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ABSTRACT

Abundancesoftraceandmajorelements (REE. Ba.Sr.Rb.X.

Mg andCa)weredeterminedbyprecisemassspectrometricisotope

dilution techniquesfor32petrographicallyexamined individual

chondrules from theAllende (CV3)andFelix (CO3) carbonaceous

chondrites, and for oneCa,All-richinclusionandawhole rock

samplefromFelix.

TheREEabundancesinindividualAllendechondrulesare2.5-

10 xC=forbarredolivinechondrules, 2-8xCZforporphyritic

and radial pyroxenechondrules, 0.15-4X C工 for porphyr土tlc

ollvine andporphyrit土colivlne-pyroxenechondrulesandaremore

orlesssimilarlyfractionated. TheREEabundancesinindividual

Felix chondrules are 1.4-4xC=for porphyritic olivine and

porphyritic olivine-pyroxenechondrules. TheC=-Jnormali2:ed REE

patterns for Felix chondrules are almost flat, however,

Porphyritic pyroxene chondrule is characterized light BEE

enJrichment (6-12xC=)relativetoheavyREE (～0.8 xC=).

General及EEfractionations (typicallyforlighttoheavy及EE

fractionation) and significantlylarge_(upio __300%) anomalies

ofCe,EuandYbarefl.equentlyrecogni2:edforalltexturaltypes

ofchondrules,particularly一一for~barred~olivine-land~pyroxene.=Tich

chondrules.

The positive correlations of REE with the moderately

volatile elements.X and Rb.as well as other refractory

elements, Ca, Sr and Ba, areobservedindependently of
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texturaltypesandmaコOrChemicalcompos土ヒエons.

Every type ofAllendechondrulehaslarge and systematic

abundancevariationsofKandRb (Mg-normalizedabundanceofO｡6-

1.7 X C= for barredolivine chondrules, 0.6-2.3 X CZ for

pyroxene-rich chondrules, and 0.09-0.5xC= for olivine-rich

chondrules), but show aconstantX/Rbratiocloseto that of

cエ ts.

The coarse-grainedCa,A1-rich inclusionfrom Felix.which

maybeassignedtoTypeBl,exhibitsaGroup=H REEpatternWith

alargenegativeYbanomaly. Thisisinconsistentwithelemental

volatilities sinceYbismoredepletedthanEu, suggestingthat

theEuenrichedcomponentmayhavebeenaddedtonormalGroup H Z

CA工 p出ortomeltingthe土nclus土onprecursor.

TheRESabundanceofbulkFelixisunfractionated (1.6-1｡7X

C=)with～20%excessofCe.

From these results, the following constraints on the

chemical characteristicsofchondruleprecursorsand chondrule-

formingeventsaresuggested:

(1) Vaporization loss of alkalis accompanied by K/Rb

fractionation didnotoccurduring chondrule-formation melting

events.

(2)Elementalabundancesofchondruleswerebasicallyestablished

priortochondrule-meltingevents.

(3) Gas/solid (orliquid)processesy土eldin9REE fract土onations

took place during the fo工■mation of refractory chondrule-

precursors.

- 111 -



(4)Possible refractory llthophile precursorcomponents ofCV

and CO chondrules are ultra-refractory residues (or ultra-

refractorycondensates)andcondensatesfromagasafter removal

of ultra-refractory components. Thesecomponentswere alkali-

bearing.

(5) Elementaldistributionsinthechondruleprecursormaterials

had not beenestablishedinfractional condensation sequences

duringcoolingfromaninitiallyhotgas.

(6) AnomaliesofCeand/orYb.commonlyobserved土ncarbonaceous

chondrites,canbeunderstoodasreflectinggas/solid (orliquid)

fractlonationprocessesofchondruleprecursorsaSWellas those

ofCa,A1-richinclusions.
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The classificationofchondritesproposedbyWASSON (1974)

Wasutilizedinthisstudy. C=, CM,COandCVrefertothetype

meteorites_.'･T_lvuna,.Mighei,OrnansandVigaran0--0fthefour

groupsofcarbonaceouschondrites.

Thepetrographiclabelsforchondrulespioneeredby GOOD=NG

andKEEL (1981)wereused inthisstudy. PO.PP,POP,BO.RPfor

porphyriticolivine, porphyriticpyroxene, porphyriticolivine-

pyroxene.barredolivine.radialpyr0Xene.
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Z.=NTRODUCT=ON

工t is widely believed thatchondrules ln unequ土1ibrated

chondrit土c meteorites preserve a record of fraCt土onation

processes土ntheprlm土tive solarnebula. 工nordertomake clear

the physicalandchemicalconditionsoftheearly solar system.

intensive petrologlC, Chemica･l and isotopICStudieshave been

focusedonchondruleslnunequ土1土brated chondrites (呈.旦‥ DODD,

1971; OSBORNetal.′ 1973, 1974;CLAYTON至主 星と..1973;GRAHAM,

1975). Theexistenceofrelictmineralgrainsinchondrulesof

ordinarychondrites (FREDR=KSSON卓立卓主..1969;CHR=STOPHEM=CHEL-

LEVY, 1981;NAGAZIARA,1981,.RAMBALD=,1981;RAMBALDtandWASSON,

1982), carbonaceous chondrites (KRACHER 旦生 卓立., 1984) and

enstatitechondrites (RAMBALDZ皇主卓上.,1983)suggested thatthese

chondruleswereformedbymeltingofpre-existing solidprecursor

materials. The lithophile/siderophile fractionationobserved in

chondrules of unequilibratedordinary Chondrites (UOCs) also

favors chondrule formationbymeltin90fpre-exist土n9 materlals

(GOOD=NG 全土 亘と., 1980). MCSWEEN (1977a,b)andMCSWEEN壬生 卓立･

(1983) suggestedthatchondrulesincarbondceouschondrites (CV

and CO)canbe separated into twod土st土nctpopulationsin terms

of redox state. From systematicexaminationsof _chondrules ln

carbonaceous chondrites. it was found that chondrules with

different textural types havecharacteristic oxygen isotopIC

compositions (CLAYTON≦生 生と., 1983; MCSWEEN, 1985,. CLAYTON生

A ., 1987a,b).Znaddition,many studiesofchondrulesfromUOCs

and enstatite chondrltes havebeen carried out and several



Candidates for precursor materials of chondrules have been

proposed (GOODZNG旦主生と.. 1983,. J.N.GROSSMAN andWASSON,1982,

1983a,b. 1985,. J.N･GROSSMAN主星旦主･.1985;KURAT生 卓立.,1984).

Nevertheless, problems concerning formation mechanisms of

chondrules, chemical characteristicsofp.JreCurSOrmaterialsand

P,Tand fo2COnditionsofthenebula inaregionWherechondrule

precursorswereformed stillremainunsolved.1

Rare earthelements (REE)havebeenusedtoconstrain high

temperature processes, such as gas/solid or liquid/solid

fractlonat土ons′ and redoxcond土tions土ntheearly solar system

(BOYNTON, 1975, 1978). The instrumental neutron activation

analysis (=NAA) techniquehasbeenused for determination of

abundances oftraceelementsincludingBEE inconstituents from

carbonaceous chondr土tes. especially fromAllende. aswell as

those from theUOCsandenstatitechondrites, and has brought

important contributionsforunderstandingthechemical features

ofCA=S (L. GROSSMAN, 1972;L.GROSS比ANandGANAPATHY,1976a,b;

L. GROSSMAN eta1., 1977, 1979,.CONARD,1976;NAGASAWA生 卓立.,

1977,. fo.Ireview, L.GROSSMAN,1981)andprecursormaterialsof

1983; J.N. GROSSMANandWASSON,1982,1985;SM=TH皇主星主..1983;

ⅩURAT皇主卓立.. 1984.1985;KURAT,1985;RUBtNandWASSON,1987b)･

However, because the sample sizeofchondrules available for

chemical analyses is quite limited, the ZNAA data do not

necessarilygiveuSdetailed informationonBEE fractionation in

thechondrules.

Since largeamountsofCVAllendeweredistributed Widely,

2



REE compos土tlonsofchondrulesfrom thismeteoritewere studied

by many investigators (TANAKA andPLASUDA, 1973; OSBORN皇互生と..

1974; RURAT, 1985,' KURAT卓生亘と..1985;RUB=N andWASSON,1986,

1987b). However. relatively little isknownabouttraceelement

characteristics of chondrules in COchondrites. OSBORN et al.

(1973) reported chemical valuesobtained by tNAA of ru50 CO

chondrules butpresentedno及EE orpetr09raph土cdata. Recently.L

RUBZN andWASSON (1987a)analyzed 17chondrulesfrom Ornans by

=NAAand suggestedpossible chondrule precursor components.

The main purposeofthis study isto search for possible

fine structuresofREE patterns土n carbonaceouschondr土te (CV and

CO)chondrules. 工norder toobtainmoreprecise及EEdata. 工 have

undertaken theaccurateanalysesofREE and othe工■trace elements

by 土mproved 土sotoped土1ut土on techniques.

工n thispaper 工 present precisedataof 25chondrules from

theAllende (CV3)chondrlteand 7chondrulesfrom theFelix (CO3)

chondrite which clearly demonstrate the existence of 及EE

fractionations among chondrules, and thendiscussthe chemical

characteristics of precursorsofAllende (CV) and Fellx (CO)

chondrules.

Part of theresultsin this studyappeared inM=SAWA and

NAKAMURA (1986a.b.1987a,b,C,1988), andNARAMURA皇互生.(1987)｡
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ZZ.EXPERIMENTAL

l.Samples

1-1.Descr土pt土onsofsamples

BriefdescriptionsofthesamplesanalyzedinthisstudyaL.e

describedbelow.

Allende (CarbonaceouschondriteVigaranO-Subtype:CV3)

TheAllendemeteoritefellnearParral, Chihuahua, Mexico,

on8February1969. Atleasttwotonsofmeteorltlcstones have

been recovered (KZNG 皇主 旦主･′ 1969; CLARKE 皇主 卓立.. 1970)｡

Metamorphism has affected, toalesser extent, the Allende

meteorite, asevidencedbyferromagnesianmineralequilibration,

Fe-enrichment of fine-grained inclusions,and loss of some

volatilegases (MCSWEEN, 1977b, 1979). BUNCHandCHANG (1980)

suggested that most carbonaceous chondL.ites underwent some

alterationontheirParentbodyand shovedthatlessthan15%of

olivineaggregatesinAllendehadhaloes,asalterationproducts｡

Fel土Ⅹ (carbonaceouschondr土teOrnans-subtype:CO∃)

TheFelixmeteoritefellatPerryCounty, Alabama, U.S.A.,

on15May 1900 (GRAHAM坐 旦主..1985).

FellxisnotasfreshastheXainsazmeteoritelnappearance｡

MCSWEEN (1977a)describedthatthemetamorphicgradeoftheFelix

meteorite isinstage == (themetamorphicgradeincreasing with

the stagenumber), comparabletothatoftheOrnans and Lance

4



meteorites.Anestimateoftheredox stateoftheFel土Xmeteorite

(logfo2=-18･6at8000C) WasobtainedbyBRETTandSATO (1984)･

Achipofl.1gFelix USNM 235,Smithsonian =nst.NMNH was

suppliedbycourtesyofDr.J.G.MacPherson.

PeaceRiver (ordinarychondrite,L6)

The PeaceRivermeteorite fellatAlberta. Canada, on 311

March 1963. About 46kgofmeteoritic stoneshavebeenrecovered

(GRAHAM生 旦主.. 1985).Twoaliquotsofpowdered samplewereused

lnthisstudy.

