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Introduction:  Low-iron, Mn-enriched (LIME) sil-

icates are important components in the primitive solar 
system materials; they have been identified in IDPs [1], 
chondrules and matrices of primitive chondrites [2, 3], 
and in Wild 2 cometary grains [4]. LIME olivine has 
also been observed in some amoeboid olivine aggre-
gates (AOAs) in primitive chondrites [5, 6]. Mineralo-
gy and chemical compositions of AOAs are similar to 
those predicted by equilibrium thermodynamic con-
densation models [e.g., 7], suggesting that AOAs 
formed primarily by gas-solid condensation at low 
oxygen fugacities [8]. 

In this study, we combine standard thin section pe-
trography with FIB/TEM scale observations to exam-
ine variations in Mn concentrations and distribution 
patterns in AOAs from the CO3 chondrite Y-81020. Y-
81020 is one of the most primitive chondrites, so it can 
be used to study components of chondrites that formed 
in the solar nebula and have undergone minimal sub-
sequent alteration.  

Methods:  One polished thin section of Y-81020 
was studied. After SEM and EPMA analyses, TEM 
sections were prepared from two AOAs (#1 and #18) 
and 1 chondrule (#62) using FIB techniques. TEM 
images and EDS spectra were collected using a JEOL 
JEM-2100F FE-TEM equipped with JED 2300T EDX 
system at Waseda University. 

Results and Discussions:   
1. Distribution of Mn in Y-81020 AOAs 

Most AOAs in Y-81020 are composed of nodules 
having anorthite ±spinel cores, Al-diopside-rich man-
tles and closely (compact) or loosely (porous) packed 
forsterite rims. Olivine Mn contents and distribution 
patterns vary between different AOAs (Fig. 1). Com-
pact AOAs tend to have limited Mn enrichment (in 
their rims, e.g., AOA#61), or no Mn-enrichment (e.g., 
AOA#60, Fig. 1). In contrast, porous AOAs tend to 
have higher Mn content both in core and rim (see [9] 
and AOA#18, Fig. 1). Y-81020 AOAs show little evi-
dence of alteration to alkali- or FeO-rich minerals. 
2. Mn-enriched olivine and pyroxene 

Some AOAs in Y-81020 contain low-Ca pyroxene. 
Low-Ca pyroxene is found in AOAs from most primi-
tive carbonaceous chondrites [10,11]. Our analyses 
show that the compositions of olivine and pyroxene 
mimic each other: if olivine is LIME, then the coexist-
ing pyroxene is also LIME.  
3. Low-Mn, normal AOA#1 

The boundary between pyroxene and forsterite is 
unclear under BSE images, but can be identified in 
EDS elemental maps of Ca, Si and Mg (Fig. 2). There 
is no change in Mn content between olivine and low-
Ca pyroxene in our FIB slice of AOA#1(Fig. 2d).  
4. LIME AOA #18 

In AOA#18, Mn-enrichment in olivine toward the 
rim of AOA occurs (Fig. 1). It is likely that the en-
richment of Mn in the rim of AOA#18 reflects conden-
sation of Mn-enriched olivine with decreasing temper-
ature, which is supported by the condensation models 
by [12] and [13]. In addition, AOAs may have experi-
enced sintering which resulted in the distinct Mn zon-
ing in compact AOAs after aggregation [9]. In any 
case, the duration of heating during condensation and 
subsequent thermal events were insufficient to homog-
enize Mn-concentrations in AOA#18 olivines.   

Based on the TEM-EDS observation, there may be 
weak enrichment in Mn toward the rim (Fig. 3c; left 
side is close to the rim of AOA#18), but it is difficult 
to determine. In addition to Mn-enriched silicates, 
submicron sized Fe-Ni metal grains are observed. The 
metal grains show distinctive Ni zoning (Fig. 3e). Zon-
ing of Ni content in metal grains is predicted in con-
densation and diffusion calculations [14]. 
5. LIME chondrule #62 

CHD#62 is a ~30 �m sized spherical chondrule. It 
is mainly composed of low-Ca pyroxene which con-
tains up to 2.5 wt.% of MnO. We performed TEM 
analysis of a FIB section from the core of this chon-
drule. The FIB section contains a small amount of an-
orthite (~100 nm), and mesostatis enclosed within sub-
micron sized Mn-enriched enstatite (Fig. 4). Mesosta-
sis is amorphous or poorly crystallized (Fig. 4d). 

Mn-rich pyroxenes are also observed in a chon-
drule in Allende [3]. They are present only in the thick 
rim around the chondrule and contain ~4 wt.% of MnO, 
but also contain up to ~9 wt.% FeO. Allende experi-
enced a higher degree of alteration than Y-81020, and 
FeO content in silicates is higher than less altered CV 
chondrites. It is possible that the Mn-rich chondrule 
rim of [3] has a mixed origin, with Mn-enrichment 
from a nebular process and high FeO due to parent 
body alteration.  

Conclusion:  Our recent study [11] shows that Mn-
rich olivine is commonly observed in AOAs from 
weakly metamorphosed Kaba and Y-86009 (CVs). On 
the other hand, AOAs in metamorphosed type 3 carbo-
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naceous chondrites lack LIME silicates. With increas-
ing petrologic sub-types, FeO increases and MnO de-
creases in AOA olivine [11].  

The present study shows that: (1) Mn-
concentrations in AOA olivine and low-Ca pyroxene 
are correlatated at the FIB/TEM scale; and (2) Ni-
zoning occurs in AOA metal grains, indicating lack of 
equilibration during condensation. Furthermore, the 
presence of glass in chondrule #62 confirms the primi-
tive nature of Y-81020. MnO vs. FeO concentrations 
in AOA olivines can be sensitive indicators of both 
condensation and alteration conditions. 
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Fig.1. X-ray elemental maps of porous and compact 
AOAs in Y-81020.  

 

Fig.2. BSE (a), low-magnification TEM image (b), and 
X-ray elemental maps (c, d) of compact AOA #1 in Y-
81020. A clear boundary is observed in Mg, but not in 
Mn.  

 
Fig.3. (a) BSE image of AOA #18. TEM sections are 
taken from the rim of the AOA (shown in blue line). 
(b) low-magnification TEM image of FIB section #2. 
(c, d) Combined X-ray elemental map (R=Mg, G=Ca, 
B=Al), and Mn elemental map of FIB section. (e) X-
ray elemental map of Ni of the outlined area in (c). 

 
Fig. 4. (a, b) low-magnification TEM images of chon-
drule #62. (c) SAED pattern of low-Ca pyroxene (c) 
and amorphous phase (d) (#1 and #2 in (b), respective-
ly).  
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