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Introduction. The Earth, Moon, and achondrite
meteorite parent bodies are systematically depleted to
varying degrees in the more volatile elements, and this is
almost certainly the result of their being made up of
materials that were partially condensed or partially
evaporated. On a much smaller scale, the Type B CAIs
have elemental and isotopic compositions that suggest
partial condensation followed by partial evaporation.
Here we examine some of the key time scales that deter-
mine whether or not condensation and evaporation will
produce isotopic and/or chemical fractionations.

Evaporation and condensation time scales. The
flux Jij of the species i between a gas and a condensed
phase can be written as (see [1])
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where Jij is the flux per unit surface area of isotope i of
element j, a is a sticking coefficient, Pj and   

† 

Pj
sat  are the

pressure and saturation vapor pressure of the dominant
gas species containing j, mi is the molecular weight of
the dominant gas species containing i, R is the gas con-
stant and T is the temperature in Kelvin.   
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respectively, the atom fractions of the isotope i of the
element j at the surface of the condensed phase and in
the gas. Positive Jij corresponds to net evaporation;
negative, to net condensation; zero, to equilibrium. The
potential for elemental fractionation comes from the
dependence of the elemental flux on the saturation vapor
pressure, while the potential for isotopic fractionation
come from the dependence of the flux on the molecular
weight of isotopically distinct gas species. Assuming the
condensed phase to be a sphere of radius r, the flux can
be used to define an evaporation time scale, tevap,i,  in
terms of the time required to transfer all of i to the gas
phase,
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where ri is the initial molar density of i in the condensed
phase and the inequality is used to indicate that Jij is as-
sumed to be in the free evaporation limit Pj<<  

† 

Pj
sat . The

time scale tcond,i for condensation is bounded by
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where ri is the molar density of i in the condensed phase
and Jij is now assumed to be in the limit Pj>>  

† 

Pj
sat . r* is

the final radius of the typical condensation loci, which
will depend not only on the initial abundance of i in the

gas, but also on the density of nucleation sites, and
whether nucleation is homogeneous or inhomogeneous.

Other time scales. Evaporation or condensation in a
closed system can be produced by a change in an envi-
ronmental parameter such as temperature. In the case of
changing temperature, the relevant time scale, tT, is the
time required for temperature changing at a rate dT/dt to
fully evaporate or condense the species of interest under
equilibrium conditions. For silicate systems the tem-
perature interval between all of a species being in the gas
and all being in the condensed phase is of the order of
200K. Thus,

tT ª 
  

† 

200
dT / dt

.

When the time scale for environmental change is
sufficiently long compared to the evaporation or conden-
sation time scales (i.e., tT>>tevap, or tT>>tcond) the sys-
tem remains close to equilibrium and only elements are
fractionated during partial evaporation or partial con-
densation. If, however, the environmental changes are
sufficiently fast (i.e., tT<<tevap, or tT<<tcond) then both
elements and isotopes can be fractionated, with heavy-
isotope enrichment of the condensed phase indicating
partial evaporation and light-element enrichment indi-
cating partial condensation. Once the isotopes of interest
are completely evaporated or condensed there can be no
net isotopic fractionation, thus we need to consider time
scales for preserving the properties of partially evapo-
rated or partially condensed materials. A partially evapo-
rated or condensed phase will become effectively iso-
lated once the flux to or from the gas becomes suffi-
ciently small, when transport process within the con-
densed phase (e.g., chemical diffusion) become suffi-
ciently slow, and/or by the sufficiently rapid physical
removal of the gas from the vicinity of the condensed
phase. The role of chemical diffusion will depend on the
diffusive time scale tdiff, which for a sphere of radius r is
of the order

tdiff = r2/D,
where D is the chemical diffusion coefficient. The time
the gas remains in contact with the condensed phase can
be characterized by a residence time t0, defined as

t0 = Pi/FiRT,
where Fi is the rate of removal of gas from the system in
moles per unit volume per unit time.