5



1-2.Sampleseparation

All chondrules Were separated mechanicallyfrom a 3 g

fragment oftheAllendemeteoriteanda1.1gchipofthe Felix

meteoritebycombinationofexcavat土n9W土thstainlesssteeltools

andfreeZe一thawprocessingindistilledwater. Theywerescraped

with tweeze.JrStOremovefine-grainedadhering matrix material.L

After ultrasoniccleaningindistilledacetone, each chondrule

was broken intotwopartsofapproximatelyequalsizeusing an

agate mortar. Onehalfwasusedtoprepai.eathin section for

petrographic observationsandtheotherhalfwasusedfor trace

element analyses. Thirty-two chondrules were selected for

chemical analyses from 60chondruleswhichhad been examined

petr09raph土cally.

Fine-grained opaquerims (15-50pmthick)exist in nearly

half of theAllendechondJ_lY'ules analyzed. Coarse一grained rims

(RUB=N and WASSON, 1987b)werealsoidentifiedin two barred

olivinechondi.ules (2and 3inTable5). ttmaybepossiblethat

the most friable chondrule rims Were crushed during the

mechanical separation procedure and thus for many Allende

chondrules (3, 4,7-15,20and21inTables5-7),nolsignificant

amounts ofthesurroundingrimswererecognizedwhen -they were

selectedfortraceelementsanalyses.

Ornans-subtype chondrites are characterized by a high

densityofsmall (～0.2mm indiameter)size-sortedchondrulesand

inclusionsinfine-grainedmatrix (KINGand KING, 1978). Since

relatively largesampleswereselected, thesizeof chondrules

6



analyzed in this study wasfrom 0.472to1.228 mg in total

Weight. Coarse-grained rims composed of olivine and low-Ca

pyroxene (RUB工N, 1984) werenotobserved ln Felix chondrules

examined inthisstudy.

=n addition' a 12 mg-sizeultrafine fraction (<50 pm)

producedbyfreeze-thawprocessingwasanalyzedasa ITbulk Felix

chondr土teHsample.
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2.Chemistry

The chemical proceduresweregenerallysimilartothat of

NAKAMURA (1974). SincethesamplesizeWas limited,elemental

analyseswereperformedbyamod土f土cat土onofanusualmethod.The

analyticalsequenceissummarizedinFig.1.

Figurei.

Schematic diagram of theexperimentalpl.OCedure for chemical
analysesofchondrulesfromcarbonaceouschondrites.
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Sample(wholerock)

ChondruLcseparation

Sample(50-1000J｣g)

Spike

HF･HC104

Column

Thinsection

Opticalmicroscopy

l
EPMAanalysis

●

(cationcxchangc)

Massspcctromctry

Fig.1
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2-1.Dissolution

Splits ofeachchondruleWereweighedbyaSARTORZUS 4501-

M=CROmicro-balance (precisioni -2jig)' andthenremovedintoa

smallteflonbomb.Compositespikesolutions (REE.冗-Rb-Sr-Baand

Ca-Mg) were added to it. After most of the solution was

evaporated todryness･ 3pIHFand3JllHC104Were added･ The
sealed teflonbombwasheated inanovenfor8hoursat170 0C.

After decomposition, thesamplewasevaporatedto dryness and

then dissolved in 3♪lofconcentratedHNO3 and analyzed by

direct-loading mass spectrometry Without further chemical

treatment.
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2-2.Columnchemistry

For larger Samples (隻.且., 〉0.5 mg). the conventional

chemical treatmentwascarriedout. TheREE separation column′

which wasmadeofquartzglassandwas3mm ininside diameter.

was filledtoaheightof16mmwithDowex AG 50-Ⅹ12′ 200-400
I

mesh,cation exchangeresin. Beforeanelution, theresinwas

preparedbypassingthroughit20mlof6NHCl.Thiswasfollowed

by 300 ploflNHClforconditioning･ The decomposed sampler

evaporated to dryness･ wasdissolvedin20plof lN HCl and

loaded onto the resinus土n9am土crOSyrin9eWith teflon tube.

Afterthesamplesolutionwasallowedtopassthroughthecolumn,

650 pl of2NHCl･ 150plof6NHCland250plof6N HCI were

added separatelyandeacheffluentwas collected. The solution

containingNa, K, Mg,FeandCawasdriedupandwasthenready

tobeloadedontheMgseparationcolumn.Atypicalelutioncurve

isshowninFig. 2. TheseparationofalkalineearthandBEEby

thiselutionprocedureisnotefficient.However,thedecreaseof

theamountofcationexchangeresindecreasesthecontributionof

blanks.

For BEE measurements of Sr-, Ba-rich samples such as

plag10Clase, Sr+sr+, Ba',BaO+a-ndBaCl+beaksintさrfereREEin

thesamemassregions. =nordertominimizetheseinterferences,

BEE were separatedfromSrandBa using2NHNO3and 6NHCl as

eluantintheREEcolumn. Thesamplesolutionwasloadedln the

same way asdescribedabove･ The800plof2NHNO3eluant was

allowed topassthroughthecolumn･ then800plof6N HCI Was
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added and the effluentwascollected. Thisis evaporated to
drynessand isallowedtopassthroughtheREEcolumn.

=n addition,asignificantinterferenceofNais observed

during Mg measurementinalkali-richchondrules. Zn order to

minimize the Nacontribution, Mgwas, as much possible as,

separated fromNausingamajorelementcolumnwhichismade of■

quartz glass and is2.5mmininsid占diameterandfilled to a

height of 18 mmWithDowexAG 50lX12, 200-400 mesh, cation

exchange resin. Before anelutiontheresin was prepai.ed as

described theREEcolumnchemistry･ Thiswasfollowedby150pl

of lNHCl･ Thesampledissolvedby20ploflNHCIwas loaded･

Afterthesamplesolutionwasallowedtopassthroughthecolumn,

600γ10flNHCIwasadded･ Aftertheeluantwasallowedtopass

through･300plof2NHCIwasaddedandeffluentwascollected･A

typicalelutioncurveisalso showninFig.2.

型旦些旦呈.

TypicalelutioncurvesforNa, Mg, Fe,CaandSr (upper)andX.
Ca and Sr (lower)fromtheMgseparation and 及EE separation
cationexchangecolumns.
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2-3.Blanks

Reagents used in this study is as follows･ H20 was

distilled twice in stillfollowinga cationexchange treatment.

Acetone wasdistilledonce in SiO2 Still･ HCIwas prepared by

bubblingHClgasinH20･HNO3Was distilled twice inSiO2Still･
l

HF was fourtimes distilled inteflonbottle･ HC104Was four

timesdistilled inSiO2 Still･

Totalchemist.ryblankwasmeasuredduring thecourseof the

work.Contributionofblanksfrom theCa-Mg spike solution isnot

included in theproceduralblankslisted inTablel,but were

measured separatelyand found tobenegligible formost elements

except for Ba. ThecontributionofBablanktothesample was

about 20 %. Alldata inTables ll, 12and 16arecorrected for

blanks.
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Table 1.

Laboratory contamination levels.

Totalblank Totalblank ★ Ca-Mg spike
D土rect-loading. Columnchemistry solution
(pg) (pg) (p.p.m.)

K 260

Rb 0.33

Sr 4.5

Ba 43

La 1.7

Ce 1.1

Nd 0.34

Sm 0.16

Eu 0.ll

Gd

Dy

Er

3.4

1.2x 10-2

2.4Ⅹ 10-5

2.3Ⅹ 10-4

1.4x 10-2

1.3Ⅹ 10-5

1.3Ⅹ 10-5

8.5Ⅹ 10-6

2.4Ⅹ 10-6

5.7x l0-7

1.6Ⅹ 10-6

7.5Ⅹ 10-6

Yb

Lu 0.057 0.093 1.5x lOl6

*Cationexchangetreatmentwasperformed forRES separation.
Dashesdenote HnotdeterminedH.
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3.Massspectromet.JrY

Rareearthelements (La,Ce,Nd,Sm,Eu,Gd,Dy,Er,Yband

Lu), Ba,Sr,Rb,K,CaandMgweredeteL.minedonaJEOLJMSO5RB

massspectrOmeterequlppedwithanelectronmultipller. A double

Re-Ta filament assembly was used for analyses of alkalis,

alkalineearths, Ce,Nd,Sm,Eu,YbandLu;asingleRefilament

assembly forLa,Nd,Gd,DyandEr.Lanthanum,Ce,Nd,Gd,Dyand

Er weremeasuredastheox土de一土Onspeciesandtheotherelements

weremeasuredasthemetal-ionspecies.

Severaltechnicalproblemsmustbeovercometomake precise

determination of trace element abundances with the mass

spectrometei+. For Mg and REE measurements in direct-loaded

samples. itwasnecessarytoholdatrelativelylow temperature

untiltheintensitiesofNaandCaweresignificantlyreduced.=t

wasalsoessentialthatlldirty"sampleswerebrOu9htupslowlyto
theemissiontemperatureunヒエ1the lsobar土cinterferencessuchas

fromBaO+andBaCl+weresubstantiallyreduced. Theseconditions

typically lastedfor5hoursorlonger. Theproblemsof mutual

interferencesamongREE isobarswereminimi2:edbycontrollingthe

emission temperature of thefilamentand the oxygen partial

pressure 土n the ionsourceas-～1Ⅹ-1-0-5torr using a needle

valve.
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4.AnalyticalprecisionandreprOducibllity

Zn order totesttheaccuracyofthe direct-loading mass

spectrOmetryfof■chondrlt土csamples. thehomog.en土zedI-60rd土nary

chondr土te′PeaceRlverwasused.

Analyticalresultsofa135pgPeaceRiverH sampleby theL

ail.eCt-loading massspectrometrytechniquearegiveninTable 2

andFig･3･Theyare comparedwiththeresultsof135pgand 275

pganalysesofPeaceRiver H samples' whichwerecarriedoutby

theREEcolumnchemistrydescribedabove,andwiththeresultsof

100 mg-sized Peace River samples, which were performed by

conventional largecolumnchemistry. Fromaboveresults, anew

procedure allows the precisedetermination (土-3 篭 for most

elements) of 50pgquantitiesofREE (i･S･･ 100pg chondritic

material).

17



Table 2.

AnalyticalresultsofthePeaceRiver (L6)chondrite
(Values inp.p.m.).

★ ★ ★★ ★ ★

7慧 ｡R三三言三 言 ;;;亨…R三:;lI l三三…;≡≡ C三…三藍 y c…e:主藍 y

La 0.3112

土.0017

Ce 0.8143
+.0021

Nd 0.6056
+.0014

Sm 0.1940
+.0005

Eu 0.06574
+.00020

Gd 0.2594
+.0050

Dy 0.3057+.0018
Er 0.2040

+.0032

Yb 0.2047
+.0021

Lu 0.03143
+.00009

0.3660
+.0033

0.9824
+.0080

0.7194
+.0037

0.2324

土.0015

0.07985
+.00073

0.3105
+.0045

0.3691

土.0042

0.2465

土.0035

0.2459
+.0035

0.03739
+.00033

0.379 0.383 0.384
+.005 +.008 十.005

0.978 1.05 1.00
土.030 +.04 +.02

0.743 0.782 0.741
+.005 +.017 +.003

0.229 n.a. 0.239
+.003 +.003

0.0818 0.0850 n.a.

土.0017 +.0022
0.316 0.327 0.325
+.009 +.010 +.010

0.380 0.384 0.378
+.003 +.007 +.007

0.244 0.259 0.249
+.013 +.016 +.013

n.a. n.a. n.a.

●
a
●n

0.0398 0.0390
十.0009 +.0017

★ sample resolved･About 105mgallquotwasused for及EEanalyses･
+ sampleresolved.A 84.4mgaliquotwasused forBEE analyses.
★★sp土ked PeaceRiver 工工 solutionwas spilit into severalfractions
n.a.=notdetermined.
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Flqure呈.

