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Introduction. Ca-Al-rich inclusions (CAIs) in CV3
chondrites are often enriched in the heavy isotopes of
their more volatile species in a way that suggests kinetic
isotope fractionation during evaporation. This has led to
numerous laboratory studies in which the isotopic com-
positions of evaporation residues have been measured
[e.g., 1–3]. A somewhat troubling feature of the labora-
tory-produced evaporation residues is that they are less
fractionated in their magnesium isotopes than the usual
expectation that the ratio of the flux of two isotopes is
fractionated by an amount corresponding to the inverse
square root of mass of the gas species containing those
isotopes. This expectation of what we can call “ideal”
fractionation is based on the flux of the magnesium

isotopes being given by
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JN Mg
= γ N PN

sat / 2πmN RT ,

where the subscript N indicates the particular isotope,
JNMg is the evaporation flux of the isotope, γN is the
evaporation coefficient,   
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PN
sat  is the saturation vapor

pressure of the gas species containing isotope N, mN is
the mass of the gas species containing the isotope N , R
is the gas constant and T is absolute temperature. The
ratio of the fluxes of 25Mg to 24Mg is then
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( 25Mg/ 24Mg )cond (γ 25 / γ 24 ) 24 / 25 , where the first
term is the Mg isotopic ratio at the surface of the con-
densed phase. The usual assumption is that γ24 = γ 25,
hence the isotopic ratio of the flux will be fractionated
relative to the condensed phase by a factor α, with ideal

behavior corresponding to   

€ 

α = 24 / 25 .   Under cer-
tain specific conditions, the isotope ratio 25Mg/24Mg in
an evaporation residue as a function of amount of 24Mg
evaporated, will be given by the Rayleigh fractionation
rule:   
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R / R0 = ƒα−1 , where R  is the 25Mg/24Mg of the
residue when a fraction f of the initial 24Mg remains and
R0 is the initial isotopic ratio. The Rayleigh fractionation
limit will be achieved if diffusion is sufficiently fast to
maintain homogeneity in the condensed phase and if
recondensation is negligible.

Here we present new, high-precision, Mg isotopic
measurements of vacuum evaporation residues for a
variety of sample sizes and run temperatures that allow
us to reject imperfections in experimental conditions
(i.e., recondensation or inhomogeneity) or isotopic
measurements (i.e., bias due to matrix effects) as the
explanation for the departure of the kinetic isotope frac-
tionation factor α from the ideal value. We also report
new Fe isotopic measurements of residues of vacuum

evaporation of FeO [4, 5] that in contrast to our Mg
data, do show ideal isotopic fractionation. This latter
result is important in showing that our experimental
design does not preclude ideal isotopic fractionation
behavior.

Results. Table 1 summarizes determinations of the
Mg melt-gas isotopic fractionation factor α for a variety
of experiments involving evaporation of magnesium
from silicate melts including new data reported here.
The new data are an expanded data set from that given
in [6], all obtained by multicollector ICP mass spec-
trometry on a GV Instruments IsoProbe instrument at
The Field Museum with analytical uncertainties typi-
cally better than 0.1‰ [6, 7]. Figure 1 shows a summary
of the new magnesium isotopic data (categorized by
temperature and initial size of experimental charge) dis-
played as ln (R/R0) versus –lnƒ, with the line for
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α = 24 / 25  shown for comparison. This scheme pro-
vides a simple way of determining the fractionation
factor α from various subsets of our experimental runs,
as the slope of the line defined by the data is 1–α. No
relationship between sample size and α was found, but
there does appear to be a small difference between 1700
and 1800°C runs. The new data are more precise than
earlier values, but there remains a clear difference be-
tween all measured values and the ideal value. With the
exception of one earlier ion probe data on CAI evapora-
tion [3], the data in Table 1 suggest that α becomes
closer to the ideal value with increasing temperature.

Interpretation and conclusions. Here we discuss
possible reasons for the kinetic isotope fractionation
factor for Mg being different from the “ideal” value.

