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Introduction: Refractory inclusions (or calcium-, 

aluminum-rich inclusions, CAIs) and chondrules are by 
definition fractionated relative to bulk solar system 
composition by being enriched in refractory elements. 
Their volatility-controlled chemical compositions are 
almost certainly the result of partial condensation or 
evaporation. Most CAIs have correlated isotopic en-
richments of the heavy isotopes of the moderately vola-
tile elements silicon and magnesium, which has been 
shown by experiment to be characteristic of residues 
evaporated under nonequilibrium conditions. A special 
class of CAIs, the FUN (for Fractionated with Unidenti-
fied Nuclear) CAIs, have especially large enrichments 
in the heavy isotopes of magnesium, silicon and oxygen, 
likely due to evaporative mass fractionation, as well as 
non-mass-dependent isotope anomalies of nucleosyn-
thetic origin. Here, we summarize the results of a series 
of laboratory evaporation experiments and their implica-
tions for formation of CAIs and chondrules. 

Observations: It has long been known that CAIs 
have bulk compositions close to what is calculated for 
an equilibrium partial condensate from a solar composi-
tion gas at a total pressure of 10–4 atm cooled to about 
1400 K [1]. One needs to keep in mind that the assump-
tion of equilibrium in such calculations implies that the 
composition of the condensed phase could just as well 
have been produced by partial evaporation of a solar 
composition precursor. Condensation may for other 
reasons be the more likely explanation, but that is a sep-
arate issue. When the bulk compositions of CAIs are 
considered more closely one finds that they are often 
somewhat depleted in MgO relative to the composition 
calculated for a condensate from a solar gas. This, to-
gether with their igneous textures, suggests that the pre-
cursors of the present CAIs partially evaporated some 
significant fraction of their original magnesium. That 
many CAIs and all FUN inclusions are also enriched in 
the heavy isotopes of silicon and magnesium is even 
more compelling evidence of nonequilibrium evapora-
tion. On the other hand, chondrules, which also were 
heated to high temperatures during formation, show 
minimal evidence of isotopic mass fractionation of even 
the most volatile elements, like potassium. 

Experiments: Davis et al. [2] showed that residues 
of molten forsterite evaporated into vacuum become 
progressively enriched in the heavy isotopes of silicon, 
magnesium, and oxygen as evaporated progresses. Simi-
lar experiments and isotopic measurements have been 

carried out with Type B CAI starting compositions [3–
5] (Fig. 1), potential FUN inclusion precursors [6–8] 
and forsterite-rich chondrule compositions with potassi-
um [9]. Dauphas et al. [10] reported distinctly different 
isotopic fractionation factors for iron in vacuum evapo-
ration residues from molten pure FeO and from a sili-
cate liquid. The kinetic isotope fractionations in all of 
these experiments follow a Rayleigh fractionation law 
Rij / Rij ,0 = ƒj

!!1where Rij is the ratio of isotopes i and j 
in the evaporation residue, Rij,0 is initial unevaporated 
isotope ratio, fj is the fraction of isotope j remaining in 
the residue, and α is the ratio of the isotopic composi-
tion of the evaporation flux to that of the evaporating 
condensed phase. The values of α derived from the 
above-mentioned experiments are αMg=0.9861 at 
1900°C to 0.9882 at 1600°C for 25Mg/24Mg, αSi= 
0.9899 for 29Si/28Si, αFe=0.9816 for 54Fe/56Fe for evapo-
ration of pure FeO, αFe=0.9869 for 54Fe/56Fe for evapo-
ration of FeO from a silicate liquid, and αK=0.9790 for 
41K/39K evaporating from a chondrule-like liquid. In 
only the case of iron evaporating from pure FeO is the 
kinetic fractionation factor equal, within error, to the 
inverse square root of the mass of the evaporating iso-
topes (αFe=(54/56)1/2= 0.9820). In all other cases, α is 
closer to 1 (less fractionating). 

