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Abstract—Single crystals of forsterite were evaporated in a vacuum furnace at temperatures of 1500—-1800°C
to study evaporation kinetics, magnesium isotopic fractionation, and magnesium diffusion in forsterite. The
evaporation of single crystal forsterite revealed that the evaporation process is kinetically hindered, in
agreement with the results of Hashimoto (1990) on polycrystalline forsterite. The activation energy of

forsterite evaporation obtained from this study is 628 kJ/mole. Forsterite can thus be much more refractory at
low temperatures than expected from thermodynamic predictions.

The evaporation of solid forsterite supports a model of isotopic fractionation under diffusion-controlled
conditions such that isotopic fractionation during the evaporation process is restricted to the vicinity of the
evaporating surface. The measured solid-gas fractionation factoigi>*Mg is smaller than the theoretical
prediction, suggesting more complicated gas speciation than a monatomic Mg gas. Diffusion coefficients of
forsterite at high temperature (1500-1800°C) were obtained based on measurement of isotopic profiles in the
evaporation residues. Mg diffusion in forsterite along its crystallograpfagis has a very high activation
energy (608 kJ/mole).Copyright © 1999 Elsevier Science Ltd

1. INTRODUCTION discrimination between evaporation and condensation evolu-
tion paths for the origin of CAls. During equilibrium conden-
Calcium-, aluminum-rich inclusions (CAls) in meteorites carry sation or evaporation processes, isotopic fractionation is very
important information on the physical and chemical conditions small for silicon, magnesium, and calcium, because the differ-
of the solar nebula. The process of evaporation has been showrence in isotopic partition function ratios for these elements
to play an important role in the formation of CAls (Kurat, 1970; between gas and condensed phase is extremely small at high
Tanaka and Masuda, 1973; Chou et al., 1976; Notsu et al., temperatures. However, heavy-isotope enrichment (up to a few
1978; Nagasawa and Onuma, 1979; Hashimoto et al., 1979; percent per amu) is found in magnesium, silicon, oxygen,
Lee et al., 1979, 1980; Hashimoto, 1983; Niederer and Papa- titanium, and calcium in CAls (Clayton et al., 1988). This
nastassiou, 1984; Clayton et al., 1988; Davis et al., 1990; enrichment results from the kinetic isotope effect between
Ireland et al., 1992). Among the metallic rock-forming ele- vapor and liquids or solids due to nonequilibrium evaporation
ments with more than one stable isotope (magnesium, silicon, of the precursor material (Davis et al., 1990). Thus, stable
calcium, titanium, chromium, iron, and nickel), isotopic frac- isotope fractionation effects can be used to distinguish between
tionation is small to immeasurable in ordinary chondrites, evaporation and condensation processes.
achondrites, and lunar and terrestrial rocks (except that silicon  Evaporation from a crystalline surface produces a kinetic
varies by about 3%c/amu in terrestrial materials, Tilles, 1961). isotope effect in which light isotopes of each evaporating
Large isotopic fractionation of these elements has been found species evaporate at a greater rate than heavy isotopes. The
in some CAls, and has been attributed to evaporation in the resulting heavy-isotope enrichment at the surface of the solid
solar nebula. then propagates into the crystal by diffusion. Thus, measure-
Hashimoto (1983) emphasized the kinetic aspects of evapo- ments of evaporation rates and of the isotopic diffusion profile
ration in order to characterize the rate-determining processesin the residual crystal can yield both the magnitude of the
for each of the major elements he studied (magnesium, silicon, fractionation effect and the diffusion coefficient for each ele-
aluminum, calcium, and iron). He found that use of the chem- ment. This paper describes the application of this method to
ical composition of the major elements alone did not allow magnesium isotopes in the evaporation of single-crystal for-
sterite (MgSiO,).
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Terrestrial Magnetism, Carnegie Institution of Washington, Washing- =~
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Hokkaido University, Kita-ku, Sapporo 060, Japan. residues were enriched in the heavy isotopes of silicon by about
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+1.1 to+1.8%0 per amu after 80% evaporation of the original AX) = (1 - a)(1—e™P), (1)
sample. Davis et al. (1990) studied residues from melts of

forsterite composition evaporated under vacuum and showedwhere A(x) is the isotopic composition of the mixed layer
that the isotopic compositions of the residues follow a Rayleigh extending from deptix to depthx + D, « is the isotopic
law with fractionation factors close to the inverse square-root fractionation factor between the vapor phase and the residual
of molecular masses. Davis et al. also showed that forsterite phase, and is the thickness of the mixed layer near the
evaporated from the solid state showed no measurable bulkevaporating surface. With the thickness of the mixed ldyer
isotopic fractionation effects. Wang et al. (1991, 1993) exam- unconstrained, it is very difficult to use this formula quantita-
ined magnesium isotope profiles in forsterite residues evapo- tively. A treatment of this problem, including diffusion control,
rated from the solid state and found that isotopic fractionation is given in Appendix A.

is a diffusion-controlled process during the evaporation of solid

forsterite (solid forsterite is a poorly mixed reservoir). Uyeda et

al. (1991) used a Rayleigh law to explain isotopic fractionation 1.2. Diffusion

in both residue and condensates by evaporating forsterite in the

solid state under vacuum. Using coarse-grained forsterite Diffusion plays an important role in controlling magnesium

(>200um) as the evaporation source, they found 8%aMg in isotopic fractionation during the evaporation of solid forsterite
the residues was enriched k8% even after two-thirds of the ~ (Wang et al,, 1991, 1993). There are four major mechanisms
initial mass had been evaporated. related to volume diffusion in a crystal (see Manning, 1974 for

details): (1) interchange of two neighboring atoms in the crystal
lattice (exchange mechanism); (2) moving of interstitial atoms
from one interstitial site to another (interstitial mechanism); (3)
movement of vacancies in the crystal structure (vacancy mech-
anism); and (4) pushing a normal lattice atom into an interstitial
site by replacing it with an interstitial atom (interstitialcy mech-
anism). Different mechanisms usually have different activation
energies and may control diffusion rates over different temper-
ature ranges. Buening and Buseck (1973) showed that iron-
magnesium interdiffusion in olivine changes at 1125°C to a
higher activation energy process, indicating more than one
diffusion mechanism. Another complication for the study of
diffusion is anisotropy of the crystal, such as Clark and Long
(1971) observed for nickel diffusion in olivine (5. The
chemical diffusion coefficient of nickel in olivine is an order of
magnitude greater along tieeaxis than along tha- andb-axes
over the temperature range 1149-1234°C. They found that this
i ) = ) . anisotropy in diffusion coefficients decreases with increasing
sterite under close to free evaporation conditions u;lng a high temperature. Anisotropy in diffusion was also detected for
temperature vacuum furnace, and found that Mg,.%0d O .51 nagnesium interdiffusion in olivine (Buening and Buseck,
(or O,) are the rate-determining gas species during forsterite 1973y norioka (1980) observed similar anisotropy of cobalt-
evaporation. He also pointed out that at 1700°C,.819,  magnesium interdiffusion in olivine. Chakraborty et al. (1994)
evaporates about one-tenth as fast as predicted from equilib- aasured the self-diffusion of Mg in synthetic single crystal
rium thermodynamics with no kinetic barriers impeding the forsterite from 1000 to 1300°C and found that at 1100°C,
process. As the result of this kinetic effect, MO, may diffusion along thec-axis is four times faster than along the
evaporate at the same rate as an intrinsically more refractory 5_axis and six times faster than along theaxis. They also
material. Wang et al. (1993) reported the evaporation kinetics fond the diffusion coefficient to be only a weak function of
of single crystal forsterite instead of polycrystalline forsterite as oxygen fugacity at 1100°C. The anisotropy of oxygen diffusion
Hashimoto (1990), Davis et al. (1990) and Wang et al. (1991) i, forsterite is very small to almost undetectable, within exper-
had used. As the effective surface area of the polycrystalline jmental resolution (Jaoul et al., 1983). Our knowledge of mag-
forsterite is very difficult to determine accurately, the single npesjum diffusion in forsterite is rather limited and spans a
crystal study provides a more accurate measurement of therelatively narrow temperature range (Hallwig et al., 1980; Mo-
forsterite evaporation kinetics. rioka, 1981; Chakraborty et al., 1994).

