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Introduction:  Ca-Al-rich inclusions (CAIs) from 

Allende usually have secondary alteration phases such 
as anorthite, grossular, sodalite, and nepheline [1-3].  
Although these phases are considered to have been 
formed by relatively low temperature reactions be-
tween CAIs and a surrounding nebular gas [1, 2], it is 
not well known that when such processes occurred.  
36Cl-36S and 26Al-26Mg systematics are potentially use-
ful for chronologic study on secondary alteration proc-
esses.  36Cl decays into 36Ar (98.1%, β-) and 36S (1.9%, 
ε and β+) with a half life of 0.3 Myr.  26Al decays into 
26Mg with a half life of 0.72 Myr. 

To better understand the timing and location of 
secondary alteration processes in the early solar sys-
tem, in this study we measured 36Cl-36S and 26Al-26Mg 
systematics, and O isotopes of an Allende type B2 
CAI, CAI#2, using an ion microprobe.  Result of Mg 
isotopic measurements were previously reported in [4]. 

The Allende CAI studied:  CAI#2 is a coarse-
grained type B2 inclusion of ~1mm in size from the 
Allende CV3 chondrite (Figure 1).  This CAI consists 
of fassaite, melilite, spinel, anorthite, grossular, so-
dalite, and minor Fe-rich phases.  There are two dis-
tinct alteration regions in CAi#2.  One is the Anor-
thite-Grossular (An-Grs) region that is observed at the 
grain boundary of melilite or fassaite in the interior of 
CAI#2 and mostly consists of anorthite(-A) and gros-
sular.  The other is the Na-rich region that is observed 
along the edge of CAI#2 and mostly consists of so-
dalite, anorthite(-B), and Fe-rich phases.  

Analytical conditions:  Isotopic measurements 
were performed using the Cameca ims-6f ion micro-
probes at Arizona Sate University and University of 
Tokyo.  Analytical conditions for S isotopes are simi-
lar to [5].  We applied a sensitivity factor of 0.69 (with 
Cl ionizing better), determined using a terrestrial 
hauyne standard, which contains 5.4 wt.% S and 0.23 
wt.% Cl.  Analytical conditions for Mg isotopes are 
similar to [6].  Oxygen isotopes were measured using a 
+10.0 kV Cs+ ion beam of ~0.1 nA, focused into a spot 
of 10-15µm in diameter in aperture illumination mode.  
Secondary ions of -9.0 kV were collected with a mass 
resolving power of ~5000. 

Results:  Figure 2 shows the 35Cl/34S-36S/34S plot 
of CAI#2.  Significant 36S-excesses were observed in 
sodalite of CAI#2 and all the data, except for two 
points, lie on a single line with an inferred 

(36Cl/35Cl)0= (1.4±0.3)×10-6.  The two highest 35Cl/34S 
points that show lower 36S-excesses are results of so-
dalite grains that occur in and aroud a hedenbergite 
rich hole.  Because the texture (euhedral shape and 
relatively large, ~40µm in size) of sodalite in the hole 
is different from other sodalite grains, we consider that 
its S isotopes could be disturbed by later alteration.  
Figure 3 shows the 27Al/24Mg-δ26Mg* (26Mg-excesses) 
plot of CAI#2.  Primary phases (spinel, fassaite, and 
melilite) have low 27Al/24Mg ratios (< 8) and do not 
yield δ26Mg* larger than 7 ‰.  Secondary anorthite(-
A) in the An-Grs region, however, shows large δ26Mg* 
(up to ~35‰), with an inferred (26Al/27Al)0 of 
(1.2±0.2)×10-5.  In contrast, secondary anorthite(-B) 
and sodalite in the Na-rich region contain no signifi-
cant 26Mg-excess ((26Al/27Al)0 < 2.0×10-7).  Figure 4 
shows O isotopic compositions of CAI#2.  All the data 
points lie on the Carbonaceous Chondrite Anhydrous 
Minerals (CCAM) line.  Oxygen isotopic compositions 
of spinel and fassaite are highly anomalous (δ17O ~ 
δ18O ~ -55 ‰).  Those of melilite and secondary 
phases in the Na-rich region are less 16O-enriched.  
Even though we could not obtain O isotopic composi-
tion of individual phases in the An-Grs region, the 
results of two points on secondary minerals with small 
amout of primary phases suggest that O isotopic com-
positions of anorthite and grossular in the An-Grs re-
gion are more 16O-enriched than those of the Na-rich 
region. 

