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Oxygen

The 3rd most abundant
element in the solar
system

The most abundant
element of the solid
phases

Best tracer for
understanding the co-
evolution of gas and
solid components in the
solar system
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Oxygen isotopes
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Metearites: Building
blocks of planets
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elements:
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anomaly
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Refractory inclusions

« Qldest solids in the solar system
— Pb-Pb: 4567 Ma (Amelin et al., 2002)

« Existence of live short-lived nuclides
— 26/ 80Fe 10Be etc,
— (26AIP7Al) ~ 6x107 (Young et al., 200)
* Oxygen-isotope anomaly (Clayton et al., 1973)

« Providing essential information on the co-
evolution of gas and solid components from
the parent molecular cloud to the solar nebula

~ Review of O isotope distribution of refractory
inclusions
— Perspective of the nebular evolution



Refractory inclusions

CCAM

8O-rich

From Clayton {1983)
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- Pb-Pb: 4567
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Refractory inclusions

* Fine-grained CAls

— Crystal size <50 um

— Ca-Al-rich minerals: e.g. melilite, spinel
« AOAs

— Crystal size <50 pm

— Mg-rich minerals: olivine
» Coarse-grained CAls

— Crystal size =50 pm

— Ca-Al-rich minerals: e.g. melilite, spinel
No distinct boundary



Fine-grained CAls
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= Commaen in all chondrite groups
« Direct condensate from vapor

«  Original structure and O-isotopic compositions: easily disturbed
by aqueous alteration in the parent body (Wasson et al,, 2001; ltoh et
al., 2004)

« Need to select fresh primary phases



Fine-grained CAls
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= Commaen in all chondrite groups
« Direct condensate from vapor

«  Original structure and O-isotopic compositions: easily disturbed

by aqueous alteration in the parent body (Wasson et al,, 2001; ltoh et
al., 2004)

« Need to select fresh primary phases
« Systematic measurements of O-isotopes
- G, E, CV, CM, CO, CR, CB, CH chondrites



Fine-grained CAls
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Fine-grained CAls
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Fine-grained CAls
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Fine-grained CAls
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Fine-grained CAls

El:l I I I I I 1 | ED I | I I I I |
C0O chondrite CR chondrites
10 L bt 0L i
____.-
l:l i .-"---:-:f/ T ﬂ B .-"-f::--. ]
.-"- _.-""' .-"-.
-10 L " 4 - -0 L " ,‘) -
= ’ —~ = "
Z " o Z " %
e = T -
ety f,f”"’ i’ } o Or Pl 1( T
LT e -
© a0 /S'TP.M . = e .
f; T
40 | _’,-"' _ 40 | ™ n
sop i L .
koh et ol (2004) “} Y - .,
-R0 ] ] ] ] ] 1 | o= - A
.60 -50 -40 -30 -20 -10 0O 10 20 oo =g
"% 18]

« Heterogeneous composition ar?
CAl )

» Along to CCAM line
* Incomplete melting texture



Fine-grained CAls
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Fine-grained CAls (FGls)

« Most FGls have uniform O isotaopic
composition; indicating formation of each FGI
completed in a single O isotopic reservoir.

« Most FGls formed in an '€O-rich gas.

« Some FGls formed in an ®O-poor gas.

« Some FGls formed in an "°O-rich gas and
then reheated in an °*O-poor gas

« O isotopic compositions of gas varied from
80-rich to "®O-poor through FGls formation
period.

* FGls formation period: ~2My?
~ (2®A127Al),=0 - 5x10-8



Amoeboid olivine aggregates (aoas)

'E (CV3)

Efremovka T{E}

« Common in all chondrite groups
» Direct condensate from vapor

= Qriginal structure and O-isotopic compositions: easily

disturbed by aqueous alteration in the parent body
{Imai and Yurimoto, 2003, Fagan et al., 2004)

» Need to select fresh primary phases



Amoeboid olivine aaaregates (aoas)
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« Common in all chondrite groups
« Direct condensate from vapor

= Qriginal structure and O-isotopic compositions: easily

disturbed by aqueous alteration in the parent body
{Imai and Yurimoto, 2003, Fagan et al., 2004)

- Need to select fresh primary phases




Amoeboid olivine aggregates (aoas)
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Amoeboid olivine aggregates (aoas)
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Amoeboid olivine aggregates (aoas)
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Amoeboid olivine aggregates (aoas)

« Most AOAs have uniform O isotopic
composition; indicating the formation of each
AOA completed in a single O isotopic
reservoir.

