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工. 工ntrOductiOn

工a.Historicalrevゴ.ewonthestudユesOfthebユOpyriboles

ThestructuralrelatiOnshユpsbetweenthepyrOxenesandamphibOleshave

beendiscussedsincetheear]-ystageOfthecrysta二LstructureinvestigatiOn

OfdiOpsideandtremOlite(WarrenandBrag9,二Lg28;Warren,lg29).The

replacementOflthepyrOxenebyamphibOleandviceversahasalsObeen

studiedfrOmthepetrOgeneticユnterests(GOldschmidt,1911;KOzuetal.

lg27;Bar'nes,1930SPOsnjal〈andBOwen,].931;TOnita1965;Papikeeta1.

二Lg69;DesnOyer,lg75;Smユth,lg77;Yarraguchietal.,lg78;Nakajima

andRibbe,lg80,]981etc.).TheinterestsandprOgressesOfthestudユes

OnthebiOpyribOleshasbeencarriedOutOntheextensiOnOfthese

previousrnユneralOgica二LandpetrOユ09ユcaユinterests.

⊥. StructuralrelationshipsamOngthebiOpyribolesandpOlysOmatism

工)BiOpyribolesandtheirnOmenclature

ThOrnpson(lg70,lg78)discussedtherelatiOnshipbetweenthe

structuresOfpyrOxene,amphユbO工eandmica,whichhadfirstbeensしlggested

byJacksOnandWest(lg31).Thompsonstatedthata]mphユbolesarefactOred

by(OlO)cutsintOlayersthatarealternatelypyrOxeneandtriO-

ctahedraユmユca(ortaユc).Thispoゴ ■1七 〇fviewcOntained七hepredユct10n

thatnewstructしu℃sduetovariOuscOmb工nat工Onsoft'nesepyrOxene

rncduユesandrnユcamOdulLesmaybepresent.HeprOpOsedtherevival

useofthetermofbiOpyribolecollectivelyfOrallthesechainand

sheetsilicateS.whユchwasfirstusedbyJOhannsen(=L911)
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Varゴ.OususagesOfbiOpyribOlenOmenclatureal?esumma]?izedasfollOws3

BiOpyribOlenOmenclatures

Biopyribole:cOllect⊥ ▽elyreferstOagrOupnameOfal工chain

si]-icatesandsheetsilicates(frOmpyrOxenetOmicaOr

talc),Or,inrecentusages,referstOanymember

oftheseriesextendirlgfrOmpyrOxenetOmユca

(ThOmpsOn,lg78,ユ981)

:cf.classicalbiopyrlboles,non-

classicalbiOpyribo=Les,newbiOpyribOles.

Pyribole:referstOagrOupnameofallchaユnsilicates,or,inrecent

usages,referstoanymemberOfthechains工licates.

cf.wide-chaユn(pyriboles),multiplechaln;refersto

silicatechainwidertharldOuble.

HydrQuspyrユboles:referstOpy]7ユbOlesexcludingPyrOxene.;cf.an-

hydrouspyribOles(「pyroxenes)。

ClゴーnOpyribole,OrthOpyribole,PrOtOpyribOユe:cO]一].ectivelyrefertoalユpyribOles

havingthestackingsequencefOundinclinOenstatite,epstatユte

andprOtOenstatiterespectively(Veblenetal.ノ1977).

Mixed-chainpyribOles:referstopyribo=Leshavingsilicatechainsof

mOrethanonewユdth.

Chain-widthdisorder,chain-widtherror,chain-widthdefect,(str'ucturally●
disordered):referstOthestatesOfdisordered

sequenceofsilicatechainwldths.

⊥



工i)POlysOmaticseriesandpOlysOmatユsm

ThecOnceptOfbiOpyribOlewaselabOratedandgener・alユzedintO

thecOnceptofpolysOma,tism(ThOmpson,lg78,lg81).Th工stheOret工calpo工ntOf

v⊥ewbyThompsOnhasbeenestablユshed
,basedOnanextensiOrlof零 一

interestsOfthemしLtuaユrelatiOnshipsOfcrystal

structuresofpyroxenearldamphユbO]-e,whichweresug£estedbyWarren

(工g29),andJacksOnandWest(1931).PO].ysOmatまcse「 ユes(○ 「POlysOmes)

isaseriescOmpOsedOfthecrystalsthatmay

beregardedasmadeofinterlayeredchemicallydistinctmOdulestaken

frQmdifferentcrystalsandsuchaphenQmenOnユscaユ].edpolysomatisrn.

ThOmpsOn(lg78)prOPOsedthesecOnceptsinsteadOfthecOnfusedandincorrect

usagesofmanydOncepts3mixed-layerpolytypism,heteropolytypism,

hOmOpolytyp工smandhomOlogOusseries.POlysomaticrelatiOnscanbefOund

ユnmanyrn〔tneralgroups.AnexampleofpolysOmaticser工es

cOntainingbiOpyribolesユsshowninthefOllOwi㎎f工gure.Thefigure

isderivedbymodifyingFig8inThOmpsOn(lg78).Newphy工lo-

silicates(1:1:lx2),(1:1:1)(Akaユ,lg80a,1982b)arealsoP10tted

inthefigure.
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Ch:Chesterite,Jt:JimthOmpsOnite,Anth:Anthophyllite,H㎜:H㎜ 正te.

ser■es

BasedOnthecOnceptofpQlysomatism,wecanpredictnewpolysomeswhユch

arestructura]ユypOssユb] .ebutarenOtfOundyet3forexample,d二 〇ctahedral

amphibOles.wLthdまOctahedralmicamOdしLles,newb工Opyribolessuchas

quadruplechairls土licate,mixedchainsilicatescOml)OsedOfs工ngleanddOuble

chains,andsOOn(ThOmpsor1,lg7Q,lg78,lg81)These

predictiOns,however,dOnOtindicatetheirexactstabゴ.litまes.

[lhestructuralchangesam・ngbi・pyrib・ ユescanbecalledasp・1ys・maticreacti・ns・

POIysomatlc「eactiOnsinbioPyribolesare,therefOre,expressedasreactiOnsthat

changesonepolysOmetoarlother3forexample,pyrOxenetOainphibOle,

py]70xenetOtrip工echa工nsi工licate,amphユboユetOpyrOxeneect..
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OrderedpyribOles(newm工nerals)andtheircrystalchemistry

エ)Newrnゴneralsandtheircrystalchemistry

Fournewrnゴneraユswithtrip].echaユnstructures(JimthOmpsOnユte,

clirr・ 」血th・mps・nite,chesterまte,m。n。cエi「licanal。gue・fchesterユte)

werefirstdiscOveredbyVeb].enandBし ロ抽am(lg75,lg76,1978a,b)・[Phey

occurredintheblackwa二LlzoneoftheCarletontalcquarry.a

metamOrphOseduユtrarnaficbody,nealrChester,Vermont。Veb].enarld

Bし[rmbam(lg78a,b)describedthem工ndetail、

ThecrystaldataOfthesenewmineralsareas

J工mthOmpsonユteCl⊥noji皿thomPsOn工te

OrthOrhombic

む
a=18.6263A

b=27.2303

c=5.2970

Pbca

Z=

MOnOclinic

a=9.874

b=27.24

c=5.316

◎ ・=109・470

92/9

fo].IOWS (VeblenandBurr曲m,lg78b);

Chesterite

OrthOrhOmbic

a=].8.614

b=45.306

c=5.2966

些21堕

MOnOcl工nicanaユ09

0fChesterユte

MOnOclユnic

a.=19.867

b=45.3工

cニ5.292

昏=109・70

A2/m,AmOrA2

蹴'OS"2032"'Z・2[(Mg,Fe(OH)4」)・ ・Si・2・3許4[(槍1語 　'20

VeblenandBumham(lg78b)als。sOlvedandrefinedthecrystalstructure

ofthesenewm工neralsandcharacterizedthemcrystalOchernlcally.Thenew

mirleralssharemanyofthecrystalchernicalattributesOftheOtherlOw-calcium

pyrユbOles(VeblenandBurr血am,lg78b).AccordlngtoVeblenandBumham(lg78b)and
一 ノ

Veb'en('981)thec「ystaユche血st「yOfthenewpy「'bO'es耀 ㎜ ユzedasfO'ユows・

ki・sy㎜etricallydistincttriplesユlicatechainsaref。unδinthe

」㎞th・mp・ ・nit・ ・t・u・t・r・,・all・dth・A-andB-・h・ ユ・・;th・ ・e・rean・1・g。 。,

t・theA-andB-chaユnsin・rth・pyr・xenesand・rth・a・r
、phiヒ。1。,.Th。A-chain,

lieb・tween(100)・ctahe(irallayer・having・PP・site。ctahe(lral。 。ientatユ 。。s

(b・tween+and-,。 。b・tween-and+)
,w皿 。B.。hai。 。li。b。tween。,t。h。dr。l

lay・ …flik… ユ・nt・ti。 ・(b・tween+and・
,andb・tween-and-)(2)E。,h

Oftheset「ipl・ ・h・ユn・h・ ・three・ymn・t・ ユ・alユydi・ti・ ・tt・t・ ・h。dr。3t。 。

■r7Ltr,ertet「ahe(i「a・Sエ ユandSi2
・an・!・9。 ・・t・th・inn・ ・t。t。 、h。dr。(Tl)。f

a「nphユbolesandthetet「ah・d「 ・ 。f・heet・il・ ・at・ ・
,・ ・d・ne。ut。r',n。,tt。 舳,曲 。,

上
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Si3,whユchisanalO90ustOthetetrahedrOnOfapyrOxerユechaゴnOrtheOuter

