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Abstract

Oxygen isotope ratios and  corresponding 26Al-26Mg isotope systematics of
refractoryinclusionsfromtheleastmetamorphosed  carbonaceouschondrites,Acfer094
(C-ungroupeds.00)andYamato81020 (CO3.05),weremeasured withanionmicroprobe.
Most of the samples are fine  -grained refractory inclusions which are considered as
condensates from high temperature Solar Nebular gas. The refractory inclusions
consistentlyexhibit 160-enriched signatures amongtheir interiorphases(spinel,melilite,
andhigh -Capyroxene) ,aswellas phases withintheir rimstru ctures (spinel,high- Ca
pyroxene,andadjacentanorthite) .Thisobservation indicates that aggregatedrefractory
condensates and the formation of rim structure s occurred in the same  160-rich
environment. Evidence for mass-dependent isotopic fractionation in oxygen and
magnesium, which wouldindicate a later flashheatingprocess, was not observedinrim s.
All oxygen isotope data from fine-grained CAls are distributed between the
CarbonaceousChondriteAnhydrousMinera 1(CCAM) lineandthePrimitiveChondrule
Mineral (PCM) regressionline basedon oxygenisotopedata from Acfer094 chondrules.
The inferred initial 26Al/27Al ratios, ( 26A1/27Al)o, of spinel -melilite-rich CAls are
(4.08+0.75)x1075 to (5.05+0.18)x10-5 (errorsare2 o), whichareslightlylowerthanthe
canonical value of 5.25x 1075, As thereis no petrologic evidence forre-  melting after
condensation,t helower( 26A1/27Al)o values oftheseCAlsindicateeither theyformedup
to ~0.3 Ma after canonical CAls or they formed before 26Al was homogeneously
distributedinthe Solarnebula .A pyroxene-anorthite-rich CAI,G92,has an ¢O-rich
signature like other CAls but also has an order -of-magnitude less 26Mg-excess in
anorthite, corresponding toa( 26A1/27A1)o of (5.21+0.54)x10-6. Asthereis noevidencefor
a later Mg isotopic disturbance, G92 anorthite is interpreted to have formed by
interaction with 160-rich nebular gas at 2 to 3 Ma after CAI formation. With the
observation that 160-rich refractory inclusio ns, relatively 160-poor chondrules, and
extremely 160-poor cosmicsymplectites within Acfer 094 all plot on the PCM line, it
suggeststhat 160-richnebulargasandextremely 160-poorprimordialvolatilesrepresent
mass-independentfractionatedendmembers intheearlySolarsystemandthatthePCM

linerepresents amixingline ofthesetwoendmembers
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1.Introduction

In the early Solar System, evidence for a n 160-rich isotopic signature that
fractionatedindependentofmass (A170 = 8170 — 0.52 x §180 ~ —24%o) hasbeen foundin
Ca-,Al -rich inclusions (CAls)andamoeboidolivine aggregates (AOAs)(Claytonetal.,
1977;HiyagonandHashimoto, 1999;Krotetal.,2002;2010 a). As refractoryinclusions
(CAIsand AOAs) arecommonlyinterpretedtobethefir  stsolarsystem condensates
(Grossman, 1972; G rossmanetal., 2008) , their oxygenisotoperatios are inferred to
reflecttheprimordial characteristics of theearliestrefractorydustformingenvironment
inthe solarnebula . Incontrast, oxygen isotope ratios of chondrules that formed ~2
millionyears(Ma)after CAls(Kitaand Ushikubo,2012;Kitaetal.,2013 ;Ushikuboet
al.,2013) havea smaller mass-independentoxygenisotopicanomalyrelativetoCAls
indicating a lateroxygenisotope environment that was relatively 160-poor( e.g., Clayton
etal.,1983;Clayton2003;ConnollyandHuss,2010;Kitaetal.,2010;Krotetal.,2010b;
Rudraswamietal.,2011;Weisbergetal.,2011;Nakashimaetal.,2012;Ushikuboetal.,
2012;Sch raderetal.,2013,2014;Tenneretal.,2013,2015).

Since some CAls exhibit evidence for later re -heating processes after their
initial formation, including significant difference s in A!70O values between primary
phasesandsecondaryphases (Yurimotoetal.,1998;Hsuetal.,2000;Faganetal.,2007;
Ushikuboetal.,2007;Krotetal.,2008; MacPhersonetal.,2012;Kawasakietal.,2015),
theyareexpectedtorecordtemporalchange s ofoxygenisotopeenvironments within the
solarnebula. I naddition,detailedpetrologicandisotopicstudieso f fine-textured Wark-
Loveringrimssurrounding coarse-grainedCAIs ,whichconsistsof(1)a  spinellayerwith
minor perovskite and hibonite (inner part) ;(2)a melilite/anorthite/secondary altered
phase layer (middlepart); and (3)a Ti-Al-bearingdiopsidelayer(outerpart) (Warkand
Lovering,1977) , suggestthatvariabilityinoxygenisotoperatiosexistedwhentheW ark
and Lovering rims formed (e.g., Yoshitake et al., 2005; Simon et al., 2011 ,2016) .
Impartantly, however, Bodénanetal. (2014) observed that such an oxygen isotopic
variability is not recognized among Wark -Lovering rims from pristine carbonaceous
chondrite CAIs. This suggests that the oxygen isotopic variability found in the
aforementioned studies, from which refractory inclusions from higher petrologic type
chondriteswereinvestigated,couldbe dueto laterisotopicdisturbance s inchondritic
parentbodies. If oxygenisotopicvariability( 160-richand 160-poorenvironments)existed
intheearlysolarsystemwhencoarse  -grained CAlsand Wark-Loveringrim formed,itis
expectedthatevidenceforoxygenisotopicvariabilitywouldalso berecordedwithin fine-
grainedCAIsandAOAs ( GrossmanandGanapathy,1976;GrossmanandSteele,1976).

Although c oarse-grained CAls are advantageous for in-situ high-precision
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isotope analyses, they experienced re -melting after aggregation of precursor dust
condensatesandtheycom monlyhavepositivelyfractionated MgandSiisotoperatios.
As positive isotopic fractionation in Mg and Si provides evidence for significant
evaporativelossbyre -melting, primary oxygen isotope ratios of such coarse  -grained
CAls areprobablymodified( e.g.,Wangetal.,2001;Alexander,2004).Incontrast,the
texture of fine -grained CAls and AOAs (e.g., small grain sizes of major phases and
complexnodules)indicatesthattheyformedbyaggregationofprimarycondensatesfrom
early solar nebular gas. Assuch, fine = -grained CAls and AOAs are perhaps the best
candidatesforrecordingpristineoxygenisotoperatiosofearlysolarsystemcondensates.
However, the petrology and isotopic compositions of such fine-scale materials are
particularly susceptiblet o metamorphism whileon chondriticparentbodies. Thus,in
ordertoestablishthat isotope signatures offine -grainedrefractoryinclusionsareindeed
primordialnebularsignatures, selectionofpristine CAlsandAOAsthat properlyrul e
outevidenceforparentbody = metamorphismiscriticallyimportant
Inthisstudy,wemeasuredoxygenisotoperatiosand 26A1-26Mgsystematicsof
fine-grained CAIsandAOAsfromAcfer094(C-  ungrouped3.00)andYamato -81020( Y-
81020, CO03.05). These refractory inclusions shoul d record pristine isotope
characteristics because Acfer 094 and Y -81020 are two of the least metamorphosed
carbonaceous chondrites (Grossman and Brearley, 2005; Kimura et al., 2008). For
example, Acfer 094 chondrules preserve intrinsic oxygen isotope ratio s without any
indicationof a lateroxygenisotopicdisturbance , eveninmesostasisglass thatis highly
sensitivetofluidassistedparentbodymetamorphism (Ushikuboetal.,2012) .Inaddition,
chondrulesfrombothAcfer094andY  -81020 have 26Al-26Mgisotopesystematicsthat are
primary,withno signofa laterdisturbance ( Kunihiroetal.,2004;Kurahashietal.,2008 ;
Hutcheonetal.,2009;Ushikuboetal.,2013).Thus, oxygenisotoperatiosand 26A]-26Mg
isotopesystematicsoffin e-grainedrefractoryinclusionsfromthesamemeteoritesshould
dependably elucidate the evolutionofoxygenisotoperatiosin  thesolarnebula , recording
their formation and interaction with ambient gasbefore accreti ng to the chondritic

parent body.

