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Abstract—We report the oxygen-isotope compositions of relict and host olivine grains in six high-FeO porphyritic
olivine chondrules in one of the most primitive carbonaceous chondrites, CO3.0 Yamato 81020. Because the relict
grains predate the host phenocrysts, microscale in situ analyses of O-isotope compositions can help assess the
degree of heterogeneity among chondrule precursors and constrain the nebular processes that caused these isotopic
differences. In five of six chondrules studied, th€O (=6"0 —0.52 -§*80) compositions of host phenocrysts

are higher than those in low-FeO relict grains; the one exception is for a chondrule with a moderately high-FeO
relict. Both the fayalite compositions as well as the O-isotope data support the view that the low-FeO relict grains
formed in a previous generation of low-FeO porphyritic chondrules that were subsequently fragmented. It appears
that most low-FeO porphyritic chondrules formed earlier than most high-FeO porphyritic chondrules, although
there were probably some low-FeO chondrules that formed during the period when most high-FeO chondrules were
forming. Copyright © 2004 Elsevier Ltd

1. INTRODUCTION Hiyagon and Hashimoto, 1999; Krot et al., 2002; McKeegan et al.,
1998; Yurimoto et al., 1998Because relicts formed earlier than

Porphyritic chondrules exhibit two dominant textures: low- host chondrules, relicts and hosts provide information about the
FeO porphyritic (type-1) chondrules generally have many small O-isotope evolutionary history of solid materials. Microscale in
(<20 wm) mafic silicate grains, whereas high-FeO porphyritic = situ analyses of O-isotope compositions can help assess the degree
(type-Il) chondrules tend to have fewer and large#Q um) of heterogeneity among chondrule precursors preserved as relict
grains McSween, 1977; Scott and Taylor, 1988 unequili- grains, and help constrain those nebular processes that result in
brated chondrites there is a strong relationship between textural changes in the isotopic composition of solids.
type and composition; olivine fayalite values [FeO/ C0O3.0 Yamato 81020 (hereafter Y-810K@jima et al., 1995
(FEO+MgO) X 100, Fa] in the central area of type-l CO s one of the most primitive (unaltered) carbonaceous chondrites;

chondrules are commonkg6 mol.%, whereas those in type-ll  thus it should show minimal disturbance of the O-isotope record
chondrules are generally 10 mol.%. We use the terms low- by parent-body processes. We used an ion microprobe to study the
FeO and high-FeO olivine with a boundary-efa9= 1 in this oxygen-isotope compositions of relict grains in type-Il chondrules

study. In this paper, chondrules referred to as textural type | in Y-81020. We obtained data for six relict olivine grains (five
have low FeO contents and type Il have high FeO contents. |ow-FeO and one moderately high-FeO) and coexisting high-FeO
Relict grains, i.e., those that did not crystallize in situ in the grains of the “host” chondrules. Our chief goal was to obtain
host chondrule, are found in both type-I and type-Il chondrules correlated petrographic and isotopic evidence regarding the com-
(Nagahara, 1981; Rambaldi, 198they are unmelted materials  positional evolution of the solar nebula, especially during the
from a previous generation of chondrules. The existence of period of chondrule formation.
relicts in chondrules shows that the final melting events did not
produce completely liquid droplets. Most type-II chondrules in
CO3 chondrites contain low-FeO relict olivine grair&tdele,
1989; Jones, 1992; Jones, 1993; Wasson and Rubin).ZD03 2.1. Petrographic Techniques
chemi(?al Compositi(_)ns of the low-FeQ relict grains suggest that As discussed in several recent papers, the CO3.0 carbonaceous
the rellgts yvere derived from .type-_l chondrulemies, 1996 chondrite Y-81020 experienced very little fhermal métamorphism or
The ubiquity of low-FeO relicts in type-ll CO chondrules  aqueous alteration (e.dtoh and Yurimoto, 2003; Kojima et al., 1995;
indicates that these chondrules formed relatively late during the Wasson et al., 2001 We studied two chondrules in thin section 51-1
chondrule-forming epochWasson and Rubin, 20D3 and four from thin section 56-4 from the National Institute of Polar

