion
that surface fractionations did not significantly in-
fluence our long duration results. Also consistent
with this conclusion are the results of experiments
covering a wide range of C02/silica glass ratios; in
particular, indistinguishable results were obtained
in 23-26 day experiments at 750°C whether the
ratio of oxygen in glass wool to that in the vapor
was 71 (run #4F) rather than the more typical value
of about 300-500. We emphasize, however, as dis-
cussed above, that in short duration runs, there is
evidence of the influence of surface phenomena in
our experiments, including early rapid reaction,
overshooting of the equilibrium values in short du-
ration runs starting with gaseswith high initial /)IS0
values (e.g., experiments #22F and #22G at 650°C),
and false convergences at anomalously light values
(e.g., experiments #7A and #7D at 650°C). Using
our D values, we calculate depths of penetration of
at most a few tenths of a micron under the condi-
tions of the experiments that show such effects.

Note that even if exchange extends well into the
sample, but the amount of vapor is too large or its
initial isotopic composition is too far away from
the value in equilibrium with the silicate, then the
vapor may "see" a silicate in the exchanged layer
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with an isotopic composition significantly different
from the bulk silicate, leading to an incorrect frac-
tionation factor if this effect were not taken into
account. Although this effect is apparent in very
few runs, in experiments on the coarsest size frac-
tions of the GE214 material there is evidence of
such incomplete convergence, with gas with an ini-
tial composition close to the equilibrium value more
closely approaching the equilibrium value than gas
with an initial value far from the equilibrium value
(e.g., compare #23P and #23T at 650°C). We min-
imized the potential impact of this problem on our
results by choosing initial gas compositions close
to the final value, by maximizing the silicate/vapor
ratio, by decreasing grain size (in the GE214 ex-
periments), by increasing run duration, or by some
combination of these factors. The convergence of
results from initially heavy and initially light CO2

to final /)180 values that are identical within error
in long duration runs indicates that this effect of
incomplete equilibration was not a problem in those
runs most critical to us in evaluating fractionation
factors. The lack of a dependence of the results on
the ratio of the mass of CO2 in an experiment to
the mass of silica glass (e.g., compare the results of
#4F and #4H) also supports our contention that
this effect was not significant in most of our exper-
iments.

A second possible problem could be that inter-
action of the CO2 vapor with the glass container
may compete with exchange between vapor and
the fine-grained sample, thus leading to spurious
results. If this were a problem, we would expect the
results of experiments conducted in Vycor tubes to
be systematically heavier than those conducted in
silica tubes, because the Vycor tubes are about 10
per mil heavier than the silica tubes (and heavier
than the /)180 gas values in equilibrium with the
silica glass samples in all cases) and the apparent
oxygen self-diffusion coefficient in Vycor is "",2or-
ders of magnitude greater than in silica glass (Fig.
4). Except at 950°C, experiments conducted in Vy-
cor and silica glass tubes yield indistinguishable re-
sults. It is especially significant that in GE214 ex-
periments conducted in silica tubes, the tube and
the powdered sample were both GE214 glass with
the same /)180 value; these experiments could not
have been disturbed by equilibration with the tube,
yet experiments in Vycor tubes and GE214 tubes
yield indistinguishable results except at 950°C. In
hindsight, the fact that the influence of the tubes is
generally negligible is not surprising based on the
D values determined for oxygen self-diffusion in
silica glass. For example, in an experiment on one
gram of silica glass wool with a thread diameter of
10 microns in which the diffusion front has pene-

trated os;; 1 µm, the ratio of the number of oxygens
exchanged in the glass wool to that exchanged in
the enclosing glasstube would be about 50. At ratios
this high, the effects of such interactions with the
tube would generally be negligible. In extensions of
the work reported here, we are using Pt tubes rather
than glass to avoid entirely the possible influence
of exchange with the container, but since this ap-
proach is significantly more expensive than using
glass, we may return to our present methods for
conditions at which interactions with glasscontain-
ers can be shown to have negligible influence on
the results.

