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Abstract
Vacuum evaporation experiments with Type B CAI-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 = JoeE/RT with Jo = 3.81 · 106 mol cm2 s1,
E = 551 ± 63 kJ mol1 for magnesium, Jo = 4.17 · 107 mol cm2 s1, E = 576 ± 36 kJ mol1 for silicon. These rates only
apply to evaporation into vacuum whereas the actual Type B CAIs 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 CAI-like liquid that applies equally to vacuum and conditions of ﬁnite hydrogen pressure involves combining our determinations of the evaporation coeﬃcients for these elements as a function of temperature (c = c0eE/RT with c0 = 25.3,
E = 92 ± 37 kJ mol1 for cSi; c0 = 143, E = 121 ± 53 kJ mol1 for cMg) 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 multicollector 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 fractionations. Extrapolating the magnesium kinetic isotope fractionations factors from the temperature range of our experiments to
temperatures corresponding to partially molten Type B CAI compositions (1250–1400
C) results in a value of aMg  0.991,
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
which is signiﬁcantly diﬀerent from the commonly used value of aMg ¼ 0:97977 ¼ 23:98504=24:98584.
 2007 Elsevier Ltd. All rights reserved.
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Recent laboratory studies have shown that molten silicates exposed to vacuum or to a low-pressure reducing
gas become isotopically fractionated due to the lighter isotopes of the moderately volatile elements such as magnesium and silicon evaporating slightly faster than the
heavier ones (Davis et al., 1990 using molten Mg2SiO4;
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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
CAI-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 (CAIs), 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 suﬃciently 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 associated oxygen. The CAIs that have been studied in the greatest detail are the large, coarse-grained CAIs from CV3
chondrites such as Allende. There are various reasons for
this emphasis. These are the oldest materials generally accepted to have formed in the solar nebula
(4.56711 ± 0.00016 Ga; Amelin et al., 2002, 2006), and their
age is eﬀectively that of the solar system. They are large enough that bulk magnesium and silicon isotopic analyses
showing enrichment in the heavy isotopes have been available for more than twenty years. Coarse-grained CAIs 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 CAIs.
(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 igneous texture. (3) The partially molten stage lasted for a sufﬁcient time that as much as 30% of the MgO component
and 15% of the SiO2 component evaporated, which accounts for the Type B CAIs being depleted in these components 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 requires reliable experimental data of various sorts, most
importantly, thermodynamic data for calculating the equilibrium 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 CAI-like liquids.
Quantitative calculations of the condensation sequence of a cooling gas of a speciﬁed pressure and composition are no better than the thermodynamic data used
to calculate solid–liquid–gas equilibria. And while con-
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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 properties 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 relevant 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 compositions it covers does not include chondritic or CAI-like
compositions. The model of Berman (1983) for CaO–
MgO–Al2O3–SiO2 (CMAS) melts can be used for CAIlike compositions, but there is not yet a thermodynamic
model for calculating solution properties in the full
range from CAI-like melts to chondritic compositions.
Serious uncertainties also arise with regards the thermodynamic properties of key minerals, especially when they
involve solid solutions. The eﬀect of such uncertainties
can be seen when comparing the calculated and experimentally determined crystallization temperature of the
major Type B CAI mineral melilite (a solid solution between gehlenite, Ca2Al2SiO7, and åkermanite, Ca2MgSi2O7). Grossman et al. (2002) calculated crystallization
temperatures of melilite from a Type B CAI-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 CAI-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 precursors. Uncertainties regarding the composition of condensates from a solar composition gas and melilite
crystallization temperatures are of concern for the present 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 CAIs 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 experimental 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 temperatures 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 lower temperature range likely to have been experienced by
the natural CAIs. The usual assumption, based on textural 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 theoretical representation of the evaporation/condensation process. 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)
Ji ¼

ni ci ðP i;sat  P i Þ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
2pmi RT

ð1Þ

where the simplifying assumption (reasonable for our purposes) that the gas is dominated by a single species containing i has been made. Ji is the net ﬂux of i in moles per unit
area per unit time, ni is the number of atoms of i in the gas
species molecule, ci is the evaporation coeﬃcient, Pi,sat is the
saturation vapor pressure of i, Pi is the pressure of i at the
evaporating surface, mi is the molar mass of gas species
containing i, R is the gas constant, and T is absolute temperature. This representation derives
from the kinetic thepﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ory of ideal gases where P i = 2pmi RT is the rate of
collision with the surface of the species containing i. If only
a fraction ci of the molecules impinging on the surface stick
(i.e., condense), then the condensation ﬂux of i will be reduced by this factor ci. At equilibrium, Pi = Pi,sat and there
is no net ﬂux of i from the condensed phase, thus an evaporation ﬂux proportional to Pi,sat must balance the condensation ﬂux. Eq. (1) follows from the assumption that the
evaporation ﬂux remains proportional to Pi,sat for all values
of Pi including zero (i.e., evaporation into vacuum).
The experiments discussed in later sections involve conditions such that Pi  Pi,sat and the dominant gas species
for silicon and magnesium are Mg and SiO, thus ni = 1.
Eq. (1) then becomes
ci P i;sat
:
J i ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2pmi RT

