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Ox y gen iso to pic com po si tions of two picotite-bearing chon drules from Baszkówka L5(S1) equil i brated or di nary chondrite have been
de ter mined by sec ond ary ion mass spec trom e try.  The O-isotopic com po si tions of the min er als in the picotite-bearing chon drules are
slightly more 16O-rich than the bulk O-isotopic com po si tion of Baszkówka.  The pet ro log i cal prop er ties and the O-isotopic com po si tions
of these chon drules sug gest that they have closer re la tion ship to ferro mag nesi an chon drules than CAIs. The 16O-enrichment of the
picotite-bearing chon drules may re sult from in com plete O ex change re ac tion be tween 16O-rich chon drule pre cur sors and the 16O-poor
so lar neb u lar gas.  This im plies that the picotite-bearing chon drules are more prim i tive than or di nary ferro mag nesi an chon drules in
Baszkówka.  The O-isotopic com po si tions of the min er als in one of these chon drules re late to the crys tal li za tion se quence.  These
O-isotopic vari a tions of min er als within the chon drule may re sult from in com plete O ex change be tween the chon drule melt drop let and
the neb u lar gas.  The het er o ge ne ity of the O-isotopic com po si tion in Baszkówka in di cates that Baszkówka has not been ho mog e nized
com pletely dur ing ther mal meta mor phism and/or sec ond ary al ter ation.
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INTRODUCTION

Chondrites are the most ma jor type of me te or ites which fall
on the Earth.  Main tex ture com po nents of chondrites are ferro -
mag nesi an mm-sized spher ules, re frac tory in clu sions known as 
Ca-Al-rich in clu sions (CAIs) and fine-grained dust (ma trix),
grains of me tal lic iron-nickel and sulphides.  Chondrites can be
re garded as me chan i cal ag gre ga tions of these ob jects that were
mu tu ally formed in the dif fer ent con di tions and by the dif fer ent 
pro cesses.

CAIs are widely be lieved to be among the old est ma te ri als
in the so lar sys tem.  Min erals com pris ing CAIs are known to
show large anom a lies in the iso to pic abun dances of ox y gen
(e.g. Clay ton, 1993).  One of the 16O-rich end-members among
CAI min er als is spinel which shows ~4% en rich ment of 16O
rel a tive to the stan dard mean ocean wa ter (SMOW), whereas

the O-isotopic com po si tions of melilite and an or thite are δO ≈
0% rel a tive to the SMOW.  Knowl edge of the na ture of the
O-isotope anom aly is im por tant for un der stand ing the for ma -
tion pro cesses of the so lar neb ula.  There fore, nu mer ous stud ies 

of CAIs have been made, and there are a lot of pub lished anal y -
ses of spi nels in CAIs.

On the other hand, some Al-rich chon drules con tain spinel
grains, which are of ten Fe-Cr-bearing.  The study of spi nels in
chon drules may make it pos si ble to ob tain the new in for ma tion
about pre cur sory ma te ri als of me te or ites. Es pe cially,
O-isotopic com po si tions of spi nels and co ex ist ing min er als in
chon drules may pro vide key ev i dence of the or i gin of pre cur -
sors of chon drules (Sheng et al., 1991; Misawa and Fujita,
1994; Rus sell et al., 1994).

There are many anal y ses of O-isotopic com po si tions of
Al-rich chon drules in car bo na ceous chondrites and
unequilibrated or di nary chondrites (e.g. Si mon et al., 1994,
2000; Rus sell et al., 1997).  How ever, the O-isotopic com po si -
tions of spi nels in equil i brated chondrite have been much less
an a lysed.  In this pa per, I de scribe the O-isotopic com po si tions
of two chon drules, named panda and chev ron, which in clude
picotite (ap pre cia ble Cr, Al > Cr, 1 < Fe/Mg < 3) from
Baszkówka L5(S1) equil i brated or di nary chondrite, and dis -
cuss the con ceiv able pro cess of the for ma tion of them.  Pre lim i -
nary re ports of the re sults were given by Maruyama et al.
(1999a, 2000).



