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We have pursued measurements of the absolute Ti isotope abundances in Ca- 
Al-rich inclusions (CAI) and in samples of whole meteorites of diverse 
classes. The absolute isotope composition of Ti has been determined in CAI 
and in whole rock samples of several meteorites (Niederer, Papanastassiou, and 
Wasserburg, 1984, 1985). These measurements have identified significant 
differences between the absolute isotope abundances and the previously known 
abundance patterns which were normalized for mass dependent isotope fractiona- 
tion. Measurements of Ti in whole meteorite samples of C2 and C3 meteorites 
have shown the presence of 5 0 ~ i  effects for the normalized isotope composi- 
tions (Niemeyer and Lugmair, 1984; NPW, 1985). The purpose of this study is 
to identify the extent of Ti nonlinear ("nuclear") and linear (isotope frac- 
tionation) effects in meteorites and whether a correlation exists with the 
oxygen isotope abundances which show distinct effects correlated with 
meteorite classes. The analytical procedures for the measurement of the 
absolute abundance of Ti have been described by NPW (1985). Composition 
(unspiked) and mixture (double spike added) runs were measured. For large, 
whole meteorite samples, with low Ti concentrations, the double spike was 
added to aliquots of the dissolved samples to avoid the possibility of isotope 
fractionation effects, during the chemical separation of Ti (NPW 1981). 
Therefore, the data are not subject to isotope fractionation introduced by the 
analytical procedure. Data are shown in the Table. Two CV3 carbonaceous 
meteorites, Grosnaja and Kaba, show distinct excesses in 5 0 ~ i  for the 
normalized composition, while 4 7 ~ i  and 4 9 ~ i  show no resolved effects. 
Measurements on the CV3 meteorites Adelaide and Leoville also show 5 0 ~ i  
effects (NPW, 1985) and no effects in 47,49~i. A sample of bulk Allende 
meteorite showed no resolvable nonlinear effects in Ti. These data show that 
'OT~ nonlinear effects are endemic in CV3 meteorites. Measurements of the CM2 
meteorites Murchison and Murray (Niemeyer and Lugmair, 1984) also show 
distinct nonlinear effects at 50~i. NPW (1985) have confirmed the 5 0 ~ i  effect 
in Murchison but have not confirmed the effect at 4 7 ~ i  claimed by Niemeyer and 
Lugmair (1984). The central issue is whether the endemic 5 0 ~ i  effects in C2 
and C3 meteorites are dominated by the admixture of Ca-Al-rich inclusions or 
whether the Ti in Fe-, Mg-rich matrix is also characterized by nonlinear 
effects. The excess 50~i(*) in "whole meteorite" samples ranges from 3 .6  Eu 

(for Grosnaja) to 15 EU (for Leoville). This range is similar to that found 
for CAI. Using the Ti concentrations for CAI and for the whole meteorites, 
-5% of CAI would be needed in the "whole meteorite" samples to account for the 
Ti nonlinear effects. A larger fraction of CAI is needed if there is some 
intrinsic normal Ti in phases not associated with CAI. The absence of non- 
linear effects in the Allende whole meteorite data may be due to the removal 
of identifiable large CAI during sample preparation. Small CAI are known to 
be of low abundance in this meteorite. Analyses of CI chondrites (Orgueil, 
Ivuna) show no Ti effects (NPW, 1985; Niemeyer and Lugmair, 1984). We have 
also analyzed two LL chondrites, an enstatite achondrite, a howardite, and 
Angra dos Reis. All these meteorites show no nonlinear effects. The absolute 
composition of Ti shows only a small isotope fractionation factor (FTi) rela- 
tive to the normalized composition. The data for St. Severin provide the only 
FTi < 0. Based on these data we conclude that nonlinear effects in Ti for 
whole meteorite samples are restricted to C2 and C3 meteorites. Therefore, 
the occurrence of nonlinear effects in Ti is considerably more restricted than 
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the occurrence of nonlinear effects in oxygen. In particular H, LL and ensta- 
tite chondrites as well as achondrites can be characterized based on their 
distinct oxygen compositions (R.N. Clayton, Onuma and Mayeda, 1976; R.N. 
Clayton and Mayeda, 1984); however, these show no effects in Ti . The levels 
of 5 0 ~ i  effects in whole C2 and C3 meteorites are smaller than the effects 
seen in oxygen. Therefore, any Ti effects in ordinary chondrites and in 
achondrites may lie below the level of clearly resolved effects of 2 cu for 
high quality Ti data. The absence of Ti effects in more typical meteorites 
indicates a lower proportion of exotic Ti. In particular, the major sources 
of Ti in typical meteorites must be of normal composition, and distinct from 
the sources of Ti in CAI or in C2 and C3 whole meteorites. The effects in C2 
and C3 meteorites either indicate a large abundance of very fine grained CAI's 
or that these meteorites have a distinct formation history. Both the 0 and Ti 
data show that C2 and C3 meteorites contain isotopic components distinct from 
other meteorites and must have formed under different conditions or contain 
several percent of highly masticated CAIs which themselves formed under 
distinct conditions [cf. Dodd, 1981; McSween, 19791. 