Both Rees (1969) and Eberhardt et al. (1964) measured |n this study, we present measurements of magnesium iso-
isotope ratios as a function of time in a thermal ionization mass tope fractionation occurring in the irreversible evaporation of
spectrometer. These data show an initial increase in the ratio of single-crystal forsterite. The experimental results obtained are:
the heavy to light isotopes, followed by a relatively long flat (1) the evaporation rate as a function of temperature, (2) the
period and another increase as the sample on the filamentself-diffusion coefficient of magnesium in forsterite as a func-
diminishes. Eberhardt et al. (1964) pointed out that the initial tion of temperature, and (3) the isotopic fractionation factor of
enrichment of isotope ratios was not understood. Rees (1969) the evaporation process. These data permit determination of the
derived the following equation to describe this isotopic frac- molecular speciation of the vapor in the rate-controlling step.
tionation: The diffusion coefficients apply at higher temperatures than

Previous investigations showed that forsterite evaporates
congruently (the chemical composition of the residue remains
the same) both from the solid and the liquid state under either
equilibrium or kinetic conditions (Mysen and Kushiro, 1988;
Nagahara et al., 1988; Hashimoto, 1990; Nagahara and Ozawa
1996). Mysen and Kushiro (1988) measured the equilibrium
vapor pressure of forsterite under different oxygen fugacities
by the Knudsen method. They found that the evaporation rate
of forsterite is independent of oxygen fugacity within experi-
mental error. Nagahara et al. (1994) remeasured the vapor
pressure of forsterite using the same experimental setup as
Mysen and Kushiro (1988) and obtained the enthalpy and
entropy of evaporation of forsterite. Using their equilibrium
phase relations, they explained that the difference in the origin
of type IA (Fe-poor) and type Il (Fe-rich) chondrules was due
to their formation at different olivine gas pressures. Hashimoto
(1990) examined evaporation kinetics of polycrystalline for-
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those measured previously, and are important for terrestrial
mantle processes.

2. EXPERIMENTAL AND ANALYTICAL METHODS

2.1. Vacuum Furnace

955

fraction of the gas that collides with the sample after evaporation and
will be defined as collision factoR.. R, is thus an indicator of
reprecipitation. Although Eg. 4 is based on the thermodynamic equi-
librium pressureP,, P, can be replaced by any other kind of pressure
that reflects the evaporation rate. Eq. 4, with the substitutidR.dbr

P;/P,, can be used to study the reprecipitation for any kind of kinetic
evaporation process. Steady state will be reached when the evacuation

The evaporation experiments were conducted in a vacuum furnace rate equals the evaporation rate. For all of our evaporation experiments,

designed and built by Akihiko Hashimoto at the Harvard-Smithsonian
Astrophysical Observatory (Hashimoto, 1990) and now located at the
University of Chicago. The furnace chamber is cylindrical, with a

height of 46 cm and a diameter of 36 cm. In the center is a pair of

vertically mounted hemicylindrical tungsten mesh resistance heaters
(about 15 cm high and 2.5 cm in diameter). Outside the heaters is a
seven-layer, tungsten-molybdenum thermal radiation shield to keep the

hot zone at a uniform temperature, surrounded by a water-cooled
stainless steel insulator. Five hole2 cm in diameter on the top,
bottom, front and two sides of the radiation shield allow the efficient

steady state should be reached in a few seconds. At steady Rtate,
becomes maximum and is shownTf, = T, = T is assumed for

simplicity:
Rgleadyz RT é
2nM F °

ThusRS*®a%is 0.09A (A in cn?), assuming that the pressure of the
evaporating material in the main vacuum chamber is zero. Since the
temperature of the gas leaving the shield is lower than the temperature

Q)

evacuation of the vapor generated from the sample during the evapo- ©f the sample, this calculateg'**®sets the upper limit oR;. This

ration process. The furnace is equipped with a 260 litér Welch
turbomolecular pump and can maintain a pressure &f 10 ° Torr
with the furnace at 2500°C. Two W4W-,Re,¢ thermocouples about

15 mm apart were used to measure the temperature of the hot zone in

means that>90% of the vapor produced during the evaporation will
never come back to collide with the sample with a surface area of 1
cn?

the furnace. The heating process was programmed and controlled2.2. Evaporation Procedures

automatically with a Eurotherm 818 temperature control system using
one of the thermocouples. A one-color Pyro microoptical pyrometer

Dr. Robert C. Morris of Allied Signal Corp. provided a large piece

was also used occasionally to measure the temperature by aiming at theof forsterite single crystal (with Co/(Ce- Mg) = 0.001) for the

inside bottom of a graphite tube open at one end (15 mm long, 12 mm

evaporation experiments. The crystal was sliced into diskO(mm in

deep, 2 mm inside diameter) mounted between the two thermocouples. diameter and 1 mm thick) perpendicular to thexis of the crystal and

The estimated accuracy of temperature measurement3iC. The
vertical variation of temperature in the center of the furnace is esti-
mated to be<5°C within 10 mm of the thermocouples. The sample was
placed about 5 mm above the graphite tube and the thermocouples.
The gas evacuation rate from the sample vicinity (inside the radiation
shield) to the main vacuum chamber can be calculated from gas flow

polished on both surfaces. Forsterite chips were hung in the center of
the heater~5 mm above the thermocouple by means of a three-leg
tungsten or iridium wire hanger. After the sample was loaded in the
furnace, the furnace chamber was evacuated and baked at 120°C for
2-3 h. Overnight pumping reduced the pressure in the furnace to about
5 X 10 7 Torr. Heating rates of 20°C mirt initially and 100°C min*

theories (see Dushman, 1961 for details). For an ideal gas under thelater were used to keep the furnace under desired vacuum. When the

molecular flow condition (in which the Knudsen number, the ratio of
the mean free path to the dimension of the gas flow channellJsthe
conductance of a short cylindrical tube can be obtained from the

following equation:
RT
2aM’

whered is the diameter and the length of the tubeR is the gas
constant,T the absolute temperature, aiWtlthe molecular weight of

wd®

T 4d+ 3l

F @)

prescribed duration of the evaporation at specified temperature was
reached, the heater power was turned off to quench the reaction. The
radiation cooling rate of the furnace 3s200°C min * during the first

3 min of cooling from 1750°C.

A total of 23 evaporation runs were performed at temperatures from
1500 to 1800°C with different degrees of evaporation in the vacuum
furnace. Of these, 17 were sufficiently free of surface irregularities to
be used for determination of evaporation rates; 13 specimens were used
for measurement of isotopic profiles. The weight and the surface area
of each chip were measured before and after the evaporation run to

the flowing gas (after Dushman, 1961). The calculated gas conductancedetermine the evaporation rate. The weight measurement was accurate

of the Hashimoto furnace configurationd§.6\/T/M liter s, where
T is in Kelvin andM in g mole *. The number of gas molecules of the

within 0.1 mg. The shapes of the forsterite chip were not regular (some
edges were curved, some were quadrilateral polygons and others tri-

evaporating sample (assuming a single species for simplicity) inside the angles). The accuracy of determination of the total surface area was

radiation shield is controlled by both the rate of evacuation of the gas
through the holes in the shield and the rate of evaporation of the

within a few square millimeters<(1% relative). The average surface
area was determined from measurements before and after evaporation

sample. If the sample gas pressure outside the radiation shield is and corrected for the change of surface area with time.
assumed to be zero and the sample is assumed to be evaporating at its The experimental conditions and the evaporation results are summa-

maximum rate, the following formula gives the rate of accumulation of
the sample gas molecules inside the shield:

dn_ P.A FP; 3
dt  \2#RMT, RT,’ ®)
whereP, is the thermodynamic equilibrium gas pressure of the sample
at temperaturd ¢ with surface are@ and molecular weighl, F the

gas conductance (from inside the radiation shield to outside the cooling
water jacket),P; the sample gas pressure inside the shield (assumed
uniform) andT,, the gas temperature. Using the ideal gas law to relate
nto P;, V (volume inside the shield), antj,, Eq. 3 can be integrated

and yields:
3 R AT,
~ \2mMT, F

P

Pe

(1 _ ef(Fl\l)t)_

4)

rized in Table 1. The samples were weighed with a precision @fL

mg; the weighing error should caus&% error in the evaporation rate
(except for FS13 with 4%, which was not included in the final result).
The estimate of surface area by assuming a perfectly flat surface is
accurate ta=3 mn?. This could introduce an error of 0.6-3.5% to the
calculation of the evaporation rate.