ANALYTICAL METHODS

OBSERVATION OF PETROLOGICAL PROPERTIES OF PANDA

Back-scattered elec tron im ag ing (BSEI) and quan ti ta tive
anal y ses of a chon drule of the Baszkówka thin sec tion were
per formed on the JEOL JSM-5310LV scan ning elec tron mi cro -
scope (SEM) equipped with the Ox ford LINK en ergy
dispersive sys tem (EDS) at To kyo In sti tute of Tech nol ogy. 
The con cen tra tions of Si, Ti, Al, V, Cr, Mg, Ca, Mn, Fe, Ni, Zn, 
Na and K were de ter mined us ing the EDS.  The com bi na tion of 
el e ments was se lected ac cord ing to an a lysed min er als.  The
quan ti ta tive anal y ses were car ried out at an ac cel er at ing volt -
age of 15kV with 1.0 nA probe cur rent with count ing times of
100 s.  Con ven tional ZAF meth ods were used for cor rec tion
from X-ray in ten sity to con cen tra tion.

The X-ray im ages (speedmaps) of panda were also made by 
the JEOL JSM-5400 SEM-EDS sys tem at Uni ver sity of
Tsukuba.  The speedmapping was car ried out at an ac cel er at ing 
volt age of 20 kV with 1.0 nA probe cur rent.  To tal count ing
time of im age ac qui si tion was up to 2 hours.

ANALYSES OF OXYGEN ISOTOPES

The pol ished thin sec tions were coated with ~30 nm of gold 
film for SIMS anal y sis.  The ox y gen iso to pic com po si tions of
each phase in thin sec tions of chon drules were de ter mined with
the CAMECA IMS-1270 SIMS in stru ment at To kyo In sti tute of 
Tech nol ogy.

Ox y gen iso to pic mea sure ments of chon drules were made
with a fo cussed pos i tive pri mary ion beam of ce sium.  Pri mary
beam cur rents were ad justed for each run to ob tain a 16O count

rate of ~4.0 ⋅ 105 counts per sec ond.  The typ i cal cur rent was

~4.0 nA and the beam size was 5 µm in di am e ter.  The elec tron
flood gun was used to com pen sate the elec tro static charg ing on

the sam ple sur faces.  The en ergy slit was set to se lect an en ergy
bandpass of 150 µm.  The field ap er ture of 2000 µm was used. 
The mass res o lu tion power (MRP) was set to ~6000 (10% val -
ley) to re solve 17O from the in ter fer ence of 16OH.  Mea sure -
ments were made from scan ning through the mass se quences
the tail of 16O (15.99152 amu), 16O, 17O, 16OH (17.00274 amu),
and 18O in a mag netic peak jump ing mode.  The count ing times
of these masses are shown in Ta ble 1.  Mea sure ments of the tail
of 16O and 16OH were per formed for the pur pose of re mov ing
the 16OH con tri bu tion to 17O peaks ow ing to the con tam i na tion
of va por while the thin sec tions and the stan dards were ex posed 
to the air.  Sec ond ary ion sig nals were de tected with an elec tron 
mul ti plier (EM) op er ated in a pulse count ing mode.

Sig nals mea sured in the EM were cor rected for the count -
ing sys tem deadtime.  All of the mea sured counts of the anal y -
ses of the O iso to pic com po si tions were cor rected for the
deadtime shown in Ta ble 1.

To tal time and cy cles of each run are shown in Ta ble 1.  A
run through the mass se quence was di vided into blocks of 10
cy cles.  Iso tope ra tios and the stan dard de vi a tions of a run were
com puted from the av er age of the all iso tope ra tios.

