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Introduction: Mass independent, nucleosynthetic iso-

tope variations can be used to place constraints on ear-

ly solar system processes and evolution [1]. For exam-

ple, Mo isotope variations are reported for differentiat-

ed and primitive meteorites relative to the Earth and 

Moon [2-5]. This large scale heterogeneity was at-

tributed to different accretionary regions of the solar 

system that received variable contributions of s-process 

materials, most likely from a low mass (LM) AGB star 

[3]. The process(es) responsible for the heterogeneous 

distribution of s-process material, and the type of s-

process material affected, requires further understand-

ing. Zirconium isotopes are a powerful tool to address 

this issue because they are largely neutron capture iso-

topes, on the first s-process peak. As such, they receive 

contributions from multiple s-process sources, includ-

ing the main (low (LM) and intermediate (IM) mass 

AGB stars) and the weak s-process (massive stars).  

 In recent studies, resolvable excesses (~ +1) 

were reported for the neutron-rich isotope 
96

Zr in car-

bonaceous chondrites (CC) relative to terrestrial and 

lunar samples [7, 8, 9], while the bulk of CAIs are 

characterized by enrichments of ~ +2 [10, 7]. For the 

majority of CCs, the 
96

Zr/
90

Zr excesses scale with the 

CAI abundance. However, the two-component mixing 

model (between (i) average solar system material rep-

resented by CI chondrites and (ii) CAIs) is unable to 

account for the observed 
96

Zr/
90

Zr enrichments in CR 

and CB meteorites, which are almost void of CAIs (< 

0.1%) – see Fig. 1. Furthermore, 
96

Zr/
90

Zr excesses (up 

to 0.4) were identified for eucrites, enstatite and ordi-

nary chondrites, accompanied by small variations in 
91

Zr/
90

Zr (< 0.3). In the 
96

Zr-
91

Zr diagram, the ordi-

nary and enstatite chondrites along with samples from 

differentiated bodies such as eucrites, terrestrial and 

lunar samples define a mixing line (A - see Fig. 1; 

slope = 0.18 ± 0.09;), which implies that the 
96

Zr/
90

Zr 

excesses are associated with 
91

Zr/
90

Zr depletions in the 

solar nebula. Here, we use updated stellar model pre-

dictions for the s-process to further constrain the origin 

of this mixing line (A). 

Method: Using the Zr data from [9] and the two-

component mixing model presented in [3], we comput-

ed mixing lines between different s-process sources 

and CI chondrites (Fig. 2). This approach allows us to 

compare isotopic stellar yields to measured, instrumen-

tal mass bias corrected values (). The following mod-

els were considered: (i) the classical and (ii) stellar 

model predictions of [6], which characterize the main 

s-process component for LM AGB stars (1-3 M


); (iii) 

the updated stellar model of [11], which predicts the 

composition of the mass-losing envelope of LM (2M


) 

AGB stars during sequential Third Dredge Up (TDU) 

episodes (characterized by progressively increasing 

C/O ratios); (iv) the same model as (iii) but for IM 

(5M


) AGB stars; (v) a galactic chemical evolution 

model of both LM and IM AGB stars [12]; (vi) contri-

butions from the weak s-process, during core He ex-

haustion (and/or the C burning shell) of a 25 M


 star 

[13]; (vii) a Type Ia supernova model [14], where 

small amounts of Zr exist in the progenitor white dwarf 

– AGB star companion.  

 
Figure 1: Zr isotope data from [9], for CCs, ordinary (OC) and 

enstatite (EC) chondrites, eucrites (Euc), Earth and Moon, and 

CAIs. Bulk rock mixing line (A), and leachate line (B) defined by 

stepwise dissolutions of CC [19] are also shown. 

 

Results and Discussion: The considered models de-

fine various mixing lines (Fig. 2) characterized by s-

process sources that are depleted in 
96

Zr (relative to 

the Earth) and depleted or enriched in 
91

Zr. 