ð2Þ

The reason experimental data are essential for quantifying
the evaporation kinetics of volatile elements from condensed phases is that the evaporation coeﬃcients ci are often signiﬁcantly diﬀerent from unity, but there is no
theoretical way of calculating them for the systems of interest here. In a later section, we present new experimental results for the evaporation rate of silicon and magnesium as a
function of temperature and show that the associated evaporation coeﬃcients are temperature dependent and very
much smaller than one.
Eq. (2) can be used to deﬁne the relative volatility of elements during evaporation, which for silicon and magnesium we can write as
rﬃﬃﬃﬃﬃﬃﬃﬃﬃ
J Si
c P SiO;sat mMg
:
ð3Þ
¼ Si
J Mg cMg P Mg;sat 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 given 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 thermodynamic model for the CMAS liquid with which to calculate the saturation vapor pressures and laboratory data
on the trajectory in composition space of the evaporation
residues, the ratio of the evaporation coeﬃcients can be
determined. In a later section we will show that this approach can be used to determine the ratio of the magnesium
and silicon evaporation coeﬃcients as a function of temperature far more precisely than can be done by taking the ratio of evaporation coeﬃcients measured separately.
Eq. (2) can also be used to represent the kinetic fractionation of isotopes by evaporation under the conditions
where Eq. (2) is applicable (i.e., ni = 1 and Pi  Pi,sat).
The ratio of the ﬂux of two isotopes i and k of a given element is given by
rﬃﬃﬃﬃﬃﬃ
Ji
c P i;sat mk
:
ð4Þ
¼ i
J k ck P k;sat mi
The usual practice is to rephrase the ratio of the isotopic
ﬂuxes in terms of a fractionation factor aik, deﬁned as the
ratio of the ﬂuxes of individual isotopes, Ji/Jk, divided by
the atom ratio of the isotopes in the condensed phase, Ni/
Nk. The equilibrium isotopic fractionation factor aEq
ik is deﬁned by

 
P i;sat
Ni
;
ð5Þ

aEq
ik
P k;sat
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. Eqs. (4) and (5) are
then used to write the fractionation factor aik as
  
 rﬃﬃﬃﬃﬃﬃ
Ji
Ni
mk
Eq ci
Kin
aik ¼
¼ aEq
¼ aik
ð6Þ
ik aik :
Jk
Nk
ck
mi
Eq. (6) shows that the isotopic fractionation factor for
evaporation is the product of an equilibrium isotope fractionation factor aEq
times
ik deﬁned by Eq. (5)p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃaﬃ kinetic isotope fractionation factor aKin
mk =mi .
ik  ðci =ck Þ
The isotope fractionation factor aik is the key quantity
relating the isotopic fractionations of an evaporation residue to the amount of parent element evaporated. The usual
formulation of this relationship is the Rayleigh fractionation equation,
Rik
¼ fkaik 1 ;
Rik;0

ð7Þ

where Rik,0 is the isotopic ratio Ni/Nk in the condensed
phase prior to evaporation and Rik is the isotopic ratio in
the evaporation residue when a fraction fk of isotope k remains (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 Rik of an inclusion,
together with the experimentally determined value of the
isotope fractionation factor aik 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 fk of isotope k remaining. Given the smallness of the isotopic fractionations of CAIs, the
fraction of the parent element of k remaining is, for all
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practical purposes, the same as fk and, from this, one can
determine the original amount of the element in the precursor. Once the composition of the precursor has been determined, one can address the question of whether the
precursor corresponds to a plausible condensate from a solar composition gas (see Grossman et al., 2000, for a discussion of this approach). The fraction of volatile elements
evaporated can also be used, together with laboratory-measured 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 negligible at the temperatures required to partially melt CAIs
(i.e., aEq
ik ¼ 1 for T  1400 C) and that the evaporation
coeﬃcients of isotopes of a given element are the same
(i.e., ci/ck = 1). The attractiveness of these assumptions is
that they make the isotopic fractionation factor for evaporation an easily calculated quantity based on nothing more
than the relative mass of the isotopically distinct gas species. The question we need to address is what is the evidence
for these two simplifying assumptions? In the case of silicate 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 hydrogen were not measurably fractionated. The ﬂow rate of the
hydrogen gas was suﬃciently slow for the evaporated species 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 proportion 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 0.40 ± 0.48‰ 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‰ per amu relative to the starting
composition. These data result in an estimate of
aEq
ik ¼ 0:99989  0:00060ð2rÞ, which at least for magnesium, 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 ci/ck = 1 for evaporation ofpmolten
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ oxides or silicates, and therefore that aKin
¼
mk =mi , has
ik
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 composition (Yu et al., 2003). However, Dauphas et al. (2004)
also showed that the isotopic fractionation of iron evaporating from molten silicate liquids is signiﬁcantly less than
that calculated using a fractionation factor equal to the inverse square root of the mass of the iron isotopes. The
implication is that even for the same element the ratio
ci/ck for isotopes can equal or diﬀer from one depending
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on the composition of the condensed phase. Davis et al.
(1990) and Wang et al. (2001) reported vacuum evaporation data showing that the kinetic isotope fractionation
of magnesium, silicon and oxygen evaporating from silicate liquids (molten Mg2SiO4 in Davis et al. (1990), a molten mixture of major oxides in solar proportions in Wang
et al., 2001) pwas
signiﬁcantly
less than that calculated
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
using aKin
mk =mi . Richter et al. (2002) carried out a
ik ¼
series of CMAS evaporation experiments in both vacuum
(P < 106 Torr) and in hydrogen (PH2  2 · 104 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 diﬀusion was not suﬃciently fast to maintain the homogeneity
of the condensed phase. The latter concern is easily dismissed 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 experiments, and the chemical diﬀusivities in silicate melts at
the temperature of our experiments. The issue of recondensation eﬀects is a bit more complicated. In the Appendix A, we discuss the eﬀect of recondensation on the
isotopic fractionation of residues in the case of evaporation 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 isotopic 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 proportional 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 larger samples would have been the most aﬀected.
The main objective of our undertaking the new set of
vacuum evaporation experiments reported here is to provide 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 isotopic fractionation of Type B CAIs to the amount of magnesium 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 isotopically fractionated CAIs. The present study has a number
of advantages over that reported in Richter et al. (2002),
including: (1) signiﬁcantly greater precision (10·) in measuring the magnesium isotopic composition of the evaporation 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 temperature at which evaporation takes place. An important additional 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 effects. And while the main focus of the work is on the isotopic fractionation of the evaporation residues, the
experiments also provide information on the elemental fractionation and evaporation kinetics of silicon and magnesium 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%) SiO2, Al2O3, MgO,
and CaCO3, which, when decarbonated, produced a Type
B CAI-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 CO2
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 conditions (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 vertical-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 106 Torr. The temperature at the sample was mea-

sured by two Type G (W vs. W0.74Re0.26) 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 measurements 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 min1 to 1400 C. This
temperature was held for 20 min to ensure complete degassing of the sample, followed by raising the temperature at
20.0 C min1 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 equivalent 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 relations 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 realistic 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 represented an additional evaporating surface by comparing the
surface area calculated using these eﬀective loop diameters
to those calculated using this diameter augmented or reduced by 0.25 mm (i.e., assuming the entire loop was either
entirely wetted or not wetted at all). The diﬀerence in calculated surface area for a diameter D = 1.25 ± 0.25 was
+16% and 13% compared to D = 1.25 mm, for
D = 2.75 ± 0.25 mm the diﬀerence was +8% and 6% compared 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 calculated 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 CAI-like melt
Sample

