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Introduction: Calcium-aluminum-rich inclusions 

(CAIs) from Allende (CV3) are characterized by abun-
dant secondary minerals (grossular, monticellite, wol-
lastonite, plagioclase feldspar, nepheline and sodalite) 
that formed by partial replacement of mostly melilite 
[1-3]. Whether this diverse alteration occurred in one 
episode, or in multiple events that were separated in 
time and/or location, has important implications both 
for early solar system chronology and for whether 
some or all of the secondary minerals formed during 
metamorphism on asteroidal parent bodies or during 
gas-solid reactions in the solar nebula. 

Here we present preliminary results of a study us-
ing the 26Al-26Mg decay system to evaluate possible 
isotopic (age) differences between different secondary 
minerals in two CAIs from Allende.  

Analytical Methods: Polished thin sections of Al-
lende CAIs 3655A and 3898-2 were characterized us-
ing a petrographic microscope and a JEOL JSM-840A 
scanning electron microscope (SEM). Elemental com-
positions of the fine grained secondary minerals were 
measured with both energy dispersive (on the SEM) 
and wavelength dispersive techniques (using a JEOL 
JXA-8900 electron microprobe).  

Isotopic measurements were made using the ASU 
Cameca ims-6f ion microprobe. A 12.5 kV O- primary 
beam of 0.05 – 0.2 nA was focused into a <5 µm spot 
for all analyses. Secondary ions were accelerated to 10 
kV and collected with an energy band-pass of ~50 V 
under a mass resolving power of ~3500.  

Petrology of CAIs: CAI 3655A is a type B1 CAI 
with a melilite-rich mantle and a core consisting of 
anorthite, spinel, fassaite, and melilite [4]. The style of 
alteration varies systematically across the CAI: in the 
core, areas of intergrown grossular and monticellite (+ 
minor wollastonite) largely replace and even pseudo-
morph Mg-rich melilite (Fig. 1A); in the mantle, veins 
of grossular and monticellite crosscut intermediate 
melilite; in the outermost parts of the CAI just below 
the Wark-Lovering rim, grossular and abundant fine-
grained secondary anorthite (+ minor feldspathoids) 
fringe the most Al-rich melilite in the CAI. Primary 
anorthite is far less altered than melilite: grossular 
slightly embays anorthite along melilite contacts, and 
thin veins of grossular locally crosscut anorthite.  

CAI 3898-2 is a compact type A CAI with melilite, 
spinel, fassaite, rhönite, and perovskite [5]. Most of the 
alteration of 3898-2 is limited to the CAI margin, 

where grossular (+ secondary feldspar and feld-
spathoids) partially replaces aluminous melilite (Fig. 
1B). Grossular veins (Fig. 1C) are rare in 3898-2, and 
monticellite and wollastonite have not been observed. 

Al-Mg isotope systematics: Primary anorthite, 
melilite and spinel from CAI 3655A yield a well-
defined isochron with an inferred initial (26Al/27Al)o 
ratio of 4.5 (±0.2) x 10-5 (Fig. 2A). All analyzed sec-
ondary phases show no resolved excess 26Mg. Assum-
ing that a chronologic interpretation of the Al-Mg data 
is valid, then at least 3 x 106 years must have elapsed 
between formation of the primary and secondary 
phases and there are no resolved hints of any time dif-
ferences among the various secondary phases.  

Primary phases from CAI 3898-2 have excess 26Mg 
corresponding to (26Al/27Al)o = 4.5 x 10-5 ([5]; our data 
in Fig. 2C do not yield a well-defined isochron, likely 
due to the lower beam currents used in our study and 
our  short counting times on primary phases).  Secon-
dary feldspar and nepheline (Fig. 2C) do not have re-
solved excess 26Mg, similar to the alteration phases in 
3655A. However, grossular in 3898-2 has resolved 
excesses corresponding to (26Al/27Al)o = 6.1 (±1.7) x 
10-5 (Fig. 2C).  This result is within error of canonical 
(26Al/27Al)o.  Interpreted as a chronometer, Mg isotopic 
data indicate that some grossular formed shortly after 
primary phases, and at least 2 x 106 yr prior to the for-
mation of the nepheline and anorthite. Thus some 
grossular in 3898-2 likely formed in the nebula. 

Timing and Setting of Alteration Events: If the 
Al-Mg isotope data reflect differences in age, then 
different alteration events are recorded in the two 
CAIs. In CAI 3655A, the ≥3 m.y. duration between the 
primary and secondary phases is long relative to the 
timescale expected for small particles to remain in or-
bit around the proto-Sun [6]; the alteration of 3655A 
may have occurred entirely in the parent body. The 
alteration in 3898-2 is more complex. Some of the 
grossular formed very early, within 1 x 105 yr of initial 
CAI solidification and thus probably prior to parent 
body accretion. Feldspathoids and secondary anorthite 
in 3898-2 formed much later. The results suggest that 
alteration of CAIs occurred in multiple episodes in 
both the nebular and parent body settings.   
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Figure 1. BSE images of CAIs 3655A (A) and 

3898-2 (B,C). Abbreviations: an = anorthite; gr = gros-

sular, mel = melilite; mon = monticellite; ne = 
nepheline; pv = perovskite; sp = spinel; wo = wollas-
tonite. Circles show locations of SIMS analyses. Scale 
bars are 25 µm. 

 
Figure 2. Al/Mg SIMS results for CAIs 3655A 

(A,B) and 3898-2 (C).  Line corresponding to 
(27Al/24Mg)o = 4.5x10-5 shown for reference.    
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