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Especially after the fall of Allende, Ca-Al-rich inclusions (CAI's) have 
become objects of intensive studies. Abundant refractory minerals within 
these inclusions suggest that they probably formed at high temperatures 
during the early history of our solar system [ I ] .  Until recently, many 
authors (e. g. , Dodd [2 1 ) believed that carbonaceous and ordinary chondrites 
and their constituents had different origins; however, Scott et al. [31 argued 
that carbonaceous and ordinary chondrites share common origins and that 
CAI's and chondrules formed by related processes very early in the solar 
nebula. Ca-Al-rich objects, although abundant. in carbonaceous chondrites , 
have only been observed in a few type 3 and 4 ordinary chondrites [4-81. 
However, here we demonstrate that all type 3 ordinary chondrites we studied 
contain objects that are very similarTn bulk and mineral compositions to CAI's 
in Allende [9,10]. We conclude that the occurrence of Ca-Al-rich objects in 
both carbonaceous and ordinary chondrites provides additional evidence for 
their related origins and that such objects are much more widespread in 
ordinary chondrites than was previously thought [ I l l .  Careful study will 
probably reveal their presence in most, if not all, type 3 ordinary 
chondrites. 

Bulk (Table 1 ,  Fig. 1,2) and mineral (Table 2 )  compositions of 27  
Ca-Al-rich objects in 11 polished thin sections of 8 type 3 ordinary 
chondrites , Bremervorde , Dhajala, Ngawi , Pinancaldoli, Quinyambie , Sharps, 
Tieschitz , and Willaroy , one H4 ordinary chondrite , ALHA78084, and two 
gas-rich chondrite regolith breccias containing unequilibrated material, 
Dimmitt and Weston, were determined with an ARL-EMX-SM electron 
microprobe. Bulk and mineral analyses were corrected by standard 
procedures [12]. Ca-Al-rich objects can be divided into Ca-Al-rich chondrules 
and Ca-Al-rich inclusions. Ca-Al-rich chondrules ( 2 1  observed) are 
well-defined, round objects, varying from 0.1-0.8 mm in apparent diameter 
and clearly crystallized from molten droplets (just like the common Mg-Fe-rich 
chondrules). These Ca-Al-rich objects are therefore justifiably called 
chondrules. They commonly consist of elongated, partly skeletal crystals, 
mainly of Al-Ti-rich pyroxene (fassaite), as well as olivine, embedded in a 
fine-grained, microcrystalline to glassy matrix. Euhedral spinels are also 
present in some, as well as accessory high- and low-Ca pyroxene and 
nepheline. They are generally devoid of metallic Fe,Ni; only two were found 
to contain one Fe,Ni grain each. Ca-Al-rich inclusions (6  observed) are 
irregularly-shaped and roughly 100-250 pm in apparent diameter. They are 
usually layered in appearance and fine-grained. Their onion-shell-like rims 
consist of fassaite and/ or Ca-rich pyroxene ; constituent minerals ( 5 10pm in 
size) include spinel, hibonite , fassaite , Ca-rich pyroxene and minor olivine. 
The fine-grained mesostasis is generally high in Na20 (5.0-16.1 wt. %). 

Bulk com~ositions of Ca-Al-rich chondrules and inclusions in ordinarv 
chondrites ar6 similar to like objects in CV chondrites such as Allende [9,10j 
(Table 1 ,  Fig. 1.). Ca-Al-rich chondrules plot close, but certainly not on 
the cosmic CaIAl line of 1 .10  1131, whereas Ca-Al-rich inclusions tend to 
decrease in CaO with increasing A1203, similar to what was previously 
reported for such objects from carbonaceous chondrites [9,14]. Si02 is 
slightly higher in most Ca-Al-rich objects from ordinary chondrites than for 
CAI's from carbonaceous chondrites. Furthermore, we note the high Na20 
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content of Ca-Al-rich chondrules (0.34-7.4, avg. 2 . 4  wt. 8) and, particularly, 
of the Ca-Al-rich inclusions (1.8-7.6, avg. 5 . 3  wt .%) as is also observed for 
the coarse- rained CAI's in Allende (3.8 - 4.8, avg. 4.3 wt .%). 

