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Abstract

Vacuum evaporation experiments with Type B CAl-like starting compositions were carried out at temperatures of 1600,
1700, 1800, and 1900 °C to determine the evaporation kinetics and evaporation coefficients of silicon and magnesium as a
function of temperature as well as the kinetic isotope fractionation factor for magnesium. The vacuum evaporation Kinetics
of silicon and magnesium are well characterized by a relation of the form J = Joe “®7 with J, = 3.81 x 10° mol ecm ™ 2s~",
E=551+63kImol™! for magnesium, J, =4.17 X 10’ molem™2s™!, E=576 + 36 kT mol~! for silicon. These rates only
apply to evaporation into vacuum whereas the actual Type B CAls were almost certainly surrounded by a finite pressure
of a hydrogen-dominated gas. A more general formulation for the evaporation kinetics of silicon and magnesium from a Type
B CAl-like liquid that applies equally to vacuum and conditions of finite hydrogen pressure involves combining our determi-
nations of the evaporation coefficients for these elements as a function of temperature (y = yoefE/ RT with po=25.3,
E=92+37kImol " for ys;; 7o = 143, E= 121 & 53 kJ mol ' for yy,) with a thermodynamic model for the saturation vapor
pressures of Mg and SiO over the condensed phase. High-precision determinations of the magnesium isotopic composition of
the evaporation residues from samples of different size and different evaporation temperature were made using a multicollec-
tor inductively coupled plasma mass spectrometer. The kinetic isotopic fractionation factors derived from this data set show
that there is a distinct temperature effect, such that the isotopic fractionation for a given amount of magnesium evaporated is
smaller at lower temperature. We did not find any significant change in the isotope fractionation factor related to sample size,
which we interpret to mean that recondensation and finite chemical diffusion in the melt did not affect the isotopic fractiona-
tions. Extrapolating the magnesium kinetic isotope fractionations factors from the temperature range of our experiments to
temperatures corresponding to partially molten Type B CAI compositions (12501400 °C) results in a value of oy ~ 0.991,
which is significantly different from the commonly used value of ay, = 0.97977 = 1/23.98504/24.98584.
© 2007 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Recent laboratory studies have shown that molten sili-
cates exposed to vacuum or to a low-pressure reducing
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Wang et al., 2001 using a melt with solar proportions of
major element oxides; Richter et al., 2002 with a Type B
CAl-like composition melt). The composition used by
Richter et al. (2002) was motivated by the observation that
a certain component in primitive meteorites, the calcium-,
aluminum-rich inclusions (CAls), are often enriched in
the heavy isotopes of silicon and magnesium (see Clayton
et al., 1988), which is widely accepted as evidence that the
isotopically fractionated inclusions were subjected to suffi-
ciently high temperatures for a sufficiently long time in
the solar nebula for them to partially melt and evaporate
a fraction of their original silicon, magnesium, and associ-
ated oxygen. The CAls that have been studied in the great-
est detail are the large, coarse-grained CAls from CV3
chondrites such as Allende. There are various reasons for
this emphasis. These are the oldest materials generally ac-
cepted to have formed in the solar nebula
(4.56711 4+ 0.00016 Ga; Amelin et al., 2002, 2006), and their
age is effectively that of the solar system. They are large en-
ough that bulk magnesium and silicon isotopic analyses
showing enrichment in the heavy isotopes have been avail-
able for more than twenty years. Coarse-grained CAls can
be divided into Type A, in which melilite and spinel are the
dominant minerals, and Type B, which consist of melilite, a
titanium-, aluminum-rich pyroxene commonly referred to
as fassaite, spinel, and anorthite (Grossman, 1980). The
Type B CAIs have petrologic features from which thermal
histories have been inferred based on their igneous textures
and mineral zoning (e.g., Stolper, 1982; MacPherson et al.,
1984; Stolper and Paque, 1986). Grossman et al. (2000)
used these various attributes to give the following plausible
account for the origin and evolution of the Type B CAls.
(1) Precursors condensed as solids from an initially hot
well-mixed gas of solar composition as temperatures fell
to about 1100 °C. (2) The precursors were reheated by some
unspecified mechanism to temperatures of about 1400 °C,
which caused extensive melting and accounts for their igne-
ous texture. (3) The partially molten stage lasted for a suf-
ficient time that as much as 30% of the MgO component
and 15% of the SiO, component evaporated, which ac-
counts for the Type B CAls being depleted in these compo-
nents relative to compositions calculated to condense from
a gas of solar composition and for the remaining silicon and
magnesium to have become isotopically heavy. Assessing
the validity of this or any other proposed scenarios for
the origin and evolution of primitive materials in the early
solar system requires quantifying the elemental and isotopic
fractionations associated with evaporation and comparing
these to observed fractionations. Such quantification re-
quires reliable experimental data of various sorts, most
importantly, thermodynamic data for calculating the equi-
librium relationships between relevant phases and kinetic
data for the elemental and isotopic fluxes associated with
evaporation. The goal of the experimental study reported
here is to extend and improve the kinetic database relevant
to evaporation of Type B CAl-like liquids.

Quantitative calculations of the condensation se-
quence of a cooling gas of a specified pressure and com-
position are no better than the thermodynamic data used
to calculate solid-liquid-gas equilibria. And while con-

densation calculations for the early solar nebula have a
long history (e.g., Urey, 1952; Larimer and Anders,
1967; Grossman, 1972), significant uncertainties remain,
reflecting different choices for the thermodynamic prop-
erties of the condensed phases (see discussions in Petaev
and Wood, 2005 and Ebel, 2006). The fact of the matter
is that comprehensive thermodynamic data do not yet
exist for some of the most important compositions rele-
vant to cosmochemistry. For example, the most complete
model for calculating the thermodynamic properties of
silicate liquids and partial melts is the MELTS computer
code (Ghiorso and Sack, 1995) but the range of compo-
sitions it covers does not include chondritic or CAl-like
compositions. The model of Berman (1983) for CaO-
MgO-Al,05-Si0O, (CMAS) melts can be used for CAI-
like compositions, but there is not yet a thermodynamic
model for calculating solution properties in the full
range from CAl-like melts to chondritic compositions.
Serious uncertainties also arise with regards the thermo-
dynamic properties of key minerals, especially when they
involve solid solutions. The effect of such uncertainties
can be seen when comparing the calculated and experi-
mentally determined crystallization temperature of the
major Type B CAI mineral melilite (a solid solution be-
tween gehlenite, Ca,Al,SiO;, and akermanite, Ca,Mg-
Si,07). Grossman et al. (2002) calculated crystallization
temperatures of melilite from a Type B CAl-like melt
that were as much as 150 °C higher than that found in
laboratory crystallization experiments with the same
composition (Mendybaev et al., 2006). The crystallization
temperatures for melilite in Type B CAl-like melts are
extremely important in that these temperatures are the
most direct constraint we have on the peak temperatures
responsible for partially melting the Type B CAI precur-
sors. Uncertainties regarding the composition of conden-
sates from a solar composition gas and melilite
crystallization temperatures are of concern for the pres-
ent study in terms of our choosing relevant starting
compositions and run temperatures for our evaporation
experiments and how the results will be used to interpret
the conditions experienced by the Type B CAls and the
nature of their precursors. We assume that the peak
temperature and crystallization interval of the Type B
CAI precursors is 1400-1250 °C based on the experimen-
tal data of Mendybaev et al. (2006). However, in order
to avoid the difficulty of interpreting fractionation data
when the condensed phase is not fully molten, we ran
our evaporation experiments at somewhat higher temper-
atures than those likely to have been experienced by the
Type B CAIs. The evaporation experiments reported
here cover a sufficient temperature range of 1900-
1600 °C to allow extrapolation of the results to the low-
er temperature range likely to have been experienced by
the natural CAIs. The usual assumption, based on tex-
tural evidence (i.e., large euhedral melilite crystals), is
that the Type B CAIs were reheated to only slightly
above the melting temperature of melilite (~1400 °C)
and remained partially molten down to temperatures of
about 1250 °C (Stolper and Paque, 1986; Mendybaev
et al., 2006).
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2. THEORETICAL FRAMEWORK

The specific needs for experimental data in connection
with the causes and consequences of evaporation are most
easily seen with reference to the generally accepted theoret-
ical representation of the evaporation/condensation pro-
cess. The net evaporation flux of an element or isotope i
from a condensed phase to a surrounding gas is given by
(see Hirth and Pound, 1963)

J = 1:7;(Pisat — Pi)
‘ V2imRT

where the simplifying assumption (reasonable for our pur-
poses) that the gas is dominated by a single species contain-
ing i has been made. J; is the net flux of / in moles per unit
area per unit time, »; is the number of atoms of i in the gas
species molecule, y; is the evaporation coefficient, P; s, is the
saturation vapor pressure of i, P; is the pressure of 7 at the
evaporating surface, m; is the molar mass of gas species
containing i, R is the gas constant, and T is absolute tem-
perature. This representation derives from the kinetic the-
ory of ideal gases where P;/v/2mm;RT is the rate of
collision with the surface of the species containing i. If only
a fraction y; of the molecules impinging on the surface stick
(i.e., condense), then the condensation flux of i will be re-
duced by this factor y;. At equilibrium, P; = P;, and there
is no net flux of 7 from the condensed phase, thus an evap-
oration flux proportional to P; g, must balance the conden-
sation flux. Eq. (1) follows from the assumption that the
evaporation flux remains proportional to P; ., for all values
of P; including zero (i.e., evaporation into vacuum).

The experiments discussed in later sections involve con-
ditions such that P; < P;s,: and the dominant gas species
for silicon and magnesium are Mg and SiO, thus n; = 1.
Eq. (1) then becomes

()

o Vipi,sat (2)
" \2nmRT’

The reason experimental data are essential for quantifying
the evaporation kinetics of volatile elements from con-
densed phases is that the evaporation coefficients vy; are of-
ten significantly different from unity, but there is no
theoretical way of calculating them for the systems of inter-
est here. In a later section, we present new experimental re-
sults for the evaporation rate of silicon and magnesium as a
function of temperature and show that the associated evap-
oration coefficients are temperature dependent and very
much smaller than one.

