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Introduction: Ca,Al-rich  inclusions  (CAI)  found 
in chondritic  meteorites  are  thought  to  represent  the 
first  solids formed in the cooling solar nebula [1-3]. 
Consequently,  they are commonly used to define the 
initial isotopic composition of the solar system. This 
composition then forms the basis for calculating ages 
obtained  from  short-lived  chronometers.  However, 
CAI also exhibit isotopic anomalies of nucleosynthetic 
origin (e.g.  [4] and references therein).  These anom-
alies are important for identifying stellar sources that 
contributed material to the solar system and for tracing 
solar nebula heterogeneities. However, nucleosynthetic 
isotope anomalies in CAI, if unaccounted, may also re-
sult in spurious age determinations. 

Here we present Mo and W isotopic compositions 
of five Allende CAI. These data are used to evaluate 
the  isotopic  heterogeneity  of  the  solar  nebula  at  the 
time the first solids formed, and their potential impli-
cations for Hf-W dating are discussed.

Samples and methods: All CAI are from Allende 
and have  been separated during  our Hf–W study on 
CAI [5].  CAI A-ZH-1 to -4 are typical  type B CAI. 
The petrographic type of A-ZH-5 is not yet known but 
this CAI is somewhat more fine-grained than the type 
B CAI and exhibits strong (pre-asteriodal?) alteration 
features  including  formation  of  secondary  minerals 
and cavities (Fig.1). The W isotopic data of these CAI 
have  been  reported  in  an  earlier  Hf-W  study  [5]. 
Molybdenum cuts  collected  during  the Hf–W chem-
istry  were  further  purified  using  ion exchange  chro-
matography. The Mo isotopic measurements were per-
formed using the Nu1700 MC-ICP-MS at ETH Zürich. 
Instrumental mass bias was corrected by internal nor-
malization to  98Mo/96Mo = 1.453171 using the expo-
nential law (details are given in [9]). 

Fig. 1. Optical image of type B CAI A-ZH-3 and BSE image of a fragment of  

the altered CAI A-ZH-5.

Results: The Mo and W isotopic results for CAI 
are shown in Figs. 2 and 3 in ε-units (deviation in parts 
per 10,000 from the terrestrial  standard value).  Error 

bars either represent the external reproducibility (2SD) 
determined  from repeated  standard  measurements  or 
two sided  student’s t distributions (σt0.95,n-1/√n).

Molybdenum: All investigated CAI exhibit Mo iso-
topic compositions different from the terrestrial value. 
CAI A-ZH-5 shows anomalies of up to 22 ε-units and 
a w-shaped pattern characteristic for a deficit in s-pro-
cess  Mo isotopes relative to terrestrial  Mo (Fig.  2a). 
All other CAI exhibit smaller anomalies and a pattern 
indicative of an excess in r-process isotopes relative to 
terrestrial Mo (w-pattern with an additional character-
istic kink in ε94Mo).

Fig. 2. (a) Mo isotope anomalies expressed in parts per 10,000 deviation from 
terrestrial Mo yield characteristic s-deficit (A-ZH-5) and r-excess (other CAI) 
patterns.  (b)  A-ZH-5 plots  on s-deficit  line  defined  by SiC, acid  leachates 
from carbonaceous chondrites  and bulk meteorites  [9];  normal type B CAI 
plot on a r-excess line.

A plot of ε94Mo vs. ε92Mo (Fig. 2b) reveals that A-
ZH-5 plots on a mixing line between terrestrial and s-
process Mo [6,7]. Mo isotopic data for acid leachates 
from Murchison [8] also plot on this mixing line, as do 
isotopic  anomalies  measured  in  iron  meteorites  and 
bulk chondrites [9]. In contrast, type B CAI plot to the 
right  of  the  s-process  mixing  line  and  are  best  ex-
plained by addition of an r-process component [6] to 
the terrestrial Mo isotopic composition.