*mperature minerals in Ca-Al-rich objects clearly crystallized 
from a melt. In an equilibrium condensation scheme oxides and silicates of 
Ca, A1 and Ti should dominate at temperatures above about 1500 K ,  and those 
condensates should be free of Na and K above about 1000 K [ 1 5 ] .  Since 
Ca-Al-rich objects are also rich in Na and K ,  and clearly crystallized from a 
melt, they can not be simple, direct equilibrium condensates. Since there are 
no concentration gradients from edge to core, we rule out that Na and K 
entered these objects by diffusion after condensation and solidification. We 
suggest that they formed by total melting and subsequent crystallization of 
heterogeneous, submillimeter-to millimeter-sized dustballs consisting of both 
high-temperature, Ca-Al-rich and lower temperature, Na-K-rich components. 
Alternatively, they may have formed by diffusion of Na and K into still liquid 
drops of high-temperature condensates, an origin we do not favor because i t  
would require rather contrived processes and physical settings. Ca-Al-rich 
objects are much more widespread in ordinary chondrites than was previously 
thought. Their occurrence in all the type 3 ordinary chondrites that we 
studied provides additional evidence for the suggestion that CAI's and common 
chondrules in carbonaceous and ordinary chondrites are primitive objects that 
formed by related processes. 
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Table 

red 
rho 
M O  
C8O 
Y. 0 
I: i 
1L.l 

I: %me cYpic~l8bulk coopositions (in ut.2) 
objects in nrdinary chondrlcea. 

I 2 3 1 5 
41.4 42.9 49.3 50.6 31.3 
1.09 0 3  0.77 0.63 0.52 

22.2 13.0 9 .  17.7 39.R 
0.13 0.13 0.17 0.47 0.12 
4.7 4.9 2.7 9.2 9.0 

d0.02 n.. n.. 0.19 n.8 
1.6 25.4 12.! 7.4 5.7 
19.6 12.3 12.9 8.0 5.4 
0.49 0.46 I .  4.6 7.5 
0.04 0.11 0 .  0.16 0.10 
98.25 99.73 99.71 98.95 99.4A 

Objects 1-4: chondrules; objects 5-7: irregularly-shaped 
inclusions: I - Diaicc: 2.5. and 6 - Sharps: 3 - Brcmcrvorde: I 
AUU78084; 7 - Ytston: n.8.: not analyzed. 

Table 2: Selected analyses (in vt .2)  of minerals in Ca.Al-rich 
chondrules and Lnclusions. 

Spinel Hfbnnlce Fasslite 
I 2 3 1 1 3 

Sio n.a n.8 n.a n.a 40.8-43.5 47.9-49.6 
~10' 0.11 0.07 0.19 1.8 1.0-2.5 3.1- 3.6 

66.8 55.1 6L.O 87.4 16.9-24.2 9.6-11.9 ::'!: 0.25 11.7 0.42 - 0.1-0.2 0.2-0.3 
red 11.9 16.1 19.1 0.9 0.1-0.9 0.2-0.3 
nno 0.15 0.29 n.8 n.a n... n.8. 
rye 17.3 14.3 13.7 0.9 10.4-12.0 14.2-15.6 
C.0 0.05 0.36 0.26 8.1 23.4-25.2 22.8-23.6 

0.05 0.16 0 . 7  0.1 ~0.06 c0.06 
n.a n.a n.a n.8 L0.13 n.8 
99.64 98.08 97.84 99.5 (98.0 - 102.0) 

n.8. - not analyzed: I - O i ~ i t t :  2 - ALHA78084: 3 - Ueston: 4 - 
sharps 

Fig.  1 F i g .  2 
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