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Introduction:  A variety of nucleosynthetic isotope 

anomalies of heavy elements have been documented in 

calcium and aluminum rich inclusions (CAIs) in chon-

drites. In some previous studies, the anomalies are 

thought to originate from a single, isotopically homo-

geneous reservoir (e.g. [1]). In contrast, Brennecka et 

al. [2] measured Ba, Nd and Sm isotopic compositions 

in Allende CAIs and discovered that CAIs have r-

process excess only for Ba isotopes. If these anomalies 

in CAIs were caused by the injection of refractory ma-

terials via supernova near a proto solar system, isotopic 

anomaly could have variation due to difference in time 

and/or location. More recently, Moynier et al. [3] 

found positive 
84

Sr/
86

Sr anomalies in Allende CAIs, 

suggesting excess of the p-process component or defi-

cit of the r-process component. This is inconsistent 

with the observed excesses of r-process nucleosynthet-

ic materials for Ba in CAIs [2].  

Major problems for previous studies on nucleosyn-

thetic isotope anomalies in CAIs are twofold: First, 

most studies focus only on CAIs from Allende or, in 

some limited cases, Efremovka. Second, there are no 

chronological information for the CAI samples actually 

dedicated for heavy element isotope analysis. These 

issues are extremely important to understand the iso-

topic homogeneity or heterogeneity in the CAI reser-

voir(s) as a function of time and space. 

In this study, we tried to reveal the timing of mate-

rial injection toward the early solar system that caused 

excesses of p-process Sr in CAIs, as well as whether 

the 
84

Sr/
86

Sr anomaly was heterogeneous in the CAI 

reservoir. For this purpose, we first measured Al-Mg 

ages in CAIs, which is one of the most widely used 

short-lived chronometers for the early solar system 

material. Then we measured nucleosynthetic Sr isotope 

anomalies in the CAIs with chronological information. 

For Al-Mg ages, we used NanoSIMS at the Atmos-

phere and Ocean Research Institute, the University of 

Tokyo, and for Sr isotopic analysis, we used TIMS, 

Triton plus at Tokyo institute of Technology. 

 

Experimental:  First, fragments of Allende and 

NWA 2364 were mounted in resin with diameter of 1/2 

inch for Allende and 1 centimeter for NWA 2364. 

Mineralogical compositions of CAIs were determined 

by using Scanning Electron Microscope (SEM) at the 

University of Tokyo. In this study, we examined a fine-

grained CAI anorthite from NWA 2364(Fig. 1 left). 

For Allende, one cm-size coarse-grained CAI melilite 

(Al-1, Fig.1 right) and a CAI mainly composed of spi-

nel (Al-2) were analyzed. For the Al-Mg analysis by 

NanoSIMS, we prepared an anorthite from a terrestrial 

basalt (Miyakejima, Japan). We used O
-
 primary ion 

beam and intensity was 500 pA for standard and 200 

pA for samples. Acquisition time was 1s for 
27

Al and 
24

Mg, 6s for 
25

Mg and 3s for 
26

Mg in individual runs. 

After NanoSIMS analysis, the CAIs were sampled 

by using a micro milling system (Geomill 326, Izumo, 

Japan) for Sr isotope analysis by TIMS. A drop of Mil-

li-Q H2O was put on the CAI sample surface in order to 

lubricates the drill bit and prevent the fine sample dust 

from being dispersed over the sample surface. Approx-

imately 1-2 mg of CAI was sampled to collect suffi-

cient amount of Sr (~100ng) for TIMS measurement. 

The CAI powder recovered was decomposed in a pres-

sure digestion system (DAB-2, Berghof, Germany) 

with HF and HNO3 (205
o
C for 32 hours). The Sr was 

purified by passing through 0.3 mL of an extraction 

chromatographic resin (Sr Spec, Eichrom, USA).  