Studies of the O-isotope compositions of relict grains can help Re;:?gza(t't\ggﬁ) g;ez?r'%o'(BSE) images were made with a LEO-

identify .their provenan_ce. Numerous studigs of the O'iSOtOP? 1430VP scanning electron microscope. Preliminary studies of the thin
compositions of meteorites have shown that, in general, chondritic sections were made of mosaics of BSE images wifin2 resolution.
materials show differences in their detailed isotopic signatures We then surveyed ever200-um type-I and type-Il chondrule in the

(i.e., Clayton, 1993and references thereiGhoi et al., 1998; images looking for objects with relict grains. We found only six
chondrules containing relict grains coarse enougB( wm across) to

analyze optimally with our ion microprobe. We characterized these
olivine grains by determining the concentrations of 10 elements using
* Author to whom correspondence should be addressed a JEOL JXA-8200 electron microprobe with a wavelength-dispersive
(tky@ucla.edu). system.
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2.2. |sotopic Techniques

Oxygen-isotope measurements were performed by secondary ion
mass spectrometry with the Cameca IMS-1270 instrument at the Uni-
versity of California, Los Angeles (UCLA). Anaytical details are
essentially identical to those described by McKeegan et al. (1998).
Briefly, a primary ion beam of 20 keV Cs* was defocused to produce
a uniformly illuminated 15-um-diameter spot at the sample surface
with anion intensity of 0.2 nA. Negative secondary ions corresponding
to %07, Y0, and *¥0~ were analyzed in a peak-jumping mode at a
mass resolution of ~7000, sufficient to eliminate quantitatively all
molecular ion interferences. A normal -incidence electron gun was used
to flood the analysis area with low-energy electrons for charge com-
pensation. One run typically consisted of 20 blocks of three cycles each
(3, 10, 5 sintegration times). The ion intensities were determined by
pulse-counting with an electron multiplier for O~ and **0~, and
160~ jons were collected on a Faraday cup. The 0~ secondary ion
intensity was between 8 X 10* and 1.5 X 10° counts per second.
Appropriate corrections were made for detector deadtime.

Olivine data were corrected for instrumental mass fractionation by
using the 80 for San Carlos olivine (+5.25%o relative to SMOW;
Eiler et a., 1995) and assuming a linear mass-fractionation law. An
additional correction to account for the changes in instrumental mass
discrimination of 0.5%. for each 10% change in fayalitic content of the
olivine (Leshin et a., 1997) was not applied. The reported uncertainties
include both the internal measurement precision on an individua
andlysis and an additional factor that represents the point-to-point
reproducibility, estimated by the standard deviation of the mean (in
both 880 and 6'70) for measurements of the standard during a given
analytical session.

3. RESULTS
3.1. Petrographic Observations

BSE images of the chondrules are shown in Figure 1. Fayalite-
composition zoning profiles from the cores of the rdlict grains to
the edges of the host phenocrysts (Fig. 2) follow the traverses
shown in Figure 1. The chemica compositions of center cores and
outer host phenocrysts in the zoning profiles are given in Table 1.
In each section chondrules are named based on their coordinatesin
a grid superposed on the section images.

The analyzed chondrules are all type-1l porphyritic-olivine
(PO) chondrules ranging in size from 100 X 170 um to 300 X
350 wm. All chondrules contain accessory to minor amounts of
opague phases. Most grains are troilite; all chondrules except
B5y also contain a few small grains of kamacite. Small (=5
wm) chromite grains occur in G3v, J3s, E6b and B5y; E6b and
J3s also contain a few 20-um-size subhedral chromite grains.
Chondrule A5y contains a large (100 X 140 wm) subhedral
olivine phenocryst and three smaller (30-70 wm) olivine grains
(Fig. 18). In the large grain, there is a 70-um low-FeO rdlict
with a minimum fayalite composition of Fal. The maximum
fayalite composition of the host grain is Fa29.

Chondrule G3v contains two large (100 wm) subhedra oli-
vine phenocrysts, 10 somewhat smaller (30-50 um) olivine
grains, and many even smaller (<30 wm) olivine grains (Fig.
1b). In the largest phenocryst there is a 40-um low-FeO relict
with a minimum fayalite composition of Fa6. The outer part of
the host grain is more ferroan, ranging up to Fa36. This chon-
drule was previously caled YcM in the study of Wasson and
Rubin (2003).