2.Samples

Tenrefractoryinclusions, includingfive spinel-melilite-richCAIs (G5,G16,G49,
(G104,and Y81020-E-8) , one pyroxene-anorthite-rich CAI ( G92),andfour AOAs (G17,
G28,G44,andG58) wereselectedforinvestigation by secondaryionmassspectrometry
(SIMS) (Figs.1-3). Y81020-E-8 is fromY -81020(C03.05)and the othersarefromAcfer
094(C -ungrouped3.00) . Theclassificationof Acfer094refractoryinclusionsbyKrotet
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al. (2004a)isappli edinthisstudy.

Three of the five spinel -melilite-rich CAIs (G5, G16,and G49) have a fine-
grained,complexnodulartexture.CAI ~ Gbisanirregular -shaped aggregateofmultiple
nodules (Fig.1a). It consistsof gehlenitic melilite( Ake) and spinel, alongwithanorthite
and diopsiderim s. Somenodulesdonotcontain melilite. CAI G16 isalarge CAI (ca.
300pumx500puminsize ,Fig .1b) consistingofmultiplenodules. Thel arger nodulesconsist
ofmelilite ( Aks-10) and sub-micron spinelgrains surroundedby a diopsiderim(Fig. 1f).
Regardingthesmallernodules,spinelisrare,athin anorthitelayercommonlyoccurs
between theinterior meliliteandthe diopsiderim ,andolivinegrainsarefoundinthe
accretionaryrim (Fig.1g). CAI G49 isa n irregular-shapedaggregateofsmallnodules
consistingof melilite ( AkQO),tinys pinelandAl- Ti-richdiopsidegrains,anda diopside
rim(Fig. 1c). At hinanorthitelayerbetweentheinteriormeliliteand the diopsiderimis
also present innodules neartheedgeofth isCAI.

The remainingt wospinel -melilite-richCAlshaverelativelysimple textures and
largergrainsize s. CAI G104isafragmentof an irregular-shapedspinel -melilite-rich
CAI (Fig.1d). Itconsistsofmelilite( Aks),spinel, Al -Ti-richdiopside,and perovskite. Thin
spinel(discontinuousand<2 pm)anddiopside (<5um) layersareobservedalongtherim.
There are several voids  in melilite and interstitial space of spinel grains. Al-Ti-rich
diopsideandperovskitecommonlyoccuraroundthese voids(Fig.1 h).

CAI Y81020-E-8 is round and ~500pmindiameter( Fig.1le). Itconsistsmostlyof
melilite( Akis-21),spinel,andperovskite.Thec  entralportionofthisCAThas likely been
lostduringsamplepreparation.Y81020-E-8 is surroundedadouble -layeredrimofspinel
(10to30pn m inwidth)andmelilite(~5u  minwidth); adiopsiderimappearstobeabsent
(Fig.11).

CAI G92is an irregular-shaped pyroxene-anorthite-richCAIthatis300 pm X
150 uminsize . It consists ofanorthiteandAl -Ti-richdiopside , withsmallamountsof
melilite ( Akig25) andspinel (Fig.2a). Al-Ti-richdiopside isoftenassociated withvoids
(Fig.2b).Athindiopsiderim  (~3 pm)isalso observed.AnhedralmeliliteandAl- Ti-rich
diopside(typically<10p minsize)areenclosedbyanorthite.Spinel(typically<3 pmin
size)occurseitherinmeliliteornearthediopsiderim.Noferromagnesianphase s, such
asolivineorlow -Capyroxene , are observedoutsideofthediopsiderim.

AllAOAs studied consistofmultipleCa -,Al -richdomains enclosedbyolivine.
Amongthem, Ca-,Al -richdomainsofG17( ~200 pmx100 pminsize,Fig.3a )andG28
(~400 umx300 upminsize,Fig. 3b) consistofspinelandAl- Ti-richdiopsidebutalmost
noanorthite (Fig.3e). Incontrast,Ca -,Al -richdomainsof fragment G44(~200 pmx150
pminsize,Fig. 3c)andG58( ~400 umx 300 pminsize,Fig. 3d)consistofspinel,anorthite,
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and Al-Ti-rich diopside (Fig.3f).

3. Analytical procedures
3.1. SEM observation and major element analysis by EPMA

Backscattered electron (BSE) and secondary electron images were obtained by
the Hitachi S-3400 scanning electron microscope (SEM) at University of Wisconsin-
Madison (UW-Madison). Major element oxide (SiOs, TiOz, Al2O3, Cr203, FeO, MnO, MgO,
Ca0, Naz0, and Vz205) concentrations of minerals were obtained with the CAMECA SX51
electron-probe microanalyzer (EPMA) at UW-Madison using a 15 kV accelerating voltage,
a 10 nA beam current, a fully focused beam, and respective peak and background
counting times of 10 and 5 s. Standards consisted of olivine (Foo, 3, 89, 100), pyroxene
(enstatite, wollastonite, augite, jadeite), plagioclase (Ano, 18, 78, 95), gehlenite, Akermanite,
spinel (Mg-endmember, intermediate Mg-Fe endmember, and chromium-spinel), rutile,
hornblende, chromite, hematite, magnetite, tephroite, and V-metal. Calculated detection
limits (at 99% confidence) were 0.02, 0.03, 0.02, 0.07, 0.05, 0.05, 0.03, 0.03, 0.04, and 0.07

wt%, respectively for the oxides listed above.

3.2 Isotope analysis by SIMS

Oxygen three-isotopes and 26Al1-26Mg isotope systematics were measured using
the WiscSIMS CAMECA IMS-1280 Secondary Ion Mass Spectrometer (SIMS) at the
University of Wisconsin-Madison. Four separate sessions (i.e., O and Mg isotope analyses
with different beam diameters) were conducted, in order to obtain isotopic signatures of
multiple phases that have a range of grain sizes among individual refractory inclusions.

After each analytical session, SIMS pits were assessed by SEM and data from
pits with irregularities (e.g., overlapping multiple phases, cracks, or inclusions) were

rejected.

3.2.1 Oxygen three-isotope analysis

For oxygen three-isotope analysis, a 133Cs* primary ion beam with a 20 kV total
accelerating voltage was used. A carbon coat of ~25 nm thickness was applied on the
sample surface and a normal incidence electron gun was used for charge compensation
of the sample surface. The accelerating voltage of secondary ions was 10 kV.

As a result of the small grain size (typically <10 pm in size) of minerals in
samples, a small 133Cs* primary beam (~3 pm, ~25 pA) was mainly used for oxygen three-
1sotope analyses of forsterite, melilite, spinel, anorthite, and Al-Ti-rich diopside within

the interior of refractory inclusions and their rims. Secondary ions of oxygen isotopes



200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235

were simultaneously detected, using one Faraday cup (FC) for 160- and two electron
multipliers (EM) for 170- and 180-, respectively. The mass resolving power (MRP at 10%
peak height) was set to ~2200 for 160- and 80—, and ~6000 for 170-, respectively. The
typical count rate of 160~ was 2.3x107 cps. These analytical conditions are similar to those
described in Nakamura et al. (2008) and Ushikubo et al. (2012).

For larger grains, a higher-intensity 133Cs* primary beam (~15 um, ~3 nA) was
used for oxygen three-isotope analyses of several forsterites and Al-Ti-rich diopsides in
AOAs. In this configuration, secondary ions of oxygen isotopes were simultaneously
measured with three FC detectors, using a 101 ochm resistor for 160- and 10! ochm
resistors for 170- and 180-, respectively. The mass resolving power (MRP at 10% peak
height) was set to ~2200 for 160~ and 80-, and ~5000 for 170-, respectively. The typical
count rate of 160~ was 2.7x109 cps. These analytical conditions are similar to those
described in Kita et al. (2010) and Ushikubo et al. (2012).

For small and large spot analyses, the count rate of 0H- was measured
immediately after each oxygen isotope analysis. The contribution of 60H- to 170~ was
estimated following methods developed by Heck et al., (2010), and was typically found to
be <0.1%o.

A San Carlos olivine standard (8§180vsmow=>5.32%o, Kita et al., 2010) was used as
the running standard. The instrumental bias effect on 5180 (i.e. the matrix effect) was
calibrated based on analyses of multiple standards (Foioo and Fosg for olivine, synthetic
gehlenite and dkermanite for melilite, diopside and synthetic Al-Ti-rich diopsidic glass
for pyroxene, spinel, and anorthite, Tables EA1 and EA3). No apparent matrix effect on
A170 was observed (Table EA3). Procedures for the instrumental bias correction and for
data reduction are described in Kita et al. (2009) and Tenner et al. (2013). The external
reproducibilities of bracketing standard analyses were assigned as the uncertainty of
unknown samples. Typical uncertainties (2 SD) of 8180, §170, and A170 were £1.1%o,
+1.1%o, and +1.1%o, respectively, with the small beam analytical setting, and +0.26%o,
+0.61%o, and +0.59%e., respectively, with the large beam analytical setting.

