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Introduction:  Refractory calcium- aluminum-rich inclu-

sions (CAIs) are comprised of high temperature minerals and 
record the oldest age of any solid material formed in our solar 
system. Constraining the duration and timing of CAI forma-
tion is important because it governs astrophysical models for 
the solar nebula. Magnesium isotopes have proven particu-
larly useful for reconstructing the history of the solar system. 
Under favorable circumstances the abundance of the short-
lived nuclide 26Al (half-live = 0.73 Ma) that decays to 26Mg* 
is undisturbed, providing a high-resolution relative chro-
nometer. Techniques to analyze 27Al/24Mg, 25Mg/24Mg, and 
26Mg/24Mg isotope ratios in solution by MC-ICPMS and in 
situ by both MC-SIMS and laser ablation MC-ICPMS have 
greatly improved our ability to extract information from the 
26AL-26Mg system over the last ~5 years (e.g., [1-3]).  

For over ~30 years 26Al/26Mg chronometry indicated that 
many CAIs had initial 26Al/27Al ratios of 4-5x10-5 and for this 
reason ~5x10-5 has been referred to as the “canonical” value 
of the solar system. Its common occurrence was assumed to 
reflect a uniform initial distribution of 26Al within the solar 
system. The canonical value has been recently revised up-
wards to the “supra-canonical” (26Al/27Al)0 value of ~6-7x10-5 
[4-7]. The absolute time difference corresponding to the 
different (26Al/27Al)0 values is ~200 to 400 ka. The debate 
regarding the significance of canonical values, given the 
existence of a supra-canonical value, is heightened by addi-
tional investigations reporting highly precise canonical and 
supra-canonical measurements [8, 9]. The ubiquity of  meas-
ured canonical (26Al/27Al)0 values compelled Young and 
others [4] to model the difference between their evidence for 
canonical and supra-canonical (26Al/27Al)0 values as closed 
system resetting of the Al-Mg system  by transient heating 
events while 26Al was actively decaying to 26Mg*. Following 
the evidence and logic of Simon and others [10] that most 
(perhaps all) CAIs have experienced some degree of open 
system nebular processing, next we describe how the com-
plexities of CAI 26Al/26Mg chronometry might be reconciled. 

Discussion: Based on our detailed core-to-rim traverses 
across CV3 CAIs by LA-MC-ICPMS we suggest a general 
model for the formation of end-member Mg isotope zoning 
profiles and 26Al/26Mg chronologies [11]. It considers the 
effect of isotopic exchange with a chondritic gas as a mecha-
nism to explain the observed differences. Mg isotope zoning 
profiles and 26Al/26Mg chronometry reported by others [12-
15] can also be explained by such a model. Accurate determi-
nation of the 26Al/27Al0 values of CAI fragments are subject 
to the vagaries of sampling if they contain internal heteroge-
neity. Understanding the origin and extent of isotopic zoning 

in CAIs may help explain the apparent discrepancy between 
supra-canonical and canonical 26Al/27Al0 values. 

We assume that the measured zoning profiles reflect 
modification of the Mg isotopic composition recorded by 
CAIs due to condensation and evaporation (e.g., [16], and 
references therein). Following Simon and others [11] the 
measured Mg isotope zoning profiles can be modeled with a 
set of simple numerical solutions considering radial diffusive 
Mg transfer in a solid sphere. These models depict CAIs at 
subsolidus temperatures and consider the effect of Mg iso-
topic exchange with surrounding chondritic gas. Mg diffu-
sivities, isotopic compositions, and abundances are known for 
CAI interiors. The isotopic composition of the Wark-
Lovering rims along with the Mg abundance in a 10-3 bar 
chondritic gas complete the set of initial boundary concentra-
tions in these calculations. Model calculations fit to Mg iso-
tope measurements can be seen in Figure 1. They are consis-
tent with variable effects of reheating and isotopic exchange 
with a chondritic gas, resulting in a variety of modifications 
to original isotopic profiles (compare 3576 “b”, right panel 
with144A, left panel). We suggest that this reheating and 
partial isotopic exchange of CAIs with a chondritic gas oc-
curred contemporaneously with their internal Al-Mg isotopic 
resetting (i.e., [4]), both contributing to the observed canoni-
cal (26Al/27Al)0 values. Collectively these models provide a 
logical explanation for the existence of CAIs with supra-
canonical (26Al/27Al)0 values and the preponderance of CAIs 
with canonical (26Al/27Al)0 values. 