Chondrule M3d contains two large (70-100 wm) subhedra
olivine phenocrydts, nine smaller (30-40 um) olivine grains, and
many even smaller (<30 um) olivine grains (Fig. 1c). A 40-um-
size phenocryst at the edge of the chondrule contains a20-um-size

low-FeO relict core with a minimum fayalite composition of Fal.
Severa of the smaller alivine grains aso contain relicts. The host
grain reaches ~Fa25 near the outer margin.

Chondrule J3s is afragment containing one large phenocryst
that encloses a ~20 X 80 um low-FeO relict core (Fig. 1d)
with a minimum fayalite composition of Fal. The host olivine
reaches ~Fa25 near the edge.

Chondrule E6b contains two large (70-100 um) subhedral
olivine phenocrysts, four intermediate (10-30 wm) olivine
grains, and many small (1-10 wm) olivine grains. In the largest
phenocryst, there is a 50-um-size low-FeO relict (Fig. 1€) with
aminimum fayalite composition of Fa2. The host grain reaches
Fa29 at the margin.

Chondrule BSy has a single large (180 X 210 wm) subhedral
olivine phenocryst and an elongated, segmented, moderately skel-
etd grain (~80 X 350 um) that curves around the margin of the
chondrule (Fig. 1f). The central grain contains a relatively dark,
65-um-size moderately angular relict, with a minimum fayalite
composition of Fal8. The host olivine ranges up to Fa63. This
chondrule was caled YcK by Wasson and Rubin (2003).

3.2. Oxygen |sotopes

A total of 22 O-isotope measurements were made on relict
olivine grains and their host phenocrysts in six chondrules; the
results are shown in Table 2 and Figure 3. The spots analyzed
are marked in Figure 1. Fayalite compositions of the spots were
estimated by averaging ~6 electron probe spot analyses around
the ion microprobe analyzed spots. In chondrule M3d, the size
of the relict grain is the same as the spot size; its composition
was calculated by averaging values of electron probe analyses
that were carried out before the ion probe analysis.

In the five chondrules (A5y, G3v, M3d, J3s, and E6b) with
low-FeO (Fal-6) relict grains, the ranges for the relicts are
80 = —8.7t0 —3.9%o0, 5'%0 = —6.4t0 —0.9%. (Table 2 Fig.
3a—e). The host phenocrysts have mean compositions of
Fal5-34 and O-isotope ranges of 8O = —4.1 to 0.5%. and
880 = —1.2 to 4.9%.. The A’O compositions of the host
phenocrysts are consistently less negative than the relict grains.
The differences in A¥O between the relicts and hosts range
from 0.2 to 3.6%o.

Chondrule B5y is different from the others. This chondrule
has a moderately high-FeO relict grain (Fal18-27) with 'O~
3.7%o and 880~ 7.5%o (Table 2; Fig. 3f), whereas the ranges
in the host phenocrysts are 670 = —1.2 to 1.0%0 and 820 =
3.7 t0 5.7%o. The mean A0 value of the host phenocrysts is
2.5%0 more negative than the mean of the relict. The ion-
microprobe spots sampled a host phenocryst compositional
range of Fab54-63.

4. DISCUSSION
4.1. Relict Grainsin Type-ll Chondrules

Most researchers agree that chondrules formed in the solar
nebula by the flash melting of preexisting solid precursor grains
(e.g., Hewins and Connolly, 1996; Rubin, 2000). The low-FeO
relict cores are preserved from grains that did not melt during
the last melting event experienced by the host chondrule (Jones,
1992; Jones, 1996). Most relicts seem to be minerals (or chon-
drule fragments) formed during earlier generations of chon-
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Fig. 1. Backscattered electron (BSE) images of six FeO-rich type-Il porphyritic olivine chondrules: (a) A5y, (b) G3v, (c) M3d,
(d) J3s, (€) E6h, and (f) B5y. Chondrules A5y, G3v, M3d, J3s, and E6b contain low-FeO (=Fab) relict grains whereas B5y
contains a moderately high-FeO (~Fal8) relict grain. An enlarged image of the relict grain in M3d is shown in the upper right
corner. Ellipses show locations of ion-microprobe spots (the spots appear brighter because of sputtering effects in the ion probe).
The locations labels “r” and “h” correspond to relict and host in Table 2. Lines in each figure show the positions of the electron
probe traverses illustrated in Figure 2. The oxygen-isotopic compositions of each spot are shown in (Table 2

