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Abstract—Amoeboid olivine aggregates (AOAS) in the LL3.0 Semarkona chondrite have been
studied by secondary ion mass spectrometry. The AOAsmainly consist of aggregates of olivinegrains
with interstitial Al-Ti-rich diopside and anorthite. Oxygen-isotopic compositions of all phases are
consistently enriched in 160, with 817180 = ~-50%.. The initial 26Al/27Al ratios are calculated to be
5.6 + 0.9 (20) x 10, These values are equivalent to those of AOAs and fine-grained calcium-
aluminum-rich inclusions (FGIs) from pristine carbonaceous chondrites. This suggests that AOAsin
ordinary chondrites formed in the same 180-rich calcium-aluminum-rich inclusion (CAl)-forming
region of the solar nebulaas AOAs and FGIsin carbonaceous chondrites, and subsequently moved to
the accretion region of the ordinary chondrite parent body in the solar nebula.

INTRODUCTION

Cacium-aluminum-rich inclusions (CAls) are widely
believed to be among the oldest material formed in the solar
system (Amelin et al. 2002). Amoeboid olivine aggregates
(AOAS) are considered to have a close genetic relationship
with CAls because of their condensation textures (Grossman
and Steele 1976) and 160-rich O-isotopic compositions
(Hiyagon and Hashimoto 1999). The Al-Mg systematics of
AOAs, which have Mg excesses, also support this
relationship (Itoh et al. 2002).

AOAsfrom primitive carbonaceous chondrites (unaltered
and unmetamorphosed) are mainly composed of numerous
um-sized olivine grains with minor abundances of Ca-Al-rich
phases, e.g., Al-Ti-rich diopside, anorthite, spinel, and very
rarely melilite (Komatsu et al. 2001; Itoh et al. 2002; Krot et al.
2004; Weisberg et al. 2004). On the other hand, secondary
minerals in the AOAs of metamorphosed and altered host
meteorites usually include phyllosilicates, magnetite,
nepheline, sodalite, hedenbergite, and ferrous olivine
(Chizmadiaet al. 2002; Krot et al. 2004). Thetexturesof AOAS
from primitive carbonaceous chondrites indicates that they
have not experienced a large amount of melting, but small
amounts of interstitial melt may have existed (Komatsu et al.
2002; Komatsu et al. 2003). AOAs are commonly observed in
carbonaceous chondrites and their abundance in these
meteorites is greater than the abundance of CAls (Krot et al.
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2004). Itoh et al. (2002) suggested that AOAsand fine-grained
CAls (FGls) are not clearly distinguishable in CO chondrites
because the ratio of olivine to Ca-Al-rich phases in AOAs
changes along a continuum. A continuum between AOAs and
FGls has been also observed in the Ninggiang carbonaceous
chondrite (Lin and Kimura 2003). These observations support
the theory that AOAs condensed from the same cooling hot
solar nebulagasasCAls(Krot etal. 2004).

The oxygen isotopic ratios of AOASs in carbonaceous
chondrites are normally enriched in 160 except for secondary
alteration phases (Hiyagon and Hashimoto 1999; Aléon et al.
2002; Itoh et a. 2002; Krot et a. 2002; Imai and Yurimoto
2003; Fagan et al. 2004; Krot et a. 2005). Clear %Mg
excesses attributable to the decay of live 28Al have also been
found in AOAs of carbonaceous chondrites (Itoh et al. 2002;
Sugiura and Krot 2006), with values that correspond to the
canonical 26A1/27Al ratios observed in many CAlSs.

In contrast to the case of carbonaceous chondrites, AOAS
and CAls of ordinary chondrites have not been extensively
studied. There are afew oxygen (McKeegan et a. 1998) and
Al-Mg (Huss et a. 2001) isotopic studies for FGIs from
ordinary chondrites, but there are no reports for AOASs from
Semarkona. Here we report results from three AOAs from the
Semarkona LL3.0 chondrite. We describe the petrography,
oxygen and Al-Mg isotopic compositions of the AOASs. Based
on these results, we discussthe relationship of AOASs between
ordinary chondrites and carbonaceous chondrites.

© The Meteoritical Society, 2007. Printed in USA.
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Table 1. Representative chemical compositions of minerals of Semarkona AOAs.

