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Introduction:  Isotopes of elements heavier than Fe 

are mainly produced by stellar nucleosyntheses of the s-, 

r-, and p-processes. Compared to the s-process, the 

mechanism and stellar environment for the r-process are 

still unclear. Although neutrino-driven wind from a nas-

cent neutron star of core-collapse supernova (ccSN) is 

known to be the major source of r-process nuclides, 

electron fraction per nucleon is too high to produce 

heavy r-nuclides of mass number (A) beyond 130 [1]. 

In contrast, several lines of evidence affirm the produc-

tion of abundant heavy r-nuclides with A > 130 by the 

merger of two neutron stars (NSM) in a binary system 

[2]. Furthermore, ccSNe induced by strong magnetic 

fields and/or fast rotation of the stellar core (MR-SNe) 

are considered to be an alternative r-process site [3]. 

Direct isotopic analysis of presolar grains has been 

the major meteoritical approach for the study of stellar 

nucleosynthesis, yet isotopic data for trans-Fe elements 

in single presolar grains are scarcely obtained with some 

exceptions [e.g., 4]. Alternatively, detection of subtle 

isotope anomalies in bulk meteorites for trans-Fe ele-

ments (e.g., Sr, Zr, Mo, Ru) offers another opportunity 

to understand the origin of r-nuclides in the Solar Sys-

tem [5-6]. In particular, bulk carbonaceous chondrites 

and some iron meteorites (CC-group) are found to have 

r-process excesses compared to the other meteorites 

(NC-group) [7-9], suggesting the presence of two iso-

topically distinct reservoirs in the solar nebula [10]. The 

mechanism that generated the observed r-process ex-

cesses in the CC-group is not fully understood yet; the 

proposed model includes heterogeneous injection of 

grains from a nearby SN [11], physical sorting of iso-

topically anomalous grains [12], and selective destruc-

tion of thermally weak presolar grains [13].  

In this study, we compiled literature data and ana-

lyzed the isotopic compositions of trans-Fe elements in 

bulk meteorites with a specific emphasis on the anoma-

lies of r-process nuclides as a function of isotopic mass 

and the 50% condensation temperature (T50%) of each 

element. Additionally, we determined the Yb isotopic 

compositions in some chondrites. Yb is a heavy lantha-

nide that has seven stable isotopes with different contri-

butions from the s-, r-, and p-processes, of which the r-

nuclides (A = 171–176) are too heavy to be produced by 

ccSNe. The T50% for Yb (1487 K) is lower than those of 

the neighboring lanthanides (1659 K) and is comparable 

to that of Sr (1464 K) [14]. These unique characteristics 

of Yb make it possible to place an additional constraint 

on the mechanism that gave rise to r-process excesses 

in the CC-group meteorites, which further provides vital 

information regarding the origin of r-process nuclides in 

the Solar System. 

Yb isotope analysis:  We analyzed Yb isotopes of 

four chondrites (Murchison, CM2; Olivenza, LL5; 

Saint-Séverin, LL6; NWA 753, R3.9) and two terrestrial 

basalts (JB-2a, JB-3). Murchison was digested at high 

PT condition using HF, HNO3, and H2SO4 to completely 

dissolve presolar grains [15]. The rest of the samples 

were decomposed by HF, HNO3, and HClO4. Yb was 

separated by passing through a cation exchange resin 

and an extraction chromatographic resin (LN resin, Ei-

chrom). Yb isotopes were measured using TIMS by the 

dynamic multicollection and multistatic methods [16].  

Data Compilation:  In addition to the newly ob-

tained Yb isotope data, we compiled high precision iso-

topic compositions of 11 elements (Sr, Zr, Mo, Ru, Te, 

Ba, Nd, Sm, Hf, W, and Os) in bulk aliquots of CC- and 

NC-group meteorites [e.g., 7-9, 16-27]. For simplifica-

tion, we ignored the isotopes that are free from the r-

process (e.g., pure p-nuclides). To quantitatively ana-

lyze the extent of r-process excesses in individual mete-

orites, we determined the r-process enrichment factor 

(ηr) for an isotope ratio R (= i/j) as defined by the fol-

lowing equation; 
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where [j] is the number of atom for the isotope j, and 

subscripts m, t, and s represent meteorite, terrestrial, and 

s-process end-component [28], respectively.  

Results:  The Yb isotope ratios for terrestrial and 

meteorite samples are reported as μYb notations that 

represent the parts par 106 deviations from the standard 

(Alfa Aesar Yb). As presented in Fig. 1, we observed no 

Yb anomalies in terrestrial and meteorite samples that 

exceeded the range of analytical uncertainties.  

 

 

 

 

 

 

 

Fig. 1  μYb values of terrestrial rocks and chondrites. 

 

Fig. 2 shows the ηr values of CC- and NC-group me-

teorites for the 12 trans-Fe elements. The ηr values of 
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CC-meteorites are prominent for Sr, Zr, and Mo, while 

the values decrease toward Te. Except for Ba and Nd, 

elements beyond Te do not show anomalies in r-process 

isotopes. For NC-meteorites, small excesses can be seen 

for Zr, Mo, and Ru, whereas the other elements do not 

show such excesses. 

 

 

 

 

 

 

 

 

 

Fig. 2  ηr values of CC- and NC-group meteorites. 

 

Discussion:  The ηr values of individual elements 

for CC-meteorites are displayed as a function of T50% 

and atomic number (Fig. 3). As can be seen in this figure, 

the extent of r-excess in CC-meteorites is controlled 

mainly by the mass of nuclides rather than the T50% of 

individual elements. The dependency of mass number is 

also evident when the pattern of ηr for CC meteorites 

(Fig. 2, left) and the r-process production rate for a nor-

mal ccSN (Fig. 4, left) are compared. These results in-

dicate that the grains ejected from normal ccSNe would 

be responsible for the r-excesses in CC-meteorites for 

light elements from Sr to Ru. Dust grains carrying heavy 

r-nuclides were not involved in the processes that 

caused r-excesses for light elements in CC-meteorites. 

On the other hand, an additional process is needed to 

explain the isotope anomalies for Ba and Nd, possibly 

relevant to the behavior of s-process carriers. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3  ηr values of CC meteorites displayed in a color chart 

as a function of T50% and atomic number. 

 

From the discussion above, we place a constraint on 

the origin of r-process nuclides in the Solar System. The 

r-nuclides in the Solar System are the integration of 

multiple nucleosynthetic processes occurred in the Gal-

axy including the normal ccSNe, MR-SNe, and NSM. 

Importantly, the lifetime of dust grains in the Galaxy is 

estimated to be up to 107 years [29]. Therefore, the car-

rier phases of r-nuclides produced more than 107 years 

before the start of the Solar System must have been all 

destroyed and r-nuclides were homogeneously distrib-

uted in the molecular cloud. On the other hand, the pat-

tern of ηr for CC meteorites (Fig. 2) suggests that fresh 

r-nuclides synthesized within 107 years before the onset 

of the Solar System must be dominantly originated from 

the normal ccSNe. We conclude that dust grains from 

such ccSNe, containing only light elements, were heter-

ogeneously distributed in the solar nebula at the time of 

planetesimal formation. 

 

 

 

 

 

 

 

 

Fig. 4  R-process production rates for a normal ccSN (left: 

ref. [1]) and neutron star mergers (right: ref. [30]). Solar r-

process abundances are obtained from ref. [31]. 
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