 Models (i) and (ii) reproduce the mixing line A 

defined by bulk rock measurements closely, whereas 

the more recent model predictions (iii) and (iv) do not 

match the data. The latter predict a range of Zr isotope 

compositions, which gradually change with each suc-

cessive TDU. In particular, for case (iii), the slope of 

the mixing line changes sign when C/O > 1, yielding 

positive 
91

Zr values (Fig. 2). For the higher mass AGB 

stars (iv), the range of Zr isotope compositions pro-

duced is more restricted (characterized by positive 


96

Zr and 
91

Zr). This is most likely due to the in-

creased activation of the 
22

Ne(,n)
25

Mg source. In both 

cases (iii) and (iv), a single AGB star is capable of 

producing grains with a range of Zr isotope composi-

tions. The integrated isotopic yields from low and in-

termediate stellar masses (case v), averaged over dif-
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ferent 
13

C pocket efficiencies, metallicities and time 

falls between the mass specific models (iii) and (iv) for 

2M


 and  5M


 AGB stars, respectively. 

 Mixing of an s-process component produced by 

a single star with average solar system material is inca-

pable of explaining the 
96

Zr - 
91

Zr correlation defined 

by bulk rock samples (Fig. 2, line A). Rather, an n-

component mixing between multiple s-process compo-

nents (i.e. multiple stars) is needed (e.g. case (i) and 

(ii)) to explain the Zr isotope data.  

 
Figure 2: Various mixing lines based on s-process predictions for Zr, 

as defined in text, alongside the slopes defined by bulk rock Zr 

isotope data (A) and CC leachates (B). Black arrows for (iii) and (iv) 

show direction of increasing TDUs (i.e. C/O ratio). 
 

 Large Zr isotope variations also exist in acid 

leachates of CCs (from +50 to -380 for 
96

Zr/
90

Zr) 

[15] and individual presolar SiC grains (
96

Zr ≥ -9,000) 

[16-18]. The leachates define a mixing line in 
96

Zr-


91

Zr space (Fig. 1, 2; line B; slope = 0.059  0.003), 

which goes through the SiC data [15]. This slope is 

almost normal to the bulk rock line (A) and the predic-

tions of the classical and stellar models [6]. The leach-

ate line (B) is described well by LM AGB stars (case 

(iii)). Material dredged up can condense as SiC, which 

is then resolved by the leaching experiments. The 

leaching experiments, therefore, are influenced by SiC 

grains from LM AGB stars, while the bulk rock line 

indicates a mixture of dust produced in various types of 

s-process sources as an end member. Hence, materials 

from various s-process sources were heterogeneously 

distributed in the solar nebula resulting in the bulk rock 

heterogeneity. This is at odds with Mo isotope data [2–

5], which points to a heterogeneous distribution of ma-

terial restricted to LM AGB stars – cases (i) and (ii). 

This difference likely reflects the sensitivity of Zr iso-

topes to different s-process components, relative to Mo 

isotopes. Zr isotope provides evidence for multiple s-

process sources and this excludes the heterogeneous 

distribution of material from an injection of a single 

star to the solar system. Rather, selective dust sorting 

within the solar nebula is the more likely mechanism 

that caused the heterogeneities. Two possible sorting 

mechanisms are:  

Grain sorting: In this scenario [19], disk processes 

discriminate against grain size. This requires different 

s-process environments to produce similar sized grains, 

which survived the passage through the interstellar 

medium into our solar nebula. 

Thermal processing: The Zr isotope variability (line A)  

indicates a deficit of s-process material from AGB 

stars. These stars also produce SiC grains that are en-

hanced in 
50

Ti [21]. In line with this, the 
96

Zr excesses 

of bulk rock samples are correlated with depletions in 
50

Ti [20]. Thermal processing of dust within the solar 

nebula was proposed to account for the Ti isotope vari-

ability in the solar system [22], which by extension, 

may also apply to Zr isotopes. 

Conclusions: Zr isotope data of bulk rock materials is 

compared to s-process model yields. The results indi-

cate that the bulk rock heterogeneity reflects an s-

process deficit, in agreement with Mo data [2-5]. A 

single source e.g., deficiency of LM AGB star material 

cannot explain the Zr data and mixing between multi-

ple s-process sources is required. Since multiple 

sources are involved, an injection of material from a 

single star is not adequate, and selective sorting of dust 

grains within the solar nebula is the most likely process 

that caused the bulk heterogeneity. This can involve 

thermal processing, i.e. selective evaporation of dust in 

the hot region of the solar nebula or gain size sorting. 
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