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ABSTRACT

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

Mg and Ca)weredeterminedbyprecisemass spectrometric isotope

dilution techniquesfor 32petrographically examined individual

chondrules from theAllende (CV3)and Felix (CO3) carbonaceous

chondrites, and for one Ca,All-rich inclusionand awhole rock

samplefrom Felix.

TheREEabundances in individualAllende chondrulesare 2.5-

10 xC=forbarred olivine chondrules, 2-8xCZfor porphyritic

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

ollvine and porphyrit土colivlne-pyroxene chondrulesand aremore

or lesssimilarly fractionated. TheREEabundances in individual

Felix chondrules are 1.4-4x C=for porphyritic olivine and

porphyritic olivine-pyroxene chondrules. TheC=-Jnormali2:ed REE

patterns for Felix chondrules are almost flat, however,

Porphyritic pyroxene chondrule is characterized light BEE

enJrichment (6-12xC=)relative toheavyREE (～0.8 x C=).

General及EE fractionations (typically for light toheavy及EE

fractionation) and significantlylarge_(upio __300 %) anomalies

ofCe,EuandYb are fl.equentlyrecogni2:ed foralltexturaltypes

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, areobserved independently of
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texturaltypesandmaコOrChemicalcompos土ヒエons.

Every type ofAllende chondrulehaslarge and systematic

abundancevariationsofKandRb (Mg-normalizedabundanceofO｡6-

1.7 X C= for barred olivine chondrules, 0.6-2.3 X CZ for

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

chondrules), but show a constantX/Rbratioclose to that of

cエ ts.

The coarse-grained Ca,A1-rich inclusion from Felix.which

maybe assigned toTypeBl,exhibitsaGroup =H REEpatternWith

a large negativeYbanomaly. Thisisinconsistentwithelemental

volatilities sinceYb ismoredepleted thanEu, suggesting that

theEu enrichedcomponentmayhavebeenadded tonormalGroup H Z

CA工 p出or tomelting the 土nclus土onprecursor.

TheRESabundanceofbulkFelix isunfractionated (1.6-1｡7X

C=) with～20%excessofCe.

From these results, the following constraints on the

chemical characteristicsofchondrule precursorsand chondrule-

formingeventsare suggested:

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

fractionation didnotoccurduring chondrule-formation melting

events.

(2)Elementalabundancesofchondruleswerebasicallyestablished

prior to chondrule-meltingevents.

(3) Gas/solid (or liquid)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-

refractory condensates)and condensates from agasafter removal

of ultra-refractory components. These componentswere alkali-

bearing.

(5) Elementaldistributionsin the chondruleprecursormaterials

had not beenestablished in fractional condensation sequences

duringcooling from an initiallyhotgas.

(6) AnomaliesofCeand/orYb.commonlyobserved 土n carbonaceous

chondrites,canbeunderstood asreflectinggas/solid (or liquid)

fractlonationprocessesofchondruleprecursorsaSWellas those

ofCa,A1-rich inclusions.
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The classificationofchondritesproposedbyWASSON (1974)

Wasutilized in thisstudy. C=, CM,COand CV refer to the type

meteorites_.'･T_lvuna,.Mighei,OrnansandVigaran0 --0f the four

groupsofcarbonaceouschondrites.

Thepetrographic labelsfor chondrulespioneered by GOOD=NG

andKEEL (1981)wereused in this study. PO.PP,POP,BO.RP for

porphyriticolivine, porphyriticpyroxene, porphyriticolivine-

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

工t is widely believed that chondrules ln unequ土1ibrated

chondrit土c meteorites preserve a record of fraCt土onation

processes土n theprlm土tive solar nebula. 工n order tomake clear

the physicaland chemicalconditionsofthe early solar system.

intensive petrologlC, Chemica･l and isotopIC Studieshave been

focusedon chondrules ln unequ土1土brated chondrites (呈.旦‥ DODD,

1971; OSBORN etal.′ 1973, 1974;CLAYTON至主 星と..1973;GRAHAM,

1975). The existence ofrelictmineralgrainsin chondrulesof

ordinary chondrites (FREDR=KSSON卓立 卓主..1969;CHR=STOPHE M=CHEL-

LEVY, 1981;NAGAZIARA,1981,.RAMBALD=,1981;RAMBALDtand WASSON,

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

enstatite chondrites (RAMBALDZ皇主卓上.,1983)suggested that these

chondruleswere formedbymeltingofpre-existing solid precursor

materials. The lithophile/siderophile fractionation observed in

chondrules of unequilibrated ordinary Chondrites (UOCs) also

favors chondrule formationbymeltin9 0fpre-exist土n9 materlals

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

(1983) suggested thatchondrules in carbondceouschondrites (CV

and CO)can be separated into twod土st土nctpopulations in terms

of redox state. From systematicexaminationsof _chondrules ln

carbonaceous chondrites. it was found that chondrules with

different textural types have characteristic oxygen isotopIC

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

A ., 1987a,b).Zn addition,many studiesofchondrules from UOCs

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 and WASSON,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,T and fo2COnditionsofthe nebula in a regionWhere chondrule

precursorswere formed stillremain unsolved.1

Rare earth elements (REE)havebeen used toconstrain high

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

fractlonat土ons′ and redox cond土tions 土n the early solar system

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

analysis (=NAA) techniquehasbeen used for determination of

abundances of trace elements includingBEE in constituents from

carbonaceous chondr土tes. especially from Allende. aswell as

those from theUOCsand enstatite chondrites, and has brought

important contributions forunderstanding the chemical features

ofCA=S (L. GROSSMAN, 1972;L.GROSS比AN and GANAPATHY,1976a,b;

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

1977,. fo.Ireview, L.GROSSMAN,1981)and precursormaterialsof

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

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

However, because the sample size ofchondrules available for

chemical analyses is quite limited, the ZNAA data do not

necessarily giveuSdetailed information onBEE fractionation in

the chondrules.

Since large amountsofCV Allendeweredistributed Widely,
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REE compos土tlonsof chondrules from thismeteorite were studied

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

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

1987b). However. relatively little isknown about trace element

characteristics of chondrules in CO chondrites. OSBORN et al.

(1973) reported chemical values obtained by tNAA of ru50 CO

chondrules but presented no及EE or petr09raph土c data. Recently.L

RUBZN and WASSON (1987a)analyzed 17 chondrules from Ornans by

=NAA and suggested possible chondrule precursor components.

The main purpose of this study is to search for possible

fine structuresofREE patterns 土n carbonaceouschondr土te (CV and

CO)chondrules. 工n order to obtainmore precise 及EE data. 工 have

undertaken the accurate analysesofREE and othe工■trace elements

by 土mproved 土sotope d土1ut土on techniques.

工n thispaper 工 present precise data of 25chondrules from

theAllende (CV3)chondrlte and 7 chondrules from the Felix (CO3)

chondrite which clearly demonstrate the existence of 及EE

fractionations among chondrules, and then discuss the chemical

characteristics of precursorsofAllende (CV) and Fellx (CO)

chondrules.

Part of the results in this study appeared in M=SAWA and

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

l.Samples

1-1.Descr土pt土onsof samples

Briefdescriptionsofthe samplesanalyzed in thisstudyaL.e

describedbelow.

Allende (CarbonaceouschondriteVigaranO-Subtype:CV3)

TheAllendemeteorite fellnearParral, Chihuahua, Mexico,

on 8February 1969. At leasttwo tonsofmeteorltlc stones have

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

Metamorphism has affected, toa lesser extent, the Allende

meteorite, asevidenced by ferromagnesianmineralequilibration,

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

volatilegases (MCSWEEN, 1977b, 1979). BUNCH and CHANG (1980)

suggested that most carbonaceous chondL.ites underwent some

alteration on theirParentbody and shoved that lessthan 15%of

olivineaggregates inAllendehadhaloes,asalterationproducts｡

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

TheFelixmeteorite fellatPerryCounty, Alabama, U.S.A.,

on 15May 1900 (GRAHAM坐 旦主..1985).

Fellx isnotasfresh astheXainsazmeteorite ln appearance｡

MCSWEEN (1977a)described that themetamorphicgradeoftheFelix

meteorite isin stage == (themetamorphicgrade increasing with

the stage number), comparable to thatoftheOrnans and Lance
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meteorites.Anestimateofthe redox state of theFel土Xmeteorite

(log fo2=-18･6at 8000C) Wasobtained by BRETT and SATO (1984)･

A chip of l.1gFelix USNM 235,Smithsonian =nst.NMNH was

supplied by courtesy ofDr.J.G.MacPherson.

