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Abstract—Experiments demonstrate that partial evap

oration of solid silica at 1600—1700°C and low pressure

(10° bar) results in enrichment 6fO/*°0 and*’0/*®0 in solid products. Evaporative residues formed in H

or N, gas at higher pressures 10~ ° bar) exhibit limited

or negligible heavy isotope enrichment. The degree

of enrichment is controlled by kinetic fractionation at the ablating grain surfaces, the rate of sublimation, and
the efficacy of oxygen self diffusion in the solid. Observed isotopic effects are consistent with numerical
simulations, confirming that vaporization of solid silicate and oxide minerals is a viable cause for non-
Rayleigh fractionation of-°0, *’O, and*®0. Experiment and theory suggest that partial melting during
evaporation is not requirealpriori to explain mass-dependent variations in oxygen isotope ratios in primitive

meteoritical materials. Experimental determinations
required to evaluate the meteoritical data.

1. INTRODUCTION

The precursor material for planets and meteorites was silicate,
oxide, metal, and sulfide dust. These protoplanetary mineral
grains were subjected to large temperature fluctuations as they
migrated through the early solar nebula (Chou et al., 1976;
Hashimoto et al., 1979; Morfill, 1983; Morfill and g 1984;
Boss, 1995). Hydrodynamic calculations suggest that evapora-
tion of solid mineral dust was a likely result of either turbulent
transport through a hot central region of the protoplanetary disk
(Morfill, 1983) or heating at midplane heliocentric distances

of the rates of ablation of appropriate minerals are

lished results of laboratory experiments for both melts and
solids are also successfully modeled using this computational
approach.

2. EXPERIMENTAL PROCEDURES

Evaporation was carried out in a high-vacuum furnace described by
Mysen et al. (1985) and Mysen and Kushiro (1988). The furnace
assembly consisted of a Mo-wound alumina tube measuring 5 cm in
length and 1 cm in diameter (id) situated coaxially within a cylindrical
stainless steel vacuum chamber. Temperatures along the tube were

out to 2.5 AU during an inward spiral toward the nascent sun measured with W-W,Re,s thermocouples interfaced with programma-

(Boss, 1993). Transient heating by shock waves has also bee
proposed (Clayton and Jin, 1995).

Results of previous experimental studies imply that melting
must occur for appreciable fractionation among the isotopes of
Si, Mg, and O to be preserved in evaporative residues (Molini-
Velsko et al., 1987; Esat et al., 1986; Davis et al., 1990). For
example, solid residues of molten forsterite volatilization
record large (tens of % ami) kinetic isotope fractionations
for these elements (Davis et al., 1990). The same study dem-
onstrated that partial evaporation of solid forsterite produces
shifts of =1%. amu™* for Si, Mg, and O after nearly 80%
weight loss.

We report here results of experiments demonstrating that
melting is not requirea priori for oxygen isotope fractionation
to be recorded in the residues of partial evaporation, 8iés
chosen for study because evaporation in this system is well
understood (Mysen and Kushiro, 1988; Hashimoto, 1990).
Heavy isotope enrichment in SjGubjected to partial evapo-
ration is explained by pure kinetic mass-dependent fraction-
ation at the surfaces of the subliming grains combined with
diffusive transport within grain interiors. The process is quan-
tified by two parameters, the kinetic isotope fractionation fac-
tor, and the ablative-diffusive Peclet number. Previously pub-
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nble temperature controllers. Uncertainty in temperature measurements

of the hot zone of the furnace is approximatel{0°C or better. High
vacuum was provided by a turbomolecular pump. Background pressure
was approximately 1x 10 '° bar as measured with an ionization
gauge. Desired steady-state pressures odtl N, gas were obtained

by bleeding these gases into the chamber through needle valves during
pumping.

