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Introduction. Excess 

26
Mg from the decay of 

26
Al was 

discovered in 1976 by thermal ionization mass spectrometry 
of mineral separates from a CAI [1]. Since that time, the 

26
Al-

26
Mg system has been of great interest because of its potential 

for precise early solar system chronology. Until recently, most 
of the data generated was by ion microprobe using a single 
collector and data that most precisely defined the early solar 
system 

26
Al/

27
Al ratio was based on ion probe analyses of 

minerals with high Al/Mg ratios. In the last few years, multi-
collector ICP and multicollector ion probe mass spectrometry 
have made possible high precision magnesium isotopic analy-
ses that provide chronologically useful data on low-Al/Mg 
phases. Some of these studies have suggested that the initial 
solar system 

26
Al/

27
Al ratio may have been higher than the 

“canonical” value of 4.5×10
–5

 [2,3]. 
Magnesium has three isotopes, 24, 25 and 26, and isotope 

ratios vary in solar system objects by mass dependent frac-
tionation and by the effects of 

26
Al decay. In order to infer the 

effects of the latter, the exact behavior of mass dependent 
fractionation must be known. CAIs, where most 

26
Al-

26
Mg 

studies are done, typically have mass fractionation effects of a 
few ‰/amu and so-called FUN inclusions have larger mass 
fractionation signatures. The algorithm or “law” used to cor-
rect CAI data for natural mass fractionation effects can sig-
nificantly affect the inferred amount of radiogenic 

26
Mg, espe-

cially in cases where the degree of mass fractionation is large 
and/or the Al/Mg in the phase analyzed is small. A variety of 
fractionation laws have been used to correct isotopic data. We 
review these laws, describe the results of experiments in 
which the mass fractionation law has been determined for 
vacuum evaporation of CAI compositions and recalculate a 
number of published supercanonical 

26
Al/

27
Al ratios. 

Mass fractionation laws. In their review of 
26

Al-
26

Mg 
data, MacPherson et al. [4] discussed fractionation laws and 
suggested that since Rayleigh fractionation of Mg atoms de-
scribed fractionations in FUN inclusions fairly well, this law 
should be used to correct CAI data. They plotted deviations of 
various laws relative to the Rayleigh law, and we will follow 
that practice here. For this discussion, it is convenient to ex-
press magnesium isotope ratios in two ways: the familiar delta 
notation, 

 

  

! 

"25Mg =

25 Mg/24Mg( )
samp

25 Mg/24Mg( )
std

#1

$ 

% 

& 
& 
& 

' 

( 

) 
) 
) 

*1000 , similarly for δ26
Mg, 

and 

 

  

! 

"25Mg = 1000# ln

25 Mg/24Mg( )
samp

25 Mg/24Mg( )
std

$ 

% 

& 
& 
& 

' 

( 

) 
) 
) 

, similarly for φ26
Mg.  

Mass fractionation laws can be divided into two broad catego-
ries: those that are linear on plots of δ25

Mg vs. δ26
Mg and 

exponential processes that are linear on plots of φ25
Mg vs. 

φ26
Mg. 

The simplest law used for correction of mass fractiona-
tion data is the “linear” law [4]: 

   

! 

"26Mg* =#26Mg$#25Mg/ 0.5 , 1 

where Δ26
Mg* indicates radiogenic 

26
Mg. This law was com-

monly used for ion microprobe data on high Al/Mg phases. 
For typical precision of 1–2 ‰, this law was effective at high 
Al/Mg, but gives significant errors at low Al/Mg. A closely 
related law, 

   

! 

"26Mg* =#26Mg$#25Mg/ 0.5189 , 2 

was used because it describes the slope of terrestrial samples 
plotted on a δ25

Mg vs. δ26
Mg plot [2]. 

The most commonly used law for TIMS analyses is the 
“exponential” law [5]. Here, 
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where the constants are the exact masses of the magnesium 
isotopes. This law gives a slope of 0.5110 on a plot of φ25

Mg 
vs. φ26

Mg. A simple consideration of kinetic isotope fractiona-
tion [6] gives exactly the same slope. 