3.2.2 26A]1-26Mg isotope systematics

For analysis of Al and Mg isotopes, an 80~ primary beam with a 23 kV total
accelerating voltage was used. A ~25 nm thick carbon coat was applied on the sample
surface. The accelerating voltage of secondary ions was 10 kV.

A small 160~ primary beam (5 to 7 um, 40 to 150 pA) was used for analyses of
anorthite and melilite. Secondary ions of 24Mg*, 25Mg*, and 26Mg* were detected by an

axial EM detector that operated by magnetic peak switching. Secondary 27Al* ions were
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detected by a Faraday cup located at the high mass side of the axial EM detector during
the measurement of 25Mg*. The mass resolving power was set at ~4000, which 1is
sufficient for the separating 48Ca2* and 24MgH* interferences. Dead time of the EM
detector was 24.9 ns, as determined by Mg isotope analyses of melilite and anorthite
standards. This analytical protocol is similar to that described in Ushikubo et al. (2013).

For small beam analyses, synthetic glass standards (Ak15 and anorthitic glass
with 1wt% MgO) were used to determine respective instrumental mass biases (Table
EA4). The procedures to calculate the mass-dependent fractionation (825Mgpsms) and the
26Mg-excess (526Mg*) are provided in Electronic Annex (EA-1). The 825Mgpsms uncertainty
of melilite unknowns is assigned as {(2SEintemal)2+(2SEsta)2}1/2. The uncertainties of the
825Mgpsms value of anorthite and the 826Mg* values of melilite and anorthite are assigned
as the internal 2SE (2SEintemal) of each analysis because statistical uncertainties based
on total counts of signals are significantly larger than reproducibilities of spot-to-spot
analyses (Table 2 and Table EA4 for §26Mg* values of melilite, Table 2, and Table S2 in
Ushikubo et al., 2013 for 325Mgpsms and 826Mg* values of anorthite, respectively).

For larger phenocrysts consisting of forsterite, spinel, and Al-Ti-rich diopside, a
higher-intensity 160- primary beam (~10 pm, 2.2 nA) was employed. Secondary ions of
24Mg*, 25Mgt, 26Mg*, and 27Al* were simultaneously detected by four Faraday cups. The
mass resolving power was set at ~2200 and the tailing of interference peaks was
negligibly small. Overall, this condition is similar to that described in Kita et al. (2012)
and Ushikubo et al. (2013).

For large beam analyses, a San Carlos olivine standard (825Mgpsms=—0.02%o)
was used as the running standard. The 825Mgpsms matrix effect was calibrated based on
analyses of multiple standards (Foipo and San Carlos olivine (Fosg) for olivine, diopside
and synthetic Al-Ti-rich diopsidic glass for pyroxene, and spinel, Table EA4). The
procedure to calculate the mass-dependent fractionation (825Mgpsms) and 26Mg-excess
(826Mg*) is provided in Electronic Annex (EA-1). The external reproducibility of
bracketing standard analyses (2SD) is assigned as the uncertainty of unknown samples.
Typical uncertainties of 622Mgpsms and 826Mg* were +0.19%o and +0.11%o, respectively.

The relative sensitivity factors (RSF, (27A1/24Mg)/(27A1*/24Mg*)) of spinel, Al-Ti-
rich diopside, melilite, and anorthite were determined based on EPMA data and results

of standard analyses by SIMS (Table EA4).

4. Results
Representative major element compositions of individual phases and analysis

positions from samples by EPMA are summarized in Table EA2 and Figure EA1. Oxygen



272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307

three-isotope data and Mg isotope data are summarized in Table 1 and Table 2,
respectively. Locations of individual analyses within refractory inclusions are shown in

Figure EA2. All individual data, including analyses of running standards, are shown in

Table EA5-8.

4.1. Oxygen isotope ratios

Oxygen 1isotope ratios of all measured samples are significantly 60-rich
(A170<—20%0) and are distributed near the CCAM line (Table 1, Fig. 4). For a given
refractory inclusion, the A!70 values of all measured phases are consistent within
analytical uncertainty; the only exception is a relatively 160-poor datum from a thin
melilite layer at the rim of Y81020-E-8 (A170=-14.3+0.5%0, Fig. 4a). No detectable
systematic differences in both 880 and A0 are observed between oxygen isotope ratios
of minerals in the interior and those of minerals in the rim (i.e. Ti, Al-bearing diopside
and spinel in CAIs and olivine at the edge of AOAs) (Table 1, Figs. 4 and 5). Subtle
variation of oxygen isotope ratios along a slope 1 line within each inclusion (e.g., AOA
G58, Fig.4k) are recognized. However, these differences are small when considering the
analytical uncertainty. Averaged Al70 of the CAls and AOAs studied have values of —22.0
to —24.3%o, and have uncertainty ranging from 0.3%o to 0.9%o (Table 1).

4.2. Magnesium isotope ratios and the 26A1-26Mg isotope systematics

Magnesium isotope ratios (325Mgpsms and 826Mg*), 27A1/24Mg ratios, and the
regression lines of the Al-Mg isotope systematics are summarized in Table 2. The 26Al-
26Mg isotope systematics of all melilite-rich CAIs (Y81020-E-8, G5, G16, G49, and G104)
exhibit single linear correlations in §26Mg" vs. 27A1/24Mg (Figs. 6a-f). The 27A1/24Mg ratios
of melilite-rich CAls are highly variable (from 10 to 72). Melilite in CAI G5 is highly
gehlenitic (Al-rich, 27A1/2¢4Mg= 46 to 72) and in CAI G49 it is dkermanitic (Mg-rich,
27A1/24Mg= 10 to 18) relative to other melilite-rich CAIs (27A1/2¢Mg= 15 to 37). Anorthite
in CAI G16 has a very high 27A1/24Mg ratio and a large 26Mg-excess (~1560 and ~530%o,
respectively, Table 2). The inferred initial 26A1/27Al ratios, (26A1/27Al)o, of melilite-rich
CAlIs are (4.08+0.75)x10-5 to (5.05+0.18)x10-5. These values are within the (26A1/27A1)o
range of CAls from CV chondrites but are slightly lower than the canonical Solar System
value of (5.25+0.02)x10-5 (e.g., Jacobsen et al., 2008; Larsen et al., 2011; MacPherson et
al., 2012; Kita et al., 2013). One AOA, G17, has an inferred (26A1/27A1)g of (5.32+0.81)x10-5,
which is based on data from olivine, Al-Ti-rich diopside, and spinel (Fig. 61). The other
three AOAs, G28, G44, and G58, do not contain high-Al/Mg phases that are large enough
for Mg isotope analyses by SIMS.
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Regarding the 26A1-26Mg isotope systematics of anorthite-rich CAI G92, two
distinct trend lines are produced when plotting 27A1/2¢Mg vs. 26Mg-excess (526Mg”) (Figs.
6g, 6h). In particular, melilite and Al-Ti-rich diopside data of CAI G92 are distributed
along a single trend line. The slope of the trend line using only Al-Ti-rich diopside data
1s 0.33+0.19 with intercept of 0.18+0.17, which overlaps with the melilite data. The slope
of the trend line using both Al-Ti-rich diopside and melilite data is 0.375+0.14,
corresponding to an inferred (26A1/27A1)p of (5.2+2.0)x10-5 (Fig. 6g). Although we cannot
determine the origin of Al-Ti-rich diopside with certainty, a consistent distribution of Al-
Ti-rich diopside and melilite data suggests these are primary phases. In contrast,
anorthite data from G92 exhibit high 27Al/24Mg (>700) and 26Mg-excesses that are
significantly smaller than those from the regression line of melilite and Al-Ti-rich
diopside data (Fig. 6h). Assuming that anorthite formed by replacing melilite and that
Mg within anorthite had originally derived from the melilite that it replaced (see
discussion in section 5.2), the regression line using data from melilite and anorthite in
G92 has a slope of 0.0374+0.0039 with an intercept of 2.6+1.1%¢ and an inferred
(26A1/27A1)p of (5.21+0.54)x10-6 (Fig. 6h, Table 2). We note that the inferred (26A1/27A1)o
becomes slightly reduced [(4.6+2.1)x10-6] using only anorthite data and it is slightly
higher [(5.59+0.53)x10-6] if assuming no 26Mg-excess when anorthite formed.

In addition to CAI (G92, anorthite is also observed in melilite-rich CAI, G16,
occurring as a thin layer (~5 pm) between melilite and the diopside rim (Fig. 1g).
However, anorthite in CAI G16 has a large 26Mg-excess which is consistent with the
regression line of coexisting Al-Ti-rich diopside and melilite that corresponds to a
(26A1/27A1)o of (4.71+0.15)x10-5 (Fig. 6d, e). Thus, anorthite grains from two different CAIs,
(G92 and G186, record distinct 26Al-26Mg isotope signatures within the same thin section.