ChondrltenormalizedREEpatternsofPeaceRiver工. Peace River
工工 andfraCtion 工工/fractlon 工 (upper).

Sample normalizedtoPeaceRiver==REEcontents (obtained from
conventional column chemistry)forcomparison between results
obtainedbydirect-loadingandsmallcolumnchemistry procedures
forPeaceRiver 工工 fract土on (lower).
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Repeated analyses for different portions of the same

chondrules (Allende chondrules1and2, inFigs. 14 and 15)

suggest that one half ofachondrule may be considered as

representative of the wholechondruleinterms of the trace

elementchemicalcomposition, thoughthiswouldnotbethe case

for chondruleswithextremelylowtraceelementabundances like
I

theAllendechondrule 18 (Fig. 23).Thus,mostofthechondrules

inthisstudywereanalyzedusingroughlyhalfofthechondrule.

The small sample sizes andlow abundance levels yield

uncertaintiesof～5%forheavyRESinafewcases.=tispointed

outthattheabsoluteelementalconcentration土nsmallchondrules

(i･S･･ 50pg)containsrelativelylargeuncertainties (～5 %)due

to weighing errors,but thisisnot relevant to the later

discussion because lt ismainlyconcerned with the relative

abundancesoftheelements.
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5.Electronprobemlcroanalys土S

Major andminorelementsoftheconstituent minerals were

analy2:edwithaJEOLJXA-5AmicroprobeattheInstituteforStudy

oftheEarth'S 工nterior,OkayamaUn土verslty.andaJI:0Ⅰ一JCXA-733

m土croprobeattheOceanResearCh 工nstitute, Un土vers土tyofTokyo.1

They werebothoperatedat15kVacceleratingvoltageand20 nA

or 0.9 nA beam current. Thebulk chemical compositions of

chondrulesandCA=weredetermined, avoidingmetalphase, by a

defocused beamof50pmindiameter･ forover700seconds･ The
analyticaldataarecorrectedaccordingtoBENCEandALBEE (1968)

With further correction for bulk chemical compositions of

chondrulesbythemethodof工XEDA (1980).

Constituent minerals we.Jrealsoidentifiedusinga H=TACH=

S530 scanning electronmicroscope (SEM) at Kyoto University,

equippedWithaHORZBAEMAX-2200energydispersiveX-raydetector

(EDX) andoperatedat20kVacceleratingvoltageand 1.5nAbeam

current. The analyticaldatawerecorrectedaccording to ZAP.

Bulk chemical composition of aFellxchondrule #8 was also

EPMAdefocusedbeamanalysesandSEM-EDXmodalrecombination for

theFelixchondrule#8areshown.TheyareingoodagreementWith

each otherexceptforFeO,MgOandNa20･ Disagreement between
EPMA defocusedbeamanalysesandSEM-EDXmodalrecombination is

considered to be mainlyduetothe detection of Fe-sulfides

phases and duetothelossofalkalisdurin9theelectron beam

bombardments.
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Tbble3.

ccmparisonofEPMAdefocused bananalysisard SE氾-EDXI血al
recQTd3ination(valuesinwヒ %,recalculatedto100%).

Felixcho血 1e#8
★ ★★

fPMAdefomsed SE氾-EDX

S土02 50･9

で土02 n･d･

A1203 15･5

Fe0 5.8

旭10 0.44

MgO 14.7

Ca0 8.63

Na20 2･93

K20 n･d･

α203 1･18

52.5

0.3

13.8

2.8

0.3

18.9

6.5

3.8

0.2

0.8

*AvoidingopまquePtnSeS.
★★ExcludedopまPe如 ses.
n.a.=notdetermined.

23



ZZZ.ALLENDERESULTS

l.Petrography

PetrographicdescriptionsoftheAllendechondrulesanalyzed

for traceelementsarepresented 土nTables 4-6. Chondrules 19.

23, 24vere lostduring thin sectionprepaL.ation.ThechondrulesL

areClassified into three typesbasedontraceelementabundances.

constituent minerals and textures (GOODZNG and KEEL, 1981):

barred ol土vine (BO)Chondrules (barredolivlnetype);porphyr土ヒic

pyroxene (PP)andradialpyroxene (RP)chondrules (pyroxene-rich

type),' porphyriticolivine (PO)andporphyriticolivine-pyroxene

(POP) Chondrules (olivine-rich type). Detailed petrographic

classifications of chondrules土n theAllendeand the other CV

chondrites were presented byCLARKE et a1. (1970), MCSWEEN

(1977b). S=MON and HAGGERTY (1980)andCOHEN 旦主 星と. (1983).

AccoL.ding tothese studies, theporphyriticolivine chondrules

are by far the mostabundant′and the barred olivine and

pyroxene-rich chondrules make up only 10 % of the total

chondrules. Althoughchondrulesanalyzed in thisworkcovermost

classesofAllendechondrulesgivenbyCLARKEetal. (1970) and

S=MON andHAGGERTY (1980), Our samplingappearstohavea bias

toward thebarredolivineandpyroxene-rich typescompared tothe

actualpopulatlonsoftheAllende chondrules.
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Table 4. PetrographicdescriptionsofAllendebarredolivinechondrules.

chdl Fa@ Texture

1 8.3

2 1.4

3 3.4

4 5.6

5 3.6

6 3.6

7 29.6

Barredtexturewitholandpxinglassymesostasls.

Barredtexturewitholandminorspinfibrous
mesostasis.

Barredtexturewitholandfine-grainedslenderpx.

Barredtexturewithol,minorhigh-Capxandminor
interstitialpig.

Barredtexturewitholin91assymesostasis.

Barredtexturewitholinglassymesostasis.

Barredtexturewitholandpxin91assymesostasis.

@ Fayalitemole%inolivine.
01:011vine′px;pyroxene′p19:pla910Clase′ sp:splnel.



Table 5. PetrographicdescriptionsofAllendepyroxene-richchondrules.

chdl Fa(Fs)@ Texture

8 14.5(9.4)

9 12.5(0.4)

10 4.6(0.7)

11 (1.1)

12 33.4

13 8.1(1.2)

porphyrltictexturewithprismatic low-Capxandminor
olinminormesostasls.

Microporphyritic texture with subhedrallow-Capx,
fine-grainedol,interstitialpigandabundant irregular
opaqueparticles ofmetal-sulfide ?

Poikilitictexturewith low-Capxoikocrystsenclosing
smallolgrains.

Porphyrltictexturewithprismatictoblocky low-Capx
andminorolin91assy mesostasls.

Microporphyritictexturewithveryfine-grainedpx,
minorolandabundant irregularparticlesofmeta1-
sulfide ?

Radiatingtexturewith low-Capx laths,minoroland
high-Capx.

@ Fayalitemole %inolivineand ferrosilitemole %in low-Capyroxene.
ol:olivine, px:pyroxene, plg:plag10Clase.



Table 6. Petro9raphicdescriptionsofAllendeolivine-rich chondrules.

chdl* Fa@ Texture

14 3.8

15 4.7

16 10.2

17 n.a.

18 0.6

★★

19 m.a.

20 2.3

21 0.7

22 11.1

25 12.6

Porphyrltictexturewithanhedralol.pxand chromian
hercynite.

porphyritictexturewitheuhedralol.high-.and low-Ca
px and spherical metallic Fe-Niparticles.

porphyritictexturewitheuhedralolandprismatic
low-Capx inabundantglassymesostasis.

Porphyritictexturewitheuhedraltosubhedraloland
minor low-Capx inglassymesostasis.

Porphyritictexturewithanhedralolandveryminor
mesostasis.

Porphyrltictexturewithol.

Porphyrltlctexturewitheuhedralto subhedralolin
glassymesostasis.

Porphyrltlctexturewith subhedralolin91assy
mesostasls.

Porphyritictexture with skeletaloland chromian
hercynite in fine-grainedmesostasis.Olexhibits
coincidentalextinctionandcontainsabundantspgrains.

Granulartexturewith fine-grainedanhedralol.

* Chondrules19,23and 24werelostduringthethin sectionpreparation.
** chondrule 19isclassifiedasolivine-richtype fromapreliminaryexamination.
@ Fayalitemole %inolivine.
ol:olivine, px:pyroxene, sp:splnel,n.a.:notanalyzed.



2.Mineralchemistry

Ollvlne

Theresults ofelectronmicroprobeanalysesofolivinesare

shown in Fig. 4. Most of olivines show that they are

predominantly Mg-rich, With the large proportion having

composition intherangeofFaol-10 ･Olivinesinchondrules7′8′

12･ 22and 25areFeO-rich (呈･塁･･ FalO_33 )･These featuresare

ingood agreementwith theresultsofAllendechondrulesobtained

by S=MONandHAGGERTY (1979).

FigureA.

Compositions ofolivinesinAllendechondrules,bypetrographic
type･Mostanalysesfallwithin therangeFa0-10･
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eyroxene

The results of electron mlcroprobe analyses of low-Ca

pyroxenesareshown inFigs. 5-7. MostofpyroxenesareFe-poor

(Fs0-5 )･RepresentativeanalysesofA1-richpyroxenearegivenin

Table 7.

Figurei.

Compositions ofpyroxenesinAllendebarredolivine chondrules.

MostanalysesfallwithintherangeFs0-5 I

Figure互.

Compositions ofpyroxenesinAllende pyrOXene-rich chondrules.

MostanalysesfallWithintherangeFs0-5 ･

Figure1,

CompositionsofpyroxenesinAllendeolivine-richchondrules.The
pyroxene inchondrule 22isthemostFe-richamongthisstudy.
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Table7.

RepresentativeanalysesofA1-richpyroxene
frOm theAllerdechondrules(valuesinwt%).

1 2 3 4 5

S土02 47･33 48･05

TiO2 0･71 1･40

A1203 12･65 10･81

FeO 0.35 0.39

地10 0.17 0.45

Ⅰ勾0 16.29 16.75

Gま0 21.19 20.20

Na20 0･07 0･06

Ⅹ20 0･01 m･d･

α203 1･02 1･40

★

44.58 46.19 49.02

1.93 1.27 1.16

12.55 10.00 7.95

0.35 0.79 3.74

0.01 0.63 0.23

14.13 17.87 16.32

23.98 18.91 19.24

0.02 0.06 0.03

0.01 0.01 n.d.

0.66 2.17 2.01

Total 100.07 99.53 98.28 98.04 99.72

Cations芦ご60xygens

i.,!
･..,.,.,
I...-.
,t･.:,.I:.
..t≡

去

1.696 1.733 1.648 1.701 1.788
0.019 0.038 0.054 0.035 0.032
0.534 0.460 0.547 0.434 0.342
0.010 0.012 0.011 0.024 0.114
0.005 0.014 0.000 0.020 0_007
0.871 0.901 0.797 0.981 0.887
0.814 0.781 0.950 0.746 0.752
0.005 0.004 0.001 0.004 0.002
0.001 0.001 0.000
0.029 0.040 0.019 0こ063 0'.058

3.992 3.981 4.012 4.014 3.982

[1]CはL1,.[2]ddl★11;【3]chdl14,.[4】dd115,･
[5]chd122. n.a. =notdetected.
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Sp土nel

Representative analyses ofsplnelsaregivenin Table 8.