drule formation. The existence of relict grains provides strong anism was capable of recurring (Rubin and Krot, 1996; Was-
evidence that some chondrule components experienced multi- son, 1993). Wasson and Rubin (2003) combined their data with
ple melting events and thus that the chondrule heating mech- those of Jones (1992) and found that low-FeO relict grains are
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Fig. 2. Fayalite composition zoning profiles in olivine phenocrysts
from cores of relict grains to the rims of the host chondrules obtained
by electron microprobe. The Fa compositions of relict grain cores for
A5y, G3v, M3d, J3s, E6h, and B5y are 1, 6, 1, 1, 2, and 18 mol.%,
respectively. The chemical composition obtained by the electron probe
of the center of cores and the edges of the profiles are shown in Table
1. The positions of the traverses are shown in Figure 1.

present in essentially all (>90%) type-1l chondrules in CO3.0
chondrites. They suggested that the cores of coarse high-FeO
phenocrysts are aso relicts, thereby implying that recycled
chondrule materials constitute a major component of type-ll
chondrules.

Y-81020 is petrologic subtype 3.0 (Chizmadia et a., 2002;
Kojima et al., 1995). Amoeboid olivine inclusions in Y-81020

lack fayalite rims around their forsterite grainsin contrast to the
ubiquity of such rimsin CO3.2 Kainsaz and more equilibrated
CO chondrites (Chizmadia et al., 2002). Because fayalite rims
are a sensitive indicator of parent-body agueous and thermal
ateration (Chizmadia et al., 2002), it is clear that Y-81020
experienced minimal hydrothermal alteration and that the com-
positional zoning in olivine grains in chondrules is not derived
from parent-body metamorphism. Zoning across the boundary
between relict grains and their host phenocrysts (Fig. 2) may
have been produced by partial resorption of the relicts in
boundary-layer melts coupled with incomplete mixing in the
melt. There may also have been some Fe-Mg diffusion between
the relict and the newly grown olivine rim (Jones et al., 2000).
The cores of the relict grains in chondrules A5y, M3d, J3s, and
E6b have Fa < 2. The O-diffusion rate in olivine is much
smaller than the Fe-Mg diffusion rates by a factor of 1000 at
1300 K and by higher factors at lower temperatures (Buening
and Buseck, 1973; Chakraborty, 1997; Jaoul et al., 1980; Ry-
erson et a., 1989). Because of this difference and because
Fe-Mg zoning is preserved, solid-state diffusion would have
produced only negligible changesin the O-isotope composition
of the relict grain during the final chondrule melting event.

The core of the rélict grain in chondrule G3v is Fab; it is
difficult to assess whether the fayalite composition of the G3v
relict-grain core was increased by Fe-Mg interdiffusion. We
estimate the contribution of diffusion exchange to the observed
O-isotope composition assuming Fe-Mg interdiffusion oc-
curred. If we assume that the core and host of G3v originally
were Fa0 and Fa30, the G3v composition (Fab) could reflect
20% Fe-Mg exchange. The maximum difference in A0 is
20%o in chondrules. If the O-diffusion rate was 10° X smaller
than the Fe-Mg diffusion rate, the change in A*”O resulting
from diffusion is <0.1%o. Thus, we conclude that the O-isotope
compositions of relict grains accurately reflect those of earlier
chondrule generations.

The core of the relict grain in chondrule B5y has a fayalite

Table 1. Typical electron-probe analyses (Wt%) of olivine grains in chondrules from Yamato 81020 (CO3.0).

Chondrule SO, Cr,04 Na,0 MnO K,0 AlL,O5 TiO, MgO FeO Cao Total Fa mol%
A5y (51-1) 100 X 170 um

Relict 42.4 0.3 n.d. n.d. n.d. 0.1 n.d. 56.3 0.9 0.16 100.2 1

Host 37.9 0.5 n.d. 0.2 n.d. n.d. n.d. 36.2 26.3 0.18 101.3 29
G3v (56-4)* 170 X 310 um

Relict 41.4 n.d. n.d. n.d. n.d. 0.1 n.d. 52.1 5.8 0.67 100.3 6

Host 37.6 0.2 n.d. 0.3 n.d. n.d. n.d. 34.2 27.8 0.36 100.5 31
M3d (56-4) 170 X 260 um

