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Abstract—Experiments exposing Type B calcium-, aluminum-rich inclusion (CAl)-like melts at high tem-
peratures to high vacuum or reducing hydrogen-rich gas mixtures were used to determine the rates and
consequences of elemental and isotopic fractionation by evaporation. Silicon and magnesium were found to
evaporate much faster than calcium and aluminum, and the resulting residual liquid trajectories in composition
space are reproduced via a thermodynamic model for the saturation vapor pressure of the evaporating species.
Isotopic fractionations associated with evaporation were measured for magnesium. The resulting relationship
between fraction of magnesium lost and enrichment of the residue in the heavy isotopes of magnesium follows
a Rayleigh fractionation curve with a fractionation factor that is close to, but not exactly, the theoretically
expected value. The rate of evaporation is found to be a strong function of temperature, oxygen fugacity, and
melt composition, which can be understood and modeled in terms of the dependence of the saturation vapor
pressures on these variables. The relationship between evaporation rate, which we measure, and calculated
saturation vapor involves empirical evaporation coefficients that we find to be significantly less than one
(~0.1). Analytical and numerical models are used to characterize how diffusion in both the melt and in the
surrounding gas affects evaporation rates and the degree of chemical and isotopic fractionation. The
experimental data and theoretical considerations are combined to give a parameterization of the rates and
consequences of evaporation of Type B CAl-like liquids, which is then used to translate the measured isotopic
fractionation of Type B CAls into constraints on their thermal history. Cooling rates of the order of 10°C per
hour are indicated.Copyright © 2002 Elsevier Science Ltd

1. INTRODUCTION (e.g., Grossman, 1972, and further discussion below regarding

0 d di fth liest hi fth | bulk composition). The most detailed studies involve the Type
ur understan Ing o the ear |est. |story of the so ar SYstem g cals. These are large (typically 1 cm in diameter), coarse-
comes from a variety of sources, including astronomical ob-

servations of protoplanetary disks around young stars, numer-
ical simulations of particular stages and processes in the evo-
lution of such disks, and chemical and textural analyses of solar
system materials. Boss (1998) reviewed these lines of evidence
and inference in the specific context of temperatures in proto-
planetary disks. Our focus here will be on certain aspects of the
cosmochemical evidence as it relates to thermal evolution. We
present new laboratory data on the rate and consequences o
high-temperature evaporation of particular solar system mate-
rials (calcium- and aluminum-rich refractory inclusions) and

grained inclusions with easily identifiable crystals of spinel,
melilite, fassaite, and anorthite. However, when the published
chemical compositions of Type B (and also Type A) inclusions
are considered in detail, they do not correspond to the predicted
compositions derived from thermodynamic calculations of con-
densation from a solar gas.

Grossman et al. (2000) considered two reasons for this
gifference. The first involves uncertainties in the reported bulk
composition of refractory inclusions due to possible over- or
underestimation of the amount of spinel. The fact that many

use these to develop constraints regarding their thermal histo- published compc_)sn_lons Of_ Type A and_ B refrac_tory |ncl}15|ons
ies. are not chondritic in calcium-to-aluminum ratio, despite the

Calcium-, aluminum-rich inclusions (CAls) in Allende and difficulty in fractionating calcium from aluminum after mag-

other CV3 chondrites have been studied in considerable detail "6Sium and silicon begin to condense, was taken as an indica-
because they are among the most primitive objects formed in tion that the published compositions are I|_k_ely to be in error.
the solar system. CAls are regarded as primitive for the fol- HOWeVer, even after the published compositions are adjusted to
lowing reasons: (1) they yield the oldest U-Pb dates of any solar Ca/Al by the addition or subtraction of appropriate
solar system objects (Alige et al., 1995); (2) they have the amounts of spinel, they still fail to lie along the calculated
highest amounts of daughter products of short-lived isotopes of condensation trajectories. In almost every case, the corrected
any solar system object (e.g., MacPherson et al., 1995); and (3)_(:omp05|t|ons of th_e Type B |_nclu_s|ons are significantly lower
they contain the same minerals as those predicted to be inin MgO, and possibly lower in SiDas well, than calculated

equilibrium with a gas of solar composition at high temperature condensates. Thus, if the precursors of the Type B inclusions
did in fact originally condense from a solar gas, their compo-

sitions must have been modified at some later stage by the
*Author to whom correspondence should be addressed Preferential loss of magnesium, and quite possibly silicon,
(richter@geosci.uchicago.edu). relative to calcium and aluminum. The most likely mechanism
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Fig. 1. Silicon and magnesium isotopic composition of normal (i.e.,
free of large nucleosynthetic isotopic anomalies) Type B CAls (%o
amu~?) relative to the terrestrial value from the compilation by Clayton
et a. (1988). The general pattern of correlated enrichment in the heavy
isotopes of silicon and magnesium is aso found in residues of molten
silicates partially evaporated in high-temperature vacuum furnaces
(Davis et a., 1990; Wang et a., 2001), supporting the view that the
Type B CAls are themselves evaporation residues.

for this is evaporation during a reheating event, which would
fractionate the elements because magnesium and silicon are
significantly more volatile than calcium and aluminum. Several
independent lines of evidence suggest that evaporation did in
fact affect the composition of Type B CAls. To begin with,
textural evidence suggeststhe Type B CAlswere once partially
molten, which requires reheating to at least several hundred
degrees Celsius above their condensation temperature (T >
1400°C; Stolper, 1982; Stolper and Pague, 1986). If this re-
heating took place in an environment undersaturated by prior
condensation, then the inclusions would preferentialy lose
magnesium and silicon relative to the much less volatile cal-
cium and aluminum. The second, even more compelling, evi-
dence for evaporation comes from the silicon and magnesium
isotopic compositions of Type A and Type B CAls. They are
often found to be mass-fractionated by several %. amu~* (per
mil. per atomic mass unit) in favor of the heavy isotopes of
silicon and magnesium (Clayton et a., 1988, and Fig. 1).
Laboratory experiments have shown that evaporative loss of
silicon and magnesium from a melt will produce residues that
are similarly enriched in the heavy isotopes of silicon and
magnesium (Davis et a., 1990). Grossman et a. (2000) went
on to point out that the elemental and isotopic data from Type
A and B CAlsare remarkably consistent with each other, in the
sense that the range of departures of corrected CAl composi-
tions from the condensation curve (presumed to represent the
amount of lost silicon and magnesium) are the same as the
range of silicon and magnesium that would have to have been
removed by evaporation to produce the range of measured
isotopic fractionations.

The present study has as its point of departure the view that
the correlated variations in silicon and magnesium isotopic
composition of Type B CAls (Fig. 1) are the result of evapo-
rative losses of silicon and magnesium during a high-temper-
ature, partially molten stage. The main goa of the work is to
provide a representation of the evaporative effects as function
of temperature, pressure, and composition. We accomplish this

by laboratory experiments run under a variety of conditions to
calibrate a thermodynamics-based model of the evaporation
process. The model, together with the measured magnesium
isotopic composition of Type B CAls, isthen used to argue that
the typical Type B CAl cooled from a partially molten state at
arate of ~10°C h™™.

2. PREVIOUS EXPERIMENTS RELATING TO THE
IGNEOUS PETROLOGY AND THERMAL HISTORY OF
TYPE B CAIS

The main reason we focused this study on materials with
Type B CAl-like compositions (~29 wt% CaO, 29% Al,O,,
31% SiO,, 10% MgO, and 1% TiO,; Stolper, 1982) is that the
Type Bs are by far the best studied of all the “igneous’ CAls.
Thetypical Type B CAl is spheroidal and about a centimeter in
diameter. The major minerals are spinel (MgAl,O,), melilite (a
solid solution of gehlenite, Ca,Al,SIO,, and dkermanite,
Ca,MgSi,0,), an aluminum-, titanium-rich clinopyroxene (fas-
saite) and anorthite (CaAl,Si,Og). Type B CAls are subdivided
into B2s, which have a relatively uniform distribution of the
major mineral phases, and B1ls, which have a melilite-domi-
nated outer mantle surrounding a spinel + melilite + anor-
thite + fassaite core. Laboratory experiments on synthetic Type
B compositions have established the following attributes.

(1) Theliquidus temperatures are of the order of 1550°C, and
the equilibrium crystallization sequence is spinel, followed by
melilite at ~1400°C, anorthite at ~1260°C, and finally fassaite
a ~1230°C (Stolper, 1982).

(2) The melilite is zoned with the first melilite to crystallize
having Ak _.,, increasing to Ak _,5 when plagioclase begins to
crystallize (Stolper, 1982), and reaching Akgs 4, at the end of
melilite crystallization.

(3) Experiments in which synthetic Type B compositions are
first partially melted and then cooled at a controlled rate show
that the resulting mineral textures are sensitive to both the peak
temperature and subsequent cooling rate. Euhedral meélilite
crystals similar to those found in Type B CAls are best repro-
duced by peak temperatures of ~1400°C (partially molten with
~5% spinel) and cooling rates slower than 50°C h™* (Stolper
and Pague, 1986). Cooling rates faster than 50°C h™* produce
distinctively blocky or dendritic melilite textures that are not
seen in Type B CAls.

(4) Mdlilite crystals in Type B inclusions often show a
reversal in Ak zoning such that thereis a brief declinein the Ak
values of late-crystallizing melilite. MacPherson et al. (1984)
interpreted this reversal as being due to fassaite crystallizing
before anorthite, which is not the equilibrium order but is
nevertheless found to occur in laboratory experiments with
cooling rates as low as 0.5°C h™*. This should be regarded as
an upper bound on the slowest allowabl e cooling rate given that
even slower cooling rates might also produce reversed zoning.

(5) More than half of the titanium in fassaite crystalsin Type
B CAls can be Ti*3 (Dowty and Clark, 1973). Beckeit (1986)
measured Ti™3/Ti™* ratios in fassaite from experiments in
which Type B CAl-like compositions were cooled and crystal-
lized at a variety of oxygen fugacities (fo,). He found that high
Ti"®Ti** ratios are only produced at low f, and inferred that
CAlscrystalized in a very reducing environment with more or
less solar fo,.
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(6) Type B CAI compositions heated to T = 1400°C in
vacuum or in 2x10~* bar of hydrogen lose silicon and mag-
nesium (relative to calcium and aluminum) by evaporation. The
residues from these experiments are enriched in the heavy
isotopes of magnesium (Richter et al., 1999a; Parsad et a.,
2000), and though not measured, presumably similarly en-
riched in the heavy isotopes of silicon as well.