tetrahedron(T2)ofamphiboles.UsingtherangeOftetrahedra10_Si_O

anglesasasimplemeasureOfdユstOrtユon,itisfOしmdthattheOutermOst,

pyroxene-liketetrahed]?aina工lofthesestructuresareratherdistOrtedcOmpared

withtheother,mica-1ユketetrahedra.ThesedistOrしiOnsariseprima]?ily

becausetheOutermOsttetrahedrashareO'"● ●●Oedges,Ornear]-yshareedges,

withtheOutermostMcat土onpOlyhedraOftheOctahedralstripsOfthe

structures(M5intriplechainsi]ユcates,M4inamphユb6].es,andM2

inpyrOxenes).(3)[[b7iplechainstructしu℃scOntainwidestripsOfcation

po].yhedra.ThecoOrdinatiOrユpolyhedrOnoftheOuterrmostcatiOnOfthestrゴ.P

(M5)isquitedユstOrted.TheinnerpOlyhedra(ML,M2,M3,M4)are,

however,muchmOreregularoctahedra.「 工hedistOrtedOutermostpOlyhedraare

ana10gOustOthedistOrtedoutermOstsユtesOfamphユboles(M4)andpyroxene(M2).

Lゴ.keyユse,theregrユlar'ゴnnerOctahedraOftriplecha工npyribplesareanalOgOus

totheregularOctahedraOfamphゴ.beles(M3,IYIl,D,!2)andpyrOxene(Ml).

(4)NewpyribOlestエuctu]pesa⊥sOpOssessA-sユtes,analogOustOtheA-sites

ofamphibolesandtheinterlayersユtesOfrnicasandtalc.Asintheamphユ ー

b・1・C・,th・P・eci・eg・ ・m・t・ ユes・fth・A-・it・ ・d・p・nd。nth・ ・。tati・n・ ・f

tetrahedraゴ.nthechaゴnsandthedisplacementparalleltOc

betweensix-memberedtetrahedralLringsinthetwochainsthatcoordinatethe

A-site.UnliketheA-sitesOfmOstamphibOles,hOwever,thOseOftriplecha血

pyribOlesdOnOthavemlrTOrsymmetry`(5)BasalOxygenlayersOfa二L工

thechaゴnsゴntheChesterbiopyribolesare"warpedI「OutOfthe(100)plane.

[[hesamephenOmenOnalsoOccし 江ersユnpyrOxenesandamphibO]es.Thecha工nsOf

erユstat工tearenotsOwarped(MOrimotoandKotOlg69)asthOseOfthe

thewiderchalnsilicates,andthedOubleB-chainsOfanthpPhy]ユ ユteand

chesteritearemorewa]?pedthananyOfthesユngleOrtripleB-chains.

(6)RefinementOfM-siteMg-FeoccupanciesfOrjユmthOmpsOnite,clino-

jimthOmpsOnユte,andchesteriterevealsthesameOrderingpatternObservedin

th。 ⊥。w。al,i㎜py。 。xene。and。mphユb。1es,F。2+isc。 。。entrat。di・th…t・ ・

,distOrtedsites,while㎏preferstheinner,mOreregularsites.
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ii)OccurrencesOfnewminerals

[[7)enewmineralsfrOmVermOntalユoccurintheblackwallzOne(chlOrite_Or

biOtユte-beari㎎metasOmatlcreactionzOne)QfmetamOrphosedultramaficbody.

TEhegeneralizedzOningsequencefromcOuntryrOcktOultramaficbOdyis:

(1)㎜scOvエte-quartz-garnetgneiss;(2)aユteredgneiss;(3)biOtiteand

chlOriteblackwall3(4)actinolite;(5)talc3(6)talc,magnesite,and

serpentir1土te.ThesimplifiedzOnユngsequenceObservedintheb] 一〇ckcOntainエngthe

newpyribdlesユs:(1)chlorite3(2)fibrOustalc;(3)fibrOustalc,

jim'th・mps・nite,clユnOjimth・mps・nite,chesterite,them・n・clユni.canaユ ・g・fcheste-

rite,anthophy1工iteandcしumtngt.Onユte;(4)anthOphyllite,cummin護Onユte,

chesterまte,themOnoclゴnユcanalogofchesteriteandactinolite;(5)actinolite

andmassユveLtalc.ActinOliteandanthOe .hyllitecO㎜onユyoccu]rasOriented

intergrOwthonplanesnear(100),attaininglen6crじhof5cm.[[henew

m⊥neralsarepartofaretrOgradereactionsequencefrOmarlthOphy]ユiteto

talc.ThisamphibOle-tO-micareactユOnmechanユsmisnOt

sゴmple,butratherproceedsbyrecOnstructionof

double-chairlI7beamstOfOmmixeddOubleandtr工p].echaユns,pしme

triplechains,andfinallycon七inuoussheetsofsilicatetetra-

hedra.工tユsnotyetcILearwhetherornOtOtherphasesarea⊥sO

partOfthereactionsequence・

OthertwOOccしmreneesofthenewmユneralshavebeenpreli皿 工narilyrepOrted

bytheauthOr(Akai,lg80b;SatOandAkai,lg81).Hef'OundtwOspecimens

whichgaveadequatepeakintensitytObeidentifiedasatriplechai.n-

silicatebyX-raydiffractOmetry;theOnefrOmWidgiemOOIta,

Australia(sampledbyKatOandMatsubara,andkindlyOfferedtOthe

authOr)andtheOtherfrOmTakaragawa,GumnaPref,Japan(SatO

andAkai,エ981).
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[[hecharactersfOしmdinthetr土plechainsi1ゴ .cate

fOrtheidentiSicatiOnare⊥istedlnthefOllOwing
.

whicharevaluable

工dentifゴ.catiOntableofthetriplechain

andclinOjimthOmpsOnite)

sil工cates(JユmthOmpsOnite

UndermicroscOpe

(smilartOamPhibOle^fibrousamphibble)
O

lOwercleavageεmgle≒ 工35

(OlO)intergr℃wthofanthOphylliteorotherbiopyribole

X-raydiffractOmetry

(usefuユOnlywhentheminera].sarein!argeenoU帥amOunts)

(usuallybiopyribO=Lemユxtures)

10w-anglepeaks(2θ 〈IL50♪areespeciallyusefu]一.

210peakOfjimthOmpsonitecanbeseparatedfrOm

arlthOphylliteandtremOlite.

Chernユstry

(veryclOsetoanthOphylliteOrcummユngtOnユte)

descri'nationisoftenimDossible

X-raysi㎎ ユecrysta■methcds&EDtechniques

(Identifユcationispossible)

匝nera⊥pa・?agenesisinthethreel・calitエesarec・mparedinthe

follOw⊥ngtab工e(Veblen,lg75,lg76,lg78a,b,Akaゴ ー,lg80b・

SatOandAka⊥lg8=L'・)
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MineraJ.Paragenesユs

Takaragawa,JapanChester,VermOnt耗 馨

(Veblen&Burnhaロ

Jimth。mp,。 。it。(?)。lg78b)

Clinojimthompsonite++

Chesterite十

AnthOphyllite+++

Actinolite([[trem.)+++

CumirigtOnite十(aslamelユa)?

Chlorite+(+)+

BiOtite(Muscovite)+(+)

Talc++(fibr.&massive)+

Quartz+

Magnetite+

Allthreecasesareverysimilarintheiroccuエ'rences3probably

fOrmedinretrogradereactゴ .Ons.Thesmilarityinthein7mineral

paragesisisa二Lsocharacteristica⊥thoughchesteriteoccuronlyin

C'nester.

WidgiemOo] .tha,Australia

十

?
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ユii)Short-rangeOrderedpyrユbOユes

OthershOrt-rangeorderedpyribOleswhichareObservable

。nlybyHREMhav・been・ep・ ・t・d・M・ ・t・fthema「e

reportedbyVeb].enandhユscOwOrker(Veb=LenarldBuseck・lg79)

th。n。wpyrib・1…b・e・v・d…li・t・dinth・f・ll・wi㎎table・

Sequence

FromChester

(2233)

(233)

(232233)

(222333)

(2332323)

(2333)

(433323)

(43332343332423)

(2234)

FromAkatani

(223)

Chainsequenceofobservedorderedpyriboles

ObservedProbabilitySite

RepeatspC。mp。,iti・n

5

1

3

3

5

5

4

4

1

1

4

4

5

一16

1.31xlO

-8

3.33xlO

-5

2.06x10

-31

.08xlO

-4

3.33x10

-42

1.62xlO

-8

1.94×10

-175

.82x10

-5

5.41x10

一3

2.Ox10

卜13P2

M5P3

M3P2

M3P2

M3P2

M7P4

M2P

M2P

M7P4

M4P3

Repeat む
Length(A)

5

に
」

【
」

【
」

・

…

Q/
Q/

5

6

7

7

1

9

1

8

4

4

3

6

6

8

4

8

1

31.5

2=dOub=Lechain,3=trユplechaユn,・ …

P=(nAIEI)/(・A+%)lwh・renA・nd・B・epre・entth・n・mb…fA'sandB1s

inthesequence,afterremOvingthefirstunit(VeblenandBuseck,1979).