High precision Mg isotope data of Mg-rich phases (olivine, Al-Ti-rich diopside,
and spinel) obtained by large beam analyses indicate that mass-dependent Mg isotope
fractionation (825Mgpsms) is small (0.0+1.5%c/amu, Table 2). This result is consistent with
the fine-grained textures and/or irregular shapes of the samples, which suggests they
avoided re-melting and associated evaporative loss to the surrounding environment. A
few 82Mgpsms values of high-27A1/24Mg phases (melilite and anorthite) that were
obtained by small beam analyses are significantly higher than other data in the same
inclusion, beyond the analytical uncertainty (e.g., #53 of G5, #50 of G49, and #37 of G92
in Table 2). These are presumably outliers of small beam analyses, but we cannot

completely rule out the existence of 625Mgpsms heterogeneity within each inclusion.

5. Discussion
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5.1. 160-enriched environment of refractory inclusion formation

Within a given inclusion, oxygen isotope ratios of its rim structures, including
diopside and spinel in CAls, as well as olivine at the edge of AOAs, can be compared to
those of interior phases, in order to determine which oxygen isotope reservoirs were
sampled. With the exception of one datum (discussed below), our results indicate that
oxygen isotope ratios of minerals both in the rim and in the interior of the same inclusion
are indistinguishable, and show no systematic differences (Figs. 4 and 5). This result is
distinct from variable oxygen isotope ratios of Wark-Lovering rims associated with
coarse-grained CAls from CV chondrites (e.g., Yoshitake et al., 2005; Simon et al., 2011,
2016), but in agreement with oxygen isotope ratios of CAls from pristine CR, CO, and
CH chondrites (Bodénan et al., 2014: Jacobsen et al., 2014: Krot et al., 2016).

The single, relatively 160-poor signature (A170~—14%o) of melilite outside of the
rim spinel layer of CAI Y81020-E-8 (Fig. 1le and 4b) can be interpreted in a couple ways.
For example, it could be an intrinsic signature (condensation from a relatively 160-
depleted nebular gas) or it could be the result of later metamorphism. The analyzed
region of this melilite is surrounded by fine-scale cracks and voids and directly contacts
with the matrix, as the diopside layer in this CAI is discontinuous (Fig. EA2, Y81020-E-
8_2). Considering the susceptibility of oxygen isotope disturbance within melilite (e.g.,
Fagan et al., 2004; Bodénan et al., 2014), while also taking into account the consistent
160-rich signature of other CAI rim phases from the least metamorphosed carbonaceous
chondrites (e.g., Bodénan et al., 2014; Jacobsen et al., 2014; Krot et al., 2016; this study),
the relatively 160-poor signature of melilite outside of the rim spinel layer of Y81020-E-
8 is probably the result of later isotopic exchange, either in the solar nebula or in the
parent body.

CAls from this study have a small but appreciable range in averaged A70
values, on the order of a few per-mil when considering uncertainties (Table 1, Fig. 4, 5,
and 8a). With the exception of the outermost melilite layer of Y81020-E-8, as discussed
in the previous paragraph, oxygen isotope ratios of CAI rims are within the range of
those from their corresponding interior phases (e.g., Table 1 and Figs. 4 and 5). This
indicates that both of these CAI components formed in the same oxygen isotope
environment and that their intrinsic oxygen isotope ratios have not been disturbed after
their formation. Considering the pristine nature of Acfer 094 and Y-81020 chondrites,
the slight A'70 variation in their CAls most likely reflects that of the oxygen isotope
environment where CAls formed. Similar, as well as slightly larger A170 variations along
the PCM line are also found in hibonite and spinel-hibonite inclusions from CM

chondrites (Koop et al., 2016). Although extremely 160-rich inclusions (A170 down to
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~—37%o, Kobayashi et al., 2003; Gounelle et al., 2009, see also Fig. EA1-2 in Ushikubo et
al., 2012 for comparison) have been found, we do not recognize such an extremely 160-
rich signature in the samples, suggesting either the occurrence of extremely 160-rich
environment or formation of inclusions in an extremely 160-rich environment was rare.

Regarding the origin of CAI rims, it has been proposed that Wark-Lovering rims
formed by a later flash heating event, leading to intense evaporative loss (e.g., Wark and
Boynton, 2001). Such a process is considered to be responsible for positive mass-
dependent isotope fractionation that is commonly observed in F(UN) inclusions and
normal CAIs (e.g., Clayton and Mayeda, 1977; Wasserburg et al., 1977; Grossman et al.,
2008; Krot et al., 2014a). Although the samples from this study are mainly fine-grained
CAlIs, they have similar textures (i.e. thin spinel and diopside layered structures) as
those observed in Work-Lovering rims. However, the rim 880 values (Table 1, Fig. 5b)
and 825Mgpsms values (Table 2) from Acfer 094 and Y-81020 refractory inclusions exhibit
neither mass-dependent isotope fractionation nor variability in A170. These data indicate
that later processes, such as an intense flash re-heating event, are not necessary to
produce the rim structure of CAls. In addition, similar '60-rich oxygen isotopic
signatures, as well as general agreement of oxygen isotope ratios between CAI interior
phases and their rims (including fine-grained CAls and coarse-grained Wark-Lovering
rim-bearing CAls) are consistently observed in CAIs from pristine carbonaceous
chondrites (Bodénan et al., 2014; Jacobsen et al., 2014; Krot et al., 2016; this study).
Combined these results indicate that all components and textures of CAls, including
condensation of refractory phases from nebular gas, aggregation, and formation of rim
layers, occurred in the same 160-rich environment. The observed oxygen isotope
variability among Wark-Lovering rims of coarse-grained CV chondrite CAls is probably
explained by oxygen isotope exchange with 60-poor materials during parent body

metamorphism.

5.2. A170 vs. (26A1/27A1)o of CAls: An enigmatic anorthite-rich CAI having low (26A1/27A1)o
and an 18Q-rich signature.

Figure 7 summarizes the relationship between A170 and (26A1/27Al)o of the
refractory inclusions in this study; data from Acfer 094 chondrules (Ushikubo et al.,
2013) are also shown for comparison. Inferred (26A1/27A1)p values of CAIs Y81020-E-8, G5,
G16, G49, and G104 range from (4.08+0.75)x1075 to (5.05+0.18)x10-5, which are slightly
lower than the canonical value of (5.25+0.02)x10-5 (Fig. 7). These values are similar to
those of melted CAls from CV and CR chondrites (Makide et al., 2009;: MacPherson et
al., 2012). As CAlIs Y81020-E-8, G5, G16, G49, and G104 have well-defined isochrons,
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and because they haveprimitivetextures , sucha ssmallgrainsize s andmulti- nodule
structures, they likelydid notexperiencea laterre -meltingprocess.Assumingthisis
true,andalsoassuminghomogeneouslydistributed  26Alafter“canonical”’ CAlsformed
(e.g.,Kitaetal.,2013),t  heirslightlylower( 26Al/27Al)o valuesindicate formation upto
~0.3Ma aftercanonical CAIs (Fig. 7). However,itcannotberuledoutthatthesefine
grained CAlsformed priortohomogeneousdistributionof  26Alandthattherangeof
(26A1/27Al)9 values among Acfer 094 and Y -81020 refractory inclusions represents
variabilityof 26Alabundanceintheearlysolarsystem whentheyformed . ForAOAG17,
theinferred( 26A1/27A1)o valueof (5.32+0.81)x10-5 isconsistentwiththecanonicalvalue

of CAls . Assuch, thisAOA couldbe asoldasotherCAlsalthough  thepresentdataare
not ofsufficientprecision todiscussfine -scale differences offormationage s. Regarding
oxygenisotoperatios,alloftheaforementioned CAls,aswellasAOAG17,are 160-rich,
likelyreflecting thevalueof the nebulargasoverthistimeperiod.

CAI G92 is also  160-rich, but its constituent anorthite has a n order -of-
magnitudelow er inferred (26A1/27A1)o,( 5.21£0.54)x10-6, whencomparedtotheCAlsand
the AOA mentioned above (Fig. 7). However, there is also an other trend line
corresponding to a  (26Al/27A1)o of (5.2+2.0)x10 5 that is observed among Al-Ti-rich
diopside and melilite in CAI G92 (Fig. 6g,Table 2), making itevident that this CAI
initially had anear -canonical ( 26A1/27Al)o, like the other refractoryinclusions . Al ater
isotopicdisturbanceinthe Acfer094parentbodyisunlikelytoexplainthe lower 526Mg*
valuesinG92 anorthitebe cause (1) asmentionedinthelntroduction, Acfer094isoneof
theleastmetamorphosedcarbonaceouschondrites(Gresh  ake,1997;Kimuraetal.,2008)
and (2)the 26Al-26Mgsystematicsofboththe  anorthiterimlayer in CAI G16 (Fig. 6e)
and small anorthite grains in chondrules from the same thin section do not exhibit
evidenceforisotopicdisturbance (t hisstudy,Kitaetal.,2013;Ushikuboetal.,2013). As
such, wei nterpretthatthelower (26A1/27A1)o of G92 anorthite (Fig. 6h) recorded the
timing ofalater thermalprocessinthesolarnebula.