Grossman et a. (2000) combined the above experimental
results with condensation calculations to give the following
account of the origin and evolution of the Type B CAls. The
precursor materials of the Type B CAls condensed as solids
from a solar composition gas at temperatures in the range
1000°C (P = 10~ ® bar) — 1200°C (P = 10~ bar). They were
later partially melted by reheating to ~1400°C and then cooled
at rates between 50 and 0.5°C h™*. During reheating, the CAls
lost up to 50% of their original magnesium and up to 25% of
their silicon by evaporation. The associated preferential evap-
oration of the lighter isotopes resulted in the CAls becoming
enriched in the heavy isotopes of silicon and magnesium as
shown in Figure 1. Because in what follows we will place
special emphasis on the rates of evaporation, it is important to
keep in mind that the Ti*3/Ti** ratio of the CAls is regarded
as evidence of their having crystallized in a very reducing
environment (Beckett, 1986). Thus it is likely that hydrogen
was the dominant gas during the reheating episode; and hydro-
gen, aswe will see below, has amajor effect on the evaporation
kinetics.

3. ARGUMENTS BASED ON TRACE ELEMENT
PARTITIONING

Davis and MacPherson (1996) argued on the basis of trace
element evidence that the cooling rates of Type B CAls were
most likely to have been at the higher end of the 0.5 to 50°C
h~* range noted above. Their argument was based on the
observation that incompatible trace element concentrations in
melilite from Type B CAls are in some cases (most notably
barium) significantly higher than what one would expect given
the existing experimental data on melilite/melt partitioning by
Beckett et a. (1990). In the case of barium, the concentration
in melilite is not much different than that in the inclusion as a
whole, whereas the barium melilite/melt distribution coefficient
had been measured by Beckett et a. (1990) to be ~0.04 in
dynamic crystallization experiments with cooling rates of 2°C
h~. Davis and MacPherson (1996) suggested that the reason
natural melilite had incorporated such surprisingly large
amounts of incompatible trace elements was the development
of incompatible-element—rich diffusive boundary layers in the
melt adjacent to rapidly growing melilite crystals. For suffi-
ciently rapid crystal growth relative to diffusion in the sur-
rounding melt, the concentration in the crystal will approach
that of the melt reservoir regardless of the partition coefficient.
They concluded that because such enriched boundary layers
had not affected partitioning in the Beckett et al. (1990) dy-
namic crystallization experiments, natural CAls must have
cooled at rates significantly faster than the 2°C h™* of those
experiments.

Davis et a. (1996) and Simon et a. (1996) reported the
results of a set of laboratory experiments designed to test the
Davis and MacPherson (1996) suggestion. Dynamic crystalli-

zation experiments similar to those of Beckett et al. (1990)
were carried out with cooling rates of 2°C h™?, 20°C h™ %, and
75°C h™*. As had been found earlier by Stolper and Paque
(1986), the melilite crystallized at 75°C h™* is distinctly blocky
and thus this cooling rate is believed to be somewhat faster than
that of the Type B CAls. lon microprobe analyses of the
melilite and surrounding quenched glass from all three cooling
rates yielded distribution coefficients in good agreement with
those reported by Beckett et al. (1990) and thus no significant
effect of cooling rate on the partitioning behavior. It follows
that the trace element data do not provide a constraint on the
cooling rate, at least not for the reasons suggested by Davis and
MacPherson (1996).

4. THEORETICAL CONSIDERATIONS

The laboratory evaporation experiments reported in this ar-
ticle were designed to test and complement a generally ac-
cepted theoretical description of evaporation kinetics when
applied to Type B CAl-like liquids. The evaporative flux from
asolid or molten surface into a surrounding gas is given by the
Hertz-Knudsen equation (see Hirth and Pound, 1963),

n
YiiPy st

3 z’ \2mmyRT’ @)
where J isthe flux of element or isotope i (moles per unit area
per unit time), v;; is the evaporation coefficient for the jth gas
species containing i, P; o is the saturation vapor pressure of |,
m;; is the molecular weight of j, R is the gas constant, and T is
the absolute temperature. The summation is over all gas species
j containing i. Laboratory evaporation experiments are needed
in connection with the evaporation coefficients. Eqn. 1 gives a
quantitative measure of evaporation rates only after the v;
values have been determined for the system of interest by
combining laboratory data for J, with a thermodynamic model
for the speciation and saturation vapor pressures.

J in Eqgn. 1 represents the flux from the surface whether or
not recondensation is taking place. The net evaporation rate
(J ne) Measured in a laboratory experiment is the difference
between evaporation and recondensation, which can be written
as

i Yij(Pij,sat - Pij)

J =

: @

=1

where P; isthe pressure at the evaporating surface of thejth gas
species containing the element or isotopei. Egn. 2 assumes that
condensation coefficients are the same as the evaporation co-
efficients, which must be true at least in the limit P; — P o
In the simple but often applicable case when a single gas
species dominates the budget of the element of interest (i.e,
n = 1), Egns. 1 and 2 can be combined to give

e = 4(1 - %) )

showing that only evaporation experiments run at sufficiently
low pressure (i.e., P/P; o << 1) will directly determine the free
evaporation rate J.
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Assuming again that the equilibrium speciation in the gas is
dominated by asingle speciesi and furthermore that P/P, o, <
1 (i.e, no significant recondensation), the relative rate of loss
by evaporation of two isotopes of i (denoted by subscripts i,1
and i,2) will be given by

J2  Posa My

-hmadm “a
_ m;,
= Retym, (4b)

where R, , is the atom ratio of isotope 2 to isotope 1 at the
evaporating surface. In writing Egn. 4b, we assumed that iso-
topes mix ideally and that at the high temperatures of interest
we can ignore any equilibrium isotope fractionation between
the condensed phase and the gas. With these assumptions, the
ratio of the saturation vapor pressures equals the atom ratio in
the condensed phase. If we add the further restriction that the
evaporating material remain effectively uniform in composition
despite the selective chemical losses from its surface (i.e., that
diffusion or convection maintain homogeneity at all times),
then the isotopic composition of the residue will evolve by
Rayleigh fractionation as given by

RES = RS, Fle™ 2, ©)

where R} ; istheinitial isotopic composition of the evaporating
material, F isthe fraction of isotope 1 remaining in the residue,
and a = Vm;,/m; ..

Rayleigh fractionation as given by Eqgn. 5 requires P/P, o <
1 and that transport within the residual evaporating materia be
sufficiently fast to maintain chemical and isotopic homogene-
ity. Neither of these conditions need to have prevailed during
the evaporation of the Type B CAls. Departures from perfect
Rayleigh fractionation due to a surrounding finite pressure of
the evaporating species have been discussed by Tsuchiyama et
al. (1999) for evaporation into a closed system and by Huma-
yun and Cassen (2000) for evaporation into a gas of fixed
P: gas/P.sx @nd fixed isotopic composition. We consider the
case of evaporation into a surrounding gas (mostly hydrogen in
our applications) in which the pressure of the evaporating
species is specified only far from the evaporating surface. The
mathematical representation of the molar density C;(r,t) of an
evaporating species (proportional to pressure in an idea and
isothermal gas) outside a spherical source of radius ais

(6)

aC 9°C, 204G
ot '\arZ roar)

with initial conditions C;(r,0) = C;, for r > a and boundary
conditions

C(e, ) =Coatr= (63)
and
BCi
D = —dwar-a (6b)

D, is the interdiffusion coefficient of i in the surrounding gas
and J . isthe net flux of i per unit area from the evaporating
surface. We are specifically interested in recondensation at the

surface, and therefore focus on C;(at), the solution to Eqgn. 6
evaluated at r = a The desired solution, in terms of the
similarity variable ¢ = D;t/a?, is given by

C@v=Co+ L2 a-caic® @

The explicitly time-dependent quantity e‘erfc\/¢ tends to zero
as £ becomes large (e.g., eberfc\V/ € < 0.02 for £ = 1000), thus
for most purposes the asymptotic solution C(at) = C o +
aJ h/D; isall that isrequired. The asymptotic form can be used
for all timest >1000 a%D; (~1 s for a = 1 cm and typical
values of D; for diffusion of gaseous species through hydrogen
a T = 1400°C and P, = 1072 bar) whenever all other
properties of the system (e.g., J . Or T) do not change signif-
icantly on this time scale. For our present purposes, the asymp-
totic form of Eqgn. 7 is perfectly adequate.

We now rewrite Eqn. 2 for n = 1 by using P, = P, +
(83 ,«/D)RT, where P, . = C,oRT is the far-field (r — «)
pressure of speciesi. Thus,

a
PP _wPa—R) T
e = 2rmRT  \2#mRT \J2mmRT ®

which, when solved for J . gives
(-2
P s

Jg=—"F+— 9
. ©

J in Egn. 9 is the free (vacuum) evaporation rate as defined by
Egn. 1 when n = 1. We can now see that free evaporation
(J et = &) will only be realized when the far-field pressure is
low (P,.. < P, o) and diffusion in the surrounding gas is
sufficiently fast (D; sufficiently large) for the denominator of
Eqgn. 9 to be effectively equal to one.

We now consider the factors controlling chemical and iso-
topic gradients within the evaporating material itself. Egn. 9
provides the surface flux that is used in the (r = a) boundary
conditions for the conservation equations for the evolution of
the elemental and isotopic composition of both the evaporating
material (Egn. 10 below) and in the surrounding gas (Egn. 6).
A simplified (monomineralic) version of the conservation equa-
tion in a sphere of radius ais

dCim 0Cim  23Cin 1od
ot - Di,m( E)rz ? or +$H(Ci,xtl - Ci,m): (10)
with
b, S _ c By - 10
im ar 7_‘1,ne(_ i,maatrfa(t)f ( a)
Cn _oar—o 10b
o —0ar=0o, (100)
and
da
2=~ 2l (100)
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Table 1. Run conditions, sample sizes, chemical compositions, isotopic compositions, and derived parameters from CAl evaporation

experiments.?
Avg. ] . Jvg Jsi
Pressure T aea MgO SO, CaO Al,O; time % Mg Fug

Sample (oar) (°C) (cm?) (Wt%) (Wit%) (wWt%) (wt%) (min) (mol em 257 Ymg Vs loss (%o amu™Y)
B-133-0 11.94 46.04 22.64 19.30 0 =0.00 =0.00
B-133-11 <10° 1800 0.12 330 2590 3818 3255 60 914x10® 18x10 7 021 020 8362 20.13+0.87
B-133-12 <107° 1800 0.14 955 3225 3155 2669 60 6.78x 108 203x107 017 0.17
B-133-13 <10° 1800 0.15 1.88 23.65 40.10 3437 60 7.73x10°® 156x 107 018 0.18
B-133-15 <107° 1800 0.19 106 2275 41.31 3488 90 828x10°% 164x107 021 0.20
B-133-16 <10° 1800 0.13 053 2207 4167 3565 90 865x108 166x10 7 022 020 9759 4573216
B-133-17 <107° 1800 0.19 1197 3694 2762 2344 30 371x10° 1.82x107 012 013 17.63 133+181
B-133-19 <10° 1800 026 12.26 4250 2443 2075 15 284x10° 197x10 7 010 0.1 466 029 =138
B-113-0 12.67 47.89 19.66 19.78 =0.00 =0.00
B-113-3 1 1400 11.33 4084 2529 2254 150 2382 —0.40x* 048
B-113-4 1 1400 7.03 36.28 30.05 26.63 300 60.10 0.26 = 0.57
B-113-8 <107° 1800 0.161 11.63 3472 2692 2673 30 574x10°® 206x 107 015 014 3253 253+170
B-113-9 <107° 1800 0.135 6.60 29.30 3215 3200 60 924x108 214x107 024 015 5346 675+ 1.89
B-113-10 <107° 1700 0131 877 3254 2947 2922 180 166x10°° 424x10°° 018 014 6780 1243+ 209