Inclusion AOA1 AOA2 AOA3
Phase Al-Ti-Di Olivine Anorthite Al-Ti-Di Olivine Anorthite Al-Ti-Di Olivine
MgO 17.3 56.7 42 15.7 55.7 3.0 18.7 55.6
Al,O; 6.4 n.d. 30.1 7.6 n.d. 30.3 3.0 n.d.
SO, 51.2 429 455 51.0 43.3 46.4 53.8 43.4
Ca0 23.9 n.d. 19.3 24.7 n.d. 19.7 24.1 n.d.
TiO, 1.0 n.d. n.d. 0.8 n.d. n.d. 0.2 n.d.
Cr,05 n.d. 0.3 n.d. n.d. 0.3 n.d. n.d. 0.3
MnO n.d. <0.1 n.d. n.d. 0.5 n.d. n.d. 0.3
FeO n.d. 0.3 n.d. n.d. 0.2 n.d. 0.7 0.6
Total 99.8 100.2 99.1 99.7 100.0 99.4 100.5 100.2
(@] 6 4 8 6 4 8 6 4
Mg 0.93 1.98 0.29 0.84 1.95 0.21 1.00 1.94
Al 0.27 n.d. 1.65 0.32 n.d. 1.66 0.13 n.d.

Si 1.84 1.00 212 1.84 1.02 2.16 1.93 1.02
Ca 0.92 n.d. 0.96 0.95 n.d. 0.98 0.92 n.d.

Ti 0.03 n.d. n.d. 0.02 n.d. n.d. <0.01 n.d.
Cr n.d. 0.01 n.d. n.d. 0.01 n.d. n.d. 0.01
Mn n.d. <0.01 n.d. n.d. 0.01 n.d. n.d. 0.01
Fe n.d. 0.01 n.d. n.d. <0.01 n.d. 0.02 0.01
Cation 3.99 3.00 5.02 3.97 2.99 5.01 4.00 2.99

n.d. = not detected. Al-Ti-Di = Al-Ti rich diopside.
EXPERIMENTAL

Two thin sections of the Semarkona LL3.0 chondrite
(from the collection of the Natural History Museum, L.ondon)
were prepared for this study. AOAs in the sections were
examined with a petrographic microscope and by X-ray
microanalysis using the JEOL 5900LV scanning electron
microscope (SEM), the LEO 1455 SEM with Oxford INCA
energy dispersive X-ray spectroscopy (EDS) system, the
Phillips XL-30 field emission (FE) SEM and the Cameca SX-
50 electron microprobe at the Natural History Museum,
London. The JEOL JSM-7000F FE SEM with Oxford INCA
EDS system at Hokkaido University (Hokudai) was also used
to quantitatively measure minerals compositions (Table 1).

The oxygen and magnesium isotopic microanalyses were
performed by secondary ion mass spectrometry (SIMS) using
the Hokudai Cameca IMS 1270 instrument. The analytical
procedures are described in detail elsewhere (Yurimoto et al.
1998; Yurimoto and Wasson 2002). For the measurement of O
isotopes, the primary ion beam consists of massiltered
positive 20 keV Cs' ions. The typical spot size was ~2 um.
The primary beam current was 3 pA, adjusted to obtain a
count rate of ~4 x 10° cps for negative 180 ions. A normal
incident electron gun was utilized for electrostatic charge
compensation. Negative secondary ions corresponding to the
160 tail, 160, 170, 160H, and 180 were analyzed at a mass
resolution of M/AM ~6000. A Russian spinel standard of
known oxygen isotopic composition was used for calculation
of the 80-values. The precision of each anaysis was
determined by secondary ion intensity statistics (Table 2). The

overall analytical accuracy is estimated to be about +5%o (1c)
(Yurimoto et al. 1998).

For Mg isotopic analyses, the primary ion beam consists
of massfiltered negative 23 keV 180~ ions. The beam
diameter was ~2 um. Primary beam currents ranged from 30
to 60 pA and were adjusted for each run to obtain a count rate
of 2Z7Al or 2*Mg not more than 4 x 10° cps. Positive secondary
ions corresponding to Mg, Mg, Mg, and Z’Al were
analyzed a a mass resolution of M/AM ~4000. We
determined the sensitivity factor to calculate the Al/Mg ratio
of the sample using a Miyakejimaanorthite standard. We also
carefully rechecked the Al-Mg ratios of the analysis spots by
FE-SEM-EDS &fter the ion probe measurements. The
following terrestrial values were used for the Mg isotope
corrections: Mg/#*Mg = 0.12663, Mg/2*Mg = 0.13932
(Catanzaro et al. 1966). Since the AOA mineras are fine-
grained, we carefully evaluated overlapping of the primary
beam among mineral phases by scanning el ectron microscope
after SIMS analysis.