Graphite Knudsen cells were used to suspend samples in the hot-
zone of the furnace. The cells were 4 mm deep by 3 mm or 1.5 mm
diameter with two 0.5 mm holes positioned near the top. Open-system
evaporation was accomplished by loading samples into the cells with-
out lids, permitting rapid removal of evolved gases. Weight loss was
determined by weighing samples and cells before and after runs.

Two starting materials were used. Material 1 consisted of powder
obtained by grinding a single crystal afquartz. Material 2 was made
by sintering quartz powder at 1600°C for two days. Raman microprobe
spectroscopy of polished sections reveals that the sintered grains were
composed of quartz interiors with mantles of cristobalite. Grains com-
prising both SiQ samples varied from 12@m to 300um in diameter
with an approximate mean of 2Qdm. Samples consisted of between
3 and 13 mg of Si@powder at the start of each experiment.

Oxygen isotope ratios of starting materials and run products were
measured by laser-heating fluorination and gas-source ratio mass spec-
trometry. Oxygen was extracted by heating with a 20 Watt &®er in
the presence of Jgas. Purified Fwas delivered to the samples by
heating KNiFg - KF powder to greater than 250°C. The laser was
operated at 5-6 W with 0.1 kHz beam modulation. Liberatgdvas
trapped onto molecular sieve X3 at —196°C. Ubiquitous trace
amounts of NE were removed through a second cryogenic transfer of
analyte Q from the first 13 mol sieve at—130°C to a second
molecular sieve at-196°C for 10 min (Clayton, pers. commun.;
Thiemens and Meagher, 1984). Elimination of ;N\lemoves mass
interference of thé’O®0 isotopomer by NF. Simultaneous measure-
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Table 1. Results of SiQevaporation experiments

% Wt Time

T (C) Gas P (bar) Mst0 @s70 loss (min) Grx

41600 — 6.0x 10°1° 3.0 1.3 61.5 750 73
41600 — 6.0x 10°1° 6.6 3.2 80.1 2000 58
41600 — 6.0x 107 1° 6.0 3.0 79.8 1200 59
41600 — 6.0x 10°1° 0.3 0.0 36.1 600 86
41600 — 6.0x 10°1° 45 2.2 64.4 900 71
41600 — 6.0x 10°1° 0.1 -0.4 31.8 441 88
41600 — 6.0x 10°1° 6.0 3.1 71.1 1650 66
41600 — 6.0x 10°1° 7.3 3.4 72.7 1350 65
41600 — 6.0x 10°1° -1.1 -0.9 25.6 150 91
41600 — 6.0x 10°1° 0.5 0.5 31.8 300 88
41600 — 6.0x 10°1° 4.1 1.9 31.4 360 88
41600 — 6.0x 10°1° 5.9 2.8 54.5 1100 77
41600 — 6.0x 10°1° 4.7 1.7 46.3 720 81
41600 — 6.0x 10°1° 8.5 — 86.0 1440 52
41600 — 6.0x 10°1° 0.2 0.1 25.6 60 91
51600 — 1.1x 10°° 1.2 — 2.3 20 99

51600 — 6.6x 10°° 1.2 — 7.2 60 98

51600 — 1.2x 10°° 1.4 — 11.1 120 96
51600 — 1.1x 10°° 1.9 — 25.6 240 91
51600 — 7.9x 10°1° 1.6 — 22.2 420 92
51600 — 4.0x 10710 3.4 — 47.8 900 81
51700 — 1.3x 10°° 1.1 — 2.7 120 99
51700 — 6.6x 10°° 3.2 — 48.7 240 80
41600 N, 2.7x10°* 0.3 -0.4 32.0 300 88
41600 N, 2.7x107* 2.9 1.2 60.4 525 73
41600 N, 2.7x10°* -1.1 -1.2 12.7 75 96
41600 N, 2.7x107* 0.6 0.2 46.8 450 81
41600 N, 2.7x10°* 1.3 0.5 81.8 825 57
41600 N, 2.7x107* 2.8 1.5 42.2 225 83
41600 N, 2.7x10°* 1.3 0.6 63.3 675 72
51600 H, 2.7x107° 1.9 — 21.3 30 92
51600 H 2.7x10°° 2.0 — 46.5 60 81
51600 H, 2.7x107° 1.3 — 69.8 120 67
51600 H 2.7x1077 1.9 — 19.0 120 93
51600 H, 2.7x 1077 1.7 — 38.9 360 85
51600 H 2.7x1077 2.8 — 48.9 810 80
51600 H, 2.7x 1077 3.0 — 69.5 1440 67

Y((*20/*0)/(*B0%0)° — 1) X 10° where ° is the initial ratio.