Eq. (2) can be used to define the relative volatility of ele-
ments during evaporation, which for silicon and magne-
sium we can write as

Jsi VsiPsiosat  [mmg 3)
JMg yMgPMg,sal msio

The relevant masses are those of the dominant gas phase
species containing magnesium and silicon in equilibrium
with a CMAS melt (i.e., Mg and SiO). Note that the relative
“kinetic” volatility of two elements during evaporation gi-
ven by Eq. (3) could be quite different from the more usual
definition of volatility given by the ratio of saturation vapor

pressures alone. It follows from Eq. (3) that given a thermo-
dynamic model for the CMAS liquid with which to calcu-
late the saturation vapor pressures and laboratory data
on the trajectory in composition space of the evaporation
residues, the ratio of the evaporation coeflicients can be
determined. In a later section we will show that this ap-
proach can be used to determine the ratio of the magnesium
and silicon evaporation coefficients as a function of temper-
ature far more precisely than can be done by taking the ra-
tio of evaporation coefficients measured separately.

Eq. (2) can also be used to represent the kinetic fraction-
ation of isotopes by evaporation under the conditions
where Eq. (2) is applicable (i.e., n;=1 and P; < P;g)-
The ratio of the flux of two isotopes i and k of a given ele-
ment is given by
Ji V,’P isat ﬂ

Jk A/kPk‘sat m; '

)

The usual practice is to rephrase the ratio of the isotopic
fluxes in terms of a fractionation factor o, defined as the
ratio of the fluxes of individual isotopes, J;/J;, divided by
the atom ratio of the isotopes in the condensed phase, N;/
Nj.. The equilibrium isotopic fractionation factor ociq is de-
fined by

P, N;
Eq__ isat i
o= —, 5
* (Phsat)/(Nk) ( )

and corresponds to the ratio of the isotopic composition of
gas in equilibrium with the condensed phase to the isotopic
composition of the condensed phase. Egs. (4) and (5) are
then used to write the fractionation factor o as

J,‘ N,- : .
(/) o
k k Vk m;

Eq. (6) shows that the isotopic fractionation factor for
evaporation is the product of an equilibrium isotope frac-
tionation factor oc,'.iq defined by Eq. (5) times a kinetic iso-
tope fractionation factor afi" = (y,/v,)v/my/m;.

The isotope fractionation factor oy is the key quantity
relating the isotopic fractionations of an evaporation resi-
due to the amount of parent element evaporated. The usual
formulation of this relationship is the Rayleigh fraction-
ation equation,

Ry

L (7)

where Ry is the isotopic ratio N;/Nj in the condensed
phase prior to evaporation and Ry is the isotopic ratio in
the evaporation residue when a fraction f; of isotope k re-
mains (see Richter, 2004, for a derivation and discussion
of the conditions when Eq. (7) can be used for evaporation
residues). The importance of Eq. (7) in the context of CAI
studies is that the isotopic composition R;, of an inclusion,
together with the experimentally determined value of the
isotope fractionation factor «; and the assumption that
the isotopic composition of the precursor was isotopically
unfractionated relative to bulk solar system material, allows
one to calculate the fraction f; of isotope k remaining. Gi-
ven the smallness of the isotopic fractionations of CAls, the
fraction of the parent element of k& remaining is, for all
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practical purposes, the same as f; and, from this, one can
determine the original amount of the element in the precur-
sor. Once the composition of the precursor has been deter-
mined, one can address the question of whether the
precursor corresponds to a plausible condensate from a so-
lar composition gas (see Grossman et al., 2000, for a discus-
sion of this approach). The fraction of volatile elements
evaporated can also be used, together with laboratory-mea-
sured evaporation kinetics as a function of temperature, to
constrain thermal histories that could have produced the
observed loss of the volatile elements by evaporation (see
Richter et al., 2002, 2006, for examples of this approach).

Two common assumptions made in connection with Eq.
(6) are that the equilibrium isotopic fractionations are neg-
ligible at the temperatures required to partially melt CAls
(i.e., aﬁq =1 for T~ 1400 °C) and that the evaporation
coefficients of isotopes of a given element are the same
(i.e., y/7. = 1). The attractiveness of these assumptions is
that they make the isotopic fractionation factor for evapo-
ration an easily calculated quantity based on nothing more
than the relative mass of the isotopically distinct gas spe-
cies. The question we need to address is what is the evidence
for these two simplifying assumptions? In the case of sili-
cate liquids, direct experimental evidence for the first of
these assumptions is, as far as we are aware, limited to
two experiments reported by Richter et al. (2002) showing
that the magnesium isotopes in residues evaporated at
1400 °C in a furnace with one bar of slowly flowing hydro-
gen were not measurably fractionated. The flow rate of the
hydrogen gas was sufficiently slow for the evaporated spe-
cies to be effectively in equilibrium with the molten sample.
The slow but continuous removal of the equilibrium gas
will result in a residue with elements fractionated in propor-
tion to their relative saturation pressures and isotopes in
proportion to any equilibrium isotopic fractionation
between the gas and the melt. We found that one residue
lost 23.8% of its original magnesium and had a magnesium
isotopic composition of —0.404+0.48%c per amu
relative to the starting composition. A second residue had
lost 60.1% of the magnesium and an isotopic composition
of 0.26+0.57%0 per amu relative to the starting
composition. These data result in an estimate of
o =0.99989 + 0.00060(25), which at least for magne-
sium, justifies the assumption that the equilibrium isotope
fractionation between a CMAS liquid and gas at 1400 °C
is negligible compared to the expected kinetic isotope
fractionation.

Evidence that y,/y, =1 for evaporation of molten oxi-
des or silicates, and therefore that ocﬁi“ = /my/m;, has
been found experimentally only for iron evaporating into
vacuum from molten FeO (Wang et al., 1994; Dauphas
et al., 2004) and for one set of experiments involving
potassium evaporating from a molten chondrule-like com-
position (Yu et al., 2003). However, Dauphas et al. (2004)
also showed that the isotopic fractionation of iron evapo-
rating from molten silicate liquids is significantly less than
that calculated using a fractionation factor equal to the in-
verse square root of the mass of the iron isotopes. The
implication is that even for the same element the ratio
vi/7i for isotopes can equal or differ from one depending

on the composition of the condensed phase. Davis et al.
(1990) and Wang et al. (2001) reported vacuum evapora-
tion data showing that the kinetic isotope fractionation
of magnesium, silicon and oxygen evaporating from sili-
cate liquids (molten Mg,SiO,4 in Davis et al. (1990), a mol-
ten mixture of major oxides in solar proportions in Wang
et al., 2001) was significantly less than that calculated
using ofi" = /my /m;. Richter et al. (2002) carried out a
series of CMAS evaporation experiments in both vacuum
(P<107°Torr) and in hydrogen (Pp»~2x10~* bars)
and found magnesium isotopic fractionations that were
again significantly less than those calculated assuming a
kinetic isotope fractionation factor equal to the inverse
square root of the mass of the magnesium isotopes. A
recurring concern has been that the reported smaller than
expected kinetic isotope fractionations may have been
experimental artifacts due to recondensation or that diffu-
sion was not sufficiently fast to maintain the homogeneity
of the condensed phase. The latter concern is easily dis-
missed for the experiments reported here, in that the
quenched evaporation residues were in every case found
to be chemically homogeneous. This is as expected given
the size samples that were used, the duration of the exper-
iments, and the chemical diffusivities in silicate melts at
the temperature of our experiments. The issue of recon-
densation effects is a bit more complicated. In the Appen-
dix A, we discuss the effect of recondensation on the
isotopic fractionation of residues in the case of evapora-
tion into a surrounding gas and in a vacuum furnace of
finite gas conductance. Interestingly, the effect on isotopic
fractionation of recondensation due to a surrounding gas
and in a system of finite gas conductance are opposite.
In the case of evaporation into a surrounding gas the iso-
topic fractionation for a given amount of parent element
evaporated is reduced, whereas in a system of finite gas
conductance the isotopic fractionation will, if anything,
be increased. It follows that when one finds the isotopic
fractionation of laboratory evaporation residues to be less
than that corresponding to the fluxes being inversely pro-
portional to mass, the reason cannot be recondensation.
We also tested the degree to which recondensation might
have affected the isotopic fractionation of our evaporation
residues using samples of significantly different surface
area. If recondensation effects had been important, the lar-
ger samples would have been the most affected.

The main objective of our undertaking the new set of
vacuum evaporation experiments reported here is to pro-
vide high-precision data with which to resolve the issue of
the appropriate kinetic isotopic fractionation factor for
magnesium that should be used to relate the measured iso-
topic fractionation of Type B CAls to the amount of mag-
nesium volatilized. As noted earlier, establishing the
relationship between isotopic and elemental fractionations
by evaporation is the essential tool for reconstructing the
composition and thermal history of the precursors of isoto-
pically fractionated CAIs. The present study has a number
of advantages over that reported in Richter et al. (2002),
including: (1) significantly greater precision (~10x) in mea-
suring the magnesium isotopic composition of the evapora-
tion residues by multicollector inductively coupled plasma
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mass spectrometer (MC-ICPMS) compared to the earlier
measurements done using a single-collector ion microprobe;
(2) a large number of samples of different surface areas with
which to assess recondensation effects; and (3) a range of
evaporation temperatures that show that the kinetic isotope
fractionation factor is significantly affected by the tempera-
ture at which evaporation takes place. An important addi-
tional point is that the isotopic composition of the
evaporation residues that we report here was measured on
magnesium that had been separated from the other major
cations by ion exchange to remove biases due to matrix ef-
fects. And while the main focus of the work is on the isoto-
pic fractionation of the evaporation residues, the
experiments also provide information on the elemental frac-
tionation and evaporation kinetics of silicon and magne-
sium over a larger temperature range than previously
reported in Richter et al. (2002).

