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Introduction: The vast majority of meteoritic sam-

ples are derived from the main asteroid belt between 
Mars and Jupiter. However, within this comparatively 
narrow band, there exists a strikingly diverse assem-
blage of chemical and isotopic compositions. This di-
versity has been interpreted to reflect that meteorites 
originally accreted from a significantly larger range of 
heliocentric distances and were subsequently scattered 
and reorganized into their current locations, most likely 
as a result of giant planet migration in the early Solar 
System [1]. Consequently, the current asteroidal and 
planetary orbits are not necessarily representative of 
their original feeding zones and the primordial archi-
tecture of the protoplanetary disk remains ambiguous.  

Mass-independent isotope anomalies of nucleosyn-
thetic origin are a promising tool to shed light on this 
issue, as they trace the source material during accre-
tion, and, in contrast to chemical tracers such as water 
content, are unlikely to be overprinted by potential 
late-stage processes that are known to have affected 
meteoritic parent bodies to varying degrees. For in-
stance, several recent studies have revealed a dichoto-
my in isotopic compositions between carbonaceous 
(CC) and non-carbonaceous (NC) matter, proposed to 
represent matter from the outer and inner Solar System, 
respectively [e.g., 2-4], thereby significantly enhancing 
our knowledge of multiple distinct regions of the pro-
toplanetary disk.  

Here we investigate basaltic achondrites of the an-
grite and eucrite groups—supposed to be derived from 
the angrite parent body (APB) and the asteroid Vesta, 
respectively—for their nucleosynthetic isotope signa-
tures in the rare earth element neodymium (Nd) to fur-
ther bolster our understanding of early Solar System 
structure. Neodymium occurs as seven stable isotopes 
and is lithophile and refractory, meaning it is well suit-
ed to sample the silicate portions of planetesimals. In 
addition, Nd has been shown to exhibit isotope varia-
tion throughout various Solar System materials [5-8] 
and thus offers potential insights into early Solar Sys-
tem conditions and evolution. 

Methods: Neodymium was purified from previous-
ly digested achondrite samples using ion-exchange 
chemistry and measured on a Triton Plus TIMS at the 
University in Münster employing a 4-line dynamic 
measurement routine [9]. The USGS basalt standard 
BCR-2 was processed alongside the samples and 
measured in the same analytical session to assess the 

accuracy and precision of our measurements. Radio-
genic contributions from 146Sm in the 142Nd/144Nd iso-
tope ratios were quantified as outlined in [8] using ei-
ther the measured 143Nd/144Nd isotope ratios or inde-
pendently from separately measured ID aliquots. Iso-
tope data are internally normalized to correct for in-
strumental mass bias and are given in the µ-notation 
(i.e., ppm deviation relative to the JNdi standard). 

Results:  The investigated achondrite samples ex-
hibit resolved excesses in µ145Nd, µ148Nd, and µ150Nd. 
Once corrected for radiogenic ingrowth from extinct 
146Sm, all achondrites furthermore exhibit uniform def-
icits in µ142Nd. Group means of angrites and eucrites 
show uniform nucleosynthetic isotope anomalies rela-
tive to terrestrial Nd, as represented by BCR-2 and the 
JNdi solution standard. These signatures are in excel-
lent agreement with a modeled [10] deficit in Nd nu-
clides produced through the s-process of nucleosynthe-
sis (Figure 1). 

 
Figure 1: Group means of angrites and eucrites, which fit a 
modeled nucleosynthetic anomaly pattern as expected for a 
deficit in s-process Nd nuclides [10] (µ142Nd data corrected 
for radiogenic ingrowth from 146Sm). 

 
Discussion: Similar to previously examined chon-

dritic meteorites [5-8], the basaltic achondrites investi-
gated here are characterized by deficits in Nd nuclides 
produced by the s-process of nucleosynthesis relative 
to terrestrial Nd. Interestingly, the magnitude of these 
s-deficits appears to increase from enstatite chondrites, 
to ordinary chondrites, to the basaltic achondrites in-
vestigated here, and finally to carbonaceous chondrites. 
The presence of s-process isotope variation throughout 
various Solar System materials indicates the heteroge-
neous distribution of at least one isotopically anoma-
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lous carrier during the early stages of the protoplane-
tary disk.  

Of note, such s-process heterogeneity is similarly 
observed in other elements, including Zr [11-12], Mo 
[3, 13-14], Ru [15], and others. Even more intriguing-
ly, these different elements with various geo- and cos-
mochemical properties exhibit the same trend in the 
magnitude of nucleosynthetic isotope anomalies, in-
creasing from terrestrial isotope values (µiE ≡ 0), to 
enstatite chondrites, to ordinary chondrites, to an-
grites/eucrites, and finally to carbonaceous chondrites 
(Figure 2). The correlation of nucleosynthetic anoma-
lies in these various elements seems to constitute a 
fundamental trend in the distribution of presolar matter 
in the protoplanetary disk. 

 
Figure 2: Deficits in s-process nuclides increase from ensta-
tite chondrites, to ordinary chondrites, to angrites and CV 
chondrites in µ92Mo and µ145Nd (no eucrite data is presently 
available for Mo). Data for chondrites were taken from [8, 
13-14], and the isotopic signature of CV chondrites has been 
corrected for the incorporation of xenolithic CAIs). 

 
Considering that the major chondrite classes are 

thought to have formed at similar periods of time [e.g., 
16-18], this isotopic gradient in various Solar System 
materials most likely reflects a spatially heterogeneous 
distribution of presolar matter. The sequence of corre-
lated and increasing s-deficits from Earth to EC, to OC, 
to angrites/eucrites, and finally to CCs is likely record-
ing a signal of original heliocentric distance of for-
mation from the Sun. As such, determining the relative 
amount of incorporated s-process matter in extraterres-
trial materials could be used to distinguish planetary 
and asteroidal accretion orbits as a function of helio-
centric distance, permitting the ‘cosmolocation’ of me-
teoritic feeding zones. Due to the fact that these nucle-
osynthetic anomalies were primarily established during 
accretion and are unlikely to have been affected by 
secondary processes, such an isotopic signal represents 
a far more reliable proxy compared to those previously 
attempted, such as water content. 

Finally, the pervasiveness of s-process deficits in 
the meteoritic record shows that no mixture of current-
ly known meteorites can reproduce the terrestrial iso-
topic composition, indicating that we are still lacking 
the terrestrial building blocks in our meteorite collec-
tions. 

Conclusions: Layering isotope data of various el-
ements from meteoritic materials reveals a fundamental 
trend in the distribution of s-process matter in the early 
Solar System that appears to have scaled with accretion 
distance from the Sun (Figure 3). Nucleosynthetic iso-
tope anomalies therefore offer the potential to infer the 
relative formation distances of various Solar System 
materials. Further assessing the degree of incorporated 
s-process matter in remaining meteorite groups, both in 
Nd and other elements, will aid in further examining 
the distribution of presolar matter in the early Solar 
System, as well as the role of various meteorites as 
potential building blocks of Earth. 

 
Figure 3: Putative relationship between distribution of s-
process matter and accretion distances of various Solar 
System materials. 
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