BCAI-0 17.84 37.04 24.61 20.51
BCAIl-ss1 187 X 10~* 1500 0.0672 15.00 35.97 27.75 21.29
BCAI-s2 187X 10™* 1500 0.0621 6.11 30.60 3327 30.04
BCAI-sl 187X 10™* 1500 0.168 10.84 34.24 30.13 24.79
BCAI-s3 187X 107% 1500 0.134 272 2815 3583 33.30
BCAI-m1 187X 10~* 1500 0.407 16.93 3597 26.22 20.88
BCAI-m2 187 x 10™% 1500 0.425 1343 33.18 26.89 26.50

30 412x10°% 270x107® 0.051 0.058 19.00
120 368x 1078 273x 107 0.047 0.068 76.61 19.55=+ 1.33
120 3.12x 1078 210x 107® 0.039 0.048 49.71
240 351x 107 267x 1078 0.048 0.069 9059 30.72+ 1.48
60 210x 1078 230%x10°® 0026 0049 6.78
180 234x 1078 213x 10 0.029 0.050 41.70

=0.00 =0.00
4,78 = 0.76

8.62 = 1.86

211+ 0.78
7.40 = 1.16

#Jug and Jg; are the evaporation rates of magnesium and silicon, respectively. 4 and yg are the corresponding evaporation coefficients. Fyq is
the magnesium isotopic composition of the residue in per mil per atomic mass unit relative to the starting material.

Ci mand C, ,, are respectively the molar density of the element
or isotopei in the melt and in amineral in equilibrium with the
melt, ¢ is the melt fraction, and D, ,,, is the effective diffusion
coefficient of i in the melt. v; is the molar volume of species |
and the summation is taken overall evaporating species. The
last term on the right-hand side of Egn. 10 represents an
effective source or sink of i due to changes in the melt fraction
¢. Specifying the local value of (/d)dd/ot as the temperature
and composition of the system evolve requires additional in-
formation in the form of a thermodynamic model for the
system.

The equations given above (specificaly Egns. 1, 6, 9, and
10), together with thermodynamic models for the various
phases, provide a compl ete specification of evaporation, subject
to certain simplifications regarding the number of gas species
and minerals considered. Consideration of multiple gas species
and multiple minerals is, in principle, straightforward, but
cumbersome in terms of notation. Because we know of no
theoretical approach for cal culating the evaporation coefficients
for the systems of interest here, a major focus of the experi-
ments discussed in the following sections is to measure evap-
oration rates from molten Type B CAl-like compositions and
use these to calculate evaporation coefficients as a function of
temperature, gas pressure, and composition. The experiments
will also test certain aspects of the theoretical and thermody-
namic description of the system when we compare the pre-
dicted and measured elemental and isotopic evolution of the
evaporative residues.

5. EXPERIMENTAL AND ANALYTICAL METHODS
5.1. Starting Materials
The starting materials used in the evaporation experiments (Table 1)

were synthesized in 1-g batches by first mixing pure oxides of silicon,
aluminum, and magnesium with CaCO; in proportions that, when
decarbonated, give the desired composition. The mixtures were heated
slowly in air to 1500°C, held at this temperature for ~24 h, and then
rapidly quenched. The resulting glass was ground to a fine powder, and
aliquots of this powder were used to make the experimental samples by
placing varying amounts (5 to 70 mg) onto preweighed platinum or
iridium wire loops. Each sample was then put into agas-mixing furnace
and heated to 1400°C for several hoursin aH,/CO, mixture with an fo,
corresponding to iron-witite (log fo, = —9.8). This produced a
hardened sample that could be weighed and measured for surface area
without loss of sample material. We confirmed that samples held at
1400°C for severa hoursin agas mixture with log fo, ~ —10 suffer no
measurable evaporative weight loss of sample or wire loop. Platinum
metal and molten silicates can suffer significant evaporative weight loss
if heated in a more reducing environment while iridium will evaporate
under more oxidizing conditions. Sample surface area was determined
by measuring the dimensions of the sample along three perpendicular
directions; we used these to construct an ellipsoidal representation of
the sample.

5.2. Experimental Procedure

Three different furnaces were used for the experiments reported
below, each corresponding to a different pressure regime. The lowest
pressure experiments (P ~ 10~ © torr), which we will refer to asvacuum
experiments, were carried out at the University of Chicago in afurnace
designed and constructed by A. Hashimoto (see Hashimoto, 1990;
Wang et a., 1999). The evaporation experiments run in hydrogen at a
pressure of ~2 X 10~* bar were carried out in a furnace at the
University of Hokkaido. Details of this furnace are given in Hashimoto
(1998) and in Kuroda and Hashimoto (2000a,b; 2002). An important
consideration in the design of this furnace was to ensure that the
hydrogen gas, before reaching the sample, equilibrates both in temper-
ature and speciation. This is accomplished by flowing the hydrogen
through tungsten granules and foil strips at the run temperature before
alowing it to interact with the sample. The speciation of the hydrogen
gas (H vs. H,) is particularly important in that the species that has the
far greater effect on the evaporation kinetics is monatomic hydrogen.
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The experiments run at a total pressure of 1 bar were carried out in a
gas-mixing Deltech tube furnace with a 1.25-inch inside diameter
alumina muffle tube following the design given by Williams and
Mullins (1976). The oxygen fugacity in the vicinity of the sample was
controlled by flowing 600 cm® s™* (STP) of H, + CO, mixtures
through the furnace tube. The oxygen fugacity was monitored by a
zirconia oxygen fugacity probe by using the calibration for very reduc-
ing conditions of Mendybaev et a. (1998).

5.3. Analytical Procedures

The starting materials and the evaporation residues were analyzed
for major element composition with a JEOL JSM-5800LV scanning
electron microscope equipped with an Oxford Link 1SIS-300 energy-
dispersive microanalytical system. The instrument was operated with
an accelerating voltage of 15 kV and a beam current of 2 nA; synthetic
and natural minerals were used as standards. Some evaporation resi-
dues formed crystals on quenching, and in some of the experiments
performed at 1500°C in 2 X 10~* bar H,, melilite may have begun to
crystallize at high degrees of evaporation. For these samples, several
hundred spot analyses evenly spaced over the sample were done. All
analyses were done with sums normalized to 100%. However, the
software reports the counting statistics uncertainty in each analysis and
spots that were in epoxy or cracks can easily be recognized on plots of
concentration vs. uncertainty. After rejecting these analyses, estimates
of the average composition were made. The magnesium isotopic mea-
surements were made with a modified AEI IM-20 ion microprobe by
means of methods described in Russell et a. (2000). CAl glasses from
experiments run a 1 atm in air (which experienced no evaporation)
were used as standards. Because there was no possibility of radiogenic
Mg from 2°Al decay in these samples, F,, was calculated from both
magnesium isotope ratios: Fyq = 0.5 8*°M0empe + 0.25 8°M0gmpie:
where 825Mg%mple = 1000 [(25M9/24Mg)m Ie/(stg/24Mg)s(ar( 71]
and 526M gsample = 1000 [(26M g/24M g)sampILJ(BGM g/24M g)stan _1]

We have focused our isotopic measurements of the evaporative
residues on magnesium. The reason for this is a combination of our
experience that the ion microprobe has better precision measuring
magnesium isotopes than silicon isotopes, together with the expectation
that magnesium isotopes will be significantly more fractionated than
silicon isotopes in any given evaporation residue (see Fig. 1 in Davis et
al., 1990).

6. RESULTS

We begin with a separate discussion of each set of experi-
ments run under the different pressure conditions and, where
possible, compare the results to previous experimental data,
which is mainly for forsterite.

6.1. Vacuum Experiments

A total of 10 vacuum experiments (P < 10~° bar) are listed
in Table 1, seven run with starting material B-133 and three
with starting material B-113. Figure 2 shows how the SO, and
MgO contents of the B-133 series evolve as evaporation pro-
ceeds, and compares this to compositiona tragjectories calcu-
lated for different temperatures by using the thermodynamic
model described in Grossman et a. (2000). The trajectories
were calculated by using the ratio of the molar fluxes of silicon
and magnesium as given by

% _ ¥s0Pso Mg (11)
Jvg  Ymg Pug VMso
Egn. 11 follows from Eqgn. 2 given that the dominant gas
species are Mg and SIO (according to our thermodynamic

calculations, the next most abundant gas species, MgO and
SiO,, are less abundant by a factor of more than 100), and
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Fig. 2. Measured weight percentages of SIO, and MgO of the B-133
starting material (solid symbols) and evaporation residues (open sym-
bols) from vacuum experiments run at 1800°C compared with calcu-
lated compositional trajectories for various temperatures. The compo-
sitional trajectories were calculated by Eqgn. 11 with vapor pressures as
a function of temperature and composition determined in the manner
discussed in Grossman et al. (2000) and assuming that the evaporation
coefficient of Mg and SiO are the same (i.€., ymg = Ysio)-

assuming that recondensation is negligible. The saturation va-
por pressures of aluminum and calcium gas species are lower
than those of magnesium and silicon by afactor of 10° or more,
thus aluminum and calcium do not evaporate to any significant
degree under the conditions of our experiments. Figure 2 shows
a dramatic change in the relative evaporation rates of silicon
and magnesium as evaporation proceeds. At the higher silica
contents, silicon is lost much faster than magnesium, but once
SiO, reaches ~35 wt% in the residue, SIO, and MgO decline
at more or less the same rate. The evaporation rates of silicon
and magnesium are proportional to the saturation vapor pres-
sures of SIO and Mg respectively, which in turn reflect the
activities of SIO, and MgO in the melt. Figure 3 shows the

) 2 4

8 10 12
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Fig. 3. Activity of MgO and SiO,, as a function of weight percentage
MgO for liquids along the 1800°C evaporation trajectory shown in
Figure 2. The activities were calculated by using the thermodynamic
model discussed by Grossman et al. (2000).
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activities of SIO, and MgO in the melt, calculated by using the
thermodynamic model of Berman (1983), as a function of the
wt% MgO along the evaporation tragjectory. As one would
expect from the trgjectories in composition space (Fig. 2), the
activity of SiO, starts out much larger than that of MgO but
then declines rapidly to become similar to it over the later
portions of the evaporation history. The agreement shown in
Figure 2 between the cal cul ated trgjectory and the experimental
datais an important indication that the Berman (1983) activity
model for CaO-MgO-Al,05-SiO, liquids (as used by Gross-
man et al., 2000) gives for our purposes a good representation
of the relative activities of SIO, and MgO in our experimental
samples.

