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The first detailed petrographic and mineralogical study of a Ca, Al-rich inclusion (CAI) from the Kaba CV3 
chondrite is reported. This "fine-grained" CAI contains abundant  small, rounded, rimmed, spinel-rich objects which 
have important features in common with the spinel-rich objects in other carbonaceous and ordinary chondrites. These 
nodules are interpreted as fractionated distillation residues of primitive dust. However, the available data do not 
unambiguously rule out a condensation origin for at least some of these objects. Finally, the preservation of distinct 
diopside-hedenbergite rims on the spinel-rich bodies and the small grain size of many minerals in the CAI matrix 
material both suggest that the CA1 accreted cool and had a relatively cool thermal history in the Kaba parent body. 

1. Introduction 

The Kaba CV3 chondrite fell near the village of 
Kaba, Hungary, on the evening of April 15, 1857 
[1]. It was described by Ti3r6k (1858), who noted 
the occurrence of "white spots" 10-15 mm long 
on the Stone's surface [1]. These "spots" (which 
are illustrated in the figures accompanying T6r6k's 
paper) were later studied by Sztrokay et al. [2, and 
references therein] who reported that they con- 
tained Mg-AI spinel and enstatite. This was the 
first report of spinel in meteorites. We believe that 
T6rOk's observations in 1858, more than a century 
before the modern descriptions of Ca, Al-rich in- 
clusions (CAI's) in the Allende, Lanc6, and 
Vigarano CV3 chondrites [3-5], may be the first 
report of CAI's in meteorites. 

However, no further studies of CAI's in Kaba 
have appeared since Sztrokay's petrographic study. 
The only relevant work of which we are aware is 
an estimate of CAI modal abundances in Kaba [6] 
and a compilation of some CAI bulk compositions 
[7]. The difficulty of obtaining samples of Kaba 
(the main mass of which is in a church college in 
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Debreczen, Hungary) is undoubtedly at least par- 
tially responsible for the lack of studies of CAI's 
in this meteorite. Fortunately, while studying CV3 
meteorite matrix, J.A. Peck observed a relatively 
large "fine-grained" CAI in a Kaba polished sec- 
tion in J.A. Wood's collection. We have been able 
to study this CAI and in this paper we present the 
results of our work, which is the first detailed 
mineralogical study of a CAI in Kaba. 

2. Observational methods 

The polished section containing the spinel-rich 
CAI was studied by scanning electron microscopy 
(SEM) and by electron probe microanalysis 
(EPMA). Mineral analyses were performed at the 
Department of Geological Sciences, Harvard Uni- 
versity, using an automated Cameca MBX EPMA 
operated at 15 kV and approximately 15 nA, with 
ota-line Bence-Albee data reduction. Natural and 
synthetic minerals were used as standards. 
Vanadium analyses were empirically corrected for 
the T i (K/ f l )  interference as described by Kornacki 
and Wood [8]. Back-scattered electron imaging 
(BSE) and energy dispersive spectroscopy (EDS) 
were used concurrently to select and identify 
mineral grains for analysis. The inclusion was pho- 



298 

tographed in reflected light and studied in detail 
by secondary electron imaging on an AMR Model 
1000 SEM. 

3. Petrographic description 

The entire CAI is approximately 3.6 x 4.7 mm 
and is irregularly shaped. Some small sections are 
separate from the main body of the inclusion but 
may be connected to it in the third dimension. 
Completely mantling the outside of the entire in- 
clusion is a clastic rim sequence like those de- 
scribed by MacPherson and Grossman [9] sur- 
rounding "fluffy" Type A inclusions in Allende. 
The rim consists of at least two different layers; a 
fine-grained inner layer surrounded by a coarse- 
grained layer. The Kaba CAI appears similar to 
TS12F5, which is an Allende CAI intermediate 
between "fluffy" Type A's and "fine-grained" 
CAI's [9], Fig. 1 is a BSE mosaic of the Kaba CAI 

and Fegley et al. [10] show a reflected light pho- 
tomicrograph. 

Fig. 1 shows that the CAI is composed of 
several constituents which are mineralogically and 
texturally distinct from each other. They are het- 
erogeneously distributed in the inclusion, and have 
different shapes, sizes, and chemical compositions. 
Spinel-rich objects occur singly or in groups (Fig. 
1). They are Al-rich, with prominent core-and-rim 
structures (Figl 2A), and may be rounded, elon- 
gated along one axis (football or egg-shaped), or 
irregularly shaped ("wormy") (Fig. 2B). A few 
have large cracks (0.5 1.0 × the object's apparent 
diameter) running through them (Fig. 2C), and 
others have sections (=  1 /3  × the total cir- 
cumference) of their rim removed (Fig, 2D). Their 
apparent diameters are in the range 50-200 t~m, 
and the apparent sizes (longest dimension) of the 
"wormy" objects are similar. 

Typically these objects have MgA1204-spinel 

1.0 111111 
! i 

Fig. 1. Back-scattered electron mosaic of the Kaba CAl. Spinel-rich concentric objects (CO), hedenbergite (Hd) ,  diopside (Dp), 
anorthite (An), melilite (Me/), and "wormy"  spinels (Sp) are heterogeneously distributed throughout the CAl. A section of the 
clastic rim is also labelled. 
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Fig. 2. SEM micrographs of individual spinel-rich concentric objects. A, B, and D are back-scattered electron images; C is a secondary 
electron image. A. CO1 contains spinel (Sp), Ti-AI pyroxene (Tpx), and perovskite (Pv) in its core. Porosity is = 6% of core volume. 
A complex Ti-AI pyroxene, anorthite, diopside, hedenbergite rim surrounds the core. B. CO12 has a core with minor perovskite and 
--- 7% porosity. C. CO3 is fractured and has part of its rim missing. D. CO13 has spinel, Ti-AI pyroxene, minor perovskite and = 6% 
porosity in its core. Part of the rim is also missing. 