Sp土nels ln the chondrule 1arepoorin FeO and Cr203･ 工n

chondrules14and22.0ntheotherhand.splnelscontainabundant

FeO and Cr203･ These featuresmay be reflect their higher

ox土dationstates.
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Glass

Representative analyses ofchondruleglassesaregiven in

Table 9.The.L.eSeemsthattwotypesofglass (_i.隻..alkali-rich

andalkali-poor)occurred lnchondrules. Sincealkalineelements

are mobiledurin9thepostaccretionary aqueousalterat土on 土na

parentbody, theeffectmayhavebeenaffectedalkaliabundances
i

in chondrule 2whichcontainsthegreen (hydrated ?) silicate

phase ('spinachphase.termedbyFUCHS卓旦旦主..1973).
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3.Bulkchemicalcompositions

Normalizat土onfactor

=n the past most investigators used several reference

concentration sets and adoption ofonly one agreed set of

chondrite-normalizingconcentrationshasnotoccurred. Zn Table

10. REE concentrations inIchondr土t土c meteorites used for

normali2:ationaregiven.
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=n Fig. 8, each REE concentrations are normalized by the

average of 10 ordinary chondi.ites (NAKAMURA, 1974). Zt appears

that abundances of heavy REE obtained by NAKAMURA (1974),EVENSEN

et al. (1978), and BEER 全土至上.(1984)are in good agreement one

another.except for Yb abundance. On the other hand. they are

similarly fractionated among La-Sm. As a result, about 7 % of
l

differences of relative REE abundances with different Cエー

normalization set are Occurred. 工n this study.REE are after

NAKAMURA (1974),alkalis and alkaline earths are after ANDERS and

EB工HARA (1982).

Figurei.

Rare earths abundance patterns of Leedy T73 (MASUDA 至互 生..
1973), Leedy '84 (SH=MZZU and MASUDA, 1986),Orgueil (NAKAMURA,
1974), avg･ of C= (EVENSEN皇生亘と..1978),Orgueil (BEER 旦生卓上.,
1984)and CZ (ANDERS and EBZHARA, 1982)are normalized by average
of 10 ordinary chondrites (NAKAMURA, 1974).
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The results of isotopedilutionanalyses for 25 Allende

chondrules aregiven inTableslland 12, and shown inFigs 9-

10. The elementalabundancesarenormalized toC=-Chondriteand

then furthernormalized toMg=1.0andplotted intheorder of

REE′ alkaline earths andalkalis. and increasing. volat土11ty

expected fromagasofsolarcomposition (KORNACK= and FEGLEY,
I

1986).Here 工 pointout that -■volatiuty■-,土n thesense 工 use lt.

is equivalent to equilibrium partitioningbetween gas and a

condensed phase. Magnesium contentsobtained for the Allende

chondrulesrangefrom 14.2to 28.6wt% (Table ll). SinceSiwas

not determined inthiswork, Mg isused fornormalization. The

difference Of relative elemental abundances with different

normalizationwasdiscussedbyJ.N.GROSSMAN生 至上.(1985).

43



Table11. Bulkchemicalc叩 SitionsofAllerdecho血 1es.

weight
chdl dissolved Mg Cま K Rb Sr Ba

(Ⅰ喝) (%) (%) (搾 m) (ppn) (PPn) (拓m)

1-1 0.572 21.4 1.72
1-2 0.511 19.8 1.84
2-1 0.684 17.9 4.03
2-2 1.050 18.8 3.71
3 0.158 19.0 2.02
4 0.167 18.4 2.68
5 0.977 23.7 2.09
6 0.832 21.5 1.84
7 0.052 17.3 3.12
8 0.690 18.2 1.40
9 0.315 16.1 3.91
10 0.173 18.1 2.59
11 0.053 14.2 3.27
12 0.056 14.8 5.67
13 0.079 21.6 1.50
14 0.141 22.9 2.58
15 0.536 21.0 1.68
16 0.230 17.9 2.73
17 0.176 28.6 0.710
18-1 0.684 0.392
18-2 0.448 22.4 0.386
19 0.206 20.7 0.824
20 0.698 21.2 1.41
21 2.607 17.9 0.648
22 0.637 24.2 1.69
23 0.143 20.7 2.09
24 0.218 25.2 1.58
25 0.774 23.3 2.51

1570 6.32 2
1840 7.95 2
164 1.35 3
114 0.794 3
603 2.33 2
1080 4.39 3
839 4.43 3
633 3.21 1
1670 6.36
802 4.03 1
644 2.36 3
1190 4.45 6
1440 5.50 3
2040 7.53 2
1160 6.46 2
343 1.51 2
419 1.78 1
973 3.61 1
162 0.704
29.2 0.201
14.9 0.103
271 1.24
573 2.44
94.6 0.402
280 1.96
219 1.12
948 3.82
351 1.73

∝# 9.55 0.902 569 2.30
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#C工valuesareafterAndersard Ebihya(1982).
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FigureA･

Cエーnormalizedabundancesofuthoph土1eelementsinbarredo1ivine
type andpyrOXene-richtypechondrulesfromAllende (abundances
are normali2;edtoMginthesampleandthenrenormalizedtoC=).
Elementsarearranged intheorder ofREE, alkalineearths and
alkalis,andincreasingvolatilitiesfromthelefttotheright.

Figurel且.

Cエーnormal土zed abundancesoflithophlleelementsln olivine-rich
type chondrules fromAllende. Plotsarethesamemanneras in
Fig.9.
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3-1.Alkalisand alkalineearths

Abundances ofthemoderatelyvolatileelements, Ⅹ and Rb.

show largevariations, ranging from 0.03to 3.5xCZ (Table ll).

The variations are found toberathercharacteristic for the

chondruletypes, whentheabundancesarenoJmalized toMg= 1.0

(Figs. 9-10):barredolivineandpyroxene-rich typeshavehigher

K andRbabundances (0.5-2XCZexceptforchondrule 2), while

the maコOrltyofolivlne-rich typechondruleshave lowerⅩ andRb

abundances (く0.5xC工). TheseresultsareCOnSistentwith the

observation ofNaabundancesfortheAllende chondrules (S=MON

andHAGGERTY, 1980). Lowchondrite-normalizedalkaliabundances

in olivine-richchondrulesmaybedue toinefficient scavenging

ofalka1-i-.Jrich componentin thistypeofchondrules.

tn Fig. ll,Rb is plotted againstK for the Allende

chondrules. Regardlessoftexturalorbulkchemicaldifferences,

thechondruleshaveaconstant冗/Rbratioclose tothatof C工Is.

These features are consistentWith theresults of relatively

large Mg-richAllendechondrules (2-12mm indiameter) analyzed

byTATSUMOTO卓立至上.(1976).

Figureユユ.

RelationshipbetweenK/Mg jZS･Rb/Mg iヮ individualch｡ndrulesfrom
Allende. Solidcircles: barredolivlnetype, SOlid triangles:
pyroxene-rich type. solid squares: olivlne-rich type,open
circles:unclassified.
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AsshowninFigs. 9and 10, therelativeabundancesof Sr

andBashowageneraltrendamongchondrules;olivine-richtype (

barred oliv土netype pyroxene-ご土chtype. andare considerably

scattered土nsomeBOandPPchondrules (呈.呈.,7and12).

ZnFigs. 12and 13, Kvs.Sm,Caヱ星.Sm,Srヱ星.Sm,andBa

ヱ互. SmvariationsofAllendechondrulesareshown.Abundancesofl

Ca rangingfrom0.18to4.3xCZareparallelwiththoseof REE

(0.26-4.6 x C工) andapos土ヒエvecorrelationofCa with Sm ls

clearlyobservedfordifferenttypesofchondrules (Fig.12).The

slopeofthetotaltrend土s 0.6. 工tismainlycontrolledbythe

barredolivinechondrules, indicatingthatthesechondrulesshow

a systematicdepletionofCarelativetoREE. asillustrated in

Fig. 9. The relativedepletionofCaisconsistent with the

observation that relativeCaabundancesinthe barred o1土Ⅴ土ne

chondrules from CV andCOchondritesarelowerthan those of

other refractory elements with similar volatilities (J.N.

GROSSMANandWASSON, 1983b). Similartrendsarealsofound for

correlationsofSmWithSrandBa (Fig.13)butSrandBatendto
be enrichedrelativetoSm. Theseresultsforrefractory trace

and majorelementsarepartly土nagreementWiththeobservations

ofOSBORN皇主卓上.(1974).=nchondrules7and 12,Srand/OrBaare

highlyenrichedrelativetootherrefractorylithophiles.

Figureユ呈.

plots of K/Mg ヱ星. Sm/Mg and Ca/Mg ヱ星. Sm/Mg for Allende
chondrules.

Figurel呈.

plots of Ba/Mg ヱ星. Sm/Mgand Sr/Mg ヱ星. Sm/Mg for Allende
chondrules.
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ZnFig. 12, there isapositivecorrelationbetweenK and

Sm. RUB=N andWASSON (1987b)showed thatNaandKonlycor.Jrelate

moderately with Al in Allende chondrules and suggested a

refractory-free, alkali-rich nebularCOmpOnent. They analyzed

mainlypOandPOPchondrules. Sod土um abundancesin 10ofthe 20

chondrulesand冗 abundancesin 15ofthe 20chondruleswerebelow
I

C工 1evels. 工nthisstudy′bycontrast.XandRbabundancesln 15

of the 24chondruleswereaboveC工 1evels ｡ 工falkali-poor BO

chondrule 2 is excluded, Ⅹ posit土vely correlates with Sm

(r=0.865, n=24; r=correlationcoefficient,n=numberofsamples)

and moderately correlateswithCa (r=0.658, n=24), suggesting

similar behavior ofthemoderatelyvolatile elements and the

refractory elements asa singlenebular component. The close

correlations of thealkalineelementsNaand/orKwithRES has

been repel.ted for theQing2:hen (EH)andOrnans (CO) Chondrules

(J.N. GROSSMAN 卓立 卓立.. 1985; RUB=Nand WASSON, 1987a). =n

Allende, alkali-rich CAZs andCA=S' rimsWerealso found (L.

GROSSMANeta1., 1975,. L.GROSSMAN andSTEEL,1976;L.GROSSMAN

坐 卓立･.1979;WAREandLOVER_=NG,1977).
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3-2.Rareearths

=n Figs. 14-251 REE abundance patterns for Allende

chondrules are shown. The abundancesare no.Lrmalized to the

Orgueil C= chondrite･ Analyticalerrorsareusuallywithin or

nearlyequaltothesymbolslze･

Figures14-25.

及EE abundancepatterns (plots-ofrelativeabundancesヱ星. atomic
number)forAllendechondrules. REEpatternsaredrawnbased on
thefollowingcriteria;

(1) eachdatapointiswe土9htedequally.
(2) light and heavyBEEaretreatedseparately and thus the
pattern is composedoftwosegments (i.e.,light REE and
heavy及EE),

(3) eachsegmentCOnSistsofasmoothlycurvedlinewhich
isapplox土matelydrawnamon9threeOrfourdatapoints.Asa
results. data pointswhichdeviatemorethan5篭from the
fittinglineareregardedasHanomalous'l･
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Figureli･

Cエーnormalized 及EE patternsofAllendebarred oliv土ne chondrule 1.
Sample 1-lwas analyzed by the di･･rect-loading technique. Sample
1-2was performed column chemistry forREE separation.

FigureJ.王.

C=-normalized REE patternsofAllende bat.red olivine chondrule 2.
Sample 2-1wasanalyzed by the direct-loading technique. Sample
2-2wasperformed column chemistry for及EE separation.

Figure1_i.

C=-normalized REE patterns for Allende barred olivine chondrules
3and 4.

Figureユヱ.

CェーnOrmalized 及EE patterns forAllende barred olivine chondrules
5.6and 7.
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Figureユ旦.

CZ-normalizedREEpatternsforAllendepyroxene-richchondrules8
and 9.

Figureユ且.