Analytical artifacts. Ion probe microanalysis for
magnesium isotopes can be subject to matrix effects, but
such effects are limited to <5 ‰ amu–1. The difference
between measured and calculated “ideal” fractionation
at high degrees of magnesium loss is much larger than 5
‰ amu–1. The new ICPMS data are measured on chemi-
cally separated Mg and all analyses are measured with
the same Mg concentration in solution. Furthermore, the
fact that δ26Mg ≈  2 δ25Mg in the ion probe data and at
much higher precision in the ICPMS data demonstrates
that errors in deadtime correction cannot be a significant
effect. It seems very unlikely that the measured α values
have been significantly affected by systematic analytical
problems.
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Diffusion-limited evaporation. If diffusion is not suf-
ficiently fast to maintain the homogeneity of the con-
densed phase during evaporation, the isotopic fractiona-
tion factor would be affected so as to produce less frac-
tionation for a given amount of evaporation. We can
rule out diffusion-limited effects in our experiments for
at least two reasons. First, when residues are analyzed
for major elements using an SEM or isotopes using an
ion probe we found no spatial variations. A second rea-
son is that if diffusion were a limiting factor, large sam-
ples would be more affected than smaller samples
evaporated under otherwise similar conditions. We pre-
viously found no such differences between large and
small samples evaporated in vacuum [8] and 10–4 bar H2

[3], and the high precision magnesium isotopic data
reported here show no size effect at higher precision.
Diffusion limitations are not affecting our results.

Recondensation. The importance of recondensation
relative to evaporation is given by the ratio Pi/Psat,
where Pi is the partial pressure of evaporating species i
at the surface. The effect of recondensation is to reduce
isotopic fractionation which can be represented by an
effective fractionation factor α' related to the ideal frac-
tionation factor α by the following relationship derived
in [3]: α'–1=(α–1)(1–Pi/Pi

sat). If the value of α measured
in our experiments had been affected by re-
condensation, the departures from the “expected” value
should be correlated with Pi/Pi

sat. All the new experi-
ments listed in Table 1 were carried out in the same
vacuum furnace (P<10–6 Torr at a distance of 30 cm
from the sample). The pressure of the evaporating spe-
cies at the sample surface will be somewhat higher due

to finite gas conductance in the vicinity of the sample
and this pressure will proportional to the net flux of the
evaporating species. At a fixed temperature, this flux is
proportional to the surface area of the sample, which for
our samples varies by a factor of 36. Thus Pi/Pi

sat will
also differ by as much as a factor of 36. However, since
we find no resolvable difference between the kinetic
fractionation factors derived from experiments using
markedly different sample sizes it follows that re-
condensation is negligible even for the largest samples.

The overall conclusion is that neither analytical arti-
facts, diffusion limitations, nor recondensation can ex-
plain the difference between the measured kinetic iso-
topic fractionation factor and the “expected” or ideal
value corresponding to the inverse square root of the
mass of the evaporating isotopes. Therefore, we are
forced to conclude that the assumption of identical
evaporation coefficients for the different isotopes is in
some cases incorrect. For magnesium evaporating from
forsterite or a CMAS liquid there is a significant mass
dependence to the evaporation coefficients, while for
iron evaporating from FeO there seems to be no such
mass dependence.
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Table 1.
Comp1 T Cond Meth2 1–α Ref

°C
CAI 1700 vac ICP 0.01250±0.00009 this work
CAI 1800 vac ICP 0.01332±0.00004 this work
CAI all vac ICP 0.01324±0.00003 this work
CAI 1800 vac IMP 0.01135±0.00075 3
CAI 1500 H2 IMP 0.01175±0.00071 3
SC 1800 vac IMP 0.01328±0.00046 2
SC 2000 vac IMP 0.01497±0.00069 2
SC all vac IMP 0.01512±0.00061 2
Fo 1900 vac IMP 0.01460±0.00097 1
Fo 2050 vac IMP 0.01526±0.00085 1
Fo all vac IMP 0.01483±0.00063 1
“Ideal” 0.02023
1. SC—solar proportions of MgO, Al2O3, SiO2, CaO,
FeO; Fo—Mg2SiO4 melt. 2. ICP—multicollector
ICPMS; IMP—ion microprobe
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All:  1 – α  = 0.01324 ± 0.00003

Ideal:  1 – α  = 0.02023

 1.0 mm 1700°C
 2.5 mm 1700°C
 2.5 mm 1800°C
 3.3 mm 1800°C
 6.0 mm 1800°C

1700:  1 – α  = 0.01250 ± 0.00009

1800:  1 – α  = 0.01332 ± 0.00004

Figure 1. 1000 ln(R/R0) vs. –ln(ƒ24Mg) for CAI vacuum
evaporation experiments measured by ICPMS. In this
representation, Rayleigh fractionation plots along
straight lines whose slope is 1000 (1–α).
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