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Oxygen Reservoirs in the Early
Solar Nebula Inferred from an
Allende CAI

Edward D. Young* and Sara S. Russell

Ultraviolet laser microprobe analyses of a calcium-aluminum-rich inclusion
(CAlI) from the Allende meteorite suggest that a line with a slope of exactly 1.00
on a plot of 370 against 8'®0 represents the primitive oxygen isotope reservoir
of the early solar nebula. Most meteorites are enriched in 7O and 80 relative
to this line, and their oxygen isotope ratios can be explained by mass frac-
tionation or isotope exchange initiating from the primitive reservoir. These data
establish a link between the oxygen isotopic composition of the abundant
ordinary chondrites and the primitive "®O-rich component of CAls.

Nearly one-third of condensed matter in the
inner solar system is composed of oxygen
(1). Variability in '70/'°0 and '30/'°0 in
samples of primordial oxygen from the early
solar nebula therefore provides information
about the precursors to the terrestrial planets.
Grains of condensed mineral material within
the accretion disk that surrounded the proto-
sun tended to move inward radially toward
the growing star. Protostellar accretion rates
on the order of 1 X 1075 to 1 X 10™# solar
masses (M) year™! (2-4) suggest that the
residence time of minerals inside 2 astronom-
ical units (AU) (the region of terrestrial plan-
et formation) may have been short in com-
parison with the life of the disk (5).

CAls occur within chondrite meteorites
and are the most primitive remains of the
primordial solar nebula available for direct
study. They formed from gas and dust pro-
genitors of the solar system about 4.566 bil-
lion years before present (6), probably before
terminal accumulation of the sun (4). Discov-
ery of anomalously large concentrations of
160 relative to 'O and '%0 in CAIs (7)
established that some of the oxygen from
which these silicate and oxide materials are
composed is distinct from oxygen typical of
rocks in the solar system.

The linear array defined by the oxygen
isotope ratios of CAI minerals on a three-
isotope plot (8) is referred to as the CCAM
line (carbonaceous chondrite anhydrous min-
eral line) (Fig. 1). It has a slope of 0.94 *
0.02 as defined by CAI inclusions from the
Allende CV carbonaceous chondrite meteor-
ite (9), in contrast to mass fractionation
curves with slopes slightly greater than 0.5.
Mass fractionation curves result from mass-

E. D. Young, Department of Earth Sciences, University
of Oxford, Parks Road, Oxford, OX1 3PR, UK. E-mail:
ed.young@earth.ox.ac.uk S. S. Russell, Department of
Mineralogy, Natural History Museum, Cromwell Road,
London SW7 5BD, UK. E-mail: sarr@nhm.ac.uk

*To whom correspondence should be addressed.

dependent isotope partitioning associated
with physical and chemical processes. The
slope of the CCAM line has been attributed to
either mixing between end members with
different amounts of 'O through nucleosyn-
thesis or mass-independent, symmetry-in-
duced kinetic isotope partitioning among ox-
ygen-bearing molecules in a gas phase (/0).
The oxygen isotopic compositions of solid
materials from Earth and the moon define a
single average mass fractionation curve on
the three-isotope plot, termed the terrestrial
mass fractionation curve (TF) (Fig. 1). The
TF curve is representative of the terrestrial
planets and related differentiated (melted)
bodies of the inner solar system for which
data exist; differentiated meteorites thought
to be related to the terrestrial planets have
oxygen isotope ratios within 0.5 8'7O units of
the TF curve (/7).

Lack of colinearity among ordinary chon-
drites (OCs), representing primitive (un-
melted) rock that was common in the nebula
(12), and CAI minerals on the 'O-rich and
160-poor ends of the CCAM line (Fig. 1),
together with the relative positions of other
solar system bodies on the three-isotope plot,
implies the existence of at least three, and
possibly more, primordial oxygen reservoirs
during planetesimal formation in the early
solar nebula. Existence of these reservoirs
would have important implications for the
origin of protoplanetary minerals and the
state of the nebula before and during planet
formation.

