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Oxygen Isotope Exchange 
Between Refractory Inclusion in 
Allende and Solar Nebula Gas 

Hisayoshi Yurirnoto,* Motoo Ito, Hiroshi Nagasawa 

A calcium-aluminum-rich inclusion (CAI) from the Allende meteorite was an- 
alyzed and found to contain melilite crystals with extreme oxygen-isotope 
compositions ( -5  percent oxygen-16 enrichment relative to terrestrial oxygen- 
16). Some of the melilite is also anomalously enriched in oxygen-16 compared 
with oxygen isotopes measured in other CAls. The oxygen isotopic variation 
measured among the minerals (melilite, spinel, and fassaite) indicates that 
crystallization of the CAI started from oxygen-lcrich materials that were 
probably liquid droplets in the solar nebula, and oxygen isotope exchange with 
the surrounding oxygen-lcpoor nebular gas progressed through the crystal- 
lization of the CAI. Additional oxygen isotope exchange also occurred during 
subsequent reheating events in the solar nebula. 

Calcium-aluminum-rich inclusions (CAIs) 
are millimeter- to centimeter-sized objects 
coinposed of refractoi-y minerals in chon- 
drites and are widely believed to be the first 
solid pai-ticles fo~nled in the solar nebula. The 
texture and compositioil of CAIs suggest that 
they n-ere exposed to high temperatures, 
possibly during the infall phase that formed 
the sun and the solar nebula (1). Thus. CAIs 
were once molten or partially molten in the 
solar nebula. The crystallization sequence 
for a Ca-Al-rich silicate liquid is spinel, 
melilite. anorthite, and fassaite (2). and 
these ininerals usually coexist in CAIs (3). 
Trace element distributions aillong the min- 
erals is consistent with crystallization from 
a liquid state under assumed nebular con- 
ditions (4). If the constituent minerals were 
sequentially crystallized from such a liquid 
in an unchanging nebular environmeat, 
then the isotopic compositions of the illin- 
erals will be identical. However. oxygen 
isotope ratios are variable aillong the CAI 
ininerals (5 ,  6) .  

In a three-isotope diagram, oxygen iso- 
tope ratios of CAI minerals. in general, are 
distributed along an 1 6 0  coinponent-enricl~ed 
line called the carbonaceous chondrite anhy- 
drous lninerals (CCAM) line. The minerals at 
early- and late-crystallization stages are en- 
riched in I6O (spinel, 8" "' '" O s ~ o n -  --XI 
per mil: fassaite. 6" Or I8O Sh,Ol\ = -20 to 
-40 per mil) (7 ) ,  whereas those at interlne- 
diate crystallization stages are less enriched 
in l 6 0  (melilite and anorthite. 6'' O1 I s  OS,IOW 
-0 per inil) (6).  Although diffusive exchange 
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*To w h o m  corres~ondence should be addressed. E- 

after the ciystallization of CAIs may explain 
the oxygen isotope heterogeneity (8).  recent 
diffusion studies indicate that it is difficult to 
explain the observed O isotope distribution 
among CAI iuinerals by solid-gas diffusive 
exchange (9 ) .  

Recently a CAI containing '60-rich me- 
lilite in an ordinai-y chondrite was repoi-ted 
(10).  The similarity of O isotopic composi- 
tion between CAIs of carbonaceous and of 
ordinai-y chondrites suggests that they are 
genetically related and that CAI precursors 
were enriched in I6O (8)). On the basis of 
these measurements, the genetic lmk between 
the heterogeneous O isotope distr~butlon 
ainong the constituent minerals and the igne- 
ous textures of CAIs has not been explained. 
Studies of the O isotope ~nicrodistributioll 
within and ainong minerals may help to de- 
velop a model for the formation of the CAIs 
that explains their texture and O isotopic 
co~nposition (11). Here we report on O iso- 
topic evidence for the genesis of CAIs found 
in the Allende carbonaceous chondrite. 