The iso to pic com po si tion mea sured by the SIMS dif fers
from the true iso to pic com po si tion of the sam ple by the ma -
trix-de pend ent in stru men tal mass frac tion ation.  The in stru -
men tal mass frac tion ation var ies with the ge om e try of the
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T a  b l e  1

SIMS con di tion for ox y gen iso tope anal y ses of panda and chev ron

Con di tions Panda Chev ron

Pri mary beam Cs+, 20 keV, ∼5 µm in di am e ter Cs+, 10 keV, ∼5 µm in di am e ter

Sec ond ary ion (count ing time of
mass)

16Otail (5.0s)
16O (2.0s)
17O  (7.0s)

16OH  (2.0s)
18O (3.0s)

16Otail (5.0s)
16O (1.0s)

17O (20.0s)
16OH  (2.0s)
18O (10.0s)

Deadtime of EM 21.2±0.8 ns 28.1±2.4 ns

Mea sure ment time 43 min (10 block — 10 cy cle: to tal 100 cy cle) 46 min (6 block — 10 cy cle: to tal 60 cy cle)

Entrace slit
Exit slit
Field ap er ture
En ergy slit
Mass res o lu tion

20 µm

150 µm

2000 µm

150 µm
6000 (10% val ley)

T a  b l e  2

Ox y gen iso to pic com po si tion (permil) for ter res trial 
min eral stan dards

Min eral Oc cur rence δ17OSMOW δ18OSMOW

Spinel
Ol iv ine
An or thite

Rus sia
San Carlos, USA

Miyake-jima, Ja pan

4.3
2.7
3.2

8.5
5.3
6.4



sam ple mea sured, tun ing con di tion of the in stru ment, and the
po si tion of the en ergy win dow, etc. (Fahey et al., 1987a).  From 
these rea sons, it is very dif fi cult to de ter mine pre cisely the in -
trin sic mass frac tion ation of the sam ple.  In or der to cor rect the
in stru men tal mass frac tion ation, ter res trial sin gle crys tals were
pre pared as stan dards for each min eral phase of chon drules. 
The ter res trial sin gle crys tals used as the stan dards for spi nels,
olivines, and plagioclases of chon drules were a spinel called
“SPU” found from Rus sia, a ol iv ine found from San Carlos in
USA, and an an or thite found from Miyake-jima in Ja pan, re -
spec tively.  The val ues of ox y gen iso tope ra tios rel a tive to the

SMOW, δ18OSMOW, for these stan dards were de ter mined by the
gas mass spec trom e try method (Yurimoto et al., 1994).  The
ox y gen iso to pic com po si tions of the stan dards are shown in

Ta ble 2.  The δ18OSMOW val ues were de ter mined by the gas

mass spec trom e try method, and the δ17OSMOW val ues were ob -
tained by as sum ing ter res trial mass frac tion ation.

The stan dards were mea sured rep e ti tiously dur ing anal y sis.  
The SPU, the San Carlos ol iv ine, and the Miyake-jima an or -
thite were mea sured for the anal y sis of panda.  On the other
hand, the only SPU was mea sured for the anal y sis of chevron. 
Since sta tis ti cal er rors of the iso to pic ra tios from to tal ion
counts were less than ±4‰, the large daily vari a tion in cludes
some ac ci den tal fluc tu a tions in an a lyt i cal con di tion, such as
vari a tions in small elec tro static charg ing on the an a lyt i cal area.

The tail ing of 16OH peak plays as a back ground counts for
17O peak.  The true 17O value was cor rected by the fol low ing:

17 17 16
16

16
O O OH 

O

O
corr

tail
. = −











Oxygen-isotopic compositions of minerals from the Baszkówka chondrite 305

Fig. 1. Back-scattered elec tron im age (BSEI) of chev ron chon drule

Pi  — picotite, Ol — ol iv ine, Pl — plagioclase

[1]



The av er age 16OH con tri bu tion for the stan dard and the
sam ples was cal cu lated to ~0.6‰.

The δ17OSMOW and δ18OSMOW val ues of the stan dard were
cal cu lated as fol lows:

∆ Οi standard standard
SMOW

SMOW

= −










R

R

i

i
1 1000

where: Ri = iO/16O (i = 17 or 18); the iO/16OSMOW are as fol -
lows: 17O/16O ≡ 0.00038288±0.00000028 (2σmean) (Fahey et
al., 1987b), and 18O/16O ≡ 0.0020052 (Baertschi, 1976).