cores  wi th  va r i ab le  a m o u n t s  of  T i - A l - p y r o x e n e ,  

t race  pe rovsk i t e  or  i lmen i t e  (gra in  size ~< 8 ~m) ,  
and  po ros i t y  (po re  size ~ 1 - 2 0  /~m). H o w e v e r ,  

o n e  has  a Ca,  Si - r ich  co re  wi th  a spinel  r im  and  

a n o t h e r  has  a sp inel  co re  a p p a r e n t l y  ins ide  a hol -  

l ow  shell  (Fig.  3A, B). T h e  " g r a i n "  size and  tex ture  

o f  the  spinel  and  T i - A l - p y r o x e n e  i n t e r g r o w t h  var ies  

f r o m  ob jec t  to object .  In  some,  the two  mine ra l s  

a re  i n t e r g r o w n  on  a scale of  a few mic rons ;  in 
o the r s  the mine ra l s  a re  segrega ted  on  a scale of  

tens  o f  mic rons .  I l m e n i t e  a p p a r e n t l y  occurs  p re fe r -  

en t i a l ly  in the T i - A l - p y r o x e n e s ;  b o t h  pe rovsk i t e  
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Fig. 3. A-C are SEM micrographs of individual spinel-rich concentric objects. B is a secondary electron image, A, C, D are 
back-scattered electron images. Abbreviations as in Figs. 1 and 2. A. CO14 has a Ca. Si-rich core rimmed by spinel. B. COl0 contains 
spinel rimmed by a HAP-type phase, diopside and olivine (OI). (C) CO2 showing the surrounding matrix material. Melilite occurs 
along one section of the rim. D. Melilite grain MEE1 displays a complex structure with extensive alteration to diopside, anorthite, and 
hedenbergite. 

a n d  i lmeni te  are  p resen t  in a m o u n t s  < 1% by 

vo lume .  Po in t  c o u n t i n g  and  the  l ine in te rcep t  

m e t h o d  [11] ind ica te  that  the po ros i ty  also occurs  

p re fe ren t i a l ly  in the  T i -A l -py roxenes .  Th is  po ros -  

ity m a y  have  several  d i f fe ren t  or igins .  Pores  tha t  

a re  a s soc ia ted  wi th  cracks  o r  tha t  t runca te  crysta ls  

in an  i r regula r  fash ion  m a y  be  po l i sh ing  ar t i fac ts  

(e.g., see M a c P h e r s o n  et al. [12]). H o w e v e r ,  m a n y  

pores  do  no t  have  these character is t ics ,  are  
rounded ,  and  are  cons ide red  to be  p r imary .  U n -  

iden t i f i ed  Na ,  K,  C1, S-rich phase(s)  were  found  in 

s o m e  pores  by  E D S  and  are  p r o b a b l y  a l t e ra t ion  



TABLE 1 

Rimmed, spinel-rich objects: petrography and chemistry 
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CO1 CO2 CO3 CO8 CO10 COl l  CO12 CO13 CO14 

Apparent 

diameter ( ~ m) 117 125 100 125 40 × 45 70 138 × 94 

Apparent core 

diameter (p,m) 83 88 88 100 13 × 23 53 100 × 62 

Rim 

thickness (p.m) 17 13-18 6 13 13×15 9 13×19 

Core a 82% sp 66% sp 70% sp 51% sp sp, minor 94% sp 100% sp 
mineralogy 18% pyx 34% pyx 30% pyx 49% pyx Ti-pex, 6% pyx (3 t inypv 

(18-# m pv grain) surrounded grains) 
by HAP 

Core b 

CaO/AI203 (wt.%) 0.08 0.16 - 0.24 - 0.03 0.01 

106 100 × 125 

80 81 x 88 

13 11 

78% sp an, hd, 
22% pyx sp, Ti-pyx 

0.10 

Determined using rastered beam EPMA, assuming only spinel (sp) and Ti-pyroxene (pyx) to be present in the core. Independently 
estimates of the spinel and pyroxene modal abundances made by point counting agree within 10% in the worst cases (CO1 and COl l )  
and within 2% in the best cases (CO8 and CO9). pv = perovskite. 
b The solar CaO/AI203 ratio is 0.79. 

products. Secondary electron imaging shows 
material inside some pores, but the crystalline 
forms cannot be identified. Pt-metal nuggets were 
only rarely observed; trace sulfides (possibly in- 
cluding MoS2) were also seen in one concentric 
object. Neither hibonite nor CaAI40  v were ob- 
served; however, hibonite was observed in another 
Kaba  sample (G.J. MacPherson, personal com- 
munication). 

The complex rim sequence (thickness 10-20 
t~m) surrounding the cores of the spinel-rich ob- 
jects is similar to the Wark-Lovering rims on A1- 
lende CAI 's  [13]. Several "bands" ,  each only a few 
microns thick, make up the rim sequence. From 
inside to outside the rim sequence consists of 
Ti-Al-pyroxene, anorthite, diopside, and heden- 
bergite. The composition of the diopside layer 
(which is typically the thickest rim) grades from 
more aluminous to less aluminous progressing out- 
ward. Both the anorthite and hedenbergite rims 
may be discontinuous; one or both are absent 
from the rim sequences on some spinel-rich bod- 
ies. Magnetite and fayalitic olivine were rarely 
observed adhering to the outside of the rim layers; 
however, these may be bits of inclusion matrix [8] 
and not true rim layers. It is an oversimplification 
to describe the rim layers as monomineralic. There 
is often mixing between the anorthite and diopside 

layers, especially in bulges on some spinel-rich 
objects, (e.g. Fig. 2A). Finally, unidentified Mg- 
AI-Si-rich phases with 1-3 wt.% N a 2 0  and 0.2-0.7 
wt.% K 2 0  are also present in dark areas (in BSE 
imaging) and pores near the inner edges of some 
rim sequences. These phases possibly are analo- 
gous to the high-aluminum and low-aluminum 
phyllosilicates (HAP and LAP) reported by Cohen 
et al. [14] to occur in cracks and pores of rims and 
inclusion matrix in Mokoia. Table 1 summarizes 
some of the major features of spinel-rich objects 
and also helps to give some indication of the 
observed variability of their mineralogical and 
morphological features. 

Melilite grains occur in different,areas of the 
CAI; there is no apparent relationship between the 
grains and surrounding matrix. The melilite grains 
are apparently extensively altered to anorthite, 
diopside, and hedenbergite (Fig. 3D). Spinel, which 
is more FeO-rich than in the cores of the spinel-rich 
objects, is also present in one large melilite grain 
(MEL1). This grain is rimmed by an irregular and 
discontinuous rim of spinel (20-40 /~m thick), a 
continuous rim of diopside ( -- 5/~m thick), and an 
outer discontinuous layer of hedenbergite. Cavities 
in the grain are also rimmed by hedenbergite, 
diopside and anorthite; some cavities are filled 
with hedenbergite but there is no spinel around 
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cavities. The interior of the grain is a mixture of 
anorthite and melilite. EPMA profiles show some 
variations in melilite composition, but the (possi- 
bly) polycrystalline grain shows no systematic zon- 
ing. 

