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Introduction. The diffusion-limited evaporation re-
gime arises whenever the time it takes to chemically and
isotopically homogenize an evaporating material by
diffusion is comparable or long compared to the time it
takes for significant evaporation of the species of inter-
est to take place. The degree of diffusive limitation can
be characterized by a nondimensional number E, called
the evaporation number, defined as the ratio of the dif-
fusive time scale τD to the evaporation time scale τevap.
The evaporation number for a species i is Ei = τD / τevap

= LJi / CiD, where L is a typical dimension (e.g., cm) of
the condensed phase, Ji is the evaporation rate of species
i, (e.g., in moles cm–2 s–1), Ci is the molar density of i (in
moles cm–3) and D is the diffusion coefficient of i (in
cm–2 s–1). The larger the evaporation number, the more
diffusion-limited the system will be. The best-studied
case of diffusion-limited evaporation involves evapora-
tion of solid forsterite, which corresponds to the limit
E>>1 and was studied both experimentally and theoreti-
cally by Wang et al. [1]. Forsterite evaporates congru-
ently, thus there is no chemical fractionation. Isotopic
fractionation is restricted to a very narrow boundary
layer at the surface of dimensions L/E. Here we will
focus on the more complicated problem of diffusion-
limited evaporation of a multicomponent system in
which both elemental and isotopic fractionations can
arise. The key issue we address is how diffusive effects
alter the relationship between elemental and isotopic
fractionation of evaporation residues.

The model problem. Richter et al. [2] have already
given results for the isotopic fractionation of silicon and
magnesium evaporating from a CMAS liquid sphere in
the parameter range E=0 (ideal Rayleigh fractionation
limit with no diffusion limitation) to E=10. Their cal-
culations show that the effect of finite E is to reduce the
isotopic fractionation associated with a given amount of
elemental fractionation. Richter et al. [2] calculated that
the magnesium isotopic fractionation associated with
50% magnesium evaporated decreases with EMg as
δ25Mg(‰) = δ25Mg(EMg=0) e

–0.09EMg ). Here we consider a
somewhat simplified problem and explore the effect on
isotopic fractionation of even more severe diffusion-
limited evaporation (i.e., EMg = 100). The simplifications
involve: (1) assuming an effectively binary system in
which the initial abundance of the only evaporation
component, which we will call MgO, corresponds to a
volume fraction of 10%; (2) the geometry is that of a
slab rather than a sphere; and (3) the activity of MgO in
the melt is assumed to be Henrian.

Results. Some results from an evaporation calcula-
tion with an initially large evaporation number of
EMg=100 are shown in Figs. 1 and 2. Figure 1 shows the

changing MgO concentration as a function of time
measured in units of the diffusion time τD  =L2/D, where
L is the half thickness of the evaporating slab and D is
the effective binary diffusion coefficient for MgO. The
initially very fast evaporation rate compared to the rate
of MgO transfer by diffusion is responsible for the rapid
depletion of the MgO component at the surface. The
effect of this depletion of MgO at the surface is to re-
duce the evaporation rate, which given our assumption
of a Henrian activity model, is proportional to the con-
centration of MgO at the surface. The evaporation rate
is in fact reduced to the point where diffusion can re-
plenich the surface with MgO, which in turn requires
EMg ≈ 1. For an elapsed time corresponding to the char-
acteristic diffusion time τD (i.e., t = 1.0) the MgO con-
tent has been reduced to less than 5% of the original
amount. The spatial and time evolution of the MgO
content is what would be expected for a diffusion domi-
nated regime. Figure 2 shows the surprising result that
significant isotopic fractionation is restricted to a thin
boundary layer even though the elemental profiles for
the same times affect the entire layer. Evaporation cal-
culations reported by Ozawa and Nagahara [3] show a
similar distinction between the length scales of elemen-
tal versus isotopic fractionation during evaporation of a
diffusion-limited multicomponent system.

At this point one might be tempted to conclude that
given a sufficiently large evaporation number it might
be possible to very significantly deplete a volatile ele-
ment (e.g., magnesium in our model calculation) with-
out significant isotopic fractionation of the bulk mate-
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rial. To conclude this, however, would ignore the possi-
bility (we might even say, likelihood) of significant
isotopic fractionation associated with the diffusion of
the volatile species from the interior to the evaporating
surface. Richter et al. [4,5] showed that diffusion of
elements, such as calcium and lithium, in silicate liquids
results in very significant isotopic fractionation due to
the mass dependence of the mobility of their isotopes.
We write the mass dependence of the mobility of iso-
topes 1 and 2 as D1/D2 = (m2/m1)β, where mi is the
atomic mass of isotope i. Calcium isotopes were found
to fractionate with β ≈ 0.1, and lithium with β ≈ 0.2 [5].
Tsuchiyama et al. [6] used a molecular dynamics simu-
lation to report β ≈ 0.1 for magnesium isotopes in mol-
ten MgO. Figure 3 shows the effect of assuming β ≈ 0.1
for the mobility of magnesium isotopes in a silicate liq-
uid evaporating magnesium from its surface. As one can
see in Fig. 3, once isotope fractionation due to diffusion
is taken into account, the faster diffusion of 24Mg rela-

tive to 25Mg produces an increasingly heavy interior
isotopic composition.

Conclusion: Diffusive isotopic fractionation leads
to significant isotopic enrichment of residue in evapora-
tion of volatile components from multicomponent sys-
tems under highly diffusion-limited conditions. The
magnitude of the effect depends on the degree of iso-
topic fractionation caused by diffusion, but reasonable
estimates predict significant fractionation of magne-
sium. It will be important to measure the effect of diffu-
sion on isotopic fractionation of magnesium, iron, po-
tassium and other volatile components in silicate melts.
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