The de grees of in stru men tal mass frac tion ation F17 and F18

were de ter mined by the fol low ing:

 Finstr
i i

. = −δi standard standardO OSMOW SMOW∆ [3]

where: i = 17 or 18; the δiOSMOW val ues are shown in Ta ble 2.

The ox y gen iso to pic com po si tions of min er als of chon -
drules were mea sured un der the same con di tion as the stan -
dards, and all of the mea sured counts were cor rected for the

deadtime and the 16OH con tri bu tion.  The δiOSMOW val ues of

306 Seiji Maruyama

T a  b l e  3

Rep re sen ta tive chem i cal com po si tions of min er als in chevron and bulk com po si tions of panda and chev ron

Chevron Picotite Ol iv ine Plagioclase Bulk com po si tion

Ox ide 
[wt.%]

core1 rim2 sur rounded by picotite3 sur rounding picotite4 panda5 chev ron

core1 rim2 core1 rim2

SiO2

TiO2

Al2O3

V2O3

Cr2O3

MgO
CaO
MnO
FeO
NiO
ZnO
Na2O
K2O

 0.17
 0.29
51.19
 0.21
15.25
12.81
 0.05
 0.18
19.82

–
 0.22

–
–

 0.13
 0.40
44.12
 0.15
21.60
10.97
 0.04
 0.13
21.50

–
 0.18

–
–

38.10
 0.25
 0.08

–
 0.19
39.39
 0.05
 0.48
21.62
 0.07

–
–
–

38.37
 0.10
 0.08

–
 0.19
38.01
 0.08
 0.41
21.32
 0.19

–
–
–

38.18
 0.10
 0.03

–
 0.04
37.41
 0.02
 0.44
23.65
 0.04

–
–
–

37.96
 0.06
 0.01

–
 0.03
37.14
 0.07
 0.55
23.03
 0.04

–
–
–

59.35
–

25.56
–
–

 0.19
 6.79

–
 0.61

–
–

 7.37
 0.42

38.62
 0.72
24.68
 0.00
 5.70
10.53
 5.65
 0.19
11.26
 0.00
 0.00
 2.43
 0.00

30.95
 0.17
27.02
 0.00
 7.30
14.64
 2.40
 0.18
14.31
 0.02
 0.00
 2.57
 0.15

Ox ide to tal 100.19 99.22 99.23 99.75 99.91 98.89 100.29 99.78 99.71

Cat ions

Si4+

Ti4+

Al3+

V3+

Cr3+

Mg2+

Ca2+

Mn2+

Fe2+

Ni2+

Zn2+

Na2+

K+

0.00
0.01
1.66
0.00
0.33
0.52
0.00
0.00
0.46

–
0.00

–
–

0.00
0.01
1.49
0.00
0.49
0.47
0.00
0.00
0.52

–
0.00

–
–

1.00
0.00
0.00

–
0.00
1.49
0.00
0.02
0.47
0.00

–
–
–

1.00
0.00
0.00

–
0.01
1.51
0.00
0.02
0.46
0.00

–
–
–

1.00
0.00
0.00

–
0.00
1.46
0.00
0.02
0.52
0.00

–
–
–

1.00
0.00
0.00

–
0.00
1.46
0.00
0.02
0.51
0.00

–
–
–

2.65
–

1.35
–
–

0.01
0.33

–
0.02

–
–

0.64
0.02

5.75
0.08
4.33
0.00
0.67
2.34
0.90
0.02
1.40
0.00
0.00
0.35
0.00

4.75
0.02
4.89
0.00
0.89
3.35
0.39
0.02
1.84
0.00
0.00
0.38
0.01

Cat ion to tal 2.98 2.98 2.98 3.00 3.00 2.99 5.02 15.49 16.15

O2–

Cr/(Cr+Al)
Fe/(Fe+Mg)
Faya lite (mole%)
An or thite (mole %)