The spinel-rich objects and melilite grains are 
set in a porous matrix of fragments ranging in size 
from < 1 to 100 /*m. The predominant mineral 
phases comprising the matrix are anorthite, di- 
opside, hedenbergite, Fe-Ni sulfides and olivine. 
and they are heterogeneously distributed in the 
CAl. Hedenbergite veins and patches are promi- 
nent, anorthite-diopside assemblages are also com- 
monly observed. Some matrix fragments are at- 
tached to chemically similar rims on the spinel-rich 
objects (Fig. 3C). 

4. Mineral chemistry. 

The mineral compositions were generally con- 
stant within small ranges and representative 
analyses are listed in Table 2. Defocused beam 
microprobe analyses were also made on the cores 
of several spinel-rich objects and on matrix 
material. These analyses reflect the well defined 
segregation of refractory elements into Al-rich and 
Ca, Si-rich areas, i.e., into spinel-rich objects and 
matrix material. The defocused beam CaO/AI20~ 
ratios for the cores of the spinel-rich nodules are 
listed in Table 1. More extensive discussions of 
mineral chemistry are given below. 

4.1. Spinels 

Spinel occurs in the cores of rounded, rimmed 
bodies and in one melilite grain (MEL1). FeO in 
spinel ranges from < 0.04 to 0.93 wt.% with a 
mean value of 0.26 wt.%. There are subtle but 
possibly significant differences in the FeO con- 
tents of spinels in the spinel-rich objects and in the 
melilite grain (MEL1). The latter spinels contain 
= 0.9 wt.% FeO while the former contain less than 

0.6 wt.% FeO. 
Small amounts of VzO 3, Cr203, CaO, TiO z, and 

SiO 2 were found in all spinels. The mean contents 
(and observed ranges) are V20 > 0.36 wt.% 
(0.23 0.54 wt.%); Cr20 > 0.17 wt.% (0.09 0.25 
wt.%); CaO, 0.11 wt.% (0.02-0.32 wt.%); TiO 2, 
0.28 wt.% (0.05 0.45 wt.%); and SiO 2, 0.09 wt.% 
(0-0.24 wt.%). There is very little variability in the 

V20 ~ and Cr203 contents of spinels within a single 
spinel body or between different spinel objects 
(typically < 0.05 wt.%). However, there is slightly 
more variability (=  0.08 wt.%) in the FeO con- 
tents. There is no correlation between FeO and 
V20 ~ in the spinels but there is a weak positive 
correlation (correlation coefficient > 0.93) be- 
tween FeO and Cr203 for FeO concentrations 
> 0.2%. The most significant features of the spinel 
analyses are their low FeO contents, small variabil- 
ity in FeO and minor elements, and very similar 
minor element concentrations. 

4.2. Melilite 

Melilite occurs as separate grains and on one 
side of the core of one spinel-rich object (Fig. 3C). 
The grains are often found in association with 
anorthite, diopside, and hedenbergite. The meli- 
lites are relatively gehlenitic (Ak = 10-30) and have 
a mean composition of ,~kls. This composition is 
at the low-Ak end of the range of compositions in 
Type A inclusions and is similar to the composi- 
tions found in "fluffy" Type A CAI's [9]. Some 
melilites contain 0.1 0.3 wt.% FeO and trace 
amounts of Na20. They also typically contain 
< 0.05 wt.% each V20 > Nb205 and Y203, < 0.08 
wt.% ZrO 2, and < 0.12 wt.% each Ce203, BaO, 
and SrO. However one grain contains 0.15 wt.% 

Ce203. 

4. 3. Mg-rich clinopyroxenes 

Mg-rich clinopyroxenes are abundant in this 
inclusion and occur in several different mineral 
associations. They occur intergrown with spinel in 
the cores of spinel-bearing objects, in the Wark- 
Lovering type rims around these bodies and in the 
porous matrix material. Following the classifica- 
tion used by Kornacki and Wood [8] we refer to 
Al-bearing clinopyroxenes which contain < 1 wt.% 
TiO 2 as Al-diopside and Al-bearing clinopyro- 
xenes which contain >/1 wt.% TiO 2 as Ti-A1 py- 
roxene. The mineral sequence (interior to exterior) 
in the Wark-Lovering type rims around the 
spinel-rich bodies is typically Ti-A1 pyroxene, 
anorthite, Al-diopside, and hedenbergite. The AI- 
diopsides analyzed have AI203 contents ranging 
from ~ 0.6 to 11.2 wt.%, and TiO 2 contents rang- 
ing from 0 to = 0.6 wt.%. (All Ti in all pyroxene 
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Mineral pv sp mel tpx(R) tpx(C) dp hed an ol wo andr 

SiO 2 0.76 0.1l 25.70 32.39 35.44 53.89 49.13 43.19 41.85 50.19 37.25 
TiO 2 55.78 0.13 0.00 12.69 10.59 0.52 0.00 0.15 0.00 0.03 0.07 
AI203 2.18 69.84 30.84 24.28 22.43 2.61 0.60 34.73 0.00 0.86 1.55 
V203 < 0.07 0.40 0.00 0.27 0.16 0.07 < 0.06 < 0.06 0.00 < 0.07 < 0.07 
Cr20 ~ n.a. 0.18 0.00 <0.06 < 0.05 < 0.05 < 0.05 0.00 0.23 0.00 < 0.06 
FeO 0.07 0.59 0.00 < 0.04 < 0.04 0.23 25.36 0.14 1.66 5.98 27.71 b 
MgO 0.84 28.48 2.41 6.75 7.92 19.06 2.18 1.47 55.36 5.23 1.02 
CaO 38.89 0.10 40.89 24.60 23.94 23.38 21.98 19.48 0.05 36.09 31.55 
Na20 n.a. n.a. 0.00 0.02 0.03 0.07 0.03 0.08 0.02 0.03 0.05 
MnO n.a. 0.00 n.a. < 0.03 0.00 0.00 0.51 < 0.03 n.a. 0.27 0.25 