Diam
(mm)

Run time
(min)

MgO
(wt%)

SiO2
(wt%)

Al2O3
(wt%)

CaO
(wt%)

11.48

46.00

19.39

23.12

Inita area
(mm2)

Finala area
(mm2)

Init wt
mg

% Mass
loss

% Mg
loss

JMga
(mol cm2 s1)

JSia
(mol cm2 s1)

0.008 ± 0.017

2.5
2.5
2.5
2.5
2.5
2.5

0
15
20
25
25
30

11.37
9.13
3.33
0.09
0.80
1.04

44.53
31.52
25.24
17.76
21.10
21.81

19.26
26.86
32.35
37.08
35.10
35.06

24.84
32.48
39.09
45.05
43.10
42.08

22.4
24.0
20.9
21.3
21.7
26.4

21.3
18.9
15.9
15.4
15.8
18.2

25.4
28.4
22.6
23.3
24.1
35.6

7.9
32.0
43.8
50.6
47.3
48.3

0.29
42.59
82.61
99.59
96.15
94.99

1.92 · 107
2.44 · 107
2.40 · 107
2.35 · 107
2.41 · 107

6.02 · 107
5.42 · 107
5.25 · 107
4.97 · 107
5.13 · 107

1800 C
R-16
R-14
R-15
R-17
R-6
R-3
R-2
R-18
R-4
R3-14
R2-1
R-7
R-13
R-8
R-9
R-11
R2-4
R2-5

1.0
1.0
1.0
1.0
2.5
2.5
2.5
2.5
2.5
2.5
2.5
3.3
6.0
6.0
6.0
6.0
6.0
6.0

0
30
45
60
0
30
60
90
90
100
105
60
0
30
60
90
120
180

11.77
7.03
2.91
0.09
11.66
11.82
10.07
5.20
4.61
3.12
0.19
7.67
11.64
11.94
11.08
9.16
4.92
0.06

44.44
29.63
25.40
18.49
45.34
38.87
33.58
28.05
27.45
26.13
19.91
30.45
45.48
40.59
35.70
32.36
28.11
18.69

20.01
29.03
32.87
37.39
19.64
22.55
25.72
30.51
31.07
31.76
36.53
28.23
19.58
21.69
24.31
26.78
30.57
37.47

23.78
34.31
38.82
44.03
23.36
26.76
30.63
36.24
36.87
38.98
43.38
33.65
23.31
25.77
28.91
31.70
36.40
43.79

5.9
5.8
6.0
6.0
20.0
21.5
22.8
27.4
20.6
23.5
21.7
27.8

5.8
5.0
4.7
4.2
19.7
19.5
18.9
21.8
16.3
17.4
15.6
24.4

4.2
4.1
4.5
4.4
20.9
23.8
26.3
39.9
22.2
27.6
24.2
30.1

2.4
31.7
42.2
50.0
2.4
14.3
26.2
36.1
38.3
40.9
49.2
31.9

0.68
59.11
85.06
99.62
–0.27
11.47
33.86
71.21
74.94
83.41
99.12
54.11

2.18 · 108
3.52 · 108
6.08 · 108
4.77 · 108
5.38 · 108
5.82 · 108
4.97 · 108

1.36 · 107
1.24 · 107
1.41 · 107
1.08 · 107
1.15 · 107
1.23 · 107
1.35 · 107

87.5
82.6
91.3
88.5
90.4

83.4
76.6
80.0
75.5
72.5

171.9
146.6
190.4
176.6
186.0

11.1
20.6
27.8
37.0
49.8

7.02
23.02
42.23
72.82
99.73

2.39 · 108
3.40 · 108
4.97 · 108
6.22 · 108
6.00 · 108

1.84 · 107
1.50 · 107
1.55 · 107
1.41 · 107
1.29 · 107

1700 C
R2-21
R2-20
R2-18
R2-19
R2-17
R2-7
R2-3
R2-10
R2-16
R2-11
R2-12
R2-2

1.0
1.0
1.0
1.0
1.0
1.0
2.5
2.5
2.5
2.5
2.5
2.5

0
90
120
150
180
270
180
240
330
420
480
540

11.42
3.61
5.29
4.62
0.26
0.02
8.76
9.50
0.94
4.92
1.33
0.02

45.80
26.55
29.15
28.17
22.75
19.26
32.67
33.72
23.78
28.99
24.56
11.04

19.56
30.20
29.75
30.95
36.88
36.86
26.80
25.85
34.46
30.19
33.77
41.39

23.23
39.64
35.81
36.27
40.12
43.86
31.77
30.91
40.83
35.89
40.36
47.55

3.9
4.2
4.7
5.4
5.1
5.6
17.9
22.2
18.4
24.0
25.2
19.7

3.7
3.4
3.6
4.3
3.5
4.0
15.6
18.5
14.8
18.2
17.7
14.4

1.8
2.0
2.5
3.4
2.8
3.7
16.9
25.4
17.8
28.7
31.9
20.5

11.1
35.0
36.0
35.3
46.4
45.9
28.4
26.0
44.4
36.2
45.5
53.7

1.39
79.81
69.97
74.79
98.81
99.91
44.79
37.93
95.39
72.47
93.35
99.92

8.135 ± 0.007
25.810 ± 0.020
47.733 ± 0.023
43.265 ± 0.017

0.130 ± 0.025
1.723 ± 0.009
5.494 ± 0.044
17.059 ± 0.032
18.681 ± 0.042
25.372 ± 0.031
69.148 ± 0.063
10.574 ± 0.044
”0.000
0.935 ± 0.029
3.547 ± 0.027
7.689 ± 0.028
18.867 ± 0.083
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Starting
material
1900 C
R3-12
R3-10
R3-11
R3-13
R3-15
R3-9

d25Mg (‰)