LikeanorthiteinCAI G92, Krotetal.(2014b )reportedtha t anorthiteinsome
AOAsfrom CHchondritesha ve similar 60-richoxygenisotoperatiosbutlow  826Mg”
values. Theyproposedthatsuch an isotopicsignatureinanorthitecouldbeexplainedby
Mg isotopic exchange with surroundingMg  -rich phases during adays -to-weeks long
thermalannealingeventathightemperatur  e(~1100°C ) coupledwith a slowcoolingrate
(~0.01 K/h) . Such conditions would be necessary because the diffusivity of Mg in
anorthite is significantly higher than that of oxygen at >1000 °C . However, sucha
scenario is unlikely forG92because alinearcorrelationbetween 27Al/2¢Mgratiosand

826Mg* values inanorthiteisnotconsistentwitha laterisotopicdisturbance ofthe 27Al-
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24Mg systematics in anorthite (e.g., Podosek et al, 1991; MacPherson et al., 2012).
Further, the near-canonical isochron produced by Al-Ti-rich diopside and melilite in G92
(Fig. 6g) is not consistent with Mg isotopic exchange with adjacent anorthite. If anorthite
in G92 formed as early as other phases, the accumulated 26Mg-excess would have been
larger than 300%o in 826Mg* (e.g., anorthite in CAI G16, Fig. 6e) at the time of the thermal
annealing event. Thus, even though Mg is a minor element in anorthite (<0.1wt%),
anomalously high §26Mg* values (up to a few permil) in Mg-rich phases are expected to
be observed if Mg isotopic exchange occurred (e.g., Podosek et al., 1991; MacPherson et
al., 2012). Moreover, contrary to typical AOAs, anorthite in G92 is the predominant
phase and is not always associated with spinel, meaning that complete resetting of the
anorthite 26A1-26Mg systematics by isotopic exchange with Mg-rich phases would
probably take much longer. In contrast, exchange with an 160-poor ambient gas would
have effectively occurred because of the fine-grained texture in this CAL

As an alternative to the low excess-26Mg in G92 anorthite being due to solid-
state exchange-induced resetting, a more likely possibility is that G92 originally formed
as a fine-grained melilite-rich CAI, and that the anorthite replaced the melilite after
most of the 26Al decayed. This idea presupposes that the occurrence of low 826Mg* in
anorthite-rich CAI G92 is not a coincidence, but is instead the result of later high
temperature process in the solar nebula. Replacement of melilite by anorthite could have
occurred by interaction with the ambient gas: Ca2A12Si07 (Gehlenite) + 3SiO(g) + Mg(g)
+ 4H20(g) — CaAlzSi20s (anorthite) + CaMgSizOs (diopside) + 4Hz(g) (Krot et al., 2004b),
or under an oxidizing environment, as the following reaction: Ca2A12S8i07 + SiO(g) +
H:20(g) + CO2(g) — CaAlzSiz0s + Ca(OH)z(g) + CO(g) is also proposed (Hashimoto, 1992).
Even though spinel (MgAl20s4) and akermanite (CazMgSi207) could have partly
contributed Mg and Si to produce diopside in these reactions, replacement of melilite
requires incorporation of Si0 from outside of the CAI. As such, the oxygen isotope ratio
of anorthite produced by reaction must have been affected by the oxygen isotope ratio of
an ambient gas. Assuming the composition of the initial melilite of CAI G92 was the
same as that of remaining melilite (Akz0), and that Mg was completely consumed to form
diopside by replacement of melilite, abundant diopside (~20 molar% of anorthite,
assuming gehlenite : Akermanite = anorthite : diopside = 4 : 1) would have formed with
anorthite. Since sub-um high-Ca pyroxene inclusions in anorthite and small and
irregular-shaped Al-Ti-rich diopside grains are abundant in the interior of CAI G92 (Fig.
2b), they may have formed by replacement of melilite. However, due to the limitation of
analysis spot size by SIMS (~3um in size for O isotope analyses and ~10um for Mg isotope

analyses of Mg-rich phases), we could not perform isotope analyses of sub-um diopside
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inclusions, nor could we analyze the outermost margin of diopside, in order to investigate
if their characteristics were established during the replacement of melilite. With regard
to anorthite, very low Mg concentrations of anorthite in G92, as well as those of the thin
anorthite layer in G16 (27A1/24Mg=700 to 1560, 0.03 to 0.015wt.% MgO), suggest that the
formation process of anorthite in these CAls was different than that of igneous anorthite
in type B CAls (typically 27A1/24Mg=100 to 600, 0.23 to 0.04wt.%, e.g., Podosek et al.,
1991; Goswami et al., 1994; Makide et al., 2009; Kita et al., 2012). In addition, the
absence of anomalously high 826Mg* among G92 Mg-rich phases is consistent with the
replacement of melilite by anorthite, after most 26Al had decayed. If G92 anorthite
initially formed with the canonical abundance of the short-lived nuclide 26Al, followed by
later Mg isotopic exchange, an occurrence of anomalously high §26Mg* (i.e. above the
canonical isochron) would be expected in Mg-rich phases such as spinel, Al-Ti-rich
diopside, and melilite (e.g., Podosek et al., 1991; MacPherson et al., 2012). Instead, if
anorthite formed by replacing primary melilite after the decay of most 26Al, it might have
inherited the 2Mg-excess of precursor melilite (e.g., 526Mg*: ~3%o, Figs. 6g and 6h). In this
case, the slope of the regression line using anorthite and melilite data represents the
(26A1/27A1)p when anorthite formed. Another possibility is that G92 anorthite had no
26Mg-excess when it initially formed, because it incorporated Mg from the ambient gas.
If this is the case, the regression line through the origin using anorthite data would be
appropriate, as well as its corresponding inferred (26A1/27A1)o, ~5.5x10-6, which is slightly
higher than the inferred (26A1/27Al)o of 5.21x10~¢ when using anorthite and melilite data.
Here we assume that Al was absent from the ambient nebular gas because of its highly
refractory nature (e.g., Lodders, 2003). Regardless of whether or not G92 anorthite
initially inherited 2°Mg-excess from melilite, 26Al would have been supplied from the
reacted primary melilite. Assuming this formation mechanism is correct, the 26Al-26Mg
systematics of G92 anorthite and melilite, whose data are distributed along a single
regression line (MSWD=0.95, Fig. 6h), can be used to deduce the time interval between
the CAI formation and the later formation of anorthite.

The inferred (26A1/27A1)o, (5.21+0.54)x1076, of G92 anorthite indicates formation
2.3 Ma after CAls (Fig. 7). This result coincides with the timing of chondrule formation
among ordinary and carbonaceous chondrites (e.g., Kita and Ushikubo, 2012; Ushikubo
et al., 2013). As similar ages are also observed in CAI-chondrule compound objects in CR
chondrites ((26A1/27A1)o of <2x10-6to (3.8+1.3)x10-6, Makide et al., 2009), energetic events
in the solar nebula that imposed igneous and metamorphic processes among CAls and
chondrules are inferred to have occurred at 2 — 3 Ma after canonical CAI formation.

Regarding chondrule formation, it is inferred that the environment was 160-poor relative
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to the environment where refractory inclusions formed, as oxygen isotope ratios of
chondrules are typically A170=-6 to 2% (Connolly and Huss, 2010; Kita et al., 2010; Krot
et al., 2010b; Rudraswami et al., 2011; Weisberg et al., 2011; Nakashima et al., 2012;
Ushikubo et al., 2012; Schrader et al., 2013, 2014; Tenner et al., 2013, 2015). This
inference 1is also supported by characteristics of CAl-chondrule compound objects, as
their 160-rich CAl-like domains are enclosed by 160-poor ferromagnesian minerals
(Makide et al., 2009). In contrast, CAI G92 does not contain 60-poor ferromagnesian
phases (olivine and low-Ca pyroxene) or Fe-Ni metal (Fig. 2b). Thus, even though G92
anorthite has a similar inferred (26A1/27A1)p as chondrules, it differs from chondrules and
CAlI-chondrule compound objects. Combined, these characteristics of CAI G92 indicate
the existence of an 160-rich environment (A170~—23%., Figs. 4g and 7) that was devoid of
160-poor ferromagnesian dust, approximately 2 — 3 Ma after CAI formation.

