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Introduction: Ca-Al-rich  inclusions  (CAIs)  are 
thought to be the first solids that condensed from the 
solar nebula and, therefore, contain information about 
the earliest period of our stellar system. In addition to 
petrologic and chemical characterization, variations in 
the isotopic compositions of such samples can provide 
an effective means to constrain the conditions present 
in the protostellar disk, as well as the individual history 
of a single refractory inclusion or phase within an in-
clusion.  Isotopic  variations  can  be  divided  into:  1) 
mass-dependent  variations  caused  by  physical  pro-
cesses acting on a sample, or  2)  nucleosynthetic iso-
tope variations that reflect incomplete mixing of extra-
solar material from various stellar sources during the 
formation of early Solar System solids. Previous work 
has  shown  that  CAIs  exhibit  nucleosynthetic  differ-
ences  from  later  formed  solids  for  elements  with 
80<A<180 [1], although the extent and details of the 
difference are less clear for some elements in the re-
gion A<80. One element in this range of elements that 
can  be  used  to  investigate  both  nucleosynthetic  and 
mass-dependent isotope variations is Ni [2-4]. 

Nucleosynthetic Ni isotope anomalies in CAIs have 
been previously reported [5-6], however it remains un-
clear whether there is a consistent Ni isotopic composi-
tion for CAIs, or whether they vary sample to sample. 
To this point, mass-dependent Ni isotope signatures of 
CAIs have been lacking. In this study, we seek to in-
vestigate both, mass-dependent and nucleosynthetic an-
omalies in the Ni isotopic compositions of CAIs.

Methods: A total  of 31 CAIs (non-FUN, coarse- 
and fine-grained) from Allende and four non-Allende 
CAIs from two CV and two CK desert meteorites were 
chosen for the analysis of nucleosynthetic Ni isotope 
anomalies. In  addition, three fractions of the Allende 
Egg-2 CAI that were separated by magnetic susceptib-
ility were analyzed.  Aliquots  of  13  selected  samples 
were  also  spiked  with  a  61Ni-62Ni  double  spike  to 
quantify mass-dependent fractionation of Ni isotopes in 
CAIs. The proportions of 61Ni and 62Ni and the optimal 
sample-spike  ratio  (36:64)  were  calculated  using the 
DS-toolbox [9], and measured values are expressed in 
permil deviation (δ-notation) from the NIST SRM-986 
reference standard. Most of these samples had already 
been analyzed for a variety of elements [e.g. 7-8]. In 
order to test whether Ni isotopic compositions of these 
selected  samples  had  been  fractionated  by  previous 
chemical treatments, aliquots of two samples that had 

not  been  used  for  any  prior  chemistry  (‘CAI  164 
nochem’ and ‘CAI 165 nochem’) were also spiked and 
analyzed.  Both sample sets were furthermore accom-
panied by the terrestrial  basalt  standards  BCR-2 and 
BHVO-2. 

Separation  of  Ni  from  the  sample  matrices  was 
achieved using a newly developed three-stage ion ex-
change  chemistry,  employing  both  anion  and  cation 
resins, as well as mixtures of acetone-HCl and acetic 
acid-HCl. Mass-dependent Ni measurements were per-
formed using the Nu Plasma II MC-ICP-MS at Indiana 
University in Bloomington.  This  method results  in  a 
long-term  external  reproducibility  of  δ60Ni/58Ni 
≈0.05‰.  To  account  for  any possible  non-terrestrial 
isotopic compositions in Ni (nucleosynthetic anomalies 
present in the CAIs), uncertainties for each sample in-
clude  propagation  of  the entire  range of  Ni  isotopic 
compositions reported by previous workers [5-6] (e.g., 
a  62Ni  anomaly  of  ±3ε  corresponds  to  an  error  of 
±0.15‰ for  δ60Ni/58Ni).  Full  isotopic  analysis  neces-
sary for the correction of each sample will be obtained 
using the Neptune Plus MC-ICP-MS at the University 
of Münster. 

