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Introduction: Ca-Al-rich inclusions (CAIs) are the 

oldest solar system solids (~ 4567-4568 Ma; e.g., [1]). 

The very ancient formation ages allow expecting the 

presence of isotope anomalies resulting from the decay 

of short-lived extinct nuclides; e.g., Xe isotope anoma-

lies by 244Pu fission. Plutonium and uranium are both 

actinides and are therefore products of r-process nucle-

osynthesis. Pu-244 is a short-lived nuclide with a half-

life of ~ 80 Myr and 238U is a long-lived nuclide with a 

half-life of ~ 4.47 Gyr, so that the 244Pu/238U ratio 

changes with time and is important as a chronometer for 

the time interval between the termination of the last con-

tributing r-process nucleosynthesis event and the for-

mation of the solar system (~ 100 Ma; e.g., [2]). It has 

been proposed that the 244Pu/238U ratio at the solar sys-

tem formation, (244Pu/238U)0, is 0.0068 ± 0.0010 from an 

equilibrated ordinary chondrite [3]. The proposed ratio 

seems to represent the solar system (244Pu/238U)0 ratio, 

as other solar system materials such as achondrites, 

chondrules, and terrestrial zircon have similar 

(244Pu/238U)0 ratios [4 and references therein]. However, 

CAIs from the Allende CV3 chondrite have distinct 

(244Pu/238U)0 ratios with an average of 0.087 ± 0.011, 

which is interpreted as a result of Pu-U fractionation 

during CAI formation [5]. 

Curious Marie is a fine-grained CAI, characterized 

by a group II REE pattern and extremely high Nd/U ra-

tio [6]. Pravdivtseva et al. [7] observed excesses of 

130Xe and 86Kr in the CAI and interpreted this as the re-
sult of incorporation of presolar SiC into the CAI. One 

might expect that other CAIs also contain presolar SiC. 

In this study, we analyzed noble gas and trace ele-

ment abundances in five CAIs from CV3 chondrites to 

see if (1) the Pu-U fractionation caused the high 

(244Pu/238U)0 ratios in CAIs and (2) the CAIs show noble 

gas isotope anomalies due to presolar SiC.  

Analytical Methods: Five CAIs were handpicked 

from two CV3 chondrites, Allende and Axtell. 
Adhering dark matrix material was removed with a 

dental pick and a tweezer. The five CAIs were 

separated into two pieces respectively for analyses of 

noble gas isotopes (25.3 – 136 mg) and trace element 

abundances (31.4 – 154 mg). Isotope ratios and 

concentrations of noble gases in the five CAIs were 

measured by stepwise heat-ing from 600 to 1800 °C 

with 200 °C intervals using the MAP215-50 noble 

gas mass spectrometer at MPI-Mainz. The 

abundances of rare earth elements (REEs), 

Th, and U were measured with a double-focusing Nu 

Plasma MC-ICPMS at MPI-Mainz. 

Results and discussion: Noble gas isotope ratios of 

the five CAIs indicate that they are mixtures of fission, 

spallogenic, neutron-induced, radiogenic, and trapped 

noble gases. The trapped component may be derived 

from the adhering dark matrix. Ne isotope ratios scatter 

around spallogenic Ne with 21Ne/22Ne ratios of 0.7 – 0.9, 

which are higher than those of Curious Marie (0.6 – 0.7; 

[7]). The low 21Ne/22Ne ratios of Curious Marie are ex-

plained by a major contribution of spallogenic Ne from 

Na contained in nepheline and sodalite, secondary alter-

ation products [7]. The higher 21Ne/22Ne ratios of our 

five CAIs suggest that these CAIs were less affected by 

secondary alteration, which is supported by the 
38Ar/36Ar ratios. Only the 800 °C fraction of one of our 

CAIs shows a 38Ar/36Ar ratio (0.125), which is lower 

than that of trapped Ar (0.188), which implies a contri-

bution of Ar from the Cl (n,) Ar reaction in sodalite 

(ratio of 0.003 [8]). The 38Ar/36Ar ratios for the totals of 

the five CAIs are within the range from 0.188 to 1.54 

(spallogenic Ar; [9]). 