Relict 41.9 05 n.d. n.d. n.d. 0.2 n.d. 55.3 12 0.30 99.6 1

Host 38.3 0.2 n.d. 0.3 n.d. n.d. n.d. 38.7 22.8 0.29 100.6 25
s (56-4) 100 X 170 um

Relict 41.8 0.2 n.d. n.d. n.d. 0.1 n.d. 55.0 15 0.37 99.1 1

Host 37.6 0.4 n.d. 0.2 n.d. 0.1 n.d. 38.6 22.4 0.25 99.7 25
E6b (51-1) 200 X 250 uwm

Relict 42.1 0.4 n.d. 0.1 n.d. 0.1 n.d. 55.5 21 0.23 100.6 2

Host 37.7 04 n.d. 0.3 n.d. n.d. n.d. 36.4 26.0 0.33 101.1 29
B5y (56-4)2 300 X 350 um

Relict 39.6 0.3 n.d. 0.1 n.d. n.d. n.d. 44.0 16.6 0.35 100.9 18

Host 34.3 0.2 n.d. 0.3 n.d. n.d. n.d. 20.3 44.8 0.14 100.0 55

1 Chondrule was designated YcM by Wasson and Rubin (2003).
2 Chondrule was designated YcK by Wasson and Rubin (2003).

n.d.: below detection limits (3a, in wt%); 0.2 for Cr,Og; 0.1 for Na,O, MnO, K,0, Al,O; and TiO,.
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Table 2. Result of oxygen isotopic analyses of chondrules from
Yamato 81020 (CO3.0).

80 + 880 + AYO +
Chondrule 1oy %o 1oy, %o 1oy, %o Fa mol%
Aby (51-1)
Relict 1 —-48+x11 -11*+11 -43=*09 1
Host 1 -15*+11 26=*10 -28=*09 24
2 02*11 49+11 —-24*08 15
G3v (56-4)
Relict 1 -70x11 -34*x11 -52%*09 8
Host 1 05*+11 41+10 -16=*=09 34
2 -15*10 35*x11 -33*08 24
M3d (56-4)
Relict 1 -87*x12 -64*+11 -53x09 3
Host 1 -24+x13 -12*+12 -17*+12 23
2 —-20x12 02+x11 -22*+10 24
3 -15+x11 32*x11 -31*08 20
J3s (56-4)
Relict 1 -39*x11 -09*10 -34=*09 8
Host 1 02+12 46+11 —-22*10 26
2 -16+*11 31*x11 -32=*09 25
E6b (51-1)
Relict 1 -80*x11 -45*+11 -57*=08 5
Host 1 —-41x12 13+11 —-47=*10 21
2 -22+x11 08=%=11 -26=*09 21
B5y (56-4)
Relict 1 40+ 11 74*10 02=*09 27
2 34+x11 76+10 -06=*10 18
Host 1 -04x12 5711 -34=*10 63
2 10*+11 49+11 -15%*10 58
3 -07x13 3711 -26=*11 61
4 -12=*+12 3710 -32*10 54

composition of Fal8; this is in the high-FeO range and is
significantly higher than those of the five low-FeO (Fal-6)
relict grains. A composition of Fal8 is relatively common in
the centers of phenocrysts in type-l1l chondrules in CQO3.0;
among 11 type-ll chondrules studied by Wasson and Rubin
(2003), six have cores ranging from Fal5 to Fal8.

4.2. Oxygen |Isotopes in Relict and Host Grains

The A0 values in five low-FeO relict grains in type-l|
chondrules from Y-81020 are more negative than those in their
high-FeO host phenocrysts. These data confirm and extend
earlier studies (Jones et al ., 2000; Wasson et al., 2004) showing
that, in most cases, the O-isotopic compositions of low-FeO
relict grains in CO3.0 chondrites are more *°0O-rich than those
in “younger” more-ferroan olivine. Combining these results
with those of Jones et a. (2000) shows that low-FeO relict
grainsin six of six CO3.0 type-II chondrules have A0 values
that are more negative than their host grains.