Cエーno工■malized REEpatternsforAllendepyrOXene-rich chondrules
10andll.

Figure辺 .

Cエーnormalized REEpatternsforAllendepyroxene-rich chondrules
12and 13.
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FigureZl.

Cエーnormal土zed REE patternsforAllendeollvine-rich chondrules
14.15and 16.

FigureZi･

Cエーnormal土ZedREEpatternsforAllendeolivine-richchondrules 17
and 19.

FigureZi.

C=-normali2:edREXpattern fob.Allendeolivine-richchondrule 18.
Repeated analyses oftwodifferentportionsof the chondrule,
sample 18-1and 18-2,showdifferentREEabundances.

Figure呈旦･

C=-normalized及EEpatterns 卓orAllendeolivine-rich chondrules20
and 21.

FigureBL.

Cエーnormalized 及EE patternsforAllendeol土vine-rich chondrules
22.23.24and 25.
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01 2Î.Ile12)臼

69

Ⅰつ

EiZJ
++



nl
q̂

｣
山

^
Q

P

9
n
山

E
S

P

N

23
吋1
S
N

.B
･IA

､J n

i3 01 2)̂.Ilel2It]

70



Some significantfeaturescanbenotedfrom the abundance

patterns. First. chondrules show considerable variations ln

absolute及EEabundance (0.15-10XC工). eveninthesametextural

type.Thebarredolivineandpyroxene-richchondruleshavehigher

REE abundances (2-10 X C工) Compared with the olivine-ご土ch

chondrules (0.15-4XC工). Second. Ce′EuandYbanomaliesare
一

clearlyobservedformanychondrules. Third,SignificantlylaJrge

REEfractionations (隻.呈.. light/heavyREEfractionation)in the

generalpatternarenotedformanychondrules. Theseresultsare

partly 土n agreement With the observation of refractory

lithophiles in AllendechondrulesbyRUB=NandWASSON (1987b),

butmanifestsubstantiallynewtraceelementfeatures.

Although manycasesofCeandYbirregularities have been

reportedforbulkchondrites (MASUDA生 卓立.. 1973; NAKAMURAand

MASUDA, 1973; NARAMURA, 1974; EVENSEN 皇主卓立.. 1978)andthe

AllendeGroup H Ca,A1-richinclusions (CAZs)(呈.呈.,TANAKA and

MASUDA, 1973,. CONARD皇主星と., 1975), we11-documentedCeandYb

anomalies have rarelybeenfoundforchondrules, excepta few

cases ofCeanomalies: a91ant-01ivinechondrule from Allende

(TANAKA旦互生主..1975)andtwochondrulesfrom theParnallee (LL3)

chondrite (HAM=LTON 生 旦主.. 1979). Thus, presence of these

anomalies in chondruleshavenotbeenwell二estab工ish岳d in the

previous studies. 工n our results. however. Ce, Eu and Yb

anomalies are clearly identified in many chondrules. Most

chondrules (～80 %)analyzedshownegativeEuanomaliesand both

negative and pos土t土VeanomaliesofCeandYbarefound in the

samepopulation. ThemagnitudeoftheCeanomalyis,ingeneral,
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smallerthanthoseofEuandYb.

=n addition, there seems"旦旦旦三奴 anomaly (or生 型垣 壬生

anomalies)‖inafewpatterns. Forexample.土tappearsthatmost

chondrulesshow smoothlyfractionated (concavedownward)patterns

forheavy及EE (exceptforYb土nsomecases), butdatapoints of

Gd (or possiblyErandLu)folr2ofthe25 Allende chondrules

(chondrule 2and 10)deviatesignificantlyfromthesmoothcurves.

On the otherhand. chondrule12seemstoexhibit an apparent

positive Gdanomalyifalinear及EEabundancepattern土s drawn.

Th土s patterncouldbeinterpretedasamineraleffectsimilarto

thatofTypeB3CA=S (WARK生 卓立.. 1987).Theoriginofpositive

anomalies atbothCeandGd′however′remalnsuncleaご. 工t is

suggested thattheapparentGdanomalyisaresult of artifact

duetomisleadingdrawingproceduresofREEabundancepatterns.

=t wassuggestedthattheRESfractionationbetweengasand

solid isnotasmoothfunctionofionicradiusbutvariesin an

extremely irregular pattern with Eu and Yb anomalies, and

predicted thatthetendencyforparallelbehaviorofthe I-a-Sm.

and Gd-Lu sub series (BOYNTON, 1975). FrOm all these

considerations,itWouldappearthatapparentanomaliesofGdare

not 一一anomalousH but -they -ar-e･一一-the light/heavy 思EE

Hd土scont土nuitiesH.

ZnFig.26,themagnitudeoftheanomalyforEuorYb,taken

as indicators oflight/heavy REE fractionation,are plotted

against La/Lu ratios. Ztisfoundthatchondrulesenriched in

heavyBEErelativeto lightREEshownegativeYb anomalies, but

that those appreciablydepleted inheavyREEshow posltlve Yb
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anomalies. Thus, it is suggestedthattheYb anomalies were

produced by the sameorrelatedprocesseswhich generate the

light/heavyBEEfractionations.ZtisshownthattheEuanomalies

aJrepredominantlynegative. Sincethereisnocorrelation among

Eu anomaly, Chondruletextureorchemicalcomposition, Werule

outtheredoxeffectandthecontrlbut土onoffeldsparOnthe the

or191n Of the Euanomaly. 工tismostprobablethat the most

volatileREE, Eu, waspal-.titionedofftheotherRESduringhigh

temperatureprocesses.

Figure呈色.

plots of CZ-normalizedEu/Eu'andYb/Yb★vs. La/Luratio for
Allende chondrules (★ denotes interpolated values). The
chondrules enriched in lightBEErelativeto heavy REE have
positive Ybanomalies. Majorityofchondruleshavenegative Eu
anomalies.
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Distinct土ve REE fraCtlonatlons are observed for some

chondrules. Two BO chondrules (1and 2)show a heavier REE

enrichedpatternwith largene9at土veanomaliesofEuandYb. The

patternseemstobecomposedoftwopal.tS; from lightto middle

及EEthepattern土ssubstantiallyflatbutheavier及EE (ErandI-u)

show a sudden enrichment. ThismaybeanewREE pattern not
I

previouslyreportedforchondrulesorevenforCA=S,butcouldbe

better understood if 土t were a mixture between an ultra-

refractorycomponentandanunfL.aCtionatedcomponentasmentioned

later. TheREEpatternsfor.oneBO,twoPPandoneRPchondrules

(4. 9. 10 and 13)areCharacterizedbydepletionofheavy REE

togetherWiththepresenceofpositiveYbanomalies, althoughYb

data onchondrule13wasnotobtained. Thedegreeof light to

heavy REEfractionationsaredifferentamongchondrules. ThePP

chondrule 9exhib土tsasurprlsln91yanomalousREEpatternwith a

smoothincreasefrOm工一atoEuandanabruptdecreaseatGdandln

heavy RES, and withsupe.rimposedlargepositive (60%)Ce and

(170 %)Ybanomalies. TheBEEpatternwithpositiveCe and Yb

anomalies is complementofthepatternwithnegativeCeand Yb

anomalies in theMurchisonultra-refractory inclusions (~呈.呈.∫

BOYNTON生 皇主., 1980).Theabundancepatte･LfnofthePPchondrule

12 exh土bitsadiscontinuityatGdandadepletionof light REE

withthepos土t土veCeanomaly.

=n the volatility diagrams (Figs. 9-10) fractionation

patterns of REElnmanychondrulesappeartobesmoothbut not

monoton土C.ForAllendechondrules1,2and24.theyareratherin

contrast to theabundancepatternsoftheBEE plotted against
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atomicnumber (Figs. 14-25)Whichsometimesshow largeanomalies

ofEuandYb. Thus, itissuggestedthattheRESfractionations

of chondruleswerepartlycontrolledby elemental volatllitles

during high temperatureprocessessuchas condensation and/or

vaporization. 工n the dome-shaped. moderatelyrefractory REE-

enrichedpattern, vhichtypicallyobservedinGroup ==CAZs, La

isseverelydepletedrelativetotheneighboringBEE.Thismaybe

duetotheassignmentOfLawhichislessrefractorythanNd and

Sm.
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=V.FELZXRESULTS

l.Petrography

Petr09raphic descr土pt土ons oftheFelixchondrulesand CA工

analyzedfortraceelementsarepresented inTable 13.

Allchondrulesshowporphyr土t土ctexturewithmainly olivineI

and/orpyroxene (主.隻.. PO. pop, andpP). Sulfideandmetallic

Fe,Niformdiscreterimsaroundthechondrules.

Coarse-grained CA=#2maybeassignedtoTypeBl (WORK and

LOVER=NG, 1977)from itstexture,constituentmineralassemblage

andchemicalcompos土tlon.
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Table13.

Descriptions of chordmles ard C良工 used for trace elementanalyses.

Sarnple Pe叫 a沖icdescription

0
#2 Q迫rSe一grainedTyEXBIGl.A1-richinclusion.Pblilite(Ak=17)enclosingacoreofTi,A1-

richpyromle(TiO2-～12Wヒ%.A1203=～20wt%)containingaburkhntspineL Suhicron-

sizedPt-groupmetalnu羽.etSinmeliliteandp∋rovskitegrainsinAl.Tirrichpyroxene.

#3 MicroP吋 Iyritictexttuewithlow-.ardhigh一缶 pyro氾ne(Wo1.4-6En98-88.5Fso.5-5.5 I

Wo33En67),01ivine(Fa3-7).ab血 antmetallicFe.NiardFe-sulfide･

#4 Porbhyritictexturewitholivine(Fao.3-22)ardpyroxene(Woo.612.8En99.0_91.4Fso.4_5.8)･

#5 Poikilitictextwawith1--Chpyroxe- oik-rysts(Woo.7En98.6Fso.7)enclosingsmall

olivine(Fao.7-24.4)grains･

#6 PorPyritic texttdeWith olivine(Fa1.6-7.2)ard plysynthetically twimi ngclino-

enstatitelnminormesostasis.

#7 PorPyritictexturewitholivine(Fao.5-5)ard lo肘 . ardhigh一缶 pyroxene(Woll5En99-93

Fso-2 , Wo44fh56)･

#8 PorEhyritictexttnewithloけ一缶 pyroxene(Woo.3臥98.7Fsl)withfine-graineddendritic

Si,A1-ridl TtCSOStaSis･A訊 alllow-Feprphyriticolivine(Fa4-9)chordmleiscontained･
工ron-sulfideformesdiscreterimsaroundd1αdnlle.

#30 PorPyritictexturewitheuhedralolivine(Fao.8_3)inglassymesostasis･Minormetallic

FedNiard sulfide.1



2.Mineralchemistry

The resultsofelect.JrOnmicroprobeanalysesofolivinesare

shown inFig. 27.01ivinesineachchondruleareMg-rich,witha

large proportion in therange of Fa0-10･ Some olivines in

chondrules #4 and #5. wh土chare polkilitically enclosed by

tvinned clinoenstatite, areLmore fayalitic (～Fa25 )･ These
fayalitic olivines maybe interpretedasrelicts of chondrule

precursor materials that were incompletely melted during･

chondruleformation (呈.且..NAGAHARA.1981).

Theresultsofelectronmicroprobeanalysesofpyroxenesare

showninFig･28･Thepyroxene isMg-rich,intherangeofFs0-5･

Fiure21.

Compositionsofolivinesin-Felix-Chondrules.- Mostanalysesfal1-

therangeofFa0-10･

FigureZB..

