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Summary: Stellar nuclear processes produce 
chemical elements whose isotopic variations are mass-
independently related. Consequently, the occurrence of 
isotopic anomalies in meteorites and terrestrial planets 
is interpreted as the survival of galactic presolar dust in 
the protosolar disk1. 

However, for oxygen, specific chemical reactions 
were shown to produce an “isotopic anomaly” now re-
ferred to as “mass-independent isotopic fractionation” 
(MIF)2,3. In this work, we show that MIF effects are not 
restricted to oxygen but can also be produced for tita-
nium isotopes.  

Titanium-rich grains were experimentally con-
densed from a TiCl4(g)-C5H12(g) plasma and exhibit MIF 
effects from -25% to +120% for all Ti isotopic ratios. 
These isotopic variations are accounted for by the the-
oretical model established to interpret the oxygen MIF4 
observed during the synthesis of ozone. In addition, 
they define correlations in several isotopic diagrams 
that follow the anomalous relationships defined by 
some pre-solar grains. This effect is ascribed to reac-
tions between indistinguishable isotopes4. 

Experimental5: A gaseous mixture of TiCl4:C5H12 
(Pentane; 1:2) injected in a N2 flow at ≈1 mbar was sub-
mitted to a HF discharge at 2450 Hz. The plasma was 
produced in a cylinder glass tube (Æ = 1 cm, l = 10 cm). 
The steady state was maintained by dynamic pumping. 

Titanium-rich carbonaceous samples were depos-
ited either on the glass walls as thick organic  deposits 
or on silicon wafers. On wafers, organic grains (Æ » 1 
µm) were found to sit on top of the organic films (thick-
ness 10-100 nm).  

Wafers were located before, right at the center, and 
after the discharge (referred to as Upstream, Central, 
and Downstream). Organic grains were mainly found 
on Downstream wafers. While thick organic deposits 
form by heterogeneous  condensation on the cold glass 
walls (≈ 60 °C), the spherical organic grains likely re-
sult from a homogeneous condensation in the gas 
phase6.  

Isotopic compositions:  The Ti isotope composi-
tion were measured by NanoSIMS (University of 

Manchester) with a spatial resolution of ca. 150-200 
nm. Analyses were first carried out randomly on the 
samples by 20 × 20 µm rastering area. Then, in selected 
area, some features were imaged at higher magnifica-
tion (3 × 3 µm and 8 × 8 µm). Ti isotope ratios 
(mTi/48Ti) are expressed using the dmTi notation (m 
standing for the masses 46, 47, 49 or 50).  

Samples were sputtered by O- primary current (15 
pA; D1-2, 300 µm diameter aperture). A 10 min pre-
sputtering session was performed before each analysis 
by using a 100 pA primary beam (D1-1, 750 µm diam-
eter aperture) over 30 µm × 30 µm rastered sample area. 
Secondary ionic species of 12C+, 35Cl+, 46Ti+, 47Ti+, 
48Ti+, 49Ti+ and 50Ti+ were collected simultaneously by 
the seven electron multipliers of the instrument. The 
imaging mode was set to 20 to 30 frames (approxi-
mately 8 to 13 min) of 20 µm × 20 µm area, divided in 
256 × 256 pixels, with a dwell time of 400 µs/pixel. 
Isotopically remarkable grains located in 20 × 20 µm 
area were also imaged using smaller raster sizes but 
with the same analytical conditions. Isobaric interfer-
ences of Ti hydrides on Ti isotopes were resolved (e.g., 
m-1TiH on mTi), by using a mass resolving power of 
8000 (CAMECA definition), a 20-µm-wide entrance 
slit (ES3) at the entrance of the mass analyzer and a 
200-µm-wide aperture slit (AS2).  

Measured Ti isotopes were corrected for instrumen-
tal mass fractionation (IMF) using Ti isotope ratios 
measured on a Ti-bearing synthetic organic powder 
(cyclopentadienyl-titanium dichloride). The Ti isotopic 
compositions of this internal standard were also meas-
ured mass spectrometrically (e.g., d46,47,49,50Ti º 0‰). 
Over the whole analytical session, the reproducibility 
obtained on the cyclopentadienyl-titanium dichloride 
standard was ± 5.5, 4.8, 5.1 and 5.7‰ for d46Ti, d47Ti, 
d49Ti and d50Ti, respectively (2 standard deviation, n = 
42). Statistical errors on individual grains are some-
times higher that these reproducibility’s. 

Results: On downstream wafers, spherical organic 
Ti-rich grains were observed. They are characterized by 
large Ti isotope variability, with both positive and neg-
ative anomalies, at the micrometer scale. A high-
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resolution analysis of one of these 2 µm size organic 
grains is shown in Fig. 1. At the image bulk scale, the 
Ti MIF are much weaker with a mass balance lying be-
tween +30 and +90‰ for all dmTi. 

 
Fig 1: The gradient in titanium isotopic composition of 
a carbonaceous grain (Æ » 1 µm) condensed from a 
TiCl4(g)-C5H12(g) plasma. The surface and the core of the 
grain are depleted and enriched in 48Ti, respectively. 
Other patterns correspond to intermediate compositions 
and are also related to a gradient in Ti concentrations. 
The red line is the theoretical isotopic fractionation pat-
tern calculated from the “MIF model” (cf. Interpreta-
tion).  

Titanium isotope compositions measured in pre-
solar SiC isolated from chondritic meteorites7-11 are 
compared with the present experimental results in 
Fig.2. The comparison suggests that presolar grains 
might contain an undetermined contribution of MIF in 
their Ti isotopic composition. 

 
Fig 2: Titanium isotopic compositions in presolar SiC 
grains isolated from the Murchison and Orgueil carbo-
naceous chondrites7-11 are compared with the present 
experimental data (yellow circles). 
 

Interpretation: As suggested by Marcus12, the sur-
face of a growing grain acts as a concentrator and 

greatly enhances the rate of isotopic exchange com-
pared to gas phase reactions. The MIF model13 devel-
oped to account for oxygen isotopes in ozone is used to 
calculate the theoretical MIF pattern for Ti isotopes (as 
reported in Fig.1). According to this model, the isotopic 
fractionation factor f is:  

f = ai-j x h 
i and j designate the isotopic mass number m 

(m=46, 47, etc..) and ai-j is a mass dependent isotopic 
fractionation factor. When i = j, h = 1 and when i = j = 
48, a = 1. As an example, the pattern reported in Fig.1 
is calculated for the free parameter h = 4 (with ai- j=1). 

The origin of the MIF effect can be can be summa-
rized by the 3 following chemical reactions: 
iTi + jTiCl4 ® [Cl2iTi…jTiCl2]*  (1) 
[Cl2

iTi…jTiCl2]* ® jTi + iTiCl4 (2) 
[Cl2

iTi…jTiCl2]* + nCH2• ® iTi jTiClx nCH + ... (3) 
In the present experiment, we propose that the met-

astable molecule [Cl2
iTi…jTiCl2]* is deactivated by the 

organic grain and reacts with the organic carbon radi-
cals (CH2•) produced by the molecular dissociation of 
Pentane. 

When isotope are indistinguishable (i.e. i º j), it 
is not possible to decide if the incident atoms iTi of 
the reaction (1) are in the products of the reactions (2) 
or (3). Hence, the scattering cross sections describing 
the distribution of the products (2) or/and (3) are dis-
tinct when i º j and when i ¹ j. Since 48Ti is the most 
abundant isotopes of Ti, 48Ti is the most affected by 
this effect that involves reactions between 48Ti and 
48Ti. 
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