Electron and ion-microprobe data on chondrules and isolated
olivine grains in the ALHA77307 and Y-81020 CO3.0 chon-
drites show that every *®O-rich grain (A*O from —9.0 to
—3.5) has a low FeO content near Fal (Jones et al., 2000;
Leshin et al., 2000; Wasson et al., 2004). The relationship
between FeO content and O-isotopic composition is less clear
among relatively °0O-poor materials. Although most relatively
180-depleted grains (A0 from —3.5 to +1.7) in these data
sets (Jones et al ., 2000; Leshin et al ., 2000; Wasson et al., 2004)
are high FeO (Fa20-40), a few of these grains have low FeO

contents (Fal-5). The mean O-isotope compositions of high-
FeO olivine phenocrysts in the five type-ll chondrules in
Y-81020 measured in this study range in A*’O from —3.7 to
—2.3%o, consistent with previous papers. Although the analyt-
ical uncertainty is not negligible and there is significant over-
lap, the high-FeO olivinesin type-1I chondrules generally have
higher A*O than the low-FeO olivines in type-l chondrules.
The mean O-isotope compositions of low-FeO relict grains in
the five type-Il chondrules in Y-81020 range in A*O from
—b5.7 to —3.4%.. All low-FeO relict grains have O-isotopic
compositions within the range previously reported for low-FeO
type-l chondrules in CO3.0 chondrites (Jones et a., 2000;
Leshin et a., 2000; Wasson et al., 2004).

Both the fayalite content and O-isotope compositions of
low-FeO relict grains are consistent with the grains having been
derived from type-l chondrules. It is significant that the O-
isotopic compositions of the relict grains in this study are not
near the A*O value ~ —25%o that appears to be typica of
refractory inclusions or amoeboid olivine inclusions in pristine
carbonaceous chondrites. From this we conclude that the relict
olivine grains did not originate as amoeboid olivine inclusions,
the other major potential source of forsterite (Hiyagon and
Hashimoto, 1999; Imai and Y urimoto, 2003; Krot et al., 2002).
Therelictsin our study differ from those analyzed by Jones et
al. (2002) and Y urimoto and Wasson (2002), who found A*"O
values =—15%o in unusua relict grains from two chondrules
from CV3 Mokoia and one chondrule from Y -81020.

The O-isotope composition of the moderately high-FeO rel-
ict grain in chondrule B5y is located at the upper end of a
cluster formed by the host phenocrysts from type-11 chondrules
(Fig. 3f). The fayalite compositions of ion-microprobe spotsin
the other type-Il chondrule host phenocrysts are in the range
Fal5-34, whereas the moderately high-FeO relict points in
chondrule B5y are Fal8 and Fa27. The fayalite composition of
this relict grain in chondrule B5y may suggest that it was
recycled from type-11 chondrules. In this case, the A*O of B5y
can be used to help define the O-isotope compositional varia-
tion among type-1l chondrules. As discussed below, the high
A0 value of the B5y relict may reflect stochastic sampling. A
more complex explanation is that this grain came from a
different nebulalocation having higher mean A0, such asthe
ordinary-chondrite forming region. On the other hand, the
A0 of the host phenocrysts in chondrule BSy is close to the
mean A0 of the host phenocrysts in the other type-Il chon-
drules (even though the B5y host-phenocryst fayalite compo-
sitional range, Fa54-63, is significantly higher than those of the
other host phenocrysts). Additional analyses of type-Il chon-
drules are needed to assess (1) the variation of O-isotopic
composition among type-ll chondrules, (2) the general O-
isotope composition relationship between moderately high-FeO
relicts (i.e., BSy) and their host chondrules, and (3) the origin
of the B5y ferroan host and relict.

Jones et al. (2000) observed one isolated olivine (Fa4) grain
in CO3.0 ALHA 77307 with amean A0 of +1.7%0. The AY’O
in the B5y relict is consistent with the observation that A*’O
values in some high-FeO chondrules in CO3.0 chondrites are
>0%o. The A0 of nebular gas at the time the last chondrule
precursors formed was at least this high.
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Fig. 3. Oxygen-isotope composition of relict and host olivine grains for individual chondrules from Yamato 81020
(C03.0). Rectangles and circles show relict and host respectively. Filled, gray, and open symbols show 0 < Fa < 10, 10
< Fa < 30, and 30 < Fa < 65, respectively. Error bars are 1o0,. The terrestrial fractionation line and carbonaceous
chondrite anhydrous minerals line (Clayton, 1993) are shown as solid lines. The five low-FeO relict grains (a—€) have more
negative A0 than the host phenocrysts. The differences in A0 between the relicts and hosts range from 0.2 to 3.6%o.
Chondrule B5y (f; which contains a moderately high-FeO relict) shows the opposite trend; the mean A*’O composition of
the host phenocrysts is 2.5%. less negative than the mean of the relict.