 
Figure 1. Isotopic fractionation of silicon and mag-

nesium in laboratory evaporation residues of CAI-like 
composition [4,5]. The solid curves were calculated 
using the Rayleigh fractionation law. Vacuum evapora-
tion residues also show Rayleigh fractionation of oxy-
gen, iron, and potassium isotopes. δ25Mg(‰) = 
[(25Mg/24Mg)res/(25Mg/24Mg)init – 1] × 1000; δ29Si(‰)= 
[(29Si/28Si)res/(29Si/28Si)init – 1] × 1000. 
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Theoretical Considerations: Figure 2, taken from 
Richter [11], illustrates the ideal limiting case of Ray-
leigh fractionation of magnesium isotopes in both the 
source, which could be a gas in the case of condensation 
or a condensed phase for evaporation, and in the sink, 
which would be gas in the case of evaporation or a liq-
uid or solid in the case of condensation. Also shown is 
the isotopic composition of the flux between the phases. 
fMg is the fraction of 24Mg remaining in the source. 

 
Figure 2. Isotopic fractionation of a source reser-

voir that is evaporating or condensing and that of the 
sink receiving the evaporation or condensation flux. 
This figure uses magnesium to illustrate the general 
behavior of isotopic fractionations as a function of the 
fraction of the denominator isotope remaining in the 
residue (24Mg in this example) 

Whether ideal Rayleigh isotope fractionation as il-
lustrated by Fig. 2 will be realized in a natural setting 
will depend on a number of parameters that can be de-
scribed in terms of the ratio of time scales [11]. The key 
reference time scale, τevap ( ≈ τcond) is the time it would 
take for evaporation (condensation) to completely de-
plete the volatile species from source. Other relevant 
times include the time scale over which the thermody-
namic properties of the environment change (τenv), the 
diffusive homogenization time scale of the condensed 
phase (τdiff), and the residence time of evaporating or 
condensing species in the vicinity of the sink and source 
(τres). The effect of residence time will be different de-
pending on whether it is determined by advection (i.e., 
bulk mass flow and thus no isotopic fractionation) or by 
diffusion in a surrounding gas where isotopes will frac-
tionate in proportion to their reduced mass µ (µ = 
mM/(m+M) where m is the mass of the isotope and M is 
the molecular with of the gas un wgich the isotope is 
diffusing). 

Particular timescale ratios can explain the observed 
elemental and isotopic properties of refractory inclu-
sions. For example, the equilibrium partial condensation 

calculations from a solar composition gas such as those 
used by Grossman [1] to discuss the composition of 
CAIs requires that τcond/τenv or τevap/τenv be small and that 
the residence time be large in order for the system to 
achieve the assumed equilibrium. Fractional condensa-
tion of elements to a given temperature will require that 
the residence time suddenly become very short 
(τcond/τres>>1) in order for there not to be further conden-
sation as the temperature continues to decline. The ob-
served isotopic fractionation of CAIs and FUN inclu-
sions can be accomplished by evaporation in the limit of 
short residence time (τevap/τres >1), which will result in 
nonequilibrium conditions giving rise to isotopic frac-
tionations, and rapid temperature change (τevap/τenv >1) in 
order that some fraction of the volatile elements will 
remain in the evaporation residue. That chondrules do 
not show significant isotopic fractionations of such vol-
atile elements as potassium despite textures indicating 
that they were partially molten can be explained by ei-
ther very short heating times (τevap/τenv >>1) or by evapo-
ration into a saturated gas that is being slowly removed 
by advection (τevap/τres <1). It has also been suggested 
that chondrules might represent diffusion-limited sys-
tems (i.e, small τevap/τdiff), but diffusion-limited evapora-
tion can only suppress but not entirely eliminate isotopic 
fractionation of residues because the diffusion process 
will itself fractionate isotopes to some degree. 
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