CAI 7R-19-1 bvas collected from the 41- 
lende CV3 chondrite. but the CAI is incomplete 
because of fragmentation during laboratory 
preparation. The CAI is round, and its diameter 
is estimated to be -5 mm from the cun;ature of 
the CAI edge (Fig. 1). The CAI consists mainly 
of rnelilite (-70 volume 96). fassaite (-15 
bolume %). and spinel (- 10 volume $6) grains. 
Minor luineral phases are hibonite and CaTiO, 
perovsl<ite. Alteration products (anorthite: 
.An,,. grossular) are present mainly along 
some gram boundar~es between the major 
minerals. The melilite ci-ystals habe uniform 
or weakly zoned cores (L41<13-30) and zoned 
riins (Al<,,-,,) (Fig. 2). The large angular 
fassaite ci-ystals usually have sector zoning 
and have a composition with a range of 11 to 
16 weight ?/o (TiO, + Ti,O,) and 17 to 22 
weight O/o A120,. Small. rounded fassaite 

16 July 1998; accepted 29 Octoer 1998 mail: yuri@geo.tit&h.ac.jp grains are obse l~ed  within the melilite grains. 
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The compositions of the small fassaite grains 
are within the composition range of the large 
angular fassaite. The spinel is nearly pure 
Mg41,0,. Chondrite-normalized patterns of 
trace elements for melilite and fassaite show 
complementary distribution (Fig. 3), resem- 
bling those of type-B CAIs (4). The petro- 
graphic texture and mineral compositions of 
7R-19-1 may correspond to those of coarse- 
grained melilite-rich type B or fassaite-rich 
compact type A CAIs (3, 12). The igneous 
textures suggest that 7R-19-1 was crystal- 
lized from a molten state and thus represents 
a primary CAI. 

4 fragment from the center part of 7R- 
19-1 was polished and prepared for in situ 0 
isotope analysis by secondary ion mass spec- 

R E P O R T S  

trometg (SIMS) (13). The locations of the 
analyses are shown in Fig. 1 and the results 
are listed in Table 1. The results are plotted 
in a three-isotope diagram (Fig. 4). The 
analyses lie along the CCAM line and are 
consistent with previous observations of 
normal coarse-grained CAIs. However, in 
7R-19- 1, all three minerals have large neg- 
ative 6170 and 6180 anomalies with the 
order spinel or melilite >fassaite >me- 
lilite, in contrast to those generally ob- 
served for normal CAIs, spinel >fassaite 
>melilite. The average 6'' Or 180,,,, val- 
ue is -38 per mil and -36 per mil for the 
melilite grain, Mel* (Fig. I), and - 12 per 
mil and - 10 per mil for the melilite grain, 
Me1 (Fig. I), respectively. This is the first 

Fig. 1. (A) Backscattered electron image (BEI) of the largest fragment of 7R-19-1 CAI from the 
Allende meteorite, 7R-19-l(d). The CAI is surrounded by a spinel- and perovskite-rich rim. (B) BE1 
of another 7R-19-1 fragment used for 0 isotope analyses, 7R-19-l(a). This fragment was collected 
from the central part of the CAI. Sp, spinel; Mel*, 160-rich melilite; Mel, '60-poor melilite; Fas, 
fassaite; Hib, hibonite; Pv, perovskite. The grain boundary between Mel* and Mel grains is shown 
by a dotted line. Circles show locations of the SlMS analysis with the analysis number given in Table 
1. The insets at the upper left and upper right are a BE1 and a microphotograph under reflected light, 
corresponding to  the areas near analytical locations of F13 and F12, respectively, showing some of 
the sputtering craters formed by SIMS. The straight line connecting analytical locations of M I 6  and 
M21 corresponds to  line analyses in Fig. 2. 

the line between ana- 
lytical locations at 
M I 6  and M21 of Fig. 
1. Open and solid cir- 
cles are 6170s,0, 
and 6'80,M,, values, 
respectively. Size of 
the symbols corre- 
sponds t o  the primary 
beam diameter ana- 
lyzed (3 km). Error 
bars are l a .  Lines and 
boxes are averages 

Fig. 2. Distribution .& 30 t' I ' ' I 1  ' ' ' ' lx' ' ' ' ' ' ' ' ' ' ' Z  
0 ..-.+. 

observation that melilite grains with and 
without 160-enrichment are directly in con- 
tact with each other in the same CAI (14). 