Total 99.36 ~ ~ ~ ~ T~(573]- ~ ~T970 ~ e)~7 ~ 

Oxygens 3 4 7 6 6 6 6 8 4 3 12 

Si 0.017 0.002 1.173 1.187 1.294 1.936 1.993 2.016 0.996 0.980 3.099 
Ti 0.943 0.002 0.000 0.350 0,291 0.014 0.000 0.005 0.000 0.000 0.004 
A1 0.058 1.964 1.659 1.049 0.966 0.111 0.029 1.911 0.000 0.020 0.152 
V 0.008 0.000 0.010 0.006 0.002 - 0.000 - - 
Cr 0.003 0.000 - 0.000 0.004 0.000 
Fe 0.001 0.012 0.000 - 0.007 0.861 0.005 0.033 0.098 1.735 
Mg 0.028 1.013 0.164 0.369 0.431 1.020 0.132 0.102 1.965 0.152 0.126 
Ca 0.936 0.002 2.000 0.966 0.937 0.900 0.956 0.975 0.001 0.755 2.813 
Na - 0.000 0.002 0.002 0.005 0.003 0.007 0.001 0.001 0.008 
Mn - 0.000 - - 0.000 0.000 0.018 - 0.004 0.018 

Total 1.990 ~ 3-,00-6 ~ ~ 3.927 3 ~  ~ 5.021 3.000 2.010 7.955 

Key: an = anorthite, andr = andradite, dp = diopside, hed = hedenbergite, mel = melilite, ol = olivine, pv = perovskite, sp = spinel, 
tpx = Ti-AI pyroxene, wo = wollastonite; R, C = rim, core of a concentric object 
a Sums include < 0.05% HfO 2, Y203; < 0.10% BaO, SrO; 0.00% ZrO2; 0.31% Nb205, and 0.53% Ca203 (0.003 atom units Nb and 
0.004 atom units Ce). 
b All Fe as FezO 3 
n.a. = not analyzed. 

ana ly se s  is a s s u m e d  to be  TiO2; h o w e v e r  the  gen -  

e ra l ly  low c a t i o n  s u m s  of  3 .93-3 .96 ,  p a r t i c u l a r l y  

for  T i - r i ch  Ti-A1 p y r o x e n e s  sugges t  t ha t  s o m e  Ti is 

p r e s e n t  as Ti3+.) T w o  ana ly se s  a r o u n d  the  cir-  

c u m f e r e n c e  of  the  A l - d i o p s i d e  r im  on  o n e  sp ine l -  

r ich  ob jec t  s h o w  d i f f e r e n t  T iO  2 c o n t e n t s  (0, 0.52 

wt.%),  A120  3 c o n t e n t s  (0.66, 2.61 wt.%),  V20 3 con -  

t en t s  (0, 0.07 wt.%),  a n d  F e O  c o n t e n t s  (1.13, 0.23 

wt .%).  T h e  o b s e r v e d  v a r i a t i o n s  m a y  be  d u e  to 

e x t r e m e l y  f ine  i n t e r g r o w t h s  of  the  A l - d i o p s i d e  wi th  

a n o t h e r  m i n e r a l  o r  mine ra l s .  I n d e e d ,  the  BSE 

i m a g i n g  d o e s  s h o w  s o m e  i n t e r m i x i n g  o f  the  

a n o r t h i t e  a n d  d i o p s i d e  layers  (Fig.  2A).  H o w e v e r ,  

eve ry  e f fo r t  was  m a d e  to avo id  a n a l y z i n g  obv i -  

ous ly  h e t e r o g e n e o u s  p ieces  of  the  r im,  a n d  BSE 

i m a g i n g  was  c o n s i s t e n t l y  u sed  d u r i n g  ana lyses .  

Ti-A1 p y r o x e n e s  in the  cores  a n d  r ims  of  the  

sp ine l  n o d u l e s  were  a n a l y z e d  for  pos s ib l e  c o m p o s i -  

t iona l  t r e n d s  w h i c h  m a y  be  d i a g n o s t i c  of  the  m o d e s  

o f  o r ig in  of  the  p y r o x e n e s .  O n e  o b s e r v a t i o n  is tha t  

the  r ims  a r o u n d  the  " w o r m y "  sp ine l - r i ch  b o d i e s  

are  m a i n l y  A l - p o o r  d i o p s i d e  wi th  very  li t t le Ti-A1 

p y r o x e n e .  A n o t h e r  o b s e r v a t i o n  is t ha t  the  m e a n  

A 1 2 0  3 a n d  TiO 2 c o n c e n t r a t i o n s  ( a n d  o b s e r v e d  

r anges )  fo r  32 an a l y s e s  of  the  m o r e  r o u n d e d  

sp ine l - r i ch  o b j ec t s  are  A120  3 22.2 wt.% (9 .1 -30 .3  

wt .%)  a n d  T iO  2 9.8 wt.% (2.2 14.4 wt.%).  T h e r e  

are  no  s ta t i s t i ca l ly  s ign i f i can t  d i f f e r e n c e s  in the  

c o n c e n t r a t i o n s  o f  A I 2 0  3 a n d  T iO  2 b e t w e e n  the  

Ti-A1 p y r o x e n e s  in the  co re s  a n d  r ims  o f  the  sp ine l  

b o d i e s .  M e a n  c o n c e n t r a t i o n s  f r o m  22 an a l y s e s  of  