We present data on four new Ca-Al-rich inclusions from Allende and 
Leoville. These samples are type B coarse grained inclusions, except for B-30 
which is a fine grained, white aggregate. These samples show nonlinear 
effects for the normalized composition only at O T ~ .  Theref ore, these samples 
are consistent with the previously determined isotopic patterns for Ti in non- 
FUN components. Fine grained inclusion B-30 shows significant differences 
between the absolute and normalized compositions, corresponding to FTi of 
8 ~u/amu. These data provide further support for the observation of signifi- 
cant isotope fractionation effects in Ti only in CAI (NPW, 1985). The identi- 
fication of components with FTi <O is still needed. 
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Titanium Isotopic cornposit ionsa 

Sample Weight Tib Normalized to 46~i/"~i FTi Absolute Composition Relative to "Ti 

[class] '% €47 E 49 €50 E U / ~ ~ U  046 €47 €48 €50 

Total Meteorites 
Grosnaja [CV3] 18 642 0.3f0.8 -0.8i1.9 3.6i1.2 - - - - - 
Kaba [CV3] 21 623 0.7f0.8 0.9i1.1 3.7i1.6 - - - - - 
Kapoeta [Ho] 100 1880 0.5f0.7 -0.4M.8 -0.7i0.9 0.4i2.6 -0.7f5.2 0.1t2.7 -0.1+2.5 0.0i5.3 
Norton County [El 138 234' 0.4i0.7 -0.6i1.1 0.8i1.2 2.2i2.5 -4.4+4.9 -1.9i2.6 1.7t2.2 5.2+5.0 
Angra dos Reis [A] 9 1.27% -0.5f1.8 -1.5i1.8 0.6f2.1 3.5+2.1 -7.054.2 -2.9+2.9 2.2i1.3 7.0i4.5 
Olivenza [LL5] 1174 446' 0.6f0.6 -0.8f0.9 -0.8f0.9 1.9f1.4 -3.9f2.7 -1.3f1.5 l.lfl.1 3.1f2.9 
St. Severin [LL~I 195 445' 0.7f1.1 0.7f1.2 0.3f1.2 -3.0f2.0 5.9f3.9 3.7f2.2 -2.3i1.6 -5.7f4.1 

Refractory Inclusions 
Allende B-30 6 - 0.039.9~ -1.3f1.6~ 7.4*1.6~ 7.9f2.0 -15.8f4.0 -7.9f2.2 6.6f1.2 23.2f4.3 

D-8 0.7 1.36% O.lf0.5 0.4f0.7 11.3f0.8 - - - - - 
Egg-4 11 1.03% -0.3M.9 -0.lf0.9 10.4f1.3 -0.1f1.5 0.1f3.1 -0.2f1.8 -0.2f1.2 10.2f3.3 

Leoville-6 3 1.00% 0.3f0.7 0.3i1.0 6.Oi1.0 1.0f1.7 -2.1f3.4 -0.7i1.9 1.4f1.3 8.0t3.6 

aDeviations from the standard (STD) compositions of terrestrial Ti are given: (a) for the composition normal- 
ized to 46~i/4B~i and (b) for the absolute composition. FTi is the mass dependent isotope fractionation factor 
needed to transform the absolute composition into the normalized composition [see NPW 19851. 
b~oncentration in ppm, except where X is marked. 
'For the analysis of the dxture of sample and double tracer, the double tracer was added to an aliquot of 
the sample solution before chemical separation of the Ti. d~omposition data from NPW (1981). 
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