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Introduction: Amoeboid olivine aggregates (AOAs)
are aggregates of nebular gas-solid condensates which
appear to have experienced high temperature annealing
without substantial melting [1]. In primitive carbona-
ceous chondrites, AOAs consist of forsteritic olivines,
FeNi-metal, and refractory materials composed of Al-
diopside, anorthite, spinel, and very rare melilite. Pri-
mary minerals in AOAs are 16O-rich (∆17O < -20‰),
suggesting formation in an 16O-rich gaseous reservoir
[2-5]. Although thermodynamic calculations at 10-3 –
10-6 bar total pressure [6-8] predict condensation of en-
statite by reaction between SiO(gas) and forsterite at ~50-
80 K below the condensation temperature of forsterite,
no low-Ca pyroxenes in AOAs have yet been identified.
Here, we report a discovery of low-Ca pyroxene in
AOAs from CV, CR, CM, and ungrouped carbonaceous
chondrites Adelaide and Acfer 094. 

Samples and Analytical Techniques: More than
100 polished sections of the reduced CV, CO, CM, CR,
CB, CH, CK, and the ungrouped carbonaceous chon-
drites Adelaide and Acfer 094 were mapped in Mg, Ca,
Al, Ti, and Si Kα X-rays with a Cameca SX50 electron
microprobe. AOAs identified with combined X-ray
maps were studied in backscattered electrons (BSE) with
a JEOL 5900LV scanning electron microscope. Mineral
compositions were determined with a Cameca SX50
electron microprobe. Oxygen isotopic compositions
were measured with a Cameca 1270 ion microrpobe at
TiTech; analytical procedures for O-isotopic measure-
ments are described in [9]. 

Results: AOAs in primitive (unmetamorphosed and
unaltered) carbonaceous chondrites consist of forsteritic
olivine (Fa<1), FeNi-metal, and variable amounts of
spinel, diopside, ±anorthite, and exceptionally rare
melilite. Melilite is replaced by a fine-grained mixture of
spinel+Al-diopside and by anorthite. Spinel grains ap-
pear to be replaced by Al-diopside and anorthite. Pla-
gioclase is nearly pure anorthite. High-Ca pyroxenes
(Al-Ti-diopside) have large variations in Al2O3 (0.5-16
wt%) and TiO2 (0.1-7 wt%) contents; the aluminum
content in Al-diopside increases towards spinel or an-
orthite. Most high-Ca pyroxenes are MnO-free (<0.07
wt%) and Cr2O3-poor (<0.2 wt%).

Ten out of > 500 AOAs studied contain low-Ca py-
roxene (Fs1-4Wo2-5), which occurs in the outermost por-
tions of the AOAs and replaces olivine (Figs. 1, 2). Oli-

vine in these AOAs is commonly enriched in MnO (up
to 0.8 wt%), Cr2O3 (up to 0.6 wt%) and fayalite (Fa1-4)
relative to AOAs without low-Ca pyroxene (MnO and
Cr2O3 < 0.3 wt%). Low-Ca pyroxenes have high Cr2O3
(up to 1 wt%) and MnO (up to 0.5 wt%) contents. Some
of these pyroxenes have abundant inclusions of FeNi-
metal. Forsteritic olivine in the CR AOA (Fig. 2) is 16O-
rich (δ17,18O ~ -40‰), whereas its low-Ca pyroxene is
16O-poor (δ17,18O ~ 0‰).

Discussion: We infer that like AOAs without low-
Ca pyroxene, those with low-Ca pyroxene originally
formed in the CAI-forming regions, characterized by
16O-rich composition of the nebular gas, as aggregates
of gas-solid condensates largely composed of forsterite,
FeNi-metal, spinel, diopside, ±anorthite, ±melilite.
Melilite was later replaced by spinel±Al-diopside (1) or
by diopside+anorthite (2): 

(1) Ca2Al2SiO7 + 3SiO(g) + 3Mg(g) + 6H2O(g) = 
      2CaMgSi2O6 + MgAl2O4 + 6H2(g)
(2) Ca2Al2SiO7 + 3SiO(g) + Mg(g) + 4H2O(g) = 
      CaAl2Si2O8 + CaMgSi2O6 + 4H2(g)

Additional anorthite could have formed by reaction be-
tween spinel and diopside:

(3) MgAl2O4 + CaMgSi2O6 + 0.5SiO(g) + 0.5H2O(g) = 
     0.5CaAl2Si2O8 + Mg2SiO4 + 0.5CaAl2SiO6 + 0.5H2(g)

The observed increase of Al content in high-Ca pyrox-
enes towards spinel grains in melilite-free/poor CAIs
may have resulted from reaction of spinel with diopside
(3) or from replacement of melilite (4): 

(4) Ca2Al2SiO7 + 2SiO(g) + Mg(g) + 3H2O(g) = 
     CaAl2SiO6 + CaMgSi2O6 + 3H2(g)

The presence of 16O-poor low-Ca pyroxene replacing
olivine in the outermost portions of several AOAs, and
relatively high abundances of moderately volatile ele-
ments, such as Mn and Cr, in these AOAs points to a
formation of low-Ca pyroxene at relatively low nebular
temperatures by reaction of olivine with an 16O-poor
gaseous reservoir, possibly in the chondrule-forming
region:  

(5) Mg2SiO4 + SiO(g) + H2O(g) = Mg2Si2O6 + H2(g).
The very rare occurrences of AOAs with low-Ca pyrox-
ene may indicate that either AOAs were isolated from
the hot nebular gas prior to condensation of low-Ca py-
roxene or that reaction (5) was limited due to kinetical
reasons [10]. If the latter is correct, then the common
occurrence of Type I chondrules rich in low-Ca pyrox
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enes may require either direct condensation of low-Ca
pyroxenes/silica from fractionated nebular gas [11] or
condensation of SiO(gas) into chondrule melts [12].
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Fig. 1. BSE images of AOAs from the ungrouped car-
onaceous chondrite Acfer 094 (top) and reduced CV
hondrite Efremovka (bottom). AOAs consist of for-
teritic olivine (fo), FeNi-metal (met), Al-diopside (di),
northite (an), and spinel. Forsterite in outer portions of

the AOAs is replaced by low-Ca pyroxene (px).
Fig. 2. Combined elemental map in Mg (red), Ca
(green), and Al (blue) Kα X-rays (a), elemental map in

i Kα (b) and BSE image (c) of AOA from CR carbo-
aceous chondrite PCA91082. AOA is mineralogically
oned: its core contains abundant Ca-Al-rich phases
Al-diopside, anorthite, spinel: bluish); mantle zone
onsists of forterite and FeNi-metal (black); outer zone
onsists of low-Ca pyroxene that replaces forsterite.