p y r o x e n e s  in 4 co re s  are  22.6 _+ 2.0 wt.% a n d  t0 .6  

+_ 2.2 wt.%, r e spec t ive ly  ( u n c e r t a i n t i e s  are  _+1o), 

t h o s e  f r o m  10 an a l y s e s  in 5 r ims  are  20.9 _+ 7.4 

wt.% a n d  7.2 _+ 3.2 wt.%, respec t ive ly .  T h e  m e a n  

A1203 a n d  T iO  2 c o n c e n t r a t i o n s  for  the  K a b a  Ti-A1 
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pyroxenes  fall within the upper  range observed in 
Al lende  Type  B1 pyroxenes  by Wark  and Lover ing 
[15], and are higher than observed in Al lende  
spinel-r ich C A I ' s  by  Kornacki  and W o o d  [8]. A 
separa te  but  related quest ion is whether  the Ti-A1 
pyroxenes  in the core and r im of a single spinel 
body  have s imilar  or different  composi t ions .  This 
is difficult  to answer unambiguous ly  because the 
in t imate  in tergrowth of spinels and  pyroxenes  (with 
pyroxenes  having sizes ~< 5 ~m)  in the cores of 
these objects,  the small  thicknesses of pyroxene  
rims ( =  1 -5  ~m),  and the different ial  pol ishing of 
spinels and  pyroxenes  make  it diff icult  to ob ta in  
good  analyses on any one object.  The da ta  for two 
different  spinel bodies  show similar  A120 3 and 
TiO 2 concent ra t ion  ranges in the core and r im of 
the first one and lower ranges in the rim than in 
the core of the second one. Final ly ,  we searched 
for possible  compos i t iona l  var ia t ions among py-  
roxenes in the core of a single spinel body  and 
among  pyroxenes  in the cores of different  spinel- 
rich objects.  Var ia t ions  of --- 8 wt.% TiO 2 and -~ 5 
wt.% A120 3 occur  within the core of a single 
spinel-r ich body.  These are not  related to the 
loca t ion  of  the pyroxene  inside the core. Compos i -  

t ional  var ia t ions of s imilar  magni tude  occur among  
pyroxenes  in the cores of different  spinel-r ich ob- 
jects.  

4.4 Other minerals 

Other  minerals  s tudied by E P M A  include 
hedenbergi te ,  anorthi te ,  olivine, wollastonite ,  and 
andradi te .  Hedenberg i te  is inhomogeneous ly  dis- 
t r ibuted throughout  the inclusion in veins and 
patches,  occurs as the outer  layer in the Wark -  
Lover ing type rims on spinel-r ich objects,  and 
a round  pores  in the large melil i te grain (MEL1) .  
One object  s tudied has hedenbergi te ,  anorthi te ,  
and  Ti-AI pyroxene  in the core (Fig. 3A). Seven- 
teen analyses of hedenbergi te  in these various as- 
semblages  showed no systematic  compos i t iona l  
var iat ions;  the observed ranges of compos i t ion  

were = Dp60Hd40 to Hdl00. The hedenberg i te  is 
heterogeneous  at about  the 5 /zm scale with the 
compos i t ions  scat ter ing within the above  limits. 
Anor th i t e  occurs in the r im sequence on spinel-r ich 
bodies ,  in the porous  matr ix  material ,  in the core 
of one spinel body  (Fig. 3A), and in the few 
meli l i te  grains in the inclusion. It is usual ly A n  > 99 

TABLE 3 

Analyses of Mg-A1-Si-rich phases in Kaba and Mokoia 

High-aluminous phase (HAP) 
[cations/14(O)] 

Low-aluminous phase (LAP) 
[cations/22(O)] 

Kaba" Mokoia b Kaba ~ Mokoia a 

Al 1.01 (0.28) 0.79 (0.21) 1.66 (0.00) 1.10 (0.12) 
Si 2.99 (0.28) 3.21 (0.21) 6.34 (0.00) 6.90 (0.12) 
Tetrahedral ,U.00 ~ U.00 8.00 

AI 2.08 (0.22) 1.77 (0.18) 0.60 (0.08) 0.24 (0.08) 
Ti 0.02 (0.02) 0.03 (0.03) - 0.02 (0.01) 
Fe 2.52 (0.29) 2.83 (0.20) 0.89 (0.30) 0.32 (0.02) 
Mg 0.39 (0.16) 0.28 (0.06) 4.44 (0.40) 5.42 (0.05) 
Octahedral ~ ~ ~ 6.00 

Ca 0.21 (0.09) 0.19 (0.05) 0.12 (0.02) 0.10 (0.05) 
Na 0.42 (0.14) 0.68 (0.14) 0.52 (0.27) 0.28 (0.06) 
K 0.05 (0.02) 0.10 (0.03) 0.24 (0.03) 0.31 (0.02) 
Interlayer ~ g  ~ 07gg 0S~ 

Total ~ gTgg ~ 14.69 

Average of 7 analyses; standard deviations in parentheses. 
b Cohen et al. [14] average of 4 analyses. 
c Average of 2 analyses. 
d Cohen et al. [14] average of 5 analyses. 
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but one has the composition An75Ab25 (Fig. 3A). 
Olivine in the porous matrix material ranges from 
Fa 5 to Fag0 with a tendency to be forsteritic, but 
not enough data were taken to determine a signifi- 
cant mean composition. Wollastonite and andra- 
dite, which are apparently trace phase, were also 
identified in the outer edge of the rim and in the 
core, respectively, of one spinel body. Finally, 
perovskite is a rare mineral found as tiny grains 
(typically < 5/zm) enclosed in spinel in the cores 
of the spinel-rich objects. Only one grain was large 
enough ( =  8/~m) to analyze; the analysis is given 
in Table 2. The high A1203 concentration of 2.18 
wt.% and the A1/Mg cation ratio of 2.1 suggest 
the possibility of some contamination by sur- 
rounding spinel; however, the cation sum of 1.990 
indicates good stoichiometry. Variable Ce con- 
centrations ranging from < 0.12 wt.% to 0.64 wt.% 
Ce203 were also observed in this perovskite grain. 

We found Mg, A1 silicates in cracks and pores 
near the inner edges of Wark-Lovering type rim 
sequences and in pores in the inclusion matrix that 
typical ly yielded low E P M A  s u m m a t i o n s  
(75-85%). The low summations might result from 
high sample porosity and the fact that the phases 
occur in cracks or from the presence of water in 
the compounds. Analyses indicate that there are at 
least two different phases, one having a higher AI 
content than the other, which appear to be analo- 
gous to the high- and low-aluminous phases de- 
scribed by Cohen et al. [14] in Mokoia, which also 
yielded EPMA summations near 80%. Table 3 
shows that the average compositions of the Mg-Si- 
Al-rich phases in Kaba  are very similar to that of 
the high- and low-aluminous phases from Mokoia, 
the major differences being fewer interlayer cat- 
ions and more A1 in the high-aluminous phase, 
and more A1 and Mg in the low-aluminous phase 
from Kaba. Unambiguous identification of the 
phases was not possible because the grains are too 
small ( <  10/~m) to be removed for X-ray diffrac- 
tion. Cohen et al. [14], however, concluded on the 
basis of crystal chemistry and X-ray diffraction 
studies of a single grain that the high-aluminous 
phase might be an Al-serpentine or very fine- 
grained mixture of minerals, and that the struc- 
tural formula of the low-aluminous phase is almost 
identical to the idealized formula of trioctahedral 
montmorillonite. 