PeaceRiver (ordinary chondrite,L6)

The PeaceRivermeteorite fellatAlberta. Canada, on 311

March 1963. About 46kgofmeteoritic stoneshave been recovered

(GRAHAM生 旦主.. 1985).Twoaliquotsofpowdered samplewereused

ln this study.

5



1-2.Sample separation

All chondrules Were separated mechanically from a 3 g

fragment oftheAllendemeteoriteanda 1.1gchipofthe Felix

meteoriteby combinationofexcavat土n9W土th stainlesssteeltools

and freeZe一thawprocessing indistilledwater. Theywerescraped

with tweeze.JrStOremovefine-grainedadhering matrix material.L

After ultrasoniccleaning indistilledacetone, each chondrule

was broken into twopartsofapproximatelyequalsizeusing an

agate mortar. Onehalfwasused toprepai.eathin section for

petrographic observationsandtheotherhalfwasused for 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)werealso identified in two barred

olivinechondi.ules (2and 3inTable 5). ttmaybepossible that

the most friable chondrule rims Were crushed during the

mechanical separation procedure and thus for many Allende

chondrules (3, 4,7-15,20and 21inTables5-7),nolsignificant

amounts ofthe surroundingrimswererecognizedwhen -they were

selected fortraceelementsanalyses.

Ornans-subtype chondrites are characterized by a high

densityofsmall (～0.2mm indiameter)size-sortedchondrulesand

inclusionsinfine-grainedmatrix (KINGand KING, 1978). Since

relatively largesampleswere selected, the sizeof chondrules

6



analyzed in this study was from 0.472to 1.228 mg in total

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

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

examined in thisstudy.

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

producedby freeze-thaw processingwasanalyzed asa ITbulk Felix

chondr土teHsample.
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2.Chemistry

The chemical proceduresweregenerally similar to that of

NAKAMURA (1974). Since the sample sizeWas limited,elemental

analyseswereperformed byamod土f土cat土onofanusualmethod.The

analyticalsequence is summarized inFig.1.

Figurei.

Schematic diagram of the experimentalpl.OCedure for chemical
analysesofchondrulesfrom carbonaceouschondrites.
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Sample(wholerock)

ChondruLcseparation

Sample(50-1000J｣g)
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Column
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Opticalmicroscopy

l
EPMAanalysis

●

(cationcxchangc)

Massspcctromctry

Fig.1
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2-1.Dissolution

Splits ofeach chondruleWereweighedbya SARTORZUS 4501-

M=CROmicro-balance (precision i -2jig)' and then removed intoa

smallteflonbomb.Composite spike solutions (REE.冗-Rb-Sr-Ba and

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

evaporated todryness･ 3pIHF and 3JllHC104Were added･ The

sealed teflonbombwasheated in an oven for 8hoursat 170 0C.

After decomposition, the samplewasevaporated to dryness and

then dissolved in 3♪lofconcentratedHNO3 and analyzed by

direct-loading mass spectrometry Without further chemical

treatment.
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2-2.Column chemistry

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

chemical treatmentwascarried out. TheREE separation column′

which wasmadeofquartzglassandwas3mm in inside diameter.

was filled toaheightof 16mm withDowex AG 50-Ⅹ12′ 200-400
I

mesh,cation exchangeresin. Beforeanelution, the resinwas

prepared bypassing through it 20mlof 6N HCl.Thiswasfollowed

by 300 plof lN HClfor conditioning･ The decomposed sampler

evaporated to dryness･ wasdissolved in 20plof lN HCl and

loaded onto the resinus土n9am土crOSyrin9eWith teflon tube.

After the sample solutionwasallowed topassthrough the column,

650 pl of2N HCl･ 150plof 6N HCland 250plof 6N HCI were

added separatelyand eacheffluentwas collected. The solution

containingNa, K, Mg,Feand Cawasdried upandwasthenready

tobe loadedon theMg separation column.A typicalelution curve

isshown inFig. 2. The separationofalkalineearth andBEE by

thiselutionprocedure isnotefficient.However,thedecreaseof

theamountofcation exchangeresindecreasesthe contributionof

blanks.

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

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

the samemassregions. =norder tominimize these interferences,

BEE were separated from SrandBa using 2N HNO3and 6N HCl as

eluant in theREE column. The sample solutionwas loaded ln the

same way asdescribedabove･ The 800plof 2N HNO3eluant was

allowed topassthrough the column･ then 800plof 6N HCI Was

ll



added and the effluentwascollected. This is evaporated to
drynessand isallowed topassthrough theREE column.

=n addition,a significant interferenceofNa is observed

during Mg measurement inalkali-rich chondrules. Zn order to

minimize the Na contribution, Mgwas, as much possible as,

separated fromNausing amajorelementcolumnwhich ismade of■

quartz glass and is2.5mm in insid占diameterand filled to a

height of 18 mm WithDowexAG 50lX12, 200-400 mesh, cation

exchange resin. Before an elution theresin was prepai.ed as

described theREE column chemistry･ Thiswas followedby 150pl

of lN HCl･ The sampledissolvedby 20plof lNHCIwas loaded･

After the sample solutionwasallowed topassthrough the column,

600γ10f lNHCIwasadded･ After theeluantwasallowed topass

through･300plof 2N HCIwasadded and effluentwascollected･A

typicalelution curve isalso shown inFig.2.

型旦些旦 呈.

Typicalelution curvesforNa, Mg, Fe,Caand Sr (upper)andX.
Ca and Sr (lower)from theMg separation and 及EE separation
cation exchange columns.
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2-3.Blanks

Reagents used in this study is as follows･ H20 was

distilled twice in still followinga cation exchange treatment.

Acetone wasdistilled once in SiO2 Still･ HCIwas prepared by

bubbling HClgas in H20･HNO3Was distilled twice in SiO2Still･
l

HF was four times distilled in teflon bottle･ HC104Was four

timesdistilled in SiO2 Still･

Totalchemist.ry blankwasmeasured during the course of the

work.Contributionofblanks from the Ca-Mg spike solution isnot

included in the proceduralblanks listed inTable l,but were

measured separately and found tobe negligible formost elements

except for Ba. The contribution ofBa blank to the sample was

about 20 %. Alldata in Tables ll, 12and 16are corrected for

blanks.
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Table 1.

Laboratory contamination levels.

Totalblank Totalblank ★ Ca-Mg spike
D土rect-loading. Column chemistry 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

*Cationexchange treatmentwasperformed forRES separation.
Dashesdenote HnotdeterminedH.
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3.Mass spectromet.JrY

Rareearth elements (La,Ce,Nd,Sm,Eu,Gd,Dy,Er,Yband

Lu), Ba,Sr,Rb,K,CaandMgweredeteL.mined onaJEOL JMS O5RB

mass spectrOmeter equlppedwithan electronmultipller. A double

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

alkalineearths, Ce,Nd,Sm,Eu,Yband Lu;a singleRe filament

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

Er weremeasured asthe ox土de一土On speciesand theother elements

weremeasured asthemetal-ion species.

Severaltechnicalproblemsmustbeovercome tomake precise

determination of trace element abundances with the mass

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

samples. itwasnecessary toholdatrelatively low temperature

untilthe intensitiesofNaandCawere significantly reduced.=t

wasalso essentialthat lldirty"sampleswerebrOu9htup slowly to
the emission temperatureunヒエ1the lsobar土c interferencessuchas

from BaO+andBaCl+were substantially reduced. These conditions

typically lasted for 5hoursor longer. Theproblemsof mutual

interferencesamongREE isobarswereminimi2:edby controlling the

emission temperature of the filamentand the oxygen partial

pressure 土n the ion source as-～1Ⅹ-1-0-5torr using a needle

valve.
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4.Analyticalprecision and reprOducibllity

Zn order to test theaccuracyofthe direct-loading mass

spectrOmetry fof■chondrlt土c samples. thehomog.en土zed I-6 0rd土nary

chondr土te′PeaceRlverwasused.

Analyticalresultsofa 135pgPeaceRiver H sampleby theL

ail.eCt-loading mass spectrometry techniquearegiven inTable 2

andFig･3･Theyare comparedwith theresultsof 135pgand 275

pganalysesofPeaceRiver H samples' whichwerecarried outby

theREEcolumn chemistrydescribed above,andwith theresultsof

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

conventional large column chemistry. From aboveresults, a new

procedure allows the precisedetermination (土 -3 篭 for most

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

material).
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Table 2.