3. EXPERIMENTAL AND ANALYTICAL METHODS
3.1. Starting materials and experimental procedure

The starting materials for the evaporation experiments
were prepared in 1-g batches by mixing appropriate
amounts of high-purity (>99.99%) SiO,, Al,O;, MgO,
and CaCOs;, which, when decarbonated, produced a Type
B CAl-like composition. The mixture was ground under
ethanol in an agate mortar for at least 1 h, dried in air at
room temperature, and then placed in a platinum crucible
to be slowly heated in a muffle furnace to 1000 °C, and held
at this temperature for 5-10 h in order to drive off the CO,
released as CaCO3; decomposed. The platinum crucible was
then transferred to a one-atmosphere Deltech vertical tube
furnace where the mixture was melted under oxidizing con-
ditions (in air) at 1500 °C for about 24 h, after which it was
rapidly quenched to produce a clear glass. The quenched
glass was ground to a fine powder and then used to make
the experimental samples by loading 5-200 mg aliquots
mixed with polyvinyl alcohol onto iridium wire (0.25 mm
diameter) loops with inside diameters ranging from 1 mm
to 6 mm. The samples were then heated in a Deltech verti-
cal-tube furnace for one hour at 1000 °C in air to drive off
the polyvinyl alcohol and sinter the powder such that the
samples could be weighed. The final step in preparing the
experimental samples was to partially melt them again by
putting them back into the Deltech furnace at 1400 °C for
several hours. The iridium wire loops with the partially
molten samples were removed from the furnace, weighed
again, and the dimensions of the loops and the thickness
of samples at the center of the loop measured using a
micrometer. These steps do not result in any measurable
mass loss by evaporation of either the iridium wire or the
sample. The major-element composition of the starting
materials is given in Table 1.

The evaporation experiments were carried out at the
University of Chicago using a high-temperature vacuum
furnace designed and constructed by Hashimoto (1990).
At run conditions, the pressure outside the heating elements
and heat shields surrounding the sample was always less
than 107 Torr. The temperature at the sample was mea-

sured by two Type G (W vs. Wy 74Rep26) thermocouples,
each within 1 cm of the sample. Calibration experiments
over a temperature range of 1600-2000 °C, in which the
thermocouple-determined temperatures were compared to
those made with a PYRO Micro-Optical pyrometer,
showed agreement among the various temperature mea-
surements to within +5°C. The temperature history of
the experiments involved preheating the furnace to 900 °C
in about an hour in manual mode, followed by heating in
automatic mode at a rate 20.0 °C min~' to 1400 °C. This
temperature was held for 20 min to ensure complete degas-
sing of the sample, followed by raising the temperature at
20.0 °C min~! to the final run temperature of 1600, 1700,
1800, or 1900 °C. A Eurotherm controller was used to
maintain the run temperature to within a few degrees,
and the run was ended by cutting the power to the heating
elements so that the samples cooled to room temperature in
a few minutes. The cooling was sufficiently fast for the
evaporation residues to be quenched to glass. Control
experiments in which samples were quenched after heating
for 20 min at 1400 °C showed that no measurable weight
loss or magnesium isotopic fractionation occurred during
the degassing step.

In order to measure evaporation fluxes, the surface area
of each sample must be known. The starting and final
weight and maximum thickness perpendicular to the plane
of the iridium loop was measured for all samples. An equiv-
alent thickness for an ellipsoid of a given diameter and
weight corresponding to that of each of our samples was
calculated using the density—composition-temperature rela-
tions of Lange and Carmichael (1987) and the thermal
expansion of iridium. The calculated thicknesses were
21 £ 6% larger than measured on the 1 mm samples,
2 £ 4% larger than those measured on the 2.5 mm samples,
and 13 + 3% smaller than measured on the 6 mm samples.
We believe the calculated sample thicknesses are more real-
istic than the directly measured values because they take
into account the volume at the high temperatures of the
experiments and also avoid potential problems with
trapped bubbles that would exaggerate the volume of the
starting materials. We observed that about half of the
0.25 mm iridium wire was typically wetted by melt, and to
take this into account we used an effective sample diameter
0.25 mm larger than the inner diameter of the iridium
loops. The effective diameters of the samples were thus
1.25 mm, 2.75 mm, 3.55 mm, and 6.25 mm. We estimated
an uncertainty due to whether or not the wetted wire repre-
sented an additional evaporating surface by comparing the
surface area calculated using these effective loop diameters
to those calculated using this diameter augmented or re-
duced by 0.25 mm (i.e., assuming the entire loop was either
entirely wetted or not wetted at all). The difference in calcu-
lated surface area for a diameter D =1.2540.25 was
+16% and —13% compared to D=1.25mm, for
D =2.75 4+ 0.25 mm the difference was +8% and —6% com-
pared to D =2.75 mm, while for D =6.25 + 0.25 mm the
difference was +5% and —4% compared to D = 6.25 mm.
The surface areas we used to calculate evaporation fluxes
are those derived using the effective diameter and the calcu-
lated sample thicknesses rather than the measured thick-



Table 1

Experimental conditions of vacuum evaporation experiments, elemental and isotopic composition of the evaporation residues, and calculated evaporation rates of magnesium and silicon from a

Type B CAl-like melt

Sample Diam Run time  MgO SiO, AlLO3 CaO Init* area Final* area  Init wt % Mass % Mg Jyg" Jsi* 8*°Mg (%o)
(mm) (min) (Wt%) (Wt%) (Wt%) (Wt%) (mmz) (mmz) mg loss loss (mol cm™2 s’l) (mol cm ™2 s’l)

Starting 11.48 46.00 19.39 23.12 0.008 +0.017

material

1900 °C

R3-12 2.5 0 11.37 44.53 19.26 24.84 22.4 21.3 254 7.9 0.29

R3-10 2.5 15 9.13 31.52 26.86 32.48 24.0 18.9 28.4 32.0 42.59 1.92x 1077 6.02x 1077 8.135 4+ 0.007

R3-11 2.5 20 3.33 25.24 32.35 39.09 20.9 159 22.6 43.8 82.61 244 %1077 5.42% 1077 25.810 4 0.020

R3-13 2.5 25 0.09 17.76 37.08 45.05 21.3 154 233 50.6 99.59 2.40x 1077 5.25%x 1077

R3-15 2.5 25 0.80 21.10 35.10 43.10 21.7 15.8 24.1 473 96.15 2.35% 1077 4.97%1077 47.733 +0.023

R3-9 2.5 30 1.04 21.81 35.06 42.08 26.4 18.2 35.6 48.3 94.99 241x1077 5.13%x 1077 43.265+0.017

1800 °C

R-16 1.0 0 11.77 44.44 20.01 23.78 5.9 5.8 4.2 2.4 0.68

R-14 1.0 30 7.03 29.63 29.03 34.31 5.8 5.0 4.1 31.7 59.11

R-15 1.0 45 291 25.40 32.87 38.82 6.0 4.7 4.5 42.2 85.06

R-17 1.0 60 0.09 18.49 37.39 44.03 6.0 4.2 44 50.0 99.62

R-6 2.5 0 11.66 45.34 19.64 23.36 20.0 19.7 20.9 2.4 -0.27 0.130 +0.025

R-3 2.5 30 11.82 38.87 22.55 26.76 21.5 19.5 23.8 14.3 11.47 2.18x 1078 1.36x 1077 1.723 4+ 0.009

R-2 2.5 60 10.07 33.58 25.72 30.63 22.8 18.9 26.3 26.2 33.86 3.52x 1078 1.24x 1077 5.494 + 0.044

R-18 2.5 90 5.20 28.05 30.51 36.24 27.4 21.8 39.9 36.1 71.21 6.08x 1078 1.41x 1077 17.059 4+ 0.032

R-4 2.5 90 4.61 27.45 31.07 36.87 20.6 16.3 222 38.3 74.94 477%x1078 1.08x 1077 18.681 4 0.042

R3-14 2.5 100 3.12 26.13 31.76 38.98 23.5 174 27.6 40.9 83.41 5.38x107° 1.15%x 1077 25.372 +0.031

R2-1 2.5 105 0.19 19.91 36.53 43.38 21.7 15.6 24.2 49.2 99.12 5.82x 1078 1.23x1077 69.148 4+ 0.063

R-7 33 60 7.67 30.45 28.23 33.65 27.8 244 30.1 31.9 54.11 497x1078 1.35% 1077 10.574 4+ 0.044

R-13 6.0 0 11.64 45.48 19.58 23.31 =0.000

R-8 6.0 30 11.94 40.59 21.69 25.77 87.5 83.4 171.9 11.1 7.02 2.39%x10°8 1.84x 1077 0.935 4+ 0.029

R-9 6.0 60 11.08 35.70 24.31 2891 82.6 76.6 146.6 20.6 23.02 3.40x 1078 1.50 x 1077 3.547 +0.027

R-11 6.0 90 9.16 32.36 26.78 31.70 91.3 80.0 190.4 27.8 42.23 497x1078 1.55% 1077 7.689 4 0.028

R2-4 6.0 120 4.92 28.11 30.57 36.40 88.5 75.5 176.6 37.0 72.82 6.22% 1078 1.41x1077 18.867 4+ 0.083

R2-5 6.0 180 0.06 18.69 37.47 43.79 90.4 72.5 186.0 49.8 99.73 6.00x 1078 1.29% 1077

1700 °C

R2-21 1.0 0 11.42 45.80 19.56 23.23 39 3.7 1.8 11.1 1.39 0.209 + 0.044

R2-20 1.0 90 3.61 26.55 30.20 39.64 4.2 34 2.0 35.0 79.81 20.574 +0.044

R2-18 1.0 120 5.29 29.15 29.75 35.81 4.7 3.6 2.5 36.0 69.97 15.661 £+ 0.097

R2-19 1.0 150 4.62 28.17 30.95 36.27 5.4 4.3 34 35.3 74.79

R2-17 1.0 180 0.26 22.75 36.88 40.12 5.1 3.5 2.8 46.4 98.81

R2-7 1.0 270 0.02 19.26 36.86 43.86 5.6 4.0 3.7 459 99.91

R2-3 2.5 180 8.76 32.67 26.80 31.77 17.9 15.6 16.9 28.4 44.79 1.20%x 1078 3.51x 1078

R2-10 2.5 240 9.50 33.72 25.85 30.91 22.2 18.5 254 26.0 37.93 9.55%x107° 3.03x 1078 6.246 + 0.091

R2-16 2.5 330 0.94 23.78 34.46 40.83 18.4 14.8 17.8 444 95.39 1.48x 1078 2.96x 1078 41.201 + 0.051

R2-11 2.5 420 4.92 28.99 30.19 35.89 24.0 18.2 28.7 36.2 72.47 1.12x 1078 248 x1078 16.401 4 0.050

R2-12 2.5 480 1.33 24.56 33.77 40.36 25.2 17.7 31.9 45.5 93.35 1.37x1078 2.80% 1078 34.976 +0.116

R2-2 2.5 540 0.02 11.04 41.39 47.55 19.7 14.4 20.5 53.7 99.92 1.06x 1078 2.52% 1078

(continued on next page)
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Table 1 (continued)

Mg (%)

a
Si

J.

a
JMg

% Mg

loss

% Mass

Final® area  Init wt
mg loss

(mm?)