5. Discussion 

5.1. Comparisons to Allende and Mokoia 

Several important features are common to 
rimmed, spinel-rich objects in Kaba, Allende, and 
Mokoia. Spinel-rich bodies in the Kaba  CAI have 
a variety of shapes but are commonly rounded. 
Allende [8,13,14,16-18] and Mokoia [14] spinel- 
bearing objects also have various shapes but many 
are rounded. " W o r m y "  spinel-rich objects occur 
in all three meteorites. Spinel-rich objects in all 
three meteorites also fall into the same (broad) size 
range = 10-500 ~tm (e.g., refer to figures in 
[8,9,13,14,16-18]. The prominent core and rim 
structure with spinel-rich cores and Ca, Si-rich 
rims is another common feature [8,13,14,17,18] but 
some spinel-rich nodules in Allende "f luffy" Type 
A inclusions contain melilite in their cores [9]. 
However, others such as the spinel-rich nodules 
found in the core of the Allende "f luffy" Type A 
inclusion TS12F5 [9] consist of spinel cores r immed 
by diopside and contain no melilite. The rim thick- 
nesses (~< 20 ~m) and the presence of several 
different mineralogical bands within the rim are 
other important similarities. To be sure, two ob- 
jects which are exceptions to the above (Fig. 3A, 
B) were observed. However, our basic conclusion 
is that important morphological similarities are 
common to the spinel-rich objects in this Kaba  
CAI and those in Allende [8,13,14,16-18] and 
Mokoia [14]. The matrix material in this CAI and 
in the Allende and Mokoia CAI 's  also have com- 
mon features [8,14,16]. They are Ca, Si-rich, con- 
tain the same minerals (diopside, melilite, heden- 
bergite, sulfides), and have similar morphologies 
and range of grain sizes. 

Mineralogical similarities also exist between the 
spinel-rich objects in the three meteorites. Pt-metal 
nuggets are rarely observed in these bodies in 
spinel-rich CAI 's  in Kaba, Allende [8], and Mokoia 
[14]. Ti-A1 pyroxene, diopside, anorthite, and 
hedenbergite may occur in the rims on the spinel 
bodies in all three meteorites. Also the clinopyrox- 
enes in the rims of the spinel bodies in all three 
meteorites grade from Ti-A1 pyroxenes to Al-di- 
opsides from interior to exterior. The minor ele- 
ment chemistry of spinels in Kaba  and Allende 
spinel-rich CAI 's  [8] are also similar in some re- 
spects; both have similar V203 and Cr203 mean 
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concentrations although Allende spinels contain 
more ZnO. Melilite is rarely observed in the 
spinel-rich objects in Kaba and Mokoia but it is 
more common in the spinel-rich nodules of some 
Allende "fluffy" Type A CAI's [9]. However, 
Kornacki and Wood [16] classify "fluffy" Type A 
CAI's differently than the spinel-rich CAI's where 
melilite is much less abundant. 

At the same time, subtle but possibly significant 
compositional differences tend to distinguish be- 
tween the spinel-rich objects in the three meteorites. 
Those in Kaba and Mokoia [14] contain FeO-poor 
spinel; those in Allende contain pleonaste spinel 
[8]. A feldspathoid rim occurs on objects in AI- 
lende; no such rim was observed on spinel-rich 
nodules in Mokoia [14] and Kaba. Instead a Mg-A1 
silicate rim is present on spinel-rich objects in 
these two meteorites. The Ti-A1 pyroxenes in AI- 
lende spinel-rich inclusions generally contain < 3 
wt.% TiO 2 and < 12 wt.% A1203 [8], while those 
in the Kaba CAI have mean concentrations of 9.8 
wt.% TiO 2 and 22.2 wt.% AI203. (Only one Ti-AI 
pyroxene analysis was reported for fine-grained 
CAI's in Mokoia [14]; it is closer to the mean 
compositions seen in Kaba.) 

5.2. Occurrence of spinel-rich objects in other 
chondrites 

We conclude that the rimmed, spinel-rich ob- 
jects in Kaba, Allende, and Mokoia share im- 
portant common features. This similarity also ex- 
tends to rimmed, spinel-cored objects in other 
chondrites. Cohen [19] found rimmed, spinel-cored 
objects in all twelve C2 and C3 chondrites studied 
by SEM and EPMA (Mighei, Murchison, Murray, 
Nagoya, Pollen, Ornans, ALHA 77306, Isna, 
Grosnaja, Kaba, Mokoia, and Vigarano). Spinel- 
bearing, concentrically rimmed objects were re- 
ported in "fine-grained" CAI's in Efremovka by 
Ulyanov [20]. Finally, Frost and Symes [5] de- 
scribed a rounded, spinel-perovskite-bearing 
"chondrule", which we interpret as a rimmed, 
spinel-rich object similar to those in Kaba, from 
Lanc6. 

Our brief review of these various rimmed, 
rounded, spinel-cored objects indicated that major 
morphological similarities (e.g., shape, size, core 
and rim structure, spinel cores, Ca, Si-rich rims, 
rim thicknesses) exist and suggests that the spinel- 

rich objects in CAI's in many carbonaceous and 
ordinary chondrites are similar to each other and 
to spinel-rich chondrules. Furthermore, there is an 
apparent continuum of rimmed, spinel-bearing ob- 
jects ranging from those with only spinel in the 
cores (e.g., Fig. 2B) to those with mixtures of 
spinel and pyroxene (Fig. 2A, C, D) to those with 
Ca, Si-rich cores, spinel rims, and Wark-Lovering 
type rims (Fig. 3A). What do these observations 
imply for the origin of these objects? 

5.3. Origin of spinel-bearing objects 

Cohen [21] first suggested that rimmed, rounded 
spinel-rich objects could form during the distilla- 
tion of primitive dust aggregates by partial melting 
and physical fractionation of Ca, Si-rich partial 
melts from residual spinel grains [22]. Cohen et al. 
[14], MacPherson et al. [12], and Kornacki and 
Wood [8] applied this model to the origin of 
spinel-rich inclusions in Mokoia, blue spinel- 
hibonite spherules in Murchison, and spinel-rich 
CAI's in Allende, respectively. We propose that 
this model (which is described in detail elsewhere 
[14,17]) is also applicable to the spinel-rich objects 
in Kaba. 