Analyticalresultsof the PeaceRiver (L6) chondrite
(Values in p.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 +.00 22

0.316 0.32 7 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 105mg allquotwasused for及EE analyses･
+ sample resolved.A 84.4mg aliquotwasused for BEE analyses.
★★ sp土ked Peace River 工工 solution was spilit into several fractions

n.a.= not determined.
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Flqure呈.

ChondrltenormalizedREEpatternsofPeaceRiver 工. Peace River
工工 and fraCtion 工工/fractlon 工 (upper).

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

chondrules (Allende chondrules1and 2, inFigs. 14 and 15)

suggest that one half ofa chondrule may be considered as

representative of the whole chondrule in terms of the trace

elementchemicalcomposition, though thiswould notbe the case

for chondruleswith extremely low traceelementabundances like
I

theAllende chondrule 18 (Fig. 23).Thus,mostofthe chondrules

inthisstudywereanalyzed usingroughlyhalfofthe chondrule.

The small sample sizes and low abundance levels yield

uncertaintiesof～5%forheavyRESina few cases.=t ispointed

outthatthe absoluteelementalconcentration 土n smallchondrules

(i･S･･ 50pg)containsrelatively largeuncertainties (～5 %)due

to weighing errors,but this isnot relevant to the later

discussion because lt ismainly concerned with the relative

abundancesoftheelements.
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5.Electron probemlcroanalys土S

Major andminorelementsofthe constituent minerals were

analy2:ed with aJEOLJXA-5Amicroprobeatthe Institute forStudy

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

m土croprobeattheOceanResearCh 工nstitute, Un土vers土ty ofTokyo.1

They wereboth operated at 15kV acceleratingvoltageand 20 nA

or 0.9 nA beam current. Thebulk chemical compositions of

chondrulesandCA=weredetermined, avoidingmetalphase, by a

defocused beam of 50pmindiameter･ for over 700seconds･ The

analyticaldata arecorrected according toBENCEandALBEE (1968)

With further correction for bulk chemical compositions of

chondrulesby themethod of 工XEDA (1980).

Constituent minerals we.Jrealso identifiedusing a H=TACH=

S530 scanning electronmicroscope (SEM) at Kyoto University,

equippedWitha HORZBA EMAX-2200energydispersiveX-raydetector

(EDX) and operated at 20kV acceleratingvoltageand 1.5nA beam

current. The analyticaldatawerecorrected according to ZAP.

Bulk chemical composition of a Fellx chondrule #8 was also

EPMA defocused beam analysesand SEM-EDXmodalrecombination for

theFelix chondrule #8are shown.Theyare ingood agreementWith

each other except forFeO,MgO andNa20･ Disagreement between

EPMA defocused beam analysesand SEM-EDXmodalrecombination is

considered to be mainlydueto the detection of Fe-sulfides

phases and due tothe lossofalkalisdurin9 theelectron 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.
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ZZZ.ALLENDERESULTS

l.Petrography

Petrographicdescriptionsof theAllende chondrulesanalyzed

for trace elementsare presented 土n Tables 4-6. Chondrules 19.

23, 24vere lostduring thin section prepaL.ation.The chondrulesL

are Classified into three typesbased on trace elementabundances.

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

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

pyroxene (PP)and radialpyroxene (RP)chondrules (pyroxene-rich

type),' porphyriticolivine (PO)and porphyriticolivine-pyroxene

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

classifications of chondrules 土n theAllende and the other CV

chondrites were presented by CLARKE et a1. (1970), MCSWEEN

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

AccoL.ding to these studies, the porphyriticolivine chondrules

are by far the most abundant′and the barred olivine and

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

chondrules. Although chondrulesanalyzed in thiswork covermost

classesofAllende chondrulesgiven by CLARKE etal. (1970) and

S=MON and HAGGERTY (1980), Our samplingappears tohavea bias

toward thebarred olivine and pyroxene-rich typescompared to the

actualpopulatlonsof theAllende chondrules.
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Table 4. PetrographicdescriptionsofAllendebarred olivinechondrules.

chdl Fa@ Texture

1 8.3

2 1.4

3 3.4

4 5.6

5 3.6

6 3.6

7 29.6

Barred texturewitholand px inglassymesostasls.

Barred texturewith olandminor sp in fibrous
mesostasis.

Barred texturewitholand fine-grained slenderpx.

Barred texturewith ol,minorhigh-Capxandminor
interstitialpig.

Barred texturewith olin91assymesostasis.

Barred texturewitholinglassymesostasis.

Barred texturewith olandpx in91assymesostasis.

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



Table 5. PetrographicdescriptionsofAllende pyroxene-rich chondrules.

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)

porphyrltic texturewithprismatic low-Capx and minor
ol inminormesostasls.

Microporphyritic texture with subhedrallow-Ca px,
fine-grained ol,interstitialpig and abundant irregular
opaque particles ofmetal-sulfide ?

Poikilitic texturewith low-Capx oikocrystsenclosing
smallolgrains.

Porphyrltic texturewith prismatic toblocky low-Ca px
andminorolin91assy mesostasls.

Microporphyritic texturewith very fine-grained px,
minor oland abundant irregular particlesofmeta1-
sulfide ?

Radiating texturewith low-Ca px laths,minor oland
high-Ca px.

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



Table 6. Petro9raphicdescriptionsofAllende olivine-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

Porphyrltic texturewith anhedralol.px and chromian
hercynite.

porphyritic texturewith euhedralol.high-.and low-Ca
px and spherical metallic Fe-Niparticles.

porphyritic texturewith euhedraloland prismatic
low-Ca px in abundant glassy mesostasis.

Porphyritic texture with euhedralto subhedraloland
minor low-Ca px in glassymesostasis.

Porphyritic texturewith anhedraloland veryminor
mesostasis.

Porphyrltic texturewith ol.

Porphyrltlc texturewith euhedralto subhedralol in
glassymesostasis.

Porphyrltlc texturewith subhedralol in 91assy
mesostasls.

Porphyritic texture with skeletaloland chromian
hercynite in fine-grained mesostasis.Olexhibits
coincidentalextinctionand containsabundant sp grains.

Granular texturewith fine-grained anhedralol.

* Chondrules 19,23and 24were lostduring the thin sectionpreparation.
** chondrule 19 isclassified asolivine-rich type from a preliminary examination.
@ Fayalitemole % in olivine.

ol:olivine, px:pyroxene, sp:splnel,n.a.:notanalyzed.



2.Mineralchemistry

Ollvlne

The results ofelectronmicroprobe analysesofolivinesare

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

predominantly Mg-rich, With the large proportion having

composition in the range ofFaol-10 ･Olivines in chondrules7′8′

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

in good agreementwith the resultsofAllende chondrulesobtained

by S=MON and HAGGERTY (1979).

FigureA.

Compositions ofolivines inAllende chondrules,by petrographic

type･Mostanalyses fallwithin the range Fa0-10 ･
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eyroxene

The results of electron mlcroprobe analyses of low-Ca

pyroxenesare shown inFigs. 5-7. MostofpyroxenesareFe-poor

(Fs0-5 )･Representative analysesofA1-richpyroxenearegiven in

Table 7.

Figurei.

Compositions ofpyroxenes inAllendebarred olivine chondrules.

Mostanalysesfallwithin the rangeFs0-5 I

Figure互.

Compositions ofpyroxenes inAllende pyrOXene-rich chondrules.

MostanalysesfallWithin therangeFs0-5 ･

Figure1,

Compositionsofpyroxenes inAllendeolivine-richchondrules.The
pyroxene in chondrule 22isthemostFe-rich among this study.
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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 of splnelsaregiven in Table 8.

