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Introduction: Amoeboid olivine aggregates 

(AOA) are aggregates of olivine grains that condensed 
in the solar nebula. Therefore, by studying these ag-
gregates we may understand condensation processes in 
the early solar nebula. Although many studies on 
AOAs have been made [e.g. 1], many unsolved issues 
still remain. For instance, we do not know whether 
olivine formed by equilibrium or disequilibrium con-
densation. Trace element (Ca, Mn, Cr and Fe) concen-
trations in olivine provide key information on the con-
ditions of condensation. The trace element concentra-
tions are affected by many factors such as (1) total 
pressure of the nebula (and/or dust enrichment factor), 
(2) redox condition that mainly affects Fe and Cr con-
centrations, (3) deviations from equilibrium either due 
to homogeneous nucleation or due to removal of con-
densates from equilibrium reactions, (4) reheating in 
the solar nebula which is known to have affected many 
AOAs [2] and (5) metamorphism in the parent body.  
Here we report trace elements in AOA olivine in Ya-
mato 81020 and Acfer 094, two of the most primitive 
chondrites [3].  

Technical: 27 AOAs from Acfer 094 and 4 AOAs 
from Yamato 81020 were studied. Concentrations of 
trace elements were measured either by SEM-EDS or 
by EPMA. Equilibrium condensation calculations of 
olivine were performed to find out what changes in 
trace element concentrations are expected during con-
densation. The calculation procedure is similar to that 
described in [4].   

Results and discussion:  The CaO vs. MnO and 
CaO vs. Cr2O3 diagrams for Yamato 81020 are shown 
in Figs. 1 and 2, respectively. Among 4 AOAs, one 
(AOA-A) is fine-grained whereas three are sintered. In 
particular AOA-D is very well sintered and has excep-
tionally high Ca concentrations showing a gradient 
across the forsterite layer that surrounds Ca-Al-rich 
materials. Such gradients in trace element concentra-
tions are not pronounced in other AOAs, but there is a 
tendency for Mn and Cr to be enriched at the edges 
whereas Ca is enriched at the cores of aggregates 
(Figs.1 and 2). The fine-grained AOA (AOA-A) is rich 
in Mn and Cr and depleted in Ca. 

 The CaO vs. MnO and CaO vs. Cr2O3 diagrams 
for  Acfer 094 are shown in Figs. 3 and 4, respectively. 
In these diagrams, different colors denote data for fine-
grained AOAs and sintered AOAs. Fine-grained 
AOAs are more abundant in Acfer 094 than in Yamato 

81020. To a first approximation, Fig.3 is similar to 
Fig.1 and Fig.4 is similar to Fig.2. However a closer 
look shows that there are Mn-poor and Ca-poor AOAs 
in Acfer 094 that were not observed in Yamato 81020. 
Generally, fine-grained AOAs are Mn- and Cr- rich 
whereas sintered AOAs are Ca-rich.  

Fig.5 shows trace element concentrations during 
condensation of olivine in a nebula at the total pressure 
of 10-4 bar and dust enrichment factor of 5. Initially 
olivine is Ca-rich. As the temperature falls, it becomes 
enriched in volatile elements. At about 0.4 wt.% of 
CaO, FeO decreases with decreasing CaO. This is due 
to condensation of metallic Fe. Similarly, decrease in 
Cr at lowest temperatures is due to chromite formation 
that may actually not happen until much lower tem-
peratures are reached.  

Both Acfer 094 and Yamato 81020 show negative 
correlation between Mn (and Cr) and Ca concentra-
tions. This correlation is expected because Ca is a re-
fractory element whereas Mn and Cr are more volatile 
elements. The simulation of equilibrium condensation 
of olivine (Mn and Cr in Fig.5) appears to reproduce 
the general trends observed in AOAs fairly well. 

There are difficulties, however, in explaining the 
AOA data by equilibrium condensation. The main dif-
ficulty is the Ca concentrations in AOAs. According to 
the simulation, at ~0.45 wt.% CaO essentially all oli-
vine is already condensed, but most AOAs contain less 
than 0.35 wt.% CaO. If equilibrium between the gas 
and olivine is maintained, Ca has to be removed from 
olivine during cooling. But because of the low vapor 
pressure and slow diffusion of Ca, its removal from 
olivine is difficult. Moreover, the petrographic obser-
vations show that fine-grained AOAs contain less Ca 
than sintered AOAs.  

A plausible scenario that explains both trace ele-
ment data and petrographic observation is as follows. 
Olivine was formed with 0.05~0.1 wt.% CaO and cor-
responding amounts of Mn (0~0.4 wt.% MnO) and Cr 
(0.15~0.35 wt% Cr2O3) (Figs. 1~4). Condensates with 
such compositions are equilibrated with gas at rela-
tively low temperatures, hinting for a delay in olivine 
condensation, probably as a result of homogeneous 
nucleation. Aggregates of such olivine, if not proc-
essed further, are observed as fine-grained AOAs (eg. 
AOA-A in Figs.1 and 2). If aggregates were reheated 
to become sintered AOAs, Mn and Cr were lost by 
volatilization and CaO concentration in olivine has 
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increased by diffusion from nearby diopside grains 
(Figs.3 and 4). During subsequent cooling Mn and Cr 
recondense on the surface of AOAs, producing the 
MnO- and Cr2O3-rich rims on sintered AOAs (Figs.1 
and 2).  

Slight difference between the CaO vs. MnO dia-
gram (Fig.3) and the CaO vs. Cr2O3 diagram (Fig.4), 
i.e. wider variation of MnO at lowest CaO concentra-
tions compared with narrower variation of Cr2O3, may 
be explained based on Fig.5. At CaO concentrations of 
0.25 to 0.3 wt.% (exact values are not important be-
cause they depend on various parameters), where Mn 
starts to condense, a large fraction of Cr has already 
condensed whereas Mn concentrations change quickly 
with decreasing temperatures. Therefore, slight varia-
tion in the condensation temperature causes a large 
difference in MnO but not much difference in Cr2O3. 
This seems to be a reasonable explanation of the dif-
ference between Fig.3 and Fig.4. 

 In summary, disequilibrium condensation, reheat-
ing associated with vaporization and diffusion and 
recondensation of volatiles have to be taken into ac-
count in explaining AOAs’ chemistry and petrography. 
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