Twenty-two measurements of !70/'°0
and '80/'°0 from a coarse-grained type Bl
CAI from Allende sample USNM 3576 (the
inclusion is referred to hereafter as USNM
3576-1) were made with a spatial resolution
of 100 wm and an analytical precision of
*0.1 to *£0.3 per mil with a method that
combines in situ ultraviolet (UV) laser abla-
tion and fluorination with gas-chromatogra-
phy isotope ratio monitoring mass spectrom-
etry (GCirms) (13).

USNM 3576-1 is a rounded, fully rimmed
CAI that measured 2 cm by 0.5 cm before
sampling and consists mainly of fassaite
(AL,O, = 18 weight %, TiO, = 11 weight %)
and melilite (Ak,, s,). Magnesian spinel oc-
curs as ubiquitous inclusions and is most
abundant within and adjacent to fassaite. An-
orthite (Any, ,,,) is also present. Fassaite
crystals are generally enveloped by a mantle
of anorthite and melilite about 100 pm wide.
The outer 100-pm margin of the inclusion is
composed of melilite with few other primary
minerals in comparison with the interior. The
mantles surrounding fassaite and the outer
100-wm margin of the inclusion have been
altered (Fig. 2). Alteration consists of fine-
grained nepheline, Na-bearing feldspar
(Angg), and trace amounts of clinopyroxene.
Iron enrichment of spinel (FeO up to 10
weight %) is also associated with the alter-
ation at the inclusion margin. A Pb-Pb age of
4.5651 = 0.0009 billion years was obtained
for this inclusion (3).

Data from ablation pits in primary fassaite
and melilite (Fig. 3) lie along a linear array
with a best fit slope of 1.00 £ 0.03 and an
intercept of —1.04 (correlation coefficient =
0.9998, Table 1). Because of the small grain
size of the spinels relative to the diameter of
the laser pits, all of the analyses include some
spinel. The data are therefore affected by
mixing with spinel as a result of laser sam-
pling. The amount of spinel associated with
the analyses is variable (Fig. 2 and Table 1).
Spinel inclusions cause data for the host min-
erals to spread up and down the slope-1 line,
indicating the absence of mass fractionation.
The slope-1 line defined by primary fassaite,
spinel, and melilite in USNM 3576-1 is co-
incident with a line connecting OCs and ox-
ygen enriched in '°O relative to OCs (Fig. 3).

Analyses from the altered zone at the me-
lilite-rich, spinel-poor margin of the inclusion
define a trend toward heavy O isotope enrich-
ment (closed symbols in Fig. 3 and Table 1).
The data are consistent with a slope-1/2 line,
indicating that mass fractionation, rather than
mixing of oxygen reservoirs, may have caused
the heavy isotope enrichment (we will refer to
this shallow-sloping trend as a mass fraction-
ation line for simplicity). A single analysis of
melilite from an altered zone almost completely
enclosed by fassaite and containing almost no
spinel (4-49 in Table 1 and a closed symbol in
Fig. 3) is similar to the analyses from the spinel-
poor altered margin of the inclusion. Analyses
of the altered mantles that contain abundant
spinel surrounding fassaite define a chord be-
tween the spinel-poor altered melilites and
spinel + fassaite (crosses in Fig. 3 and Table 1).
The chord is coincident with the CCAM line
(Fig. 3).

Examination of the in situ laser ablation
pits shows that the slope-1 and CCAM lines
result from imperfect separation of high-1°0
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and low-'°0 components in the analyses and
that it is the low-'°0O phases that control the
distinct slopes of the lines (/4). Without the
benefit of high spatial resolution afforded by
the laser, the bulk oxygen isotope character-
istics of USNM 3576-1 would appear similar
to other CAls; all of the data for the inclusion
taken together define a line with a slope of
0.96 = 0.02 and an intercept of —2.60 (15).
The fluorination data for mineral separates
that were originally used to define the CCAM
line also represent mixtures of minerals (9),
suggesting that the CCAM line may be an
artifact, as it is in USNM 3576-1, of analyz-
ing a mixture of different minerals. Distinc-
tion between the slope-1 line defined by un-
altered minerals (Fig. 3) and the CCAM line
may have gone undetected until now because
such spatially specific variations in '70Q/'°O
and '80/'%0 as reported here would be diffi-
cult to detect in mineral separates (/6). Sec-
ondary ion mass spectrometry methods, de-
spite affording superior spatial resolution that
allows analysis of separate minerals, general-
ly lack the analytical precision required to
distinguish between the two lines.