2.3. Mg Isotopic Analysis of Forsterite Residues

A modified AEI IM-20 ion microprobe (Banner and Stimpson, 1974;
Scatena-Wachel, 1986) was used to measure magnesium isotopic com-
positions in the evaporation residues. The primary beam of 20 keV
%0~ ions was focused to a 1@m spot. Secondary ions were mass
analyzed at a resolutiorM/AM) of 300, as there are no significant
isobaric interferences at/e = 24, 25, or 26 (except for hydrides; see
below). Isotopic abundances were determined by ion counting; typical
24Mg count rates were-5 X 10° counts §*; the system deadtime was

The sample surface area has been assumed to be constant, which shoul@2 ns, and background was 0.02 count$.s

not be too critical if the average surface area is uge(P, is the

Sections perpendicular to the evaporating surface of the residues



956 J. Wang et al.

Table 1. Summary of single crystal forsterite evaporation experiments.

Temperature Duration Initial Final Percent Surface area Evaporation rate

Run # (°C) (h) wt. (g) wt. (g) evaporated (cn?) (mole cm 2 s
FS13 1500 24 0.0904 0.0880 2.65 0.880 240710
FS14 1500 48 0.1833 0.1780 2.89 1.562 2400 *°
FS15 1500 96 0.1824 0.1717 5.87 1.643 1340 1°
FS6 1600 16 0.3825 0.3580 6.41 2.475 1220°°
FS26 1600 24 0.2827 0.2566 9.23 2.222 2660 1°
FS7 1600 32 0.3497 0.3105 11.21 2.105 1450°°
FS16 1600 32 0.1756 0.1428 18.68 1.635 2240°
FS22 1680 12 0.1975 0.1322 33.06 1.709 6290 °
FS23 1680 24 0.1725 0.0611 64.58 1.471 6280 °
FS21 1750 3 0.0882 0.0561 36.39 0.862 24808
FS24 1750 5 0.1713 0.0904 47.23 1.389 23008
FS18 1750 8 0.1316 0.0241 81.69 1.088 24408
FS10 1800 1 0.4154 0.3400 18.15 2.389 623078
FS20 1800 1 0.0903 0.0613 32.12 0.930 61860 °
FS25 1800 2 0.1654 0.0905 45.28 1.320 56008
FS11 1800 3 0.3123 0.1381 55.78 1.909 6:000 8
FS12 1800 4.5 0.5108 0.1548 69.69 2.678 5880 8

were mounted in epoxy and polished for electron microprobe and ion perature or from the combination of errors in the weighing and
microprobe analysis. Electron microprobe profiles witprh spacing the surface area determination. The actual uncertainty is prob-

did not show any measurable variations in the Mg/Si ratio across entire
sections. Detailed ion microprobe determination of magnesium isotopic ably larger due to crystal surface defects that we are unable to

compositions across these sections did not reveal any isotopic fraction- 85S€ss. For future experiments on kinetic evaporation of solid
ation profiles or systematic changes. Because of the limited spatial materials, it is important to anneal the sample to remove these

resolution of the ion microprobex10 um) it was impossible to detect  syrface defects before conducting the evaporation experiments,

the isotopic profile associated with the fractionation at the evaporating : . } S
surface in cross-section sample mounts. so that more accurate information on the evaporation kinetics

In order to improve spatial resolution, magnesium isotopic profiles €an be obtained. The results of the evaporation of polycrystal-
perpendicular to the evaporating surfaces of the residues were mea-line forsterite (extrapolated to the present temperatures from
sured by depth profiling with the ion microprobe. The primary beam  the fit to the data of Hashimoto, 1990) are also listed in Table

was rastered over an area ofL00 X 100 um with an intensity of - : .
3035 nA. In order to obtain a depth profile of only the central, 3 for comparison. To better illustrate these results, Fig. 1 shows

flat-bottomed area of the rastered pit, a digital aperture was used to the variation of the evaporation rates with temperature. All of
collect signal from the central 52% or 25% of the total rastered area. the measured evaporation rates for single crystal forsterite are
This procedure is necessary to ensure correspondence between thggwer than those measured by Hashimoto (1990), especially at

depth _and the isotopic d_ata coIIect(_ed. In each ‘measurement, signalloWer temperatures (Fig. 1). The ratio of the evaporation rate of
collection was begun 2 min after turning on the primary beam to allow e

the Mg" signal to stabilize. Each measurement of 500~1000 cycles the single crystal forsterite to that of the polycrystalline for-
through?®Mg, 2*Mg, and2*Mg took 5-7 h and sampled the rastered sterite (relative to the fit to the data of Hashimoto, 1990) ranges
area to a depth of-10 um. Depth profiles of single-crystal forsterite  from 0.61 at 1500°C to 0.85 at 1800°C (Table 3). This discrep-

starting material were measured before and after each isotope profile of o\ js annarently the result of an underestimate of the surface
aresidue in order to standardize the results and correct for instrumental

drift. Several analyses of forsterite starting material show a constant @réa in the evaporation of the polycrystalline forsterite. Scan-

magnesium isotopic composition with depth (or timnéMg/?*Mg and ning electron microscopy (SEM) study of the evaporation res-
*Mg/>*Mg ratios are measured with S'm”a;gem_s'onv Bang/*“Mg idues of polycrystalline forsterite indicates that these residues
ratios have t;itter precision on a %o/lamu basislg is also potentially are rather porous and that the porosity (and surface area)
subject to a**MgH interference. For these reasons, we report only o . . .

26Mg profiles. decreases with increasing evaporation temperature. This agrees

The depth of each rastered pit was measured using a Sloan DEKTAK with our observation that evaporation rates of single crystal
surface profiler with a precision of0.1 um. Several depth profiles  forsterite and polycrystalline forsterite deviate more from one

across the crater perpendicular to both edges were obtained. The demh&mother at lower temperatures (Table 3 and Fig. 1). Nagahara
used in the diffusion coefficient calculation is the average of these e

; —o
different profiled depths. Each pit was also checked to see if it had a flat nd Ozawa (1996) report.ed an evaporation rate o0& 10 _
bottom. Those pits that did not have a flat bottom were not used. To mole cm 2 s™* for forsterite at 1700°C under vacuum, which

correlate the isotopic composition with depth, the sputtering rate was is about 25% less than that interpolated from our experiments
assumed to be linearly proportional to g counts. The fluctuation (9.30 = 0.46 X 102 mole cni 2 571)

of the primary beam intensity can thus be corrected. The results of all

acceptableéd?®Mg profiles are listed in Table 2. Thermodynamic data can be used to calculate the equilib-

rium partial pressures of different gas species above forsterite
3. RESULTS AND DISCUSSION as a function of temperature. From the equilibrium partial
pressures, the rates of impingement of these gas species on a
surface can be obtained using Eq. Al (see Appendix A).
The average evaporation rate of synthetic forsterite at each Following Hashimoto (1990), the overall maximum evapora-
temperature is listed in Table 3. The error is estimated either tion rate, J,, is calculated from the partial pressures of all
from the standard deviation of repeated runs at the same tem-possible species that can coexist with forsterite. For the tem-

3.1. Forsterite Evaporation Kinetics
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Table 2. Results from magnesium isotopic profiles.

