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Introduction: Nucleosynthetic isotopic anomalies 
in meteorites and their components preserve a record 
of the various stellar sources that have contributed 
material to the solar system's parental molecular cloud. 
These residual heterogeneities are commonly believed 
to reflect inefficient thermal processing of presolar 
dust during the earliest evolutionary stages of the pro-
toplanetary disk and, as such, provide a means to ex-
plore potential genetic relationships between early 
solar system condensates, meteorite groups and the 
terrestrial planets. Titanium is the 21st most abundant 
element in the universe and, owing to its refractory 
nature, exists primarily in solid phases in the interstel-
lar medium. Therefore, it can be used as a tracer to 
monitor the isotopic evolution of solids in the proto-
planetary disk. Titanium has five stable isotopes – 46Ti, 
47Ti, 48Ti, 49Ti and 50Ti – with the following respective 
abundances, 8.0%, 7.3%, 73.8%, 5.5% and 5.4% [1]. 
The nucleosynthesis of  46Ti, 47Ti, 48Ti and 49Ti is be-
lieved to result mainly from explosive and hydrostatic 
oxygen- and silicon-burning in massive stars [1]. On 
the other hand, the neutron-rich 50Ti nuclide is most 
efficiently produced by the rare type Ia supernova 
close to the Chandrasekhar mass limit, together with 
other neutron-rich isotopes of iron-group elements 
such as 48Ca, 54Cr, 58Fe, 62Ni and 64Ni [1]. Anomalous 
Ti isotopic compositions have been reported in primi-
tive meteorites and their components, including Ca,Al-
rich refractory inclusions (CAIs), hibonites and preso-
lar grains [2-9]. In material of solar origin, the anoma-
lies are typically restricted to 50Ti, where both deficits 
and excesses have been observed, ranging from ~0.1‰ 
in bulk chondrites to ~300‰ in hibonite grains. Tak-
ing advantage of improved methods for high-precision 
measurements of Ti isotopes by multiple-collector 
inductively coupled plasma source mass spectrometry 
(MC-ICPMS), we analyzed the Ti isotope composition 
of various inner solar system objects, including primi-
tive and differentiated meteorites, to assess the extent 
of Ti isotope heterogeneity that may have been present 
in the protoplanetary disk. 

Chemical purification of Ti: Terrestrial and me-
teoritic samples were digested with HF-HNO3 acid 
mixtures in Teflon beakers on a hot plate at 150°C. 
Following complete dissolution, the residue is fluxed 
in 29M HF to bring the maximum amount of Ti in so-
lution, while precipitating major elements in a fluoride 
salt. The solid is centrifuged out and leached addi-
tional times with HF. Ti is further purified from the 

decanted supernatant following a procedure adapted 
from Makishima et al. [10]. Remaining impurities are 
eluted in low molarity HF/HCl acids on anion ex-
change resin, and this is normally repeated 2-3 times to 
ensure adequate separation of Cr. An additional Zr and 
Ca clean-up step is achieved using TODGA resin [11]. 
This chemical separation procedure ensures yields of 
>90%, with total procedural blanks of 10 ng, which is 
negligible compared to the typical amounts of Ti ana-
lyzed (10-100 μg). 

Mass spectrometry: Ti isotope data was obtained 
by MC-ICPMS (VG-Axiom, University of Copenha-
gen) using the sample-standard bracketing technique. 
Samples were introduced in the plasma source in 1M 
HNO3/0.05M HF via an Aridus desolvating nebuliser 
using only Ar as sweep gas. Data was acquired in 
static mode measuring 47Ti, 48Ti, 49Ti, 50Ti and 52Cr 
simultaneously with typical ion beam currents of 5 × 
10-10 A on 48Ti. Following a 120 s half-mass baseline, 
data was collected for 600 s with 10 s integration 
times. Prior to analysis, samples were scanned for ma-
trix contaminants and, especially, for species poten-
tially interfering on the Ti mass array. These include 
50Cr, 50V, 48Ca  as well as doubly-charged Zr, Mo and 
Ru species. Interference from 50Cr on 50Ti was cor-
rected for by monitoring 52Cr, and the magnitude of 
this correction was typically <20 ppm. Other potential 
interfering species were not detected above back-
ground levels. Results are reported in the ε notation 
(per ten thousand deviation) relative to the mean mass 
bias-corrected 48,49,50Ti/47Ti obtained on a bracketing 
in-house Ti standard. Our preferred normalization 
scheme uses the 49Ti/47Ti ratio (49Ti/47Ti = 0.749766, 
[2]) to correct for instrumental mass bias, although all 
other correction schemes are monitored to ensure data 
integrity. The reproducibility and accuracy of our ap-
proach was evaluated by analyzing terrestrial rock 
samples, as well as by doping a pure Ti standard solu-
tion and the BCR-2 rock standard with a 48Ti spike 
(99% pure) to create gravimetrically determined 48Ti 
excesses. These experiments allow us to estimate an 
accuracy and reproducibility of ~20 ppm for all Ti 
isotope ratios. 