2((*"Or%0)/I(*"0I%0)° — 1) X 10® where ° is the initial ratio.

SCalculated average grain radiysni) of powder based on an initial radius of 1Qn.
4Starting material 2 described in the text.

SStarting material 1 described in the text.

ments of*®0/*°0 and*’O/*°0 were made on a Nuclide triple-collector  with a dynamic steady-state,lpressure of 2.% 10~ ° bar, and

mass spectrometer equipped with a microvolume trap for analysis of (4) open-system with a dynamic steady-statg pXessure of
small O, gas samples. Measurements '80/*°0 alone were made 4 . :
using a Finnigan MAT 252 mass spectrometer. Several samples Werez'7 < 10" bar. Results are summarized in Table 1.

analyzed for®0/*%0 using CQ gas as analyte following conversion of Evaporation was slowest during free evaporation. Higher
O, to COG, over hot graphite. External precision of the isotope ratio pressures resulted in more rapid weight loss (Fig. 1), although
determinations is=0.1 and+0.3 per mil for5'%0 and$'’O, respec-  any difference that might have obtained between the rates of

tively. Accuracy is=0.1 per mil (Young and Rumble, 1993). . R _ 7
Run products exhibited reductions in grain size but sintering made free evaporation (109 bar) and evaporation in 2% 10" * bar

quantifying this effect difficult. In lieu of accurate grain-size statistics, Hz could not be distinguished. Variation of effective mean
the weight loss of each run was converted to an effective mean grain grain radii with time was essentially linear for all conditions
radiusr* with the expressiorx = 1 — (r*)*(r°)* wherex is the (e.g., Fig. 2). Nagahara et al. (1993) raised the possibility that
t;zigﬁgfl(%%gm).loss’ and” is the average grain size of the starting a0 cement of SiOevaporation rate might be the result of
amorphization at grain surfaces. Grains record no evidence for
reaction between residual Sji@nd H, within the =10 um
resolution of laser Raman microprobe spectroscopy (Fig. 3).
We report on evaporation of SiCcarried out under four Residues of free evaporation are substantially enriched in
different experimental conditions: (1) open-system to vacuum 0 and*’O relative t0*®O in mass-dependent fashion (Fig. 2,
(free evaporation), (2) open-system with an imposed dynamic Table 1). Enrichments are also evident in the products of
steady-state KHpressure of 2.7 10~7 bar, (3) open-system  evaporation in the presence of an ambieptgfessure of 2.7

3. RESULTS
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Fig. 1. Plot of percent weight loss vs. time (minutes) for all SiO
evaporation experiments. Solid dots are free-evaporation (Evac) data,
open dots are 2.X 10~ “ bar N, data, crosses are 2¥ 10/ bar H,
data, and triangles are 2 10 ° bar H, data. Dark grey curve is

best-fit to free-evaporation data. Light grey curves are best fits to
labelled data.

X 1077 bar. Higher pressures of both,Hand N, exhibit
negligible increases i*®0 and&*’O (Fig. 4). The data define

a negative correlation between rate of evaporation and magni-
tude of heavy isotope enrichment.
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Fig. 2. Plots of effective average grain raditsbased on an initial
radius of 100um vs. time (top) and*®0 (bottom) for free-evaporation
SiO, residues.
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Fig. 3. Normalized micro-Raman spectra of Sigrains evaporated
at 1600°C in C cells. Shown are the starting material (one atmosphere),
the center of a grain after substantial evaporation in vacuum (vacuum
center), the edge (within sevegain) of the grain evaporated in vacuum
(vacuum edge), the center of a grain evaporated in2I0 > bar H,
(center), and the edge (within sevegath) of the grain evaporated inH
gas (edge). Fuzziness and broadening in the top spectrum is an artifact
of interaction between the incident laser and the mounting medium.