The range of properties observed in the rimmed, 
rounded, spinel-cored objects in Kaba are con- 
sistent with Cohen's model. More irregularly 
shaped objects have --100% spinel cores with 
almost no Ti-AI pyroxenes (Fig. 2B). More rounded 
and circular objects contain differing proportions 
of spinel and Ti-A1 pyroxene, but are always 
spinel-rich (Fig. 2A, C, 3A, C, D). They also 
contain --5-10% porosity in their cores (mainly 
in the Ti-AI pyroxenes). This amount of porosity 
may be consistent with the amount produced by 
shrinkage due to the crystallization of a Ca, Si- 
bearing melt. No AV data have been determined 
for fassaitic pyroxenes, however; the AV for crys- 
tallization of several Ca, Si-rich minerals is of the 
same order of magnitude: 9% for CaSiO3, 8% for 
Ca2MgSi20 > 20% for CaMgSi206, 3% for 
CaAI2Si20 s [23,24]. MacPherson et al. [12] used 
similar arguments to conclude that the amount of 
porosity in blue spinel-hibonite spherules in 
Murchison is also consistent with crystallization 
from a melt. The one spinel-rich object (Fig. 3A) 
with a Ca, Si-rich core surrounded by spinel and a 
rim sequence could have originated by spinel grains 
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adhering to the surface of a melt globule. 
The differences in the FeO content of the spinels 

in spinel-rich objects in Kaba, Allende, and 
Mokoia could represent differences in the redox 
state of regions in the nebula where these objects 
formed or could represent different amounts of 
alteration after formation (either in the nebula or 
in parent bodies), (cf. Kornacki and Wood [8]; 
Bischoff and Keil [25]). McSween [6] concluded 
that both Kaba and Mokoia were less meta- 
morphosed than Allende; he also found that FeO 
contents of "fine-grained" Kaba and Mokoia 
CAI's were lower than the FeO contents of "fine- 
grained" Allende CAI's [7]. Assuming that the 
hedenbergite in the Kaba CAI is due to nebular 
alteration, the presence of an abundant FeO- 
bearing phase surrounding FeO-poor, spinel-rich 
objects also indicates little metamorphic alteration 
of the CAI (or else the spinels would have higher 
FeO contents). In this view the higher FeO con- 
tents of the Allende spinel-rich objects is simply 
the results of planetary metamorphism. 

Alternatively, the spinel-bearing objects in Kaba 
and Mokoia formed in a less oxidizing region of 
the nebula than did the spinel nodules in Allende. 
Kornacki and Wood [8] presented persuasive evi- 
dence that the high FeO content of the spinels is 
not due to alteration of metallic Fe or Fe-bearing 
sulfides. Measurement of the abundances of the 
Pt-metals, W, and Mo in Allende, Mokoia, and 
Kaba CAI's could resolve this question because 
Fegley and Palme [26] suggested that Mo and W 
depletions (relative to Pt-group metals of similar 
volatilities) in CAI's are indicators of the redox 
state of the solar nebula. However, these data are 
unavailable for the CAI's studied. 

5.4. Condensa t ion  as an a l t e rna t i ve  m o d e l  

Although the textural and mineralogical fea- 
tures of spinel-rich objects in Kaba are consistent 
with Cohen's model, they do not unambiguously 
rule out of possibility that at least some of the 
spinel nodules have a condensation origin. For 
example, Kornacki and Fegley [17] noted that the 
reaction of melilite with nebular gas at T--- 1450 K 
(P  = 10 3 bars) should produce spinel and di- 
opside intergrown with a reaction texture and 

sometimes rimming relict cores of melilite. Superfi- 
cially similar textures are found in several of the 
spinel-rich objects in Kaba, especially in one which 
has a section of melilite around a portion of the 
circumference of the core (Fig. 3C). 

However, there are some problems with a con- 
densation origin. Except for the relict melilite par- 
tially rimming a portion of the core of one object 
(Fig. 3C), none is found associated with the inter- 
grown spinel and pyroxene. If the melilite in this 
nodule were a relict of a vapor-solid reaction to 
produce spinel + pyroxene, we would expect it to 
be in the center of the core and not partially 
rimming it because the reaction would proceed 
from the outside of the putative melilite precursor 
to the inside. Second, as noted by Kornacki and 
Fegley [17], since Ca and A1 should be totally 
condensed at 1450 K, the resulting (intergrown) 
spinel + pyroxene assemblage should have the 
cosmic CaO/AI203 ratio. Initial segregation of a 
Ca-rich condensate is not an effective method for 
fractionating Ca and A1 because the major Ca- 
bearing condensate (and CAI mineral) is melilite, 
which is also the major Al-bearing condensate [17]. 
However our microprobe data show that the cores 
of the concentric objects have CaO/AI203 ratios 
lower  than the solar value (see Table 1). Even if all 
the porosity ( ~  5-10%) in the cores of the spinel- 
rich objects is due to plucking of pyroxene during 
sample preparation, the CaO/A1203 ratios are 
still substantially lower than the solar value. 

Alternatively, the spinel nodules could have lost 
Ca by secondary alteration, possibly by reaction of 
melilite with CO2(g ) to give diopside and calcite 
(which was then lost) [27]. However relict melilite 
is found in only one spinel body. Also, the calcu- 
lated CO 2 partial pressure in the solar nebula [28] 
is several orders of magnitude too low to produce 
diopside from melilite. Alteration on chondrite 
parent bodies is a possibility, but the similarity of 
the spinel-rich objects found in C2, C3, and 
ordinary chondrites suggests that they were formed 
in the solar nebula. Finally, we note that extensive 
theoretical and experimental arguments have been 
made against the condensation of crystalline 
minerals in a hot solar nebula [14,17,29] and ref- 
erences therein). Thus we conclude that the 
spinel-rich objects in Kaba probably did not 
originate by vapor-solid condensation. 
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5.5. Possible constraints on nebular and planetary 

processes 

The observed properties of the Kaba CAI in 
principle define several constraints on specific 
nebular and planetary processes including the pro- 
posed melting of the spinel-rich objects, their resi- 
dence time in hot regions of the solar nebula, the 
rimming of the spinel-rich objects, the accretion of 
the entire CAI, and its subsequent thermal history. 
However, the utility of these constraints cannot be 
completely exploited at present because of the lack 
of all the necessary quantitative data (such as the 
relevant diffusion coefficients for Ti-A1 coupled 
diffusion in pyroxene). Therefore we will only 
briefly mention some implications of these con- 
straints. 