Init* area

MgO SIOZ A1203 CaO
(mm’)

(Wt%)

Run time
(min)

Diam

Sample

(molem™2s71)

(molcm™2s71)

(Wt%) (Wt%)

(wt%)

(mm)

1600 °C

74.56

6.7

3

3.0
4.3

3.9
4.9

5.2
59

35.84
35.11

30.21

29.40
30.16

4.55
5.24
0.04
0.02

900
1200
1500
1800
2250

1.0
1.0
1.0
1.0
1.0

2.5

R2-13

70.03

349

29.53

R2-15

45.6 99.81

3.4
44

2.7
25.0

3.8

43.00 5.4
44.41

36.10

20.86

R2-14
R2-9

50.0 99.91
5

4.1

6.0

39.28
45.21

16.29

99.89

9.3
0.0
6.5

3.1

4.9
22.1

8.54 46.22
46.36

0.03
12.22

R2-8

-0.105 £ 0.014
6.188 £ 0.006

0.00
42.07

21.9

22.11

19.31

0
1800
2400
2400
2700
2998

R3-2
R3-1
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416x107°

1.49%x107°

2

18.5 25.7

30.21 22.3

26.24
29.11

33.93
31.01
33.69
30.84
22.40
31.34

29.39

9.62
6.43
9.44
4.60
0.20

6.70

2.5

12.337 +0.053

3.85%x 1077

1.76 x 10~°

34.0 65.10

17.6 25.6

222

33.45
30.54

34.36

2.5

R3-20

3.56x107°

1.30x 107°

43.32
75.93

26.7
99.12

21.0 33.0

25.4

26.32

2.5

R3-21
R3-4

19.861 + 0.023

3.19%x 107°

1.69x 10~

333
45

16.7 22,5

20.6

30.20
36.01

2.5
2.5

3.88x107°

2.05%x107°

15.5 22.0 .5

20.4

41.39
33.11

R3-7

11.887 4+ 0.042
17.946 +0.023
32.359 £0.016

3.32x107°

1.51x10~°

19.6 31.7 32.8 63.31

25.1

28.86

3000
3000
3600
4285

2.5

R3-19

3.32x107°

1.68x107°

77.74
92.15

37.5
4

16.9 24.8

21.8

35.46
38.40

43.78

30.81

4.34
1.65
0.12

2.5

R3-18
R3-8

3.00x 1077

1.64x107°

1.4

16.1 23.7

21.2

33.21

26.73

2.5

3.07x107°

1.50x 10~°

48.5 99.51

15.3 23.1

20.9

38.36

17.74

2.5

R3-5

# Estimated uncertainties are 20% for 1 mm diameter samples and 10% for larger samples. Because of the larger uncertainty, evaporation rates are not reported for 1 mm samples; the rates for

larger samples are uncertain by ~10%, mostly because of uncertainty in surface areas.

nesses. Based on comparing the different calculations we
made for the surface area of our samples, we estimate that
the uncertainty in the surface area of the 2.5 and 6 mm sam-
ples is less than 10%. The surface areas for the 1 mm sam-
ples are more uncertain, and therefore we did not calculate
an evaporation flux for these small samples.

3.2. Analytical methods

The major element composition of the starting materials
and chips of the evaporation residues were measured using
a JEOL JSM-5800LV scanning electron microscope (SEM)
with an Oxford Link ISIS-300 energy dispersive microanal-
ysis system (EDS). The microanalysis system was calibrated
with a variety of pure oxides and minerals of known chem-
ical composition. At least 20 spots were analyzed in each
chip to check for homogeneity.

Splits of the starting materials and of the evaporation
residues were crushed in a boron carbide mortar and pestle
and then digested in high-purity 3:1 HF/HNO; at 70 °C.
The Mg/Al ratio of most of these dissolved samples was
also measured by plasma mass spectrometry (see below)
as a further check on the fractionation of magnesium from
aluminum, the latter being sufficiently refractory that its
evaporation would have been negligible under the condi-
tions of our experiments.

The dissolved samples were converted to 1 N nitric acid
solutions by evaporating and redissolving two or more
times in high-purity, double-distilled concentrated nitric
acid, and the final solution was made by taking up the sam-
ple in 1 N nitric acid. One hundred microliters of this final
sample solution, representing approximately one mg weight
equivalent of sample and 1-50 pg magnesium, was put
through a cation exchange column (2 mm ID by 240 mm)
using approximately 1.2 ml of AG50W-X8 resinin a 1 N ni-
tric acid medium to separate the magnesium. In the case of
highly evaporated samples, the eluted magnesium had to be
reprocessed through the cation-exchange chemistry to low-
er the Al/Mg (i.e., Al/Mg <0.05; Galy et al., 2001). Ali-
quots of a few samples with already sufficiently low Al/
Mg for isotopic analysis after the first column separation
were reprocessed to test whether multiple passes through
the cation exchange column affected the magnesium isoto-
pic compositions (it did not). As a final step, a fraction of
the purified magnesium solutions was diluted in ultrapure
3 wt% nitric acid to between 0.2 ppm and 0.5 ppm.

The magnesium isotopic composition of the starting
materials and evaporation residues were measured using
the Micromass Isoprobe multi-collector magnetic sector
inductively coupled plasma mass spectrometer (MC-
ICPMS) in the Isotope Geochemistry Laboratory (IGL)
at the Field Museum. Sample solutions were introduced
to the mass spectrometer using a CETAC Aridus desolvat-
ing nebulizer. The three isotopes of magnesium (**Mg,
Mg and **Mg), as well as Al were measured by static
multicollection using four faraday collectors (using the
L3, Axial, H4 and H6 collectors, respectively). Each mea-
surement consisted of a 60s on-peak blank measurement
followed by a 200s sample acquisition (comprising 20
cycles of 10 s each). Samples were typically run with ion
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currents for Mg of 3.5-5x 10~'! A. Background ion cur-
rents on all collectors were typically less than 1 x 107!# A.
Isotope ratio values were determined using sample-stan-
dard bracketing using 0.2-0.5 ppm solutions of either NIST
standard reference material SRM-980 (December 2002 to
March 2004) or the magnesium isotope standard DSM3
(Galy et al., 2003) (October 2004 through August 2006).
Each isotope ratio reported represents the mean of two to
five individual measurements. Data are reported relative
to the isotopic composition of sample B133 R-13, a 6 mm
sample run at 1800 °C for “zero time” (i.e., the sample
was heated in the furnace only long enough for it to reach
1800 °C, whereupon the sample was immediately
quenched). This sample, which was determined to have
the same isotopic composition as the starting material (sam-
ple R-10), was run in every analytical session. Galy et al.
(2003) showed that SRM-980 is isotopically heterogeneous
from batch to batch. However all of our earlier analyses
used the same batch of this standard. Since B133 R-13
was measured during every session, the offset between our
SRM-980 batch and DSM-3, could be determined precisely.
Relative to DSM-3, our batch of SRM-980 had
Mg = —2.488%0 and 8*°Mg = —4.792%.. Fifty measure-
ments of B133 R-13 made over more than three and half
years indicate that our long-term 26 precision for 8**Mg
is 0.025%0 and for 5°°Mg is 0.047%o.

A detailed review of the isotopic data that had been ob-
tained after the entire set of samples had been measured re-
vealed that some of the MC-ICPMS sessions had a problem
in that on some days the MC-ICPMS behaved as if it had a
memory. During these sessions, when running a sample
with a fractionated magnesium isotopic composition the
isotope ratios of ’Mg/**Mg and **Mg/**Mg would drift
upwards during the 20 cycles of a sample acquisition; when
the standard was run after such a fractionated sample, the
isotope ratios would drift downward. This effect persisted
despite the fact that a 1 M HNOj; blank solution with no
magnesium was run between the samples and standards
and the intensities on the faraday cups were at background
levels. We do not have an explanation for this “memory-
like” behavior, but it largely disappeared following an
instrumental upgrade in early 2004, when the sample inter-
face/cone arrangement was changed. We rejected all data
on days when this behavior was observed and re-ran these
samples under optimum conditions in 2006. A comparison
of samples run under “memory effect” conditions with
those run under optimum conditions showed a small shift
in data toward higher delta values, 0.0106 4+ 0.0027 per %o
for §2*Mg and 0.0120 £ 0.0024 per %o for §?*Mg. This indi-
cates that the “memory effect” had only a small effect on
the data, and only on the most highly fractionated samples.
In the end, only one sample, R2-16, had insufficient solu-
tion remaining and no fresh sample to dissolve and thus
was not able to be run under optimal conditions. The data
reported in Table 1, apart from R2-16, are from sessions
when the MC-ICPMS was most stable and for solutions
in which the Al/Mg ratios were at an acceptably low value
of <0.05.