M=rnicamOduユe,P=pyrOxenemOdule

ChemユcalcOmposit工Or10fthesenewpyribOlescanalsobederivedbyadd土rlg

thecOmposユtiOnsOfpy・ ・xen・andni・am・d・1・ ・;f・ ・e脚 工・
・ 悔P2=3[(㎏ ・F・)3

Si4010(OH)2]+2[(㎏ ・F・)4Si40エ2]・th・py・ib・1・f・ ・mAk・tani・anb・d・ ・ived

byusingthecOmp・ ・itユ …fpy・ ・xe・ ・m・d・ エ・ ・fC・

2(工v遠,Fe,IVh)2Sエ4012・
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3.工ntergrOwthOfbiOpyribOles

i)工nterg]?OwthOfamphiboles andpyrOxenes

ThereplacementofpyrOxenewithamphibO工eandviceversahad

beenamatterOfpetrOgeneticinterest・[[7iemOstcO㎜onphenomenOn

is㎞ownasuralitizatiOn,whichwasdescribedpetrographica!lyand

chemユca]ユybyGOIdschmユdt(1911).Recently,there

havealsobeensOmereportsonpyrOxeneswhユcharepartiallyreplaced

byhydrouspyribolelamellae(BownandGay,Yamaguchiand「]]Omita,lg68,

Papikeetaユ.lg69,andDesnOyers(lg75)Smユth工977,Yamaguchetaユ.

lg78,Veblenlg81).AmphibO].eゴ.ntergrOwthsinpyroxenedescribedare

asfOl10WS;

工ntergrOwthOfpyrOxeneandamphibolein

AugitesfrOmbasicintrustiOnssuchas

S1(aergaad,Bushveld,PalisadesSill(Smith/1977)

(imphacitesfromRobertsVictOreclogiteSouthAfrica(Papikeetal.ノlg6g)

JadeitesfでOmglaucOphaneschistsOfCa■ifornユa(Papikeetaユ.,1969)

AugitefrOmSieraNevadabathOlithandfrOmKaerusutite-bearing

peridtiteSanCarlosArizona(Papikeeta二L.,lg6g)

OrthopyroxenesfromAnOrthOsite(Smith,lg77)

AugitesfrOmharzburgite(Smith,1977)

DiOpsidefromlherzolitefrOmAlpeaAramiBellinzona(Yarnagμchi,Akaゴ.,Tomita

,lg78)

AugitefrOmSaltLakeCrater,Hawaj-i(VeblenandBusec}(,].981)

Augitein〕metamorphOsedgabbrO,HOkkaidOJapan,(YrmaguchユandTornita,]-g68)

3Nal・aJ●tmaandRibbe,1980,lg81)

Papikeeta工(lg69)cOnsideredfOしmePOssユb工emechanismsOftheinterg〕 〔℃wths;1)

amphibOleasanaユterationprOductOfthepyrOxene,2)amphユbOleasaprifnary

ePitaxi母 ユintergro瞬 しh,3)pyrOxenecOu].dhavefOnneafrOmanamphibole

precし[rsOr,4)amphユbOleexsOlutionfrOmpyrOxenehOst.DesnOyer(]-975)prOPerly

suggestedthepossibiユ1ユtyOfexsolutiOnOfamphユbO!efrOmp5油Oxenehost

besidesalteratiOnOf'pyrOxenetOamphゴ.bOle.Smユ 七h(工977)repOrted
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anObservatiOnbyEMofsし1b」mユcrOscopicamphibOlelamellaeinseveral

pyroxenesandinterpretedtheamph工bo⊥e!amellaetohavebeenfortned

byexsOlutiOnfrompyroxene。AccOrdingtoYamaguchietal.(lg78);

POrphyrOclasticdiOpsideingarnetlherzolitefrOmAlpeAra皿 工Bellユnzona,

Switzerlandincludesoptica]-lyvisibleclinOamphユbOle].amme二Laewitha

compositiOnintermediatebetweenpargasitearldedenite.X-rayan.d

electrOnmicrOscOpicObservatユonsshowthatthedゴ.Opsidecrystalcon-

taユnssub-mユcroscOpicthユnc!inoa皿phj.bOlelamellaeparal=Lelto(OlO)

wh工chhavecOherentユnterfacestothehost。 工nHREM,thew工dthOf

　 り
thesethinamphibolelamel工aerangesfrOmgAtO900AThechemical

characteristicsofelementdepletionsnea]rthealnph工bOlelamel工aeand

thetextしmalrelatiOnsofthedevelOpmentofsuchclinoa皿phibOles

suggestthatthechernユcalchangerequiredtOfOrmthemiscOnsidred

tOhavebeencausedprincipallybydecreasi㎎solubilユtyofatOmssuch

asrNa,AlandCrinclinOt)yroxenestructuredu]?ingtheretrogres-

sivereequilibration.Also,apossibiユ ユtyoffinユtesolidsOlution

ofclゴ ■ユOamphiboleinclinOpy]?oxenewassuggested。

Detai工edhistOricalreviewontheseproblemshasbeenreported

byTOrnユtaandYamaguchi(].980).

_14_



iユ)Metas。matica■teratユ 。n。fpyrib。les

Akai(ユ977・lg79,lg81,lg82α)wasthefirsttostudyandtOrepOrt

(1)thea■teration皿tcr・structures・fb±Opyrib・le(nucleati・nandgr。wth

ofslabstructuresoftripleand/Ordoublechaゴnsirlclinopyroxenes,etc)
,and

(2)thealterationschemsofclinopyrQxenes(alteratユOn.byslabrユucleatユon

andalterationwithiregularreactionfront)withrespecttoarepresentative

suユteofspecimensfrOmas工ngleorebody。Otherゴnvestigationson

pyrOxenealteratlonbyhゴ.9hresolutionelectronmicroscOpyonsingユe

specimensfromdifferentlocaユities(Busecketaユ .lg80,Veblenand

Buseck,lg81,NakajimaandRibbe,lg80,lg81)wereaユsocarriedoし1t .

VeblenandBuseck(=Lg81)obser▽ed'avarユetユesofintergrowthmicrostructures

withHREMinpyroxenespecimensthathavebeenpartiaユlyOrwhollyaユteredtO

otherminerals.TexturalcOnsiderationsindicatethatthereareanしiiTil[)erof

dゴ.fferentpathsfOrpyroxenehydrationreactions;pyrOxenetOa皿phユbo=Le,

pyroxenetOcllnojimthompsOnite,andpyroxenetOsheetsilicate,aswelユas

morecomplicated,stepwisepaths.[[hemicrostエucuresエndユcatethatthere し
maybe㎜ltiplemechanユsmslforexample,replacementofpyroxenebyamph工bole

OrotherhydrOuspyribolescantakep].aceeユtherbYthenuc工eatiOnand

gr。wth・fn・rr・wlam・llae・fth・p・ 。duゆn・ral,。rby・bu]-k・ ・placem・nt

mechantsrnalOngabrOadreactiOnfront・NakaJ●imaandRibbe(lg8=L)

observedaugitespecimensfrommetamorphosedgabbrofrOmHOkkaido,Japan

byahighresolutiOnelectrOnmicrOscOpeandfound七hatcl工no-

pyr。xene・alt・ ・edt。d・ub誇t・ エPエeandwid…hai「 ・bエ。py・rib。エes・

withchlorite.TheyalsOproposedastructuralmodelfOrthechange

frQmsゴ エngletodoubleandtrip].echaユnstrし1ctures,whLchinvOlves

smallmovementsOfOxygenlayersandtetrahedralatOms(Si
,Al)

witha血n㎞ しmofbondbreakingandre-fOrmi㎎,cOncGrrifnLtantwith

hydroxylizatiOnOfcertainoxygensandthediffusiOnOfMg
,Feand/OrCa

aユOngtherift主ntheoctahedrallayer.
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4.Chain-widthdisOrdersandtermirlatiOndefectsirユthepyribOlestructu[t'es

エ)Chaユn-widthdisOrderinthepy]?ibOユestructures

Ch■shOlm(lg73)wasthefirsttOreportthechain-widthdisorderin

thechainsiユicates.Heexamユnedmanyamphibo]-easbestosspeclmens

Withelectrondiffractionmethodsandsuggestedthatthestreaks

paraユleltObaredueto㎞tercalatiOnOfs工 ㎎ ユechaユnsOrslhcate

chaユnswiderthandouble・Lateron,hゴ.sresultswereconfilmedby

manyhユ9れresolutiOnelectrOnrnユcroscopicworks(Aka工eta」..lg74;

HしLtchisOnetal.ユ975;Jeffersonetal.ユ.978,VeblenandBuseck,

1977).ManyamphtbOlespecゴ 皿enshavebeenexaminedbyhユghresolu-

tione=LectrOnrnicroscopy3

amphiboleasbestos3Akaユetal.(lg74)一 一一一cummingtOr1ユte,

Chishoコ ㎞(1973,1975)gしmerite,amosite,

crOcidO]」-te

HutchisOnetaユ.(lg75)-amositetremolite

anthOphyl]ユte

A].arioFrancoeta⊥.(lg77)一_crocidoiite

Veb].enetal.(lg77,lg79,lg80)-anthophyl]-ite

WhittackeretaL(lg81)

DorlingandZussmann(lg80)-tremoliteactinolユte

asbestos.

