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Introduction: Calcium-aluminum-rich inclusions 

(CAIs) found in chondritic meteorites are among the 

first solids that condensed in the hot solar nebula close 

to the young Sun and are the Solar System's oldest dat-

ed samples [1]. In addition to their ancient ages, CAIs 

exhibit isotope compositions distinct from later-formed 

materials, i.e., bulk meteorites and planets [e.g., 2,3]. 

These characteristics make CAIs powerful tracers of 

the earliest dynamical and compositional evolution of 

the Solar System. For example, the offset of carbona-

ceous (CC) from non-carbonaceous (NC) meteorites 

towards the isotopic composition of CAIs has been 

interpreted to reflect a change in the isotopic composi-

tion of the infalling material from the Sun’s parental 

molecular cloud [4,5]. In this model, the isotopic com-

position of CAIs reflects that of early-infalling materi-

al, while later-infalling material had a NC-like isotopic 

composition. Moreover, the Mo isotopic compositions 

of individual CAIs themselves exhibit Mo isotopic 

variations that may be attributed to the evolution of the 

infalling material during the CAI-forming epoch [6]. 

However, processes within the disk may have obscured 

the isotopic anomalies measured in CAIs compared to 

the primary signatures of the infalling material. Thus, 

understanding the initial composition and structure of 

the Solar System requires additional isotopic data for 

CAIs for elements with nucleosynthesis pathways simi-

lar to Mo, but distinct behavior during disk processes. 

Here, we report the first combined Ru and Mo iso-

topic data for CAIs and compare them to the isotopic 

record of bulk NC and CC meteorites. This is of con-

siderable interest because the isotopic compositions of 

both elements allow distinction between variations of 

the abundances of s- and r-process nuclides. Moreover, 

whereas Mo and Ru exhibit coupled variations in s-

process nuclides in NC meteorites [7], their anomalies 

in CC meteorites are decoupled [8], most likely as a 

result of processing within the disk. 

Method and Samples: Seven coarse-grained CAIs 

with unfractionated REE patterns (group I, III, or V) 

from four different CV3 chondrites were selected for 

this study. Additionally, we investigated an acid resi-

due enriched in CAI-derived refractory metal nuggets 

(CAI-RMNs) that was produced from ~1g of pooled 

Allende CAIs at the Max-Planck-Institut für Chemie, 

Mainz. For Ru isotope analysis, subsamples of CAI 

powders and the CAI-RMNs residue were processed, 

and Ru was separated as described in [7]. The Mo iso-

tope data for three of the CAIs have been reported in a 

previous study [6], and we are in the process of obtain-

ing Mo isotopic data for the other four CAI subsam-

ples. All isotopic measurements were performed using 

the Neptune Plus MC-ICPMS at the University of 

Münster [9,10]. The Ru and Mo isotope data are inter-

nally normalized to 99Ru/101Ru and 96Mo/98Mo, respec-

tively [7]. The results are reported as ε-unit deviations 

(parts-per-10,000) relative to the bracketing standard 

solutions. 

Results: The Ru isotopic compositions of all ana-

lyzed CAIs agree with previous CAI data [11] and 

show well-resolved εiRu isotope anomalies. All but one 

of the CAIs fall on an s-process mixing line in a plot of 

ε96Ru vs. ε100Ru (Fig. 1). The deviation from an s-

process mixing line of CAI BB8 is not observed in a 

plot of ε98Ru vs. ε100Ru. The Ru isotope composition of 

the CAI-RMNs residue –which samples the main carri-

ers of Ru (and Mo) in coarse-grained CAIs – has the 

same s-process deficit signature as the CAIs. By con-

trast, a previous study reported r- and p-process Ru 

isotope deficits in an RMN-enriched residue produced 

from bulk Allende [12]. This discrepancy may reflect a 

different nucleosynthetic heritage for RMNs from CAIs 

and carbonaceous chondrite matrix, or the presence of 

presolar matrix components (e.g., nanodiamonds) in 

the bulk Allende RMN-residue [12].  

 
Fig. 1. Diagram of ε96Ru vs. ε100Ru for CAIs/RMNs. 

Data of CC and NC meteorite groups from [8,10,13]. 
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The Mo isotope data for three of the CAIs from this 

study [6] show varying Mo isotope anomalies corre-

sponding to different contributions of r- and s-process 

nuclides (Fig. 2). The Mo isotope data for the other 

four CAIs and the CAI-RMNs residue will be reported 

at the conference. 

 
Fig. 2. Diagram of ε95Mo vs. ε94Mo of CAIs R2, BB8, 

and AI01. Grey circles represent coarse-grained CAIs 

from [2,14]; NC- and CC-lines from [15]. 

Discussion: The Ru isotope anomalies of all seven 

CAIs are consistent with a deficit in s-process nuclides. 

Similar s-process deficits, albeit of smaller magnitude, 

are observed for bulk meteorites (Fig. 1). As a result, 

bulk meteorites and CAIs together plot along a single 

s-process mixing line. By contrast, the Mo isotope 

anomalies of CAIs exhibit not only s-process varia-

tions, but also varying excesses of r-process nuclides 

and a difference between coarse-grained and fine-

grained CAIs [16] (Fig. 2). The observation of dispar-

ate Mo and Ru isotope anomalies in coarse-grained 

CAIs holds important clues about the formation of the 

NC-CC dichotomy and the processing of presolar car-

riers in the solar accretion disk.  

The Mo isotope dichotomy between NC and CC 

meteorites can be explained by an excess in r-process 

nuclides in the CC relative to the NC reservoir [9,13]. 

As coarse-grained CAIs have a distinct excess of r-

process Mo nuclides relative to the NC and CC reser-

voir, they possibly sampled some of the material re-

sponsible for the isotope dichotomy (Fig. 2). By con-

trast, the Ru isotopic compositions of CAIs are on an s-

process mixing line together with NC and CC meteor-

ites. Consequently, the material sampled by coarse-

grained CAIs cannot have led to resolvable r-process 

excesses in Ru, nor an isotope dichotomy as is ob-

served for Mo (Fig. 1). Nevertheless, the larger fraction 

of CAIs or CAI-like material in the CC relative to the 

NC reservoir is likely responsible for the difference in 

ε100Ru of bulk CC (~ -1) and NC meteorites (~0 to -0.6) 

(Fig. 1). Moreover, in ε94Mo–ε100Ru space this CAI-

like material with decoupled Mo-Ru isotope anomalies 

led to the offset of the CC reservoir from the NC reser-

voir, resulting in the observed NC-CC dichotomy for 

combined Mo-Ru isotope systematics (Fig. 3).  

The broadly constant Mo and Ru compositions of 

most coarse-grained CAIs may represent the initial 

composition of the CAI-forming reservoir, i.e., the 

early infalling material (Fig. 3). The modification of 

this composition, as sampled for instance by CAIs BB8 

and R2, may represent the evolution of the infalling 

material and disk processing [6]. Further processing of 

material within the disk then caused decoupling of Mo 

and Ru isotope anomalies in the CC reservoir, and also 

led to correlated s-process variation of Mo and Ru in 

the NC reservoir [8].  

 
Fig. 3. Diagram of ε100Ru vs. ε94Mo. Dashed line is the 

NC Mo-Ru correlation [7]; NC and CC reservoirs are 

defined based on [7,8,10,13,15]; the CAI reservoir is 

based on the average composition of coarse-grained 

CAIs from this study (Ru) and from [2,14] (Mo). 
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