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Introduction

Calcium-rich-Aluminum-rich refractory inclusions are
considered to be the first objects yet identified that
formed in the solar system. It is now established
that most (but not all) of them contain nucleosynthetic
anomalies from e-, p-, r-, and/or s-processes. Exactly
how and when these heterogeneities in the dust that
formed the solar system were established is not yet clear.
For a better understanding of the origin of isotope het-
erogeneities in early solar system objects, studies of cor-
related anomalies are of great importance. As an exam-
ple, it has been demonstrated for CAIs from Allende and
Efremovka that excesses of the n-rich isotopes 62Ni and
96Zr are correlated [1]. In the same study the authors
also found correlated 62Ni and 60Fe anomalies, suggest-
ing that the n-rich stellar event not only delivered 62Ni
and 96Zr but also some of the short-lived radionuclides.
If true, this would yield useful informations about the
timing of the events leading to the formation of the so-
lar system. Here we report Ti isotope data for the same
CAIs measured already for Ni [1] and Zr isotopes [2].

Experimental

We studied five CAIs from the reduced CV3 chon-
drite Allende (USNM 4698, 3529-21, 3529-41, 3529-
44, 3529-47) and two CAIs from the oxidised CV3
chondrite Efremovka (E49, E60). Sample preparation
and chemical separation followed the procedure de-
scribed by [3,4]. Briefly, Ti was separated via a two-
stage exchange chromatography and the Ti isotope ratios
were measured using the high resolution MC-ICPMS
(NU1700) at the ETH Zürich. Instrumental mass frac-
tionation is internally corrected via 49Ti/47Ti = 0.749766
[5] using the exponential law. The long-term repro-
ducibility (2σ) for 50Ti/47Ti, 48Ti/47Ti, and 46Ti/47Ti are
0.28ε, 0.34ε, and 0.28ε, respectively [3].

Results

The Ti isotope data, i.e., ε(50Ti/47Ti), ε(48Ti/47Ti), and
ε(46Ti/47Ti) are shown in Fig. 1. Also shown are the
results from earlier studies [5,6,7] after renormalisa-
tion, i.e. normalising the literature data also to 47Ti and
assuming for them also 49Ti/47Ti to be normal (as we do
for our data). In addition, we also show the Ti isotope
composition for Allende bulk material [3,4].

Figure 1 illustrates that all inclusions display
ε(50Ti/47Ti) values that are positive by up to 13ε. How-

ever, in contrast to the earlier data, which all scatter
around 10ε and thus indicate a rather constant 50Ti/47Ti
for all CAIs, our new high-precision data show varia-
tions between∼2ε and∼10ε for Allende CAIs. For Efre-
movka only one inclusion could be measured, E49 gave
a 50Ti excess of ∼10ε.

Figure 1: Ti isotopic data, i.e. ε(50Ti/47Ti), ε(48Ti/47Ti),
and ε(46Ti/47Ti) for CAIs from Allende and Efremovka.
Also shown are literature data [5,6,7] (after renor-
malisation, grey and open symbols) and the Ti iso-
tope composition for Allende bulk material (solid black
square) [3,4].

The CAI data for 46Ti/47Ti show no variation from
a normal distribution, indicating no significant variabil-
ity within the dataset. A statistical test indicates that
the datasets for CAIs and terrestrial standards, i.e. syn-
thetic standard solutions and terrestrial rocks, are differ-
ent at the 97% level, clearly indicating that CAIs are en-
riched in 46Ti/47Ti by∼1ε relative to the normal, defined
by ordinary chondrites, eucrites, mesosiderites, ureilites,
Earth, Moon, and Mars. Comparing the CAI data to car-
bonaceous chondrite bulk data [3,4] indicates that both
types of material share the same Ti isotope composition
at the 99% level.

The CAI data for 48Ti/47Ti show, compared to the
reproducibility of our measurements, a relatively large
scatter and therefore probably indicate some inherent
heterogeneity. Note that such heterogeneities have also
been observed for this ratio in bulk samples of carbona-
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ceous chondrites [3,4]. However, if we nevertheless
discuss average values we find that the CAI data differ
from normal, i.e. synthetic standard solutions and ter-
restrial rocks, at the 90% significance level. In contrast,
comparing the CAI data to our recent results for bulk
carbonaceous chondrites [3,4] indicates that both data
sets are identical at the 95% level.