Laser ablation analyses of USNM 3576-1
show that oxygen isotope ratios related by
different concentrations of 'O (changes in
370 = changes in 8'®0) and physicochem-
ical alterations to those ratios ('O and §'%0
varying in proportion to mass difference) are
preserved in distinct parts of a single CAIL
However, not all low-160 phases lacking vis-
ible alteration in Allende CAls lie on the
slope-1 line rather than the CCAM line, im-
plying that exchange or fractionation does
occur in some unaltered primitive compo-
nents. Laser ablation—fluorination—GCirms
analyses of unaltered melilites from another,
smaller type B1 CAI from the Allende 3576
stone, together with fassaite and spinel anal-
yses, are on the CCAM line (/7). Three
conventional fluorination analyses of pyrox-
ene separates relatively poor in '°0 are on the
CCAM line (9, 18).

We suggest that a single line with a slope
of exactly 1, delimited by primary CAI phas-
es in USNM 3576-1 and OCs, represents the
primitive oxygen isotope reservoir of the ear-
ly solar nebula. Almost all other analyzed
planetary and meteoritic bodies are enriched
in 170 and '30 relative to this line (Fig. 4),
and their oxygen isotope ratios can be ex-
plained by mass fractionation or isotopic ex-
change initiating from the primitive reservoir.
The proposed primordial array is consistent
with either of two hypotheses for the origin of
the 'O anomalies in CAls. The two hypoth-
eses, mixing of older ®0O-enriched dust with
younger '90O-poorer dust and gas in the neb-
ula (a two-component primordial reservoir)
(19) and unmixing of oxygen by mass-inde-
pendent reaction kinetics in the gas phase (a
one-component primordial reservoir) (20),
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both predict a slope of 1.00.

The association between refractory CAls
and '°0 indicates that '°0 was abundant in a
condensed form early in the history of the
solar nebula. The first minerals of the nebula
would have been resistant to mass fraction-
ation because their small size would impede
preservation of evaporative residues and
there were no parent bodies to foster alter-
ation by fluids. As these dust grains accreted,
they experienced inward radial drift so long

Fig. 1. Three-isotope plot for ox-
ygen showing the positions of
the TF line, the CCAM line, as
represented by data in (9} (cross-
es) for the Allende CV carbona-
ceous chondrite, and the field for
OCs, as represented by data in
(37) (triangles). Closed circles
are analyses of a type B1 CAl
from Allende sample 3576 re-
ported in (77). The corners of the
grey triangle labeled 1, 2, and 3
represent the minimum number
of distinct oxygen reservoirs in
the early solar nebula if the
CCAM line represents mixing be-
tween '%O-rich material (but not
pure 80, in the direction of 1}
and '®0-poor material (4) with-
out modification by physico-
chemical mass-dependent frac-
tionation. The isotopic composi-

as they remained small (less than tens of
centimeters in diameter) (2, 3). During their
protracted history, minerals with concentrat-
ed '°0 mixed with the more abundant '6O-
poorer oxygen represented by the OCs, giv-
ing rise to the slope-1 primordial array.

At some point in the evolution of the
nebula, accreted rock bodies were of suffi-
cient size to experience physicochemical pro-
cessing of oxygen. Mass fractionation delim-
ited by the laser ablation data for USNM
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tions of protoplanetary minerals would fall within the region bounded by the gray triangle if the
CCAM is attributable to mixing without fractionation. The two CAl data points to the right of the
CCAM are from a FUN inclusion (FUN refers to fractionation and unidentified nuclear effects) (9).