The temperature, run duration, sample composition, and
surface area of the vacuum experiments listed in Table 1
provide the datafor calculating the average evaporation rate for
each experiment. Figure 4a shows the average evaporation rate
of magnesium and silicon plotted against the final weight
percentage MgO of the vacuum experiments run at 1800°C.
The fluxes appear to depend to some degree on composition in
the sense of agenera decline in the average flux of silicon and
an increase in the average flux of magnesium as more of the
magnesium is evaporated. This dependence of the average
fluxes on the amount of MgO lost is expected given how the
activities of SIO, and MgO change with decreasing weight
percentage of Mg (Fig. 3).

Figure 4b is a plot of calculated evaporation coefficients for
SiO and Mg as a function of the final weight percentage of
MgO of each run. The evaporation coefficients were calculated
by using the relationship

\2mmRT
n=3 5 (12
i,sat
which follows from Egn. 1 when there is a single dominant gas
species for magnesium (Mg) and for silicon (SIO). For the
systems of interest here, the saturation vapor pressures of Mg
and SiO are two orders of magnitude or more larger than that
of the next most important magnesium- and silicon-containing
species in the gas. By using the experimentally determined net
fluxes for J in Egn. 12, we are implicitly ignoring the effect of
recondensation. For P, o, we use the average saturation vapor
pressure over the duration of each experiment calculated along
appropriate segments of compositional tragjectories such as the
one shown in Figure 2 for the B-133 samples. The evaporation
coefficients are found to be significantly less than one (~0.2 to
0.1) and appear to depend on composition by being smallest for
those samples that lost the least magnesium and silicon.
Figure 5 shows the isotopic fractionation of magnesium
isotopes of the B-133 residues (in % amu~* relative to the
starting composition) as a function of the fraction of magne-
sium evaporated. The dotted curve in this figure corresponds to
Rayleigh fractionation calculated from Egn. 5 with Mg as the
dominant gas species, in which case « = V' 24/25 = 0.97980.
The data fall noticeably below the calculated curve and are
better fit by the solid curve corresponding to Rayleigh fraction-
ation with « = 0.98921 * 0.00035. There are several possible
reasons why the measured fractionations are less than the
expected value. It is possible, but in our opinion unlikely, that
Mg is not the only significant gas species. Calculations for the
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Fig. 4. (a) Average evaporation rate of magnesium and silicon in
moles per unit surface area of sample per unit time (mol cm~2s™%)
plotted against the final weight percentage MgO of the B-133 and
B-113 samples run in vacuum at 1800°C. (b) Evaporation coefficient
for Mg and SiO calculated by Egn. 12 plotted against the final weight
percentage MgO of the B-133 and B-113 samples run in vacuum at
1800°C.

speciation of magnesium in the gas at experimental conditions
indicate that Mg exceeds MO, the next most abundant species,
by about a factor of one hundred, whereas « = 0.98687 would
require that virtually all the magnesium in the gas be in the
form of MgO. Another possible explanation is that reconden-
sation affected the experiments and reduced the isotopic frac-
tionation. We will show in section 7 that the effect of recon-
densation on isotopic fractionation can be approximated by an
effective fractionation factor o’ related to the original « by

a—1~(a—1) (1 - PiF;), (13)

where P, refers to the pressure of the evaporating species at the
evaporating surface and P, o is the saturation vapor pressure of
i with respect to that surface. According to Eqn. 13, a recon-
densation flux of ~35% of the free evaporation flux could
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Fig. 5. Magnesium isotope fractionation of evaporation residues (%o
amu~?) relative to the starting composition plotted against the percent-
age of Mg evaporated. Data are from B-133 and B-113 vacuum
evaporation residues (circles) and B-113 samples run in 1-bar solar fo,
(solid squares). The dotted curve is the Mg isotope fractionation cal-
culated from Egn. 5 with « = V24/25 = 0.97980. The solid curve is
the best fit through the B-133 data and corresponds to o = 0.98921 +
0.00035.

account for the lower than expected isotopic fractionation of
magnesium in the B-133 residues. In the earlier discussion of
evaporation rates and evaporation coefficients, we assumed that
we could ignore recondensation and used the measured evap-
oration rates as estimates of the free evaporation rate J; in Eqn.
12. If 35% recondensation did indeed occur in the experiments,
then both the free evaporation rates and the evaporation coef-
ficients are ~1.5 times larger than the values reported in Table
1 and plotted in Figures 4a,b. We should, however, emphasize
that we have no independent evidence that something of the
order of 35% recondensation did actually occur in our vacuum
experiments. Yet another possibility is that the isotopic frac-
tionation factor was affected by lack of sample homogeneity
during evaporation. In this connection, we analyzed the
guenched evaporation residues for chemical and isotopic gra-
dients, and found none, which indicates that the samples are all
sufficiently small for diffusion to maintain their homogeneity.
We conclude from this that the departure of « from the theo-
retically expected value is not due to diffusion-limited evapo-
ration of the sort discussed in section 8.

The most detailed previous studies of the evaporation kinet-
ics of silicate material for cosmochemical purposes involved
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Fig. 6. Measured vacuum evaporation rates of single crystal forster-
ite (Wang et a., 1999) and two Type B CAl-like compositions (open
symbols) plotted against temperature (°C in upper scale, K in bottom
scale). Because forsterite evaporates stoichiometrically, its molar evap-
oration rates for magnesium and silicon are the same.

forsterite (e.g., Hashimoto, 1990; Wang et al., 1999; and ref-
erences therein) or molten mixtures of FeO-MgO-SiO,-CaO-
Al,O5 (Hashimoto, 1983; Wang et a., 2001). Figure 6 com-
pares the measured vacuum evaporation rates from Type B
CAl-like liquids to the rates determined by Wang et a. (1999)
for single crystal forsterite. Forsterite evaporation is stoichio-
metric, whereas the B-133 and B-113 melt compositions have
silicon evaporation rates about three times larger than that of
magnesium. This difference aside, the evaporation rates shown
in Figure 6 are remarkably similar considering that we are
comparing different compositions and that the forsterite sam-
ples were solid whereas the Type B CAl-like compositions
were liquid. The similarity includes the dependence on temper-
ature, which corresponds to an activation energy of ~625 kJ
mol~* for the forsterite data and ~525 kJ mol~* for both
silicon and magnesium in the B-113 series data. The magne-
sium and silicon evaporation rates determined by Wang et al.
(2001) for molten mixtures of FeO-MgO-SiO,-CaO-Al, O, fall
along the high-temperature extension of the data plotted in
Figure 6. In the case of forsterite and the B-113 composition,
the measured activation energies are ~100 kJ mol ~* larger
than the value calculated from thermodynamic data. This dif-
ference between measured and calculated activation energies
will tranglate into a temperature dependence of the evaporation
coefficients.

6.2. Experiments with P,,, ~ 2 X 10™* bar

Six evaporation experiments run at T = 1500°C and P, =
1.87 X 10~* bar with BCAI-0 as the starting composition are
listed in Table 1. These experiments are further subdivided on
the basis of the size, with the SS-, S- and M- series having
starting masses of ~5, ~17, and ~68 mg, respectively. Figure
7 compares the weight percentage of SiO, and MgO of the
evaporation residues of the BCAI series with compositional
trajectories calculated by using the thermodynamic model of
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Fig. 7. Measured weight percentages of SIO, and MgO of the
BCAI-0 starting material and evaporation residues from experiments
run in 1.87 X 107% bar H, and T = 1500°C compared with the
calculated compositional trgjectories for T = 1500°C. The composi-
tional trajectories were calculated assuming that the evaporation rates
of magnesium and silicon are proportional to the equilibrium vapor
pressures of Mg and SiO as calculated by the thermodynamic model of
Grossman et al. (2000).

Grossman et al. (2000). The BCAI tragjectory shown in Figure
7 was calculated assuming that the evaporation of Mg relative
to SIO is in proportion to the ratio of their saturation vapor
pressures, and therefore that the evaporation coefficients differ
by an amount equal to the square root of the ratio of the mass
of the evaporating species (see Egn. 11). Because of the furnace
used, the BCAI samples cooled sufficiently slowly that discrete
minerals crystallized, which makes the determination of their
bulk composition somewhat more uncertain than for residues
guenched to glass. Given these uncertainties and the associated
scatter of the data in Figure 7 around the calculated composi-
tional trajectory, small differences between the evaporation
coefficients of Mg and SiO of the order of the ratio of the
sguare root of the respective masses are not really resolved.
Figure 8 compares the rates of evaporation of magnesium
and silicon from the BCAI series samples to published data for
forsterite under similar conditions of temperature and hydrogen
pressure (Hashimoto, 1998; Tsuchiyama et al., 1998) and
shows that the evaporation rates of Type B CAl-likeliquidsare,
again, very similar to that of forsterite. Comparing the T =
1500°C evaporation rate from Figure 6 with the datain Figure
8 shows that the evaporation rates at comparable temperatures
are more than two orders of magnitude faster in ~10™% bar
hydrogen than in vacuum (see al so Nagahara and Ozawa, 1996;
and fig. 6 in Tsuchiyama et al., 1998). Hashimoto's (1998)
forsterite data in Figure 8 fall along a line with siope VP, ,
which corresponds to the thermodynamically predicted depen-
dence of the saturation vapor pressure on Py, . The data point in
Figure 8 attributed to Tsuchiyama et al. (1998) is extrapolated
from their reported value at T = 1450°C using their reported
activation energy. This data point is somewhat higher than
would be expected from the extrapolation of Hashimoto's data
to P, = 1.4 X 10 ° bar. We believe the most likely reason for
this discrepancy is that Tsuchiyama et al. (1998) underesti-
mated the actual pressure in the vicinity of the evaporating
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Fig. 8. Evaporation rate as a function of hydrogen pressure of
forsterite from Hashimoto (1998), Tsuchiyama et al. (1998), and the
average of the BCAI composition melts listed in Table 1. The straight
line is the calculated evaporation rate of magnesium from the BCAI
composition by Egn. 1, where the saturation vapor pressure of Mg, the
only significant magnesium-bearing gas-phase species, is calculated by
using the thermodynamic model described in Grossman et a. (2000).
An evaporation coefficient y = 0.04 was used in order that the
calculated evaporation rate fall through the average measured magne-
sium evaporation rate of the BCAI samples.

sample by about a factor of 10 (see Kuroda and Hashimoto,
2000, 2001ab, for a detailed discussion of this point). We
expect that the evaporation of magnesium and silicon from
Type B CAl-like liquids will depend on hydrogen pressure in
the same way as forsterite on the basis of our thermodynamic
calculations showing that the saturation vapor pressures of Mg
and SiO over Type B CAl-like liquids increase with hydrogen
pressure as VP, . The line in Figure 8 is the evaporation rate
of magnesium calculated by using the saturation vapor pressure
from the Grossman et al. (2000) thermodynamic model in Eqgn.
1 with vy, = 0.04.