Figure 2: ε(50Ti/47Ti) vs. ε(96Zr/90Zr) (panel a) and
ε(50Ti/47Ti) vs. ε(62Ni/58Ni) (panel b) for Allende CAIs.
The 50Ti, 62Ni, and 96Zr excesses tend to correlate, even
if only a limited set of data is available. The Ni and Zr
data were obtained by [1,2] on aliquots of the same
samples, respectively.

In Figure 2a we compare our 50Ti/47Ti data with re-
sults for Zr isotopes obtained in aliquots of the same
samples [2] (except for the Efremovka inclusion). The
96Zr/90Zr ratios tend to correlate with the 50Ti/47Ti
anomalies, even if only a limited set of data is currently
available. The linear regression (r∼0.88) gives an offset
of ε(50Ti/47Ti) = 0.61±1.25, which can be interpreted as
the initial ratio for material without any nucleosynthetic
anomalies in Zr, i.e. for material with ε(96Zr/90Zr)=0.
The data therefore indicate that primitive solar system
material without excess 96Zr nevertheless have excess
50Ti. This finding is confirmed by the bulk data for car-
bonaceous chondrites. While we measured ε(50Ti/47Ti)
= 3.02±0.5 [3,4], no excess 96Zr have been found
[8,9]. Note that the slope of the correlation of about
3.5 is in good agreement with the result given by [12].
The 50Ti/47Ti data also linearly correlate with 60Ni/62Ni
ratios measured in aliquots of some inclusions [1], sam-
ples high in 50Ti/47Ti are also high in 62Ni/60Ni and
inclusion CAI 3529-21, which is low in 50Ti/47Ti, also

shows normal 62Ni/58Ni (Fig. 2b). For this correlation (r
= 0.97) we calculate an offset of 2.15±1.05. Therefore,
the data indicate that material with normal 62Ni/58Ni ra-
tios display a slight excess of 50Ti by a few ε-units.

To summarize, our new high precision data indi-
cate that the excesses in 50Ti, 62Ni, and 96Zr are corre-
lated. However, among the three isotopes, 50Ti is spe-
cial, because even samples without anomalies in 62Ni
and 96Zr have a 50Ti excess of a few ε-units. This find-
ing is confirmed by bulk measurements for carbonaceous
chondrites. While bulk samples are normal in Ni and
Zr isotopes [1,8,9] they display a 50Ti anomaly of
3.02±0.5ε [3,4]. Also 48Ti/47Ti and 46Ti/47Ti ratios in
CAIs deviate from normal, as defined by ordinary chon-
drites, eucrites, mesosiderites, ureilites, Earth, Moon,
and Mars, but agree with data obtained for carbonaceous
chondrite bulk material texttt[3,4]. Our data therefore in-
dicate that, at least in terms of Ti isotopes, CAIs formed
from the same material that formed carbonaceous chon-
drites. Some inclusions, however, started with an addi-
tional excess of up to 8 ε-units in 50Ti (and excesses in
62Ni and 96Zr). Note that [10] found a linear corre-
lation between 50Ti and 54Cr among inner solar system
solids. Adding this isotope to the list we can conclude
that there was a n-rich addition to the solar nebula and
that this addition was not homogeneously distributed in
the early solar system, at least not in the region where
CAIs formed. Our new high precision data also indicate
that CAIs started with the same Ti isotope composition
as bulk carbonaceous chondrites. Consequently, CAI for-
mation and the accretion of carbonaceous chondrite par-
ent bodies probably occurred in the same region in the
early solar system. If true, CAI formation was not lim-
ited to regions close to the sun, as, e.g., proposed by the
X-wind model [11]. In contrast, our data indicate that
CAIs formed in the same solar system region as carbona-
ceous chondrites, probably indicating that CAI formation
was a rather local process.
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