T Depth D

Analysis # (°C) () —v/iD In(1000@ — 1)) (cn? s7Y a

FS15UA 1500 7.01 —0.346 3.26 1.6% 10712 1.0259
FS5BA1 1600 9.06 —-0.341 3.36 1.6x 10"t 1.0287
FS5TA1 1600 8.39 —0.355 3.34 1.55¢ 107 1.0282
FS6BA1 1600 7.34 —-0.341 3.39 1.6x 10"t 1.0297
FS6TA1 1600 7.03 —0.380 3.21 1.45¢ 107 1.0247
FS6BB 1600 7.07 —0.417 3.35 1.3x 10 ** 1.0285
FS6TB 1600 8.19 —0.580 3.33 9.4% 107 %2 1.0279
FS7TB2 1600 9.93 —0.449 3.39 1.2x 1071 1.0296
FS7TB3 1600 8.44 —0.476 3.31 1.15¢ 107 1.0274
FS7TD 1600 9.29 —0.367 3.29 1.5 1071 1.0268
FS7BB 1600 7.54 —0.541 3.24 1.0« 107 1.0255
FS16UB 1600 6.57 —0.433 3.44 1.2% 107 1.0311
FS2BA1 1750 7.34 -0.325 3.45 3.2% 107%° 1.0315
FS2TA1 1750 7.85 —0.339 3.41 3.0%x 10°t° 1.0303
FS2BB 1750 8.09 —-0.415 3.59 2.5% 10t 1.0362
FS2TB 1750 8.47 —0.336 3.56 3.1x% 10°t° 1.0352
FS3BA1 1750 7.59 —0.286 3.43 3.66< 1071 1.0308
FS3TAL 1750 8.28 —-0.333 3.36 3.15¢ 107 *° 1.0288
FS3TA2 1750 8.09 -0.322 3.43 3.26< 107%° 1.0308
FS3BB 1750 6.99 —0.455 3.45 2.31x 10 *° 1.0315
FS4BB1 1750 7.81 —0.380 3.57 2.76< 107t 1.0355
FS18UA 1750 6.29 -0.331 3.40 31K 10 1.0301
FS21UA 1750 6.21 —0.457 3.32 2.30x 107t 1.0275
FS10BA2 1800 9.36 —-0.461 3.32 553 10 *° 1.0278
FS10TAL 1800 7.66 —0.387 3.34 6.58& 10t 1.0283
FS10TA2 1800 9.64 —0.466 3.17 5.48 10t 1.0239
FS19UB 1800 7.76 —0.359 3.46 7.1x 107t 1.0319
FS20UA 1800 6.26 —0.484 3.34 5.26< 10 *° 1.0282

perature range in this work and using the thermodynamic data lated from thermodynamic data for specific reactions; we have

of Chase et al. (1985), the only species with significant calcu- done so for the ones listed below:

lated partial pressures are Mg MgO,q),, SiOgy, SiOy ) Oy ) _

and Oy, For example, at 2000 K (1727°C), the total equilib- (1) MG2SiOssoia) = 2 MG(gas) + SiOsgas) + 2 Ogas

rium vapor pressure above forsterite is 577.0° ¢ bar, with . .

the following partial pressure®),,, 2.38 X 10~ ° bar; Py4o, (n Mg 2SiO4(soiq) = 2 MG(gas) + SiOz(gas) + Oz(gas)

1.34 X 10 8 bar; Pg,o, 1.18 X 10 © bar; Pg;ny 1.71x 108 . .

bar; Por 7.88X% 10757'Obar; and?’oz, 1.39% ]_S(I)?% bar. S&g) was (”I) 2 Mg 28|o4(solid)_) 4 Mg(9a5)+ 2 Slquas) +3 Oz(gas).

also calculated, but its partial pressure is only 8680~ *° bar (Iv)

at 2000 K. These partial pressures correspond to collision rates

of 4.7737>< 10 7, 2.06 % }9‘9, 1.74>i210:z, 2.16x 109, 1.93 V) M3,SiOysolicy = 2 MQ(gas) + Siigas) + 2 Oo(gas)

X 1077, and 2.40x 10” " mole cm = s~ for Mg g, MgOy,

SiOgy SiOy gy O and Oy, respectively. The reversal of the This list is not exhaustive, but represents a range of plausible

evaporation reaction is the condensation reaction. The conden-reaction products, which must be compatible with both the

sation coefficientn. is defined as the ratio of the observed observed overall evaporation rate and the isotopic fractionation

condensation rate to the collision rate. If only condensation on factors.

a forsterite substrate is considered, rather than condensation in  Using these maximum evaporation rates, the forsterite evap-

the gas phase, then the gas species with the slowest impinge-oration coefficientsn,, defined as the ratio of the observed

ment rate in terms of stoichiometric proportion sets the upper evaporation rateJ,) to the maximum possible rate{ or J.)

limit to this collision rate (and the maximum condensation of evaporation at equilibrium vapor pressure, were obtained

rate). For the calculation above, the total impingement rates of and are listed in Table 3. Henceforth, we will refer to those

Mg-, Si-, and O-bearing species are 4430 7, 1.76X 10 7, relative to the overall maximum evaporation rate as overall

and 8.53x 10 “ mole cmi 2 s~ . However, a forsterite mol- evaporation coefficients and those for a specific reaction as

ecule needs 4 atoms of O, 2 atoms of Mg and one Si atom, so specific evaporation coefficients. Thesgg provide two kinds

the overall maximum condensation rate is controlled by Si- of information: (1) any evaporation reaction witfy >1 is not

bearing gas phase species at 2000 K and is X.7® * mole allowed, from the definition ofy,; (2) the smaller they,, the

cm~? s~ At equilibrium the condensation rate and the evap- greater the kinetic hindrance of the reaction. The overall max-

oration rate must be equal by definition. Hence the overall imum possible evaporation ratel) as well as maximum

maximum evaporation ratd,, is identical to the overall max-  evaporation ratesJ_ ) for the five specific forsterite evapora-

imum condensation rate. tion reactions are also plotted in Fig. 1 to illustrate these two
Specific maximum evaporation ratek,, can also be calcu- points. These data help in understanding which evaporation

Mg ZSiO4(solid) -2 Mgo(gas) + Sio(gas) + O(gas)'v
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Table 3. Evaporation parameters for synthetic single crystal forsterite.

Temperature (°C) 1500 1600 1680 1750 1800
Evaporation rate (mole cnf s %)
This study 1.4+ 0.1x 101 1.1+0.1x10°° 6.3+0.1x10°° 24+0.1x10°8 6.0+x0.1x 108
Hashimoto* 2.25< 10 1% 1.96 x 10°° 8.70x 10 % 3.02x 10°% 6.89x 1078
Ratio 0.61 0.61 0.72 0.79 0.85
‘YV
J /e 0.038 0.053 0.074 0.097 0.12
NVARE() 0.15 0.20 0.28 0.35 0.42
AWARE(D) 0.12 0.16 0.21 0.27 0.32
J/Jc () 0.042 0.058 0.081 0.11 0.13
JJ3e (V) 1.1 1.1 1.3 1.4 1.4
JJ/Je (V) 3.2 3.6 4.3 4.9 5.5
J% (mole
E, (kJ mole ) cm ?sh)
This study 628+ 16 3.9x 1¢°
Hashimoto* 584+ 28 3.6x 107
Ryerson et al. (1989) 600 not available
Equilibrium (overall) 503 2.4 1P
I 514 1.3x 1¢°
I 517 2.0% 1¢°
1] 503 2.1Xx 10°
v 594 3.8% 10’
\% 563 1.6x 1¢°
* extrapolated, interpolated or fit from the data of Hashimoto (1990) for solid forsterite.
I: MgZSiO4(solid) - 2Mg(gas) + Sioz(gas) + 2O(gas)
I Mg ZSiO4(solid) - 2Mg(gas) + Sioz(gas) + oz(gas)
H1: 2Mg5Si0, soiidy = 4MUgas) + 2S10gas) T 305(gas)
IV: M@ ,SiOsoiiay = 2MJOgas) T SiOgasy T Ofgas)
V: MgZSiOA(soIid) g 2Mg(gas) + Si(gas) + 2Oz(gaxs)
reaction is involved (or is more likely to occur) in an experi-
mental (or natural) process. Since the evaporation rate of for- Temperature (°C)
sterite is much higher than the maximum rate calculated from 1800 1700 1600 1500
the equilibrium thermodynamic datay.{ > 1) for evaporation -6 ' ' ' ' .
reaction V, the possibility of this reaction can be excluded for O Hashimoto (1990)
the forsterite evaporation. The overall maximum evaporation . 0O This work
rate, which by definition produces the most stable products, is __ 7| ‘”‘3::; )
much greater than that experimentally determingg << 1); Tw \\@' i
reaction Ill has a specific maximum evaporation rate that is o . .
nearly as high. Reaction Ill must be kinetically hindered. At g '
this time it is not certain whether reaction Iil is kinetically = e NN AN
restricted so as to explain the small evaporation rate determined g S N N
by the experiments or reaction Il is so hindered that it does not é ) e RN
contribute to the total evaporation rate (Hashimoto, 1990). For — -9 — e '8:\ ‘5~:::\’ .
evaporation reaction 1V, almost all the experimental values are 3 BN () ~9 RS
higher than the theoretical calculationg,(> 1), butn, is too - () \._\_
close to one, especially at lower temperatures, to allow conclu- T R— ) L
sive rejection of this possibility. For vacuum evaporation of e 3T (V) RN
pure MgO (periclase), Hashimoto (1990) obtained an evapora- (V) h
tion rate that was approximately one-third of the overall max- . ° , , ; . N
imum evaporation rate but was larger byl order of magni- 4.8 5.0 5.2 5.4 5.6 5.8
tude than the rate expected if MgQ,, were involved in the 10000/T