The Al/Mg ratios of most of the dissolved samples (but
not yet chemically processed by ion exchange) were

measured by static multicollection on the IGL Isoprobe.
Calibration was achieved through the use of a series of
standards prepared from purified Mg and Al elemental
solutions, spanning a range of Al/Mg ratios from 1 to
100. Accuracy was checked via the analysis of USGS rock
standard AGV-1, which agreed to within 5% of the certified
value. A comparison of the chemical compositions mea-
sured by the scanning electron microscope and those done
by ICPMS is given in Fig. 1, which shows that the two
methods give similar results within uncertainties. The
chemical compositions and calculated losses of magnesium
and silicon by evaporation listed in Table 1 are those mea-
sured using the SEM-EDS at the University of Chicago.

4. RESULTS

The elemental and isotopic compositions of starting
materials and evaporation residues, along with the experi-
mental conditions, are listed in Table 1. These data were
used to determine the trajectory in composition space of
the evaporation residues, the kinetics of magnesium and sil-
icon evaporating into vacuum as a function of temperature,
and the kinetic isotopic fractionation factor for magnesium
as a function of temperature.

4.1. Evaporation kinetics

The evaporation rate of silicon and magnesium in vac-
uum experiments with Type B CAl-like liquids run at
T = 1600, 1700, 1800, and 1900 °C is shown in Fig. 2. Cal-
cium and aluminum are sufficiently refractory that they do
not experience any significant loss by evaporation until vir-
tually all of the magnesium has evaporated. It should be
kept in mind that the rates shown in Fig. 2 are for vacuum
evaporation, and thus significantly lower than what would
be the case for the more realistic natural conditions when

100

80

60

40

% Mg loss (ICPMS)

20

cova b bevrsterra bt b b b e

20 40 60 80 100
% Mg loss (SEM)

Fig. 1. Comparison of % Mg loss based on Al/Mg ratios measured
by energy dispersive X-ray microanalysis on an SEM with those
measured by MC-ICPMS on solutions of the same sample.
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T(°C)

1700 1600

N
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log evaporation rate (moles cm™ 3_1)

E = 551463 kJ

E = 576436 kJ
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8.0
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® ® Richter et al. (2002)
o o thiswork
9.0 1
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5.0 5.2

10000/T(K)

Fig. 2. Vacuum evaporation rates of silicon and magnesium from a Type B CAl-like liquid as a function of temperature. Only the 2.5 mm and
6 mm samples are plotted. The evaporation rates of the | mm samples are not included because of larger uncertainties in the effective surface
area of the smaller samples. The fits to the data correspond to J = Joe’E/RT with Jo = 3.81 x 10° molcm™2s™!, E =551 4 63 kJ mol~! for
magnesium; Jo =4.17 x 10" mol em 2 s~', E = 576 4 36 kJ mol " for silicon. All uncertainties and error envelopes are 2, and are based on
the scatter of the data about the regression line. The effect of uncertainties in the surface area of samples on the reported evaporation rates (see
text) is smaller than that implied by the scatter of the data about the best fitting regression line. The average evaporation rates of magnesium
and silicon measured at 1800 °C by Richter et al. (2002) are shown for comparison, but were not included in the regression.

the Type B CAls would have been surrounded by a finite
pressure of hydrogen gas (Richter et al., 2002). A reason-
able and testable assumption is that the effect of hydrogen
on the evaporation kinetics is captured by its effect on the
saturation vapor pressure, a quantity that can be calculated
from thermodynamic data in the manner described in
Grossman et al. (2000). This being the case, the key param-
eter for determining the evaporation kinetics regardless of
the pressure of surrounding hydrogen gas is the evapora-
tion coefficient as defined by Egs. (1) and (2). Fig. 3 is a plot
of the evaporation coefficients for silicon and magnesium
corresponding to the evaporation rates shown in Fig. 2,
and a significant dependence of the evaporation coefficients
on temperature is obvious. This temperature dependence of
the evaporation coefficients needs to be taken into account
when using Eq. (1) or (2) to calculate the evaporation kinet-
ics. Also shown in Fig. 3 are evaporation coefficients for sil-
icon and magnesium from experiments reported by Richter
et al. (2002) involving Type B CAl-like compositions evap-
orated in 2 x 10~* bars of hydrogen at 7'= 1500 °C. Even
though the evaporation rate in 2 x 10™* bars of hydrogen
is about two orders of magnitude faster than in vacuum
(see Fig. 12 in Richter et al., 2002), the evaporation coeffi-
cients for evaporations done in hydrogen fall on the trend
with temperature of the vacuum data. This implies that rea-
sonably accurate evaporation rates can be obtained for
both vacuum and finite hydrogen pressure conditions using
Eq. (2) with calculated saturation vapor pressures and the
temperature dependent evaporations coefficients shown in

Fig. 3. The effect of finite hydrogen pressure on the evapo-
ration rate is entirely due to the dependence of the satura-
tion vapor pressures on the hydrogen pressure in the
surrounding gas.

4.2. Elemental fractionations

Published reports (e.g., Grossman et al., 2000; Richter
et al., 2002; Grossman et al., 2002; Grossman and Fedkin,
2003) have used different ratios of the evaporation coeffi-
cients of magnesium and silicon when calculating the rela-
tive evaporation rates of these components. The
evaporation coefficients plotted in Fig. 3 are not sufficiently
precise to resolve whether the coefficients for silicon and
magnesium are the same or different. A far more sensitive
approach for determining the ratio of the evaporation coef-
ficients is to compare the composition trajectories of evap-
oration residues with trajectories calculated for particular
choices of the evaporation coefficients.

Evaporation trajectories of evaporation residues are cal-
culated from the following conservation equations.

dMy,
= —Jyp.A 8
dl Mg ( )

where My, is the total moles of magnesium in the evapora-
tion residue, Jy is the evaporation rate (mol em 2s7Y) of
magnesium appropriate for the composition of the sub-
strate, and A4 is the surface area of the evaporating material.
Jmg 1s calculated using Eq. (2) with the saturation vapor
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Fig. 3. Evaporation coefficients as a function of temperature calculated from the evaporation rates shown in Fig. 2 and saturation vapor
pressures of Mg and SiO in equilibrium with the composition of the molten condensed phase in the manner discussed in Grossman et al.
(2000). Also shown are the evaporation coefficients for silicon and magnesium reported by Richter et al. (2002) for experiments involving
similar liquids evaporated at 7= 1500 °C and a surrounding hydrogen pressure of 1.87 x 10~* bars. The combined vacuum and finite
hydrogen pressure data are fit by the functional form 7= yoe_E/RT with y9=25.3, E=92+37kJ mol™!' for Ysis Yo = 143,
E =121+ 53 kJmol™' for 7me- All uncertainties and error envelopes are 20, and are based on the scatter of the data about the regression

lines.

pressure Pppgsa¢ calculated in the manner described in
Grossman et al. (2000). The evolution of the total moles
of silicon in the evaporation residue is given by a similar
relationship:

dMSi
de

We now use Eq. (3) to relate the silicon evaporation rate to
that of magnesium, which we rearrange as

= _JSiA- (9)

b P 52 m
Isit) = I mg) o Prea S S0mL [ (10)

MgPMg,sat msio

Eqgs. (8)—(10) can be advanced in time to yield Mg;,, and
Mgy that, together with the fact that the CaO and
Al,O3 components do not evaporate, define a calculated
trajectory in composition space of the evaporation residues.
The thermodynamic model of Berman (1983) is used for
calculating the activity of MgO and SiO, in the evolving
condensed phase and the corresponding saturation vapor
pressures of Mg and SiO are calculated as described in
Grossman et al. (2000). Ignoring small effects due to isoto-
pic fractionation, the mass of the main gas species contain-
ing magnesium and silicon are v, = 24.3 and mgio = 44.1.
The value of ysi/ymg for the evaporation of silicon and mag-
nesium from a Type B CAl-like liquid at a given tempera-
ture is then determined by the value of this ratio that
produces the best fit between the measured and calculated
compositions of evaporation residues.

Fig. 4 compares the MgO and SiO, composition of
vacuum evaporation residues from experiments run for
various lengths of time at 1600, 1700, 1800, and
1900 °C to calculated composition trajectories for the
two choices of ysi/ym,. Fig. 4a shows that the trajectory
in MgO-SiO, space of the 1600 °C evaporation residues
is fit reasonably well by a calculation using a ratio for
the evaporation rates of Mg and SiO equal to the ratio
of their respective saturation vapor pressures, implying
that yy,/7si = +/Mmg/msio = 0.74, the value used by
Grossman et al. (2000). Note however, that this ratio
of the evaporation coefficients does not fit the higher
temperature data. Fig. 4b shows that the 1800 °C trajec-
tory can be fit reasonably well assuming ypo/ysi=1 (a
value used by Richter et al., 2002) rather than 0.74.
The separately measured evaporation coeflicients for
magnesium and silicon (Fig. 3) are not sufficiently precise
to resolve any differences between them. By using calcu-
lated trajectories to fit the MgO and SiO, composition
of evaporation residues from experiments run at
T=1600 and 1800 °C we were able to resolve that the
evaporation coefficient of magnesium actually increased
about 25% more than that of silicon between T = 1600
and 1800 °C. This result shows that there is no inconsis-
tency in Grossman et al. (2000) and Richter et al. (2002)
having used different values for ymg/ys;, given different
evaporation temperatures for the samples in two studies
and the effect of this temperature difference on yng/7s;.
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Fig. 4. Trajectories in SiO,~MgO composition space of residues evaporated at various temperatures compared to calculated trajectories. The
different sets of experiments shown by distinct symbols had slightly different starting compositions and for simplicity we only show calculated
trajectories for the starting composition used by Richter et al. (2002). Trajectories corresponding to the other starting composition involve a
simple translation of the trajectory in wt% MgO so that the trajectory falls on the relevant starting composition. (a) Composition of the
evaporation residues compared to trajectories calculated under the assumption that Jya/Js; = Pme/Psio. Only the trajectory for 7= 1600 °C
shows a reasonable fit to the corresponding measured compositions. (b) Composition of residues from 7'= 1800 °C experiments compared to
a trajectory for 7= 1800 °C now calculated assuming that the evaporation coefficients of magnesium and silicon are equal (i.e., ymg = 7s; and

thus Jyg/Jsi = (Pumg/Psio) X 1/44/24).