CompositionsofpyroxenesinFelixchondrules. Allanalysesね11

therangeofFs0-5･
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3.Bulkchemicalcomposition

The resultsofEPMAdefocusedbeamanalysesfor chondrules

and CAZ are listedinTables14and 15. Theresults of MS=D

analysesforthechondrules,CAZandfine-grainedfractionofthe

Hbulk Felix chondrite'laregiveninTable16.

The C=-normalized elemental abundances of constituent

componentsareshowninFig.29.
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Table14.

臥11kchemicalc叩 Sitior唱OftheFelixc血 1esobtained
byEPm defocused 血 namlyses(valuesinwヒ%).

chdl #3 #4 #5 #6 #7 #8 #30

SiO2 43･85

A1203 7･27

FeO 7.35

Z也10 0.07

咋P 32.29

&0 5.85

Na20 0･32

α203 0･55

45.35 49.44 45.16 43.82 47.44 41.48

6.95 2.87 4.93 2.00 14.42 3.ll

4.51 4.44 5.49 1.94 5.39 4.72

0.09 0.09 0.18 0.06 0.41 0.05

35.30 36.99 37.99 47.27 13.65 43.26

3.67 1.81 .3.12 1.99 8.05 2.10

0.47 0.08 0.07 0.03 2.73 0.97

0.67 0.82 0.86 0.38 1.10 0.53

Total 97.55 97.01 96.54 97.80 97.49 93.19 96.22
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Table15.

BulkchemicalccmpsitionofTypeBICl.Al-rich
inclusion #2 f.i+ロ【l Felix obtained by EPMA
defm ed b∋am analyses (valuesinwヒ%).

C良工#2

S土02 23･15

TiO2 2I55

A1203 33･44

FeO 0.28

MgO 9.43

&0 28.70

α2030･12
Tota1 97.67
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Fiqure呈旦 ･

C=-normali2:ed abundances of lithophile elements for Felix
chondrulesandCA仁 PlotsarethesamemannerasinFig.9.
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3-1.Majorelement

Thebulk chemicalcompositionsofthechondrulesandCA=are

plotted SiO2-CaO'A1203-MgOdiagram (Fig･ 30)･ Themajorelement

compositionsoftheFelixchondrulesarealmostWithin the range

of those of ferromagnesianchondrulesanalyzed by S=MON and

HAGGERTY (1980) andMCSWEEN王立 至上. (1983)exceptfor that of

chondごule #8.

Figure並 .

Bulk compositionsofchondrulesand CA=inFelix.Data forMg,Fe-
rich chondrules arefromMCSWEEN (1977b).and for Ca,A1-rich
chondrules arefromB=SCHOFFandKEIL (1983).
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The bulk chemicalcompositionofchondrule #8 recalculated

to lOO %aregiven inTable 17, alongwith thoseof McSween's

type H = (MCSWEEN卓立 全土., 1983)andWarkTscA chondrules (WARE,

1987)for comparison. 工tappearsthatchondrule #8ispoor lnFe

and r土cher 土nAlthan thoseoftype 工工工, and transitional in

composition frOm ヒype 工工工 to type 工V or CA chondrules. WARXL

(1987)suggested thatplagioclase-rich inclusions incarbonaceous

chondrites are oftwo types: Ti,A1-richgroup and Ti,A1-Poor

group. The latter islabeled HcA (for旦a一旦1-rich) chond.LmlesH.

According tothisclassification. samples 3510 (CLARKE皇主 旦主.,

1970; MASONandTAYLOR, 1982), RC-ll (WLOTZKA and PALME,1982)

and 2LN (KURATandKRACHER,1980)areofCA chondrules.
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Table17.

Cq risonofhllkchemicalc叩 SitionsofAl,Cユーrichchon丘n止es
frm Felix((⊃3)withavengeofTyl芦 ZH chord=d esad rangeof
Gl.A1-richch)血 11esincartxDnaCeOuSChorArites
(valuesinwt%forSEM-EPSaid EPMAanalysis).

Felix cho血 止es Averageof** Range of
* * Tyl芦 工H CAcId1
#3 #8 (McSweeneta1.,1983)(Wark,1987)

S⊥02 45･0 52･5

TiO2 n･d･ 0･3

A1203 7･5 13･8

α203 0･6 0･8

FeO 7.5 2.8

MnO 0.1 0.3

MgO 33.1 18.9

Gま0 6.0 6.5

Na20 0･3 3･8

K20 n･d･ 0･2

52.4(4.1) 40-53

0.28(.17) 0.2-0.8

7.65(4.93) 11-23

0.54(.24)

7.45(3.77)

0.24(.17)

23.0(9.1) 9-22

7.26(3.80) 7-16

1.81(1.50)

0.08(.ll)

* Excluded opまqPeminerals(recalculatedto100%).
n.a.=notdetermi ed.

**NtEnhpsinparenthesesrepresentonestarkhrddeviation.

91



3-2.Alkalisandalkalineearths

As shown inFig. 29, abundancesofalkalisin the Felix

chondrules vary from 0.4to 1.2XC工 butalkalisinCA工#2 are

stronglydepleted (J～0.08xC=).

Rbidium isplottedagainstK for theFelixchondrules along

with that forchondrulesfromAllende (Fig.. 31). Asisthecase

ofAllende.X/Rbrat土○ 土scloseto thatofCエーS.

Figure旦1.

Relationship betweenC=-normalizedRb/Mg三三. X/Mg in individual
chondrules fromFelix (solid symbols). Open symbols represent
Allende chondrules.
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Abundances ofalkalineearthsintheFellxchondrules vary

from 1.2to 5.4XC=. =nFigs.32and 33,plotsofCaヱ互.Sm.Sr

ヱ邑･ Sm andBaヱ旦･ Sm fortheFelixchondrulesareshown along

with those forAllende. Refractory l土thoph土1es. Ca. SrandBa

are pos土t土vely correlated with及EE. As土Sthe case for the

Allende chondrules,K ispositivelycorrelated with Sm. The
､

correlation betweenalkalisandREEwasalsoobserved 土n Ornans

(CO)Chondrules (RUB=N andWASSON,1987a).

Fiqure呈呈.

plotsofK/Mgヱ呈.Sm/MgandCa/Mgヱ星.Sm/Mg forFelixchondrules｡
Open symbolsdenoteAllendechondrules.

Fi_gur_e31.

plots of Ba/Mg 三三. Sm/Mg and Sr/Mg 竺呈. Sm/Mg for Felix
chondrules.Open symbolsdenoteAllendechondrules.
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3-3.Rareearths

=nFigs.34-37,CZ-normalizedREEabundancepatternsfor the

一一bulk Felixchondr土te一一.chondrulesandCA工 areshown.

The及EEabundanceof llbulkchondrltellis1.6-1.7XC工 and 土s

consistentwith =NAA results (KALLEMEYNandWASSON,1981),except
I

that a significantly largepositiveCeanomaly (～20 %)is found

in this study. Minor irregularitiesatCeand/OrYbhave been

reported for manycarbonaceous chondrites (隻.呈.. TANAKA and

MASUDA, 1973,' MASUDA旦皇室主.. 1973,. NAKAHURA,1974,.EVENSEN et

皇主.. 1978). TheseREE irreg■ularitiesaregenerallyexplainedas

the heterogeneousd土stributlonofanomalousREEcomponent(S) 土n

carbonaceous chondrites. From theRE志abundancepatternOfbulk

Fel土x.a specificobjectwithpos土t土veCeanomaly isexpected.

Figure互生.

CZ-normalizedREEpattern fora lfine-grained fractionl of Hbulk
Felixchondritelt.open symbolsrepresentZNAAdata fromKALI.EMEYN
andWASSON (1981).

97



ヾ
C

'B
.Ij

nl
q
^

丘

^

Q

P
9
n
山
∈
S
P
N

2'3
?i

IO Ol â J.珂2)臼
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Therareearthabundancesinindividualchondrules (#4, #5,

#6, #7 and#30)arel.5-4xCZandshowpositiveornegativeEu

anomalies. 工nseveral cases. m土nor irregularit土es at Ce

(chondrules #4 and #7)andYb (Chondrules#4, #5and #7) are

observed. The C=chondrite normali2:edREEpatterns of these

chondrulesarealmostflat.

早_igureiA.

C=-normalizedREEpatternsofferromagnesianchondrules #4, #5,
#6,#7,and#30fromFelix.TheTEEpatternsaredrawnbyhesame
mannerdescribedinAllendechondrules.ZnFel王Xchondrules,data
points which deviatemorethan3%fromthe fitting line are
regardedas'Tanomalousl'.
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TwoA1-andCa-rich (A1203)7 vt %, CaO)5wt %) Chondmles

show uniqueRESpatteL.nS. Chondrule#8exhibitsthemosthighly

fractionated REEpatternnotprevious reported on chondrules,

characterized by light REEenrichmentrelative to heavy REE

together with arapiddeclineinabundancefromEuto Lu with

pos土tlve Ce and Yb anomalies. Chondrule #3 shows positivel

anomaliesofrelativelyvolatileREE (主.隻..Ce.EuandYb).These

large positive Ce anomalies (40-50%) substantiate the REE

pattem forthe llbulk chondrlteH･

Figurej旦･

C=-normalized trace element abundancepatterns of Al,Ca-rich
chondrules#3and#8frOmFelix.
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Calc土um.A1-r土ch土nclusion#2ShowsanearlyflatREEpattern

with anenrichmentfactorof17-21xC=andalargenegative Yb

anomaly.

Figure31.

C=-normalized REEpatternofcoarse-grainedType BI Ca,A1-rich
土nclusion#2fromFellx.
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V.D工SCUSS工ON

l.Moderatelyvolatileelementsfractionation

Since冗andRbareamOn9themostmobilelithoph土1eelements

during high temperature events which might have produced

lldropletsllofs土1icaヒemeltsJalkalineelementsfractionat土onmayヽ

constrainonthechondrulemeltingprocesses. Thermodynamicdata

(BREWER. 1953) show thatvaporizationtemperaturesof X20 and

Rb20 at totalpressureof 10-3atmare1150+500cand llOO 土

70 0C, respectively. FEGLEY and LEWIS (1980) carried out

equ土11br土um calculations for volatile element 土n a solar

composition system over a wide range of temperatures and

pressuresand showedthatKis50亀condensedatabout 7470cand

completelycondensedat6790C･

Dynam土c crystallizationexperimentsreproducedthe texture

of chondmles with coolingratesof5-80000C/hr and melting

temperature of 1200-1600Oc (TSUCH=YAMA and NAGAHARA, 1981;

TSUCH=YAMA eta1.,1980a,b;PLANNERandKEEL,1982;HEW=NS,1983,

1988; HEW=NS生 卓立., 1981;LOFGRENandRUSSELL,1986).Assuming

liquidustemperatureof1500 0candcoolingrateof1000 0C/hr,

Chondrules must have beenabovecondensation temperatures Of

alkalis (～10000C)atleastfor 30minutes. Heating experiments

of thelongdurationabove 1000Ocfor lunarbasalts (G=BSONand

HUBBARD, 1972),chondriticmeteorites (GOOD=NGandMUENOW,1976,

1977) and syntheticbasalticmaterials (KREUTZBERGER 卓立 卓立..

1986) indicatedthatlargeelementalfractionationsoccur among

alkalis. =n addition,vaporizationexperimentsfor chondritic
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materials (NOTSU 虫 垂主.. 1978; HASH=MOTO旦互生 .. 1979) also

indicatedthatalkalineelementsevaporateintheearlystage of

thevaporlzat土onsequence.

However.thevolatileelementcontentsinchondrulesarenot

so depletedcomparedWiththoseinC=-Chondrites. W=LKEN=NG et

亘と.(1984)ShowedthatthelithophilicvolatileelementZnisnot

depletedseverelyinChainpur (LL)Chondrules. TSUCH=YAMA 卓土塁主.