0.209 ± 0.044
20.574 ± 0.044
15.661 ± 0.097

3.51 · 108
3.03 · 108
6.246 ± 0.091
2.96 · 108
41.201 ± 0.051
2.48 · 108
16.401 ± 0.050
2.80 · 108
34.976 ± 0.116
2.52 · 108
(continued on next page)
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1.20 · 108
9.55 · 109
1.48 · 108
1.12 · 108
1.37 · 108
1.06 · 108

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.

a

11.887 ± 0.042
17.946 ± 0.023
32.359 ± 0.016

19.861 ± 0.023

1.0
1.0
1.0
1.0
1.0
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5

900
1200
1500
1800
2250
0
1800
2400
2400
2700
2998
3000
3000
3600
4285

4.55
5.24
0.04
0.02
0.03
12.22
9.62
6.43
9.44
4.60
0.20
6.70
4.34
1.65
0.12

29.40
30.16
20.86
16.29
8.54
46.36
33.93
31.01
33.69
30.84
22.40
31.34
29.39
26.73
17.74

30.21
29.53
36.10
39.28
45.21
19.31
26.24
29.11
26.32
30.20
36.01
28.86
30.81
33.21
38.36

35.84
35.11
43.00
44.41
46.22
22.11
30.21
33.45
30.54
34.36
41.39
33.11
35.46
38.40
43.78

5.2
5.9
5.4
6.0
4.9
22.1
22.3
22.2
25.4
20.6
20.4
25.1
21.8
21.2
20.9

3.9
4.9
3.8
4.1
3.1
21.9
18.5
17.6
21.0
16.7
15.5
19.6
16.9
16.1
15.3

3.0
4.3
3.4
4.4
2.7
25.0
25.7
25.6
33.0
22.5
22.0
31.7
24.8
23.7
23.1

36.7
34.9
45.6
50.0
59.3
0.0
26.5
34.0
26.7
33.3
45.5
32.8
37.5
41.4
48.5

74.56
70.03
99.81
99.91
99.89
0.00
42.07
65.10
43.32
75.93
99.12
63.31
77.74
92.15
99.51

1.49 · 109
1.76 · 109
1.30 · 109
1.69 · 109
2.05 · 109
1.51 · 109
1.68 · 109
1.64 · 109
1.50 · 109

4.16 · 109
3.85 · 109
3.56 · 109
3.19 · 109
3.88 · 109
3.32 · 109
3.32 · 109
3.00 · 109
3.07 · 109

–0.105 ± 0.014
6.188 ± 0.006
12.337 ± 0.053
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1600 C
R2-13
R2-15
R2-14
R2-9
R2-8
R3-2
R3-1
R3-20
R3-21
R3-4
R3-7
R3-19
R3-18
R3-8
R3-5

Diam
(mm)
Sample

Table 1 (continued)

Run time
(min)

MgO
(wt%)

SiO2
(wt%)

Al2O3
(wt%)

CaO
(wt%)

Inita area
(mm2)

Finala area
(mm2)

Init wt
mg

% Mass
loss

% Mg
loss

JMga
(mol cm2 s1)

JSia
(mol cm2 s1)

d25Mg (‰)
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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 samples is less than 10%. The surface areas for the 1 mm samples 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 microanalysis system (EDS). The microanalysis system was calibrated
with a variety of pure oxides and minerals of known chemical 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/HNO3 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 conditions 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 sample in 1 N nitric acid. One hundred microliters of this ﬁnal
sample solution, representing approximately one mg weight
equivalent of sample and 1–50 lg magnesium, was put
through a cation exchange column (2 mm ID by 240 mm)
using approximately 1.2 ml of AG50W-X8 resin in a 1 N nitric 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 lower the Al/Mg (i.e., Al/Mg < 0.05; Galy et al., 2001). Aliquots 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 isotopic 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 (MCICPMS) in the Isotope Geochemistry Laboratory (IGL)
at the Field Museum. Sample solutions were introduced
to the mass spectrometer using a CETAC Aridus desolvating nebulizer. The three isotopes of magnesium (24Mg,
25
Mg and 26Mg), as well as 27Al were measured by static
multicollection using four faraday collectors (using the
L3, Axial, H4 and H6 collectors, respectively). Each measurement consisted of a 60 s on-peak blank measurement
followed by a 200 s sample acquisition (comprising 20
cycles of 10 s each). Samples were typically run with ion
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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 measured 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 measured 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 experimental 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 silicon 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 vacuum experiments with Type B CAI-like liquids run at
T = 1600, 1700, 1800, and 1900 C is shown in Fig. 2. Calcium and aluminum are suﬃciently refractory that they do
not experience any signiﬁcant loss by evaporation until virtually 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