4.3. Earlier Formation of Type-l| Chondrules

Relict grains formed before their host phenocrysts. Both the
fayalite and O-isotope compositions of low-FeO relict grains
are consistent with the grains having been derived from type-|
chondrules. Thus, it is clear that some low-FeO type-I chon-
drules formed before high-FeO type-Il chondrules.

Wasson and Rubin (2003) showed that low-FeO rdlicts are
ubiquitous in type-ll chondrules. Although high-FeO (Fa6 or
higher) relicts would be easy to recognize in BSE images of
low-FeO chondrules, none were found. In other chondrite groups
sometype-| chondrulesinclude relict dusty olivine grains contain-
ing numerous small metallic Fe grainsformed by reduction of FeO
during the last chondrule melting event (Nagahara, 1981; Ram-
baldi, 1981). The initial Fa contents of these olivine grains were

moderately high, =3 mol.%. We surveyed a total of ~300 low-
FeO typel chondrules in the two available thin sections of
Y-81020, and we found only one chondrule that contained dusty
olivine. Thus, dusty olivine grains seem to occur in =1% of CO
chondrules. From these observations, it is clear that high-FeO
relict grains are rare in type-| CO chondrules dthough low-FeO
relict grains are abundant in type-11 CO chondrules.

There is reason to expect the FeO of nebular solids to
increase gradually. When metal vaporizes at low (<500 K)
ambient nebular temperatures, the Fe recondenses as FeO; this
process incrementally converts reduced Fe metal to oxidized
silicates, thereby increasing the FeO/(FeO+MgO) ratio in the
solids (Wasson, 2000). Considering both this argument and the
scarcity of relict grains in type-I chondrules, we conclude that
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most type-l chondrules formed earlier than most type-11 chon-
drules athough there may have been a significant overlap in
their formation intervals. As discussed later, this evaporation/
recondensation process may have also caused a shift in the
mean O-isotope composition of nebular solids.

An dternative possible explanation for the relative rarity of
high-FeO rdlict grainsin CO chondritesisthat there may be abias
againgt preservation of high-FeO rdlict olivine grains in type-l
chondrules because high-FeO olivine melts at lower temperatures
(e.g., 1930 K for Fa20 vs. 2160 K for Fa0). However, it seems
probable that high-FeO relict materid within type-| chondrules
was mainly lost by resorption rather than by melting; Greenwood
and Hess (1996) showed that, for phases below their melting
temperatures, the amount of resorption depends more on the
duration of the heat pulse than on the peak temperature. If chon-
drules were incompletely melted for brief (<10 s) periods, it
seems probable that large (>20 wm) high-FeO rdicts olivine
could have survived. Because we do not find any (<1%), we
conclude that they did not exist in significant numbers.

Both type-l and type-ll chondrules experienced multiple
partial melting events (Rubin and Wasson, 2003; Wasson and
Rubin, 2003), and the last melting event experienced by some
low-FeO type-l chondrules may have been at a time and place
where most of the chondrules being formed had high-FeO
contents. The last melting event experienced by porphyritic
chondrules seems to have been minor; upon cooling, only a
small fraction of the overall phenocryst growth occurred. Was-
son and Rubin (2003) reported evidence that overgrowth thick-
nesses of only 5 um were produced during the final melting
event in essentialy all type-Il CO chondrules, and Rubin and
Wasson (2003) inferred from the abundance of grossly non-
spherical type-l chondrules that this is also true for the type-|
chondrules. If, as seems certain, there were low-FeO type-|
chondrules and chondrule fragments in the region where high-
FeO type-Il chondrules were forming, some of the low-FeO
material would have formed new low-FeO chondrules and the
remelted object would still show the textural and compositional
features of type-l chondrules even though melted in a space/
time region where most melting events involved high-FeO
chondrule precursor materials.

4.4. Implications for the Solar Nebula

As shown above, low-FeO relict grains are generally more
180-rich than the host phenocrysts. Because these relict grains
predate the last chondrule-melting event in the host chondrules,
this trend has implications for the oxygen-isotopic evolution of
chondritic materials during the period of chondrule formation.