A conceivable scenario is that G92 anorthite formed at the inner edge of the
solar nebula, where ambient gas may still have been 60-rich 2 — 3 Ma after CAI
formations (possibly because this region is close to the Sun, the predominant reservoir
of 160-rich solar gas). Then, following the formation of anorthite, CAI G92 could have
been transferred to the outer asteroid belt. However, this scenario seems unlikely
because (1) it would have been difficult to avoid any reprocessing until ~2 Ma after CAls
if G92 remained close to the Sun over that time interval; and (2) outward mass transport
was likely insufficient ~2 Ma after CAls (Ciesla, 2010; Jacquet, 2013).

Alternatively, a more plausible scenario is that G92 anorthite formed at a large
vertical distance relative to the chondrule-forming mid-plane of the protoplanetary disk.
Here, it is assumed (1) an 160-rich gas would have been a major oxygen isotopic
component, because it has been ubiquitously present throughout the history of the Solar
System; and (2) the mid-plane of the protoplanetary disk was dominated by 60-poor
silicate dust (e.g., Tenner et al., 2015) and early Solar System H20 ice (e.g., Sakamoto et
al., 2007), particularly after cooling of the solar nebula and with reduced turbulent flow.
The former assumption is possible when considering that the present solar wind 1s 160-
rich (A170=—28.4=1.8%0, McKeegan et al., 2011). The latter is valid because high dust to
gas ratios (e.g. Ebel and Grossman, 2000; Alexander 2004), as well as enhancement of
H20 ice (e.g., Fedkin and Grossman, 2006; 2016), were likely necessary to create an
environment oxidized enough to form the chondrule assemblage. The settling of 160-poor
H20 ice and dust toward the mid-plane of the protoplanetary disk would have caused a
vertical oxygen isotopic gradient in the protoplanetary disk (e.g., Yurimoto et al., 2007)
at the time of chondrule formations. Under such an environment, products of high-

temperature processes would have different oxygen isotope ratios as a function of their
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vertical distance from the mid-plane. For example, Tenner et al. (2015) demonstrated
that variable additions of 160-poor dust and H20 ice (A170~—6%o and +5%o, respectively)
to 160-rich gas (A170~—28.4%0) can explain the observed A170 — Mg# trend among
ferromagnesian silicates in carbonaceous chondrite chondrules. As such, materials that
formed vertically far from the mid-plane could have been enriched in 60, because such
a region would have been depleted in 160-poor dust and Hz20 ice, and therefore would
have been dominated by 160-rich gas. We note that large silicate particles like CAI G92
(a few hundred um in size) must have been rare at a vertically distant place from the
mid-plane after the settling of dusts to the mid-plane (e.g., Ciesla, 2009; Jacquet, 2013).
It is more favorable that much smaller refractory inclusions would prevail at large
vertical distance from the mid-plane. As such, small refractory inclusion may have a
higher likelihood of showing evidence for re-heating events in an 160-rich environment.

Considering the prevalence of chondrules in unequilibrated chondrites (20-80
volume percent; Scott et al., 1996), it is evident that one or more pervasive processes
produced silicate melts ~2 Ma after CAls, and several mechanisms that have been
proposed for their formation (see Ciesla, 2005; Desch et al., 2012 for review). Assuming
the energy source of G92 anorthite formation was similar to that which formed
chondrules, a vertically distant location from the mid-plane of the protoplanetary disk
seems a more appropriate site than the inner edge of the solar nebula to explain both a
younger anorthite formation age (~2 Ma after CAls) and the lack of accumulated

ferromagnesian phases.

5.3. 160Q-rich dust component and correlation lines

Fine-grained CAls and AOAs formed by aggregation of primary condensates
from early solar nebular gas, and they avoided re-melting by a later heating event in the
solar nebula. The limited range of 62°Mgpsms values among the fine-grained refractory
inclusions studied (—0.4 to 1.3%o) supports this idea. Thus, we suggest that fine-grained
CAls and AOAs from type 3.00-3.05 chondrites are the best candidates for recording
pristine oxygen isotope ratios of early solar system condensates.

Figure 8 shows averaged oxygen isotope ratios of individual refractory
inclusions (Fig.8a), as well as those from AOA forsterite and Al-Ti-rich diopside (Fig.8b,
see also Table 2) obtained using a high intensity primary beam (small beam data are
only used to calculate averaged values of individual samples, due to their large
uncertainties). The oxygen isotope ratios of fine-grained Acfer 094 and Y-81020
refractory inclusions are tightly distributed between the CCAM line (Clayton et al., 1977)

and the PCM regression line defined based on olivine and low-Ca pyroxene data from
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Acfer 094 chondrules (Ushikubo et al., 2012). Deviations in averaged 8120 values from
the CCAM line, relative to the mass-dependent isotope fractionation trend
(8170=0.52%8180), range from —0.6%o (CAI G16) to +1.9%0 (CAI G5), with an average value
of +0.6%o. These results indicate that oxygen isotope ratios of pristine CAI precursor
dusts were distributed along the CCAM line, or, at most, were ~1%o to the right of the
CCAM line. Note that we cannot precisely determine the oxygen isotope ratio of the
primordial nebular gas from fine-grained refractory inclusion data because the degree of
equilibrium oxygen isotope fractionation between gas and dust can vary as a function of
temperature and gas composition (e.g., 5180 value of olivine could be 2 to 3%o lighter than
that of ambient gas, Clayton et al., 1991; Kita et al., 2010). Regarding the PCM line
(Ushikubo et al., 2012) and its uncertainty (~=0.7%o), it is indistinguishable from the
Acfer 094 and Y-81020 refractory inclusion data. This is an important consideration for
two reasons. First, it indicates that Acfer 094 chondrules and refractory inclusions
represent a consistent mixing line of early Solar System materials. Second, and with
respect to relict olivine grains in Acfer 094 chondrules, the most 160-rich examples have
oxygen isotope ratio that are indistinguishable from Acfer 094 refractory inclusion data
(Fig. 9). This overlap is consistent with the idea that 160-rich relict olivine derived from
refractory inclusion related material (e.g., AOA, olivine in the accretionary rim of CAls).

Beyond linking Acfer 094 chondrules and refractory inclusions together, the
PCM line carries with it other important characteristics. For example, oxygen isotope
data from extremely 160-poor Acfer 094 cosmic symplectites (Sakamoto et al., 2007; Seto
et al., 2008) plot on the PCM line (Fig. 9). The PCM line also intersects with the
terrestrial fractionation (TF) line at §180=5.8+0.4%o (Ushikubo et al., 2012), which is in
agreement with the terrestrial mantle value (8180=5.5+0.2%o: Eiler, 2001). Taking all of
these things into consideration, it is apparent that most primary materials from
carbonaceous chondrites experienced very little mass-dependent oxygen isotope
fractionation. Further, if all of the aforementioned materials within Acfer 094 are indeed
related, it suggests that 160-rich nebular gas and 160-poor (or 17.180-rich) primordial
volatiles represent endmembers of a linear trend (i.e., the PCM line) with a mass-

independent fractionated slope of ~1.0.

6. Conclusions

Oxygen isotope ratios and 26Al-26Mg isotope systematics of multiple phases in
refractory inclusions (5 spinel-melilite-rich CAls, 1 pyroxene-anorthite-rich CAI, and 4
AOAs) from the least metamorphosed carbonaceous chondrites, Acfer 094 (C-ungrouped

3.00) and Y-81020 (CO3.05), were investigated.
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All samples have 160-rich signatures but exhibit subtle and detectable
variabilities In oxygen isotope ratios among individual refractory inclusions
(A170=-22.0+0.5%0 to —24.3+0.3%0). This indicates slight oxygen isotope variations of
early solar nebular gas where refractory inclusions formed.

Within analytical uncertainties, oxygen isotope ratios of rim spinel and diopside
match those of interior phases in each CAI In addition, no apparent mass-dependent
isotopic fractionation is observed in O and Mg isotope ratios of rim phases. These
observations do not agree with flash heating and evaporative loss of relatively volatile
elements during rim formation. Instead, our results suggest that condensation and
aggregation of interior phases, as well as the formation of CAI rim structures, occurred
in the same environment.

Inferred initial 26A1/27A] ratios of spinel-melilite-rich CAlIs ((4.08+0.75)x10-5 to
(5.05+0.18)x10-5) are slightly lower than the canonical value of 5.25%x10-5. As most
spinel-melilite-rich CAls have no petrologic evidence for re-melting after condensation,
the observed lower initial 26Al1/27Al ratios indicate either condensation of refractory
phases occurred up to ~0.3 Ma after canonical CAls or they formed before 26Al was
homogeneously distributed in the Solar nebula.