Tsuchiyama et a. (1998) report an activation energy for
forsterite evaporation in 1.4 X 10~ bar H, (actually closer to
10 * bar by our estimate) of 372 kJ mol ~*, which is signifi-
cantly smaller than the activation energy measured in vacuum
experiments (~625 kJ mol ~%). Such a decrease in the activa-
tion energy when hydrogen is present is consistent with ther-
modynamic calculations for vapor pressures over forsterite that
give ~500 kJ mol ~* for vacuum evaporation and only ~250 kJ
mol ~* for P, ~10~* bar. However, both in vacuum and in
hydrogen, the experimentally measured activation energy for
forsterite evaporation is ~100 kJ mol ~* larger than the value
calculated from thermodynamic data. In the case of the BCAI
composition, we were not able run evaporation experiments at
temperatures sufficiently above or below 1500°C to allow usto
determine an activation energy. The reason is that the particular
furnace used for evaporations in hydrogen has an upper tem-
perature limit of 1500°C, and experiments run at significantly
lower temperatures will partialy crystallize during the experi-
ment. Thermodynamic cal culations that use the Grossman et al.
(2000) mode! give an activation energy of ~200 kJ mol ~* for
evaporation of the BCAI composition in 1.87 X 10~ bar H.,.
Given that the measured activation energies for evaporation of
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Fig. 9. Magnesium isotopic fractionation of BCAI evaporation res-
idues (%o amu~ 1) relative to the starting composition plotted against the
percentage of Mg evaporated. The dotted curve is the m@nesium
isotope fractionation caculated from Egn. 5 with a = V24/25 =
0.97980. The solid curve is the best fit through the BCAI data and
corresponds to a = 0.98689 *+ 0.00071. The BCAI samples were
intentionally made to have a range of surface areas, and these are
indicated in the figure by different-sized symbols. The data do not
resolve any dependence of the isotopic fractionation on sample size.

forsterite and B-113 samples in vacuum, and for forsterite in
1.4 X 107° bar H,, are always ~100 kJ mol ~* larger than the
corresponding thermodynamically calculated value, it seems
reasonable to assume that the activation energy for evaporation
of the BCAI composition in 1.87 X 10~* bar H, is also ~100
kJ mol ~* larger than the calculated value. In later discussions,
we will use an activation energy of 300 kJ mol~* for the
evaporation of Type B CAl-like liquids whenever there is
sufficient hydrogen present to significantly enhance the evap-
oration rates.

The isotopic fractionation associated with the evaporation of
magnesium from the BCAI series samplesis shown in Figure 9.
As seen earlier for the B-133 residues, the data show Rayleigh
fractionation-like behavior, but with a fractionation factor o =
0.98689 + 0.00071 rather than the expected value for magne-
sium of a = 0.97980. We mentioned earlier that recondensa-
tion is a possible reason that the measured isotopic fraction-
ations of the evaporation residues are somewhat less than the
theoretically expected value. The BCAI experiments were de-
signed to assess the role of recondensation by using samples
with a range of surface areas from 0.063 to 0.416 cm?. Given
the design of the furnace used for these experiments, the
expectation was that the larger the sample surface area, the
greater the recondensation per unit surface area. The sample
chamber of the hydrogen furnace consists of alarge cylindrical

cavity into which H, gas flows at a controlled rate F,, and
leaves via a small diameter cylindrical tube of known gas
conductance U connected to vacuum at its far end. The P, in
the sample chamber is determined by the pressure change due
to the flow through the cylinder of conductance U. Thus P,,, =
Fy /U. A similar relationship will hold for all other gas species
i in the sample chamber, but in their cases the fluxes F; will be
due to evaporation. Thus F; = AJ . Where A is the surface
area of the sample. Because the sample chamber conductance
for speciesi is proportional to that for hydrogen, P, =~ AJ /U,
and so P,/P, o — 0 as A — 0 and recondensation should go to
zero as A — 0. It follows that the smaller the sample, the less
important recondensation should be, and the closer « should be
to the theoretically expected value. To our surprise, we found
no significant difference in the magnesium isotopic fraction-
ation behavior of the BCAI samples as a function of their
surface area. This can be seen in Figure 9, where all samples
with more than 20% Mg loss lie within error on a common
fractionation curve implying acommon value of «. We have no
good explanation as to why we keep finding the same value for
«a that is different from the theoretically expected value. We
note, again without explanation, that the values of « for Mg (on
a %o amu~* basis) reported by Wang et al. (1999, 2001) for
solid forsterite (vacuum, e = 0.986) and for their molten solar
composition (vacuum, « = 0.985), and by Davis et a. (1990)
for molten forsterite (vacuum, « = 0.985), are al very similar
to the value we find for the Type B-like liquids (vacuum and
1.87 X 10~ * bar H,, o = 0.989 and 0.987, respectively) rather
than the theoretically expected value (« = 0.980).

6.3. Experiments with P, ~ 1 bar

Two of the B-113 series experiments listed in Table 1 were
carried out in a gas-mixing Deltech furnace containing ex-
tremely reducing H, + CO, mixtures at a total pressure of 1
bar. The oxygen fugacity was set to that of a solar gas (log
fo,~ —165a T = 1400°C) by adjusting the ratio of H, to
CO, and monitored with a zirconia oxygen fugacity probe as
described by Mendybaev et al. (1998). The mass loss rates and
element fractionations measured in the residues of the 1-bar
experiments are almost certainly the result of a near-equilib-
rium process (i.e., P./P; o, ~ 1) and thus only indirectly related
to the evaporation kinetics discussed above. According to Eqgn.
3, J nee = OWhen P/P, o, ~ 1—that is, no net evaporation and
thus no elemental or isotopic fractionation occur. Thiswould be
the case in a closed system, but our 1-bar experiments were
carried out in an open system with gas flowing through the
furnace to control the oxygen fugacity. The samples do lose
silicon and magnesium because of the continuous removal of
gas containing silicon and magnesium. The partial pressures of
calcium and auminum in the gas are so low that their mass loss
is negligible over the duration of the experiments. A further
indication that the 1-bar experiments are very near equilibrium
is given by the fact that the residues are not fractionated in
magnesium isotopes even when as much as 60% of the initial
magnesium has been lost (see Table 1 and Fig. 5). We interpret
the lack of measurable isotopic fractionation as being due to
P, /P, & = 1, which according to Egn. 13, resultsin an effective
fractionation factor o' ~ 1 and thus no significant isotope
fractionation. The 1-bar hydrogen experiments are consistent
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with our expectations of the consequences of evaporation in the
limit of high surrounding pressure.

7. PARAMETERIZATIONS FOR THE RATE AND
CONSEQUENCES OF EVAPORATION

In this section, we develop various simple parameterizations
for the evaporation of silicon and magnesium from molten
Type B CAl-like compositions. Assuming that we are dealing
with an element such as magnesium that has one dominant gas
species and that we can ignore the far field gas pressure P, . of
the evaporating species, Eqn. 9 becomes

YiPisa
J2mmRT
Yi a RT ’

Jnet = (149)

For a given temperature and composition, P, o, should be
calculated by using the same thermodynamic model used to
determine the evaporation coefficient -y,. Given an inclusion of
radius a, the remaining quantities that need to be specified are
the interdiffusion coefficient D; of speciesi in the surrounding
dominantly hydrogen gas and the evaporation coefficient v; .
The interdiffusion coefficient of i in a gas dominated by a
species j (e.g., H,) can be calculated from the expression

0002628 (T3 (m, + m) s

D; = PaZQy \  2mm

D;; will have units of square centimeters per second when P is
the total gas pressurein bars, o;; (~3.5 A) isthe average of the
individual collison diameters o; and o; in angstroms, (4
(~0.75) is the collision integral (a dimensionless measure of
the departure from rigid sphere behavior), m; and m; are the
molecular weights of i and j in grams, and T is the absolute
temperature. By use of the above values for o;; and )y, which
were taken from Geankoplis (1962) and Balat et al. (1992), we
find that for both Mg and SIO

0.00014_s
~ P 2.

(16)

This approximate form for D is easily justified given realistic
uncertainties in specifying an appropriate value for the pres-
sure.

Evaporation coefficients determined by recent laboratory
evaporation experiments using various silicate compositions,
hydrogen pressures, and temperatures are shown in Figure 10.
The evaporation coefficients have a significant temperature
dependence, which could have been anticipated from the fact
that forsterite, whether in vacuum or hydrogen, was found to
have an effective activation energy somewhat larger than the
thermodynamic value (Tsuchiyama et al., 1998; Wang et al.,
1999). The evaporation coefficients for the Type B CAl-like
compositions, whether in vacuum or in 1.87 X 10~% bar
hydrogen, are very similar in magnitude and temperature de-
pendence to that of forsterite in vacuum. The evaporation
coefficients calculated from Kuroda and Hashimoto' s (2000a,b)
data continue the trend with respect to temperature of the
vacuum coefficients, while evaporation coefficients based on
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Fig. 10. Evaporation coefficients vy as a function of temperature for
forsterite in vacuum (Wang et al., 1999), in 1.87 X 10~ bar hydrogen
(Kuroda and Hashimoto, 2000), and in 1.4 X 10> bar hydrogen
(Tsuchiyama et a., 1998); and for Type B CAl-like compositions (this
study). The CAIl evaporation coefficients a¢ T = 1800°C are the
averages for the B-133 vacuum experiments whilethose at T = 1500°C
are the averages for the BCAI experiments run in 1.87 X 10~* bar
hydrogen.

the Tsuchiyama et a. (1998) data fall significantly above this
trend. Aswe noted earlier thisismost likely dueto Tsuchiyama
et a. (1998) underestimating the actual hydrogen pressure in
the vicinity of their evaporating samples. In terms of specifying
evaporation coefficients for Type B CAls, we will be most
interested in temperatures near 1400°C and hydrogen pressures
in the range 102 to 107> bar. A reasonable choice for the
evaporation coefficient under these conditionsis yyq = vsio =
0.03.