ActinOl⊥te(actinOユ ゴ.tejade(nephrite)

:HutchisOnetaユ.(1975)

:Jeffersonetal.(lg78)-nephritejade

:DiZalliコsOneta⊥.(lg77),MallinsOn(lg80)

:D・rling&Zuss卿(lg80)

AmphibOles(massive・ ・-ascilula]?)

:Chisholm(1973)

:VeblenetaこL.(lg77)-anthOphyllite

:Veb].en(lg80)-anthOphyllユte

:Cresseyetal.(].g81)-anthOphyllitegrune「ite

:Charnpnessetal.(lg76)

:Veblen&Buseck(] .97gb)

:Veblen(lg80)-anthOphyllite
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工tissuggestedthatalmosta工10fthespecimensoffibrOus

amphiboleshavemOreorlesschainwidth-〈 ユisOrder・ 工tlsfoしmd

thatthefibrousarrrphゴ.bolesfOrmedatrelatively

lOwtemperatu]reareincli.nedtOhavernanydisordersThe

physico-chemicalcOnditiOnsofthefOrmatiOnsofsuchdユsOrderinchain

砿dthsequencesarenot㎞own.工tisnOtfu■lysOlvedwhetherthedisorders

areformedinprirnarygrOwthorduri㎎polysomaticreactiOnsaf七ergrowth.

However,itisliklythatatrelative]-ylOwtemperatureand/Oratrelatively

largegrowingratetheyareapttobefo]fTned・

SyntheticamphiboleswereexaminedbyhighresolutionelectrOnmicrO_

scopy(Velb=Leneta⊥.lg77).Thesehy(lrOthermally

synthesizedamphibOlesalsocontainsmanychainwidth-defects;

manytriplechainsandminoramOしmtofwiderchaユnsthantriple.

2.TerminatiOndefectsinpyribo] .estructしres

VeblenandBし1seck(1980)madethede七ailedobservationsOfteminationdefects

ofthedoubleandtriplechainstructuresinwhichoneormore

silicatechainsterτninateOrturnintOsilユcatechainsofadifferentwidth.

AccOrdingtOthem,thetypesofchaユnteminatiOnscanbesummarized

asfollOWS3

Chaゴnterminatユons

TermゴnatiOnatlow-anglegrainboundary(工ncOherent)

Cooperativechatptermination(TwooremorezippersendtOgether)

艦:1:nt:withp・anar-fau・t・{溜

NoncoOperatユvechaユnter皿ination

(terrmirlationofa(OlO)slabatadislOcatiOncOmbゴ 」ned美
withreadjしLstm(…ntpara■leltoa)

SゴmplechaユntermユnatiOn(AsimplezipPertermゴ ∫late)

Coherent

{工ncOherent
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Mley・bservedmanyexamples'・fthetem血ati・ndefectsbyHREM

(V・bユ ・・andBu・e・k・ ユ981)andf・undth・thighre・ ・1・ti・n・ ・ect… 血 …9r。phS

Ofsuchte・fmi-n・ti・n・fwide-・hainl・m・11aein・ar・ ・w-・h・inh・ ・t・t・ ・'u・tul?,,。
e,embl。

zipPe「 ・andh・nceth・y・alユ ・dth・m・ipP・rt・ 血nati・n』 ・e・i・npl・rulesf。 。
,u,h

chaゴntermゴ.nationwhichareessentiaユlythesameasthOsefOしmdin

generationofnewchainstructureirlhostchaユnstructure(Akaユ,lg79
,

lg81a)w・ ・e・u銘 ・・t・dbyV・b・ 亀 ・・dBu・eck(・g8・)andWhittak・ ・(・98・)
.

V∈}blenandBuseck(lg81)derivedtworules;(i)thettsしbchaユnrule,T

(t「Forst]r・ucutralcoherenceatatermi-natiOn,theremustbeanequalnumber

Ofsubchainsina(0ユ0)pyriboleslabandinthernateria⊥:ユtreplaces;a け
pyroxenechaincOnta⊥nsonesubchairユ,anamphibolechainhastwOandsOOn':Veblen

andBuseck,lg80)andii)theltOdd-even]r・u工e冒T(▼ 量FOrstructuralcoherence

atateminatiOn,theremusteitherbeanevennumberOfchaゴ.nsonboths工des

oftheter皿inatiOn,OrtherernustbeanOddnumberOnbothsidesT▼:Veblenand

Buseck,lg81).

VeblenandBuseck(lg8]一)cOndsideredthekineticsofthepolysomatic

reactionswithreferencestothedefectstructuresuchaschainter皿Lna-

tiOns。PolysOmaticreactiO郎requユrechemicaltransport'tOoccしrtogether

Withstructuralreconstruction.ThediffusiOnratesinmOst

silicatesareextremelyslug9ユshatmetamOrphictemperatures・TheanswertO

thequestionofhOwsOlid-statereactioninvOlvingchemicalchangeQccし ♂to

thedegreethatisobservedprObablyliesinthemechanismsOfdiffusiOn

(VeblenandBuseck,198].).[[heysuggestedthatsuchthepOlysornaticreactiOns

maynOtproceedbyvacancy-一 一hOppingmechanismbutbypipediffusiOnmechan■sm

which・cc鴨byrap土dm・ 七i・n・fat・ms。rエ ・n・a⊥ ・ngstrna・t・raエturmels

(Dysone七aユ.lg67).工npolysomaticreactiOns,the=LOcalstructu]?esat

thetermユnatiOnsprobablyinvolvetunnelswhere工 一beamsarernissing・They

alsoprOpOsedthetermbulkreactionmechanismwhlchユsclOselyrea工tedto.

massivepolymorphictrEinsformations(Christian,1965).VeblenandBuseck(}981)

suggestedthatsOmeuralitemaybefOrmedbythisbulkmechanism・
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工b.PurposesOfthisstudy

PoZymerigαttonofbiopynr・iboZe

工tiswell㎞OmthatpyrOxeneOftenalterstOarnphiboleand/Ortaユc

maユntain土 ㎎tOpOtacticrelatユOn.ThestructuralchangesintheprOcessOf

ofpyroxenealterationcanberegardedtObeapOlymerlzatiOnprOcess .

Thatis,sユ]-icatestructureshavebeenclassifユedbythelゴ ーnkageofSi_O

tetrahedra;/sincetheearlystageOfthedeterminationOfcrysta⊥structure

(Warren,1929;WarrenandBユscoe,ユ931;WarrenandBrag9,lg28;Warrenand

Modeユ ・lg30a・b)・Suchalinkagecanbeinterg)retedasaseriesofpolymerizatiOn

ofSi-Otetrahedra(Orsilユcatechains)byanalOgywiththepOlymerscience
.

Tlnen・PO'yme「'zat'Ono輪'Opy「'bo'es「ep「esentsast「uctu「a'changetoロ
producethestructureOfwider-chaゴnpyribOlesfrOmthestructura工unitsofsingle

s工1ユcatechaユns,OntheOtherhand,pOユ .ysomatユcreactユOnOn工yrepresents

thereactiOnfrOmOnepolysometOanOther.

DepOlymerizatiOnisthereverseprOcessofpOlymerizatiOnandis,

fOrexample,foundinthefOrrmationOfOxyhornblendeOrirldecompOsition

ofhydrOuspyribolesOrsheetsilユcatesbyheating.Thethemal

changeofamphibO二LetOpyrOxenehasbeenstudiedbyKOzu

eta!.(lg27),Bames(lg30),andPOsnjaユ(andBowen(lg31).Uedaand

Tomita(1964)and[1]Omita(=Lg65)foundatitanユferQusoxyhOrrblendeand

anoxyhomblendernadeupoftwodifferentphases,ac工inopyrOxeneand

c工inoamphibOle,prObablyarrangedaslamellaeparallelto(OlO)in

submicrOscopicdcma㎞s.Highreso].utiOrle=LectronntcrOscoPlciコvesti-

9。tエ 。。,。nth。d。p。lym。 。i,ati。n。fbi飯ib。lesi,P。 。lmi。a。ilyrep・ ・t・d

byAkai(lg8=La).
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The・ わゴ・・tives・fthestudy・nP・ 乙卿r如 亡伽 ・ftheわ 勿 即 わ・乙・Sinm・tαS。mαti,m

αttheAkαtCtnioredeposiち 」αpan

AsmentiOnedabOve,Veb].enandBurnham(lg75,lg76,ユ978a,b)and

Veblenetal.(1977)reportedtheOccurrencesofferrOmagnesユantrエple

chainsilユcate(jimthOmpsOnユteandc⊥ ユnOjimthornpsOnite)ユnarnetamOrphOsed

ultramaficbOdyatChester,VermOnt.Synthetictriplecha㎞silユcates

cOntaユningNawererepOrtedbyDritzetal・(lg74,lg76)andTateyamaetal.(lg78) .