(1981)showedthattherateofvolat11土zationofNafrom S土1icate

meltspheresistherate-controllingprocess, andsuggestedthat

chondrules experienced an instant heating followed by an

immediatecooling. HEW=NS (1988)suggestedthat1000 Oc/hrisa

good estimateoftheaveragecoolingrateof 'classicT olivine-

rich chondrules, 年ndargued thatthiscoolingrateisnothigh

enough toallowNatoberetainedbychondrulesin hot nebular

gases under reducing conditions. Basedon thermal diffusion

calculations, FUJZ= and M=YAMOTO (1983) suggested that the

duration ofeachheatingeventshouldbelessthan 0.OI second

forchondrules.

As noted in the previous sections. Allende and Fel土X

chondrulesshowconsiderableabundancevariationsofalkalis.but

haveaconstantK/Rbratioclosetothat-ofC=!-SーThisisclearly

illustrated for Allende chondrules in Fig. 38. The most

straightforwardinterpretationfortheconstantX/Rbratio (close

to cエーS) observedfortheAllendeandFelixchondrulesis that

vaporization lossofalkalisaccompaniedby K/Rb fractionation

WasnotsignificantduL.ingthemeltingevent. tn addition, the

lack of anycorrelat土Onbetweenalkaliabundanceand chondrule
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mass observed 土n Fel土Xchondrulescanalso be considered to

support the土nterpretatlonthatalkalilossfromchondrules was

minor. 工timpliesthattheprecursormaterials hadtheC工 K/Rb

ratio. On the other hand, inviewofrapidcooling (> 1000

oc/hr) forbarredolivinechondmles, itissuggestedthat the

melting-vaporizationprocessforsomechondrulesWas kinetically

controlled.yieldingnOSubstantialfractlonat土onofthealkalis,

even if vaporizationofalkalisWassignificant. =tcannot be

ruled out that thelowerabundancesofalkalisandthe constant

K/Rb ratioforsomeolivine-richchondrules (Fig. ll) i+esulted

fromvaporizationlossduringchondrule melting. Unfortunately,

furth占rimplicationsmaynotbeproperlyevaluatedbecausealmost

no experimental data onthekineticbehaviorof the alkaline

elementsareavailableatpresent.

Figure旦旦.

plot of C=-normalized K/Rbratiovs. K content for Allende
chondrules･ 工nspiteoftexturalandmaコOrChemicaldifferences.
chondrules have a constantK/RbratioWhichdoes not deviate
significantlyfromtheCZK/Rbratio.
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Znanycase,consideringthesimplei.egularityofthealkali

abundances ineverytexturaltypeofthechondrulesexamined 土n

this work, ve suggestthattheK/Rbratiocloseto the C='S,

togetherWithlargeabundancevariations, wereproducedpriorto

thechondrule meltingevents, dur土n9format土onand/Oraccretion

ofchondruleprecursormaterials. FrOmtheaboved土scuss土on, it

issuggestedthatthemuchmorerefractorylithophiles, REE,Ba,

Sr,MgandCadidnotexperienceappreciablevaporizationlossin

thechondrulemeltingevent.
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2.Rareearthelement fractionatlon

Many Allende and FelixchondJmles show light/heavy BEE

fract土onatlonsandanomaliesofCe′EuandYb.Sincethereareno

correlations among Eu anomalies, absolute BEE abundances,

light/heavyBEE fractionationsorCacontentsofchondrules, and
I

because the solid/liquidpartition土n90felementscannot produce

such REE fractionations (SCHNETZLER and PモⅠ=LPOTTS, 1970), it

seemslikely thattheoriginofCe,EuandYband light/heavyBEE

fractionations didnotresult fL.Om SOlid/liquidpartitioning of

BEE in theplag10Clase-orclinopyroxene-bearingassemblages. As

inferred from Figs.9,10and 29,elementalvolatilitiesmayhave

played an importantrole in l土thophileelement fract土onations.工f

this is true, theobservedREE fraCt土Onationsin Allende and

Felix chondrules canbereasonablyexplainedby gas/solid (or

liquid)fractionationprocessesathigh temperatureinthenebula.

S土m土1aごbutmorepronouncedanomaliesand fractionations of

REE havebeenreported for theGroup ==CA=S (TANAKAandMASUDA,

1973; MARTZN andMASON, 1974;L.GROSSMAN andGANAPATHY,1976b;

L. GROSSMAN eta1., 1979;CONARD,1976;MASON andMARTIN,1977;

MASON and TAYLOR, 1982; NAGASAWA卓互 生と.. 1977), the ultra-

refractory inclusions (呈.且.. BOYNTON 生 卓立.. 1980), FUN

inclusionsCl (CONARD壬生卓立.,1975),HAL (DAV=S旦互生と.,1982)and

EK 1-4-1 (NAGASAWA生 至上.,1983).

According to theequilibrium condensationtheory (BOYNTON,

1975,･ DAV=SandL.GROSS比AN,1979;BOYNTONandCUNN=NGHAM,1981;

DAV工S旦互生主., 1982).theheavyREEdepletedpattern isexplained
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as duetothepresenceofcondensateswhichformed from the gas

after removalofultra-refractoryelements. Ontheother hand.

the heavy REE enrichedpatteL.nisthoughtto represent early

condensates from a gasofsolar composition or vaporization

residuesofdustswiththesolarelementalcompos土と土on.

The newlyfoundREEfractionationfortheBOchondrules (1
1

and 2) mayalsobeexplainedasrepresentingakind of ultra-

refractory component asinferredfromtheGrOup 工工 CA工. FG13

(DAVtSandL.GROSSMAN,1979).Theless-pronouncedfractionations

andlowerabundancesof及EEforchondrules.comparedtoCA工S,may

be understoodasthefollowing. The及EE-carriersinchondrules,

formedfi+omhighlyfJraCtionatedREEmaterialssuchasGroup ==or

from ultra-refractoryREEcomponents. Theywerethendilutedby

unfraCt土OnatedcomponentstoyieldtheobservedREEabundancesin

chondrules. 工n this way. the maコOrity of fraCt土onated 及EE

patternsfound土nchondrulesappearstObeexpla土ned土nterms of

equilibriumgas/solidfractionationprocessessimilartothoseof

CAZs (DAVZSandL. GROSSMAN,1979).Hence,itisconsideredthat

elemental volat土1it土es played an important role in the

fractlonationprocesses.

The REEpatternsofAllendePPchondrule 9andFelixAl,Ca-

rich PPchondrule#8aredifferentfrom theCA chondru-i-e RC-ll

(WLOTZKA andPALME, 1982), andquiteremarkablewhen compared

withthoseofGroup 二王CAエS.First′1土9htREEfract土onation.that

is,monotonicincreaseinabundancefromLatoSm,isrecognized.

Second,positiveCeanomalyupto50%exists. Third,negative

Euanomaly.commoninGroup 工工 CA工S.isnotobserved.Asaresult.
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the pattern appears tObeanew typeofGrOup 工工 or possibly

related to Group ==A termedbyDAVtSand L. GROSSMAN (1979).

chond,rite-normalized lithophileelementabundancepatternof the

Allende coarse-grained CAZ Al2analy2:edby CONARD (1976) is

similar tO thatofAllendechondrule 9andFel土Ⅹ chondrule #8

(Fig.39),exceptthat alkalineelementabundances aredepleted
I

in A-2 (CONARD. 1976,- GRAY呈主卓立.. 1973)relative tothat of

chondrite.ThemineralogyofA-2 (melilite + fassaite +anorthite

+ spinel; GRAY全土卓立.,1973)is,however,differentfrom thatof

Allendechondrule 9andFelix chondrule #8.

Figu.L.e32.

Comparison betweenFelixchondrule #8andAllendecoarse-grained
CA=, A-2 (CONARD, 1976). =tappearsthatlightBEE abundance
patterns ofboth samplesare ingoodagreementeach other. The
heavier REE (主.呈.. the mostrefractoryREE′ Erand I-u) are
depleted inchondrule #8compal.edwith thatofCA=A12.Thegroup
H REE pattern Suchaschondrule #8andCA= A-2 with slight
negative Euanomalymaybereflected themixingofatleast two
RES-bearing components (主.隻.. a fractionated及EEcomponent and
a chondr土ticREEcomponent).
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=nadditiontoanomaliesofbothCeandYb, Felixchondrule

#3 has positive Eu anomaly. Although light/heavy RES

fractionationisnotpronounced, itissuggestedintermsofBEE

featuresthatrefractoryprecursormaterialsinchondrule#3 may

besimilarincompositiontothoseofchondrule#8. Thepositive

anomalies at Ce andYbforchondrule#3may be qual土tat土Vely
､

explained bymixingbetweenfractionatedREScomponentssuch as

precursorsofchondrule #8andchondriticcomponents (Fig. 40).

Alternatively, refractory precursors ofchondrule#3may have

scavengedthelaterstage (主.呈.. lowertemperature) condensates

enriched 土nrelativelyvolatile及EE (主.旦‥ Ce.EuandYb).

Figure坐 .

Assuming that Felix chondrule#8iscomposedofa -mixture-of
refractoryandchondriticcomponents,wecanobtaina-refractory
end member (皇･旦･′ REEchondrule#8≡REE2.25X Cエーchondrite +

REErefraCtOryendmember)･

C=-normali2:ed REEabundancesinaFelixchondrule#3comparedto
theabundancepredictedtomixingmodel.Notetheirregularityin
the 及EE abundancesinthechondごuleandthe depletion in the
heavyRESaspredictedforamixingmodel(lower).
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According tothermodynamicequilibriumcalculations, itis

shownthatthe及EEpatternofGrOup 工ェCA工Swasestablished when

the REE ve.Are inthegasphaseinequilibrium with an ultra-

refL.aCtOrYCOmPOnent. Thepal.ticularREEpatternofchondi.ule#8

may be explained by this model. However. the results of

thermodynamic calculationsdidnotshow lightREE fractionation
l

andpositiveanomalyatCe. TheGroup H REEpatternwithslight

Eu anomaly ofchondrule#8maybereflectingthemixing of at

least twoBEE-bearingcomponents (DAV=SandL. GROSSMAN, 1979).

Alternatively, theREEpatternwasreflectingamorecomplicated

history or even a disequilibrium origin Of the chondrule

precursoL.S. TheisotopICdatashowedthatthehomogenizationof

thematerialinthesolarsystemwasnotcomplete, andthat the

thermal history ofthesolarnebulamayhavebeenmore complex

(隻.且.. CLAYTON生 卓立.. 1974).Ontheanalogyofevaporation/re-

condensation history ofCA=S (皇･王.. N=EDERER 卓立 卓主.. 1985).

refractory precursor materials ofchondrules may have been

recorded the same kinds of high-temperature fractionation

anomalies ofbothCeandYbwererecentlyreportedin h土bonites

(呈.呈.,MUR-31)fromCM2Murchison (=RELAND旦主全土.,1986)andCAZs

(CL 7-1 and CL 9)fromCVMokoia (LZU皇皇 室主.. 1987). =t is

suggestedthat gas/solidfractionations, whichweresimilar to

CA工S.Occurred inthenebulawherethechondruleprecursor was

formed.

Forthesereasons,itissuggestedthatrefractoryprecursor

components ofAllendechondrule9andFel土Xchondrules#3and#8
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werenotformed fromSi,Ca-richmeltsproducedduringevaporation

of primitive dustaggregatesand separation from splne1-rich

residues (KORNACKZandFEGLEY,1984;B=SCHOFFandKEZL,1984)but

from condensates duringthegas/Solid fractionation processes

occurred either inthe solarnebula (BOYNTON. 1975)or土n the

presola.L.environment (WOOD,1981;FEGLEYandKORNACKZ,1984).