An experimentally validated representation for the evapora-
tion of Type B CAl-like liquids is given by Eqgn. 14 using the
thermodynamic model of Grossman et al. (2000) for the re-
quired saturation vapor pressures, Eqn. 16 for the interdiffusion
coefficient D, and Figure 10 for the evaporation coefficients.
The effects of melt composition, temperature, gas composition,
and pressure on the evaporation rate are taken into account by
the calculated saturation vapor pressures. It should be kept in
mind that the evaporation coefficients plotted in Figure 10 are
defined with respect to the specific thermodynamic model used
to calculate the saturation vapor pressures. Had we, for exam-
ple, used an ideal solution model for the Type B CAl-like
liquid, we could still determine evaporation coefficients, but
they would be with respect to the saturation vapor pressures
over the ideal solution. The penalty one would pay for using
such an oversimplified solution model for the evaporating
liquid is that all the deficiencies of the activity—composition
relationships will complicate the dependence of the evaporation
coefficients on composition. By using arealistic solution model
for the CAl-likeliquids, wefind, as can be seen from Figure 10,
that the evaporation coefficients of Mg and SiO are effectively
the same and that they depend mainly on temperature. Effects
due to sample composition, surrounding gas, and even whether
the material is solid or liquid, are seen to be far less important
than that of temperature.
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An dternative representation for the evaporation kinetics can
be made based on parameterizing the effects of temperature and
pressure around the experimental results closest to the condi-
tions of interest. When in the hydrogen dominated regime
(P, > 10~ 7 bar for T < 1500°C), the evaporation flux of Type
B CAl-like liquids at a temperature T and hydrogen pressure P
can be calculated by using the following relationship:

-E/1 1 P
3 (Topyer (77) .
J(T.P) = a [RT : 17)

+ B 27Tmi

J(To,Po) is the experimentally determined evaporation rate at
temperature T, and H, pressure P, and E is the activation
energy. Specifying the effect of hydrogen pressure as being
proportional to V' P/P, isjustified by both the forsterite exper-
imental data and the calculated evaporation rate for CAl-like
compositions shown in Figure 8. Our best estimate for the
effective activation energy E for a Type B CAl-like liquid is
300 kJ mol ~*, which is ~100 kJ mol ~* larger than the value
given by our thermodynamic calculation. The extra 100 kJ
mol ~* assumes that when hydrogen is present there is a similar
difference between the calculated and measured activation en-
ergy for the CAl-like liquid as we found in our vacuum evap-
orations of CAl-like liquids and as has been found for evapo-
ration of forsterite in both vacuum and in hydrogen gas
(Tsuchiyama et al., 1998; Wang et al., 1999; Kuroda and
Hashimoto, 2000, 2001a,b). The 100 kJ mol ~* difference be-
tween the calculated and measured activation energy shows up
as the temperature dependence of the evaporation coefficients
shown in Figure 10. By incorporating the 100 kJ mol ~* into an
effective activation energy, we can use afixed value, y = 0.03,
for the evaporation coefficient.

A more general parameterization, not restricted to the hy-
drogen-dominated regime and thus valid to lower pressures
than Eqgn. 17, results when we rewrite Egn. 17 in terms of
oxygen fugacity (Po,) rather than P, :

—Eo
3Topyeei- [
02

J(T.Po,) = v [RT , (18)

+ B 27Tmi

where P, now refers to a reference oxygen fugacity and E, is
the effective activation energy keeping P, fixed. The sur-
rounding gas composition and pressure still need to be specified
to calculate the interdiffusion coefficient of species i in the
surrounding gas via Eqn. 15. Figure 11a shows the calculated
evaporation rates of magnesium as a function of Py, for three
different temperatures by using the thermodynamic model of
Grossman et al. (2000). Both O and O, can be significant
species, depending on conditions. We chose to parameterize
Po,» because P, is proportional to V/Pg, and Pq, is a quantity
measurable with a sensor in a laboratory experiment. The
temperature dependence of the evaporation rate corresponds to
an activation energy at fixed fo, of E, ~ 650 kJ mol~*. The
relationship between P, and Py, in the calculations used to
construct Figure 11ais shown in Figure 11b and corresponds to
the situation when the oxygen fugacity is controlled by equil-

ibrating the molten sample with a surrounding gas initialy
containing only hydrogen at the specified P,,,. In the hydrogen-
dominated regime (P, > 1078 bar) Po, is alinear function of
Py, which accounts for Eqns. 17 and 18 being equally valid in
this regime. The linear relationship breaks down at lower Py,
once the amount of oxygen tied up by hydrogen (mostly as
H,0) becomes a small part of the oxygen budget, with the
effect that Eqn. 17 no longer holds (but Eqn. 18 still does). Also
shown in Figure 11b are curves of P, vs. P, for agas of solar
composition at various temperatures. At sufficiently high pres-
sure the oxygen fugacity around a molten Type B CAl-like
liquid evaporating into a solar composition gas will be set by
the solar gas and thus the P, of the solar gas should be used in
Eqgn. 18.

Figure 12 summarizes various effects of hydrogen pressure
on the evaporation rate from a Type B CAl-like composition at
T = 1500°C. The heavy curve is calculated from Egn. 14 by
using Grossman et al. (2000) for the saturation vapor pressure
of Mg in the gas over the BCAI composition and an evapora-
tion coefficient yyg = 0.04 in the limit radiusa — 0 (i.e,, no
recondensation). This value for the evaporation coefficient was
chosen so that the calculated curve passes through the average
evaporation rate of magnesium measured for samples of the
BCAI series. The thinner curves were calculated by Eqn. 14 for
three choices of the radius of the model sample (a = 0.2, 0.5,
and 1.0 cm) and with the diffusivity D given by Eqn. 16. Three
regimes are seen. When P,,, < 10~ * bar, the evaporation rate is
independent of the hydrogen pressure and can be described as
the vacuum regime. For P,,, between 10~ 7 bar and ~10~2 bar,
the evaporation rate increases as VP, , which is a hydrogen-
dominated regime. At hydrogen pressures greater than ~10~3
bar the interdiffusion of Mg through the surrounding gas be-
comes sufficiently slowed that the Mg pressure begins to build
up on the surface of the sample and, as a result, recondensation
starts to become important. The example given in Figure 12 is
for a temperature of 1500°C. The regime boundaries do shift
with temperature such that at lower temperatures the hydrogen-
dominated regime extends to lower pressure (eg., to Py, ~
10 ®bar at T = 1400°C, P, ~ 10" ° bar at T = 1300°C). The
pressure at which recondensation begins to be important also
decreases with decreasing temperature, but only slightly (i.e., a
decrease of ~10% between 1500 and 1300°C).

We stated without proof in section 6.1 that the effect of
recondensation on the isotopic fractionation of the residue can
be represented by an effective fractionation factor ', which, to
a reasonable approximation, is related to the free evaporation
fractionation factor « by Egn. 13. We now use Egn. 14 to
derive a more complete equation for the effective isotopic
fractionation factor. Egn. 14 for isotope k of element i can be
written as

ViXiP, sat

J2mmRT
k=T (19)
via RT

Di,k 2’7ka

where X, is the mole fraction of isotope k in the evaporating
material. Egn. 19 implicitly assumes that there is no equilib-
rium isotope fractionation (valid at sufficiently high tempera-
ture) in that the equilibrium vapor pressure of k iswritten as X,
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Fig. 11. (a) Dependence of the magnesium evaporation rate on Py, for the three temperatures indicated. The evaporation
rate was calculated from Egn. 1 assuming Mg as only important gas species, y = 1, and Py o Calculated by using the
thermodynamic mode! of Grossman et a. (2000). The curves have slope —V/ P, (b) The solid curves show the P, of the
gas in equilibrium with a Type B CAl liquid at the indicated temperatures as a function of an imposed hydrogen pressure.
The dashed curves show the oxygen fugacity, P, of agas of solar composition at the three indicated temperatures. Three
regimes are seen in this figure. At sufficiently low hydrogen pressures (the vacuum regime), the P, tends to an asymptotic
value depending only on the composition of the condensed material and temperature. At intermediate hydrogen pressures
(the hydrogen-dominated regime), the oxygen is still derived from the sample but now P, decreases with increasing P,
because of the formation of water. What we can call the solar composition-dominated regime corresponds to those situations
where the Py, of the solar gas exceeds the P, that would result from the equilibrium of the condensed phase with just
hydrogen, in which case the Py, is set by the pressure and temperature of the solar gas.
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Fig. 12. Evaporation rate of magnesium at 1500°C vs. P, showing
the various effects of hydrogen on the evaporation rate. The heavy
curve was calculated by Egn. 14 with a = 0 (no recondensation), y =
0.04 (in order that the curve pass through the average magnesium
evaporation rate of the BCAIl samples), and saturation vapor pressures
calculated by using the model of Grossman et a. (2000). The three
thinner curves show the effect of recondensation for CAls of radius 0.2,
0.5, and 1.0 cm. Three regimes are seen. At sufficiently low hydrogen
pressure (the vacuum regime), the evaporatlon rate is mdependent of

,- In the hydrogen-dominated regime (10 7< Py, < 102 bar for
= 1500°C and r = 1 cm), the evaporation raIe increases as VP, At
suff|C|entIy high hydrogen pressure (P > 102 bar for T = 1500°C)
recondensation effects first reduce, then reverse the dependence of the
evapordtion rate on P, For P, > 1077, the curves shown in this
figure could have equally well been calculated by Eqn. 17, which does
not require a thermodynamic model for calculating saturation vapor
pressures. A similar figure for forsterite evaporation was presented by
Hashimoto (1999).

times the saturation vapor pressure of the element. We also
assume a common evaporation coefficient v, for al isotopes of
i. The instantaneous ratio of isotope 1 to isotope 2 in the
evaporating gas (R) is then given by

’Yia RT
1+ 57—
Ji Xy m Do \2mm,
Rg == ) =
Jo X \my 14 va |RT
Di,l 27Tmi
a | RT
1+ 02
Di,2 27Tm2
@ |RT
|:1 + Di,l 27Tm|
where R, is the isotopic composition of the evaporating con-
densed phase, o = Vm,/m, isthekinetic isotopic fractionation
factor in the absence of recondensation, and «’ is the effective
fractionation factor taking recondensation into account. The
mass dependence of the diffusivities D,; and D,; of the iso-
topes in a dominantly H, gas are given by Egn. 15 with m; =
2. Comparing Egn. 3 with Egn. 9 shows that in the limit of no
significant far field pressure (P, .. = 0), the quantities {1 +

(v;@D; ) VRT/2mm,} are related to the pressure at the evap-
orating surface by the relationship

=R =R, (20)
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Fig. 13. Effect of recondensation on the effective kinetic isotope
fractionation factor shown as the variation of « — 1 vs. hydrogen
pressure. The open-square symbols indicate the fractionation factor for
Mg/>*Mg in the absence of recondensation (@ — 1 = V/24/25 — 1 =
—0.0202). The solid circles indicate the result calculated by Eqn. 22
and show that the asymptotic value of « in asaturated system is not one
(no fractionation) but becomes equal to the ratio of the interdiffusion
coefficients of theisotopes. The open circles are the result calculated by
using the approximate form given by Eqn. 13.
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Eqgns. 20 and 21 can be combined to give the following simpler
relationship between « and a':

P\ . (Du_ | P

Eqgn. 13 is now seen to be an approximation based on ignoring
the small difference between the diffusivities of the isotopesin
the surrounding gas and the even smaller difference between
elemental P/P, o, and isotopic P/P; . Figure 13isaplot of o'
for magnesium as function of P, showmg that significant
departures from ideal fractlonatlon o' = Vmy/m, occur at
Py, > 1072 bar and that the effect of the second term on the
right hand side of Eqgn. 22 is relatively small.