4.00
0.17
0.47

–
–

4.00
0.25
0.53

–
–

4.00
–
–

Fa24

–

4.00
–
–

Fa23

–

4.00
–
–

Fa26

–

4.00
–
–

Fa26

–

8.00
–
–
–

An34

24.00
–
–
–
–

24.00
–
–
–
–

1 — core part of min eral; 2 — rim part of min eral; 3 — olivines which ex ist within picotite; 4 — olivines with sur round picotite; 5 — cal cu lated from the
val ues in Borucki and Stępniewski (2001)

[2]



chon drule min er als cor rected the in stru men tal mass frac tion -
ation were cal cu lated as fol lows:

δi chondrule chondrule
i

i

R

R
FOSMOW

SMOW

= −








 +1 1000 i

The crit i cal pa ram e ter to be de ter mined from the O iso tope
mea sure ments is the mag ni tude of de vi a tion of the data points
from a ref er ence line, taken as the frac tion ation line for the ter -

res trial ma te ri als.  The ter res trial frac tion ation (TF) line is de -

fined as: δ17O = 0.52δ18O.  For chon drules, an ex cess in 17O can 
be de fined as fol lows:

∆17Ochon drule = δ17Ochon drule – 0.52 δ18Ochon drule [5]

The mag ni tude of the 16O-excess of chon drule min er als can

be sim ply shown by the ∆17O val ues.
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Fig. 2. X-ray im ages (speedmaps) of chevron

[4]



RESULTS

PETROLOGICAL PROPERTIES OF CHEVRON

Baszkówka chondrite con tains ~0.1% of ferroan chromian
spinel grains (Stępniewski et al., 1998b).  Only two picotitic
spinel-bearing chon drules, which were named panda and
chevron, have been found from Baszkówka un til now.  The
petrographic de scrip tion of these chon drules us ing the op ti cal
mi cro scope is given by Borucki and Stępniewski (2001).  The
chem i cal com po si tions of the min er als of panda us ing the elec -
tron microprobe anal y sis (EMA) are also shown in Borucki and 
Stępniewski (2001).  In this pa per, the re sults of the ob ser va tion 
and the chem i cal anal y sis of chev ron us ing the SEM-EDS are
de scribed.

Fig ure 1 is the back-scat tered elec tron im age (BSEI) of
chev ron.  The most strik ing fea ture is a coarse, skel e tal picotite
crys tal which oc cu pies ~38 vol.% of chev ron.  The ol iv ine
grains sur round the picotite, and some ol iv ine grains are en -
closed by the picotite.  The sur faces of ol iv ine grains ad ja cent
to the picotite are gen er ally in par al lel with that of the picotite. 
The ol iv ine grains oc cupy ~27 vol.% of chev ron.  Plagioclases
(~34 vol.%) ex ist as the groundmass of the other min er als.  The
plagioclases are pep pered with nu mer ous grains of ilmenites
and Cr-rich spi nels (< 10 µm in di am e ter).  The tex tur ally in -
ferred crystallisation se quence of the ma jor phases in chev ron
is as fol lows: picotite, ol iv ine, and then plagioclase.

The rep re sen ta tive chem i cal com po si tions of the ma jor
phases in chev ron are shown in Ta ble 3.  The bulk chem i cal
com po si tions of panda and chev ron are also shown in Ta ble 3. 
The ol iv ine grains show no Fe-Mg zon ing struc ture (Fig. 2c, e).  
The mean com po si tion of the olivines sur round ing the picotite
(~Fa26) is very close to those of ferro mag nesi an chon drules in
Baszkówka (Fa25.7; Borucki and Stępniewski, 2001).  The
olivines en closed by the picotite (Fa23–24) are slightly more
forsteritic than those sur round ing the picotite.  The plagioclase
in chev ron is het er o ge neous (An15–51), and is more calcic than
those in or di nary ferro mag nesi an chon drules in Baszkówka
(An12–15; Borucki and Stępniewski, 2001).