RESULTS
Petrography of Amoeboid Olivine Aggregates in
Semarkona

We carried out a petrographic study on two thin sections
of the Semarkona LL 3.0 chondrite. We observed no CAls,
but three AOAs were found in one of the two sections. This
suggests that the distribution of AOAs in the ordinary
chondrites is very heterogeneous. The AOASs are irregularly
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Table 2. The oxygen isotopic compositions of minerals of Semarkona AOAS.

3Ogmow 5180gmow AYO

Phase (%o) Om (%o) Om (%o) Om
AOA1
al an50di50 -48.2 2.5 -48.9 1.7 -23.9 3.0
a2 olivine -47.8 2.3 -48.9 1.7 -24.0 29
a3 an80di20 -48.8 2.4 -51.8 1.6 -26.4 29
a4 olivine -49.6 2.2 -48.6 1.8 -22.8 2.8
AOA2
ab olivine -46.6 2.2 -47.0 1.8 -22.7 29
ab an80di20 -48.4 2.2 -50.6 1.9 -25.5 29
AOA3
a8 olivine -50.5 2.1 -45.6 1.6 -19.3 2.6
a9 diopside -50.0 2.2 -48.1 1.7 -22.1 2.8

an50di50 = beam overlap of anorthite (50%) and diopside (50%). an80di20 = beam overlap of anorthite (80%) and diopside (20%). o, = standard deviation
of the mean determined by statistical variation of secondary ion intensities corresponding to the precision for a series of measurements. A0 = §180 — 0.52

x §170.

shaped with fluffy textures and range from 50 to 500 pm
across in size. The AOAs are composed of um-sized Mg-
olivine and Ca-Al-rich components consisting of Al-Ti-rich
diopside and anorthite (Fig. 1). The Ca-Al-rich components
exist interstitially between the olivine aggregates and are
composed of um-sized grains, and exhibit textures similar to
those in primitive carbonaceous chondrites (Chizmadia et al.
2002; Itoh et al. 2002; Krot et a. 2004; Weisberg et a. 2004).
Some AOAs in CR primitive carbonaceous chondrites (Aléon
et al. 2002; Krot et a. 2004; Weisherg et al. 2004) contain a
variety of refractory-rich nodules, such as spinel-rich
inclusions. In contrast, AOAsin Semarkona do not have such
refractory inclusions.

Iron-nickel metal in Semarkona AOAS occurs as very
tiny grains (2-10 um) surrounded by olivine. Iron-nickel
metal is also reported in AOASs from primitive carbonaceous
chondrites (e.g., Weisberg et al. 2004).

The AOASsin Semarkona contain no secondary alteration
minerals such as nepheline and fayalitic olivine, which is
consistent with the small degree of dteration and
metamorphism in this meteorite (Grossman and Brearley
2005). Thelack of secondary mineralsin Semarkona AOASis
also consistent with observations of previous AOAs from
primitive carbonaceous chondrites (e.g., Chizmadia et al.
2002; Itoh et al. 2002; Krot et al. 2004; Weisberg et al. 2004).

Table 1 shows chemical compositions of representative
phases in the AOAs. Olivine in Semarkona AOAS contains
detectable MnO (up to ~0.5 wt%) and Cr,O5 (up to 0.4 wt%)
by FE-SEM-EDS (Table 1). There is no clear difference
between these compositions from Semarkona AOAs
compared to those from primitive carbonaceous chondrites
(Krot et al. 2004).

Magnesium concentrations of anorthite in Semarkona
AOAs are clearly higher than those in carbonaceous
chondrites (e.g., Aléon et al. 2002; Itoh et al. 2002; Krot et al.
2004). However, comparisons are difficult because there are

few anorthites large enough (>2 pum) to measure successfully
by FE-SEM-EDS. Thus, it isnot clear whether all anorthitein
Semarkona AOASs s so Mg-rich.

AOA1L

AOA1l isirregularly shaped and ~200 x ~200 um in size
(Figs. laand 1b). The AOA is composed of olivine (FOgg_100)
and Ca-Al-rich components consisting of Al-Ti-rich diopside
(TiO, = ~2wit%,; Al,O5 = 4-8 wt%) and anorthite. The Ca-Al-
rich components occur interstitially among olivine grains.
The anorthiteis partly attached to olivine, but almost enclosed
by Al-Ti-rich diopside. Iron-nickel metal blebs occur among
olivinegrains.