8. DIFFUSION IN THE LIQUID

We now turn to questions of when and how diffusion in a
molten spherical CAl will affect the evaporation behavior. The
model problem we need to solve is governed by Egn. 10,
subject to the boundary conditions 10aand 10b. For simplicity,
we will assume the system to be entirely molten at all times
(¢ = 1, a¢/at = 0) and that both the diffusivities D, ,, and
evaporation rates J, ., are unchanging with time (D; ,,, = D; ¢,
J net = J.0)- The assumption that the net evaporation rate is not
changing significantly with time will be more valid for mag-
nesium than for silicon because Py, and thus Jy,g, is not
strongly dependent on melt composition as long as MgO > 5
wt% (Fig. 3). We write the remaining parts of Egn. 10 in terms
of the nondimensional variables r’ = r/r,, @ = alr,, C' =
Cim/Cio and t' = (Dyra)t. 1y is the initial radius, Dy is a
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reference diffusivity, and C, 4 is the initial molar density, as-
sumed to be uniform. Eqgn. 10, after dropping primes, becomes

aC 5 9?C, 209G, -
ot P\ T ) (23)
with
G Jolo C\ oa _
o _Ci,oDi,o_ D, aatr_a(t)’
_ E. . (G\<EVD,
=-3 7 (a) ET (239)
S ar—o 23b
ar ar=0, (23b)

and with the initial condition C;(t,r) = 1. In Egn. 23a we used

9a _ -y E4ViD;
at

3 (23¢)

The system is governed by the nondimensional quantities D; =
D; o/Do (similarly for D;) the evaporation number E,; = (3], oo/
C,.0D; o), and the volume fraction of speciesj in the melt given
by V; = C; ov;, where v; is the molar volume of species j. E
corresponds to the ratio of the diffusive time scale (744 =
rg/D; o) to the evaporation time scale (1o, = (4/3)713C; o
4mr5d o = 1oC; o33 o). We can anticipate that when the evap-
oration number is large, which corresponds to evaporation
being fast relative to the diffusive adjustment time, significant
radial concentration gradients will result. In the case of small
evaporation numbers, diffusion will maintain nearly homoge-
neous concentrations, which is the condition required for Ray-
leigh fractionation.

Eqgn. 23 for CaO, Al,O,, SIO,, *Mg0,>*MgO, and **MgO
with the boundary condition (Eqn. 23a) applied at a radius
calculated from Eqgn. 23c were solved by numerical methods
whose accuracy was demonstrated by comparison with analyt-
ical solutions for special cases (e.g., surface flux condition
applied at a fixed radius or at a moving boundary of a half-
space). Figure 14a shows solutions to Eqn. 23 in terms of the
wt% of the oxides as a function of nondimensional radius r/ry
after 50% of the magnesium has been evaporated for E,q =
3 (see caption for the other parameters). The concentration
profiles reflect two opposing effects arising from the two terms
on the right hand side of boundary condition 23a. Evaporation
from the surface reduces the molar density of the evaporating
species as the surface is approached while the decreasing radius
tends to increase the molar density of the less rapidly evapo-
rating components toward the surface. The MgO profile is
dominated by evaporation while the profiles of the conserved
species CaO and Al O, reflect the increase in their molar
density as the radius and thus volume of the sample decreases.
The SO, profile is relatively flat because the effect of evapo-
ration is almost perfectly balanced by that of changing radius
for the particular set of parameters used. In the specia case of
congruent evaporation (e.g., evaporation of forsterite) the two
terms on the right hand side of boundary condition in Egn. 23a
cancel exactly, and thus evaporation produces no change in the
molar density (which is as it must be when the evaporation is
congruent).

Figure 14b shows the effect of the evaporation number on
the MgO profile after 50% of the MgO has evaporated. As
expected, gradients are weak for E, < 1 and significant for
E, > 1. Once E, exceeds 10, the center of the inclusion has
hardly lost any MgO even though the model system as awhole
has lost 50% of its starting MgO content. For E, > 10,
concentration gradients are restricted to anear surface diffusive
boundary layer. Figure 14c shows the magnesium isotopic
composition profiles associated with the compositional profiles
shown in Figure 14b. The relative evaporation flux of the
magnesium isotopes was assumed to be proportiona to the
magnesium isotopic ratio at the surface times the inverse of the
square roots of their masses (Eqgn. 4b). We ignore any differ-
ence in the rate of diffusion of the magnesium isotopes in the
melt on the basis of our having measured these differences for
calcium isotopes in similar liquids (Richter et al., 1999b) and
found these to be negligibly small for present purposes. Figure
14d is a plot of the bulk 2*Mg/>*Mg after 50% of the magne-
sium has evaporated, as a function of the evaporation number.
A useful parameterization for the effect of diffusion in the melt
on the bulk isotopic fractionation of magnesium isotopes by
evaporation is given by

Mk =~ 8°MQg,—q) € > (24)

where §*°Mg, ;. = 1000 [(*Mg/**M@)pi/(*Mg/**Mg)o — 1],
(**Mg/**Mg), is the unfractionated isotopic composition, and
8**MQg,—o, is the fractionation calculated by the Rayleigh
equation (Egn. 5). Wang et a. (1999) calculated the effect of
diffusion on the isotopic fractionation during evaporation from
a diffusion-limited, finite-thickness slab rather than a sphere,
and found the effect to be similar to what we report here. Their
figure A3 shows decreasing isotopic fractionation as a function
of a parameter W, the nondimensional velocity of the evapo-
rating surface. W is also the ratio of the diffusive time scale to
the evaporation time scale of a finite thickness slab, and thus it
is the Cartesian coordinate equivalent of our nondimensional
parameter E,,. Nagahara and Ozawa (2000) derive model equa-
tions for the isotopic fractionation of a condensed phase during
congruent evaporation and measure the importance of diffusion
in the melt in terms of an evaporation Peclet number (P,),
which is also closely related to the evaporation number used
here (Pe=V,J ofd/D; 0 = (V;C; o/3)E,; when j = 1 for congru-
ent melting). For cases of incongruent evaporation, one could
specify separate Peclet numbers for each of the evaporating
components, but we prefer to use evaporation numbers because
they seem to us amore direct measure of how diffusion affects
individual components.

9. CONSTRAINTS ON THE THERMAL HISTORY OF
TYPE B CAIS

Asshownin Figure 1, Type B CAls are often enriched in the
heavy isotopes of silicon and magnesium relative to the terres-
trial isotopic ratio of these elements. For magnesium isotopes,
fractionations of 1 to 5%. per atomic mass number are quite
common. The purpose of this section is to translate these
measured isotopic fractionations of the Type B CAls into
constraints on their thermal history by determining the condi-
tions of temperature and hydrogen pressure required to effect
the observed range of fractionations. We make use of the



536 F. M. Richter, A. M. Davis, D. S. Ebel, and A. Hashimoto
(@) (b)
40 . - : . 20 - : : -
s
301 — | 4
CaO/ —_
/ °\§°
R . i 2 i
El AI203/ o
(o))
=
1] 1 1
80 0‘2 0!4 0‘6 0‘8 1.0 1.0
r/ry r/ry
(©

Fug (%0)

tiry

Ev

Fig. 14. (a) Concentration as a function of fractional radius in a molten sphere at a time such that 50% of the initial Mg

has evaporated. Calculations are based on Eqn. 23 subject to Eqn. 23aand 23b with E,\,, = 3.0, E,g = 0.7, E,c, =
20, Dajy0, =

0, Vigo = 0.15, Vo, = 05, Dygo = 1.0, Deso =

Ea =

Dsio, = 0.5. The profiles end at r/rq = 0.95, indicating

that the radius has decreased by 5% due to evaporation of magnesium and silicon oxides (see text for details). (b)
Concentration gradients of weight percentage of MgO as a function of fractional radius for different choices of the
evaporation number E,, al a atime such that 50% of the initial Mg has evaporated. E,\,, = E,, E,5 = 0.25 E,; al other
quantities as in Figure 14a. The dotted curve at 18 wt% MgO is the initial condition. (c) Calculated profiles of ®Mg/**Mg
(%0) relative to the starting composition corresponding to the concentration profiles shown in Figure 14b. (d) Bulk
Mg/?*Mg (%) relative to the starting composition vs. magnesium evaporation number calculated from the concentration

and isotopic profiles shown in Figures 14b,c.

parameterizations developed in section 7 because of their ease
of implementation and the clarity with which they identify the
various key factors such as temperature, hydrogen pressure,
and sample size that affect the outcome.

We can illustrate the relationship between isotope fraction-
ation and thermal history by calculating the linear cooling rate,
starting from 1400°C, that produces 1 or 5%, amu™* fraction-
ation of magnesium isotopes. Figure 15 shows the result based
on Egn. 17 applied to #*Mg and °Mg. Several distinct regimes
are evident. For hydrogen pressures up to ~10~2 bar the rate of
evaporation increases with pressure and therefore the cooling
rate must also increase to maintain a fixed degree of isotopic
fractionation. Once hydrogen pressures exceed ~10~2 bar,
recondensation becomes increasingly important, and slower
cooling rates are required for a particular amount of isotope
fractionation. There are two reasons for this. First, there is the
decrease in the net evaporation rate due to recondensation as
shown in Figure 12. Second, there is less isotopic fractionation
associated with evaporation at the higher pressures, as can be

seen from the effect of pressure on the effective isotopic
fractionation factor (Fig. 13).

Figure 15 is illustrative of specific thermal histories (i.e.,
linear cooling from an instantaneous peak temperature of
1400°C) that are consistent with specific degrees of magnesium
isotope fractionation. The general constraint on the thermal
history is in the form of an integral, which is easily derived in
the simplified case where we ignore the small change in radius
associated with evaporation of afew tens of weight percent of
SiO, and MgO. For a sphere of fixed radius a, the conservation
equation is simply

dve)
d —JA, (25)

whereV isthevolume, C; ismolar density, J, isthe evaporation
flux, and A is the surface area. For fixed radius a, Eqn. 25 has
the solution
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Fig. 15. Calculated curves show the linear cooling rate starting from
1400°C required for a molten 0.5-cm-radius Type B CAl sphere to
fractionate magnesium isotopes by evaporation by 1 or 5%o amu~* for
a broad range of hydrogen pressures. Calculation uses Egn. 17 with a
reference evaporation rate Jy,4(To,P) = 3 X 10 ®mol cm ?sat T, =
1500°C and P, = 1.87 X 10 “ bar hydrogen, an activation energy of
300 kJ mol ~2, and an evaporation coefficient of 0.033. The temperature
and pressure dependence of the diffusivity D of the evaporating species
in the surrounding gas was calculated by Eqgn. 16.
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where C;(0) is the initial molar density. For a given fraction-
ation factor o’ (from Egn. 22) we can use Eqgn. 5 to relate the
fraction of a species remaining in the residue to the isotopic
R/R, and write Egn. 26 as

t aC(0) log (R/Ro)
J,dt:T 1-10 -1 . 27)
0

Eqgn. 27 is, in effect, an integral constraint on the thermal
evolution T(t) associated with a particular degree of isotopic
fractionation R/Ry: T(t) must be such that the associated evo-
Iution of the evaporation flux J; (t) satisfies Egn. 27. While the
linear cooling used to construct Figure 15 is only one of an
infinite number of possible thermal histories satisfying Egn. 27,
it does serve to illustrate the characteristic cooling time of
smoothly varying thermal histories that start from a peak tem-
perature of ~1400°C.