The com po si tion of the picotite in chev ron is close to that of 
the picotites in panda de scribed by Stępniewski et al. (1998a). 
The picotite ex hib its the Al-Cr zon ing struc ture (Fig. 2a, b). 
The Cr/(Cr+Al) ra tio of the picotite de creases from the rim part
(~0.25) to the core part (~0.17).  The width of the Cr-rich rim is

~100 µm.  The picotite also shows the Fe-Mg zon ing struc ture

(Fig. 2c, e): the rim part is more Fe-rich (Fe/(Fe+Mg) ≈ 0.53),
the core part is more Fe-poor (~0.47).

The bulk com po si tion of chev ron in di cates chev ron is
closely re lated to Al-rich chon drules and POIs.  This prop erty
is ow ing to the large amount of the picotite and the plagioclases
(to tal ~72%).  The tex ture and the bulk com po si tion of panda
are sim i lar to those of POIs, whereas the tex ture of chev ron is
un com mon among POIs.  Chev ron should be clas si fied as an
Al-rich chon drule from the pet ro log i cal prop er ties.
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T a  b l e  4

Ox y gen iso to pic com po si tions of the min er als in panda

Anal y sis δ17OSMOW

(±1σmean)

δ18OSMOW

(±1σmean)

∆17O

(±1σmean)

Picotite

Pi#01

Pi#02

Pi#03–1

Pi#03–2

Pi#04

Pi#05
Av er age*

–3.3±2.7

–6.9±2.8

–0.2±2.9

–6.6±3.0

–7.0±2.8

–6.6±3.6

–5.1±1.1

–2.7±2.1

–3.4±2.1

–0.3±1.9

–6.0±2.4

–2.7±2.0

–3.6±1.9

–3.1±0.7

–1.9±2.9

–5.1±3.0

 0.0±3.1

–3.5±3.2

–5.6±3.0

–4.7±3.7

–3.5±0.9

Ol iv ine

Ol#01

Ol#02

Ol#06

Ol#07

Ol#09
Av er age*

–4.0±2.8

–2.0±3.1

 6.1±2.9

 6.4±2.9

–4.5±2.6

 0.4±2.4

–2.5±1.7

–4.3±2.3

–2.0±2.0

 1.1±2.3

–2.7±2.2

–2.1±0.9

–2.7±3.0

 0.2±3.3

 7.1±3.1

 5.8±3.2

–3.1±2.8

 1.5±2.1

Plagioclase

Pl#01

Pl#02

Pl#03
Av er age*

–0.8±2.9

 2.4±2.8

 3.5±3.2

 1.7±1.3

5.9±1.8

3.0±2.0

2.0±1.9

3.6±1.2

–3.8±3.0

 0.9±3.0

 2.4±3.4

–0.2±1.9

* — av er age of each min eral and the stan dard er ror of the mean were cal cu lated from the val ues of each spot



OXYGEN ISOTOPIC COMPOSITIONS OF PANDA AND CHEVRON

The re sults of ox y gen iso to pic anal y sis for the min er als of
panda are sum ma rised in Fig ure 3 and listed in Ta ble 4. The
O-iso to pic com po si tions of the min er als in panda are more
16O-rich than the bulk O-iso to pic com po si tion of Baszkówka

(d17O = 3.66‰, d18O = 4.88‰; Stêpniewski et al., 1998a). 
More over, the O-iso to pic com po si tions of the min er als in
panda have re la tion to the crystallisation se quence.

The re sults of ox y gen iso to pic anal y sis for the min er als of
chev ron are sum ma rised in Fig ure 4 and listed in Ta ble 5.  The
O-iso to pic com po si tions of the min er als in chev ron are also
more 16O-rich than the bulk O-iso to pic com po si tion of
Baszkówka.  How ever, the cor re la tion be tween the ox y gen iso -
to pic com po si tions and the crystallisation se quence of the min -
er als is not clear.  The 16O-en rich ment of the anal y sis point
Pl#02 in com par i son with the other anal y sis points of the
plagioclase may be due to the con tri bu tion from the grain of il -
men ite or Cr-spinel which ex ists within the plagioclase.