Othertriplechainsi二Lユcateswithc]-earlydユfferentcOmpositiOnshavenot

yetbeenfound.

ThetriplechairlsilicatesformedintheamphibOle-tO-ta⊥creactiOn

sequencedし1]ringrnetamOrphismatChesterwereinvestユgatedalsofrOm

thevゴ.ewpOintOfgeneticre].ation(VeblenandBuseck,lg79,lg80).

HOwever,anydetailedgenetiei.nvestigationOfthetriplechainsiユ ユcatesfOrmed

inthecalciferOuspyrOxene-to-talcreactユOnsequencedurゴngthemetasOmatic

alteratiOnhasnOtyetbeenrnade,althOughsOrneinvestigatiOnsOfa

pyrOxeneaユteratiOnbyHREMonspecユmensfrOmvariouslOcalities

werecarriedOut(VeblenandBuseck,]-981;Nakiaj●imaandRibbe,lg81).

Thesespec土menscOntainedOnlyasma]ユamOuntOfthetriplechain

sユ1ユcates。However,anygenetユcinvestigationOfthetrユplechainsilicates

incormectiOnwユththeassOciatedspecimenswithvariousdegreesOf

alteratiOnfrOmageOlOgicfieldwasnOtcarriedOut。

TheAkataniOredepOsitゴnNiigataPrefectしllee,Japanユsone

OfthetypicallocalユtieswhereclinOpyrOxenealteredtOfibrOusamphibOles

and/Ortotalcduu?ingametasOmatismrelatedtOaspecularite(hematite)

OrefO]fmatユOn(工mai,lg52,ユ960;Suzuki,lg70).RelativelyalargeamOunt

of'triplechainsilicateswerea↓sofOund工nthespecimensfrOm

th。nk。t。ni。 。ed。p。,ユtbyHREM.[[hi・w・ ・p・e・mina・?i・y・ ・p・・t・dbyAk・i(・g79・ ・g81)
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th。n,P・ ・fectp・ 加 ・・i・ati・n・eq・ ・n・ef・ ・m・i㎎letOdOuble・tOt「ipleghE血 ・'-

andt。sheetstructureswasexpectedt。bef・ ㎜dinthem・tasOmatic「ea・ti・n・

F・rtb・]rm…,th・ ・tudi…falt・ ・atユ ・n血 ・「Ost「uctuneswith「especttOa

。。p・e・ent・tiv・ ・uit・ 。f・p・ ・tm・n・f・ ・m・ ・i㎎ エ・ 。・e了 ・b・dyhaveneve「beenca・ ・ri・d

out.ThisaspectofthestudyofmicrOstエucturesinrelatユOntOa

representativesuiteofspecimensfrOm＼geolOgicfieldisessentまallyimpOrtant
氏

notonlyforthecons⊥derationof'thegenes工softrユplechains土licates,but

alsofOrunderstandユngOfthemetasOmaticalteratiOnphenOmenOn.

工nwhatfollOws,thepO=LymerizatiOnprocessOfthebユOpyribOlesandtherelated

microstructu]?esinrnetamorphismattheAkatanioredeposユtwillbedescrユbed

i∫1detailwithspecialreferencetotheformationofcalciferOustriplechain

silicates.Thegeneticre].ationofthebiOpyribO二LescOtainingthetriplechain

sユ]一ユcateswilla二LsObecOnsideredbasedOnthecOnceptOfpo工ymerizatiOn.

工

L

工 Specilnensexamined

CeoZogy

Genera⊥geo]-ogyandrnineraユogyoftheAkataniOredepositinN1ユgata

Prefectunreweredescribed工ndetai].by工rnai(1952,lg60)andSし1zuki(lg70).

TheAkaしanioredepositisassociatedwithPaleOzoicli皿estOnewhlchwas

rnetamOrphosedbygraniticintrusionatsGmeしimelnPre-Cniocene.Skam

mineraユsinthemetamorphosedlimestoneareccmposedmain二LyOfclinopyroxenes.

TheformationOftheOredepos工 しisc]-ose工yrela七edtOvOlcanicactivi:'iy

characterizedbylipariticiコtrusionwithlntrOduct10nOfhydrOしhermalso工ut工On・

TheusefuldataofthetemperatureatthemetasOmatismarenOt㎞Own

excepttheOneestゴmatedbydecrepitatiOnmethodusingqua]?tzinthemain

orebody(MiyazawaandNozaki,lg57)・Thetemperatしreestimated土s278～2810C。
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ThedegreeOfmetasOmat工calterationislngeneralrelated

to・thedistancefrOmtheorebOdy,althOughlOcaユ1ya].teratiOncOnditicns

▽arywidely;thedegreeofa;terationbeccmesstrO㎎erasthesamph㎎po㎞t

apPrOachestheOrebOdy.

Sp(2einθnsθxcunined

On七hebasisOfthemicrOscOP工cObservatiOn,工maユ(lg52,lg60)described

theOpticalprOpertiesOfthesiurnrnゴnerals,hydrOtherm乱 ⊥a工teratiOn

prOductsOftheskarnsandthemineralparagenesis.ThespecimensOfthe

freshanda⊥ しeredclinopyrOxeneswerecollectedfrOmthecuttlirngエnthe

mine(Bawarizawa-and阻zしunashizawa-orebody).Thesampli.ngpoi.ntsof

thespeclmenscollectedfrOmthecuttingintheBawarizawaOrebodyare

indicatedinFig.1.ThedegreeOfmeしasOmatica]-teratiOn工nthesespeclm、ens

isgeneraユlyrelatedtOthedistancefrOmtn'eorebOdyifOreveinor

hydrotherma]-veinisnOtlOca二Llyextending(Fig.1).ThealteratiOnOfthe

specimensbecOmesstrongerastheOrebOdyis'apprOached.Specimensof

variousdegreesofalterationwereexaminedbyX-rayandoptユca⊥micrOsccpe.

Asaresuユt,thespecゴmensweredividedintOsevenclassesaccOrd工ngtOthe

degreeofaユteratiOnfrOmfreshclinopyroxenethrOughmcderatelyaユtered

specimenstOtalc.ThedegreeofmetasOmaticalteratiOnisrOugh工y

indicatedhere,bytheratiOofprimaryclinopyrOxenetOalteredπamphi亡Ole!1

andfurtheraユteredtalc(here,11airrPhiboletTj」r!dicatesthemirneralof

Opticallyfゴ.brousamphibOle-likephase,⊇vhichwasrevealedtObedOし1ble

andt1う1plechainmixture).Thatis:

Degree

De霧ee

Degree

Dei聖ee

工isrepresentedbyしmalteredclinOpyrOxene3

工工,byslightlyalteredcl±n.OpyrOxenew工thslpeユ ユーarncしmtof

"amphibOle「t(ClinOpyrOxene>「 冒AmphユbOlen)3[7810 一 う
,768-3

,-7(390m工eve1),7810-8,-10,766一 工(410mlevel),7810-ll(450mlevel)」;

工工工,bythernゴ.xtureOfalteredlTaphj.bOle,,andclincpyrOxene

("Amph.i.bO]-e冒 』 二ClinOpy]70xerle)3[7810-4J(370mlevel)];

工▽,t)ythefactthataユJnOstallthespecimensarecc:..b」OsedOf

"AmphibO]
-eTt(rTAmphtbole"),〔768-1(35Gmle▽e!),77]2-21(4].Omlevel)j・
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DegreeV,bythemゴxtureof四amphユbOleI曾andtaユc(四 伽)h工bo工e「 ヒこ=Taユc),

.〔78=LO
-6

.-7,-9(4]-OmlevelO];

De・.reeVエ,byth・facttha七thespecdrn・nsare・c・ 叩 ・sed阻 皿y。ftal・

(Ta⊥c>"Arnphi.bole"),〔7810-2(360rnlevel)];