4. DISCUSSION
4.1. Physical Model

The importance of volume diffusion as a limiting factor for
bulk isotope exchange between condensed phases and vapor
has been noted previously (Davis et al., 1990) as has the
contrast between diffusion-limited isotope fractionation and
Rayleigh fractionation (Esat, 1996; Nagahara and Ozawa,
1997). Although approximations have been put forth (e.g.,
Wang et al.,, 1993), a fully quantitative treatment of non-
Rayleigh, or diffusion-limited, fractionation has been lacking.
Results of such a treatment are presented here to explain the
oxygen isotope data collected in the present study as well as
light stable isotope data from other published experimental
results.

We have obtained both numerical and asymptotic analytical
solutions to the problem of isotopic fractionation at the moving
surface of a shrinking (or growing) sphere coupled with diffu-
sional transport within the sphere. Solutions to this moving-
boundary problem have not been published previously, and a
complete description is to be presented elsewhere. Below we
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Fig. 4. Plots of6*®0 against percent weight loss for Si@vaporated in vacuum (EVAC) and in dynamic steady-state
pressures of the indicated gas. Dark grey lines are model curves basedwaf Ar977 and3 corresponding to measured
rates of evaporation, average radius, and an oxygen diffusivity ok119~* cn? - sec *. Additional model curves are

for specified values op.

describe the equations comprising the model and pertinent cules as they leave the surface of the evaporating mineral grain.

numerical solutions.
SiO, evaporation is likely to have occurred by one of two
different reactions

SiO,(s) — SIO(v) + % O,(v) 1)

SiO\(s) — SIOyV) @

Evaporation by reaction 1 would produce the thermodynami-
cally stable gaseous species but would proceed with a signifi-
cant kinetic barrier (Hashimoto, 1990). Reaction 2 would yield
unstable gaseous Sj®ut is not hampered by a kinetic barrier
(Hashimoto, 1990). We show below that oxygen isotope frac-
tionation is unlikely to be different for the two reactions.

Evaporation gives rise to mass-dependent isotope fraction-
ation. The ratio of the rate of sublimation of the heavy isotope
to that of the lighter isotope is parameterized by the fraction-
ation factora

180 Clso
3 (@
QZTVZW (3)
(), (o)

wherec® andc*® are the concentrations (mol ¢rf) of %0
and*®0 for the solid (s) and vapor (v) phases. Alteration of the
concentrations of®0 and*®0 at grain surfaces drives diffu-
sion.

One method for estimating: is to assume that the rate
limiting step is the average velocity of the volatilizing mole-

In this case the mass dependence of vapor pressure dominates,
and the kinetic theory of gases yields

m
a =4[ (4)
wherem is the mass of the evaporating species adénotes
the heavy (rare) isotopomer of that species. Nonclassical effects
are excluded in reaction 4 as they have a negligible influence on
kinetic fractionation at high temperatures (i.e., above 1000 K).
In the case of reaction 2, the dominant fractionating isoto-
pomers are’®Sit0'®0 and 28Sit%0€0, yielding a value of
0.984 fora using Eq. 4 (the rare silicon isotop&sSi and3°Si
contribute less than 0.0001 toand are safely ignored in this
calculation).

The kinetic barrier to progress of reaction 1 can be regarded
in the context of transition state theory as resulting from the
energy required to form the activated complex $iO

SiOy(s) — SiO; — SiO(v) + % O,(v) 5)

The relative rates of translation of the activated complex away
from the mineral to form SiO and Ovapor will depend on the
mass of the complex. The value farfor reaction 1 is, there-
fore, the same as that for reaction 2.