9102.pdfFormation of the First Solids in the Solar System (2011)



Fig. 3. (a) W isotopic composition of CAI for  186W/183W internal normaliza-
tion. All samples have 182W deficits, but only A-ZH-5 exhibit clearly resolved 
anomalies  in  non-radiogenic  W  isotopes.  (b)  decay-corrected  ε182W*  and 
ε184W anomalies are negatively correlated, as expected from s-process calcula-
tions [6];  note,  that  the  182W-184W correlation  suggests  initial  ε182W of CAI 
may be more negative than the currently accepted value of  ε182W = -3.28. 

Tungsten: All the investigated CAI exhibit anomalies in 
radiogenic  182W that  result  from the decay  of  now extinct 
182Hf.  Clearly  resolvable  anomalies  in  the  non-radiogenic 
isotopes of W (183W, 184W, 186W) are only present in A-ZH-5 
(Fig. 3a). The other CAI also seem to have small W nucle-
osynthetic  anomalies  but  the  error  bar  on  their  ε184W  is 
slightly overlapping with the terrestrial  value, so that these 
anomalies are not clearly resolved. However, corrections of 
the 182W data for 182Hf decay yields age corrected ε182W* val-
ues of the CAI, which correlate with their ε184W values as ex-
pected from the stellar  model of s-process nucleosynthesis 
[6] (Fig. 3b). This correlation highlights the potential pres-
ence of small  nucleosynthetic  W isotopic  anomalies  in  all 
CAI investigated so far. 

Discussion: From the Mo isotopic data it is evident that 
at least two groups of CAI that formed from different mix-
tures of nucleosynthetic components are present in Allende. 
One of these groups of CAI is characterized by an enrich-
ment in r-process Mo, while the other has a deficit in s-pro-
cess Mo isotopes. The presence of these anomalies suggests 
that either the CAI formed from too little material to sample 
the  composition  of  the  average  solar  nebula  or  that  they 
formed in an area whose isotopic composition was modified 
by freshly injected material.  The signature preserved in A-
ZH-5 might be accounted for by the first of these scenarios. 

Unlike the other CAI, A-ZH-5 shows the same deficit in s-
process Mo isotopes as characteristic for bulk planetary ob-
jects. Thus, A-ZH-5 may have formed from the same reser-
voir as the bulk meteorites and planets. In contrast, the r-pro-
cess enriched composition of the other CAI is distinct from 
the composition of bulk meteorites and planets characterized 
by  an  s-process  deficit.  Thus,  these  other  CAI  probably 
formed from a different  reservoir,  which possibly was en-
riched in r-process material  by injection of freshly synthe-
sized material from a nearby supernova.

The Mo isotopic anomalies correlate with those in W as 
expected from nucleosynthetic theory; the W anomalies are 
about a factor of 13 smaller than the Mo anomalies (Fig. 4). 
This observation might be important for understanding why 
nucleosynthetic  isotope  anomalies  in  bulk  meteorites  are 
present in Mo [9], but not in W.

Fig. 4. Mo and W isotopic anomalies correlate with each other as expected 
from theoretical predictions for an s-process deficit/r-process excess relative 
to the terrestrial composition. Gray area represents the s-deficit/r-excess field 
obtained for varying the curvature parameter in the mixing equation according 
to the Mo/W ratios of CAI and carbonaceous chondrites. 

Fig.  4  further  reveals  that  nucleosynthetic  W isotopic 
anomalies seem to be present in all CAI investigated so far. 
However,  currently  available  Hf-W  data  are  not  precise 
enough to clearly resolve these anomalies. If all CAI have 
nucleosynthetic W isotope anomalies, then the initial  ε182W 
at the time of CAI formation would be lower than the cur-
rently used value. A correction using the 182W-184W correla-
tion shown in Fig. 3 suggests that the initial  ε182W might be 
~0.2 ε  lower than the  currently  used value of  -3.28±0.12. 
Note that the initial  182Hf/180Hf of the solar system as given 
by the CAI isochron is not affected by this correction. 
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