The O-isotopic com po si tions of the min er als in panda and
chev ron are scat tered near the Equil i brated Chondrite Line
(ECL) de ter mined by Clay ton et al. (1991).  The ECL is the ref -
er ence line formed by the  “grand means” for the three iron
groups (L, LL, H) of or di nary chondrites.  The ECL is de -

scribed by the fol low ing equa tion: d17O = 1.074 d18O – 1.53.
The O-isotopic com po si tions of the picotites in Baszkówka

are close to those of Mg-Al spi nels in Al-rich chon drules from
unequilibrated or di nary chondrites (Rus sell et al., 1997) and
those of Cr-Al spi nels in car bo na ceous chondrites (Si mon et
al., 1994, 2000).

DISCUSSION

Both panda and chev ron have pet ro log i cal prop er ties in di -
cat ing that the picotites ap par ently crys tal lised in mol ten drop -
lets of chon drule pre cur sors. Rel ict spi nels in
plagioclase-olivine in clu sions (POIs) in CV chondrites ex hibit
a cor roded or ser rated ap pear ance which re sults from re ac tion
with chon drule melt drop lets (Sheng et al., 1991; Maruyama et
al., 1999b).  The ap pear ance of the picotites in both panda and
chev ron is quite dif fer ent from that of spi nels in POIs.  Fur ther -
more, un like the spi nels from CAIs, those stud ied here are very
coarse and con tain weight per cent lev els of FeO and Cr2O3. 
The rel ict spi nels in chon drules were orig i nally pure MgAl2O4

(Misawa and Fujita, 1994; Maruyama et al., 1999b), whereas
the picotites in these chon drules may have been nat u rally
Fe-Cr-bearing.

The skel e tal tex ture of the picotite in chev ron sug gests that
the picotite ap par ently crys tal lised in the mol ten drop let; the
skel e tal or den dritic tex ture of chon drules can be formed in rap -
idly cooled melts that have nu clei (Lofgren, 1996).  More over,
the compositional zon ing struc ture in the picotite can be in ter -
preted as frac tional crys tal li sa tion from a Cr-Al-rich melt as
sug gested by Mc Coy et al. (1991) and Krot et al. (1993).  The
picotites in panda are al most ho mo ge neous (Borucki and
Stêpniewski, 2001); the ho mo ge neous spi nels in chon drules
could have crys tal lised from melt drop lets (Si mon et al., 1994).

In ad di tion to the pet ro log i cal prop er ties, the O-isotopic
com po si tions of the min er als in panda and chevron clearly in di -
cate that the picotites in these chon drules are not the rel ict
phase, but the pri mary phase which crys tal lised dur ing chon -
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Fig. 3. Ox y gen iso to pic com po si tions of min er als in panda (A) mod i fied by Maruyama et al. (1999a) and in chev ron (B)

All er rors are 1smean; TF — ter res trial frac tion ation line (Clay ton, 1993), ECL — equil i brated chondrite line (Clay ton et al., 1991)



drule-forming events.  The O-isotopic com po si tions of min er -
als in both panda and chev ron are slightly more 16O-rich than
the bulk O-isotopic com po si tion of Baszkówka.  More over, the 
O-isotopic com po si tions of these chon drules are more 16O-rich
than the pop u la tion of chon drules from equil i brated or di nary

chondrites (3‰ < δ18O < 6‰) de scribed in Clay ton et al.
(1991).  How ever, The O-isotopic com po si tions of the picotites 