% Mg loss (ICPMS)

currents for 24Mg of 3.5–5 · 1011 A. Background ion currents on all collectors were typically less than 1 · 1014 A.
Isotope ratio values were determined using sample-standard 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 (sample 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
d25Mg = 2.488‰ and d26Mg = 4.792‰. Fifty measurements of B133 R-13 made over more than three and half
years indicate that our long-term 2r precision for d25Mg
is 0.025‰ and for d26Mg is 0.047‰.
A detailed review of the isotopic data that had been obtained after the entire set of samples had been measured revealed 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 25Mg/24Mg and 26Mg/24Mg 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 HNO3 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 ‘‘memorylike’’ behavior, but it largely disappeared following an
instrumental upgrade in early 2004, when the sample interface/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 ± 0.0027 per ‰
for d25Mg and 0.0120 ± 0.0024 per ‰ for d26Mg. This indicates 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 solution 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
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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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Fig. 2. Vacuum evaporation rates of silicon and magnesium from a Type B CAI-like liquid as a function of temperature. Only the 2.5 mm and
6 mm samples are plotted. The evaporation rates of the 1 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 = J0eE/RT with J0 = 3.81 · 106 mol cm2 s1, E = 551 ± 63 kJ mol1 for
magnesium; J0 = 4.17 · 107 mol cm2 s1, E = 576 ± 36 kJ mol1 for silicon. All uncertainties and error envelopes are 2r, 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 CAIs would have been surrounded by a ﬁnite
pressure of hydrogen gas (Richter et al., 2002). A reasonable 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 parameter for determining the evaporation kinetics regardless of
the pressure of surrounding hydrogen gas is the evaporation coeﬃcient as deﬁned by Eqs. (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 kinetics. Also shown in Fig. 3 are evaporation coeﬃcients for silicon and magnesium from experiments reported by Richter
et al. (2002) involving Type B CAI-like compositions evaporated in 2 · 104 bars of hydrogen at T = 1500 C. Even
though the evaporation rate in 2 · 104 bars of hydrogen
is about two orders of magnitude faster than in vacuum
(see Fig. 12 in Richter et al., 2002), the evaporation coeﬃcients for evaporations done in hydrogen fall on the trend
with temperature of the vacuum data. This implies that reasonably 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 evaporation rate is entirely due to the dependence of the saturation 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 coeﬃcients of magnesium and silicon when calculating the relative 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 coefﬁcients is to compare the composition trajectories of evaporation residues with trajectories calculated for particular
choices of the evaporation coeﬃcients.
Evaporation trajectories of evaporation residues are calculated from the following conservation equations.
dM Mg
¼ J Mg A
dt

ð8Þ

where MMg is the total moles of magnesium in the evaporation residue, JMg is the evaporation rate (mol cm2 s1) of
magnesium appropriate for the composition of the substrate, and A is the surface area of the evaporating material.
JMg is calculated using Eq. (2) with the saturation vapor
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T °C
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Evaporation coefficient,

2

0.1
9
8
7
6
5

4
Mg

SiO

this work
Richter et al. (2002)
fit

3

4.6

4.8

5.0

5.2

5.4

5.6

10000/T(K)
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 T = 1500 C and a surrounding hydrogen pressure of 1.87 · 104 bars. The combined vacuum and ﬁnite
hydrogen pressure data are ﬁt by the functional form c = c0eE/RT with c0 = 25.3, E = 92 ± 37 kJ mol1 for cSi; c0 = 143,
E = 121 ± 53 kJ mol1 for cMg. All uncertainties and error envelopes are 2r, and are based on the scatter of the data about the regression
lines.

pressure PMg,sat 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:
dM Si
¼ J Si A:
dt

ð9Þ

We now use Eq. (3) to relate the silicon evaporation rate to
that of magnesium, which we rearrange as
rﬃﬃﬃﬃﬃﬃﬃﬃﬃ
c P SiO;sat mMg
J SiðtÞ ¼ J MgðtÞ Si
:
ð10Þ
cMg P Mg;sat mSiO
Eqs. (8)–(10) can be advanced in time to yield MSi(t) and
MMg(t) that, together with the fact that the CaO and
Al2O3 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 SiO2 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 isotopic fractionation, the mass of the main gas species containing magnesium and silicon are mMg = 24.3 and mSiO = 44.1.
The value of cSi/cMg for the evaporation of silicon and magnesium from a Type B CAI-like liquid at a given temperature 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 SiO2 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 cSi/cMg. Fig. 4a shows that the trajectory
in MgO–SiO2 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
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
that cMg =cSi ¼ mMg =mSiO ¼ 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 trajectory can be ﬁt reasonably well assuming cMg/cSi = 1 (a
value used by Richter et al., 2002) rather than 0.74.
The separately measured evaporation coeﬃcients for
magnesium and silicon (Fig. 3) are not suﬃciently precise
to resolve any diﬀerences between them. By using calculated trajectories to ﬁt the MgO and SiO2 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 inconsistency in Grossman et al. (2000) and Richter et al. (2002)
having used diﬀerent values for cMg/cSi, given diﬀerent
evaporation temperatures for the samples in two studies
and the eﬀect of this temperature diﬀerence on cMg/cSi.
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a
1600°C
1700°C
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1800°C (Richter et al., 2002)
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b

1800°C
1800°C (Richter et al., 2002)
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Fig. 4. Trajectories in SiO2–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 JMg/JSi = PMg/PSiO. Only the trajectory for T = 1600 C
shows a reasonable ﬁt to the corresponding measured compositions. (b) Composition of residues from T = 1800 C experiments compared to
a trajectory for T = 1800 C now
calculated assuming that the evaporation coeﬃcients of magnesium and silicon are equal (i.e., cMg = cSi and
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
thus J Mg =J Si ¼ ðP Mg =P SiO Þ  44=24Þ.