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

chondrules 14and 22.0n theother hand.splnelscontain abundant

FeO and Cr203･ These featuresmay be reflect their higher

ox土dation states.
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Glass

Representative analyses ofchondrule glassesare given in

Table 9.The.L.e Seemsthat two typesofglass (_i.隻..alkali-rich

and alkali-poor)occurred ln chondrules. Since alkaline elements

are mobiledurin9 the post accretionary aqueousalterat土on 土n a

parentbody, theeffectmayhavebeen affected alkaliabundances
i

in chondrule 2which contains the green (hydrated ?) silicate

phase ('spinach phase.termed by FUCHS卓旦 旦主..1973).
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3.Bulk chemicalcompositions

Normalizat土on factor

=n the past most investigators used several reference

concentration sets and adoption ofonly one agreed set of

chondrite-normalizing concentrationshasnotoccurred. 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 isotopedilution analyses for 25 Allende

chondrules aregiven in Tables lland 12, and shown inFigs 9-

10. The elementalabundancesare normalized to C=-Chondriteand

then furthernormalized toMg=1.0and plotted in the order of

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

expected from a gasof solar composition (KORNACK= and FEGLEY,
I

1986).Here 工 point out that -■volatiuty■-,土n the sense 工 use lt.

is equivalent to equilibrium partitioningbetween gas and a

condensed phase. Magnesium contentsobtained for the Allende

chondrulesrange from 14.2to 28.6wt % (Table ll). Since Siwas

not determined in thiswork, Mg isused for normalization. The

difference Of relative elemental abundances with different

normalizationwasdiscussed by J.N.GROSSMAN生 至上.(1985).
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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normalized abundancesof uthoph土1eelementsinbarred o1ivine
type andpyrOXene-rich type chondrulesfrom Allende (abundances
are normali2;ed toMg in the sample and thenrenormalized to C=).
Elementsarearranged in the order ofREE, alkalineearths and
alkalis,and increasingvolatilitiesfrom theleftto the right.

Figurel且.

Cエーnormal土zed abundancesof lithophlle elementsln olivine-rich
type chondrules fromAllende. Plotsare the samemanneras in
Fig.9.
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3-1.Alkalisand alkalineearths

Abundances ofthemoderately volatile elements, Ⅹ and Rb.

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

The variations are found to be rather characteristic for the

chondrule types, when the abundancesare noJmalized toMg= 1.0

(Figs. 9-10):barred olivine and pyroxene-rich typeshavehigher

K andRbabundances (0.5-2X CZexcept for chondrule 2), while

the maコOrlty ofolivlne-rich type chondruleshave lowerⅩ and Rb

abundances (く0.5x C工). These resultsare COnSistentwith the

observation ofNa abundances for the Allende chondrules (S=MON

andHAGGERTY, 1980). Low chondrite-normalized alkaliabundances

in olivine-rich chondrulesmay bedue to inefficient scavenging

ofalka1-i-.Jrich component in thistype ofchondrules.

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

chondrules. Regardlessoftexturalorbulk chemicaldifferences,

the chondruleshave a constant冗/Rb ratio close to that of C工Is.

These features are consistentWith the results of relatively

large Mg-richAllende chondrules (2-12mm indiameter) analyzed

byTATSUMOTO卓立 至上.(1976).

Figureユユ.

RelationshipbetweenK/Mg jZS･Rb/Mg iヮ individualch｡ndrules from
Allende. Solid circles: barred olivlne type, SOlid triangles:
pyroxene-rich type. solid squares: olivlne-rich type,open
circles:unclassified.
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Asshown inFigs. 9and 10, the relativeabundancesof Sr

andBa showa generaltrend among chondrules;olivine-rich type (

barred oliv土ne type pyroxene-ご土ch type. and are considerably

scattered 土n someBOand PP chondrules (呈.呈.,7and 12).

ZnFigs. 12and 13, K vs. Sm, Caヱ星.Sm,Srヱ星.Sm,and Ba

ヱ互. SmvariationsofAllende chondrulesare shown.Abundancesofl

Ca ranging from 0.18to 4.3xCZareparallelwith thoseof REE

(0.26-4.6 x C工) and apos土ヒエve correlationofCa with Sm ls

clearlyobserved fordifferent typesofchondrules (Fig.12).The

slopeofthe totaltrend 土s 0.6. 工t ismainly controlled by the

barredolivine chondrules, indicating thatthese chondrules show

a systematicdepletionofCarelative toREE. asillustrated in

Fig. 9. The relativedepletionofCa isconsistent with the

observation that relativeCaabundances in the barred o1土Ⅴ土ne

chondrules from CV and CO chondritesare lower than those of

other refractory elements with similar volatilities (J.N.

GROSSMAN andWASSON, 1983b). Similar trendsarealso found for

correlationsofSm With SrandBa (Fig.13)butSrand Ba tend to
be enriched relative toSm. Theseresultsforrefractory trace

and majorelementsarepartly 土nagreementWith theobservations

ofOSBORN皇主卓上.(1974).=n chondrules 7and 12,Sr and/OrBa are

highly enriched relative toother refractory lithophiles.

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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Zn Fig. 12, there isa positive correlationbetweenK and

Sm. RUB=N and WASSON (1987b)showed thatNa and K only cor.Jrelate

moderately with Al in Allende chondrules and suggested a

refractory-free, alkali-rich nebular COmpOnent. They analyzed

mainly pO and POP chondrules. Sod土um abundances in 10ofthe 20

chondrulesand冗 abundances in 15ofthe 20chondruleswerebelow
I

C工 1evels. 工n this study′by contrast.X and Rb abundances ln 15

of the 24chondruleswereabove C工 1evels ｡ 工falkali-poor BO

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

(r=0.865, n=24; r=correlation coefficient,n=number of samples)

and moderately correlateswith Ca (r=0.658, n=24), suggesting

similar behavior of themoderately volatile elements and the

refractory elements asa single nebular component. The close

correlations of the alkaline elementsNa and/orKwithRES has

been repel.ted for the Qing2:hen (EH)and Ornans (CO) Chondrules

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

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

GROSSMAN eta1., 1975,. L.GROSSMAN and STEEL,1976;L.GROSSMAN

坐 卓立･.1979;WARE andLOVER_=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

nearlyequalto the symbol slze･

Figures 14-25.

及EE abundancepatterns (plots-ofrelativeabundancesヱ星. atomic
number)forAllende chondrules. REE patternsaredrawnbased on
the followingcriteria;

(1) eachdata point iswe土9hted equally.
(2) light and heavyBEEare treated separately and thus the

pattern is composedoftwo segments (i.e.,light REE and
heavy及EE),

(3) each segmentCOnSistsofa smoothly curved linewhich
isapplox土matelydrawnamon9 threeOr fourdata points.Asa
results. data pointswhich deviatemore than 5篭from the
fitting lineareregarded as Hanomalous'l･
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Figure li･

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

FigureJ.王.

C=-normalized REE patterns ofAllende bat.red olivine chondrule 2.
Sample 2-1was analyzed by the direct-loading technique. Sample
2-2 was performed 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 for Allende barred olivine chondrules
5.6and 7.
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Figureユ旦.

CZ-normalizedREE patterns forAllende pyroxene-rich chondrules 8
and 9.

Figureユ且.

Cエーno工■malized REE patterns for Allende pyrOXene-rich chondrules
10and ll.

Figure辺 .

Cエーnormalized REEpatterns forAllende pyroxene-rich chondrules
12and 13.
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FigureZl.

Cエーnormal土zed REE patterns forAllende ollvine-rich chondrules
14.15and 16.

FigureZi･

Cエーnormal土Zed REE patterns forAllende olivine-rich chondrules 17
and 19.

FigureZi.

C=-normali2:edREX pattern fob.Allende olivine-rich chondrule 18.
Repeated analyses of two differentportionsof the chondrule,
sample 18-1and 18-2,show differentREE abundances.

Figure呈旦･

C=-normalized及EE patterns 卓orAllendeolivine-rich chondrules 20
and 21.

FigureBL.

Cエーnormalized 及EE patternsforAllende ol土vine-rich chondrules
22.23.24and 25.
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Some significant featurescanbenoted from the abundance

patterns. First. chondrules show considerable variations ln

absolute及EEabundance (0.15-10XC工). even in the same textural

type.Thebarred olivineand pyroxene-rich chondruleshavehigher

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

chondrules (0.15-4X C工). Second. Ce′Eu andYbanomaliesare
一

clearlyobserved formany chondrules. Third,Significantly laJrge

REE fractionations (隻.呈.. light/heavyREE fractionation)in the

generalpatternarenoted formany chondrules. Theseresultsare

partly 土n agreement With the observation of refractory

lithophiles in Allende chondrulesbyRUB=N andWASSON (1987b),

butmanifest substantiallynew traceelement features.

Although many casesofCeand Yb irregularities have been

reported forbulk chondrites (MASUDA生 卓立.. 1973; NAKAMURA and

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

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

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

anomalies have rarelybeen found forchondrules, excepta few

cases ofCeanomalies: a91ant-01ivine chondrule from Allende

(TANAKA旦互生主..1975)and two chondrules from theParnallee (LL3)

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

anomalies in chondruleshave notbeenwell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 %)analyzed show negativeEuanomaliesand both

negative and pos土t土VeanomaliesofCeandYbare found in the

samepopulation. ThemagnitudeoftheCeanomaly is,in general,
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smaller than those ofEuandYb.