An increase of oxygenfugacity in the nebula makes Ce

volatile (BOYNTON, 1978).YtteL.biumexhibitstheoppositeeffect

and becomesmoreref.JraCtOrY likeotherheavierREE (BOYNTON and

CUNN=NGHAM, 1981,.DAV=S卓立皇主.,1982).Thepresenceofanomalies

of bothCeandYbinAllendechondrules4, 9and 24′ andFelix

chondrules#3and #8suggests, therefore, acomplicatedhistory

of chondruleprecursors. Alternatively. processessuch as an

instantaneousvaporizationofdustparticles. therebygenerating

local enhancement oxygen fugacity (i.i., a modest oxidizing

condition). may be important for these specific 及EE

fraCtlonations. 工n anycase′concern土n9tO theCe anomaly of

chondrules. the canonicalredox statesofthenebulamaynotbe

acceptable.

Thedepletionsof Mo, W,V,U,andCe inCA=S (FEGLEYand

PALME. 1985,･ BOYNTONandCUNN=NGHAM, 19817NAGASAWAandONU比A.

1979).theoccurrenceofhibonitesinavarietyofcolor (工H工NGER

andSTOLPER, 1986), and thehighFeOcontentsinclinoenstatite

(JOHNSON, 1986) indicate moreoxidizingconditions than the

expectedforprimitivesolarnebula.

MCSWEEN etal･ (1983)suggestedthattype H (主.隻.. FeO-

rich) Chondrules must haveformedfrom more highly oxidi2ied
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precursor materials than type 工 or 工工工 (主.隻.. FeO-poor).

Chondrules 7 and 22. whichmaybeoftype 工工 interms of the

compositionsofolivineandsplnel. donotexh土b土tCeanomalies.

However. chondrules 14 and 16. wh土chmaynotbeof type 工工′

exhibit weak negativeCe anomalies. Hence.the redox state

estimated fromtheFe2十contentlnoliv土neandsplnelappearsto
conflict with thatfL.Omthedegreeof the Ce anomaly. Redox

states indicators forchondrulesmaybeunderstoodas implying

thatCeanomalieshadbeenproducedpriortothetimewhentheFe

redoxsystemwasestabllshed土nthechondruleprecursors.

The REEpatternofCAZ #2maYbeclassifiedasaGroup H Z

及EEpattern (MARTINandMASON,1974)buttheEuabundanceappears

unusual. The negative Ybanomalyisnotaccompanied by a Eu

anomaly ofcomparablesize. From thecondensationcalculations.

it is suggested that at the temperature of 50 % oxide

condensation, EuismorevolatilethanYb (KORNACK=and FEGLEY,

1986). Thus,oneofthepossibleexplanationsofthispatternis

that theprecursormaterialofCAZ#20riginallyhadnegativeEu

and Ybanomaliesofequalmagnitude (likethenormal Group tH

pattern) WithEubeingaddedtoitasalaterstage condensate.

This would leave the relative abundances of tJ.'-ivalent REE

unaffected.Alternatively.theREEpatternreflectsacomplicated

history or may be adisequilibriumorigin Of the inclusion

precursor.WAREandLOVER=NG (1982a,b)suggestedthatTypeBCA=S

are residues from theheatingand incomplete evaporation of

interstellardustduringtheaccretionoftheprotosolar nebula.

Similar Group H Z REEpatternshavinglower CZ-normalized Yb
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abundancesthanthatofEuwereobserved inmeteorltlch土bon土tes.

especiallyinCM2Murchison (EKAMBARAM室 生と.. 1984.1985;FAHEY

坐 il,,1987)･
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3.RefractorytraceelementsfraCt土Onatlon

The elementalcorrelationsillustrated inFigs. 11113 and

31-33.andREE fractionationsobservedformanyAllendeandFelix

chondrules (Figs. 14-25, 35and 36),aL.eCOnSideredtobe the

results ofaccretionofdifferenttypesofprecursor materials.

=n viewofpositivecorrelationsamongtheserefractoryelements

as veil asthemoderatelyvolatileelementsK and Rb, it is

suggested that atleastoneoftheprecursorcomponentsof the

Allende chondrules was en出ched 土n alkalis and refractory

elements and hadaconstantX/Rbratioclosetothat of C工■S.

These correlationsshowthattheelementaldistiY.ibutionsin the

precursor materials hadnotbeenestablishedbythe fractional

condensationsequence. Thereisalargediffel-ence (～600 CO) in

condensation temperatures between KandSm (L. GROSSMAN and

LAR=MER, 1974). Suchatrendcouldnotbeexpected for nebular

processes from thermodynamic consideJ.+ationsof gas/solid (or

liquid)pal,titioning.

The mostplausiblehintcouldbethatalkalisand REE aiPe

both large ion lithophile elements and have geochemical

affinitiesforspecificphasesundersomeconditions. The close

correlations ofalkalistorefractoryelements-observedin CA=s

are believed tobetheresultofthereactionofmel土1ite with

nebulargasenriched inalkalis (WARK, 1981; MACPfIERSON卓立 至上..

1981; =KEDA, 1982). Drasticchangesinthecompositionof the

ambient gasmayhaveoccurred intheregionOfthenebula Where

precursor materials Were formedefficiently. tf dust grains

120



enriched lnrefractoryelementswereremoved intocooler nebular

re910mS prior to thetotalcondensationorevaporationof REE.

theymayhavereactedwith thealkali-rich9aS.and feldspathoids

may haveformedasby-productsofthealteration process (Fig.

41). Such aposs土b土1itym土9htfitthe turbulentproto-planetary

cloud modelofMORF=LL (1983)･.=n the same way,the positive
correlationsofAl-Na for someUOCchondrules (DODD,1978,.LUXi

吐.. 1981) andofREE-alkalisforQingzhen (EH)andOrnans (CO)

Chondrules (J.N. GROSSMAN坐 卓立.,1985;RUB=NandWASSON,1987a)

couldbeexpla土nable.

Figureil.

Schematic diagramofalkali-alterationprocessesfor refractory
precursorsofchondrules.
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The Allende barred o1土vinechondrulesshow a systematic

depletionofCarelativetoREEofsimilarvolatility.Oneofthe

possibleexplana亡土onofthedeplet土on土sthatCaevaporated from

the refractory precursors along with the increase of its

volatility attemperature く7270C (HASH=MOTOand WOOD, 1986).

Strong enrichments of Sr andBain some Allende and Felix

chondrules (隻.且.,7,12,#3and #8)suggeststhattheirprecursor

might bescavengedtothespecificphasesenriched inSr and/or

BasuchasdiscoveredinAllende (TANAKA虫 垂主..1976;TANAKAand

OKUMURA, 1977)and inaCAZfromEssebi (CM2)(ELGORESY生 生と.,

1984).=nanycase,furtherstudiesarenecessarytoconfirm this

explanation.

A problem thenariseswhethertheprecursor materials of

chondrules are the sameasthosefor CA工s or not. 工n this

connection, itispointedoutthattheSmヱ星.Cadiagram forthe

AllendeCA=S (Fig. 42)doesnotshowacleartrendlikethatfor

thechondrules (Fig. 12). =tissuggested,therefore,thatBEE-

CaJrriersinchondruleswerenotcontributedbyaspecifictypeof

CA工 butthats土m土1arREEfraCtionationprocessesprevaileddur土n9

the results of oxygen isotopiCStudies which indicate that

Allende chondruleshaveadistinctlydifferenttrend of oxygen

isotopic compositionfromthatofCAZs- (CLAYTON生 卓立., 1983,

1987a.b).
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Figureii･

plot of Smヱ邑. CaforCa,A1-richinclusionsfrom the Allende
chondrite. Data arefromMASONandMARTIN (1977)andMASON and
でAY工一OR (1982). 工n spite of the positive correlation for
chondrules, the datapointsforCA=sarescattered, indicating
that specific types of CA工sdidnot cont出bute to the REE
carriersinAllendechondrules.
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Asalreadymentioned,heavyBEEenrichmentrelativetolight

REEisdominantinAllendechondrules. =naddition, negativeEu

anomaliesarepredominant. posiとiveCeandYbanomalies′onthe

other hand, appeartobecompensatedbythoseofnegativeones.

工ftheREEcompositionwasidenticaltothatofCエーchondr土tes ln

the Allendechondruleformationlocation, refraCtOryllthoph土1el

precursorsofAllendechondrulesmusthavelostsomede匂.reeofEu

and light RES (i.i., moderatelyrefractoryBEE) during their

formation. Massbalanceconstraintswouldthenrequirethat REE

component of lost materialhadpositiveEu and/01- 1ight REE

enrichment relativetoheavyRES. ThematrixandGroup H CAZs

appear tObethemostplausiblecandidatesforthecomplementary

components.

Matrix materials may havebeenformed from later stage

nebularproductsandexpectedtohavethem土ssln9及EEcomponents.

DetailedREEfeaturesoftheAllendematrix. however, have not

beenestablished. Group 工工 CA工S. whicharedepletedinthemost

refractoryBEE (隻.呈., LuandEr)relativetolightREE,couldbe

oneofthecandidatesforlightREEcarriers.

=t is suggested that refractory precursors of Allende

chondruleswererelatedtothistypeofCA工S.工ヒエspossiblethat

averylargefractionoftheultra-refractorycomponenthavebeen

scavengedbyAllendechondruleprecursorsfrom thenebularregion,

whereGroup H CAZswereformed･ Thisalsoexplainsinpart Why

theultra-refractory inclusionshavebeenmainlyidentifiedinCM

and COchondrites (皇･旦･' BOYNTONeta1., 1980; PALME生 亘と.,

1982; EKAMBARAM生 卓立･. 1984.1985; ELGORESY生 皇主..1984)but
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rarelyinCVAllende.

=t issuggested thatCVandCO chondruleshave formed in a

re910n Ofthenebulawheretherefractory l土thoph土1e precursors

above mentionedwereaccreted. Thesechondrulesmusthave been

generatedby transientheating (WASSON呈主星主., 1982;WOOD.1984)

inacoolgas,and instantaneousvaporizationofdustand icemay

have been generateoxidizingconditionsand thusvolatile loss

from thechondrulemeュtmayhavebeenreduced.
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V=.CONCLUSIONS

(l)TheabundancesofKandRbinAllendeandFelixchondrules

show large variationsamongthechondrules. =n spite of the

textural andmajorchemicaldifferencesOfchondrules, the冗/Rb

ratioofchondrulesarequiteuniformandclosetothatoftheC工

ratio, indicating thatK/Rbfractionationdidnotoccur during

chondrule-formation meltingeventsand/orvapori2:ation loss of

alkalis was not significant, andthatone of the precursor

componentswasenriched 土nalkalisandhadtheC工 K/RbraヒエO.

(2) The RES abundancesare fractionated among individual

chondrules. Particularly the barredolivineand pyroxene-rich

chondrules often show light/heavy REE fractionations and/or

definitelylargeanomaliesofCe,EuandYb,indicatingthatgas-

solid (or liquid) processesyieldingRES fractionations took

place duringtheformationofrefractory precursors, and that

these fractionation processeswereubiquitousintheregion Of

thenebulawhereCOandCVchondruleprecursorsformed.

(3)PositivecorrelationsarefoundamongREE, Ca, Sr,Ba,K

and Rb for thechondrules. Theyareinterpreted in terms of

mixingofdifferenttypesofprecursormaterials;Chondrulesrich

in refractory elementsampledmore efflc土ently alkalエーbearlng

refractorylithoph土1eprecursors.
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