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Introduction:  A small subset of Ca-Al-rich inclu-

sions (CAIs) in the CV chondrites is characterized by 
highly mass fractionated major and minor elements 
accompanied by relatively large isotopic anomalies of 
unknown nuclear origin in many minor and trace ele-
ments [1].  The origin of these so-called “FUN” CAIs 
has remained enigmatic, as has their relationship to 
“normal” CAIs.  Particularly puzzling is the apparent 
lack of evidence for the incorporation of short-lived 
radioactivity, especially 26Al, in FUN CAIs (although 
10Be has been found [2]).  This has led to a hypothesis 
that FUN CAIs, and some platy hibonite crystals from 
CM chondrites with even more highly anomalous iso-
topic properties, may represent an older generation of 
refractory solar system materials that formed prior to 
injection of short-lived isotopes into the solar nebula 
[3].  Why large degrees of mass fractionation favoring 
the heavy isotopes, indicating extensive evaporation 
from a molten state, should occur mostly in these pre-
sumably older inclusions is a perplexing question. 

Mass fractionation and 26Al chronology.  High pre-
cision Mg isotopic analyses, mostly by ICPMS, have 
recently challenged long-held views regarding 26Al 
chronology of CAIs [4-6].  Most astonishing is the 
conclusion from Bizarro and colleagues [7] that nor-
mal Allende CAIs formed and achieved isotopic clo-
sure with respect to Al-Mg over a very short time in-
terval (<40ka), given other evidence for a nebular life-
time of a few Ma prior to chondrite accretion [8].   

In high-precision analyses of low Al/Mg phases or 
whole CAIs, the quantification of small 26Mg-excesses 
attributable to 26Al decay depends critically upon an 
accurate determination of an appropriate mass frac-
tionation correction [9-11].  Normal igneous CAIs 
show Mg mass fractionation in the range of several up 
to ~10‰/amu and typically lack phases that are free of 
radiogenic ingrowth of 26Mg, thereby complicating the 
deconvolution of mass-fractionation and radiogenic 
effects.  The forsterite-bearing FUN inclusion Viga-
rano 1623-5 [12] offers a unique opportunity to inves-
tigate the functional form of the mass fractionation 
suffered by CAIs.  Here we report a high-precision ion 
microprobe study of Mg isotope compositions of indi-
vidual minerals in 1623-5 that demonstrates quantita-
tively that the CAI evaporated under Rayleigh condi-
tions and that it contained 26Al at the time of final crys-
tallization.   

Sample and Methods:  Vigarano 1623-5 is a 
forsterite-rich CAI that contains heavily mass fraction-
ated O, Mg, and Si as well as nuclear anomalies in a 
large number of elements [12, 13].  Its isotopic charac-
teristics [13] closely match those of the classical FUN 
inclusion C1, although its chemical composition and 
mineralogy is distinctly more Mg-rich. An Al-rich 
melilite mantle containing hibonite that is out of 
chemical equilibrium with the inclusion core, and sev-
eral large vesicles, give strong evidence for crystalliza-
tion of the CAI from an evaporating melt during a 
flash heating episode [12].  Previous ion microprobe 
measurements of the O isotope compositions of indi-
vidual phases within 1623-5 show a range consistent 
with progressive mass fractionation for forsterite, py-
roxene, and spinel from an apparent initial composi-
tion δ18O = -47.1 and δ17O = -48.7, whereas melilite 
has undergone O isotopic exchange following crystal-
lization and plots near the intersection of all CAI mix-
ing lines [14]. The Mg isotope compositions of indi-
vidual grains of forsterite, melilite, fassaitic pyroxene, 
spinel and hibonite were determined by multiple col-
lector SIMS using the UCLA ims 1270 ion micro-
probe. Analyses were done at high mass resolving 
power, sufficient to resolve all molecular ion interfer-
ences, and using Faraday cup detectors to obtain preci-
sion and accuracy <0.1‰ per 20µm spot.  Olivine, 
pyroxene, and spinel standards were used to correct 
instrumental mass fractionation; melilite (for which a 
standard was lacking) was corrected by assuming its 
fractionation is similar to olivine in the ion micro-
probe. 