AOA2

AOA2 isirregularly shaped and ~200 x ~500 um in size
(Figs. 1c and 1d). The AOA is composed of olivine (FOgg_100)
and Ca-Al-rich components consisting of Al-Ti-rich diopside
(TiO, =~1wt%,; Al,O5=8-10wWt%) and anorthite. Thetextural
relationship of thesemineral sisthesameasthoseof AOA1.

AOA3

AOA3 is irregularly shaped and 30 x 50 um in size
(Fig. 1e). The AOA is composed of olivine (FOgg 100) and Al-
Ti-rich diopside (TiO, = ~0.2 wt%; Al,O; = 4-8 wit%).
Anorthite is absent in this AOA. There are many holes
adjacent to Al-Ti-rich diopside. The position of the holes
corresponds to the sites where anorthite was present in AOA1
and AOAZ2. Thus, the anorthite may have been removed by
polishing or corroded by alteration.
Oxygen Isotopic Distribution in Amoeboid Olivine
Aggregates

The O-isotopic compositions of each phase are shown in
Table 2 and plotted in Fig. 2. The O-isotopic compositions of
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Fig. 1. Backscattered electron images of AOAsin Semarkona. The numbersin the figure indicate | ocations of the O- and M g-isotopic analyses
shown in Table 2 and Table 3, respectively. Di = Al-Ti-rich diopside; An = anorthite; Ol = dlivine. @) Whole image of AOAL. The region
surrounded by asquareis shownin (b). b) Enlarged image of AOA 1. ¢) Whole image of AOA2. The region surrounded by asquare is shown
in (d). d) Enlarged image of AOA2. €) Whole image of AOAS.
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Fig. 2. Three O-isotope diagram of AOAsin Semarkona. All phases
in AOAs from Semarkona are enriched in 160 (517180= ~—50%o).
“Anorthite  + Al-Ti-rich diopside” indicates measurements
overlapping both of these minerals. Errors are one statistical standard
error (Gmean)-

individual anorthite and Al-Ti-rich diopside grainsin AOA1
and AOA2 could not be measured because their grain size
(<3 um) was smaller than the primary beam size. However,
the overlapping analyses including anorthite and Al-Ti-rich
diopside of AOA1 and AOA2 show essentially the same O-
isotopic compositions within error in spite of containing
different proportions of these minerals. Therefore, anorthite
and Al-Ti-rich diopside are likely to have the same O-isotopic
composition. We conclude that all minerals (Al-Ti-rich
diopside, anorthite, and olivine) comprising the AOAs are
enriched in 160, with AO= -25 to —20%..

Al-Mg Isotope Systematics of Amoeboid Olivine
Aggregates

We measured Al-Mg isotopes of anorthitein AOA1 and
AOAZ2. Since the size of the anorthite regionsin AOA1 and
AOA2 are less than 3 um, only one Al-Mg isotopic
measurement was successful for each of these AOAs
(Table 3). Figure 3 shows the results presented as an 26Al-
26M(g isochron diagram. Because the anorthite grains contain
relatively high concentrations of Mg (Al/Mg ~4-8) (Tables 1
and 3), it is difficult to observe clear excesses of Mg from
one point. However, using the two analyses points and forcing
the line to go through zero, we calculate an initial 26Al1/27All
ratio of 5.6 + 0.9 (25) x 10-5, which is indistinguishable from
the canonical value (5.0 x 1075) for CAls.

DISCUSSION

The AOAs in the Semarkona have irregular shapes and
fluffy textures, suggesting that they are aggregates similar to
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Table 3. Mg isotope compositions of anorthitein AOAS.

Frg*20m 3%Mg=* 26y,
ZAIPAMg £ 26 (%o) (%o)
AOA1
mg#l 1 6.0+ 17 34+13 2624
AOA2
mg#2_1 47+0.6 20+11 17+20

Fmg = intrinsic mass fractionation from terrestrial standard value.
5%Mg = deviation of the 22Mg/2*Mg ratio from terrestrial value.
o = standard deviation.

oy, = standard deviation of the mean.

those reported from CV chondrites (Grossman and Steele
1976). The sizes of Semarkona AOAs are <500 um, mostly
similar to those of CO and CM chondrites (Rubin et al. 1985).
The Ca-Al-rich components (anorthite and Al-Ti-rich
diopside) in Semarkona AOAs exist intertitially between the
olivine aggregates and are composed of um-sized grains, with
textures similar to those reported from primitive
carbonaceous chondrites (e.g., Chizmadia et a. 2002; Itoh
etal. 2002; Krot et al. 2004; Weisberg et a. 2004). The
chemical compositions of olivine in AOAs from Semarkona
are also similar to those of AOAS in primitive carbonaceous
chondrites (Krot et a. 2004). Therefore, AOAs from
Semarkona are both texturally and mineralogically similar to
those from primitive carbonaceous chondrites (Krot et a.
2004), suggesting that the physical and chemical conditions
of formation are equivalent for AOAs from ordinary
chondrites and carbonaceous chondrites. Because the AOASs
from carbonaceous chondrites are considered to be direct
condensates from a cooling hot nebula gas (Aléon et al. 2002;
Itoh et a. 2002; Krot et al. 2004; Weisberg et a. 2004), a
condensation origin is plausible for the AOAs from the
Semarkona as well.