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

anomalies)‖ina few patterns. For example.土tappearsthatmost

chondrulesshow smoothly fractionated (concavedownward)patterns

for heavy及EE (except forYb 土n some cases), butdata points of

Gd (or possibly Erand Lu)folr 2ofthe 25 Allende chondrules

(chondrule 2and 10)deviate significantly from the smooth curves.

On the otherhand. chondrule 12 seemstoexhibit an apparent

positive Gd anomaly ifa linear及EEabundancepattern 土s drawn.

Th土s pattern could be interpretedasamineraleffectsimilar to

thatofTypeB3CA=S (WARK生 卓立.. 1987).Theorigin ofpositive

anomalies atboth Ceand Gd′however′remalnsuncleaご. 工t is

suggested thattheapparentGd anomaly isaresult of artifact

due tomisleadingdrawing proceduresofREE abundancepatterns.

=t wassuggested that theRES fractionationbetweengasand

solid isnota smooth function of ionicradiusbutvariesin an

extremely irregular pattern with Eu and Yb anomalies, and

predicted thatthe tendency for parallelbehaviorofthe I-a-Sm.

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

considerations,itWouldappear thatapparentanomaliesofGdare

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

Hd土scont土nuitiesH.

ZnFig.26,themagnitudeoftheanomaly forEuorYb,taken

as indicators of light/heavy REE fractionation,are plotted

against La/Lu ratios. Zt isfound thatchondrulesenriched in

heavyBEE relative to lightREE show negativeYb anomalies, but

that those appreciablydepleted inheavyREE show posltlve Yb
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anomalies. Thus, it is suggested thattheYb anomalies were

produced by the sameorrelated processeswhich generate the

light/heavyBEE fractionations.Zt isshown thattheEu anomalies

aJrepredominantlynegative. Since there isno correlation among

Eu anomaly, Chondruletextureor chemicalcomposition, We rule

outtheredoxeffectand thecontrlbut土onof feldspar On the the

or191n Of the Euanomaly. 工t ismostprobable that the most

volatileREE, Eu, waspal-.titioned offtheotherRES during high

temperatureprocesses.

Figure呈色.

plots of CZ-normalizedEu/Eu'andYb/Yb★vs. La/Luratio for
Allende chondrules (★ denotes interpolated values). The
chondrules enriched in lightBEE relative to 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

enriched patternwith largene9at土ve anomaliesofEuand Yb. The

pattern seemstobe composed oftwo pal.tS; from lightto middle

及EE thepattern 土ssubstantially flatbutheavier及EE (Erand I-u)

show a sudden enrichment. Thismay beanewREE pattern not
I

previouslyreported for chondrulesoreven forCA=S,but could be

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

refractory componentand anunfL.aCtionated componentasmentioned

later. TheREEpatternsfor.oneBO,twoPP andoneRP chondrules

(4. 9. 10 and 13)areCharacterizedbydepletionofheavy REE

togetherWith thepresenceofpositiveYbanomalies, althoughYb

data onchondrule 13wasnotobtained. Thedegreeof light to

heavy REE fractionationsaredifferentamong chondrules. ThePP

chondrule 9exhib土tsa surprlsln91y anomalousREE patternwith a

smooth increase frOm工一a toEuandanabruptdecreaseatGdand ln

heavy RES, and with supe.rimposed largepositive (60%) Ce and

(170 %)Yb anomalies. TheBEE patternwith positive Ce and Yb

anomalies is complementofthepatternwith negativeCeand Yb

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

BOYNTON生 皇主., 1980).The abundancepatte･LfnofthePP chondrule

12 exh土bitsadiscontinuityatGd andadepletionof light REE

with thepos土t土veCeanomaly.

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

patterns of REE lnmany chondrulesappeartobe smooth but not

monoton土C.ForAllende chondrules1,2and 24.they are rather in

contrast to theabundancepatternsoftheBEE plotted against
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atomicnumber (Figs. 14-25)Which sometimes show largeanomalies

ofEuandYb. Thus, it issuggested thattheRES fractionations

of chondruleswerepartly controlledby elemental volatllitles

during high temperatureprocessessuchas condensation and/or

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

enriched pattern, vhich typically observed inGroup ==CAZs, La

isseverely depleted relative to theneighboringBEE.Thismaybe

due to theassignmentOfLawhich is lessrefractory thanNd and

Sm.
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=V.FELZXRESULTS

l.Petrography

Petr09raphic descr土pt土ons oftheFelix chondrulesand CA工

analyzed for traceelementsarepresented inTable 13.

Allchondrulesshow porphyr土t土c texturewithmainly olivineI

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

Fe,Niform discreterimsaround the chondrules.

Coarse-grained CA= #2maybeassigned toTypeBl (WORK and

LOVER=NG, 1977)from itstexture,constituentmineralassemblage

and chemicalcompos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-

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

sizedPt-groupmetalnu羽.etSinmeliliteandp∋rovskitegrainsinAl.Tirrichpyroxene.

#3 MicroP吋 Iyritictexttuewithlow-.ard high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)ard pyroxene(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 . ard high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.JrOnmicroprobe analysesofolivinesare

shown inFig. 27.01ivines in each chondrule areMg-rich,with a

large proportion in the range of Fa0-10･ Some olivines in

chondrules #4 and #5. wh土ch are polkilitically enclosed by

tvinned clinoenstatite, are Lmore fayalitic (～Fa25 ) ･ These

fayalitic olivines may be interpreted asrelicts of chondrule

precursor materials that were incompletely melted during･

chondrule formation (呈.且..NAGAHARA.1981).

The resultsofelectronmicroprobe analysesofpyroxenesare

shown inFig･28･Thepyroxene isMg-rich,in the range ofFs0-5･

Fiure21.

Compositionsofolivines in-Felix-Chondrules.- Mostanalyses fal1-

therange ofFa0-10 ･

FigureZB..

Compositionsofpyroxenes in Felix chondrules. Allanalyses ね 11

the range ofFs0-5 ･
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3.Bulk chemicalcomposition

The resultsofEPMA defocused beam analysesfor chondrules

and CAZ are listed inTables 14and 15. Theresults of MS=D

analysesfor the chondrules,CAZand fine-grained fractionofthe

Hbulk Felix chondrite'laregiven inTable 16.

The C=-normalized elemental abundances of constituent

componentsare shown in Fig.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
chondrulesand CA仁 Plotsarethe samemannerasinFig.9.
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3-1.Majorelement

The bulk chemicalcompositionsofthe chondrulesand CA=are

plotted SiO2-CaO'A1203-MgO diagram (Fig･ 30)･ Themajor element

compositionsoftheFelix chondrulesarealmostWithin the range

of those of ferromagnesian chondrulesanalyzed by S=MON and

HAGGERTY (1980) and MCSWEEN王立 至上. (1983)except for that of

chondごule #8.

Figure並 .

Bulk compositionsof chondrulesand CA= inFelix.Data forMg,Fe-
rich chondrules are from MCSWEEN (1977b).and for Ca,A1-rich
chondrules are from B=SCHOFF and KEIL (1983).
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The bulk chemical composition of chondrule #8 recalculated

to lOO %are given in Table 17, along with those of McSween's

type H = (MCSWEEN卓立 全土., 1983)and WarkTs cA chondrules (WARE,

1987)for comparison. 工t appears that chondrule #8 ispoor ln Fe

and r土cher 土n Al than those of type 工工工, and transitional in

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

(1987)suggested that plagioclase-rich inclusions in carbonaceous

chondrites are of two types: Ti,A1-rich group and Ti,A1-Poor

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

According to this classification. samples 3510 (CLARKE皇主 旦主.,

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

and 2LN (KURAT and KRACHER,1980)are of CA 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.
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3-2.Alkalisand alkaline earths

As shown in Fig. 29, abundancesofalkalis in the Felix

chondrules vary from 0.4to 1.2X C工 but alkalis in CA工 #2 are

strongly depleted (J～0.08x C=).

Rbidium isplotted againstK for theFelix chondrules along

with that for chondrules from Allende (Fig.. 31). As isthe case

ofAllende.X/Rb rat土○ 土sclose to thatofCエーS.

Figure旦1.