« Most AOAs formed in an 'O-rich gas.

« Some AOA formed in an 1°0-rich gas and
then reheated in an '®0O-poor gas

« O isotopic compaositions of gas varied from
18Q-rich to "8O-poor through AOAs formation

period.

« AOAs formation period: ~2My??
— (%8AlP7Al) = ~3 x 10°° (itoh et al. 2002)



« Common in CV chondrites, but rare in other groups
» Crystallized from Ca-Al-rich liquid

- Because of the large crystal size, aqueous alteration
Is limited along grain boundaries and cracks.

= Complex thermal histories
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Common in CV chondrites, but rare in other groups
Crystallized from Ca-Al-rich liquid

Because of the large crystal size, agueous alteration
is limited along grain boundaries and cracks.

Complex thermal histories
O isotope heterogeneity is common among crystals



Coarse-arained CAls_
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« Crystallized from Ca-Al-rich liquid

« Because of the large crystal size, agueous alteration
Is limited along grain boundaries and cracks.

« Complex thermal histories

+ O isotope heterogeneity is common among crystals

— The heterogeneity i1s inconsistent with simple crystallization
sequence from liguid or from gas



Coarse-grained CAls (CGls)

« CGI formation started in an 5O-rich gas.

- All CGls ever found were processed thermally
in an '50-poor gas.

» O isotopic compositions of gas varied through
CGls formation period.



Implication to the nebula evolution

- The similar O-isotopic characteristics among FGls,
AOAs and CGls indicate that refractory inclusions
were co-genetic.

« O isotopic compositions of the solar nebula was
originally '®0-rich and shifted to '®0-poor with time.
— This is consistent to a global O isotopic evolving model of
planetary disk (e.g. Yurimoto and Kuramoto, 2004).
- However, O isotopic compositions in the refractory
inclusion forming region seems to be non-
monotonically shifted from '*O-rich to 1°O-poor.

« The non-monotonic O-isotope shifts may reflect local
disk dynamics of refractory-inclusions forming region
and conceal the global O isotope evolution of the disk
under a cover.
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Evidence 1: Overgrovnh of 160- -poor mellllte
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Evidence 1: Overgrovnh of “_'50 poor mellllte
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Evidence 2: Work-Lovering rim

+ Work-Lovering rim and accretionally olivine layer
were condensed in '°O-rich nebular gas (Krot et al.,
2002).

« 150-poor minerals are observed inside CGls,
indicating "%0-poor nebular gas.

» O isotopic shift: '®0O-rich — ¥0-poor — 1%0-rich



Evidence 3: A chondrule-bearing CAIl, A5
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Evidence 4: O isotopes vs (°Al/?°Al),
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Switching of two O-isotope reservoirs

180.rich gas 7Q-"80-rich gas

--------------------------------------

flash heating flash heating



Y2o0a : The fragment of Coarse-grained CAI
from Yamato-81020 (C0O3.0) chondrite

TS,

Melilite

{ch utc ‘




Outline for Ak-rich
Outline for fassaite

_ —— {-r :
CRERILE Ty B A FEETSO-vich
AT FIX, BO0-rich, %WO-poor DAAHY.
At LTS LFEREOMERA ShL
5150 AkScEdphaseld,  ©O-rich Q84 & 1%0-poor
-6 I OEREFELLFET S



Al-Mg SIMS spot of Y20a

10-rich fassaite
#12. 14 15

18Q0-rich melilite, +Ak-
glass

« hilyinterior)

#29 19, 27

«  HHAl{outer)

#13, 16

80-poor melilite

71

"6O-poor melilite +Ak
dlass

Ay
)

18Q0-rich WL-rim
#8 O




Al-Mg SIMS spot of Y20a

10-rich fassaite

#12, 14 15

0 rich melilite, +Ak-
glass

«  Fulinterior)