4.3. Isotopic fractionation

Fig. 5 compares the magnesium isotopic fractionation
of evaporated Type B CAl-like samples measured by
MC-ICPMS and those reported earlier by Richter et al.
(2002) and Mendybaev et al. (2003), which were measured
using the modified AEI IM-20 ion microprobe at the Uni-
versity of Chicago. Also shown in Fig. 5 are two calcu-

lated Rayleigh fractionation curves for the magnesium
isotopic fractionation as a function of the fraction of mag-
nesium evaporated, assuming in one case that the kinetic
fractionation factor for the magnesium isotopes is equal
to the inverse square root of the mass of the isotopes
(i.e., @ =+/24/25=10.97980) and in the other case that
o =0.98704 derived from the best fit to our new data.
Both the new high-precision data and the older data show
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Fig. 5. Magnesium isotopic composition of evaporation residues relative to the Type B CAl-like starting material, plotted as a function of %
24Mg evaporated. 625Mg = 1000 x {(25Mg/z“Mg)Su,“p]e/(25 Mg/z"Mg)mmdard — 1}. 20 uncertainties are plotted, but they are smaller than the
symbols for most of the new data reported in this work. The continuous curves were calculated using the Rayleigh equation Eq. (7).

isotopic fractionations as a function of magnesium evapo-
rated that are significantly less than those calculated using
o = 1/24/25. There are various differences worth noting
between the MC-ICPMS isotopic measurements and those
made earlier using the Chicago ion microprobe. The MC-
ICPMS measurements are more precise by about a factor
of ten and tend to show more isotopic fractionation for a
given amount of magnesium evaporated than the ion
probe data. The magnesium isotopic composition of eight
of the evaporation residues listed in Table 1 were mea-
sured by both methods. Comparing the results shows even
more clearly that there is a systematic difference with the
ion probe isotopic measurements being systematically less
fractionated. The isotopic measurements made by MC-
ICPMS are the more likely to be correct, not because they
are more precise, but because they were done on purified
magnesium solutions, thus avoiding possible artifacts due
to matrix effects that in the case of the ion probed samples
could be quite significant because of the large range of
magnesium content of the various evaporation residues
and the correlation between magnesium content and isoto-
pic fractionation.

An intriguing aspect of the data shown in Fig. 5 is that
the MC-ICPMS data scatter around the best fitting frac-
tionation curve by an amount that is significantly larger
than the 2¢ uncertainty of each data point. This can be seen
more clearly in Fig. 6, which is a plot of the same data now
using In(R/Ry) versus —In(framg), where R =**Mg/**Mg of
a sample, Ry is this ratio in the starting material, and
Jramg 18 the fraction of 2*Mg remaining in the residue.
The advantage of plotting the data in this way can be seen
by taking the natural logarithm of both sides of Eq. (7) ap-
plied to Mg/**Mg with the result

In <1%> = —(1 — o) In(faupgg), (11)
The magnesium isotopic data plotted in the manner of
Fig. 6 should, if the process is governed by Rayleigh frac-
tionation, fall on a straight line with slope 1 — ap,. An
unexpected result is that the departures of the data points
from the best fitting line through the data in Fig. 6 are cor-
related with the evaporation temperature. Fig. 7 is a plot of
the magnesium isotopic data of the 2.5 mm samples listed in
Table 1 using different symbols to distinguish the evapora-
tion temperature along with the best fitting line through the
data for each separate temperature. A well-resolved depen-
dence of the isotopic fractionation factor on temperature is
seen, and the scatter of the data around the best fitting line
for each temperature is now consistent with the analytical
uncertainty of the data. The fact that the data from samples
of a common size evaporated to very different degrees at a
common temperature fall so closely along a straight line has
the further implication that the kinetic isotopic fraction-
ation factor for magnesium evaporating from a CMAS li-
quid is remarkably insensitive to the MgO content of the
melt.

Another possible source of the scatter of the magnesium
isotopic data shown in Fig. 6 is that the isotopic fraction-
ation factor is related to sample size. Samples ranging in
size from 1 mm to 6 mm were run as a way of assessing
the degree to which the results might have been affected
by recondensation, which will have been greatest for the
larger samples. Fig. 8 is the same type of plot as Fig. 7
but now showing the magnesium isotopic fractionation of
samples with nominal diameters of 6 mm and 2.5 mm (see
Table 1 for their actual surface areas) that were evaporated
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Fig. 6. Magnesium isotopic composition of the evaporation residues listed in Table 1 plotted as 1000 x In(R/R,) versus —Inf**Mg where
*Mg is the fraction of *Mg remaining in the residue and R = (**Mg/> Mg)samples Ro = (**Mg/**Mg)standara- The 26 error bars for the isotopic
composition are smaller than the symbols used to plot the data. When isotopic compositions are plotted in this way, the data points will fall
along a line of slope 1000 x (1 — «) if the process is Rayleigh fractionation (see Eq. (7)) and the kinetic isotope fractionation factor o is
independent of the composition of the condensed phase. The red line is an error-weighted best fit (Williamson, 1968) through the data and
corresponds to o = 0.98704. The dashed line corresponds to the fractionation calculated using Eq. (7) assuming o = 1/24/25 = 0.97980. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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Fig. 7. Same as Fig. 6 except that now only the 2.5 mm samples from Table 1 are plotted and the temperature at which the residues were
evaporated is now indicated by different symbols. Error-weighted best fits (Williamson, 1968) were made to the data from each temperature
and these show that the kinetic isotope fractionation factors have a well-resolved dependence on the evaporation temperature. The shaded
area around each line indicate the 2¢ error bounds from the weighted regression.

at 1800 °C. Best fitting lines through the data for each sam- evaporated. This dependence on size is as expected for
ple size show that the larger samples are slightly more frac- recondensation in a system of finite gas conductance, where
tionated as a function of the amount of magnesium with decreasing G*, which is inversely proportional to sur-
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Fig. 8. Same type of plot as Fig. 6 except that now only data from the 7= 1800 °C evaporation experiments are plotted. Different symbols are
used to distinguish the nominally 6 mm samples from the 2.5 mm samples listed in Table 1 and show a slightly increased fractionation for the
larger samples. The kinetic fractionation factor o corresponding to the best fitting line through the data for each sample size separately is

indicated.

face area, the isotopic fractionation increases as the frac-
tionation factor shifts towards the inverse square root of
the mass of the evaporating species (see Eq. (A.12); Figs.
Al and A2 in Appendix A). We found no resolvable differ-
ence in the magnesium isotopic fractionation of 1 mm and
2.5 mm samples evaporated at 1700 °C (Fig. 9) implying
that for samples of this size, recondensation effects were
negligible.

5. SUMMARY AND DISCUSSION

The main motivation for the present study was to exper-
imentally determine the appropriate kinetic isotope frac-
tionation factor to use in connection with magnesium
evaporating from Type B CAl-like liquids. The first thing
to note is that all reported experimental determinations of
the fractionation factors for Mg from **Mg in molten sil-
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Fig. 9. Same as Fig. 6 except that now only data from the 7= 1700 °C evaporation experiments are plotted. Different symbols are used to
distinguish the nominally 2.5 mm samples from the 1.0 mm samples listed in Table 1. In this case there is no resolvable dependence of the
kinetic isotope fractionation factor on sample size, which we interpret to mean that recondensation is negligible for samples of this size.



5558 F.M. Richter et al. / Geochimica et Cosmochimica Acta 71 (2007) 5544-5564

icate evaporation residues of various types (Davis et al.,
1990 for molten Mg,SiO4; Wang et al., 2001 for a mixture
of major oxides in solar proportions; Richter et al., 2002 for
Type B CAl-like compositions) are significantly closer to
one (or equivalently that 1 — o, is significantly smaller)
than the often assumed value of oy, = /24/25. Whereas
in the past there may have been some concern that this dif-
ference between the measured o, and /24 /25 reflected an
experimental artifact due to recondensation, we have shown
that the effect of recondensation in a finite conductance vac-
uum furnace would, if anything, tend to shift oy, towards
rather than away from /24/25 (Figs. Al and A2). Using
samples of different size, we showed (see Fig. 8) that the
largest samples (6mm nominal diameter) were indeed
slightly more enriched in Mg in a way that reflected the
predicted effect of recondensation. We found no measur-
able difference in the Mg isotopic fractionation as a func-
tion of size between 1 mm and 2.5 mm samples (Fig. 9),
which we take as evidence that the effects of recondensation
are negligible for experimental samples in this size range.
An important feature of the kinetic fractionation factors
that only became apparent because of the high precision of
the new isotopic measurements is the distinct tendency of
I — o to increase with temperature (Fig. 7). Similar tem-
perature effects have been reported for the isotopic fraction-
ation factor for magnesium evaporation from solid
forsterite (Yamada et al., 2006). The systematic tempera-

ture dependence of o turns out to be very relevant to
the interpretation of the isotopic fractionation of the Type
B CAIs because the peak temperatures they experienced
(T ~ 1400 °C, Stolper and Paque, 1986; Mendybaev et al.,
2006) are lower than the temperature of laboratory evapo-
ration experiments. Assigning a realistic value for the mag-
nesium isotopic fractionation factor of partially molten
Type B CAI precursors requires extrapolating the labora-
tory data to temperatures between their peak temperature
of about 7= 1400 °C and the solidus at about 1250 °C.
Fig. 10 shows our new determinations of the kinetic isotope
fractionation factor for magnesium together with values
from the literature plotted as a function of the temperature
at which they were evaporated.