Evaporation, a process that is generally believed to be re-
sponsible for isotopic mass fractionation effects in CAIs, fol-
lows the Rayleigh equation (derived in [7]): 

 

  

! 

25 Mg/24Mg( )
residue

25 Mg/24Mg( )
start

= ƒ"#1, and similarly for 
26

Mg/
24

Mg, 

where ƒ is the fraction remaining of the initial 
24

Mg and α is 
the gas-solid isotopic fractionation factor. Thermodynamic 
calculations [8] and experiments [9] show that most of the 
magnesium evaporates as Mg atoms. The theoretical expecta-
tion is that α should be  
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where the γ1 and γ2 are evaporation coefficients and m1 and m2 
are the masses of a pair of isotopes. Assuming that all isotopes 
have the same evaporation coefficients and using the exact 
masses for the magnesium isotopes, the Rayleigh equation is 
linear with a slope of 0.5160 on a plot of φ25

Mg vs. φ26
Mg. 

Finally, a simple derivation of expectations for equilibrium 
isotopic fractionation [6] gives a slope of 0.5210 on a plot of 
φ25

Mg vs. φ26
Mg. 

The different fractionation laws are compared in Fig. 1, 
where deviations from Rayleigh fractionation of Mg atoms are 
plotted vs. δ25

Mg. It can be seen that for typical δ25
Mg values 

for CAIs of 5–10 ‰, the different laws give Δ26
Mg* values 

that have a range of several tenths of a ‰. For samples with 
low Al/Mg ratios, the law used significantly affects inferred 
26

Al/
27

Al ratios. 
Experiments. For the last several years we have been 

conducting vacuum evaporation experiments on melts of Type 
B CAI bulk composition and measuring the magnesium 
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isotopic compositions by solution MC-ICPMS. The high pre-
cision isotopic analyses allow a test of the various fractiona-
tion laws that are in use. Recent magnesium isotopic data [10] 
are plotted in Fig. 2. It can be seen that they are well corre-
lated. On a plot of φ25

Mg vs. φ26
Mg, they lie along a straight 

line with a slope of 0.51400 ± 0.00024. The data clearly differ 
from the line expected for Rayleigh evaporation of Mg atoms 
and also from all other fractionation laws commonly used. 
Also shown in Fig. 2 are multicollector ion microprobe data 
for magnesium from the FUN CAI Vigarano 1623-5 [11]. 

Since this is a FUN CAI, there is no requirement that the data 
have an intercept of 0 ‰, but the slope is entirely consistent 
with slope determined from evaporation experiments. 

Implications for 26Al in the solar system. For the 
amount of magnesium mass fractionation in typical CAIs, the 
choice of mass fractionation law results in shifts of a few 
tenths of a ‰. These shifts are independent of Al/Mg ratio and 

thus for high Al/Mg ratios, do not significantly affect inferred 
26

Al/
27

Al values. For low Al/Mg ratio, the correct choice of 
mass fractionation law is critical. Recent studies have argued 
for a somewhat higher initial solar system 

26
Al value. We give 

one example of the effect of fractionation law here. Analyses 
of chips and whole rock CAIs gave a remarkably precise iso-
chron corresponding to (5.25±0.10)×10

–5
 [3]. These data were 

corrected with the exponential law [5] (M. Bizzarro, pers. 
comm.). Recalculating the data with our recommended law 
changes the inferred 

26
Al/

27
Al value from (5.25±0.09)×10

–5
 to 

(5.70±0.09)×10
–5

 (Fig. 3). 

 
Conclusion. It is now clear that in the new era of high 

precision magnesium isotopic analysis by multicollector 
methods, it is essential to state what fractionation law is used 
to correct data for natural isotopic mass fractionation. When 
comparing data between different laboratories, it is highly 
desirable to use the same mass fractionation law. Since CAIs 
quite likely became mass fractionated by evaporation, we 
recommend that data be corrected using a slope of 0.5140 on a 
plot of φ25

Mg vs. φ26
Mg. 
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