Discussion. Table 1 gives estimates, based on data
from [2] and [3], for the evaporation and diffusion time
scales of magnesium at various temperatures for a mol-
ten Type B CAI composition droplet and for solid for-
sterite grains of two sizes. The evaporation time scales
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for ≥1 mm grains become greater than the age of the
solar system (i.e., evaporation becomes negligible) for
temperatures less than about 1000K (T<900K for 1 mm
grains). The diffusion time scale for ≥1 mm grains also
exceeds the age of the solar system for T<1000K
(T<750K for 1 mm grains). These temperatures represent
the closure condition for preserving chemical and
isotopic properties of partial condensates and
evaporation residues. Table 2 gives a general summary
of how the relative size of the various time scales affects
elemental and isotopic fractionation. Conditions that can
produce both elemental and isotopic fractionations are
shown in green, while cases when the elements can be
fractionated without significant isotopic fractionation are
shown in red. Table 2 can be used to identify possible
conditions responsible for the volatile element depletion
of large-scale solar system bodies and for the heavy
isotope enrichment of the Type B CAIs. In the case of
the large-scale bodies, Humayun and Clayton [5] have
shown that the depletion of the moderately volatile
element potassium is not associated with any significant
isotopic fractionation of the potassium isotopes. Based
on Table 2, we would interpret this to mean that the ele-
mental fractionations could have been produced by either
partial evaporation or partial condensation, but with the
proviso that the environmental conditions must changed
at a sufficiently slow rate for the system to remain very
close to thermodynamic equilibrium until quenched. The
Type B CAIs are often enriched in the heavy isotopes of
magnesium and silicon, which according to Table 2 indi-
cates evaporation in an environment that changed rapidly
compared to the free evaporation time scale (e.g.,
tT<tevap) or in a situation where the evolved gas was
continuously and rapidly removed (t0 <<tevap).

Table 1.

Time
scales

T, P Type B
CAI

(r=2.5mm)

Forsterite
(r=1mm)

Forsterite
(r=1mm)

tevap 1 y 1 y 10–3 y
tdiff 10–3 y 100 y 10–4 y

tdiff/tevap

1700K
vacuum

10–3 100 10–1

tevap 10–3 y 10–3 y 10–6 y
tdiff 10–3 y 100 y 10–4 y

tdiff/tevap

1700K
PH2 = 10–3

bar 1 100000 100

tevap ~1010 y ~1010 y
~107 y

(5¥109 y
T~920K)

tdiff

1000K
PH2 = 10–3

bar ~1010 y
(using
Dmel)

~109 y
~1000 y
(5¥109 y
T~750K)

Table 2.

Time
scales

Evaporation or
condensation

Comments

Closed system not diffusion-limited; to Ÿ • , tdiff Ÿ 0

tT >>tevap

Elemental but
NO      isotopic

fractionation during
partial evaporation

Equilibrium limit

tT >>tcond

Elemental but
NO      isotopic

fractionation during
partial condensation

“Traditional”
equilibrium

condensation
calculation

tT <<tevap

Elemental and
isotopic fractionation

during partial
evaporation

Rayleigh
fractionation; heavy-

isotope enriched
residue

tT <<tcond

Elemental and
isotopic fractionation

during partial
condensation

Light-isotope enriched
condensate

Partially open system

t0<<tevap

Elemental and
isotopic fractionation

during partial
evaporation

e.g., Rayleigh
fractionation in

vacuum evaporation;
heavy-isotope

enriched residue [4]

t0<<tcond
Negligible

condensation
Insufficient time for

condensation

t0 >>tevap

Elemental but
NO      isotopic

fractionation during
partial evaporation

e.g., evaporation into
slowly flowing

hydrogen gas [3]

t0 >>tcond

Elemental but
NO      isotopic

fractionation during
partial condensation

Equilibrium limit

Diffusion-limited

tdiff>>tevap

No significant bulk
elemental or isotopic

fractionation

e.g., evaporation of
solid forsterite [2]

tdiff>>tcond Zoned condensate
Isotopes zoned from

light core to heavy rim
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