Spinel crystals and several small, rounded 
crystals of fassaite (<20 pm in diameter) are 
scattered in the 160-rich melilite crystals. The 
textural relations indicate that the spinel crys- 
tals were the first crystallizing minerals in the 
CAI, and these grains continued to crystallize 
during crystallization of the 160-rich melilite. 
The fassaite grains appear to have been 
trapped in the melilite and, because of their 
rounded shapes, may be a relict phase of the 
CAI precursor. All the spinel grains and the 
small fassaite grains are enriched in 1 6 0  to 
the same degree as those of the surrounding 
160-rich melilite. This indicates that the CAI 
was ~~rimarilv enriched in 160. These 0 iso- 

of Skermanite contents m 0 

(mol %) and oxygen 1: 20 

topi' charactkristics observed for 7R- 19- 1 are 
also consistent with simple solidification of 
Ca-Al-rich liquid on the basis of the experi- 

,.. ...- .+,. o E 
5 V' , -.-.:A .. c: ..% 0 

-..A,.-. 
-., ,̂ "C..~Z.. .,,.. 

mental15 determined crystallization sequence 
(2 ) ,  

isotope ratios along =x I , I I , I  I ,  1 1 , 8 ~ 8 ,  I # , # -  

\ , 
We found one melilite crystal, Mel, whose 

0 isotope coml~osition is similar to that of 

Table 1. Oxygen isotopic data for the 7R-19-1 
CAI. All errors are l a .  

Analysis s1'0sMow sl*OsMow 
number (per mil) (per mil) 

160-enriched melilite (Mel") 
-33.0 i 3.0 - 34.0 + 2.0 
-31.3 + 3.0 -32.9 + 2.0 
-37.7 i 3.2 -28.9 i 2.2 
-42.3 i 3.1 -33.6 i 2.1 
-29.0 + 2.8 -31.7 i 2.1 
-40.3 + 3.0 -43.9 + 1.9 
-39.8 + 3.0 -36.1 + 1.9 
-48.2 i 2.9 -44.2 i 2.3 

Small fassaite inclusions 
-32.2 + 3.1 -33.6 i 2.0 
-37.8 i 3.0 -36.3 i 2.0 

Normal melilite (Mel) 
-4.1 i 3.5 -9.8 + 1.8 

-13.4 + 3.2 -9.6 + 2.1 
- 10.4 + 3.2 -8.1 i 2.1 
- 18.4 + 3.2 -12.5 + 2.2 

Small fassaite inclusion 
- 16.9 i 3.3 -16.5 + 2.1 

Angular fassaite 
-9.3 i 2.8 -9.6 + 2.1 
- 5.2 + 2.9 -12.6 + 2.0 

-24.3 + 3.0 -18.5 i 2.1 
- 17.1 + 3.4 -11.7 i 2.1 
-21.4 i 3.4 -21.8 i 2.1 

-5.5 i 2.5 -2.3 + 2.1 
0.2 i 3.0 -1.3 i 2.0 

and l a  reproducibihy , , , , , I ,  I 1 , , ~ ~ ~ , ~ , , 8 ~ ~ ~ , ~  Spinel 
of 6180sM0, within 20 40 60 80 l o o  120 140 160 180 S1  -41.1 i 3.3 -39.0 + 1.8 
the 0 isotopic ratio Distance (pm) 52 -34.3 i 3.0 -35.3 i 2.0 - 

homogeneous area, S 3 -37.8 + 2.8 -35.3 i 2.1 
respectively. The region enriched in 1 6 0  sharply contacts the 160-poor region, whereas an obvious ~5 -41.0 + 2.9 -39.5 ? 2.2 
Bkermanite content gap is not observed at the contact. The Bkermanite content increases near and 56 -38.0 i 3.0 -40.2 + 2.1 
at the grain boundary. Other abbreviations are the same as in Fig. 1. 
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melilites found in normal CAIs. This '"-poor 
melilite crystal includes some small-grained 
(<30 p,m in diameter) fassaite, like the adjacent 
160-rich melilite. However, the fassaite grain 
showed an 0 isotopic composition enriched 
in 1% ((61' 0' 18 O,,,,, = - 17 per mil), 