Another method for estimating is to consider that the
rate-controlling step during evaporation is the breaking of Si-O
bonds in the solid Si@structure rather than the mean velocity
of the volatilizing molecules. The rate constanisec %) of
bond rupture can be described by the Arrhenius expression
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-E, Equation 11 includes the approximation
K=V exp( K ) (6)
T oo
wherek is Boltzmann’s constant, anl is temperature. Slater (W))v (c*®),
(1948) identifiedv with the frequency of reaction attempts and &= oty (™), (12)
the activation energ¥, with the kinetic barrier between the ((:TGO>
zero-point energy and the energy of the activated state in which s

bonds along the reaction coordinate are at critical extension. In sjnce 260 approximates total O. The error incurred by 12 is
the high temperature limit applicable in this study, differences pelow detection levels.

in nonclassical effects such as zero-point energies upon isotope  The problem is made more tractable by converting to non-

substitution are small in comparison wikT and can be ig-  dimensional variables where ° signifies the initial value of a
nored. The isotope fractionation factor is then superscripted parameter
k' ¢t r s
a=— = — 7 o = g = =
K v ) O TS Tt (s°)? (13)
Bigeleisen and Wolfsberg (1958) showed thratan be inter- and by applying two transformations of coordinates

preted as the frequency of vibration in the direction of bond
rupture (the reaction coordinate). In the absence of an atomic
dynamical model for the evaporation processnust be esti-
mated from measured shifts in vibrational modes with substi-

tution of *20 for 0. Frequency shifts in solid SiOcan be The first transformatio_n fror_m:’ to u is usual for spherical
used for this purpose because the rate-limiting step is likely to Problems. The second is attributed to Landau (1950) and allows
be associated with the first Si-O rupture when the structure is the moving boundary to be accommodated by scaling dimen-
still that of the reactant solid. High-frequency Si-O stretches Sionless radial distance to the time-dependent dimensionless
along Si-O-Si linkages offer the greatest opportunity for bond POsition of the surfacs’. _ _
rupture and isotopic shifts for these modes in quartz range from  After substitution of scaled variables and transforming to
0.956 to 0.966 (Sato and McMillan, 1987), suggesting that ~ coordinatesi andR, the diffusion Eq. 8 becomes
may have been as low as 0.96. ou ol au

For a spherical grain, diffusion dfO driven by a change in s?2-—=_——BRS -—-,0<R<1 (15)
c'® at the surface is described by the equation at R IR

’

r
u=r'c’ and R=§ (14)

and the surface boundary condition 11 becomes

9cteo <azc18° 2 gct

ot ar? +o ar),0<r<s(t) 8)
_ - _ _ Jr| Tu@-pBs(a—1) (16)

whereD is the diffusivity of oxygen (crisec %), r is the radial R=1

distance from the center of the sphere, &g is the time- where

dependent radial position of the sphere surface.

Mass balance obtains at the surface of the spherical grain

expressed as p=-8=-sg5 (17)
o Jj:: - Jlﬁ (9) Parameteig, the dimensionless rate of surface migration, is
evap i al

identified as the Peclet number for ablative and diffusive trans-

J:\%pin (9) is the evaporative flux dfO toward the vapor side ~ POrt.

of the interface],S is the diffusive flux of-20 in the solid, and

J.5is the ablative flux associated with motion of the interface. 4.2, Sio,
Fluxes are defined in terms of rate of ablatign,(dg/dt,

positive in the direction of increasing, and diffusivity Equations 15 and 16 together with the boundary condition
u = 0 atR = 0 were solved numerically using fully implicit

o 10 10 o 10 acg® finite difference with second-order accuracy in time. Radial
Jaon=C Sdae™ 7€ Sy = D profiles of §*°0, representing individual grains of a bulk SiO
':“”(10) sample, were integrated to obtain bwléO values at different

fractional weight losses for comparison with the experimental
Substitution of 10 into 9 yields the boundary condition pre- data. The free-evaporation Si@ata were fit by adjusting at
scribed by mass balance at the surface of the subliming spher-a prescribedr. The latter was varied between0.960, repre-

ical grain senting rate control by the frequency of Si-O stretching, and
~0.984, representing the classical vapor pressure effect as
acwo described above. The best-fit beta for= 0.960 is 37 while for
s 180 . - o
D o =c, (a—1)5 (12) a = 0.984 it is 15.