Fig. 2. Backscattered electron images of the regions surrounding laser ablation pits 4-48, 4-51,
4-52, and 4-53 (left) and 4-61 (right). The images are of a thin section of the sample cut after laser
sampling. The thin section thickness of 30 um is comparable to the depth of the uneven laser pit
floors. The latter thus show up as wavy banded patterns marred by irregular black holes in the
section. The size of pit 4-51 is exaggerated by plucking out of material during sectioning. Melilite
(mel) appears bright in these images. Fassaite (fas) shows up as the intermediate gray tone,
whereas ubiquitous spinel (concentrated in pyroxene) is manifest as black euhedral grains.
Alteration of melilite by Na-bearing minerals (alt) appears as mottling on melilite. Anorthite (an)
appears as a gray tone darker than fassaite in the left image. Note anorthite in the altered zone
surrounding fassaite at the bottom of the left image.
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3576-1 and isotopic measurements of other
chondrite components (27, 18) may mark this
crucial time. Enrichment in 70O and '%0
along mass fractionation lines (for example,
Fig. 3) could be the result of oxygen ex-
change between condensed minerals and
volatiles at low temperatures (<300°C) or
evaporation of condensed phases at high tem-
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peratures (>700°C) (22, 23).

There is a positive correlation between mass
fractionation of oxygen isotopes (7O and '*0
enrichment along a shallow slope) and Na
metasomatism in USNM 3576-1. It is conceiv-
able that Na, 170, and %0 were introduced into
the CAI while in the parent body by an aqueous
fluid flowing through fractures and grain

Fig. 3. Three-isotope plot show-
ing the UV laser ablation in situ
analyses of inclusion USNM
3576-1. Data with 8780 < —15
per mil are shown in the inset at
top left. Open circles represent
unaltered melilite > spinel, solid
circles represent altered melilite
with negligible amounts of spinel
that occur along the edge of the
inclusion and in one instance ad-
jacent to fassaite, crosses are al-
tered melilite + anorthite anal-
yses that include substantial
amounts of spinel (and in one
case fassaite), and boxes are fas-
saite > spinel (fas + sp). The
gray arrow draws attention to
the mass fractionation trajectory
of the spinel-poor altered me-
lilite data. The altered melilite
with abundant spinel (* fassaite,

107

-30 [0 ]

slope = 1.00

crosses) forms a chord coinci-
dent with the CCAM line (gray
line). The average compositions
of L and H ordinary chondrites
from the literature (open and
closed triangles, respectively) are

3180 smow

also shown. The line labeled slope = 1.00 is the best fit to unaltered minerals from USNM 3576-1
and is coincident with a mixing line between ordinary chondrites and a reservoir enriched in '°0.

The TF, slope-1, and CCAM lines are all shown i

Table 1. Results of in situ laser ablation oxygen isot:
values for 380 and 8'70O are relative to SMOW.

n the inset at top left, from top to bottom.

ope ratio analysis of CAl inclusion USNM 3576-1. All

Run Minerals* 3807 31701 F170§
4-47 mel + alt >> sp, edge 1.05 -2.14 —2.15
4-48 fas > sp —38.52 —39.59 —0.03
4-49 mel + alt > sp —0.28 —3.24 —1.92
4-50 fas > sp —38.20 —39.54 —0.30
4-51 mel + an + alt + sp -11.83 —14.35 —1.48
4-52 mel + alt > sp -5.19 —7.98 -1.75
4-53 mel + sp >> an —8.34 —9.47 —0.09
4-54 mel >> sp —3.70 —4.04 0.70
4-55 mel + sp —20.46 —22.2 —0.70
4-56 mel >> sp =511 —6.53 —0.38
4-57 fas > sp —40.60 —41.86 —0.22
4-58 fas > sp —40.22 —40.97 —0.30
4-59 fas > sp —38.24 —39.68 —0.40
4-60 mel + alt >> sp, edge —0.83 —3.56 —1.69
4-61 mel + alt >> sp, edge 2.24 —1.53 —2.73
4-63 mel + alt >> sp, edge 0.42 —3.09 —2.47
4-64 mel + alt > sp, edge —3.63 —7.35 —2.68
4-65 mel + alt >> sp, edge 1.30 -1.89 -2.15
4-66 mel >> sp —4.12 —5.51 —0.35
4-67 fas + mel + alt > sp —29.41 —31.57 -1.12
4-68 fas > sp —36.37 —37.87 —0.46
4-69 mel >> sp —5.81 —7.34 —0.49