which is different from that of the sur- 
rounding 160-poor melilite. The degree of 
enrichment of 1 6 0  is less than those of the 
'60-r ic l~ melilite and the small-grained fas- 
saite found therein, and is similar to those 
of the large angular fassaite grains (Fig. 1). 
The similarity in the 0 isotopic composi- 
tion between the small-grained fassaite in 
the 160-poor melilite and the angular fas- 
saite suggests that the angular fassaite and 
the small-grained fassaite in the '"-poor 
melilite crystallized before the '"-poor 
melilite crystallized. 

Oxygen isotope zoning along the CCAM 
line (-25 < S17 Or l 8  0,,,, < 0 per mil) 
was obser~red in an angular fassaite crystal. 
The observed zoning of 0 isotopes cannot be 
explained by solid-state diffusion of 0 after 
crystallization of the fassaite. If this zoning 
occurred by diffusion of 0 with 160-poor 
composition in the surrounding gaseous res- 
ervoir, then the adjacent melilite crystal with 
higher diffilsivity (9) could not have retained 
its 160-rich composition. Therefore, the ob- 
served zoning in the angular fassaite indicates 
that the 0 isotope composition changed dur- 
ing the crystallization of the fassaite. More- 
over, because the 160-rich and '%-poor me- 
lilite grains are in direct contact with each 
other, solid-state diffilsion as a principal 
mechanism to generate the 0 isotopic heter- 

Fig. 3. Chondrite-normalized rare earth ele- 
ments distribution of minerals in 7R-19-1 CAI. 
Measurements were performed with a modified 
ims 3f SlMS instrument of TiTech with the 
energy filtering technique (band-pass energy: 
50 to 70 eV) with a primary beam size of -20 
k m  in diameter. Locations of the SlMS analysis 
for Fas, Mel, and Mel* correspond to those for 
the points of F7, M12, and M4 in Fig. 1, respec- 
tively. Standard deviations determined by sec- 
ondary-ion intensity statistics are shown as 
error bars if the error bars are greater than the 
symbol size. Further details of the analytical 
procedure have been described elsewhere (78). 

ogeneity between the Mel* and the Me1 
grains is ruled out. The 0 isotope ratios of the 
Mel* grain change from '"-rich to 160-poor 
at the boundary between the core and the 
surrounding zoned rim (Fig. 2). The 0 isoto- 
pic composition of norrnal zoned rim is ' 9 -  
poor to the same degree as those of the 
adjacent Me1 grain. This indicates that the 
160-rich melilite crystallized before the 160- 
poor melilite. 

From the 0 isotopic distribution among 
the minerals and the petrographic texture, the 
crystallization sequence of the 7R- 19-1 CAI 
may be traced as follows: spinel crystallized 
first, and then melilite crystallized in an en- 
viromnent en1.iched in 1 6 0  by -5% relative 
to the terrestrial isotope ratio. After spinel 
and melilite, fassaite started to crystallize. If 
7R-19-1 crystallized from a melt, the 0 iso- 
tope composition of the liquid should become 
160-poor during cooling and this change 
should be recorded in the minerals, especially 
in the 0 isotopic variation of fassaite. The 
degree of 1 6 0  excess in the CAI minerals 
reflects the exchange rate between '%-poor 
surrounding nebular gas and 160-rich CAI 
melt. 