specific evaporation reaction. From this result, he concluded

that the major magnesium-bearing species wa This
) g g sp QQMQ vacuum versus temperatur€ in Kelvin) compared with that of poly-

result is not lnconSISter!t with the presence of MgQjin the. crystalline forsterite (Hashimoto, 1990). The evaporation rates of five
vapor phase, although its abundance should not be as high agsssible evaporation reactions calculated from the thermodynamic data
that of Mgy,s, As will be discussed in the application of the  of Chase et al. (1985) are shown for reference.

Fig. 1. Evaporation rate of synthetic single crystal forsteri i
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magnesium isotopic fractionation factor to determine the evap- T T T T T T
orating gas species, MgQ),may be involved in the evapora- 3o+ @ FS16UB (1600°C, 32 hours) -
tion process. Alternatively, the specific maximum evaporation O Unevaporated

rates predicted from reactions | and Il are highgy € 1) and

closer to the experimentally obtained rates. This suggests that ¢ é )
these two reactions are more likely to be the dominant evapo- *
ration modes, as Hashimoto (1990) proposed. Information 20 -

about evaporating gas species is also provided by the study of
the isotopic fractionation during the evaporation process (Wang
et al., 1993, 1994a,b,c) as will be discussed later.

?
§§§Q _

52°Mg (%o)

The temperature dependence of the evaporation dgjecéin é
be described by the Arrhenius relation: 10- §. ) 7
([ J ‘

3,= 3o ®) 5l ° 0Q+ FRCH boo
whereJ, is the preexponential evaporation rate ddis the é.
activation energy of the evaporation. For the evaporation of Oééééo 0506 1 Q(}(%%){Jé) ]
single crystal forsterite between 1500 and 1800°C, the activa- . 0] ?@ @I ?.‘3
tion energy is 628- 16 kJ/mole and, is 3.9 10° mole cm 2 0 1 2 3 4 é é
s ! (Table 3). Also listed in Table 3 for comparison &fg Depth (um)

(584 = 28 kJ/mole) and], (3.6 X 10” mole cm? s %)
calculated from the results of polycrystalline forsterite evapo-  Fig. 2. The4*°Mg of a forsterite evaporation residue versus depth
aton of Hashimato (1990). Ryerson et al (1969)neated syn- [ 1% Weboretis e, T iovporee (e o
thetic forsterite in a gas mixture of 5%,Hand 95% Ar at : 5 :
1300°C and a total pressure of 50 kPa to study the evaporative run FS16 residue (1600°C, 32 h).
loss of forsterite. Combined with the result of Durham et al.
(1979) for similar experiments at 1700 and 1750°C, Ryerson et
al. (1989) obtained an activation energy of 600 kJ mole\ll
these experimental values are in good agreement with each
other in terms of the activation energy, but are higher than the
theoretical calculation (503 kJ/mole) for the maximum evapo-
ration rate (Table 3). This indicates that there is some kinetic
hindrance to the forsterite evaporation procegs € 1) and
that this hindranced,) is temperature-dependent.

If forsterite evaporates to the most thermodynamically stable |
species, then

beam of 60 nA) ist1.3%o (1o). Also plotted on the diagram is
the 8°°Mg profile in the residue of forsterite evaporated at
1600°C for 32 h. All evaporation experiments except FS13 and
FS14 were long enough and the chips of the forsterite were
thick enough that steady-state isotope profiles were produced
near the evaporating surface and the magnesium isotopic com-
position of the inner portion of the residue was not disturbed.
According to the model discussed in Appendix A, by plotting
n 8?®Mg (relative to the starting material) versus depth from
the evaporating surface, the diffusion coefficient for Mg can be
n, = 161.8X g 124846RT @) obtained from the slope<{v/D), and the isotopic fractionation
factor of magnesium between solid forsterite and its gas phase
With this equation, the deviation of the forsterite evaporation species from the intercept (In 10@0¢ 1)). Figure 3 is one
rate from thermodynamic predictions for lower temperatures such plot, from the profile collected from forsterite residue FS2
can be calculated. At 1400°g, is 0.012, i.e., forsterite evap-  (1750°C for 1 h). The inferred values of the diffusion coeffi-
orates at about 1% of the rate expected from the thermody- cient and Mg isotopic fractionation factor for each evaporation
namic calculation assuming equilibrium evaporation and with experiment are given in Table 2 and the averages at each
no kinetic barrier {j, = 1). Evaporation results of this study  temperature are given in Table 4. The uncertainty given is the
confirm that forsterite is much more refractory under kinetic one sigma standard deviation among different analyses.
evaporation conditions than expected from thermodynamic  Figure 4 shows the temperature dependence of the diffusion
considerations alone, in agreement with Hashimoto’s analysis coefficient of Mg in forsterite along the-axis. TheD, andE
(1990). The study of evaporation kinetics thus not only pro- deduced from this plot are 1.32 10° cn? s™* and 608 kJ
vides a time scale for chemical fractionation in the early solar mole™?, respectively, for the temperature range of 1500 to
nebula but also gives new meaning to the term “refractory”. 1800°C (Table 4). These results are slightly different from our
Evaporation kinetics must be taken into account when studying early report of 5.23< 10° cn? s~ * and 630 kJ mole* (Wang
chemical and isotopic fractionation between gas and a con- et al., 1993) due to the previous inclusion of data from non-
densed phase. flat-bottom ion-sputtered craters. Morioka (1981) reported val-
ues of 1.54x 10° cn? s~* and 444 kJ mole* for 1300—
1400°C for magnesium diffusion in forsterite along thaxis.
Hallwig et al. (1980) reported values of 2.14 €81 * and 366
Figure 2 shows one of th6**Mg profiles obtained from kJ mole * for 1100-1425°C for magnesium diffusion in for-
unevaporated forsterite. Each point in the diagram is the aver- sterite. Chakraborty et al. (1994) reported values of 9.6m
age of five scans. The standard deviation for this whole set of and 400+ 60 kJ molg* for 1000—1300°C for magnesium
20 data points (100 scans collected for 5.5 h with a primary diffusion in forsterite along the-axis at an oxygen fugacity of

3.2. Mg Diffusion and Mg Isotopic Fractionation
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35F . . , . . ] Temperature (°C)
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Fig. 3. Plot of Ir5?®Mg versus the distance from the evaporating 50 55 6'.?0008'/51- 70 &

surface. From the linear fit to the data, the diffusion coefficient of
magnesium in the synthetic forsterite along #iaxis was found to be
3.23 X 1071° cn? s7! and the fractionation factor fof®Mg/>*Mg
between the forsterite crystal and the evaporating gas, 1.0315. The
fitting coefficient to the data is 0.994.