Relationship between C=-normalized Rb/Mg三三. X/Mg in individual
chondrules from Felix (solid symbols). Open symbols represent
Allende chondrules.
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Ⅰ3012Î!le'12u BH /qとJ
93

⊂〉

L

C

.a

.)A

t
u

oI
2'̂
!ttP)aJ

B
∑
＼
M

iL



Abundances ofalkaline earths in theFellx chondrules vary

from 1.2 to 5.4X C=. =n Figs.32and 33,plotsofCaヱ互. Sm.Sr

ヱ邑･ Sm and Baヱ旦･ Sm for the Felix chondrulesare shown 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 ispositively correlated with Sm. The
､

correlation between alkalisand REEwasalso observed 土n Ornans

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

Fiqure呈呈.

plotsofK/Mgヱ呈.Sm/Mg and Ca/Mgヱ星.Sm/Mg for Felix chondrules｡
Open symbolsdenoteAllende chondrules.

Fi_gur_e31.

plots of Ba/Mg 三三. Sm/Mg and Sr/Mg 竺呈. Sm/Mg for Felix
chondrules.Open symbolsdenoteAllende chondrules.
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3-3.Rare earths

=nFigs.34-37,CZ-normalizedREE abundance patterns for the

一一bulk Felix chondr土te一一.chondrulesand CA工 are shown.

The及EE abundance of llbulk chondrltellis 1.6-1.7X C工 and 土s

consistentwith =NAA results (KALLEMEYN andWASSON,1981),except
I

that a significantly large positive Ceanomaly (～20 %) is found

in this study. Minor irregularitiesatCeand/OrYb have been

reported for many carbonaceous chondrites (隻.呈.. TANAKA and

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

皇主.. 1978). TheseREE irreg■ularitiesare generally explained as

the heterogeneousd土stributlon ofanomalousREE component(S) 土n

carbonaceous chondrites. From theRE志 abundance pattern Ofbulk

Fel土x.a specificobjectwith pos土t土ve Ceanomaly isexpected.

Figure互生.

CZ-normalizedREE pattern fora lfine-grained fractionl of Hbulk

Felix chondritelt.open symbolsrepresent ZNAA data from KALI.EMEYN
andWASSON (1981).
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The rareearthabundances in individualchondrules (#4, #5,

#6, #7 and #30)are l.5-4x CZand show positiveor negative Eu

anomalies. 工n several cases. m土nor irregularit土es at Ce

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

observed. The C=chondrite normali2:edREE patterns of these

chondrulesarealmost flat.

早_igureiA.

C=-normalizedREEpatternsofferromagnesianchondrules #4, #5,
#6,#7,and #30from Felix.TheTEEpatternsaredrawnbyhe same
mannerdescribed inAllende chondrules.ZnFel王Xchondrules,data
points which deviatemorethan 3%from the fitting line are
regardedas 'Tanomalousl'.
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TwoA1-and Ca-rich (A1203)7 vt %, CaO)5wt %) Chondm les

show uniqueRES patteL.nS. Chondrule #8exhibitsthemosthighly

fractionated REE patternnotprevious reported on chondrules,

characterized by light REE enrichmentrelative to heavy REE

together with a rapiddecline inabundance from Eu to Lu with

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

anomaliesofrelativelyvolatileREE (主.隻..Ce.Euand Yb).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 #8frOm Felix.
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Calc土um.A1-r土ch 土nclusion #2Showsa nearly flatREE pattern

with anenrichment factorof 17-21xC=and a large negative Yb

anomaly.

Figure31.

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

l.Moderately volatile elements fractionation

Since冗 andRbareamOn9 themostmobile lithoph土1e elements

during high temperature events which might have produced

lldropletsllof s土1icaヒemeltsJalkaline elements fractionat土on mayヽ

constrain on the chondrulemelting processes. Thermodynamic data

(BREWER. 1953) show thatvaporization temperaturesof X20 and

Rb20 at totalpressure of 10-3atm are 1150 + 500c and 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 showed thatK is 50亀condensed atabout 7470c and

completely condensed at 6790C･

Dynam土c crystallization experimentsreproduced the texture

of chondm les with cooling ratesof 5-80000C/hr and melting

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

TSUCH=YAMA eta1.,1980a,b;PLANNER and KEEL,1982;HEW=NS,1983,

1988; HEW=NS生 卓立., 1981;LOFGREN and RUSSELL,1986).Assuming

liquidustemperature of 1500 0c and cooling rate of 1000 0C/hr,

Chondrules must have been above condensation temperatures Of

alkalis (～10000C)at least for 30minutes. Heating experiments

of the longduration above 1000Oc for lunarbasalts (G=BSON and

HUBBARD, 1972),chondriticmeteorites (GOOD=NG andMUENOW,1976,

1977) and syntheticbasalticmaterials (KREUTZBERGER 卓立 卓立..

1986) indicated that large elemental fractionationsoccur among

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

indicated thatalkalineelementsevaporate in theearly stage of

thevaporlzat土on sequence.

However.thevolatileelement contents in chondrulesarenot

so depleted compared With those in C=-Chondrites. W=LKEN=NG et

亘と. (1984)Showed that the lithophilicvolatileelement Zn isnot

depleted severely inChainpur (LL)Chondrules. TSUCH=YAMA 卓土 塁主.

(1981)showed thattherateofvolat11土zationofNa from S土1icate

melt spheres istherate-controllingprocess, and suggested that

chondrules experienced an instant heating followed by an

immediatecooling. HEW=NS (1988)suggested that 1000 Oc/hr isa

good estimateoftheaverage cooling rateof 'classicT olivine-

rich chondrules, 年nd argued that thiscoolingrate isnothigh

enough toallowNa tobe retained by chondrulesin hot nebular

gases under reducing conditions. Based on thermal diffusion

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

duration ofeachheatingevent shouldbe lessthan 0.OI second

for chondrules.

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

chondrules show considerable abundancevariationsofalkalis.but

havea constantK/Rb ratio close to that-ofC=!-SーThis isclearly

illustrated for Allende chondrules in Fig. 38. The most

straightforward interpretation for theconstantX/Rbratio (close

to cエーS) observed for theAllende andFelix chondrules is that

vaporization lossofalkalisaccompaniedby K/Rb fractionation

Wasnot significantduL.ing themeltingevent. tn addition, the

lack of any correlat土Onbetweenalkaliabundanceand chondrule
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mass observed 土n Fel土X chondrulescanalso be considered to

support the 土nterpretatlon thatalkalilossfrom chondrules was

minor. 工t impliesthat the precursormaterials had the C工 K/Rb

ratio. On the other hand, inview ofrapid cooling (> 1000

oc/hr) forbarredolivine chondm les, it issuggested that the

melting-vaporization processfor some chondrulesWas kinetically

controlled.yielding nO Substantialfractlonat土onofthe alkalis,

even if vaporizationofalkalisWassignificant. =tcannot be

ruled out that the lowerabundancesofalkalisand the constant

K/Rb ratio for someolivine-rich chondrules (Fig. ll) i+esulted

fromvaporization lossduring chondrule melting. Unfortunately,

furth占r implicationsmaynotbeproperly evaluated becausealmost

no experimental data on thekineticbehaviorof the alkaline

elementsareavailableatpresent.

Figure旦旦.

plot of C=-normalized K/Rb ratiovs. K content for Allende
chondrules･ 工n spiteoftexturalandmaコOr Chemicaldifferences.
chondrules have a constantK/Rb ratioWhichdoes not deviate
significantly from theCZK/Rb ratio.
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Zn any case,considering the simplei.egularity ofthealkali

abundances inevery texturaltypeof the chondrulesexamined 土n

this work, ve suggest thattheK/Rbratioclose to the C='S,

togetherWith largeabundancevariations, wereproduced prior to

thechondrule meltingevents, dur土n9 format土onand/Or accretion

ofchondrule precursormaterials. FrOm theaboved土scuss土on, it

issuggested thatthemuchmorerefractory lithophiles, REE,Ba,

Sr,Mgand Cadidnotexperienceappreciablevaporization lossin

thechondrulemelting event.
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2.Rare earth element fractionatlon

Many Allende and Felix chondJm les show light/heavy BEE

fract土onatlonsand anomaliesofCe′Eu and Yb.Since thereare no

correlations among Eu anomalies, absolute BEE abundances,

light/heavyBEE fractionations or Ca contentsofchondrules, and
I

because the solid/liquid partition土n9 0felementscannot produce

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

seems likely that the origin ofCe,Eu and Yb and light/heavyBEE

fractionations did notresult fL.Om SOlid/liquid partitioning of

BEE in the plag10Clase-or clinopyroxene-bearing assemblages. As

inferred from Figs.9,10and 29,elementalvolatilitiesmayhave

played an importantrole in l土thophile element fract土onations.工f

this is true, the observed REE fraCt土Onations in Allende and

Felix chondrules canbe reasonably explained by gas/solid (or

liquid)fractionation processesathigh temperature in the nebula.