r=sit) An intermediatex value of 0.977 is consistent with previous
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kinetic calculations presented by Davis et al. (1990) and is used
here to construct curves of constghin Fig. 4. Curves repre-
senting B between 10 and 30 envelope most of the free-
evaporation data at this. The best fit is obtained witg = 20

(Fig. 4). The range i about the best fit is consistent with the
spread in starting material grain size. The necessary simplifying
assumption in the calculations that the ablating grains were
spherical contributes to scatter about the model curves. Scatter
at low weight loss extending below zerod°0 is larger than
analytical uncertainties and requires that some of the ranfe in
is also the result of inhomogeneity in the initial isotopic com-
positions of the starting materials.

The best-fi{3 for « = 0.977, together with the average radius
of the starting material (10@m) and the measured rate of
evaporation (3.75 10~ 8 cm/sec), defines an oxygen diffusiv-
ity of 1.9 X 10~ ** cm? - sec ™. This value for the diffusivity is
approximately ten times larger than the experimental value
determined by quartz-CQexchange at 100 bar (Sharp et al.,
1991) and a factor of 100 larger than the value obtained by
quartz-Q exchange at subatmospheric pressures (Dennis,
1984). Varyinga within reasonable limits has little affect on
the extracted value fdD. The range in expected values fer
(from 0.960 to 0.984) produces a corresponding spread in
best-fit B values of 22 and thus a factor of 2 variability n
The factor of 2 is small in comparison with the discrepancies in
experimentally-determined diffusivities. We note that extrapo-
lation of more than 400°C is required to compare the quartz
diffusivities with our cristobalite sublimation data, and this may
be partly to blame.

If the physical model described above is applicable to open-
system evaporation in general, one expects that the kinetic
and average grain size should yigddcurves that fit all of the
experimental data when the diffusivity defined by the free-
evaporation data is combined with the different measured rates
of evaporation. Curves obtained in this way are shown in dark
grey in Fig. 4. Satisfactory fits are obtained with the possible
exception of the 2.7< 10”7 H, data. In the latter case, the
expectedB is 16 while a value of 30 best fits the data. The
best-fit value is outside the range of 5-25 expected on the basis
of the variable grain size of the starting material. All else equal
a D value of 1.0x 107 cn? - sec * would be required to
obtain aB of 30 and thus fit the low-pressure,tdata. The
discrepancy between required diffusivities is similar for all
within the expected range of values. In view of the small
number of H runs, the difference between 2010 **and 1.9
X 10~ cm? - sec * for D is considered to be well within the
uncertainties of these experiments.

An apparent increase in best-ftfor the low-pressure H
runs could result from an increase inrelative to the free
evaporation experiments. Largarwould not be inconsistent
with the higher-pressure Hdata because of the negligible
isotope shifts exhibited by the latter. Variabée would be
difficult to explain in the context of Si-O vibrational control
over the relative rates of evaporation, especially as there is no
evidence for reaction between solid Si@nd H, in these
experiments (Fig. 3) that might modify the mineral structure
during evaporation. An increase i would more easily be
explained by evaporation of molecular species heavier than the
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Fig. 5. Comparison of experimental data for molten forsterite from
Davis et al. (1990) (data points) with model calculations for diffusion-
limited kinetic isotope fractionation (curves). Plot shows balO
(circles), 82°Mg (crosses with error bars), angf°Si (triangles) vs.
percent weight loss following evaporation from 1900 to 2050°C. Val-
ues fora and B used to generate curves are indicated.