The oxygen isotopic composition of the solar nebular
gas is variable in 180 components with a constant 7O/180
ratio (Yurimoto et al. 2006). The 160-rich characteristics of
AOAs from carbonaceous chondrites (Itoh et al. 2002; Krot
et al. 2004) and from the ordinary chondrite in this study
suggest that the AOA-forming nebular gas was enriched in
180 corresponding to AYO ~ -25 to -20%.. These
characteristics strongly suggest that AOAs from ordinary
chondrites and carbonaceous chondrites have the same
origin.

AOAs in Semarkona appear to show excesses of Mg
corresponding to an initial 28Al1/27Al ratio of 5.6 + 0.9 (25) x
10-5, which is essentially equivalent to those of AOAs in the
Yamato-81020 CO3.0 chondrite (Itoh et al. 2002) and in
Acfer 094 (Sugiuraand Krot 2006). Thus, both the O and Al-
Mg isotopic systematics suggest that AOAs from ordinary
chondrites and carbonaceous chondrites formed at the same
time and in the same space, in the earliest epoch of the solar
system. Petrographic evidence aso shows no difference
between AOAs from Semarkona and those from primitive
carbonaceous chondrites.
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McKeegan et al. (1998) suggest that FGIs in ordinary
chondrites and carbonaceous chondrites have the same origin
based on their O-isotopic characteristics, which show a 160-
enrichment (A'70 ~—20%o) similar to that of the AOAs
studied here. Moreover, Russell et al. (1996, 1998) suggest
that FGIs in ordinary chondrites and carbonaceous chondrites
formed in the same time and space in the early solar system
because they both exhibit canonical values of initial 2°Al/
27Al. The AOAs from Semarkona studied here are also 1°0O-
enriched and seem to have canonical values of 20Al/27Al.
Thus, we suggest that AOAs and FGIs from ordinary
chondrites and carbonaceous chondrites formed co-
genetically in the same region of the solar nebula.

CONCLUSIONS

Three amoeboid olivine aggregates (AOAs) were found
in the Semarkona LL3.0 chondrite. The AOAs consist of
aggregates of Mg-rich olivine grains with interstitial Al-Ti-
rich diopside and anorthite. No secondary alteration minerals
were observed, consistent with the low degree of alteration of
Semarkona. The AOAs from Semarkona have similar
textures and mineralogy to AOAs from pristine carbonaceous
chondrites.

Oxygen isotopic compositions are homogeneously
distributed among the constituent minerals of the AOAs and
are enriched in '°0 (A'70 = ~-25 to —20%o). The °O-rich
characteristics of AOAs from this ordinary chondrite are
similar to AOAs from pristine carbonaceous chondrites.

S. Itoh et al.

AOAs in Semarkona show excesses of 2Mg
corresponding to an initial 20A1/27Al ratio of 5.6 + 0.9 (25) X
10-5. This is essentially equivalent to those of AOAs in
pristine carbonaceous chondrites.

The petrographic and isotopic data for AOAs in
Semarkona show no difference to those from primitive
carbonaceous chondrites and probably formed in a similar
restricted region of the solar nebula. With respect to the O
isotopic distributions of AOAs from ordinary chondrites and
carbonaceous chondrites, they were formed from the same
reservoir in the early solar system. We conclude that 1°O-rich
components were dominant in the AOA formation region of
the solar nebula.

The '°O-rich characteristics and the canonical values of
initial 26A1/27Al ratios in fine-grained CAls from ordinary
chondrites and carbonaceous chondrites are also similar to
those of AOAs from ordinary chondrites and carbonaceous
chondrites. This suggests that AOAs and FGIs from ordinary
chondrites and carbonaceous chondrites were formed co-
genetically in the same region of the solar nebula and in the
same epoch of the early solar system. These components were
then distributed throughout the carbonaceous and ordinary
chondrite accretion region.
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