Mechanism of isotopic exchange

The activation energy for self-diffusion given by
our results (20 ± 3 kcal/mole) and the two most
recent previous studies of oxygen isotope exchange
between silica glassand O2 vapor (20-29 kcal/mole;
WILLIAMS,1965;MUEHLENBACHSand SCHAEFFER,
1977) is low compared to that of oxygen self-dif-
fusion in jadeite melt (assumed to be a nearly fully
polymerized network of aluminosilicate tetrahedra
as in silica glass) based on melt diffusion couples
in which a vapor phase was not present (-60 kcal/
mole; SHIMIZUand KUSHIRO,1984) and compared
to Si-O bond energies (-100 kcal/mole; DOREMUS,
1973). Our activation energy is, however, similar
to those for O2 permeation (22 kcal/mole; NORTON,
1961), O2 diffusion (27-31 kcal/mole; BARRER,
1951;NORTON,1961)and Ar diffusion (24-28 kcal/
mole; PERKINSand BEGEAL,1971; CARROLLand
STOLPER,1991) in silica glass. It is also similar to
those for Ar (34 kcal/mole; CARROLL,1991), mo-
lecular CO2 (34 kcal/mole; BLANKet al., 1991)and
molecular H20 (25 kcal/mole; ZHANGet al., 1991a)
in rhyolitic glass. This suggests to us that the ex-
change we observe is due to diffusion of molecular
CO2 into the glass, followed by exchange with the
network of silicate tetrahedra, rather than actual
self-diffusion of oxygen by exchange between oxy-
gen sites of the network of silicate tetrahedra of
which the glass is constructed. Based on similar rea-
soning, WILLIAMS(1965) and MUEHLENBACHSand
SCHAEFFER(1977) concluded that O2 mobility in
the glass dominated the kinetics of isotope exchange
between O2 gas and fused silica.

ZHANGet al. (1991b) discuss in detail the relation
between the apparent self-diffusion coefficient of
oxygen and the diffusivity of a carrier in cases such
as this in which the flux of oxygen is due to diffusion
of the CO2 carrier. One characteristic of such a dif-
fusive process is that the apparent self-diffusion
coefficient is equal to the product of the diffusivity
of the carrier speciesand its concentration (provided
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that there is only one carrier species; note that the
activation energy of apparent self-diffusion based
on exchange with a vapor will in general be even
lower than that for diffusion of the carrier species,
because it will include a contribution from the tem-
perature dependence of the solubility of the carrier
species). Thus, the diffusion coefficient for O2 in
silica glass based on permeation experiments is sev-
eral orders of magnitude greater than the apparent
self-diffusion coefficient based on isotopic exchange
experiments (WILLIAMS,1965), because the solu-
bility of O2 in silica glass under the conditions of
the exchange experiments is very low. We therefore
predict that if oxygen exchange is controlled by dif-
fusion of CO2 molecules into the glass as we have
concluded, then the apparent self-diffusion coeffi-
cient of oxygenwill vary approximately linearly with
the fugacity of CO2 in the experiments. From a
practical standpoint, this suggeststhat enhancement
of sluggish isotope exchange reactions could be
achieved by conducting experiments at elevated
fluid pressures, an effect observed by CHACKOet
al. (1991) in exchange experiments between CO2

and calcite at pressures up to 13 kbar. This effect
was quantified by WILLIAMS(1965) who docu-
mented a proportionality between the self-diffusion
coefficient of oxygen and p02 in exchange experi-
ments between O2 vapor and silica glass.