Results: Terrestrial rock standards (n=4) yielded a 
Ti isotope composition identical to the standard solu-
tion. Except for the enstatite chondrite Qingzhen, the 
enstatite achondrite Itqiy and the lunar meteorite 
NWA479, all bulk meteorites analyzed in this study 
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displayed variable anomalies in 50Ti. However, no 
anomalies in 47Ti, 48Ti and 49Ti were detected at the ± 
20 ppm level. Carbonaceous chondrites (CC) display 
variable excesses in 50Ti ranging from 1.8 to 5.0 ε-unit, 
whereas ordinary chondrites (OC) record a uniform 
deficit in ε50Ti of -0.69±09. Except for NWA2976, 
which displays a 50Ti excess similar to that present in 
CCs, all meteorite samples originating from differenti-
ated planetesimals (that is, angrites, eucrites, 
mesosiderites and ureilites) display variable deficits of 
up to ~2 ε-units. Similarly, martian meteorites ana-
lyzed in this study have a small, but resolvable, deficit 
in ε50Ti of -0.30±09. In an attempt to identify the car-
rier of the 50Ti in primitive materials, we have sub-
jected samples of bulk CCs and OCs to a stepwise 
leaching procedure using acids of increasing strengths 
[12]. Our preliminary results for Orgueil, a CI1 chon-
drite, show that the 50Ti carrier is most likely a non-
refractory silicate phase. The enrichment and depletion 
in 50Ti amongst the various leaches relative to the 
bulk-rock analysis are correlated with that of 54Cr [13], 
indicating a common carrier for both  54Cr and 50Ti. In 
constrast, stepwise leaching of the DAG313 (LL3) 
ordinary chondrite did not reveal significant variations 
in the ε50Ti  value compared to our mean OC average of 
-0.69±09ε. This suggets that the 50Ti carrier may be 
mostly absent in OCs. 
Discussion: The 50Ti anomalies in bulk OCs and most 
differentiated meteorites are correlated with previously 
published 54Cr data for the same meteorite group, but 
not for CCs (Fig. 1). Given that the abundance of re-
fractory inclusions contribute strongly to the Ti (but 
not the Cr) budget of CC, we have re-calculated the 
CAI-free 50Ti isotope composition of CC using mass 
balance equations and published abundances of CAIs 
in the diverse CC groups [14]. Once this CAI-
component is removed, we observe a linear 54Cr-50Ti 
correlation amongst all meteorite groups (Fig. 1), with 
CAIs as the enriched endmember. Therefore, the 54Cr-
50Ti carrier is most enriched in the CAI precursor ma-
terial, but depleted in the accretion region of differen-
tiated meteorites, OCs and the terrestial planets. A 
further important point is that the precursor material of 
the terrestrial planets, most differentiated planetesimals 
and OCs did not contain CAIs. In contrast, the 
NWA2976 basaltic meteorite plots above the correla-
tion line (Fig. 1), probably reflecting the presence of 
CAIs in its precusor material. The magnitude of the 
50Ti and 54Cr excesses in CCs correlates positively 
with the matrix-normalized concentration of presolar 
diamonds for the same  meteorites [18]. It is unlikely 
that presolar diamonds are the 50Ti-54Cr carrier, given 
that our chemical dissolution procedures are not ex-

pected to attack and dissolve such refractory phases.  
Instead, the observed correlation may reflect the selec-
tive preservation of a less refractory presolar phase, 
most likely presolar silicates, in CC matrices. This is 
supported by the observation that the 50Ti and 54Cr 
excesses in CCs also correlate with the inferred degree 
of thermal processing of CC matrices [18]. If correct, 
this would suggest that preservation of isotopic 
anomalies in early solar system objects may not be 
related to primordial heterogeneity, but to the degree 
of thermal processing of their precursor material in the 
protoplanetary disk.  
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Figure 1: ε50Ti -ε54Cr correlation amongst inner so-

lar system solids, planetesimals and planets. 54Cr data 
are from [13, 15-17]. 
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