High precision Sr isotope measurements were car-

ried out by TIMS (Triton plus at Tokyo Tech, Ther-

moFisher Scientific). Approximately 100-500 ng of Sr 

was loaded onto single out-gassed W filament (Nilaco, 

Japan) with a Ta2O5 activator slurry. The data were 

obtained by averaging 400 ratios with 2σ rejection. The 

Sr isotope ratios were normalized to 
86

Sr and corrected 

for mass fractionation by assuming 
86

Sr/
88

Sr = 0.1194.  

              
Fig.1 (left) BSE image of NWA 2364 CAI by SEM scanning. 

Dark gray zone is hibonite, light gray zone is spinel and 

white zone is perovskite. (right) BSE image of Allende CAI 

(Al-1) by SEM scanning. This CAI is mostly composed of 

melilite.  

 

Result:  Mg isotopic compositions and Al/Mg ratios 

of both CAI samples show good correlations (Fig.2 and 

3). The Al-Mg internal isochrones yielded initial 
26

Al/
27

Al ratio of 4.49 (±0.69)×10
-5

 for Allende CAI 
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(Al-1) and 5.13 (±1.40)×10
-5

 for NWA 2364 CAI, 

respectively. All the initial 
26

Al/
27

Al ratios are con-

sistent with the canonical value of 5.11×10
-5

 Allende 

CAI whose Pb-Pb age was determined to be 4567.44 

Myr [4] within error range. However intercept of the 

isochron of NWA 2364 is about -8‰. This difference 

may be caused by the difference of matrix between 

hibonite and anorthite.  

The results for Sr isotope measurement are shown in 

Fig. 4. The data for Allende CAI plotted here is a pre-

liminary one without chronological information that 

was used in the test run of the micro milling system. As 

shown in this figure, the Allende CAI has 
84

Sr/
86

Sr 

anomaly 77 ppm higher than the terrestrial standard, 

which is consistent with that for Allende CAIs reported 

in [2]. In contrast, the CAI from NWA 2364 has no Sr 

isotope anomaly resolvable from the terrestrial stand-

ard.  

 

 

 
Fig.2 Al-Mg isochron for Allende CAI melilite (Al-1). Blue 

line is regression line calculated from plotted data. 

 

 
Fig.3 Al-Mg isochron for CAI from NWA2364. Blue line is 

regression line calculated from plotted data. 

Fig.4 Results of Sr isotope analysis ploted by  value. Allen-

de CAI has obvious anomaly, but NWA2364 CAI consists 

with terrestrial value. 

 

Discussion: Assuming that Allende CAI (test) has a 

canonical initial 
26

Al/
27

Al ratio, the inconsistency of Sr 

isotopic compositions between Allende CAI and NWA 

2364 CAI suggests heterogeneous distribution of not 

only 
84

Sr/
86

Sr but also for 
235

U/
238

U ratios in the early 

solar system. This suggests that and these two CAIs 

were contemporaneous but formed at different regions. 

A CAI from NWA 2364 is known to have the oldest 

Pb-Pb age of 4568 Ma which is 1Myr older than Al-

lende CAI [5]. However, the Pb-Pb ages can be modi-

fied depending on the 
238

U/
235

U ratio whose range in 

Allende CAI could shift 5 Myr at most [6]. This im-

plies that the early solar system was incompletely 

mixed. At the time when Allende CAI and NWA2364 

CAI were formed, probably at the different place, there 

remained local isotopic heterogeneity. Excesses of p-

process would be originated from the injection of re-

fractory grains into the protosolar nebula via supernova 

explosion before CAI formation. Such injection could 

have produced heterogeneous distribution of 
26

Al/
27

Al 

ratio as well. Boss [7] suggested that large scale mixing 

of the solar nebula erased microscopic heterogeneity 

down to ~10% level within about 1000 years, while Sr 

isotopic anomaly at ppm level, as observed in this 

study, could have survived in such a dynamic process 

in the solar nebula.  
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