After the fassaite crystallized, the 160- 
poor melilite crystallized. Because the chem- 
ical compositions of the core of the 160-poor 
melilite and of the adjacent '"-rich melilite 
are similar (Ak,,-,,) and the 0 isotopic dis- 
tribution changes from 1 6 0  rich to 160 poor 
(Fig. 2); it is difficult to understand how the 
'"-poor melilite was sequentially crystal- 

Fig. 4. Oxygen isotopic compositions of the 
7R-19-1 CAI from the Allende meteorite. The 
mineral grains in Fig. 1 show large 160 enrich- 
ments with the order of a melilite grain Mel* 
(solid circles), spinel grains (squares with an 
oblique line), a fassaite grain Fas (open dia- 
mond), and a melilite grain Mel (solid squares). 
The melilite grains of Mel* and Mel are in direct 
contact with each other. Fine fassaite grains 
trapped in Mel* (open circles) and in Mel (open 
square) show similar 160 enrichment to the 
surrounding melilite grain, respectively. All data 
plot approximately along the CCAM line de- 
fined by (6). The terrestrial fractionation (TF) 
line is also shown. Errors are l a .  

lized by a single stage of cooling. Therefore, 
the 160-poor melilite crystallization probably 
occurred by reheating of the CAI in the solar 
nebula. Because solid-state diffusion is not 
plausible as the principal mechanism of 0 
isotopic exchange between the two melilite 
grains, possible candidates for the mecha- 
nism may be metamorphic recrystallization 
and crystallization after remelting of precur- 
sor materials with 160-rich composition 
(probably S17 Or l 8  O,,,, - -40 per mil) 
during subsequent reheating events. 

Although metamorphic recrystallization 
of melilite in CAI systems has not been well 
studied, evidence of metamorphism has been 
reported from Allende type B CAIs (15).  One 
potential problem with the remelting model is 
that fassaite grains should melt first and ex- 
change oxygen isotopes rather than melilite 
grains, according to the phase equilibrium 
diagram of the CAI composition. However: 
for transient heating, melting of minerals may 
be controlled by kinetics rather than equilib- 
rium. According to a model for the kinetics of 
congruent melting, the melting rate of iker- 
manite is much faster than that of diopside at 
the same temperature above the melting tem- 
perature of gkermanite (16) .  Because grain 
sizes of melilite are similar to those of angu- 
lar fassaite, melilite grains may be melted 
faster than the fassaite grains. After the tran- 
sient heating, melilite or fassaite grains; or 
both: were again crystallized from the remelt- 
ed liquid. Trace element distribution among 
the minerals (Fig. 3) and similar gkermanite 
contents between 160-rich and 160-poor me- 
lilite grains are consistent with such partial 
remelting. 

All of the 0 isotope ratios observed in 
7R-19-1 lie along the CCAM line, and the 
lower limit value of 1 6 0  enrichment among 
minerals is -48 per mil, indicating that the 
basic 0 isotope ratios are similar to normal 
CAIs in carbonaceous chondrites. These 
indicate that the degree of enrichment of 
''0 is variable among minerals in individ- 
ual CAIs. Therefore; the formation process 
we infer for 7R-19-1 may be applicable to 
other CAIs. If CAI precursors were origi- 
nally composed of 160-rich materials, re- 
melting or rnetarnolphisrn by reheating 
events may enhance the 0 isotopic ex- 
change between the ambient nebular gas 
and the newly crystallized minerals. If the 
reheating event occurred one or inore times 
during CAI formation. the 0 isotopic com- 
position of CAIs can be reset to the solar 
nebula value except for grains that did not 
remelt. The heterogeneous 0 isotopic dis- 
tribution among minerals having igneous 
textures like normal Allende type B CAIs 
could result in such rnultiple heating pro- 
cesses. A possible candidate for an energy 
source for the rnultiple heating events 
would be an active protosun (1 7). 
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ical results for terrestrial analogues. We measured 
oxygen isotope ratios of terrestrial standards wi th 
known oxygen isotopic ratio (11). SPU (spinel from 
Russia), anorthite (Miyake-jima, japan), augite 
(Takashima, japan), synthetic gehlenite and synthetic 
dkermanite. The reproducibility of l7 O r  180/160 on 
different analysis points of the same standard was 
-5 per m i l  ( l u ) .  The matrix effect of 0 isotopic 
analysis among these minerals was less than 5 per 
m i l  ( l u )  under our analytical conditions. Therefore, 
we used the SPU standard t o  obtain 0 isotope ratio 
of all the CAI minerals. Overall errors in the measure- 
ments are estimated t o  be - 5 per m i l  ( l a )  for each 
analysis. An average isotope ratio of the SPU stan- 
dard was used t o  determine 617 O r  180sMoW values 
for corresponding unknown samples. The 617 or 
180,,o, values were calculated as follows: 