The REE abundances of the five CAIs are variable 

from ~ 3 x CI to 20 x CI. Three out of the five CAIs 

show flat REE patterns (group V). Other two show de-

pletions of Eu and Yb (group III). The U concentrations 

of the five CAIs range from 14 to 47 ppb. 
244Pu/238U ratios: The concentrations of 244Pu-de-

rived 136Xe are calculated as from 1.6 x 10-12 to 2.7 x 10-

11 cc/g. Since Nd is geochemically similar to Pu [10], 

the Nd/U ratios are used as a proxy for the Pu-U frac-

tionation. As shown in Fig. 1, the initial 244Pu/238U ratios 

at 4.56 Ga, (244Pu/238U)0, of the five CAIs range from 

0.010 to 0.064, correlating with the (Nd/238U)0 ratios. 

Considering that U is more volatile than Pu and Nd [10], 

the high (244Pu/238U)0 ratios probably reflect Pu-U frac-

tionation during the CAI formation, as suggested in [5]. 

The value at the intersection of the correlation line and 

horizontal line - representing the (Nd/238U)0 ratio in the 

early solar system of 44.6 [11] - corresponds to the 

(244Pu/238U)0 ratios before Pu-U fractionation in the CAI 

formation region and is estimated as 0.0090 ± 0.0032 

(2). The estimated value is consistent with the inferred 

solar system (244Pu/238U)0 ratio of 0.0068 [3] within the 

uncertainty. It is therefore suggested that the 

(244Pu/238U)0 ratios were homogeneous at least in the in-

ner part of the early solar system. Curious Marie, which 
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has an extremely high Nd/238U ratio [6], shows higher 

(244Pu/238U)0 ratio of 4.88 than the five CAIs, though the 

data point plots below the regression line (Fig. 1). 

Presolar SiC: Fig. 2 shows a Xe three-isotope dia-

gram for 130Xe, 131Xe, and 132Xe after correction for fis-

sion Xe. The data for our five CAIs fall along a mixing 

line defined by spallogenic Xe and Q-Xe [12-13], with-

out evidence for an 130Xe excess. This differs from the 

case of Curious Marie, which exhibits an excess of 
130Xe relative to the mixing line, which is attributed to 

the presence of presolar SiC [7]. In earlier studies of 

other fine-grained CAIs, which had been irradiated with 

neutrons, small and variable excesses of 130Xe had been 

observed [14], therefore, Pravdivtseva et al. [7] sug-

gested that presolar SiC was generally present in the 

CAI forming region and survived high temperature pro-

cesses during CAI formation. Given the lack of evi-

dence for presolar SiC in the five CAIs analyzed in this 

study, it appears that either not all CAIs acquired dis-

cernible amounts of presolar SiC, or that not all CAIs 

were able to preserve presolar SiC during CAI for-

mation. We have also re-analyzed the results of [8], and 

in their fine-grained CAIs, find evidence for presence 

(and absence) of Xe-G (not plotted in Fig. 2). Their 

CAIs, like Curious Marie, contain significantly larger 

excesses of 129I-derived 129Xe than ours, with a roughly 

similar 130Xe-G/129Xe* ratio. While not discussed in [7], 

the same (constant) ratio is also seen in the stepwise de-

gassing data for Curious Marie. This may suggest a, ra-

ther puzzling, coupled occurrence (or absence). In sum-

mary, we may be able to say that being fine-grained is 

not the requirement for having presolar SiC. Coordi-

nated study between mineralogy and noble gas analysis 

of CAIs may give a clue to understanding what causes 

the presence in or absence from CAIs of presolar SiC. 
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Fig. 1: Correlation between initial (244Pu/238U)0 and 

(Nd/238U)0 ratios for the five CAIs of this study. The solid line 

represents the correlation line with the curved lines giving the 

2 confidence interval. The value at the initial (Nd/238U)0 ratio 

in the early solar system (ESS; vertical dashed line) of 0.0090 

± 0.0032 (dashed horizontal line) defines the CAI value before 

Pu-U fractionation. The values for Curious Marie are plotted 

in the insert for comparison [6-7]. 

 

 
Fig. 2: Xe three-isotope diagram for 130Xe, 131Xe, and 132Xe 

corrected for fission Xe. The data for Curious Marie [7] are 

plotted for comparison. 
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