The fact that in silica glass the activation energies
of diffusion of rare gases and neutral molecular spe-
cies and the activation energy for self-diffusion of
oxygen in exchange experiments with CO2 gas are
similar suggests, based on the discussion of ZHANG
et al. (1991b), that the diffusion of CO2 molecules
is slow relative to the exchange reaction(s) between
these molecules and oxygen sites in the glass. Oth-
erwise, the apparent activation energy for self-dif-
fusion should be higher than 20-30 kcal/mole due
to a significant contribution from the activation en-
ergy for the exchange reaction, which we expect to
be on the order of 100 kcal/mole since it requires
the breaking of Si-O bonds. It may be that at suf-
ficiently low temperatures, the exchange reaction
becomes the rate limiting step as a consequence of
its higher activation energy; this would be observable
as an increase in slope of the Arrhenius plot for
apparent oxygen self-diffusion. If oxygen exchange
between CO2 gas and silicate glass is rate limited
by the diffusion of neutral CO2 molecules, available
results on diffusion of rare gases suggest that ex-
change may be even more rapid in more complex
felsicglass compositions such as rhyolite, albite, and
orthoclase, in which argon diffuses more rapidly at
the temperatures of interest than it does in silica
glass (CARROLL,1991; CARROLLand STOLPER,
1991).

49

Temperature dependence of fractionation

The temperature dependence of isotopic frac-
tionation factors between vapor and condensed
phases can be complex (see O'NEIL, 1986), but the
logarithm of the fractionation factor is expected to
be approximately proportional to I1T2 at high tem-
peratures. Although our data can be described by
such a relation at 650-950°C, our 550°C data
points clearly deviate from such a linear trend and
the overall trend of the data is slightly concave
downwards toward the 1061T2 axis in Fig. 3.

Given values for the reduced partition function
ratio for oxygen in CO2 vapor (BOTTINGA,1968;
CHACKOet al., 1991), our data can be used to cal-
culate reduced partition function ratios for oxygen
in silicaglass.These calculated values are compared
in Fig. 6 with the reduced partition function ratios
for CO2 vapor, quartz, and albite. Our data (which
are basically linear in IIT2) are well described by
multiplying the reduced partition function ratio for
crystalline quartz (CLAYTONet al., 1989) by 1.035.
The solid curves in Figs. 3 and 6 are based on such
a reduced partition function ratio for silica glass.

In Fig. 7, we have replotted the data shown in
Fig. 3with IITas the abscissa. In this representation,
the data are linear and the variation in 1000ln(a)
calculated from the reduced partition function ratios
is indistinguishable from a straight line. The slope
of the tangent to a curve defining an exchange re-
action plotted in these coordinates is equal to
- t:li{o IR,where t:li{o is the standard state enthalpy

-- - co, (1)

L-~-~C~O~'T(2~)~~~~~~~~=r~~~25~

..o

20
o-
~15
c

10

1.3 1.5

FIG. 6. Reduced partition function ratios versus 1061
T(K)2. Curves for CO2 are "C02 (I)" from CHACKOet al.
(1991) and "C02 (2)" from BOTTINGA(1968). Curves for
crystalline albite and quartz are from CLAYTONet at.
(1989). Data points for silica glass (error bars are smaller
than symbols) are from this study and were obtained by
subtracting 1000ln(a) (Table 4) from the CO2 reduced
partition function ratio.
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FIG. 7. Natural logarithm of the fractionation factor
between CO2 vapor and silica glass versus I/T(K). Error
bars as in Fig. 3. The solid curve (which is essentially a
straight line in this temperature range) is calculated based
on the reduced partition function ratios given for CO2 in
CHACKO et al. (1991) and 1.035 times the crystalline
quartz-I reduced partition function ratio given in CLA Y-
TON et al. (1989). The dashed curve is the calculated CO2-

crystalline quartz fractionation factor based on these re-
duced partition function ratios.

change of the isotopic exchange reaction. The slope
of the data shown in Fig. 7 corresponds to t::..Ho
= -10 cal/mole.