A pyroxene-anorthiterich CAI, G92, has an 160-rich signature
(A170=—23.3+0.3%0), like other CAIs. However, the relatively low (26A1/27Al)y of G92
anorthite ((5.21+0.54)x10-6), indicates it formed by a reaction between primary melilite
and 60-rich nebular gas approximately 2.3 Ma after CAI formation. The oxygen and
magnesium isotope signatures suggest the existence of 60-rich gas in an environment
devoid of ferromagnesian dust. This environment was present during the timing of
chondrule formation.

Finally, averaged oxygen isotope ratios of refractory inclusions are distributed
along the CCAM line and the PCM line, which is the regression line based on oxygen
1sotope data from Acfer 094 chondrules. Since the PCM line also overlaps with oxygen
isotope data of extremely 160-poor cosmic symplectites (A170~83%o), the linear
relationship among these materials is interpreted to represent mixing of two endmember
components in the solar nebula: that of 160-rich solar nebular gas, and that of extremely

160)-poor (or 17180-rich) primordial volatiles.
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Figurecaption s

Figurel : Backscatteredelectronimagesofspinel- melilite-richCAI s (a) G5, (b) G186, (c)
G49,(d)G104,(e)Y81020 -E-8,andenlargedviewsof(f)alargenoduleinG16,(g)asmall
noduleinG16,(h) the melilite-richinteriorofG104,and(i)  thespinellayerinY81020
E-8. Scalebarsindicate 100p  m for(a)to(e),50 umfor(f)to (h),and20 pmfor( i),
respectively. Abbreviations: mel=melilite, sp=spinel, an=anorthite, di=(Al -Ti-rich)

diopside,ol=olivine, andpv=perovskite

Figure2 :Backscatteredelectronimagesof(a)  diopside-anorthite-richCAI G92, and (b)
enlargedviewofG92 . Scalebarsindicate100 umfor(a) and50 pmfor(b),respectively .

AbbreviationsaresameasFig.1.

Figure3 :BackscatteredelectronimagesofAOAs(a) G17,(b)G28,( c) G44,(d )G58 ,and
enlargedviewsof(e)anorthite -freeCa -,Al -richdomaininG17,(flanorthite -bearingCa- ,
Al-richd omainsinG44 . Scalebarsindicate100 pm for(a)to(d)and50  umfor(e)and

(f),respectively . Abbreviationsarethe sameas in Fig.1

Figure 4: Oxygenthree -isotopediagrams .A llthemeasureddatainthisstudy areshown
in(a). Adottedrectangleatthelowerleftin(a)indicatestheupperlimitoftherangesof
theenlargedviews,(b)to(k).Diagramsfrom individualspinel- melilite-richCAIs (sp-mel
CAls) include Y81020-E-8 (b),G5 (c),G16 (d),G49 (e),G104 (f). G92(g)isa pyroxene-
anorthite-richCAI (px-anCAI) . AOAs include G17 (h),G28 (),G44 (j),G58 (k). Reference
linesare TerrestrialF ractionation (TF,continuouslinein(a) ), CarbonaceousChondrite
AnhydrousMineral(CCAM , dashed line), PrimitiveChondruleMineral (PCM, solid line),
andYoungandRussell(Y&R , graysolid line). Errorsare95%confidence

Figure5 : Comparisonof (a) A170 and(b)§ 8Ovsmow values betweenaveraged valuesof
individualCAIsandtheirrim s. CAls data areshowninascendingorderofaverageA 170

values. Errorsare95%confidence.

Figure 6: 26A1-26Mgisotopesystematicsof (a)Y81020-E-8 ,(b)G5,(c)G49,(d)and(e)G16,

() G104, (g) and (h) G92,G) G17. Inferred ( 26A1/27Al)o valuesareshown. Formulaeof
individualregressionlinesareprovided inTable2. Similarscale s ofXandYaxesare
applied to eachplot for proper comparisons ofslope s from individualregressionlines .

Errorsare95%confidence.
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Figure 7: (26A1/27Al)o vs. A17Oof thesamples (CAlsandAOA) studied. Filledgraycircles
aredata from fivespinel- melilite-richCAIsG5,G16,G49,G104,andY -81020-E-8. Open
squaresaredatafrom AOAsG17,G28,G44,andG58.Two filledblackcircles represent
(26A1/27A1)o valuesofthediopside -melilite(5.2 x10-5)andthemelilite -anorthite(5.2 x10-6)
systems in CAIG92 . Chondrule data from Acfer 094 reported by [1] Ushikubo et al.
(2012) and[2]Ushikuboetal.(  2013) arealsoshown forcomparison . Verticaldottedline

indicatesthecanonicalvalueof(  26A1/27A1)o (5.25%10-5). Errorsare95%confidence.

Figure 8: Oxygenthree -isotope plots of(a)averagevaluesofindividual CAIsandAOAs
and(b)individual AOA analyseswithalargeprimarybeamandmultiple -FCdetectors.

Errorsare95%confidence.

Figure9: Oxygenthree -isotopeplotsofrefractoryinclusions(averagedvaluesof CAls
andAOAs, thisstudy),chondrules (averaged valuesandindividualrelictolivine data,
Ushikuboetal.,2012),and  cosmicsymplectites(spot analysis dataofCOS,Sakamotoet

al.,2007)fromAcfer094. FourreferencelinesaresameasFig . 4.
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Table 1: Oxygen isotope ratios of Refractory Inclusions from Acfer 094.

Sample/Analysis#  Phase®  5"Ovamow (2 SE) & Ovamow (2 SE) AY0 (256 Note
[e) [e) [e)
CAls
Y81020-E-8
#62 sp 45713 48.2 +0.9 24.5 0.5
#63 Sp (rim) 471413 482 +0.9 23.7 $0.5
#61 Mel 459 $1.3 48.2 +0.9 243105
#66 Mel 475113 49.4 +0.9 247 +0.5
#67 Mel (rim) 253 1.3 27.4 +0.9 -14.3 $0.5
Average® 466 +0.7 -48.5 0.5 243103  excluding #67
G5
#15 Fas (rim) 4453131 47.6 +1.0 244422
#17 Fas (rim) 4483231 47.2 +1.0 239422
#72 sp 450231 47.7 +1.0 243422
#74 Sp 453131 47.8 £1.0 243122
#73 Mel 43.7 £31 46.4 +1.0 237422
#76 Mel 449331 6.6 +1.0 233322
Average® 447 #1.3 47.2 +0.4 24.0 0.9
G186
#84 Fas (rim) 443 0.7 460 +1.1 229413
#83 Mel 45.7 +0.7 46.5 +1.1 227413
#86 Mel 453307 46.6 +1.1 23.0 413
#87 Mel 455 +0.7 46.8 +1.1 232413
#82 An 44.2 $0.7 46.4 +1.1 234413
Averaze® 45.0 $0.4 465 +0.5 23.0 $0.6
G49
#94 Fas 39.4:0.7 42.5 +1.0 21.9 #1.1
#97 Fas (rim) 40.6 0.7 435 +1.0 223 #1.1
#93 Mel 415 +0.7 441 +1.0 225411
#95 Mel 418307 43.9 +1.0 222411
#98 Mel 41.0 +0.7 42.5 +1.0 21.2 #1.4
Average® 40.9 +0.4 433 +0.5 22,0 #0.5
G92
#105 Fas (rim) 437106 46.3 +0.7 23.5 109
#108 Fas (rim) 446306 461 +0.7 22.9 109
#110 Fas 443 $06 46.2 +0.7 231 109
#1086 Mel 45.7 +0.6 47.7 +0.7 24.0 +0.9
#107 Mel 453106 47.4 +0.7 23.4109
#103 An 453 +0.6 46.3 +0.7 22.7 +0.9
#104 An 452 +0.6 47.0 +0.7 23.5 +0.9
#109 An 451 306 A7 0.7 23.7 10.9
Average® 45.0 +0.4 468 +0.3 233 103
G104
#119 Fas (rim) 449 +1.0 471 +0.8 238 +0.7
#115 Mel 447 $1.0 47.5 +0.8 243107
#118 Mel 452310 47.6 +0.8 241107
#120 Mel 44.7 $1.0 45.6 +0.8 22.3 10.7
Average® 44.8 H0.6 A7.0 304 236 04
ADAs
G17
#129 Fo 461 1.1 48.2 +1.7 243414
#130 Fo (edge) 467 #1.1 475 17 233 #1.4
#316 (2nd session)! Fo (edge) 455 0.3 A7.4 +06 237 +0.6
#128 Fas 45.0 #1.1 474417 240414
#131 Fas 45.4 #1.1 47.0 +1.7 234414
#315 (2nd session)’ Fas 455 103 471 0.6 235 0.6
#127 sp 457 211 A7.4 1.7 23714
Average® 45.5 $0.3 A7.3 304 236 04
G28
#137 Fo (edge) 466309 48.3 +1.6 240415
#140 Fo 47.4 09 A7.7 +16 23.0+15
#317 (2nd session)! Fo (edge) 463103 478 H0.6 23.7 106
#318 (2nd session)” Fo (edge) 46.4 303 48.0 0.6 239 06
#138 Fas 466 $0.9 47.5 +1.6 233415
#142 Fas 473109 48.5 +1.6 239415
#163 An 45.1 +0.6 47.9 +0.9 24.5 +0.9
Average® 46.3 0.3 A7.9 104 239103
G44
#148 Fo (edge) 465 $0.5 491 +0.7 25.0 +0.8
#319 (2nd session)® Fo (edge) 452 0.3 474 +0.6 239 106
#150 Fas 462 +0.5 48.4 +0.7 244108
#151 An 457 0.5 A7.2 $0.7 23.5 $0.8
Average® 456 +0.4 -48.0 +0.4 242 104
G58
#157 Fo 471 $06 48.0 +0.9 23.5 +0.9
#159 Fo 466 0.6 48.2 +0.9 23.9 109
#1860 Fo 47.0 206 48.8 +0.9 2441059
#320 (2nd session)! Fo (edge) 455303 468 0.6 23.2 106
#162 Fas 459 106 47.3 +0.9 23.5 109
#158 Fas 445 +0.6 461 +0.9 23.0 +0.9
Average® 459 +0.4 A5 304 -23.5 0.3