DegreeV工 工,bythefactしhattalcエsgradua■lyreplacedbyd・1Gm['lte

((Taユc)),〔78].0一 工,7gl1-1(350mle▽el)]・

Speci皿en♂ ・・rresp。ndi㎎ し。 ・a・h・ ■t・rati・nD・gree…li・t・d・b。 ・・ii-r'i

b。a。k。t。.Oth…p・ ・im・nsモ 芸f・ 。m阻 ・una・tYri-・a・a・ ・eb・dyal…h。wedsi血1ar

seauenceofaユterationcOntaゴnゴ ㎎utterlyfreshspec1皿ens・

OP七icaユ 血 ・・。graphs・fやespecimen・ 。f・ 。m・d・9rees・faiteratiOna「e

shOminFig.2.BymユcroscOpicobservationOfweakユyaヨ ーteredspeci」mens

(D。9r,ee工 工),itha・beenf。undthatalt・raむi・n。ccur・d阻 皿y・)al・ ㎎

。1。avag・,b)attheedg・ ・f・ 。1-・linQPyro・ ・necry・t・ ⊥・and・)・1・ ㎎

gran・1・r・ ・a・k・(Fig・ ・2り・,b)・H…natiteand・m・ 」lro・nded・patite写 ε血s

aresometimesconta工nedlnthea■tered雪 響ampbユbo].e!1andしalc(Fig・2-b)・

Furtherpr。9ress・faエterati・nc。nvertsa■lc]ユn・pyr・xen・into

fib・ 。・・rTamptvl-b。1・"(Fig.20・,D・9;ee]V)andth・ ・int・tal・inthe

・1in。pyr。xen・pseud・m….h(Fig.2)d,D・9PeeeVI)・"Amph・ib・1・ ・雪tinthe

Deg。eerVareusua」1y,h・m。9・ne・u・infibr・u・text・re・nde「 皿c「 。sc。Pエc

。b,ervati。n.Atth。la。t。tag・tal・i・ev・nt・ally・eplacedbyd・1・nit・ ・tエll

pr・eservi工 返clin.opyroxenepseudOmorph・

+Thesespecirnenscontaゴncarborla七eminera=L
,sphaユeriteandquar七zwithvariable

arnountsofpyrite,specuユarite.,ユ.ievrite,apatiteandgamet(isotropic&artisotrOpic)。

(Th。d。t。il。ddesctipti。n,。fth・ ・p・・ini・n・ …li・t・dinth・f・ll・wi㎎table・)

・・SPecim。nsc。 エlect。dfrcmD・li .。una・hi・awa・ ・eb・dyarea・f・-・w・;伽9・ エ)・

776-2,77=L2-]一;(Deg.工 工):766一 工工工;(Deg・ 工工工):766-D二3(Deg・ 工▽):23-5;

(Deg.vr■):776-4.

(ThedetaileddescriptiOnsOfthespecimensare⊥ ユstedinthefO]ユOwingtable.)
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Degree

of

A⊥tera

t■on.

Specimen

Nu皿ber

Altera七iorl

produ.ctof

cl工nopyroxene

1

'

11

皿

皿

▽

▽1

VII

776-2

77工2-1

a■ 皿osヒCpx

almostCpx (Mo?)

7810-5

7810-8

7810-10

768-5

768-7

766一 工

766一 皿

78ユ0_4

766-1[

768-1

7712-21

25-5

7810-6

7810-7

7810-9

7810-2

768-V

776-4

ワ81G一 ユ

7911-1

Cpx》'Amphr (Mo)

Cpx>'Amph`' (Mo)

Cpx>Amph

Cpx》7Amph

Cpx》"Amph々 (Mo?)

Cpx>,Amph'

Cpx>.Amph`' (Mo)

Cpx>Amph

Amph.》 ・Cpx,Talc,Mo

"A
mph%)) TalC

"A
mph'

Taユ ・)}trAmph (Mo)

Talc十"Amph'

AmDh+Ta⊥c

Amph>Talc

Talc》"AmDh'
占

Taユc》 AmohL (阿 ○)

Taユc》C'AmDh甲)

(Talc)

(Talc)

Paragenesis

carb.

sph.pyr一

qtz・

gt(iso&aniso)carb.

spec。

gt(is。&anisO)sph.

gt(is。&aniso)ap.qtz.

carb.sph● 二Liev。

gt(is。&anis。)ap? ノ

Samp⊥lng

posj一 七ion

M正ZUNASH工ZA凶1△

1

r・IIZUINTASH工ZA;,Vム

ロ

BAW.

ラ90【nlevel

BAW.

与10mLeve!

BAW.

410mlevel
}

gt(iso&anis。)carb・
ap.lieV.

gt(iso&aniso)carb.

ap●qtz.liev●

gt(iso&aniso)ap.qtzら

Uev.

gt(iSO&an⊥SO)carb.

qtz.spec.sph『.

gt
ap.?sph.

carb.

■

qtz●carb.

SDec・占

ap.sph。

aD・carb・1iev.
マ

spec●spn■

ap.qtz.carb.spe.

sph。

gt(isO&aniSO)q七ZO

carb.liev●

gt(iso&aniso)spec●

gt(iSO&anisO)qしz.

ap.qtz。car。.sph。

spec・

gt(iSO&aniSO)qtz●

aD.liev.

gt(iSO&aniSO)qtz.
ap.liev.

aD.OしZ●carb.
　 あ

ロ ロ

ユspec●
.spn・

ap.qtz.carb.
り

spec.SDn。

BAW.

590mlevel

BAW.

590mleve工

Baw.

升 、。ml・vel?

1

皿ZUNAS肛ZAWA

.
1

BAW.

570mユeveユ

M工ZUNASH工ZAWA

BAW.

550mlevel

M工ZUNASH工ZAWA

1
1

一

M工ZUNASH工ZAWA

BA「VJ.

410m⊥evel

BAW.

410mlevel
1

BAW.

410m!evel

已へw.

ラ60mLeveエ

r」[工zuNASH工ZA害 皇

阿工ZUNASH工ZAWA

BAI.V.

ララ○朧1eve二L

BAW.

350mlevel
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ヌ.Experゴ 皿ental

AnaZLasis勿EZeetronρrobemi・roαnαZy2er伍P遡 ノ

JXA-5AelectronprObem[LcrOanalyzerwasusedしOdetermi一n・ethechem二Lca⊥cOmpOsltiOns

oft"nespecimens・ope「atiOngaじ15kVandca・0・02/xAspecimencurrent・

andelect「OnbeamusedwasabOut2～3撮 ㎞d'a「neじe「 ・

AnαZysisbyα πα 乙ytieaZe乙eetronmieroseo.・erAlilwr/

Ana].y七icaユe工ectrOnmlcrOscOpeusedwascOmbゴnedtypeOfJEMIOOC

equユppedwithenergSrdユspersiveX-raydetectOr-Semiハquantitati▽eanaユysis )
QfsOmeelementswascarriedoutbycOmparingしhespecimenwithion

-thinnedreferencestandardspecユmen(clinopyrQxerle)whOsecOmposユtion

is㎞OwnbyEPIY[Aana⊥ysis(CaO=18.7み2'2.5f。).X-raydeしectingangleused

was400～500Acce工erati㎎vOltagewaslOOk▽ 幽ThetirnefOrcOuntingX-ray

was200sec.

Sρecimenρreρ αrαtiOnforθ 乙ectronmi・r・Sごopy

SpecimensfOreエectrOnmicroscopywerepreparedlnthefOllOwirgtwoways.

a)POwderedspecimenswerepreparedboしhfrcmpOl工shedthlnsecし 『iOnsand

handspecimerls.b)SpecimenscutOutofepOxy-impregnaしedpetr℃ ∈raphic

polishedt㎞sectiQnswere工On-thゴnned.

Hig'nresoZuti・neZectT・nmier・se・ ρy

ForhighresolutionelectronmicrOscOpy,tOpentrytypeJEM]-eOCelectrOn

血crOscopewithCs=L4㎜wasOperatedatlOOkV.Objectiveapertureof 　
60〔Lmirldユameterwasused.ThedefOcus▽a-Lueof-100Q～0～150QA/
(positive▽a⊥ue3しmderfocus,negati▽evaユue;○ ▽erfOcus)wasusua].ly

used,andthrough-fOcusimageswereaユsoしaken.

ThedetallsOfthesゴ 皿uユationOfelectronmicrOscOplcinEgesbasedOn

kinernaticalapproxゴ 皿atiOn(Uyedaand工sh工zuka二L974,工shlzukaarT,dUyedal975)

willbeg土 ▽en工nanAppendix.

』



ResしLlts

Ch2mistTyofbioρyTibo乙esαttheAkO亡an乞oredθpos乞 亡

ThedatacOncern土 ㎎che血calcOmpOsユtiOnsOfclユnOpyrOxene,"amph.i.bOlet「

andtalcwereObtainedbyelectrOnprobernゴ ーcroanalysis(Tablel).

Unaltered'"clinopyrOxeneandttamphゴ.bole「1shOwhユghcOntentOfMn.

COmpOsitiOnsOfunalteredc工inOpyrOxene工rlthespecimenswithdegr-7ee

OfaユteratiOn工 ～ 工工工arevariablefrommarganoanhedenbergite(orferrOsalite)

tOferrOanjOhanrlsenユteineachspecimen.ChemicalcOmpOsitiOrlsOfthelTam-

phibole「,ir1しhespecゴ 」menswithdegreeOfaユteratiOn工 ▽'areusualユyaユ 」mOst

unifOrmOveraw工derangeinoneしhinsectiOn.Chemica工compositions

intermedユatebetweenthoseofamphi-k)OleandtalcaresOmetimesObtai.ned(sp.768-1

;Tablel),whereasthespecimensarer10tpしlretriplecha工nsilicate

butmOstlymi.xtureofdoublechainsilユcateandtalc.「ralcirlthespecimen

ofDegreeV工alsOcontaユnsasmalla皿OuntOfI>h.