The literature values plotted in Fig. 10 are somewhat dif-
ferent from those in a similar figure shown in Richter et al.
(2005). Each o value was obtained from a regression of
In(R/Ro) versus —In(faam,) , forced through the origin. In
each case, a weighted regression (Williamson, 1968) and a
simple linear regression (which assumes that all data points
only have uncertainty in In(fo4mg) and all have the same
uncertainty) were calculated. Some regressions are well-de-
scribed by Williamson (1968) fit, having low > values,
whereas others scatter by more that the errors on individual
data points would have suggested. For the latter cases, the
uncertainty in slope from the simple linear regression was
adopted. The reason for the scatter in the data from the lit-
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Fig. 10. Diagram showing the temperature dependence of the kinetic isotope fractionation factor for magnesium using data from the present
study together with earlier data for molten forsterite and a melt with solar proportions of the major oxides. A simple linear regression of
kinetic isotope fractionation factor vs. reciprocal temperature was calculated for the new vacuum evaporation experiments on CAI
compositions, where the uncertainty in the fit is derived from the scatter of the data about the line; the error bounds shown are 2¢. The kinetic
fractionation factor plotted at 1500 °C is from Richter et al. (2002) for 2.5 mm Type B CAl-like samples evaporated in 1.87 x 10~ bars Hy;
the one plotted at 1800 °C from the same paper is for 2.5 mm Type B CAl-like samples evaporated in vacuum. Shading is used to indicate the
temperature interval relevant for calculating evaporation effects of partially molten Type B CAls, along with extrapolations of 1000 x (1 — o)
into this temperature range. The extrapolation shows that the Rayleigh fractionation exponent (1 — «) in the temperature range of partially
molten Type B CAI compositions is less than half that corresponding to o = 1/24/25 = 0.9798 (shown by the line at 1000 x (1 — o) = 20.2).
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erature is likely uncorrected matrix effects in the ion micro-
probe analysis: the Wang et al. (2001) and the 1500 °C
Richter et al. (2002) samples were chemically heterogeneous
because they crystallized when they were cooled from evap-
oration run temperature. The literature data alone only
show a weak correlation with temperature in Fig. 10; it is
only in the higher precision, matrix-effect-free new data col-
lected by MC-ICPMS that the temperature effect is readily
apparent.

The conclusion to be drawn from Fig. 10 is that the ki-
netic isotopic fractionation for magnesium evaporating
from a partially molten Type B CAl-like liquid in the tem-
perature range 1400-1250 °C will have oy = 0.991-0.993
(with an uncertainty of about £0.001) rather than the often
used value of oy = +/24/25 = 0.9798. The difference be-
tween these two values for the kinetic isotope fractionation
factor of magnesium will have a large effect on the calcu-
lated amount of magnesium that must have evaporated in
order to account for a given degree of magnesium isotopic
fractionation, and a similarly large effect on estimates of the
composition of the precursors of isotopically fractionated
Type B CAls. We illustrate this with reference to the Simon
et al. (2004) recent effort to calculate the precursor compo-
sition of a set of Type B CAls with known magnesium iso-
topic composition. Table 2 compares the amount of
magnesium evaporated from the precursors as calculated
by Simon et al. (2004) using oy, = /24/25 = 0.9798 to
our estimate using the experimentally derived value of
one = 0.991. We believe that Simon et al. (2004) underesti-
mated the fraction of magnesium evaporated by a factor of
about two. We have not calculated revised estimates for the
evaporated silicon for the Type B CAls listed in Table 2 be-
cause we do not yet have a well-determined value for the sil-
icon kinetic isotope fractionation factor, but studies to
determine this are underway (see Janney et al., 2005).

We should emphasize that the kinetic isotope fraction-
ation factors reported here apply to evaporations in the lim-
it Pi/P;ssy <1 (ie., no recondensation) and situations
where diffusion is sufficiently fast to maintain chemical
homogeneity of the condensed phase. Richter (2004) used
model calculations to explore the range of conditions when
recondensation and chemical gradients will significantly af-

Table 2

Estimates of the amount of magnesium that must have evaporated
to account for the measured magnesium isotopic composition of
the Type B CAls

Sample Type Fumg' % Mg evap. % Mg evap.
(%oamu™!) 2 =0.97978° o =0.991°
F2 (TS65) B2 6.12 26.0 49.2
E107 B2 1.99 9.4 19.9
3537-1 Bl 3.26 14.9 30.4
TS33 Bl 4.01 18.0 35.9
TS34 Bl 5.63 24.2 46.4
Golfball B 1.61 7.7 16.4

! FMg = 1000 x {(NMg/24Mg)samplc/(NMg/24Mg)standard - 1}/
(N — 24), averaged for N =25 and 26.

® The value of o used by Simon et al. (2004).

¢ The value of « obtained by extrapolating Fig. 10 to 1400 °C.

fect the isotopic fractionation of evaporation residues and
concluded that the Type B CAls evaporated under condi-
tions where the kinetic isotope fractionation factors re-
ported here apply.

The main conclusions of the present study regarding the
evaporation kinetics of magnesium and silicon from Type B
CAl-like liquids are:

(1) The vacuum evaporation rates Jg; and Jy, can be cal-
culated using a parameterization of the form
J=Jwe 78T with  J,=3.81x10°molecm 25!,
E =551 +63kImol™" for magnesium; J, =4.17 x
10’ molem 257!, E =576+ 36 kI mol™! for
silicon.

(2) Evaporation rates of silicon and magnesium as a
function of temperature and finite surrounding pres-
sure can be calculated using Eq. (2) with the evapora-
tion coeflicients as a function of temperature shown
in Fig. 3 (parameterized as y= *,'OefE/ RT  with
70o=253, E=92+37kImol™! for ys; y,= 143,
E=121 + 53 kJ mol ™' for Ymg) together with the sat-
uration vapor pressures of the dominant gas species
calculated using Berman’s (1983) thermodynamic
model for the CMAS liquids in the manner described
in Grossman et al. (2000).

The main conclusions regarding the kinetic isotope frac-
tionation of magnesium evaporating from a Type B CAI-
like silicate liquid are:

(1) The magnesium isotopic fractionation of residues of
similar size, evaporated to different degrees at a given
temperature, fall within error on a Rayleigh fraction-
ation curve as given by Eq. (7), implying that the iso-
topic fractionation factor is effectively independent of
the amount of magnesium (i.e., the activity of magne-
sium) in the silicate liquid.

(2) The magnesium isotopic fractionation of residues of
similar size evaporated at different temperatures
imply, as we show in Fig. 7, that the kinetic fraction-
ation factor is significantly temperature dependent,
becoming larger (i.e., less fractionating) with decreas-
ing temperature.

(3) The magnesium isotopic fractionation of residues of
different size evaporated at the same temperature
showed that the largest samples were slightly more
fractionated (Fig. 8), which agrees with our deriva-
tion for the effect of sample size on recondensation
and the effect of this recondensation on the isotopic
fractionation in system of finite gas conductance
(Figs. Al and A2 in Appendix A).

(4) Taking the effect of temperature into account results
in an estimate for the kinetic isotope fractionation
factor for magnesium evaporating from a Type B
CAl-like liquid in the temperature range where Type
B CAl-like compositions are partially molten
(~1400-1250 °C) of o =0.991-0.993 (Fig. 10).
Adopting this value for the kinetic isotope fraction-
ation factor for magnesium results in estimates of
the amount of magnesium evaporated for a given
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degree if magnesium isotopic fractionation that are
about a factor of two larger than calculated using

omg = 1/24/25 = 0.9798.

In closing we should emphasize that the reason labora-
tory experiments are so critical for defining the evaporation
coefficients, 7, and the kinetic isotope fractionation factors,
o, for a silicate liquid is that there is not yet a theoretical
basis for determining these quantities from first principles.
From the theoretical point of view, what is needed is an
understanding of what determines that the evaporation
coefficients from a silicate liquid are so much less than
one, and in the case of isotopes, why the ratio of their evap-
oration coefficients is different from one. Wang et al. (1999)
have suggested that the explanation might involve the dom-
inant gas species being different from those used here to cal-
culate the evaporation coefficients and the ratio of the mass
of the isotopically distinct gas species (for example if the gas
has significant MgO relative to Mg, or SiO, rather than
SiO). There are several reasons why we do not subscribe
to this. To begin with, when one invokes a speciation in
the gas that differs from that calculated using equilibrium
thermodynamics, one is in effect introducing a free param-
eter that needs to be determined empirically. We prefer to
use the evaporation coefficient as the free parameter in that
it does not imply a particular process for which there is no
evidence. Indeed what experimental evidence does exist
(Nichols et al., 1998) indicates that the dominant gas phase
species over evaporating forsterite are indeed the thermody-
namically stable ones Mg and SiO. What is needed is a bet-
ter molecular level understanding of what takes place at the
evaporation surface. Our hope is that experimental results
such as those reported here for the magnitude and temper-
ature dependence of the evaporation coefficients of silicon
and magnesium, and for the kinetic isotope fractionation
factor for magnesium, will both encourage and constrain
new theoretical efforts to understand evaporation from sil-
icate liquids at the molecular level.
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APPENDIX A. EFFECT OF RECONDENSATION ON
THE ISOTOPIC FRACTIONATION OF
EVAPORATION RESIDUES

The prevailing view has been that recondensation re-
duces the kinetic isotopic fractionation of evaporating spe-
cies (Tsuchiyama et al., 1999; Humayun and Cassen, 2000;
Ozawa and Nagahara, 2001;Wang et al., 2001; Richter
et al., 2002), and this will be the case for virtually all natural
settings. A detailed derivation of the effect of recondensa-

tion on the kinetic isotope fractionation factor was given
by Richter et al. (2002) for the specific case of evaporation
into an unconfined surrounding gas of finite pressure. Their
equation relating the realized fractionation factor o), to
that which would apply for evaporation into a vacuum
(21,2) 1s

qu_zfl:(al,zfl)(lf P")+(D"=‘71) TN

)
Pi,sat Di,2 Pi‘sat

where « , is the effective kinetic isotope fractionation factor
for isotopes 1 and 2 of element / when there is a finite pres-
sure P; at the evaporating surface due to diffusion of the
evaporating species in the surrounding gas, o > is the iso-
tope fractionation factor in the vacuum limit, and D;;
and D;, are the diffusion coefficients of isotopes 1 and 2
in the gas surrounding the sample. The first term on the
right hand side of Eq. (A.l) is usually assumed to be
the more important one and it has the effect of reducing
the amount of isotopic fractionation for a given amount
of the parent element evaporated. The second term, which
accounts for isotopic fractionation during transport away
from the surface though the surrounding gas, will be small
when that gas is hydrogen (see Fig. 13 in Richter et al.,
2002). The reason for this is that the ratio of the
diffusion coefficients of the evaporating species in
hydrogen are proportional to the inverse square root of
the reduced mass g = (mymu,)/(m; +mn,), thus
D,-<1/Di_’2 = \/(}1’[2(7721 + 2))/(7711 (}’i’lz + 2)), which 1is suffi-
ciently close to one to make the second term on the right
hand side of Eq. (A.1) negligible compared to the first term.
Thus in the specific case of evaporation into to a surround-
ing gas of low molecular weight it is expected that the iso-
topic fractionation will be reduced, and it is this that has led
to the concern that the laboratory measured isotopic fracti-
onations of evaporation residues might be smaller than ex-
pected because of recondensation.