Results:  Mg isotope compositions from 29 spots 
of 1623-5 show a wide range of mass fractionation 
with δ25Mg (relative to DSM3; [15]) varying from 
+23‰ to +41‰ within the inclusion down to ~+4‰ in 
fine-grained minerals in the adjoining vesicle.  Forster-
ite is less fractionated than the other minerals, consis-
tent with it being the first phase to crystallize, but it 
still shows a considerable range with δ25Mg varying 
from +23.3 to +29.1‰ among 11 grains analyzed.  
The variation is strictly mass-dependent and tightly 
follows a Rayleigh fractionation curve on the 3-isotope 
diagram (Fig. 1) with a mass fractionation exponent 
corresponding to 0.5125 ± 0.0093, which is close to 
the value measured for free evaporation of synthetic 
CAIs, 0.5139 ± 0.0005 [11].  The best-fit curve has an 
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intercept consistent with normal (chondritic) Mg. The 
mass fractionation in Mg is well correlated with, but 
significantly higher than, that in O, which apparently 
ranges from +12.1 to +20.2‰/amu.   

The excellent fit to the forsterite data allows confi-
dent extrapolation of the Rayleigh fractionation curve 
to higher degrees of evaporation characteristic of the 
later crystallizing mineral phases of 1623-5.  Figure 2 
shows that extention of the fractionation curve with 
Mg analyses of pyroxene, melilite, spinel, and hi-
bonite. Although the data appear to be well fit by the 
mass-dependent Rayleigh curve, close inspection indi-
cates that there is a slight deviation of some points to 
the high δ26Mg side.  This is in contrast to previous 
bulk data for 1623-5 (fit by a power law) and to most 
FUN CAIs which have been interpreted to show defi-
cits of 26Mg [9]. The residuals (∆26Mg*=δ26Mg– 
δ26MgRayleigh) are plotted as a function of Al/24Mg 
measured in each analytical spot in Fig. 3. Although it 
is far from a perfect isochron, a positive correlation is 
seen between Al/24Mg and ∆26Mg* implicating the 
former presence of 26Al in this CAI.   

Discussion: Based on its bulk composition, the 
core of 1623-5 is expected to crystallize phases in the 
order olivine, pyroxene, then melilite. The fact that the 
degree of mass fractionation of magnesium increases 
in this order strongly suggests that the core of 1623-5 
was crystallizing as it evaporated. The spinel and hi-
bonite analyzed are in the Al-rich mantle and appear to 
be the result of a second event that heated and evapo-
rated only the exterior of the CAI. The 26Al-26Mg sys-
tematics suggest that both evaporation events occurred 
while the inclusion contained live 26Al.  Further high-
precision data are required to uncover whether other 
FUN inclusions also contained 26Al (see also [15]), 
however it would appear that one special property of 
FUN CAIs, i.e., that they are uniquely lacking 26Al 
(among CV CAIs), is not correct.   
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Figure 1.  Mg isotopic compositions in individual 
forsterite grains of Vigarano 1623-5.  Uncertainties are 
smaller than the symbols.  The data are well fit by a 
Rayleigh fractionation law (linear on this log-log plot).  
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Figure 2.  Mg isotope compositions of all phases ana-
lyzed within the CAI.  The Rayleigh curve is fit to the 
olivine (same fractionation curve as shown in Fig 1). 
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Figure 3.  Al-Mg evolution diagram for all phases in 
Vigarano 1623-5.  A best-fit yields 26Al/27Al=1.6×10-5 
with significant scatter.  The canonical 5×10-5 line is 
shown for reference.  Error bars are 2σ.  
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