Ca-Mg-Fe+㎞diagr'amOfallbiopyribOle(clinOpyroxene,冒 軍amphibOlen

andta].c)isshOwninFig。3.工tiscOnsideredthattheunaltered

clin()1)yroxenehasundergoneachangetoTtamphibole"andfurthertQta]-c

bythereactiOnOf'hydrotherma]-solution.工nthユsreactiOn,thechemicaユ

changeisrepresentedbythearr'OwinFig.3,thatis,CaandFe+Mn

eontentsdecreaseandMgcOntentincreases.

2一 α"AmDhiboZe"一」
1冒Amph工bOle四isanOpticallyfibrousamphibole-1工kephasewh工chreplaces

clゴnOpyroxene.UnderelectrOnmユcroscopicObservat,:On,itwasascertaゴr-ed

that冒iamph工boユe雪 冒is飾rn⊥xtしu℃maゴnlycompOsedof(1)dOし[blechaゴ 」1silicates・

(2)triplechainsユlicatesand(3)disorderedstateOfdOubleandtriple

chainstructures.SOmeti皿essheetstnucturesarea!sOassOciated.

(1)DOub].echa㎞silicate.sarevo!umesofdoublechaゴ ェLstructurewiderthan

severalhundredZngstrOmsintheb-dゴ.rectiOn.(2)「h・iplechains土1工catesare
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vOlumesOftrip工echaゴnstructurewlderthanseveraユhしmdred民ngstrOmsLn

th・b-di・?ecti・ ・丞3P1・ 。rd…dd・ubl・ ・ndt・iplechain・t・n・ ・tu]fi・・ar・

randOmlyrnixeddOub工eandtriplechainslabsOfしmit-cell-scaユewidth.

Theintermediatestatesbeしween(1)Or(2),and(3)area].sopresent.

X-raypOwderpatternOf四ampb工bole買issimi].artothatOfC2/mam【 ⊃hユbO] .e

,butsometimesaccOmpaniedbyC2/ctaユc,accOrd[ingtothedegreeOfa⊥teration.

[[br'iplechainsillcatewasnOしcOmpletelyconfirmedbyX-raydiffractiGn
,oo

exceptthatfa.intdiffract工OnOf工3.5Apeal〈andbrOad9.OAoeak

wh工chareassしmedしObeOfthesameO20diffractiOnarユdsuDerimじOsed

llOdiffractiOnrespecti▽e].yasthatofC2/cc工irユOj並 壼hOmpsOnユteweresOmetimesfOund .

TneelectrondlffractiOrlpatternofb芸c暑reciprOcallattlceplLanewh工chis

thesameasthatOfC2/ccllnOj工mthOmpsonitewasOftenObtained.HOwe▽er,

jimthompsor∬.te-1ゴ ユ(eOrthOrhOrnblctriplechaユnstructurewasnotfOund.

2一ろFpequeアzeyofoeeur-penoesofdoub乙2α πd亡rでP乙 θcha乞 アzsiz乞eatp-si"n「 「mphiろo乙e"

Withfinefibrouscrystals,electrOndiffractiOnisしheOnly[nethOdtO

Obta加siriglecrysta].d工ffractionpattern.Flbrαus胃a【nphユbOle「tislaユd

On皿icrOgridwlthb-andc-axes工yingnearlyhOrlzOntaユ.Var±Ous

electrOndiffractエOnpatternsOffibrOusT'amph.i-bOlel▼frOmOnehand

speciJnenwereObtairユedbuteachhandspeci皿enhasatendencytOshGw

acharacteristicpredcmエnanceOfcnepattemamcrgthevariOuselectr。n

dユffractiOnpatterrユs.ThestatistlctreatmentOfthefrequencyOf

dOub].eand七 でゴ.P工echa血si工icaしesゴ コfibrGusπamphユbOlesnwasca]?ried

OutbyusingelecしrOndiffract工OnmethOdAlthOughelectrondiffractiOn

methOdandelectronmユcrOscOpyarer10七essentiallyapPrOpriatefOrGbしa血 塊

thebu■kaverageinfOr皿atiOr10fthemcdeOf〔iGubleand七riplecha血

siliCatesinthe"amphibOエe",theyaユ10wrQughest㎞at10nOftherelatjve

predomi」 ユanceOfdoubleandtriplechaゴAsi]-icates.Electrondiffracticn

占



pattemswereclassifiedlntothefOllOwingfOしurtypes.

1)ElectrondiffractiOnhavingO20spo七 〇f工2/marnph[LbO].eonOkOlattice

rOwOfb誓c暑reclprocaユlatticeplane,2)electrOndiffracticnha▽iコ 客the

sameO20spOtasC2/cc工inojimthOmpsOnlteOrlOkOlatticerOwofb芸c≒

reciprOcaエ エatticeplane,3)electrondiffractiOnhavi㎎bOしhO20spOtsofthe

工.2/marrrPhibOleandthesameO20spotsasC2/cclinOjlmthOmpsonitean.d4)

electrOndiffractionhavingstreaksinsteadofthespots.ElectrOn

dユffractionpattemscontaゴningb苦directiOnwereobservedtUlthetotaユ

numberOfelectrondユffractiOnpatternsfrOmOrlehandspecimenbecOme

Qnehundred.TypicalspecimensOfeachalteratiOndegreewereselected

,dispersedOnmicrOgridandexarnined.[[heresultsOftheobservations

areshowninTable2.The:triPlechainsareratherdornゴ ーnantinthe

slight]-yalteredspecimens(Degree工 工).Relatively!argeqしlantities

oftrip工echainsi二LicatesrnaybeformedinthespeciJnensfrcm工OcalLlties

fardistantfrOmtheorebcdyOrinthespecimenswhichsuffered

weakreactions.
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2-(つCaZ(7ij「erousdoub乙eehzinsiZieatpvandtaZ(3in"amzphiわoZeir

[[1iebUlkcherntcaユc・mp・siti・n・fthe"amphユb・le'▼ ・hichisc・mp・sedmaLrQy。f

doublecヒ 曲silユcatesismanganOanactinO]ユte(「Table工).Se皿iquantitative

analysisofsinglecrystaユOfdoublechaユnsi1=LcatebyAEMshowedづ
thesameresults.LowmagnユficatiOnelectronmicr℃9raphOftheiOn-thinned

「「amphibole「7isshOwninFig
.4a.FibrOusaggregatesmaユnlycOmpOsedOf

doublechainsilicatesarefOundWithrOughcOincidenceOf].atticeaxes.

T7iesi-ngleflbe「isl。nginc-di「'ectiOn・abouto・lpm・id・inb--dir'ecしi・n

む

andverythinina《 ユユrecti・n(pr・bablyぐ00A)・Fig .4bsh・wsthetal -。

whichisstilエP・e・e・ving・1土 ・・pyr・xen・p・eud・m・ ・ph・T・i・al・ 。 ・。tainsc。,id
。。abl。

amountOfFe(Tablel).

2-dCα 乙eiferoust"RiP乙echa乞nsiZiea亡e乞n'「(mphizフo乙e"

ThechemicalcOmpOsitiOnOfthe"amphibOle"cOntalningtheじriplechaln

si].1catesisshOwninTable]一.Sir返lefiberOftriplechainsilicatein響 ▼amphlbole聾

wasana■yzedbyAEM.[[1ieresultsshowedthepresenceofapPreciableamOunt

ofCa,besides,Si,Mg,Fe,Mn.工nordertOclarifyしhechernica二LcOmpOsitiorls

ofthesetriplechainsilicatessemiquarltitat士 ▽ely,theywereexa皿ine〈 ユmOre

c].osely「 エヤip]-echaユnsユ1工cateaggregatesadJacenttOclinopyrOxeneinion-thir粗ed

specimenwereselectedfOrsem工quantitative.analysisOfCacOnterlt

becausetheclinOpyrOxenecanbeしlsedasreferencestandardspecimenfOr

CacontentwhichisalreadyknownbyEPMAanalysis(CaO・18.7・v22.59・).Fig.5showsthe

chem工caユcOmpQsitionofthetriplechaユnsil⊥catea(ijacent七 〇

clinopyroxenesemiquantitative]-yestimatedbyAEM.
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肱 ・ エCa/エSivalueint・ipl・ ・ha-in・tl'u・t・r・ ・egi・ ・i・ ・ed・ced

toaboutonethゴrdOfca⊥ciferOusc]」 ∫10pyrOxeneTheC/CC
aSi

vaユue工ntriplechainsilicateisideallyOneしhirdof七hatofcaユc二ferOus

clinopyrOxene・FrOmしhesedata,itwasascertai∫/edthatthetriplechain

silicateiscaユciferOusandhasanea]?!yidea]-cOmpOsエtiOr10fcalciferous

ana=LogueofclゴLnoj工mthOmpsOnユte.Theca工ciferOusanaユOgμeOfclinOjlmthompsonite

isderi▽edfromcllnojimthOmpsonitebyrep工aci〕gMginI>1(5)sユtewithCa .