If low-FeO rdlicts (and their probable type-I chondrule pre-
cursors) and their host type-11 chondrule phenocrysts formed in
the same nebular region, then the observed O-isotopic hetero-
geneity between the two materials implies an upward drift in
the A*’O in the solid particles with time (Rubin et al., 1990) in
the CO region during the period of chondrule formation.

Both Clayton and Mayeda (1984) and Wasson (2000) pro-
posed that chondrule materials had lower A0 values than the
nebular gas. The Clayton and Mayeda (1984) model involved
solids that initially had AY’O < —20%o. and gas with A0 >
0%o; they suggested that, during chondrule formation, O-iso-
topes exchanged between the melt and the gas. Thus, the mean

O-isotopic composition of solid grains is expected to approach
that of the gas (e.g., in terms of A0).

Another important example of isotopic processing involves
evaporation and recondensation during chondrule formation;
recondensation at low nebular temperatures is expected to
cause the composition of the solid chondrule precursors to
move towards the composition of the gas (Wasson, 2000).
Wasson (2000) proposed that the A*O of solids gradually
approached that of the gas as a result of evaporation during
chondrule formation followed by recondensation of metal ox-
ides with A*’O values the same as or similar to that of the gas.

Our observation that low-FeO relict grains are generally
more *0-rich than the host phenocrystsis consistent with these
models. However, this simple relationship is not found in
chondrule B5y, in which a moderately high-FeO relict has a
A0 higher than that of its host. This may reflect stochastic
sampling of nebular grains having large grain-to-grain varia-
tions in their AT”O values. Thus, the correlation between Fa
content and A0 is not perfect. The precursor assemblages
incorporated a wide range of materials including previous
generations of chondrules as well as high-FeO fine particles
produced when flash-evaporated solids recondensed. The A’O
of the latter particles should approach that of the ambient
nebular gas. It seems possible that the precursor mix of the
chondrule parental to the B5y relict had a smaller (or negligi-
ble) proportion of more negative A*"O grains than did the final
host chondrule, despite the fact that the relict has a fayalite
composition typical of olivine in type-Il chondrules.

Alternatively, it is possible that the low-FeO relicts and their
host type-1l chondrule phenocrysts did not form in the same
region. In this case, the precursors of low-FeO relict grains
formed in the presence of a more **O-rich gas (more negative
A70) than the gas where the precursors of high-FeO chondrule
phenocrysts formed, and these early low-FeO relicts were sub-
sequently mixed into the high-FeO chondrule region. This
picture requires that the region where low-FeO relicts formed
either had a lower mean O fugacity or the rélict grains formed
at higher temperatures relative to the high-FeO phenocrysts
forming region. In either case, the preponderance of low-FeO
relicts in high-FeO type-11 chondrules shows that at least some
type-1 chondrules formed before high-FeO type-1l chondrules.

We find it smpler and more plausible to form all the CO
chondrules sequentially within a single region, with incomplete
O-isotopic mixing between chondrule materials and gas
throughout the entire period of chondrule formation. This view
implies that the A*’O of the final gas was till higher than the
mean A0 of the high-FeO chondrules.

5. CONCLUSIONS

In high-FeO porphyritic (type-11) chondrulesin CO3.0 chon-
drites, the oxygen-isotopic compositions of host phenocrysts
are generally *°O-depleted relative to those of low-FeO relict
grains. Although one chondrule we studied contains a moder-
ately high-FeO relict (with a higher A0 value than the host
phenocryst), al studied relicts with highly reduced (Fa < 6
mol.%) cores are *°O-rich compared to their host chondrules.
Both petrographic observations and O-isotope data support the
view that the low-FeO relict grains formed in an earlier gen-
eration of low-FeO porphyritic (type-1) chondrules. Textura
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observations and chemical and O-isotopic compositions indi-
cate that some type-l chondrules formed earlier than some
type-Il chondrules. In fact, it seems likely that most type-|
chondrules formed before most type-1l chondrules. The data
from this study imply that generations of chondrules within a
single meteorite formed in different oxygen-isotopic reservoirs.
This suggests either an upward drift in A*”O in chondrules or
their precursor solids with time in the region where CO chon-
drites accreted, or isotopically distinct formation regions for
type-I low-FeO and type-1l high-FeO chondrules.
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