4.3. Isotopic fractionation
Fig. 5 compares the magnesium isotopic fractionation
of evaporated Type B CAI-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 University 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 magnesium 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
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(i.e., a ¼ 24=25 ¼ 0:97980) and in the other case that
a = 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 CAI-like starting material, plotted as a function of %
24
Mg evaporated. d25Mg = 1000 · {(25Mg/24Mg)sample/(25Mg/24Mg)standard  1}. 2r 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 evaporatedpthat
are signiﬁcantly less than those calculated using
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
a ¼ 24=25. There are various diﬀerences worth noting
between the MC-ICPMS isotopic measurements and those
made earlier using the Chicago ion microprobe. The MCICPMS 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 measured 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 MCICPMS 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 isotopic fractionation.
An intriguing aspect of the data shown in Fig. 5 is that
the MC-ICPMS data scatter around the best ﬁtting fractionation curve by an amount that is signiﬁcantly larger
than the 2r uncertainty of each data point. This can be seen
more clearly in Fig. 6, which is a plot of the same data now
using ln(R/R0) versus –ln(f24Mg), where R = 25Mg/24Mg of
a sample, R0 is this ratio in the starting material, and
f24Mg is the fraction of 24Mg 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) applied to 25Mg/24Mg with the result

ln

 
R
¼ ð1  aMg Þ lnðf24 Mg Þ;
R0

ð11Þ

The magnesium isotopic data plotted in the manner of
Fig. 6 should, if the process is governed by Rayleigh fractionation, fall on a straight line with slope 1  aMg. An
unexpected result is that the departures of the data points
from the best ﬁtting line through the data in Fig. 6 are correlated 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 evaporation temperature along with the best ﬁtting line through the
data for each separate temperature. A well-resolved dependence 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 fractionation factor for magnesium evaporating from a CMAS liquid 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 fractionation 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 · ln(R/R0) versus ln f24Mg where
f24Mg is the fraction of 24Mg remaining in the residue and R = (24Mg/25Mg)sample, R0 = (24Mg/25Mg)standard. The 2r 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 · (1  a) if the process is Rayleigh fractionation (see Eq. (7)) and the kinetic isotope fractionation factor a is
independent of the composition of the condensed phase. The red line is an error-weighted best ﬁt (Williamson, 1968)
through the data and
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
corresponds to a = 0.98704. The dashed line corresponds to the fractionation calculated using Eq. (7) assuming a ¼ 24=25 ¼ 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 2r error bounds from the weighted regression.

at 1800 C. Best ﬁtting lines through the data for each sample size show that the larger samples are slightly more fractionated as a function of the amount of magnesium

evaporated. This dependence on size is as expected for
recondensation in a system of ﬁnite gas conductance, where
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 T = 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 a corresponding to the best ﬁtting line through the data for each sample size separately is
indicated.

face area, the isotopic fractionation increases as the fractionation factor shifts towards the inverse square root of
the mass of the evaporating species (see Eq. (A.12); Figs.
A1 and A2 in Appendix A). We found no resolvable diﬀerence 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 experimentally determine the appropriate kinetic isotope fractionation factor to use in connection with magnesium
evaporating from Type B CAI-like liquids. The ﬁrst thing
to note is that all reported experimental determinations of
the fractionation factors for 25Mg from 24Mg in molten sil-
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Fig. 9. Same as Fig. 6 except that now only data from the T = 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.
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ture dependence of aMg 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 evaporation experiments. Assigning a realistic value for the magnesium isotopic fractionation factor of partially molten
Type B CAI precursors requires extrapolating the laboratory data to temperatures between their peak temperature
of about T = 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 different from those in a similar ﬁgure shown in Richter et al.
(2005). Each a value was obtained from a regression of
ln(R/R0) versus ln(f24Mg) , 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 ln(f24Mg) and all have the same
uncertainty) were calculated. Some regressions are well-described by Williamson (1968) ﬁt, having low v2 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-

icate evaporation residues of various types (Davis et al.,
1990 for molten Mg2SiO4; Wang et al., 2001 for a mixture
of major oxides in solar proportions; Richter et al., 2002 for
Type B CAI-like compositions) are signiﬁcantly closer to
one (or equivalently that 1  aMg is signiﬁcantly
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ smaller)
than the often assumed value of aMg ¼ 24=25. Whereas
in the past there may have been some concern
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃthat this difference between the measured aMg and 24=25 reﬂected an
experimental artifact due to recondensation, we have shown
that the eﬀect of recondensation in a ﬁnite conductance vacuum furnace would, if anything,
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ tend to shift aMg towards
rather than away from 24=25 (Figs. A1 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 25Mg in a way that reﬂected the
predicted eﬀect of recondensation. We found no measurable diﬀerence in the Mg isotopic fractionation as a function 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
1  aMg to increase with temperature (Fig. 7). Similar temperature eﬀects have been reported for the isotopic fractionation factor for magnesium evaporation from solid
forsterite (Yamada et al., 2006). The systematic tempera-
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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 2r. The kinetic
fractionation factor plotted at 1500 C is from Richter et al. (2002) for 2.5 mm Type B CAI-like samples evaporated in 1.87 · 104 bars H2;
the one plotted at 1800 C from the same paper is for 2.5 mm Type B CAI-like samples evaporated in vacuum. Shading is used to indicate the
temperature interval relevant for calculating evaporation eﬀects of partially molten Type B CAIs, along with extrapolations of 1000 · (1  a)
into this temperature range. The extrapolation shows that the Rayleigh fractionation
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ exponent (1  a) in the temperature range of partially
molten Type B CAI compositions is less than half that corresponding to a ¼ 24=25 ¼ 0:9798 (shown by the line at 1000 · (1  a) = 20.2).
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erature is likely uncorrected matrix eﬀects in the ion microprobe 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 evaporation 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 collected by MC-ICPMS that the temperature eﬀect is readily
apparent.
The conclusion to be drawn from Fig. 10 is that the kinetic isotopic fractionation for magnesium evaporating
from a partially molten Type B CAI-like liquid in the temperature range 1400–1250 C will have aMg = 0.991–0.993
(with an uncertainty of
pabout
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ±0.001) rather than the often
used value of aMg ¼ 24=25 ¼ 0:9798. The diﬀerence between these two values for the kinetic isotope fractionation
factor of magnesium will have a large eﬀect on the calculated 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 CAIs. We illustrate this with reference to the Simon
et al. (2004) recent eﬀort to calculate the precursor composition of a set of Type B CAIs with known magnesium isotopic composition. Table 2 compares the amount of
magnesium evaporated from the precursors
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃas calculated
by Simon et al. (2004) using aMg ¼ 24=25 ¼ 0:9798 to
our estimate using the experimentally derived value of
aMg = 0.991. We believe that Simon et al. (2004) underestimated 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 CAIs listed in Table 2 because we do not yet have a well-determined value for the silicon kinetic isotope fractionation factor, but studies to
determine this are underway (see Janney et al., 2005).
We should emphasize that the kinetic isotope fractionation factors reported here apply to evaporations in the limit Pi/Pi,sat  1 (i.e., 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 CAIs
Sample