Simple isotope exchange results in “dilution” of supra-
canonical 26Mg*. Therefore the Al/Mg ratio of bulk objects 
and that of their constituents are unaffected by this process 
(Al is stoichiometrically controlled by the tschermak substitu-
tion mechanism). For this reason bias produced by distinct 
sampling procedures might be expected. Bizzarro and others 
[9, 17] sample “bulk” CAIs by microdrilling whereas others 
dislodge isolated CAI fragments [4, 7, 8]. Neither approach 
likely produces a truly representative bulk CAI measurement. 
In the former, “coring” out the åkermanite-rich interiors is 
consistent with the very low “bulk” Al/Mg ratios in [9, 17]. 
These “cores” that come from the interior of CAIs, would be 
shielded by their outer margins, and would be therefore less 
susceptible to 26Mg* dilution by Mg isotope exchange. On 
the other hand, analysis of bulk CAIs fragment would include 
more (or entirely) CAI margin material (spherical volume 
goes to the radius cubed) and would be therefore preferen-
tially diluted by canonical 26Mg* (e.g., [8]). The elevated 
26Mg* intercept value (+0.039±0.055) of the potentially “di-
luted” data of Jacobsen and others [8] as compared to the 
26Mg* value (-0.0317±0.0038) of the CAI “cores” of Thrane 
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and others [9] is consistent with the downward bulk 26Mg* 
and subbulk CAI Al/Mg of the “diluted” whole fragments 
and microdrilled samples, respectively, as predicted by our 
model. If the CAIs sampled by microdrilling exclude portions 
that have been penetrated by open system exchange processes 
then a ~6x10-5 supra-canonical value may represent the solar 
system initial, otherwise it may be higher still. Furthermore if 
some CAI “cores” have not experienced 26Mg* dilution, but 
are lower than their true bulk Al/Mg compositions then an 
even lower intercept would be expected. A lower intercept is 
also consistent with the possibility of a higher supra-
canonical 26Al/27Al0 value and might explain the apparently 
low initial Al/Mg value of CAIs as compared to chondrites 
(and the apparently higher 26Mg* abundance of Earth, Mars, 
and chondrites, cf. [9]). Regardless of the actual initial 
26Al/27Al value of the solar system it follows that the canoni-
cal value represents a younger event(s), common to many 
CAIs, that likely involved episodic thermal processing 
(e.g.,[4]).  

Conclusion: Despite the antiquity and refractory nature of 
CAIs many are clearly not pristine nebular condensates but 
have undergone significant reprocessing, including episodes 
of partial to complete remelting, partial evaporation [18], 
recrystallization [19], and open system chemical exchange 
[10] in the solar nebula prior to chondrite accretion. For these 

reasons it is possible that no reported CAI preserves a pri-
mary record of nebula condensation and that if more precise 
measurements could be made of the least modified cores of 
CAIs that the apparent supra-canonical values may need to be 
revised upwards still.  
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Figure 1.  144A and 3576 “b” CAIs show endmember Al-Mg systematics. Upper panels: Mg isotope zoning profiles for CAIs with 
little (left) to significant (right) evidence for open system isotopic exchange likely leading to 26Mg* dilution of the 26Al/26Mg chro-
nometer. Model calculations of [11] for reference. Lower panels: corresponding Al-Mg internal isochrons defined by LA-MC-
ICPMS data. Heavy line is best fit regression; also included are dah-dot line = 7x10-5 and dotted line = 4.5x10-5 (canonical)
for reference. Two sigma error ellipses are shown.  

Supra-canonical (26Al/27Al)0 = (5.74±0.32)x10-5  

intercept = -0.14±0.08; MSWD = 3.5 (β=0.514) 
Canonical (26Al/27Al)0 = (3.81±0.75)x10-5  

intercept = 0.24±0.20; MSWD = 1.6 (β=0.514) 
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