S土m土1aご butmore pronounced anomaliesand fractionations of

REE have been reported for the Group ==CA=S (TANAKA and MASUDA,

1973; MARTZN and MASON, 1974;L.GROSSMAN and GANAPATHY,1976b;

L. GROSSMAN eta1., 1979;CONARD,1976;MASON and MARTIN,1977;

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

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

inclusions Cl (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 the equilibrium condensation theory (BOYNTON,

1975,･ DAV=S and L.GROSS比AN,1979;BOYNTON and CUNN=NGHAM,1981;

DAV工S旦互生主., 1982).the heavyREE depleted pattern isexplained
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as due tothepresenceofcondensateswhich formed from the gas

after removalofultra-refractory elements. On theother hand.

the heavy REE enriched patteL.n isthoughtto represent early

condensates from a gasof solar composition or vaporization

residuesofdustswith the solar elementalcompos土と土on.

The newly foundREE fractionation fortheBO chondrules (1
1

and 2) mayalsobeexplainedasrepresentingakind of ultra-

refractory component asinferred from theGrOup 工工 CA工. FG13

(DAVtSandL.GROSSMAN,1979).The less-pronounced fractionations

and lowerabundancesof及EE for chondrules.compared to CA工S,may

be understoodasthe following. The及EE-carriersin chondrules,

formed fi+om highly fJraCtionatedREEmaterials suchasGroup ==or

from ultra-refractoryREE components. Theywere then diluted by

unfraCt土Onated componentstoyield theobservedREEabundances in

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

patternsfound 土nchondrulesappearstObeexpla土ned 土n terms of

equilibrium gas/solid fractionation processes similar to those of

CAZs (DAVZSandL. GROSSMAN,1979).Hence,it isconsidered that

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

fractlonationprocesses.

The REEpatternsofAllendePP chondrule 9andFelixAl,Ca-

rich PP chondrule #8aredifferent from the CA chondru-i-e RC-ll

(WLOTZKA andPALME, 1982), and quiteremarkablewhen compared

with thoseofGroup 二王CAエS.First′ 1土9htREE fract土onation. that

is,monotonic increase inabundance from La toSm,isrecognized.

Second,positive Ceanomalyup to 50%exists. Third,negative

Euanomaly. common inGroup 工工 CA工S. isnotobserved.Asa result.
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the pattern appears tObe a new type ofGrOup 工工 or possibly

related to Group ==A termed by DAVtS and L. GROSSMAN (1979).

chond,rite-normalized lithophile elementabundancepattern of the

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

similar tO thatofAllende chondrule 9and Fel土Ⅹ chondrule #8

(Fig.39),except that alkaline elementabundances aredepleted
I

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

chondrite.Themineralogy ofA-2 (melilite + fassaite + anorthite

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

Allende chondrule 9and Felix chondrule #8.

Figu.L.e 32.

Comparison between Felix chondrule #8andAllende coarse-grained
CA=, A-2 (CONARD, 1976). =tappears that lightBEE abundance
patterns ofboth samplesare in good agreementeach other. The
heavier REE (主.呈.. the mostrefractoryREE′ Er and I-u) are
depleted in chondrule #8compal.ed with thatofCA=A12.The group
H REE pattern Such aschondrule #8and CA= A-2 with slight
negative Eu anomaly may be reflected themixing ofat least two
RES-bearing components (主.隻.. a fractionated 及EE component and
a chondr土ticREE component).
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=n addition toanomaliesofboth CeandYb, Felix chondrule

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

fractionation isnotpronounced, it issuggested in termsofBEE

featuresthatrefractory precursormaterials inchondrule #3 may

be similar in composition to thoseofchondrule #8. Thepositive

anomalies at Ce andYb for chondrule #3may be qual土tat土Vely
､

explained bymixingbetween fractionatedRES componentssuch as

precursorsofchondrule #8and chondriticcomponents (Fig. 40).

Alternatively, refractory precursors ofchondrule #3may have

scavenged the later stage (主.呈.. lower temperature) condensates

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

Figure坐 .

Assuming that Felix chondrule #8iscomposed ofa -mixture-of
refractory and chondritic components,we canobtaina-refractory

end member (皇･旦･′ REEchondrule #8 ≡REE2.25X Cエーchondrite +

REErefraCtOryendmember)･

C=-normali2:ed REE abundances inaFelix chondrule #3compared to
theabundancepredicted tomixingmodel.Notethe irregularity in
the 及EE abundancesin the chondごuleand the depletion in the
heavyRES aspredicted foramixingmodel(lower).
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Fig.40
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According to thermodynamicequilibrium calculations, it is

shown that the及EE patternofGrOup 工ェCA工Swasestablished when

the REE ve.Are in the gasphase inequilibrium with an ultra-

refL.aCtOrY COmPOnent. Thepal.ticularREE patternofchondi.ule #8

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

thermodynamic calculationsdid not show lightREE fractionation
l

and positiveanomaly atCe. TheGroup H REEpatternwith slight

Eu anomaly ofchondrule #8maybe reflecting themixing of at

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

Alternatively, theREE patternwasreflectingamore complicated

history or even a disequilibrium origin Of the chondrule

precursoL.S. The isotopICdata showed that thehomogenizationof

thematerialinthe solar system wasnotcomplete, and that the

thermal history of the solarnebulamayhavebeenmore complex

(隻.且.. CLAYTON生 卓立.. 1974).On theanalogy ofevaporation/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 ofbothCeandYbwererecently reported in h土bonites

(呈.呈.,MUR-31)from CM2Murchison (=RELAND旦主全土.,1986)and CAZs

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

suggested that gas/solid fractionations, whichweresimilar to

CA工S.Occurred inthenebulawhere the chondruleprecursor was

formed.

For these reasons,it is suggested thatrefractory precursor

components ofAllende chondrule 9andFel土X chondrules #3and #8
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werenot formed from Si,Ca-richmeltsproduced during evaporation

of primitive dust aggregatesand separation from splne1-rich

residues (KORNACKZand FEGLEY,1984;B=SCHOFF and KEZL,1984)but

from condensates during the gas/Solid fractionation processes

occurred either in the solar nebula (BOYNTON. 1975)or 土n the

presola.L.environment (WOOD,1981;FEGLEY and KORNACKZ,1984).

An increase of oxygen fugacity in the nebula makes Ce

volatile (BOYNTON, 1978).YtteL.bium exhibitsthe opposite effect

and becomesmore ref.JraCtOrY like otherheavierREE (BOYNTON and

CUNN=NGHAM, 1981,.DAV=S卓立皇主.,1982).The presence ofanomalies

of both Ceand Yb inAllende chondrules 4, 9and 24′ and Felix

chondrules #3and #8suggests, therefore, a complicated history

of chondrule precursors. Alternatively. processes such as an

instantaneousvaporization ofdustparticles. thereby generating

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

condition). may be important for these specific 及EE

fraCtlonations. 工n any case′concern土n9 tO the Ce anomaly of

chondrules. the canonicalredox statesofthe nebulamay notbe

acceptable.

The depletionsof Mo, W,V,U,and Ce in CA=S (FEGLEY and

PALME. 1985,･ BOYNTON and CUNN=NGHAM, 19817NAGASAWA and ONU比A.

1979).the occurrence ofhibonites in a variety ofcolor (工H工NGER

and STOLPER, 1986), and the high FeO contents in clinoenstatite

(JOHNSON, 1986) indicate moreoxidizing conditions than the

expected for primitive solar nebula.

MCSWEEN etal･ (1983)suggested that type H (主.隻.. FeO-

rich) Chondrules must have formed from more highly oxidi2ied

117



precursor materials than type 工 or 工工工 (主.隻.. FeO-poor).

Chondrules 7 and 22. whichmaybeoftype 工工 in terms of the

compositionsofolivineand splnel. do notexh土b土tCeanomalies.

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

exhibit weak negative Ce anomalies. Hence.the redox state

estimated from theFe2十 content lnoliv土neand splnelappearsto
conflict with that fL.Om thedegreeof the Ce anomaly. Redox

states indicators for chondrulesmaybeunderstood as implying

thatCeanomalieshad beenproduced prior to the timewhentheFe

redox system wasestabllshed 土n the chondruleprecursors.