Type

FMga
(‰ amu1)

% Mg evap.
a = 0.97978b

% Mg evap.
a = 0.991c

F2 (TS65)
E107
3537-1
TS33
TS34
Golfball

B2
B2
B1
B1
B1
B

6.12
1.99
3.26
4.01
5.63
1.61

26.0
9.4
14.9
18.0
24.2
7.7

49.2
19.9
30.4
35.9
46.4
16.4

a
FMg ” 1000 · {(NMg/24Mg)sample/(NMg/24Mg)standard  1}/
(N  24), averaged for N = 25 and 26.
b
The value of a used by Simon et al. (2004).
c
The value of a obtained by extrapolating Fig. 10 to 1400 C.
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fect the isotopic fractionation of evaporation residues and
concluded that the Type B CAIs evaporated under conditions where the kinetic isotope fractionation factors reported here apply.
The main conclusions of the present study regarding the
evaporation kinetics of magnesium and silicon from Type B
CAI-like liquids are:
(1) The vacuum evaporation rates JSi and JMg can be calculated using a parameterization of the form
J = JoeE/RT with Jo = 3.81 · 106 mol cm2 s1,
E = 551 ± 63 kJ mol1 for magnesium; Jo = 4.17 ·
107 mol cm2 s1,
E = 576 ± 36 kJ mol1
for
silicon.
(2) Evaporation rates of silicon and magnesium as a
function of temperature and ﬁnite surrounding pressure can be calculated using Eq. (2) with the evaporation coeﬃcients as a function of temperature shown
in Fig. 3 (parameterized as c = coeE/RT with
co = 25.3, E = 92 ± 37 kJ mol1 for cSi; co = 143,
E=121 ± 53 kJ mol1 for cMg) together with the saturation 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 fractionation of magnesium evaporating from a Type B CAIlike 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 fractionation curve as given by Eq. (7), implying that the isotopic fractionation factor is eﬀectively independent of
the amount of magnesium (i.e., the activity of magnesium) 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 fractionation factor is signiﬁcantly temperature dependent,
becoming larger (i.e., less fractionating) with decreasing 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 derivation 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. A1 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
CAI-like liquid in the temperature range where Type
B CAI-like compositions are partially molten
(1400–1250 C) of aMg = 0.991–0.993 (Fig. 10).
Adopting this value for the kinetic isotope fractionation 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 p
a ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
factor of two larger than calculated using
aMg ¼ 24=25 ¼ 0:9798.
In closing we should emphasize that the reason laboratory experiments are so critical for deﬁning the evaporation
coeﬃcients, c, and the kinetic isotope fractionation factors,
a, 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 evaporation coeﬃcients is diﬀerent from one. Wang et al. (1999)
have suggested that the explanation might involve the dominant gas species being diﬀerent from those used here to calculate 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 SiO2 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 parameter 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 thermodynamically stable ones Mg and SiO. What is needed is a better 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 temperature 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 silicate 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 reduces the kinetic isotopic fractionation of evaporating species (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 a01;2 to
that which would apply for evaporation into a vacuum
(a1,2) is


 
Pi
Di;1
Pi
a01;2  1 ¼ ða1;2  1Þ 1 
1
; ðA:1Þ
þ
P i;sat
Di;2
P i;sat
where a01;2 is the eﬀective kinetic isotope fractionation factor
for isotopes 1 and 2 of element i when there is a ﬁnite pressure Pi at the evaporating surface due to diﬀusion of the
evaporating species in the surrounding gas, a1,2 is the isotope fractionation factor in the vacuum limit, and Di,1
and Di,2 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.1) 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 li ¼ ðmi mH2 Þ=ðmi þ mH2 Þ, thus
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Di;1 =Di;2 ¼ ðm2 ðm1 þ 2ÞÞ=ðm1 ðm2 þ 2ÞÞ, which is suﬃciently 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 surrounding gas of low molecular weight it is expected that the isotopic fractionation will be reduced, and it is this that has led
to the concern that the laboratory measured isotopic fractionations of evaporation residues might be smaller than expected because of recondensation.
One needs to keep in mind that evaporating into a conﬁned 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 surprising result that recondensation in a ﬁnite conductance furnace can actually increase the isotopic fractionation of
evaporation residues. Eq. (1) (with ni = 1) can be used to
write the mass conservation equation for a volatile species
i in an evaporation residue as
Vc

dqi
c P i;sat ð1  P i =P i;sat ÞA
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ i
;
dt
2pmi RT

ðA:2Þ

where qi is the molar density of i in a condensed phase of
volume Vc and surface area A. The conservation equation
for i in a volume Vg of gas surrounding the evaporating
source is
Vg

dqgas
c P i;sat ð1  P i =P i;sat ÞA
i
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ i
 F i;
dt
2pmi RT

ðA:3Þ

where Fi is the ﬂux (in mol s1) other than recondensation
removing i from the gas. When these conservation equations are used for a furnace with ﬁnite gas conductance
around the evaporating sample, there is a relationship be-
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tween the pressure Pi in the volume Vg and the ﬂux Fi that
depends on the gas conductanceUi as given by
Fi ¼

U i ðP i  P i;1 Þ U i P i
¼
;
RT
RT

ðA:4Þ

where Pi,1 represents the pressure of i outside the volume Vg. In our application, the volume Vg is the region
around the evaporating sample enclosed by the heating
elements and heat shields and which has a ﬁnite conductance for gas species going into the surrounding vacuum
chamber at Pi,1 < 106 Torr, which for our purposes is
eﬀectively zero. The gas conductance Ui in the molecular
regime (i.e., when the mean free path of i is large compared to
the linear
dimensions of Vg) is of the form
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
U i ¼ G RT =mi , where G is a geometric factor that depends on shape of the enclosing volume. For example,
for a cylinder of diameter
pﬃﬃﬃﬃﬃdﬃ and length l the geometric
factor is pd 3 =ðð4d þ 3lÞ 2pÞ. 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 i
F i ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mi RT