Fig. 4. Plot of magnesium diffusion coefficient alomgaxis in
forsterite versus temperature. The line is a linear fit to the data which
gives an activation energye() for the magnesium diffusion of 608
+ I?O kJ mole * and a preexponential quantitipg) of 1.32x 10° cm?

s

10~ *2atm. They also found that at 1100°C the diffusivity along
the c-axis was four times faster than along th@xis and six pically normal crystal of MgSiO,. Diffusion of the**Mg into
times faster than along thie-axis. If the literature data are  the forsterite crystal was carried out in air at atmospheric
extrapolated to the temperatures of our experiments (Table 5), pressure. They determined the magnesium diffusion coefficient
their diffusion coefficients are 2—21 (Hallwig et al., 1980), in forsterite by comparing thé*Mg change on the sample
17-76 (Morioka, 1981), and 0.33-2.3 (Chakraborty et al., surface during annealing to solutions of the diffusion equation.
1994) times greater than results from 1800 to 1500°C of this Since very few details of this technique were given in their
study. Previous work on cation diffusion in olivine and forster- extended abstract (Hallwig et al., 1980), it is extremely difficult
ite revealed that cations diffuse faster parallel todfexis than to evaluate the accuracy of their results. Their technique re-
parallel to thea- and b-axes. Anisotropy in diffusion rates  quires precise measurement not only of the amourfidg-
usually decreases at higher temperatures, especially close to thenriched MgSiO, deposited on the sample surface, but also of
melting point. Our preliminary work on magnesium diffusion the surfac€°Mg concentration after annealing. Information on
along thec-axis of the forsterite crystal indicates that there is these aspects is needed to further compare their results with
not much anisotropy in diffusivity in the temperature range those of the present study.
1650-1800°C. Morioka (1981) deposited a thin layer 68MgO on a for-
Hallwig et al. (1980) used electron beam evaporation to sterite crystal by evaporation from a dilute HNolution. He
deposit**Mg-enriched MgSiO, onto the surface of an isoto-  used an ion microprobe with a primary beam size qir to

Table 4. Magnesium diffusion aloraraxis and magnesium isotopic fractionation in forsterite.

Diffusion coefficient (crd s™%)

*

Temperature o
(°C) Hallwig" Morioka* Chakrabort§ This study This study

1500 3.52x 107 1.28x 10°1° 3.92x 1072 1.69x 1012 1.0259

1600 1.33x 1071 6.38x 1071 1.67x 107 1.33+0.23x 10°** 1.0280=+ 0.0019

1700 7.58x 10°1° 5.28x 10°° 1.12x 107 2.96+ 0.43x 1071° 1.0317+ 0.0028

1800 1.28x 10°° 9.99% 10°° 1.99x 10°*° 5.99+ 0.81x 107 1.0280=+ 0.0029

Average 1.0294=+ 0.0030

From our diffusion data, we obtaid, = 1.32 X 10° cn? s * andE, = 608 = 30 kJ mole ™.

* a = [(**M@/**MQ)qo0id **Mg/**Mg),.d. T Extrapolated from the data of Hallwig et al. (1988)Extrapolated from the-axis data of Morioka
(1981).5 Extrapolated from the-axis data of Chakraborty et al. (1994), and multiplied by a factor of 4 (their measured ratiosshttie diffusivity
over c-axis diffusivity at 1100°C).
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measureé®Mg/>*Mg ratios in a series of spots in a cross section is possible that this forsterite would evaporate at some rate.
of the annealed forsterite. He obtained magnesium diffusion Since the surface area of the heat shield is large, even a
coefficients in forsterite by comparing the measured profiles relatively low evaporation rate might make a significant con-
with a diffusion equation. It is crucial to determine accurately tribution to the effective recondensation rate. Arguing against
the position of the®®MgO and forsterite interface before reli-  this is the observation that there is no correlation of fraction-
able diffusion data can be obtained. Morioka (1981) counted ation factor with temperature (the evaporation rate of forsterite
285j intensities at the same time as measuring’fvg and he from the radiation shield should increase with temperature). We

defined the interface to be the point where fi8i intensity do note that the average fractionation factor is 1.03280009
was half that of the level-off (maximum) intensity. In the for runs FS2, FS3, and FS4, and 1.028®.0005 for all later
example he gave, his determined interface wd$ um away runs. Thus, although reprecipitation may have played a role in

from the level-off point and accounted for more than one-third reducing the fractionation factor, it may not explain the entire
of the diffusion depth of<45 um. As pure forsterite (as  difference between measured values and the value expected for
opposed to a mixture of forsterite and the mounting medium) magnesium evaporating as Mg atoms. Another alternative is
should begin at the level-off point{3 um due to beam size),  exchange between the sample surface and the evaporating gas,
this assignment of the interface overestimates the diffusion which has a similar effect on reducing the measured magne-
depth and thus the diffusion coefficient. Recalculation of Mo- sium isotopic fractionation factor. When the reprecipitation
rioka's data using the level-off point as the interface gave a factor was considered, an upper limit of the condensation
diffusion coefficient about eight times smaller than he obtained. coefficientn, of 0.5 was used. Although-50% of the gas that
If magnesium diffusion at 1350°C is 10 times slower along the collided with the sample surface did not precipitate, it could
a-axis than along thec-axis due to anisotropy, the newly exchange with the sample and lower the measured fractionation
estimated diffusion coefficient of magnesium from Morioka’s factor. Twenty-eight percent of such exchange is required to
data (1.0x 10" **cn?s™ ) is only about three times faster than  produce the observed averatfdlg/>*Mg fractionation factor
that extrapolated from this study (422 10~ cn?® s7%). based on the evaporation of Mg, The average area of
Chakraborty et al. (1994) evaporated a dilute HCI solution of samples used to calculate the aver&i)ég/**Mg fractionation
26MgO onto the surface of polished synthetic forsterite. They factor is 3.0 cm, implying that, on average, 30% of the gas
also tried HNQ solutions, but found that nitric acid corroded evaporated from the surface could return to collide with the
the surface of the forsterite. After the runs, magnesium isotope sample surface. However, we do not believe that isotopic
profiles were measured by depth profiling with an ion micro- exchange can explain the difference between the measured
probe. Their data covers a fairly wide range of temperatures, *®Mg/?*Mg fractionation factor and that calculated for evapo-
from 1000 to 1300°C. Most of the Chakraborty et al. runs ration of Mg, for two reasons: (1) there is no correlation
measured diffusion parallel to tlweaxis, although they did one  between sample surface area &Adg/>*Mg fractionation fac-
run at 1100°C with diffusion parallel to theeaxis. Theirc-axis tor; and (2) it is unlikely that every Mg atom striking the
data do not extrapolate to our 1500&axis point, but, taking surface undergoes an exchange reaction.
into account the apparent slower diffusion alongadhaxis, the Another possibility for the diminishe&Mg/?*Mg fraction-
Chakraborty et al. data appear to be in good agreement with ation factor is that other species with higher molecular weight,
ours. The change in slope between the two data sets suggests auch as MgO¢ = 1.0247), were involved in evaporation. The
change in the mechanism of magnesium self-diffusion in for- previous section showed that the calculated rate for evaporation
sterite. reaction 1V is smaller than but very close to the experimentally
The magnesium isotopic fractionation facters Table 4 do determined evaporation rate of forsterite. It is very attractive to
not show any systematic trend with respect to temperature resort to this evaporation reaction to solve two problems at the
within the analytical precision, which is in agreement with the same time. If both evaporation reactions | and IV occur in
observation of Davis et al. (1990). This confirms that the parallel, then the observed evaporation rate requires an average
observed isotopic fractionation is a result of a temperature- of 74% of reaction involving MgQ,s, (IV), and the magne-
independent kinetic effect. The average fractionation factor for sium isotopic fractionation requires 71% of that reaction. These
25Mg/**Mg between forsterite crystal and its gas species is two numbers are not significantly different, considering the
1.0294=+ 0.0006 during the kinetic evaporation process. This is errors related to the measurement of either evaporation rate or
smaller than the ideal kinetic fractionation factor of 1.041 for the fractionation factor. Recent measurements of the gas phase
magnesium evaporating as Mg atoms, but it is very close to the species resulting from Langmuir evaporation of forsterite indi-
value measured for evaporation of liquid MO, 1.0314 cate that the dominant gas phase species are Mg, SiO, O, and
(Davis et al., 1990). Reprecipitation of the evaporated species O, (Nichols et al., 1998).
on the crystal surface would reduce the measured fractionation Another point to be stressed is the application of isotopic
factor. The amount of reprecipitation depends on sample area.fractionation profiles in detecting evaporation history. If our
The largest sample had an area of 2.7 awhich would lead to experimental evaporation rate and diffusion coefficient can be
27% reprecipitation and is enough to explain the discrepancy. extrapolated down to 1400°C, it would take35 days for the
However, most other samples were significantly smaller and we magnesium isotopic fractionation to reach a steady state profile
see no correlation between sample surface area and the isotopiof about 10um. On the other hand, if diffusivity increases by
fractionation factor. A second consideration is that large >10 times, as other workers measured at lower temperatures
amounts of forsterite were evaporated in many runs, and may (Hallwig et al., 1980; Morioka, 1981), although the extrapo-
have completely covered the inner surface of the heat shield lated evaporation rate is still valid, it would then take about 350
with condensed forsterite. Upon heating in later experiments, it days to get a profile of 10@m. It is then possible to detect
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evaporation residues in meteoritic materials using magnesium

isotopic distributions in forsterite.

