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Introduction:  Bulk meteorites show a ubiquitous 

isotopic dichotomy for various elements, distinguishing 
between ‘non-carbonaceous’ (NC) and ‘carbonaceous’ 
(CC) meteorites. This dichotomy has been interpreted to 
reflect derivation of planetary materials from two co-
existing but genetically distinct source reservoirs—
inner and outer Solar System—that were possibly 
separated by the early formation of Jupiter’s core [1]. 
However, the efficiency with which the NC and CC 
reservoirs were spatially separated over time remains 
controversial [2–5]. For instance, it has been proposed 
that there was a significant input of outer Solar System 
material (i.e., inward-drifting CC dust across the Jupiter 
barrier) into the inner Solar System [6]. Consistent with 
this proposal, [7] found that Ti and Cr isotope anomalies 
among NC meteorites are correlated and point towards 
the compositional field of CC meteorites, thereby 
intersecting the composition of CI chondrites. This 
observation would be in line with the idea of a 
continuous addition of CI-like dust to the inner Solar 
System [4, 5]. 

To better constrain the efficiency of the NC-CC 
separation and its implications for the dynamical 
evolution of the inner Solar System, we obtained 
coupled Ti and Cr isotopic data for several bulk 
meteorites from previously uninvestigated groups. The 
new data are used to specify isotopic correlations among 
meteorite groups and to evaluate their relevance in 
terms of mixing processes in the early protoplanetary 
disk. 

Materials and Methods:  In the present study, a 
comprehensive set of 37 NC and 21 CC meteorites was 
analyzed for their Ti isotope composition. In addition, 
Cr isotopic compositions on digestion aliquots of 21 NC 
and 10 CC samples were determined. The Mo isotopic 
compositions of the same samples were determined on 
the same digestion aliquots, and are reported elsewhere 
[8, 9]. Titanium and Cr isotope compositions were 
measured at the Institut für Planetologie in Münster 
using the Neptune Plus MC-ICP-MS and the Triton 
TIMS, respectively. The data are reported as ε-unit 
deviation (i.e., 0.01%) of the sample relative to the 
standard after internal normalization to a fixed 49Ti/47Ti 
or 50Cr/52Cr. 

 

 
Fig. 1. Diagrams of (a) ε54Cr vs. ε50Ti and (b) ε94Mo vs. ε50Ti, 
illustrating the fundamental dichotomy between NC and CC 
meteorites. Samples measured in this study are shown as filled 
symbols, open symbols represent literature data [2, 3, and 
references therein]. Error bars indicate 95% confidence 
intervals. The red lines are linear regressions with their 
associated error envelopes (1σ) through the data measured for 
NC meteorites in this study. The dashed black line is a mixing 
line between a presumed ‘primordial’ NC composition (as 
given by ureilites) and CI chondrites, as proposed by [4,5]. 
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Results:  We report the first Cr and Ti isotopic data 
for K chondrites, winonaites, and several ungrouped NC 
as well as CC achondrites (Northwest Africa 1058, 
Northwest Africa 5400, Northwest Africa 6112, 
Northwest Africa 6926, Graves Nunataks 06128), and 
significantly extend the available Cr and Ti isotopic data 
for the just poorly constrained groups of acapulcoites/ 
lodranites and brachinites. Beyond that, we report the 
first Ti isotopic data for CH chondrites, ten ungrouped 
CC chondrites, R chondrites, and one primitive enstatite 
achondrite (Northwest Africa 2526). The K chondrites 
show more negative ε54Cr and ε50Ti anomalies than 
other NC chondrites such as ordinary and enstatite 
chondrites. Instead, the isotopic composition of K 
chondrites appears to be similar to those of several 
differentiated NC meteorites, including HEDs, angrites 
and acapulcoites/lodranites. Consistent with previous 
studies [e.g., 7], we find that all NC meteorites display 
correlated ε54Cr and ε50Ti anomalies, where the 
correlation points towards the compositional field of CC 
meteorites (Fig. 1a). This trend, however, no longer 
intersects the composition of CI chondrites, but instead 
passes through the middle of the CC field. The ε50Ti and 
ε94Mo anomalies among NC meteorites are also broadly 
correlated, but this trend does not intersect the CC field 
(Fig. 1b). 

 

 
Fig. 2. ε50Ti vs. inferred accretion ages of NC meteorite parent 
bodies (in Ma after CAI formation). There is no obvious 
temporal evolution of the Ti isotopic composition in the NC 
reservoir. Ages were taken from [10, 11]. Note that the 
accretion ages of K and R chondrites are assumed to be similar 
to those of other NC chondrites. 
 

Discussion:  NC meteorites define linear trends in 
multi-element isotope space for elements with very 
different geo- and cosmochemical characteristics, 
including lithophile (Ti, Cr), siderophile (Mo), 
refractory (Ti, Mo), and non-refractory (Cr) elements. 

As such, neither admixture of individual components 
(e.g., CAIs, presolar carrier phases) to a hypothetical 
NC starting composition nor thermal processing seem to 
be responsible for the isotopic variations among the NC 
meteorites. Instead, the most plausible explanation for 
the linear trends in multi-element isotope space is two-
component mixing of two major disk reservoirs with 
broadly similar chemical but distinct isotopic 
compositions. Although the ε54Cr–ε50Ti trend among 
NC meteorites points towards the compositional field of 
CC meteorites, it does not intersect the composition of 
CI meteorites (Fig. 1) and, therefore, does not seem to 
reflect the addition of CI-like dust to the inner disk. 
Moreover, the ε94Mo–ε50Ti trend does not point towards 
the CC field at all, precluding that these variations 
reflect the addition of any CC material to the inner disk. 
Finally, there is no obvious correlation between the Ti 
(or Cr) isotope anomalies of the NC meteorites and the 
inferred accretion ages of their parent bodies, but such a 
correlation would be expected if the isotope variations 
were to reflect the continuous addition of CI-like dust to 
the inner disk. Hence, our results imply an effective 
separation of the NC and CC reservoirs with no 
significant input of outer Solar System material into the 
NC reservoir. This corroborates earlier conclusions that 
the NC and CC reservoirs were separated by an efficient 
barrier against grain drift, such as would be provided by 
the early formation of Jupiter [1–3]. 

Although the correlated multi-element isotopic 
variations among NC meteorites almost certainly reflect 
two-component mixing, the nature of the mixing 
process and the origin of the mixing end members 
remain unclear. One possibility is that this trend records 
small-scale spatial heterogeneities in the early inner 
disk, which were inherited from the Solar System's 
parental molecular cloud and locked into rapidly 
forming planetesimals during infall [2, 12, 13]. 
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