*Mineral abbreviations are as follows: mel, melilite; fas,

fassaite; sp, spinel; alt, * Na-plagioclase * nepheline *

clinopyroxene; and an, anorthite. Qualitative relative abundances are indicated by inequalities. Edge refers to analyses

of the margin within 100 wm of the inclusion edge.
precision is 0.2 per mil (10).
through data for unaltered zones.

‘tEstimated precision is =0.2 per mil (10). Estimated

§F170 = 370 — [1.00(3'80) — 1.044] and is the deviation from the best fit line

boundaries (24), but aqueous alteration cannot
be a general explanation for the different slopes
of the slope-1 and CCAM lines because not all
unaltered phases lie on the slope-1 line. Partial
evaporation of melilite at the rim of the inclu-
sion and evaporation of melilite and feldspar (or
their precursors) adjacent to pyroxene grains
could have caused the 7O and '®0 enrichment
along a slope-1/2 line and hence displacement
from the slope-1 line to the position of the
CCAM line, without necessarily involving al-
kali enrichment. Evaporative oxygen isotope
effects in solid or molten melilite are plausible
with even the most transient exposures to high
temperatures in the solar nebula (25). Coexist-
ing pyroxene and spinel would remain unaffect-
ed because at these temperatures their oxygen
diffusivities are four orders of magnitude small-
er than that for melilite (26).

Melilite-fassaite interfaces should melt at
lower temperatures than melilite (27). Partial
melting near pyroxene would enhance the
opportunity for evaporative isotope effects
and could explain the localized occurrence of
oxygen isotope fractionation. The presence of
anorthite preferentially near pyroxene may be
the result of crystallization of an interstitial
melt (27). While molten, reductions in tem-
perature or enrichments in dust relative to gas
would have driven gaseous Na into the liquid
phase (28), thus accounting for the correla-
tion between Na and oxygen isotope fraction-
ation in USNM 3576-1. If Na metasomatism
is the result of heating, then Na and oxygen
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Fig. 4. Plot of deviations in 870 from the best
fit line through the data {F'70 = 370 —
[1.00(3780) — 1.044]} for unaltered minerals in
USNM 3576-1 against 3'80. Solid circles rep-
resent melilite = anorthite = spinel, whereas
triangles represent fassaite + spinel (4-67 in-
cludes melilite). The extent of mass fraction-
ation, represented by the arrow labeled MF, is
substantially larger than the uncertainties in
the measurements (error bars depict 20) and is
comparable to the differences in '70/7°0 and
80/'%0 among H, L, and LL ordinary chon-
drites, Mars (SNC achondrite meteorites,
named after the Shergotty, Nakhla, and Chas-
signy type examples), and Earth (shown as
labeled o open circles). Laser sampling of mix-
tures of °O-rich and 10-poor minerals (points
near the middle of diagram, see Table 1) results
in the shallow negative sloping CCAM line.
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isotope fractionation at the melilite-rich in-
clusion margin requires that such a heating
event was short-lived. Otherwise, the entire
CAI (excluding refractory spinel) would have
melted and been altered (29).

The picture that emerges from the laser

ablation analyses of '70/!°O and '80/'°0O in
USNM 3576-1 is that the solar system pre-
cursor oxygen was variable in %0 but other-
wise well mixed. The slope-1 array on the
oxygen three-isotope plot is common to prim-
itive chondrite meteorites in general and is a
vestige of the original heterogeneity in '°O
concentration in the primordial solar nebula.
Discrete parts of CAlIs were subjected to
evaporation or other agents of chemical and
isotopic change (or to both) that altered the
primordial 170/'°0 and '30/'°0.
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