a: Analysis points are shown in Fig. EA2.

b: Abbreviations: So=soinel Mel=melilite. Fas=Al-Ti-rich diosoide. An=anorthite. Fo=forsteritic olivine.

c: Uncertainty of A0 is the emor of the weighted mean value. Additional uncertainties of the instrumen
o Multiple-FCs analysis with a high intensity beam.



Tabls 2: Al-Mg isotope systematics of Refractory Inclusions from Acfer 084

Sample/Analysis# = Phas®  5*Mgosws (2 SEB) TAIMg (2 5B Mg’ 2 SE) Note
(%o Samu ) {%a)
TAls
Y81020-E-8
#100 (2nd session)®  Sp {fim) 117 014 2.583 +0.027 0.90 :0.14
#101 (2nd session)®  Sp {fim) 1.31 #0114 2.637 +0.027 0.83 0.1
#8,10¢ Mel 121047 20.62 +0.20 1099 +0.70 average
#11 Mel 0.85 0162 .17 085 12.25 +1.08
#1213 Mel -1.38 +0.43 20.70 +0.24 782 4071 average
#14 Mel .03 :0.38 15.65 +0.15 5.42 +0.62
#15 Mel .08 +0.50 28.74 +0.70 1042 +0.83
#16 Mel 0.36 £043 15.47 +0.21 6.40 +0.68
#17 Mel 0.82 £0.59 33.50 047 11.66 +1.06
#18 Mel -1.36 +1.50 28.79 +0.60 10.02 +0.86
avarage & isochron® 021 £2.16 E5Mg'=(0.363+0.013)< (TAI**Mg)+0.01£0.10)
(AT Al={5.05:0.18)107*
a5
#78 (2nd session)® Fas (fim) 0.04 :028 0.337 +0.006 0.18 +0.20
#77 (2nd session)® Sp .78 +0.28 2.624 +0.027 0.50 +0.16
#52 Mel 122 £1.80 72.01 +1.86 25.48 £3.21 100 eyeles
#53 Mel 287 188 50.55 +0.55 16.38 +1.60
#56 Mel 113 £1.01 45.08 +1.01 16.45 +1.87 100-300 &
average & isochron® 024 £3.50 &My =(0.339:0.022p< (AU Mgl—(0.02+0.13)
(AT A=A T2 3 )< 1078
G16
#B0 (2nd session)” Fas -1.18 #0128 0.717 +0.008 032 0,18
#20 Mel 0.47 067 28.06 +0.50 £.08 +1.30
#21 Mel 0.08 £0.85 31.80 048 11.04 +1.20
#22 Mel 071£1.03 27.79 021 11221 41-150 ew
#23 Mel .63 £0.61 20.77 +0.52 7.45£1.12
#24 Mel .36 +0.60 2307 1072 7.65 +1.00
#25 Mel 0.14 068 25.60 +0.45 B.86 +1.25
#26 Mel 041088 21.87 +1.38 7204145
#28 Mel 146 £0.82 30.48 +0.26 10.76 +1.23
#29 An 0.30 +6.90 1561 +18 532 435 1-18 evele
average & isochron® -0.36 $1.38 E*5Mg'=(0.342+0.012)< (T AV *Mg)+H0.09:0.18)
(AT A=A TEH0 AT 1078
G&
#B2 (2nd session)” Fas 0.13+028 0.850 +0.028 0.1 0.1
#48 Mel 1.00 +0.56 17.82 017 5.48 +1.01
#50 Mel 224 :056 10.21 +1.43 2.5 0,00
average & isochron® 1.07 £2.37 Mg =(0.293:0.054)< (TAI*Mg)—(0.08:0.22)
(AT Al={4.080. TS)< 10"
GE2
#69 (2nd session)® Fas (fim) 044 :024 0271 +0.012 03201
#70 (2nd session)” Fas .55 :0.24 1.472 +0.048 0.65 0,18
#71 (2nd session)” Fas .63 :0.24 0.807 +0.021 0.50 +0.18
#72 (2nd session)” Fas (fim) .30 :0.24 0.335 +0.011 0.22 0,16
#38 Mel 1.03 +0.71 643 +1.17 2824110
#33 An 2604582 1324 £14 58 +12 1-85 cycle
#34 An 1.63 +4.09 1310 £14 46.0 8.7
#36 An 3.15£200 2225487 ME52
237 An 0.74:4.28 705.9 £7.7 204180 1-100 eyel
avarage & isochron®’ 0.19 £1.38 &My’ =(0.38+0.14)< (AL Mg)+(0.15:0.14) Fasi&Mel
(AT Al={5.242 010 Fasi&Mel
Mg’ =(0.0374:+0.0039)< (TAIP MOk 2.6:1.1)  MellAn
(AT Al={5. 2420 54)< 107 Mel&An
G104
#40 Mel 1.08 £0.68 37.43 1042 11.84 +1.18
#41 Mel 0.01 +0.56 24.73 141 B.81+0.00
#44 Mel 1.37 +0.88 35.04 +0.62 11.33+1.28 1-211 eyel
#46 Mel 1.53 +0.48 24.31 +0.33 7.46 +0.80
#47 Mel 1.56 +0.40 21.42 +0.16 7.13 3070
average & isochron® 1.29 +0.56 S0y =(0.325:0.015p< (TAV Mgl (0.02:0.01)  Assuming t
(AT AL ={4.530 21)<107%
AOAs
Gi7
#64 (2nd session)® Fo (rim) 0.36 024 0.01 10,12
#65 (2nd session)” Fo (rim) 0.50 024 0.04 10,12
#66 (2nd session)” Fas .37 :0.24 0.332 +0.005 0.08 +0.16
#68 (2nd session)” Fas .36 +0.24 0.385 +0.006 0.04 0,16
#67 (2nd session)” Sp 0.08 0124 2.480 +0.027 0.95 0,12
average & isochron® 024 $1.19 &My =(0.381:0.058 )< [T AN *Mp)—(0.006:0.063)
(AT AL ={5.3240 B1)<107%
G2
#83 (2nd session)” Fo (rm) 0.68 +1.28 0.04 0,16
#B4 (2nd session)® Fo (rim) 0.34 028 0.07 +0.16
averaze® 0.51 +0.48 0.06 +0.12
G4
#B9 (2nd session)” Fo (rm) 1.12 #0113 0.00 +0.08
#32 (2nd session)® Fo (rim) 0.62 $0.13 003008
average & isochron® 1.02 +0.28 0.02 +0.06
G58
#83 (2nd session)” Fo (rm) 0.65 013 0.08 +0.07
#94 (2nd session)® Fo 0.55 +0.13 0.08 +0.00
average & isochron® 0.60 +0.13 0.08 +0.06

a: Analysis points are shown in Fig. EA2.

be A

&2 Multiple-FCe analysie with a high intensity beam.
d: Average value of two analyses at the same analysis spot
&: Errors are 2 SD for 5°°Mg values and 95% confidence for isochrons

- Anorthite data is not used to caleulate the 6“& walue.
& Error is 5% confidence of the weighted mean value.

. Fas=Al-Ti-rich diospide, An=anorthite, Fo=forsteritic olivine.
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