products of free evaporation. Because the obvious products of
reaction between SiQand H,, SiO and HO, would shifta to
lower rather than higher values, we consider a shiftain
because of the presence of hydrogen gas unlikely. Lasger
values could also result from back reaction between vapor and
solid if the system were able to move toward a state of equi-
librium. However, significant deviation from kinetic fraction-
ation is also unlikely because of the dynamic flow conditions
and low pressures that obtained during these experiments (cf.
Nagahara and Ozawa, 1996).

4.3. Mg,Sio,

Non-Rayleigh kinetic fractionation can be used to explain
the silicon, magnesium, and oxygen isotope effects of molten
forsterite evaporation reported by Davis et al. (1990). Data for
53°si, 6°°Mg, and 6*20 are fit with purely kinetiax values of
0.984, 0.961, and 0.977 (see Davis et al. (1991) for derivation
of a values) angB of 1, 2, and 1, respectively (Fig. 5). Whereas
Davis et al. (1991) found that these kinetic fractionation factors
could not be used to fit their experimental data using a Rayleigh
fractionation model, Fig. 5 shows that they can explain the
observed fractionation when diffusion in the melt is considered.
Best-fit values foiB correspond to O and Si diffusivities of 5.0
X 1075 ¢ - sec * and an Mg diffusivity of 2.5< 107> cn@
sec’ when combined with the rate of evaporation
(1.69 X 10~* cm/sec) and the approximate diameter of the
molten charges as indicated by Davis et al. (1991) and refer-
ences therein (diameter taken to be 0.3 cm based on the volume
of sample and the assumption that the charge was in the form
of a sphere upon melting).

The plausibility of the physical model used to explain the
molten forsterite isotope data depends in part upon the reason-
ableness of the derived diffusivities. Eyring’s equation:

kT

RN

(18)
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is used to estimate expected diffusivities whérés Boltz- Laboratory for support as a postdoctoral fellow during the experimental
mann’s constant] is temperaturey is viscosity, and\ the phase of this study.

effective jump distance for the migrating species. Data pre-

sented by Wasserman et al. (1993) suggesgalues of 0.376 REFERENCES

nm for Mg and 0.310 for Si, representing twice the coordina-

tion radii for Mg-O and Si-O in the melt phase, respectively. A Bigeleisen J. and Wolfsberg M. (1958) Theoretical and experimental
A of 0.28 nm is appropriate for O based on its atomic diameter. ~ aspects of isotope effects in chemical kinetiédv. Chem. Physl,

At_ the tgmpe_ratgre of the evaporation experlments an appro- o ‘" '(1995) Timing is everythinVature 375, 1314,

priate viscosity is 0.0267 Pasec assuming the melt was  poss A (1993) Evolution of the solar nebula Il. Thermal structure

composed of 34.9% Si0and 65.1% MgO by weight (Urbain during nebula formationAstrophys. J417,351-367.
et al., 1982). With these values the calculated diffusivities are Chou C., Baedecker P. A., and Wasson J. T. (1976) Allende inclusions:
3.2 X 107° for Mg, 3.9 X 10~ ° for Si, and 4.3x 10 ° cn? - Volatile-element distribution and evidence for incomplete volatiliza-

1 . L L tion of presolar solidsGeochim. Cosmochim. Act, 85-94.
sec ~for O. In view of the uncertainties, the similarity between Clayton D. D. and Jin L. (1995) Origin of CAls and of their high

Eyring diffusivities and diffusivities required by the modeling aluminum-26 concentrationdeteoritics 30, 499—500.

is taken as evidence that pure kinetic fractionation at the Davis A. M., Hashimoto A., Clayton R. N., and Mayeda T. K. (1990)
surface of the molten forsterite combined with self diffusion of |3$f7tog§5mg§§ fractionation during evaporation of Bi@,. Nature
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