Comparison to COrquartz fractionation factors

Figure 3 shows, in addition to the CO2-silica glass
fractionation factor from our study, the calculated
COrquartz fractionation factor based on the re-
duced partition function ratio for crystalline quartz
(CLAYTONet al., 1989).The difference between the
quartz and silica glass fractionations against CO2

vapor suggests that silica glass is heavier than co-
existing quartz by 0.3-0.6 per mil over the tem-
perature range of this study. This difference is prob-
ably not resolvable at the present time given the
uncertainties in our silicate and CO2 gas analyses
and those of CLAYTONet al. (1989) and CHACKO
et al. (1991) on which the quartz-C02 fractionation
is based. However, at the level of several tenths of
a per mil, these results appear to confirm previous
suggestions (GARLICK,1966; MATSUHISAet al.,
1979) that oxygen isotope fractionations between
crystalline and amorphous materials of the same
composition and similar short-range structures are
small.

Note that neither the quartz-C02 nor the silica
glass-C02 fractionation factors are proportional to
I/T2 over the temperature range of these experi-
ments (Fig. 3). However, the fractionation factor
for oxygen isotopes between these two condensed
phases does closely approximate this simple rela-

( I) The fractionation of oxygen isotopes between
CO2 vapor and silica glasswas determined at a total
pressure of ~0.5 bars at temperatures of 550-
950°C. The 180/160 ratio of CO2 vapor is higher
than that of coexisting silica glass.The fractionation
factor decreases from 1.0042 ± 0.0002 at 550°C to
1.0022 ± 0.0002 at 950°C.
(2) Ln(a) is linear with liT over the temperature

range we investigated, corresponding to a standard
state enthalpy change for the isotopic exchange re-
action of approximately -10 cal/mole. The reduced
partition function ratio for silica glass implied by
our results is well described by 1.035 times that
proposed for crystalline quartz by CLAYTONet al.
(1989).

(3) Comparison of our results with data in the
literature for quartz suggests that silica glass is en-
riched in ISOrelative to quartz with which it is in
isotopic equilibrium by 0.3-0.6 per mil over the
temperature range we have investigated. This small
difference is probably not resolvable at present given
the uncertainties but does confirm previous sug-
gestions (GARLICK,1966; MATSUHISAet al., 1979)
that oxygen isotope fractionations between crystal-
line and amorphous materials of the same com-
position and similar short-range structures are small.
In contrast to the vapor-glass fractionation factor,
the logarithm of the crystalline quartz-silica glass
fractionation factor is expected to be roughly pro-
portional to I1T2 over the temperature range of
this study.

(4) Experiments were conducted to determine
the kinetics of oxygen isotopic exchange between
CO2 vapor and silica glass. The activation energy
for the apparent self-diffusion of oxygen in silica
glass is similar to those for diffusion of Ar and mo-
lecular CO2, O2, and H20 in network glasses.This
suggests that isotopic exchange in our experiments
occurs by diffusion of CO2 molecules into the glass
followed by exchange with the oxygen atoms of the
glass structure, and that the rate limiting step is the
diffusion of the CO2 molecules, not their reaction
with the glass network. If so, oxygen isotopic ex-
change rates should be significantly enhanced in
COrglass experiments at elevated pressures.

(5) The success of our experiments suggeststhat
the technique we used of equilibrating small
amounts of vapor with large amounts of fine-grained
solid, followed by analysis of the vapor, may be of

tion. This reflects the fact that the reduced partition
function ratios for both of the condensed phases
are roughly proportional to ur: over this temper-
ature range, but that of CO2 is not (Fig. 6).

SUMMARY
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wide utility in determining isotopic fractionation
factors, provided that, as we have done for silica
glass, cafe is taken to distinguish bulk from surface
fractionations and to demonstrate a close approach
to equilibrium. This technique should be particu-
larly useful for determining fractionation factors
involving other framework glasses (e.g., albite, Of-
thoclase, etc.) that are known to have higher dif-
fusivities of noble gases than does silica glass and
for minerals with open structures into which water
and carbon dioxide can readily diffuse.
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