The Ti-AI pyroxenes in the cores of the spinel- 
rich objects are heterogeneous on length scales of 
- - 5 - 1 0  ffm, while the spinels in the cores are 
effectively homogeneous on similar length scales. 
These observations in principle could be used to 
constrain the thermal histories of the spinel-rich 
objects. The data of Freer and O'Reilly [30] on 
Fe2+ diffusion in polycrystalline FeAI204 - 
MgA1204 spinels indicates that homogenization is 
very rapid. For example, at 1450 K (where spinel 
+ diopside form by reaction of melilite with nebu- 
lar gas at 10 -3 bars), 10 t~m spherical spinel grains 
would be homogenized in only 1 minute (esti- 
mated using x 2-- Dt where x is the radius, D is 
the diffusion coefficient for 5 wt.% Fe [30] and t is 
time). However, by analogy with CaA1-NaSi cou- 
pled diffusion in plagioclase [31], 10 t~m spherical 
Ti-A1 pyroxene grains would require 2800 years to 
be homogenized. It may be the case that coupled 
Ti-A! diffusion in CAI pyroxenes is too slow to be 
a useful thermal history indicator, except at high 
temperatures. Taking Cameron's  [32] estimate of 
10 ~3 seconds for the nebular cooling time, we 
estimate that 10 ffm spherical Ti-A1 pyroxene 
grains will not homogenize over this time unless 
D >/2.5 × 1 0  .-20 c m  2 s - 1 .  The CaAI-NaSi interdif- 
fusion coefficient in plagioclase [31] and the Ca-Mg 
interdiffusion coefficient in sub-calcic diopside [33] 
are of this magnitude at 1300 K, and the Ti-AI 
interdiffusion coefficient in CAI pyroxenes may 
have a similar value. Thus, the pyroxene and spinel 
concentration variations are consistent with the 
expected diffusion coefficients but insufficient data 

are available to provide firm constraints on the 
thermal history of the spinel-rich objects. 

However, the rims on the spinel-bearing objects 
may pose more stringent constraints on the accre- 
tion of the CAI and its subsequent thermal his- 
tory. The sharp compositional boundary between 
the diopside and hedenbergite rims on the spinel 
nodules and between the diopside rim and 
hedenbergite veins and patches precludes long res- 
idence times at high temperatures for the Kaba 
CAI. Nord et al. [34] first used rim mineralogies to 
constrain the thermal histories of CAI's; they con- 
cluded that the coexistence of wollastonite and 
hedenbergite in a Type A rim indicated alteration 
(to form the rim) at < 1048 K. Taking D(Fe 2+) ~< 
2 × 1 0  1~ cm 2 s 1 at 1423 K from Brady and 
McCallister [33] and assuming activation energies 
ranging from 30 to 90 kca l /mole  for Fe 2+ diffu- 
sion in diopside, D ~ < 2 . 5 × 1 0  ~4 to 3 .9X10  -2o 
cm 2 s ~, respectively, at 873 K. This temperature 
probably is representative of peak metamorphic 
temperatures in CV3 chondrites [6]. The corre- 
sponding times for homogenization of a 5 t~m 
thick rim layer are 116 days to 2 x 105 years, 
respectively. Thus the preservation of the distinct 
diopside-hedenbergite rims indicates either rela- 
tively cool accretion and a subsequently cool ther- 
mal history with only a very brief time at the peak 
metamorphic temperature or extremely slow Fe z +- 
Mg 2+ chemical interdiffusion. Although the latter 
possibility cannot be unambiguously ruled out on 
the basis of available data, other qualitative indi- 
cators also point toward a cool thermal history for 
the Kaba CAI. For example, the presence of dis- 
tinct grains with sizes ~< 10 ~m in the CAI matrix 
material indicates that extensive sintering did not 
occur. Since sintering of small grain size materials 
is a rapid process (minutes) at T >/1000 K [35,36], 
the existence of separate grains is incompatible 
with even relatively short times at high tempera- 
tures. We note that analogous arguments have 
been made by Armstrong et al. [37] who used 
mineralogical heterogeneities in Fremdlinge to 
constrain the thermal histories of their host CAI's. 

6. Summary 

Our work on this "fine-grained" CAI in Kaba 
is the first detailed description of a CAI in this 
meteorite. Our study of the rimmed, rounded 



spinel-cored objects shows that they have im- 
portant morphological and mineralogical similari- 
ties to rimmed, rounded spinel-cored bodies in 
Allende, Mokoim other carbonaceous chondrites, 
and ordinary chondrites. Our conclusions thus 
confirm the assertion of Kornacki and Fegley [17] 
that important similarities exist between spinel-rich 
objects in different meteorites. However, we also 
observed subtle differences between the spinel-rich 
bodies in Kaba and Allende. The former are com- 
posed of FeO-poor spinel, do not contain abun- 
dant feldspathoids, and have a hydrous silicate 
rim, while the latter contain pleonaste spinel, 
abundant feldspathoids, and no hydrous silicates. 
In these respects the Kaba and Mokoia spinel- 
cored objects are similar. 

Second, our interpretation of the petrographic 
and mineralogical data tends to support an origin 
of the spinel-rich objects in Kaba as fractionated 
distillation residues of primitive dust. Because sim- 
ilar objects in Allende [8], Mokoia [14] and 
Murchison [12] have also been interpreted as frac- 
tionated igneous residues it is probable that a 
common process was a widespread occurrence in 
the solar nebula. Bischoff and Keil [25] argued in 
an analogous fashion that all chondrules (Al-rich 
and Mg-Fe-rich) formed by related mechanisms. If 
similar mechanisms are responsible for the origin 
of spinel-rich objects (whether they occur as indi- 
vidual "chondrules" or as constituents of CAI's), 
then constraints on these important chemical and 
physical processes are very desirable. However, 
some potential constraints such as Ti-A1 hetero- 
geneity in fassaitic pyroxenes are not useful at 
present because the relevant diffusion coefficients 
are unknown. However, qualitative constraints 
based on the sharp diopside-hedenbergi te  
boundary in the rims on spinel-rich objects and 
the small grain size of the CAI matrix suggest a 
relatively cool thermal history for this CAI. 
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