(6'7orl80 ) - (6170~ 1 8 0  
SYOW uk - SMOW)~: + 

R R  - 1) X 1000 [per mil] 

where R is the measured isotope ratio of l7 O r  180/ 
1 6 0  and subscripts uk and st correspond t o  unknown 
and standard samples, respectively. Further details of 
the analytical procedure and the results wil l  be given 
elsewhere (M. Ito et al., in preparation). After SlMS 
analyses, the purity of analyzing area was evaluated 
by high magnification scanning electron microscopy 
and by optical microscopy. No submicron phases 
(such as submicron spinel grains o'r alteration prod- 
ucts) were observed in the sputtered craters of the 
Cs+ primary beam. 
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Single-Molecule Enzymatic 
Dynamics 

H. Peter Lu, Luying Xun, X. Sunney Xie" 

Enzymatic turnovers of single cholesterol oxidase molecules were observed in 
real time by monitoring the emission from the enzyme's fluorescent active site, 
flavin adenine dinucleotide (FAD). Statistical analyses of single-molecule tra- 
jectories revealed a significant and slow fluctuation in the rate of cholesterol 
oxidation by FAD. The static disorder and dynamic disorder of reaction rates, 
which are essentially indistinguishable in ensemble-averaged experiments, 
were determined separately by the real-time single-molecule approach. A mo- 
lecular memory phenomenon, in which an enzymatic turnover was not inde- 
pendent of its previous turnovers because of a slow fluctuation of protein 
conformation, was evidenced by spontaneous spectral fluctuation of FAD. 

Recent advances in fluorescence microscopy 
have allowed studies of single molecules in 
an ambient environment (I,  2). Single-mole- 
cule measurements can reveal the distribution 
of molecular properties in inhomogeneous 
systems (3-10). The distributions, which can 
be either static (3-7) or dynamical (8-10). 
carmot usually be determined by ensernble- 
averaged measurements. Moreover, stochas- 
tic trajectories of a single-molecule property 
can be recorded in real time, containing de- 
tailed dynalnical information extractable 
through statistical analyses. Single-molecule 
trajectories of translational diffusion (11-13). 
rotational diffusion (14), spectral fluctuation 
j15), confoi~national motion (16), and photo- 
chemical changes (1 7, 18) have been demon- 
strated. Of particular interest is the real-time 
observation of chemical reactions of bioinol- 
ecules. Enzymatic turnovers of a few motor 
protein systems have been monitored in real 
time (19-21). In the study reported here, we 
examined enzymatic turnovers of single fla- 
voenzyme molecules by monitoring the fluo- 
rescence from their active sites. Statistical 
analyses of chemical dynamics at the single- 
lnolecule level revealed insights into enzy- 
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lnatic properties. 
Flavoenzylnes are ubiquitous and undergo 

redox reactions in a reversible manner (22). 
Cholesterol oxidase (COX) from Brevibacte- 
r i m  sp. is a 53-kD flavoenzyme that cata- 
lyzes the oxidation of cholesterol by oxygen 
(23) (Scheme 1). The active site of the en- 
zyme (E) involves a flavin adenine dinucle- 
otide (FAD), which is naturally fluorescent in 
its oxidized form but not in its reduced form. 
The FAD is first reduced by a cholesterol 
molecule to FADH,. and is then oxidized by 
0,. yielding H,O,. The crystal structure of 
COX (23) shows that the FAD is nonco- 
valently and tightly bound to the center of the 
protein and is surrounded by a hydrophobic 
binding pocket for cholesterol, which is oth- 
elwise filled with 14 water molecules. 

A fluorescence image of single COX mol- 
ecules in their oxidized fo11n (Fig. 1A) was 
talten with an inverted fluorescence micro- 
scope by raster-scanning the sample with a 
fixed He-Cd laser (442 nm, LiCONiX) focus 

-4 
E-FAD E-FADH2 

(Fluorescent) -(~oniluoresceni) 

Hz02 . 0 2  

Scheme 1. 
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