The REE patternofCAZ #2maY be classified asaGroup H Z

及EE pattern (MARTIN and MASON,1974)but theEuabundanceappears

unusual. The negative Yb anomaly isnotaccompanied by a Eu

anomaly ofcomparable size. From thecondensation calculations.

it is suggested that at the temperature of 50 % oxide

condensation, Eu ismorevolatile thanYb (KORNACK=and FEGLEY,

1986). Thus,oneof the possible explanationsofthispattern is

that the precursormaterialofCAZ #20riginallyhad negativeEu

and Yb anomaliesofequalmagnitude (like thenormal Group tH

pattern) With Eu being added to itasa later stage condensate.

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

unaffected.Alternatively.theREE patternreflectsa complicated

history or may be adisequilibrium origin Of the inclusion

precursor.WAREand LOVER=NG (1982a,b)suggested thatTypeB CA=S

are residues from theheating and incomplete evaporation of

interstellardustduring theaccretionoftheprotosolar nebula.

Similar Group H Z REE patternshaving lower CZ-normalized Yb
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abundancesthanthatofEuwereobserved inmeteorltlch土bon土tes.

especially inCM2Murchison (EKAMBARAM室 生と.. 1984.1985;FAHEY

坐 il,,1987)･
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3.Refractory traceelementsfraCt土Onatlon

The elementalcorrelations illustrated inFigs. 11113 and

31-33.andREE fractionationsobserved formanyAllende and Felix

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

results ofaccretionofdifferent typesofprecursor materials.

=n view ofpositive correlationsamong these refractory elements

as veil asthemoderatelyvolatile elementsK and Rb, it is

suggested that at leastoneof theprecursorcomponentsof the

Allende chondrules was en出 ched 土n alkalis and refractory

elements and had a constantX/Rb ratio close to that of C工■S.

These correlationsshow that theelementaldistiY.ibutions in the

precursor materials hadnotbeen establishedby the fractional

condensation sequence. There isa largediffel-ence (～600 CO) in

condensation temperatures between K and Sm (L. GROSSMAN and

LAR=MER, 1974). Such a trend could notbeexpected for nebular

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

liquid)pal,titioning.

The mostplausiblehint couldbe thatalkalisand REE aiPe

both large ion lithophile elements and have geochemical

affinitiesfor specificphasesunder some conditions. The close

correlations ofalkalisto refractory elements-observed in CA=s

are believed tobe theresultofthereactionofmel土1ite with

nebular gasenriched in alkalis (WARK, 1981; MACPfIERSON卓立 至上..

1981; =KEDA, 1982). Drasticchangesin the compositionof the

ambient gasmayhave occurred in theregionOfthe nebula Where

precursor materials Were formed efficiently. tf dust grains
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enriched ln refractory elementswere removed into cooler nebular

re910mS prior to the totalcondensationor evaporation of REE.

theymayhave reacted with the alkali-rich 9aS.and feldspathoids

may have formed asby-productsof thealteration process (Fig.

41). Such a poss土b土1itym土9ht fit the turbulentproto-planetary

cloud modelofMORF=LL (1983)･.=n the same way,the positive

correlationsofAl-Na for someUOC chondrules (DODD,1978,.LUXi

吐 .. 1981) and ofREE-alkalis for Qingzhen (EH)and Ornans (CO)

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

could beexpla土nable.

Figureil.

Schematic diagram of alkali-alteration processes for refractory
precursorsofchondrules.
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The Allende barred o1土vine chondrulesshow a systematic

depletionofCarelative toREE ofsimilarvolatility.One ofthe

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 andBa in some Allende and Felix

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

might be scavenged to the specificphasesenriched in Sr and/or

Ba such asdiscovered inAllende (TANAKA虫 垂主..1976;TANAKA and

OKUMURA, 1977)and ina CAZfromEssebi (CM2)(EL GORESY生 生と.,

1984).=nany case,further studiesarenecessary to confirm this

explanation.

A problem thenariseswhether theprecursor materials of

chondrules are the sameasthose for CA工s or not. 工n this

connection, it ispointed out thattheSmヱ星.Cadiagram for the

AllendeCA=S (Fig. 42)doesnotshow a cleartrend like that for

thechondrules (Fig. 12). =t issuggested, therefore, thatBEE-

CaJrriersin chondruleswerenotcontributed bya specific type of

CA工 butthat s土m土1arREE fraCtionationprocessesprevaileddur土n9

the results of oxygen isotopiC Studies which indicate that

Allende chondruleshaveadistinctlydifferent trend of oxygen

isotopic composition from thatofCAZs- (CLAYTON生 卓立., 1983,

1987a.b).
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Figureii･

plot of Smヱ邑. Ca forCa,A1-rich inclusionsfrom the Allende
chondrite. Data are from MASON andMARTIN (1977)and MASON and
でAY工一OR (1982). 工n spite of the positive correlation for
chondrules, the datapointsforCA=sare scattered, indicating
that specific types of CA工sdid not cont出bute to the REE
carriers inAllende chondrules.
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Asalreadymentioned,heavyBEE enrichmentrelative to light

REE isdominant inAllende chondrules. =naddition, negativeEu

anomaliesarepredominant. posiとive Ceand Ybanomalies′on the

other hand, appear tobe compensated by thoseofnegativeones.

工ftheREE compositionwas identicalto thatofCエーchondr土tes ln

the Allende chondrule formation location, refraCtOry llthoph土1el

precursorsofAllende chondrulesmusthave lost somede匂.reeofEu

and light RES (i.i., moderately refractoryBEE) during their

formation. Massbalance constraintswould then require that REE

component of lost materialhad positiveEu and/01- 1ight REE

enrichment relative toheavyRES. ThematrixandGroup H CAZs

appear tObe themostplausible candidatesfor the complementary

components.

Matrix materials may havebeen formed from later stage

nebular productsand expected tohave them土ssln9及EE components.

DetailedREE featuresoftheAllendematrix. however, have not

been established. Group 工工 CA工S. which aredepleted in themost

refractoryBEE (隻.呈., Luand Er)relative to lightREE,couldbe

one ofthe candidates for lightREE carriers.

=t is suggested that refractory precursors of Allende

chondruleswererelated to thistypeofCA工S.工ヒエspossible that

avery large fractionof theultra-refractory componenthavebeen

scavenged byAllende chondruleprecursorsfrom the nebular region,

whereGroup H CAZswere formed･ Thisalso explains inpart Why

theultra-refractory inclusionshavebeenmainly identified inCM

and CO chondrites (皇･旦･' BOYNTON eta1., 1980; PALME生 亘と.,

1982; EKAMBARAM生 卓立･. 1984.1985; ELGORESY生 皇主..1984)but
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rarely in CV Allende.

=t is suggested thatCV and CO chondruleshave formed in a

re910n Of the nebula where the refractory l土thoph土1e precursors

above mentioned were accreted. These chondrulesmust have been

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

in acoolgas,and instantaneousvaporization ofdust and icemay

have been generate oxidizing conditionsand thusvolatile loss

from the chondrulemeュtmay have been reduced.
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V=. CONCLUSIONS

(l)TheabundancesofK andRb inAllendeandFelix chondrules

show large variationsamong thechondrules. =n spite of the

textural andmajor chemicaldifferencesOfchondrules, the冗/Rb

ratioofchondrulesarequiteuniform and close to thatoftheC工

ratio, indicating thatK/Rb fractionationdid notoccur during

chondrule-formation melting eventsand/orvapori2:ation loss of

alkalis was not significant, and thatone of the precursor

componentswasenriched 土nalkalisandhad theC工 K/Rb raヒエO.

(2) The RES abundancesare fractionated among individual

chondrules. Particularly the barred olivineand pyroxene-rich

chondrules often show light/heavy REE fractionations and/or

definitely largeanomaliesofCe,Euand Yb,indicating thatgas-

solid (or liquid) processesyieldingRES fractionations took

place during the formationofrefractory precursors, and that

these fractionation processeswereubiquitous in the region Of

the nebulawhereCO and CV chondrule precursorsformed.

(3)Positive correlationsare foundamongREE, Ca, Sr,Ba,K

and Rb for the chondrules. They are interpreted in terms of

mixingofdifferenttypesofprecursormaterials;Chondrulesrich

in refractory element sampledmore efflc土ently alkalエーbearlng

refractory lithoph土1eprecursors.
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