#29 19, 27

« Shfl{outer)

#13, 156

180-poor melilite

#1/

'50-poor melilite +Ak
glass

e

)

18Q-rich WL-rim
#8 O




2.5

Mg (3%o)

0.5

15 |

Y20a Al-Mg evolution diagram Each mineral

T J 1T F1T T T 1T 1T 1T 7007

Y6 rich Fas(1)
----- "*0-rich Fas(2)
— “"®0-rich Mel int.
"Q-rich Mel outer

— "®0-rich WL-rim Sp

—----""0-poor Mel+ak glass

1(6.11+0.15) 10 °

1 (4.51%0.04) 10 °
7 (4.49+0.01) 105



Estimation O distribution of 7TR-19-1
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Sharp O boundary in Mel
Also Fas has O boundary?

When these phases formed?



Estimation O distribution of 7TR-19-1
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7R-19-1 Al-Mg evolution each mineral
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Petrography of HN3

Al map

Yurimoto et al{(1994)
Koike, Master thesis
Chishi, Master thesis

Detail petrography and
axygen isotope study.

When these phases
formed?
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Petrography of HN3

Yurimoto et al{(1994)
Koike, Master thesis
Chishi, Master thesis

Detail petrography and
axygen isotope study.

When these phases
formed?
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O-isotopic distribution in anorthite

» A bimodal O-isotopic
distribution in an
anorthite

» The sharp boundary
indicates that 150-
poor anorthite was

overgrown on the
180-rich anorthite.

BSE image

{Magashima et al., 2004



O-isotopic distribution in anorthite

» A bimodal O-isotopic
distribution in an
anorthite

» The sharp boundary
indicates that 150-
poor anorthite was

overgrown on the
180-rich anorthite.

{Magashima et al., 2004
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a006-Mgq, Si & O isotopes
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Sp bearing chondrules

Maruyama et al.

Fig.2



7T Ogmow( o)

MR R

-30

20

10

=20

=30

50

i
¥ T &
I :::f’f o

- i ]
r : Twpleal - [ .
[ /D/cﬁ = ‘ A Tbca :

JECES red| i

=20  -10 0 10 =10 0 -10 0 10
A1-2b-1 AL95-2-1-CDL.1 AL95-2-1-CDL.1
i POC +PFC Plagioclase-rich ;

-

] M chondrule
[

.1

i -

1 e
TF;}FF I

-~
* % TF ~ ]
e o - ]
ey / - il
. I
N
o -
oy -' ) .
o
o g
:
. g
e :
e e - - |
o I
o

o

i E:
o
Tt

20

10

-0 -40 -30 -20 50 40 -30 -20 10 O 10

31 E: DEHDW {%“}

FopOCH®

: spinel

: ohvme

- Ca=nch px
: Ca-poor px
: anoithate

o InesostaEE
: nephelin



Allende AR 220DV RY 1 —)LOREEFEHH

Chapter 3: BSE(Allende chundrules}

Fig. Al J'\.—h:d".ll;',i:l,fh'.l :L—Jl.:m.liﬁxjﬁ:% ' F|g CDI.-fIJk—hH'.J ' R 2 — LD
8 (Maruyama et al., 2003) Fot a1

A1 CDL4



Resu
20 ~

10 |

0!

20 L

5 ”OSMOW {%D)

'ED :
40 -
=50 -

-60

% Ty S

lts~ Allende [BAH D A %)L DEEZERAAHER

50-deplted
dAvkUa=

¥ @ CAl

® 1FRUa—=l
CDLA4 (this study)

® IKYUa—JL
A1 (Maruyama et al., 1999)

7 160-enriched CAI

-20
5 : BC' SMOW (%ﬂ)

error 23igma mean

Fig. AllendefE A O AL =L OEEREFRUE




Results (Mg isotope for A1 1> KU 12 —)L)
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Results (Mg isotope forCDL4 1> K'Y 12 —)L)
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Petrography of C1m (Enveloping compound chondriule)
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Petrography of Clm (SIMS measurements pounts)
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Oxygen isotopic compositions
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Oxygen isotopic compositions
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Al-Mg 1sotope diagram of Clm
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