Discussions: Further evidence of the existence of 
36Cl in the early solar system:  Recently, evidence for 
the existence of 36Cl ((36Cl/35Cl)0 ~ 4×106) were estab-
lished in sodalite of CAIs and a chondrule from 
Ningqiang and Allende [5, 7].  Our results provide 
further evidence for that.  However, the inferred 
(36Cl/35Cl)0 of CAI#2 (~1.4×10-6) is apparently lower 
than previous results.  This could indicates a time dif-
ference of sodalite formation or the occurrence of iso-
topic disturbance after sodalite formed. 

Timing of alteration processes: It has been sug-
gested that anorthite and grossular are formed by a 
reaction between melilite and the nebular gas and that 
sodalite is formed by a further alteration (introduction 
of Na and Cl) [1].  This is consistent with the petro-
logic features of alteration regions in CAI#2.  Distinct 
O and Mg isotopic compositions indicate that the An-
Grs region and the Na-rich region are formed by dif-
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ferent processes at different time.  The observed 26Mg-
excess in the An-Grs region is much higher than those 
of primary phases.  The higher 26Mg-excesses could 
not be produced by Mg isotopic exchange between 
primary phases that had 26Mg-excess and secondary 
phases that formed after 26Al had already decayed.  
Our results suggest that some alteration processes oc-
curred while 26Al was alive.  Similar observations have 
been made in other studies of Allende CAIs [8, 9].  
Based on the 26Al-26Mg systematics, the An-Grs region 
formed ~1.5 Myr after CAIs formation.  In contrast, 
the Na-rich region could have formed much later (~5 
Myr) than CAIs. 
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Figure 2.  The 35Cl/34S-36S/34S plot of sodalite of the 
Allende CAI#2. 

The 16O-rich isotopic composition and high initial 
26Al/27Al ratios of the An-Grs region suggest that a 
decomposition of melilite (the An-Grs region forma-
tion) occurred in the solar nebula.  Although possible 
time difference of sodalite formation based on results 
of 36Cl-36S systematics seems to be consistent with a 
nebular origin, there is also a possibility that the 36Cl-
36S systematics were disturbed during later processes.  
Further studies on 36Cl-36S systematics of sodalite are 
required. 

References: [1] Hashimoto A. and Grossman L. 
(1987) GCA, 51, 1685–1704. [2] Wark D. A. (1981) 
LPS XII, 1145-1147. [3] Hutcheon I. D. and Newton 
R. C. (1981) LPS XII, 491-493. [4] Ushikubo T. et al. 
(1999) Antarctic Meteorite XXIV, 182-184. [5] Lin et 
al. (2005) PNAS, 102, 1306-1311. [6] MacPherson G. 
J. et al. (2003) GCA, 67, 3165-3179. [7] Hsu et al. 
(2006) Ap.J. (in press). [8] Fagan T. J. et al. (2005) 
LPS XXXVI, Abstract #1820. [9] Fagan T. et al. (2006) 
LPS XXXVII, Abstract #1213. 
 

-50

0

50

100

0 5 103 1 104 1.5 104 2 104

Spinel
Fassaite
Melilite
Anorthite-A
Anorthite-B
Sodalite

-10

0

10

20

30

40

50

0 1 102 2 102 3 102 4 102 5 102

-50

0

50

100

0 5 103 1 104 1.5 104 2 104

Spinel
Fassaite
Melilite
Anorthite-A
Anorthite-B
Sodalite

-10

0

10

20

30

40

50

0 1 102 2 102 3 102 4 102 5 102

27Al/24Mg

(1.2±0.2)×10-5

 
Figure 3.  The 27Al/24Mg-δ26Mg plot of CAI#2.  Black 
symbols: primary phases, blue symbols: the An-Grs 
region, and red symbols: the Na-rich region. 

 
Figure 1.  Back-scatterred electron image of CAI#2.  
CAI#2 has two distinct alteration regions, the anorthite-
grossular (An-Grs) region (along grain boundaries of 
primary phases) and the Na-rich region (alomg the edge 
of this CAI). 
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Figure 4.  Oxygen isotopic compositions of CAI#2. .  
Black symbols: primary phases, blue symbols: the An-
Grs region, and red symbols: the Na-rich region. 
(*) Mixture of ~95% anorthite and ~5% spinel. 
(**) Mixture of ~80% grossular and ~20% fassaite. 
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