We have not yet considered whether we can ignore, or
should include, at least in a parameterized sense (e.g., Eqn. 24),
the effect of diffusion in the melt when discussing the thermal
evolution of typical Type B CAls. Whether or not diffusion
plays an important role depends on the evaporation number E, ;
(= 33 o1/C; oD; o) being large or small compared with one. We
canuser, = 0.5 cm as atypical radius of a Type B CAl. For
the evaporation of magnesium a T = 1400°C and P, = 2 X
10~ bar, we have Jy 50 =~ 1 X 10~® mol cm™?s™* (based on
the average magnesium evaporation rate of the BCAI experi-
ments adjusted to T = 1400°C) and amolar density C, , ~ 0.01
(mol/cm?). Dygo =~ 1 X 107 % cm? s~ * isareasonable estimate

of the effective chemical diffusivity of Mg in a Type B CAl-
like liquid at 1400°C. This resultsin an estimate of E, \,q ~ 1,
which suggests that diffusion is not terribly important in con-
nection with evaporation of the Type B CAlsin 2 X 10~ bar
hydrogen. The value we used for Dy,4 o, Was arrived at by first
estimating the mobilities of all the oxide componentsin a Type
B CAI liquid on the basis of mobility—composition relation-
ships such as those given in Liang et a. (1996). We estimate
that the mobility of magnesium at T = 1400°C is 1.3 X 107°
cm? s7%, in good agreement with extrapolations of reported
values given by Sheng et a. (1992) and by LaTourrette et al.
(1996). We then used the estimated mobilities in a Cooper
nonideal molecular model (see Liang et al., 1997) to construct
a chemical diffusion matrix for the Type B CAl liquid. The
final step was to use the diffusion matrix to calculate effective
binary diffusion coefficients for the oxide components along
the compositiona direction associated with evaporation. The
binary diffusion coefficients calculated for a Type B CAl
composition at T = 1400°C are D, = 2.0 X 107 % cm? s %,
Dmg = 1.0 X 107°cm?s™, and Dg = 0.5 X 10 °cm?s™ .
These are the effective binary diffusion coefficients used to
specify the parameters used in connection with Figure 14.

Whether or not diffusion in the liquid is important in terms
of the bulk isotopic fractionation of atypical Type B CAI will
depend to a large degree on the hydrogen pressure. Tempera-
ture is far less important in that the activation energy for
diffusion is quite similar to that for evaporation into hydrogen
(~300 kImol ~* K™*). We estimated that E, y,, ~ 1 for P, =
2 X 10~ * bar, in which case diffusive gradients in the melt are
not large and the isotopic fractionation for a given amount of
evaporative loss is reduced (relative to perfect Rayleigh frac-
tionation) by only ~10% (see Eqgn. 24). At lower hydrogen
pressures the evaporation rate is lower, and thus finite diffusion
has a correspondingly lesser effect on isotope fractionation.
However, at hydrogen pressures of about P, = 10~ 2 bar, the
net evaporation rate is significantly greater than that at P, =
2 X 10~* bar (Fig. 12), by about a factor of 10, and thus for
samples of comparable size, the evaporation number will also
be greater by about a factor of 10 at the higher pressure. As
shown in Figure 14d, the bulk isotopic fractionation is reduced
by ~50% when the evaporation number is 10. The recurring
theme is that in the specific context of constraints on the
thermal history of Type B CAls, the most important quantity is
the hydrogen pressure. Taking diffusion in the liquid into
account could, for large evaporation number, change the esti-
mated cooling rate by a factor of about two. This should be
compared with the effect of hydrogen pressure shown in Figure
15, where the cooling rate for a given degree of isotope frac-
tionation differs by an order of magnitude or more depending
on the hydrogen pressure (P, = 1072 to 10~ ° bar) that
prevailed during the reheating event that melted the Type B
CAls.

We should note in closing this section that we have made no
allowance for the effect of crystallization on melt composition.
Eqgn. 10 shows how crystalization enters the diffusion equa-
tion. In a subsequent article, we will consider the combined
effects of evaporation, crystallization, and chemical diffusion.
We do not expect that the results given here will be signifi-
cantly affected, however the combined effects of evaporation,
crystallization and diffusion in the melt may provide some
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insight into why certain Type B inclusions, the B2s, have a
relatively uniform spatial distribution of minera phases
whereas the B1s have melilite-dominated outer mantles.

10. SUMMARY AND DISCUSSION

We have shown, by experiment, the following.

(1) Evaporation of molten Type B CAl-like compositionsin
vacuum or in a hydrogen-dominated gas preferentially removes
silicon and magnesium leaving behind a residue enriched in
calcium and aluminum (see Table 1).

(2) The relative rates of evaporation of silicon and magne-
sium reflect the saturation vapor pressure of the gas species
they produce (mainly SiO and Mg) and thus depend on com-
position. In general, compositions with greater than 35 wt%
SiO, evaporate silicon more rapidly than magnesium, with the
rates becoming comparable for SiO, contents of 35 wt% or less
(see Fig. 2 and Hashimoto, 1983).

(3) The measured rates of silicon and magnesium evapora
tion are proportional to the calculated saturation vapor pressure
of SIO and Mg with a proportionality constant (the evaporation
coefficient) much less than one (Fig. 10).

(4) Evaporation residues of samples run in vacuum and in
hydrogen are similarly enriched in the heavy isotopes of mag-
nesium with a kinetic fractionation factor close to, but not
exactly, the theoretically expected value (Figs. 5 and 9).

(5) The range of magnesium isotopic compositions of Type
B CAls(Fig. 1), if produced by evaporative loss of magnesium,
requires magnesium losses from 0 to ~50% (Figs. 5 and 9).

We have used various theoretical relationships along with a
thermodynamic representation of Type B CAl-like liquids to
explain and parameterize the dependence of the evaporation
rate and isotopic fractionation of silicon and magnesium as a
function of composition, temperature, hydrogen pressure, and
diffusion in the surrounding gas and in the melt. We then used
the parameterizations to translate typical magnesium isotopic
fractionations of the Type B CAls into constraints on their
therma history. The overal conclusion is that the Type B
CAls, which on the basis of petrologic and textural evidence
were reheated to ~1400°C (Stolper, 1982), must have cooled at
rates of the order of degrees or tens of degrees per hour. We are
not the first to suggest that the rates of cooling of the Type B
CAls were of the order of °C h™*. Stolper and Pague (1986)
made an excellent case that the cooling rates could not have
been faster than ~50°C h™?* on the basis of the texture of the
coarse-grained inclusions. Our main contribution is in connec-
tion with the lower bound on the cooling rate, where we have
shown that cooling rates slower than 1 to 100°C h™*, depend-
ing on the hydrogen pressure, would result in unacceptably
large isotopic fractionation of silicon and magnesium. Allow-
able cooling rates are clearly not hundreds of degrees Celsius
per second, as would be the case for radiative cooling in
optically thin regions or degrees per thousands of years which
would be characteristic of the thermal evolution of the proto-
planetary disk as a whole.

Numerous suggestions have been made as to the process or
processes responsible for melting chondrules and CAls (see
Boss, 1996, for a concise guide to chondrule formation mod-
els). These range from loca (e.g., impact melting, nebular
lightning) to large scale (e.g., high-temperature inner nebula).

Gas drag and collisions associated with accretionary or nebular
shocks are an often-cited possibility. However, there is no
generally accepted model for melting chondrules and CAls, in
large part for lack of quantitative constraints with which to
validate or reject specific models. Focusing on the cooling
history, as we have done for the Type B CAls, may well
provide some important discrimination.

Local transient heating processes such as lightning or impact
melting will be followed by such rapid cooling (100°C s~ *; see
fig. 3 in Horanyi and Robinson, 1996) that they do not appear
to be a plausible mechanism to explain the thermal history of
coarse-grained CAls. Heating mechanisms associated with
shock waves (Hood and Horanyi, 1991, 1993; Wood, 1984) are
probably the most often mentioned explanation for the high
temperatures required by chondrule formation and thus could
certainly also be considered in terms of melting the CAI pre-
cursors. However, the subsequent cooling would very likely
have been determined by radiation into a moderate temperature
(200 to 500 K) surrounding medium resulting in cooling rates
of degrees per second (Ruzmaikina and Ip, 1996), which is till
orders of magnitude faster than what the textures of Type B
CAls will alow. If the transient heating took place in a suffi-
ciently optically thick region the cooling rates could have been
much slower, but in general, it would seem that local heating
events, by their very nature, will result in too rapid cooling to
be a reasonable explanation for partially melting the coarse-
grained CAls.

A promising explanation for how CAls were heated to
~1400°C and then cooled at rates of the order of 10°C h™* is
that they were entrained by aerodynamic drag into the magne-
tocentrifugally driven wind from our young sun (Shu et al.,
1996, and references therein). The heating of the proto-CAls
(and their sorting by size) is accomplished when solid bodies
moving toward the sun in the relatively cool disk are lifted
along outward trajectories where they are exposed to much
more direct sunlight. The size sorting depends on the size of the
aerodynamic coupling constant, which in turn is inversely
proportional to particle size. Small particles such that the cou-
pling constant is large will escape from the evolving solar
system; large particles decouple from the outflow and fall back
onto the disk to be recycled (see also Liffman and Brown,
1995). Only a relatively narrow range of sizes will result in
trajectories that can be regarded as candidates for having pro-
duced the CAls and the time of flight along these is of the order
of severa tens of days (see fig. 2 in Shu et a., 1996). The
high-temperature stage will be considerably shorter than this,
and thus the temperature histories of particles along suitable
trajectories could well be compatible with the constraint given
by Eqgn. 27.

Shu et al. (1996) end their article by saying that “the richest
confrontation between theory and data, however, may still
come from the chondritic meteorites.” We hope our efforts
reported here will be seen as a useful step in trandating some
of the chemical and isotopic data from the Type B CAls into
constraints more directly useful for the confrontation of theory
and data.
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