(∆17Opanda ≈ –4‰; ∆17Opanda ≈ 1‰) are quite dif fer ent from

those of spi nels in CAIs (≈ –20‰).
Al though the picotites have no di rect re la tion ship with spi -

nels in CAIs, the pre cur sors of panda and chevron may have
been orig i nally en riched in 16O.  Clay ton et al. (1991) sug -
gested that O-isotopic com po si tions within or di nary chondrites 
are due to high-temperature ex change be tween 16O-rich chon -
drule pre cur sors and 16O-poor neb u lar gas.  Panda and chev ron
may pre serve the 16O-enrichment as a re sult of in com plete ex -
change be tween chon drule pre cur sors and the am bi ent neb u lar
gas.  As Rus sell et al. (1997) sug gested from the study of
Al-rich chon drules in unequilibrated or di nary chondrites, it is
pos si ble that chevron and panda are more prim i tive than ferro -
mag nesi an chon drules in Baszkówka.

The O-isotopic ex change re ac tion be tween chon drule pre -
cur sors and the neb u lar gas may have also oc curred dur ing the
so lid i fi ca tion of the chon drule melt.  The vari a tions of the
O-isotopic com po si tions ob served among the min er als in
panda may have been ac com plished by in com plete O-isotopic
ex change by neb u lar gas un der late-limiting pro cesses such as

dif fu sion in melt and/or sur face re ac tion, as sug gested by
Maruyama et al. (1999b).  The mol ten drop let of pre cur sors of
chev ron may have so lid i fied so rap idly.  Thus O-isotopic ex -
change re ac tion may have scarcely pro gressed dur ing the for -
ma tion of chev ron.

CONCLUSION

Al though both panda and chev ron have closer re la tion ship
to or di nary ferro mag nesi an chon drules than CAIs, these
picotite-bearing chon drules are more 16O-rich than chon drules
in or di nary chondrites.  The 16O-enrichment of panda and
chevron may re sult from in com plete O-isotopic ex change re ac -
tion be tween 16O-rich chon drule pre cur sors and the 16O-poor
am bi ent neb u lar gas.  The vari a tions of O-isotopic ra tios among 
the min er als in panda may in di cate that O-isotope ex change re -
ac tion has oc curred be tween the chon drule melt drop let and the
neb u lar gas.  The O-isotopic het er o ge ne ity in Baszkówka me -
te or ite may rep re sent an older, early so lar neb u lar ma te rial in di -
cat ing that Baszkówka have not been com pletely homogenised
through the ther mal meta mor phism and/or the sec ond ary al ter -
ation in the par ent body.
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T a  b l e  5

Ox y gen iso to pic com po si tions of the min er als in  chev ron

Anal y sis δ17OSMOW

(±1σmean)

δ18OSMOW

(±1σmean)

∆17O

(±1σmean)

Picotite

Pi#01

Pi#02

Pi#03

Pi#04

Pi#05

Pi#06
Av er age*

 3.6±2.9

–2.2±2.6

 5.8±2.6

 1.9±2.6
 0.4±2.9

–2.3±2.6

 1.2±1.3

 0.3±1.5
 0.9±1.7

–0.6±1.9

 1.8±1.6
 2.0±1.6

–4.3±1.6
 0.0±0.9

 3.5±3.0
 -2.6±2.8

 6.1±2.7
 0.9±2.8
−0.6±3.1
–0.1±2.7

 1.2±1.3

Ol iv ine

Ol#01

Ol#02

Ol#03
Av er age*

3.4±2.8

4.6±2.8

1.1±2.9
3.0±1.0

–2.1±1.8
 1.5±1.6

–4.6±1.9
 1.7±1.8

4.5±2.9
3.8±2.9
3.5±3.1

4.0±0.3

Plagioclase

Pl#01

Pl#02

Pl#03
Av er age*

 2.2±2.6
–7.1±2.6
 1.9±2.5
–1.0±3.1

 0.0±1.8

–1.7±1.9

 1.0±1.7

–0.2±0.8

 2.1±2.8
–6.3±2.7

 1.4±2.6

–0.9±2.7

* — av er age of each min eral and the stan dard er ror of the mean were cal cu lated from the val ues of each spot
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