ðA:5Þ

Using Eq. (A.5) together with the ideal gas law
qgas
¼ P i =RT , we can now write the conservation of gas spei
cies as
V g dP i ci P i;sat ð1  P i =P i;sat ÞA
GP i
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼
 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ :
RT dt
mi RT
2pmi RT

ðA:6Þ

The time scale sevap over which the evaporating system
as a whole evolves will be of the order of the time it takes
the evaporation ﬂux JiA (in units of mol s1) to remove
qiVc moles of i from the condensed phase. Thus, sevap =
qiVc/JiA. The pressure Pi in the gas surrounding the evaporating sample will evolve on two distinct time scales.
The ﬁrst of these is a fast time scale, sgas, corresponding
to how long it takes the evaporation ﬂux to increase the
pressure Pi 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 Pi will
be governed by the much slower evolution of Pi,sat, which
is determined by the composition of the condensed phase
evolving on time scale sevap. The eﬀect of these two time
scales can
be made explicit by dividing Eq. (A.6) by
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ci P i;sat A= 2pmi RT . Eq. (A.6) becomes
pﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 

2pmi RT V g P i;sat dP 0i
G 2pP 0i
¼ ð1  P 0i Þ 
;
ðA:7Þ
RT
dt
ci A
ci P i;sat A
or equivalently
( M i;sat )
pﬃﬃﬃﬃﬃﬃ


dP 0i
M i;sat dP 0i
G 2pP 0i
JiA
0
;
¼
¼
ð1

P
Þ

i
M i;cond
dt0
M i;cond dt0
ci A
JiA

ðA:8Þ
0

where we introduced a nondimensional time t scaled by the
evaporationpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
time
sevap,
used
the
fact
that
J i ¼ ci P i;sat = 2pmi RT ; we deﬁne Mi,sat = VgPi,sat/RT, where
Mi,sat is the moles of i in Vg required to saturate the gas, and
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Mi,cond = qiVc. P 0i ¼ P i =P i;sat 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 required to saturate the volume Vg. 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 Mi,sat  Mi,cond and thus the pressure surrounding
the evaporating material is given by a balance between the
two terms on the right hand side. Thus,
P 0i ¼

1
1þ

pﬃﬃﬃﬃ
G 2p
ci A

¼

1
;
1 þ Gci

ðA:9Þ

pﬃﬃﬃﬃﬃﬃ
where for simplicity we introduce G ¼ G 2p=A.
Starting from Eq. (6), and assuming that equilibrium
fractionations are negligible so that the saturation vapor
pressure of an isotopically distinct gas species is proportional to the abundance of that isotope in the condensed
phase, we can write


aik ¼ 

Ji
Jk

Ni
Nk

¼

Ji
Jk

P i;sat
P k;sat

;

ðA:10Þ

which, using Eq. (1) for the evaporation ﬂuxes, becomes
aik ¼

c ð1P 0i Þ
ﬃ
piﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2pmi RT
ck ð1P 0k Þ

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

ðA:11Þ

2pmk RT

We now use Eq. (A.9) to write an explicit relationship between the kinetic isotope fractionation factor and the gas
conductance in the vicinity of the evaporating sample,
!
rﬃﬃﬃﬃﬃﬃ
1  1þG1 =ci
c mk
aik ¼ i

:
ðA:12Þ
ck mi
1  1þG1 =ck
The quantity in square brackets is the kinetic isotope fractionation factor for evaporation into vacuum (i.e., in the
limit G* ﬁ 1). Fig. A1 shows that when ci/ck „ 1, the eﬀect
of decreasing gas conductance is to make the kinetic isotope
fractionation tend
ptowards
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ the inverse square root of the
mass (i.e. aik ! mk =mi as G* ﬁ 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 governing equations given by Eqs. (A.2) and (A.6). Fig. A2
uses the numerical results to conﬁrm and illustrate how
the calculated isotopic fractionation of evaporation residues run in a vacuum furnace depends on the gas conductance for evaporating species leaving the vicinity of the
sample. As G* becomes suﬃciently small, the ﬂux increasingly 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. A1. 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*/c24 (see Eq. (A.12)), where G* is
proportional to the conductance and c24 is the evaporation coeﬃcient for 24Mg. 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
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃthe sample and the far ﬁeld) the isotopic
fractionation factor will be that of the evaporating surface (i.e., for 25Mg/24Mg, a ¼ ðc25 =c24 Þ 24=25 with c25/c24 = 1.007 used for purposes of
illustration in this example). With decreasing conductance (smaller G*/c24) 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
molecularpregime
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ will correspond to a ratio of the ﬂuxes equal to the inverse square root of the mass of the evaporating species
(i.e.,a ! 24=25).
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Fig. A2. Calculated isotope fractionation curves of ln(R/R0) (R = 25Mg/24Mg with R0 the unfractionated ratio) as a function of lnf24Mg
(f24Mg is the fraction of 24Mg evaporated) for various choices for the gas conductance parameter G*/c24 from numerical integrations of the
conservation Eqs. (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  a 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 c25/c24 = 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
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
of the furnace (i.e., G*/c24) decreases. In the limit of low gas conductance (G*/c24 ﬁ 0), 1  a ﬁ 1 24=25.

Elemental and isotopic fractionation by evaporation

ci/ck. 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 magnesium isotopic composition of laboratory evaporation residues are consistently lesspthan
one calculates on the
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃwhat
ﬃ
assumption that aKin
mk =mi . While we do not know
ik ¼
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 allowed us to use the measured isotopic composition of evaporation 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 report correspond to the actual values of aik.
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