4. CONCLUSIONS

The evaporation of solid forsterite supports our model of
isotopic fractionation under diffusion-controlled conditions
(Appendix A), such that isotopic fractionation during the evap-
oration process is restricted to the vicinity of the evaporating

J. Wang et al.
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APPENDIX A

Evaporation and condensation processes can occur under either
equilibrium or disequilibrium (kinetically-controlled) conditions. Iso-
topic fractionation can result from either a thermodynamic equilibrium
process due to different vibration-rotation energy levels of the isotopes
in the two phases (Urey, 1947; Bigeleisen and Mayer 1947), or a
kinetic process due to different transport properties of the isotopes
(Bigeleisen, 1948, 1949). The equilibrium effect is both mass- and
temperature-dependent and decreases with the increase of mass and/or
temperature. On the other hand, isotopic fractionation during the ki-
netic evaporation process is mass-dependent only and may be indepen-
dent of temperature. At high temperatures, the equilibrium fraction-
ation effects for elements such as magnesium, silicon, calcium, and
titanium are insignificant relative to the kinetic effects. In our model,
the equilibrium effect will be neglected and only the kinetic isotopic
fractionation effect will be considered. Kinetic evaporation of a solid or
liquid residue involves two processes: (1) transport of isotopes from the
residue to the gas phase, and (2) transport of isotopes within the
residue. Our previous knowledge of isotopic fractionation during the
evaporation process is mainly from the Rayleigh distillation law that
deals only with the kinetic aspect of the transformation of the residue
to the gas. The present modeling effort is intended to incorporate into
the system the kinetic aspect of transport of isotopes within the residue.

Diffusion Kinetics

The transport of isotopes within the residue involves two aspects of
diffusion: self-diffusion of the element and self-diffusion of individual
isotopes. Bearmann and Jolly (1981) indicated that diffusiitys
proportional to 1M~ (wherem is the mass of an isotope and= 0.5),
indicating that self-diffusion coefficients for different isotopes can be
different. Lantelme (1982) used molecular dynamics (MD) to calculate
o for the melts of noble gases and alkali halides and found that it
ranged from 0.065 to 0.25. Using MD calculations, Tsuchiyama et al.
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(1994) found that self-diffusion coefficients of magnesium and oxygen
isotopes in an MgO melt have a mass dependent indexoughly 0.1.

This index should generally be smaller in crystalline material. In the
crystal case (due to stoichiometric requirements), lattice diffusion of
different isotopes of a major element is governed by interdiffusion of
different isotopes rather than by their self-diffusion rates. This means

J. Wang et al.

general case of a reservoir with finite dimensions. Although the model
applies to the general situation of isotopic fractionation during evapo-
ration of a reservoir, magnesium isotopic fractionation during the
evaporation of forsterite will be used as a specific example to better
illustrate the model.

For a semi-infinite reservoir undergoing evaporation, the evaporating

that the slowest diffusing isotope (the heaviest) of the studied element surface is kept at the originx(= 0) and the reservoir occupies the

limits the self-diffusion of different isotopes during lattice diffusion
within the crystal. Even for the melt case, the differential diffusion rates
between different isotopes are so small that isotopic fractionation in the
melt due to diffusion process is insignificant (Sentfle and Bracken,
1955; Jambon, 1980; Tsuchiyama et al., 1994) compared with the
kinetic evaporation process. In the present model, we will consider only
the self-diffusion of an element in the system.

Evaporation Kinetics

In a gas-liquid or gas-solid system, Knudsen (1909) and Langmuir
(1913) showed that the ratd) at which gas molecules collide with the
surface of the condensed phase (liquid or solid) is

1 |2kT P

n P
Vu:<ﬁ>§ am - 2amkT’

wheren is the number of gas molecules,is the average molecular
speed toward the surface in thelirection normal to itV is the volume

of the gaspP is the gas pressurg,is the Boltzmann constanit, is the
temperature in Kelvin, andh is the mass of a gas molecule. For an
ideal gas at equilibrium, the pressuPecan be obtained from thermo-
dynamic data. If all the gas molecules that collide on the surface

J= (A1)

entire positive axis. The isotopic ratiB(x, t) is considered as a
function of the distance from the evaporating surfaggif the reser-
voir and time ) since the beginning of evaporation. The isotopic
composition of the reservoir is initially unifornR(x, 0) = Ry). The
isotopes of an element are fractionated at the evaporating surface with
a fractionation factor ofv. To describe this scenario of isotopic frac-
tionation during evaporation with diffusion in the reservoir involves
solving partial differential equations with a moving boundary. There
are two sets of equations for separate isotopes related to each other by
stoichiometric balance. It is simpler if the isotopic rafocan be
differentiated using simple mass balance equations (Wang, 1995). If
the major isotope is used as the denominator to calciafe can be
differentiated according to a mass balance equation for almost all
naturally occurring elements. In other words, the variatiofRa$ due
to the change of the numerator rather than that of the denominator. The
denominator isotope may be treated as constant and only the numerator
isotope is diffusively transported in the reservoir with a diffusion
coefficient ofD.
Based on the above considerations, the diffusion equation in the
reservoir (0= x = X) can be expressed as
IR R
at P

IR

\" H y (A4)

condense, the evaporation rate reaches its maximum value and is the

same as the condensation rate. Free evaporation occurs when newlywherev is the evaporation rate of the reservoir. The advection term
formed gas molecules are immediately removed from the system so (v dR/dX) is due to the moving boundary caused by fixing the evap-
that no condensation occurs at the evaporating surface. During the freeorating surface at the origin. A = 0 (the evaporating surface),
evaporation process, the instantaneous composition of the evaporating

gas in terms of the isotopic ratidR(,J can be obtained as

condense condense
‘]ﬂ‘e _ CZ F>lola\ . Cl Ptolal

Jm 2mmkT

condensed
G

M,

(A2)

\,2'11'm1kT - Cgondense

Res™ 3,

whereJ is the evaporation rateC is the molar concentration on the

evaporating surface in the condensed phase, subscripts 1 and 2 denote

molecules containing isotope 1 and 2 respectively, MrcindM, are

the molecular weights of molecules with isotope 1 and 2 respectively.
Piotal 1S the total thermodynamic equilibrium pressure of the gas con-
taining the two isotopes. If the fractionation facteiis defined as the

iR

D-> =R~ RV, (A5)

whereR, is the isotopic ratio of the gas evaporating from the surface.
If R/ is substituted foR, (by definition), Eq. A5 can be rearranged to
yield:

DaR R=0 A6
ax T BYR=0, (AB)

wherep = (a — 1)/a. This is the boundary condition at the evaporating
surface. Another boundary condition is the isotopic composition at

ratio of isotopic compositions between the condensed phase and the 928 initv. where the isotobic ratio is constant:
phase, then 4 P ‘
Rc | g Cgondensed (Cgondensed \/’\/Tl Mz R(oo’ t) = RO- (A7)
ondense!
R G (G
Ryas  Cgondensed™ | Cgondense M, Ml(A?,) The initial condition is that the reservoir be homogeneous,
R(x, 0) = R, (A8)

This indicates that isotopic fractionation during the free evaporation

process is dependent only on the masses of evaporating molecules

containing different isotopes. For the case of free evaporation of
Mg,SiO,, Hashimoto (1990) found that it evaporates stoichiometrically
and that Mg, SiQand O (or Q) are the rate-controlling gas species. If
R = 2’Mg/>Mg is considered, then the fractionation facter =
VM,/M; = V26/24= 1.0408. On thether hand, if MgO were the
evaporating gas species, then= \VV42/40= 1.0247. This shows that
the isotopic fractionation factor during the kinetic evaporation process

depends on the nature of the evaporating gas species. Studies of the

isotopic fractionation can thus be used to identify the evaporating
species, as we discuss later.