Results and Discussion: Relative to the reference 
standard  SRM-986  (δ60Ni/58Ni  ≡  0),  terrestrial  rock 
standards  are  in  agreement  with  previously  reported 
values  [10-11].  Furthermore,  ‘CAI 164  nochem’ and 
‘CAI 165 nochem’ show isotopic compositions indis-
tinguishable  from  their  respective  processed  sample 
solutions, demonstrating that the influence of the previ-
ous chemistries on the samples had no discernable ef-
fect  on  mass-dependent  Ni  isotope  compositions. 
Therefore, we take the measured values of the remain-
ing CAIs that had previously been processed for other 
elements to reflect the pre-chemistry compositions. 

Mass-dependent fractionations of the 13 analyzed 
bulk  CAI  samples  range  from δ60Ni/58Ni  =  -0.10  to 
4.32.  Interestingly,  δ60Ni/58Ni  values  of  fine-grained 
CAIs are rather limited, whereas coarse-grained CAIs 
that likely underwent melting and further thermal pro-
cessing show a significantly broader range of fractiona-
tions (Fig.  1).  As CAIs are  nebular  condensates,  the 
most likely causes for the observed isotopic fractiona-
tion are kinetically controlled volatility processes (i.e., 
condensation  and  evaporation).  The  majority  of  the 
analyzed CAIs (mostly fine-grained) display δ60Ni/58Ni 
≈ 0. As fine-grained CAIs are thought to have experi-
enced less post-processing, this signature likely repres-
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ents primary condensation [12-13]. The coarse-grained 
type  A CAIs  165  and  168,  instead,  are  isotopically 
heavy (i.e.,  δ60Ni/58Ni > 0),  indicating these  samples 
could have lost a significant portion of their Ni content 
during high temperature processes in the solar nebula. 
Using a Rayleigh distillation model, the evaporative Ni 
loss for the individual CAIs can be calculated (Fig. 1, 
upper x-axis). From this, CAIs 165 and 168 have lost 
≈10% of their primordial Ni, in agreement with previ-
ous observations for Fe in the same samples [8]. The 
Egg-2 (also coarse-grained)  separates  appear  to have 
lost  ~20% or more of the original Ni during nebular 
processes, also in reasonable agreement with what has 
been seen for Fe in these samples.

Figure 1: Mass-dependent fractionations (δ60Ni/58Ni) of ter-
restrial standards and various CAIs and their componets.

As expected,  mass-dependent fractionations in Ni 
scale with Fe isotope values previously measured for 
the same set of samples [8], suggesting they were af-
fected by the same kinetic process or may even reside 
in the same carrier phase. Some of the samples, how-
ever, deviate from this trend as seen in Fig. 2; specific-
ally  the  differences  in  mass-dependent  fractionations 
between the three magnetically separated Egg-2 frac-
tions  are  noticeably smaller  for  Ni  compared  to  Fe. 
Considering that both elements have very similar nebu-
lar condensation temperatures (Ni: TC,50 = 1353 K and 
Fe: TC,50 = 1334 K [14]), this discrepancy is likely not 
associated with nebular processes, but instead may be a 
consequence of both elements not being hosted in the 

same phase or Fe being more susceptible to redox pro-
cesses compared to Ni [8, 15].

Figure 2: Mass-dependent isotope fractionation of Fe vs. Ni 
of identical samples.

Conclusions and outlook:  CAIs show significant 
and variable mass-dependent fractionation in Ni isotop-
ic compositions. This fractionation appears to generally 
to be correlated with that observed in the exact same 
samples for Fe, although the correlation is not perfect, 
suggesting either secondary processes have affected the 
Fe and Ni differently, or original degrees of fractiona-
tion in specific samples may have differed. Nucleosyn-
thetic Ni isotopic data for the same set of samples and 
further  CAIs  will  be  presented  at  the  conference,  to 
fully correct the mass-dependent Ni data and to show 
whether  CAIs  are  homogeneous  or  heterogeneous  in 
terms  of  their  nucleosynthetic  Ni  isotopic  composi-
tions. 
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