One needs to keep in mind that evaporating into a con-
fined space such as a vacuum furnace is not the same as
evaporating into an unconfined surrounding gas. Below,
we derive what, at first sight, might be a somewhat surpris-
ing result that recondensation in a finite conductance fur-
nace can actually increase the isotopic fractionation of
evaporation residues. Eq. (1) (with n; = 1) can be used to
write the mass conservation equation for a volatile species
i in an evaporation residue as

% — _ViPi.sal(l _Pi/Pi.sal)A
< dr V2umRT ’

where p; is the molar density of i in a condensed phase of
volume ¥, and surface area 4. The conservation equation
for i in a volume V, of gas surrounding the evaporating
source is

(A2)

& de V 2Tcm,«RT

where F; is the flux (in mol s™!) other than recondensation
removing i from the gas. When these conservation equa-
tions are used for a furnace with finite gas conductance
around the evaporating sample, there is a relationship be-

V dpgas _ ViPi,sat(l — Pi/Pi'Sat)A

—F (A3)
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tween the pressure P; in the volume V, and the flux F; that
depends on the gas conductanceU; as given by
Uf(Pi _Pi,oo) _ UiPi
RT - RT’
where P;., represents the pressure of i outside the vol-
ume V,. In our application, the volume V, is the region
around the evaporating sample enclosed by the heating
elements and heat shields and which has a finite conduc-
tance for gas species going into the surrounding vacuum
chamber at P; ., <107 Torr, which for our purposes is
effectively zero. The gas conductance U; in the molecular
regime (i.e., when the mean free path of i is large com-
pared to the linear dimensions of V) is of the form
U; = G\/RT/m;, where G is a geometric factor that de-
pends on shape of the enclosing volume. For example,
for a cylinder of diameter 4 and length / the geometric
factor is md®/((4d +31)v/2r). The value of G for the
complicated geometry of materials surrounding samples
in our vacuum furnace is not known, but the relevant
point is that it is a constant that does not depend on
the particular species involved. Eq. (A.4) can thus be
written as
GP;

Fi=—— AS

Fi:

(A4)

Using Eq. (A.5) together with the ideal gas law
£ = P;/RT, we can now write the conservation of gas spe-

i

cies as
& dp; _ V:iPisat(1 = Pi/Pisa)4 GP; (A.6)
RT dr V2nmRT mRT ’

The time scale Ty, over which the evaporating system
as a whole evolves will be of the order of the time it takes
the evaporation flux J;4 (in units of mols™!) to remove
p;V. moles of i from the condensed phase. Thus, Teyap =
piVelJ:A. The pressure P; in the gas surrounding the evap-
orating sample will evolve on two distinct time scales.
The first of these is a fast time scale, 7,4, corresponding
to how long it takes the evaporation flux to increase the
pressure P; in the surrounding gas so that the terms on
the right hand side of Eq. (A.6) come into balance. Once
this balance is established, the further evolution of P; will
be governed by the much slower evolution of P;g,;, which
is determined by the composition of the condensed phase
evolving on time scale Tevap. The effect of these two time
scales can be made explicit by dividing Eq. (A.6) by
P:PisatA [/ 2nmRT. Eq. (A.6) becomes

vV ZTl:miRT VgPi,Sal dP; , G\/ 27 :
B =(1=-P)—— (A7)
ViPisatd RT dr y:A4

or equivalently

Misat " ) , ,
{ i }dp,.{M,m }dp_ (1 py GV

Micond dr B Mi,cond dr B ! “/;A '

JiA

(A.8)

where we introduced a nondimensional time ¢ scaled by the
evaporation  time  Tevap, Used the fact that
Ji = iPisat/V21mRT; we define M, g0 = VyP;sa/ RT, where
M; g is the moles of i in V, required to saturate the gas, and

M; conda = piVe. P; = P;/P; s is the nondimensional pressure
measured as a fraction of the saturation pressure. Eq. (A.8)
reflects the fact that the ratio of the fast time scale for the
evolution of the pressure to the slower time scale for the
evolution of the condensed phase is simply the fraction of
the moles of i in the condensed phase that would be re-
quired to saturate the volume V,. For present purposes,
the important point is that the time derivative term in Eq.
(A.8) will be negligibly small for our vacuum experiments
because M; gt < M, cona and thus the pressure surrounding
the evaporating material is given by a balance between the
two terms on the right hand side. Thus,

oL 1
el 148

(A9)
where for simplicity we introduce G* = Gv2mn/A4.

Starting from Eq. (6), and assuming that equilibrium
fractionations are negligible so that the saturation vapor
pressure of an isotopically distinct gas species is propor-
tional to the abundance of that isotope in the condensed
phase, we can write

) _ )
() (=)

which, using Eq. (1) for the evaporation fluxes, becomes

(A.10)

Olik =

7i(1=P))
oy = 2mm;RT (Al 1)

n(1-P;
A/ 2mm RT

We now use Eq. (A.9) to write an explicit relationship be-
tween the kinetic isotope fractionation factor and the gas
conductance in the vicinity of the evaporating sample,

1
e = {LJ@} x <1 ‘*ﬁ*/"') (A.12)
Ve \ my 1-— T
The quantity in square brackets is the kinetic isotope frac-
tionation factor for evaporation into vacuum (i.e., in the
limit G* — co). Fig. Al shows that when 7,/y; # 1, the effect
of decreasing gas conductance is to make the kinetic isotope
fractionation tend towards the inverse square root of the
mass (i.e. oy — \/my/m; as G*—0). In other words, as
the gas conductance decreases and the pressure around
the samples increases, there will be more recondensation
but the isotopic fractionation actually increases. The effect
of recondensation when evaporating into a confined gas is
opposite to that for evaporating into an unconfined gas.
We found this result sufficiently unintuitive that we decided
to check it using numerical methods to solve the full gov-
erning equations given by Egs. (A.2) and (A.6). Fig. A2
uses the numerical results to confirm and illustrate how
the calculated isotopic fractionation of evaporation resi-
dues run in a vacuum furnace depends on the gas conduc-
tance for evaporating species leaving the vicinity of the
sample. As G* becomes sufficiently small, the flux increas-
ingly reflects the isotopic fractionation associated with the
removal of the gas from the vicinity of the sample, which
according to Eq. (A.5) will depend on the inverse square
root of the mass of the gas species, regardless of the ratio
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Fig. Al. Curve illustrating the effect of the finite gas conductance of a vacuum furnace on the magnesium kinetic isotopic fractionation factor
of the evaporation residues. The effect of finite gas conductance for magnesium is measured by the quantity G*/7,4 (see Eq. (A.12)), where G* is
proportional to the conductance and 7,4 is the evaporation coefficient for 2*Mg. When the gas conductance of the furnace is sufficiently large
(i.e., effective removal of the evaporated species by a negligibly small pressure difference between the sample and the far field) the isotopic
fractionation factor will be that of the evaporating surface (i.e., for Mg/**Mg, o = (155/724)1/24/25 with y,5/724 = 1.007 used for purposes of
illustration in this example). With decreasing conductance (smaller G*/y,4) the isotopic fractionation factor becomes increasingly affected by
the fractionation associated with the removal of the gas from the vicinity of the sample, which according to the kinetic theory of gases in the
molecular regime will correspond to a ratio of the fluxes equal to the inverse square root of the mass of the evaporating species

(i.e..a — 1/24/25).
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Fig. A2. Calculated isotope fractionation curves of In(R/Ry) (R = **Mg/**Mg with R, the unfractionated ratio) as a function of —Inf**Mg
(*Mg is the fraction of **Mg evaporated) for various choices for the gas conductance parameter G*/y,4 from numerical integrations of the
conservation Egs. (A.2) and (A.8) for magnesium evaporating in a furnace of finite gas conductance. The slope of lines in such a plot
corresponds to the value of 1 — o used as the exponent in the Rayleigh fractionation Eq. (7). The calculation assumes that 1% of the
magnesium in the condensed phase is sufficient to saturate the surrounding volume if there were no removal of the gas from the system, and as
in Fig. A1, we assumed for purposes of illustration that the evaporation from the surface is characterized by y,s5/724 = 1.007. The results are
the same as shown in Fig. A1, with the isotopic fractionation for a given amount of magnesium evaporated increasing as the gas conductance
of the furnace (i.e., G*/y24) decreases. In the limit of low gas conductance (G*/y24 — 0), 1 — o — 1—4/24/25.
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il 7. The key point is that recondensation due to finite gas
conductance will, if anything, increase kinetic isotopic
fractionations and thus it cannot be the reason the magne-
sium isotopic composition of laboratory evaporation resi-
dues are consistently less than what one calculates on the
assumption that oX" = \/my; /m;. While we do not know
the actual value of G* for experiments run in our vacuum
furnace, we do know that G” is inversely proportional to
the surface area of the evaporating sample. This is what al-
lowed us to use the measured isotopic composition of evap-
oration residues of different surface areas (i.e., different G*)
to determine whether our results have been affected by
recondensation and whether the fractionation factors we re-
port correspond to the actual values of ;.
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