The Semi-infinite Reservoir

A one-dimensional approach is used in the present model and the

If x andt are nondimensionalized usidg= vx/D andr = v2t/D, Egs.
A4, A6, A7, and A8 become

dR  9°R R
G e X (A9)
dR(0, 7) B
—x T BRO,7) =0, (A10)
R(%, 7) = Ry, (A11)
and
R(X, 0) = R,. (A12)

reservoir is assumed to have a planar evaporating surface. The coor-
dinate of length is perpendicular to the evaporating surface. We will Using the Laplace transform, this set of partial differential equations
first examine a semiinfinite reservoir as a special case and then the can be solved analytically (Wang, 1995). The solution is as follows:
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Fig. A2. 8°°Mg on the surface of evaporating forsterite as a function
of time (1) of evaporation for different initial thicknesses of the reser-
voir (W). The line labeled “Semiinfinite” is the result of analytical

solution for the semiinfinite reservoir.

Fig. Al. The results of theoretical modeling showing the profile of
magnesium isotopic fractionatio®?®Mg) in the forsterite residue at
different nondimensionalized time

R(X, 7) 1 1 f[X+T]+a717x f|:X*’Tj|
=1-erfc = e~ erfc =
R0 2 2 \J’T 2 \NT R(RX) =1+ (Q/ _ 1)efv>dD. (A16)
0
N 2—« gl aax a2 erfC[ LZ;O‘)T] . (A13) ' _ ' _ _
2047 Eqg. A16 can be used to obtain both the fractionation faet{isotopic
fractionation between the condensed phase (solid or liquid) and the

gas), and the diffusion coefficiel by measuring isotopic profiles in
the evaporation residues if the steady state has been reached. This can

A similar solution was obtained for the study of solute redistribution
be achieved by plotting If(Xx)/R,) versusx, where the slope is-v/D

during solidification (Smith et al., 1955), distribution of an impurity
during crystal growth (Hulme, 1955), and heat conduction with a
moving boundary (Carslaw and Jaeger, 1959, p. 389). Atlzaend
Bottinga (1972) applied a solution of this type to trace element parti-
tioning between phenocrysts and host lava. Jambon (1980) used a
similar model for isotopic fractionation in crystals growing from melts.
For the case of evaporation of solid forsterite, Fig. Al illustrates the
above result in terms of magnesium isotopic fractionati&fiNg (%o)
= [(R/Ry) — 1] X 1000)profiles in the residue near the evaporating
surface forr values of 0.2, 1, 2, 4, 8 and10 (steady state}i*°Mg at
the evaporating surfaceX(= 0) of the forsterite increases with time
and approaches a constant value®f{ 1) X 1000= 40.8. This is the
steady state situation, in which the isotopic composition of magnesium
leaving the surface of the forsterite crystal equals that deep in the
crystal (the same as its initial value). At steady state, the isotopic profile
in the reservoir does not change with time, i®&/or = 0. Eqgs. A9,
A10, A1l, and Al2 can be easily solved (Wang, 1995) to obtain the

following steady state solution:

120 T

— Rayleigh Law
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Tiller et al. (1953) used a similar steady state solution to describe solute
redistribution during the solidification of metals. Xf and = in Eqgns.
A12 and A13 are changed to the dimensionalized quantitéd and

v

v2t/D, these equation become
0

R(x, t) 1 X + vt a—1
=1-— - erfc + ——— e P erfc]
[ 2 \ﬁ] 2 [

R, 2

N

—Inf

X — vt]
—
2Dt

+ 2 « e(l—n)vlax+vt|/a2D erfc[

and

aX + (2 — a)vt

2a \/ﬁ

] (A15)

Fig. A3. Bulk 8°°Mg of the residual forsterite versus the fraction of
the original sample that has been evaporated. The line of the Rayleigh
law is also plotted for comparison. Other lines are linear fits to the

modeling results (forced through zero).
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(v can be obtained from the evaporation experiment) and the intercept analytical line in the early stage of evaporation (whda relatively

is In(a — 1), as was done for forsterite evaporation in Fig. 3.

The Finite Reservoir

For a more general case, a diffusion-controlled reservoir with finite
thicknessw will be examined. By fixing the central plane of the
reservoir aiX = 0 and nondimensionalizing (W = vw/D), Eqgs. A9,
A10, Al1, and A12 can be written as

IR 82Rf O0=X=W d 0 Al7

R — < < —
ar axzor =X= Tandt >0, ( )

IRW — 7, 1)
X BR(W — 7, 7) =0 for 7> 0, (A18)
RO _ G forr>0 AL9
X - orT , ( )
and

R(X, 0) = Ryfor0=X=W. (A20)

small). This indicates that the numerical solution conforms with the
analytical solution. Because the numerical result becomes more
stable and accurate asncreases, the isotopic fractionation during
the whole evaporation process can be monitored accurately if the
analytical solution is applied to the early stage isotopic fraction-
ation.

Rees (1969) combined a semiinfinite model and a Rayleigh law to
explain isotopic fractionation in the thermal ionization source of a mass
spectrometer. In his illustration for the isotopic fractionation of a solid
source with an initial thickness of D0 (thickness of the mixed layer),
he made a sudden switch from a semiinfinite model to a Rayleigh law
for the isotopic fractionation. In order to compare the model of Rees
(1969) with the present model, it is assumed tbai the same agv
(Fig. A2). It can be seen that the result of Rees’ model is approximately
the same as the result of a finite reservoir with an initial nondimen-
sionalized size of 1GV from this study, except that there is a kink at
X = 9W in Rees’ result. It is apparent that the present model is better
defined and more accurate in dealing with isotopic fractionation in
thermal ionization mass spectrometry.

In a diffusion-controlled evaporation in which the sample thickness
is greater than the diffusion length, it is inappropriate to fit the data to

Albar&de and Bottinga (1972) proposed some numerical schemes to @ Rayleigh equation. Figure A3 is a diagram showing 100RIR()

solve similar equations for trace element partitioning between pheno-
crysts and host lava, but did not solve them. Because they did not fix
the crystal-melt surface at the origin and use the implicit method, it is
more complicated and difficult to use their scheme. The front-fixing
method (cf. Crank, 1984, p. 187) and the Crank-Nicholson implicit
scheme were used to solve this set of equations numerically for differ-
ent initial nondimensionalized thicknes3&sn the case of magnesium
isotopic fractionation during the evaporation of solid forsterite (Wang,
1995). Figure A2 shows the results féf®Mg on the evaporating
surfaceversus time for different initial thicknesses of the reservoir
(W). Also shown on the diagram is a line for the analytical solution
for the semiinfinite reservoir for comparison. It can be seen from the
diagram that all the numerical results of different initValfit on the

(whereR is the averagé®Mg/>*Mg of the whole remaining forsterite)
versus—In f (f is the fraction of the initial sample remaining). The
Rayleigh fractionation curve is plotted on the diagram for comparison.
Linear fits to the modeling results (forced through zero) are also shown.
Assuming Rayleigh fractionation, one could mistakenly try to deduce
the fractionation factors from the slopes of these fits to experimental
data (1000— 1000k). For smallw, such asV = 0.2, theresults of

the present model and the Rayleigh law are similar. One should be
cautious in using the Rayleigh law in a system where the nondimen-
sionalized size of the reservoM\) is large, as Uyeda et al. (1991) did.

If 7, X, andW are replaced by dimensional quantities including the
evaporation rate and diffusion coefficienD, this model can be used

to deal quantitatively with the experimental situation.