[VheideaJ-cOmpositiOni・Ca2㎏8Sil2032(OH)4・Ap・rt・f㎏ ・anb…placedむ
withFeandMnFig.6shewstriplechainsilicatewiderしhanlOOOA

inb-dinrectiOnwithOnlyasmallamOしmtOfdisorder.HighresOlutiOn

electrOnrnlcrOgraphoftriplechainstructureadjacenttOdoublechain

strし1ctureisshown工nFig.7工tcanbeseenfromFig.7athat工 一lattiCeOf

doublechainstructしnceisconnectedwithC-].atticeOftrlplechaゴnstructure.

ThユsisexactlywhatmaybeexpectedbythecrystallOgraph■c1℃lationofdouble

andtriplecha血structures.Fig.7aゴndユcatesthatC2/ctriplechaiinsiユ ユcate

hasgrOmtogetherWith工2/mamphibOleinsuchawaythatitsb-andc-(iir'ecti:on

areeachpai?allelwiththoseofarnphiLbole.Themm.ttuaユ!atticerelatiOn

isperfectlycoherentByreferencetothecOmputOrsimulatedゴ 皿age(Fig・7b&ApPendユx),

thehユghresolutione工ectronm[LcrOgraphOfFig.7aisinterpretedtobetr1Ple む
chairlstructureimageatunderfocusofabout800A.Theseresuユts

aresimilartOthOseOfnephritebyMaユlinsOnetal.(lg80)Prevnouslytheauthor

(Akaユlg77)preliminarilyrepOrtedthepresenceOf工Org-spacユn客diffraction

spOtsinelectrOndiffractiOnpatternsOffibrous皿inera工sfrOmaltered

c上1nopyroxeneintheAkatanimine.ILaterOn,closeexam[Ln.atiOns。fthese

Pattemsre▽eaユedthattheyarenoじof証 ⊃(edstr'uctureOfsingユeanddOublechains

,butOftriplechaユnstructuユ ℃.
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2-eZフisordereds亡 αteαndZooα 乙Z召orderedstx・uotur7ein"(zη1)hiわo乙err

StructurallydisorderedstatesareoftenphotOgraphedinaユmostallofじhe

11arnPヒriboles「T(Fig
.8).DOuble,tripleandwidercha工nswere工dentifiedinthe

highresolutiOnelectronmicrOgraphs,takingacc。 しmtOftheelectrOndlffractiOn

,thecOmputOrsimuユationOfelectronmicrOscOpicimagesandthedefOcusva⊥ue.

[Vhefibrousspecゴ 皿enwhユchindicatesheavystreaksorlOng_spacing

spOtsinbx-directionintheelectrondiffractiOnhasdlsorderedstnユcturesOrlOcaユlv レ
orderedstructures.[[hesedユsorderedstructuresareOftencOmpQsedOfthin

alternateslabsOfdoし1b工eandtrip]-echains.Widerchains,e.g.quadruple

,quintuple,sextuple・ ・chainsarerarelyinserted㎞dOubleandtrip].e

chairiStructures(Fig、8).Fig.gshowslOcaユOrderedstructureOf3ユ .5穴

,composedofreoquユarstackゴngOfしwodoub]-echaゴnsandOnetriplecha血tOthe

　
extentOfca.150ATheprObabi].ゴ.tyofchaゴnsequencep(▽ 壱blenand

Busecklg79)is2×lO-3,andtheperiOdicitymaynOtbestatisticallysO

SユgrzLficant.

SlabstructuresofdOub].eandtriplecha血sin「tamphユboleT「appearto

ha▽enoreguユarityinしhedisorderedstate,butwhenthelamellaewidths

aremeasuredbyta.kingmarlyhユghreso].utionelectrOn皿icrOgraphs,thecharacteristユc

statisticalfrequenceOfslabwユdth工nb-directiOnisrecOgnユzed(Figユ0).

SlabsoftwodoublechainsandthoseOfonetrip]-echainarepredomlnant,

cO【mparedwithOtherslabsha▽i㎎differentwidths.

2-fOtn'erfinetex亡ures∫ ヒ)uアz{ヱin'「m叩htbo乙es'「

LowmagniflcatiOnelectrOnmicrOgraphOftheiOn-thtmed7▼amphibOエe9"エs

shOminFig.4a.FigユlshQwsasinglefユberseparaじedfrQmtheaggrega亡es・

TaILc(sheetstructure)isaユmosta-].waysd工scriminatedOnbOthlateralsides

OfthesinglefiberThe工a七ticerelatiorlbeじweenthecha⊥nstructureand

・hee旗 皿 ・tur・ ・ftal・i・al・ 。 ・・mpl・t・ly・ ・h・・ent・ 「]]h・int・ ・f・・eb・t・een
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sheetstreuctureandchainstructureisfOundlnFig.12a,bThechaln

structureissun?○ しmdedbysheetstructure.ThebOundarybetweentalLc

andchainst't'uctureaユOng(OlO)P]-aneユsstraユght,andthata⊥o㎎(00ユ)plane

isslightlyirregμ ユar.

3一 αRinetextzcz・esfoundintheoZinoρyro:ene

VariOusfi」netexturesOfbiOpyribOlesfrOmtheAkataniOredepOsitwhichsuggest

theprOgressOfmetasOmatユcaユteraじionwerefOundnearthereaction

frOntOfthec⊥ ゴnOpyrOxene,especialユythec⊥ ゴJlopyrOxeneOfDegree工 工.

ElectrOnmicrOg'aphsOf工On-thtnedweakユyalteredc]jiriOpyrOxene(Degree

工工,sp.766一 工)areshOmゴ.nFigs.13a,b,wh[Lch工ndicatetrip].echain

ordOublechaユnformationinclinOpyroxenehost.TheslabsOftrip]-eanddOuble ピ
chainstructureinclゴnOpyrOxenehOstarecOnstructedfrGmOnetoseveraユ

chainsinb-directiOnandhavealengthOfse▽eralhundred翫gstrOmsin

c・-dir'ectiOn。BOthterminatiOnsOftripleanddoublecbainslabsare

occasiOnallyfO㎜dinc1ユnopyrOxene.Thelaしticefri㎎esofl3.5110f

triplechainstructureare]r∋sOlved,coherentlymatchingthe(OlO)and

(00工)planesOfthehOstclinOpyrQxene.Thereisnopeculiar

cOntrastduetO;se▽ere工atticestrainbetweenthesedOubleOrtriple

chaユnstructures,andthehOstsゴ.㎎lechaゴnst]f'ucture.

Figs.13c,diコLdicaしethegrOwthOfdOub].eandtriplechaゴnsfrom

shortandnarTOwchainstO工 ○㎎erandthLiclerOnes.工nthesef壇urescOherent

relatiOnisstillrnaユntaユnedbetweenc].ユnOpyrOxeneandthenewlyfOrmedtriple

anddOublecbLainstructures.Fig.13eshOwsfurthergrOwthofdOubleandじriple

chainstructuresseparatedfrOmunaユteredc⊥ ㎞opyrOxeneandfQrmingaggregate

oftripleanddoublechainsilicates.「 工herelatiOnOfcrystalaxesiss七ill

r。ugt-[Lyma・1、nta±ned. .lng・neral,m・r・ir're.・ ・ula-rea・ti・nfr・nti・al…een(Fig・13f)・

3一ゐStatisties6・neelmingS励 ωtatn'・fd・ublecmdtriρ 乙e・hainstn

・Zin・pyrOsじe'nehoststnucture

Thestatist工ct「eatmentofthefrequencyOfslabwidthOftripleanddOしlb工e

一



chainstructu]?esnucleatedirlhOstcl工nOpyrOxenewascanr'iedOuttO

ゾ
ascerta-irlltTnecharacter・ft・P・tactエctransf・mヨtユ 。n・fcl・Ln・pyr・xenet・triple

anddOublechaゴnstructures・Byhighreso]-utionelectrOnmicrOscOpicstudyof

biopyriboles,agreatdealofheterOgenietiesareOf℃enfound工nthedゴ .stributiOrユ

Ofdifferenしchainwidthsevenwithゴnasinglespecゴmengrゴ.d.Thismayresuユt

inate1Tiblesamplゴ 」19problem.AsolutiOnOfthlsprOblemandavaエ ユd

statist工calana].ysisreqしL廿ecOuntingasmanychainsaspossibleineachof

manyareasOfaspecimen・1.Alargen㎜berOfhighresO工utiOnelectrOnrnLcrographs

weretakenofmorethanlOdifferentgrainsOfthemOsttypicalspecユmenwユth

alterationDegree工 工(766一 工).「 工henumberOfthedoubleortriple

cha工nslabswasしhencOunted.Thedensityofdistributionofthe

thj.ns工abswasgeneraユlylOw・Then,thetOtalnurnberOftheslabsdidnotbecOme

solarge.Hユs七 〇gramsOftheslabwidthmeasuredby七"nenし ㎜nberOftriple

OrdOublechainssandwichedbysinglechainstructuresareshominFigs.14a,b.

ThetOじalnumberOfslabsoftriplechainsinthehOstclゴnOpyroxeneis

largertharlthatofdoublechaユns。Thistendencywasfurthercorf血edbythe

factthatmGreelectrOndiffractiOnpatternsindicatingthepresenceoftriple

chaゴnslabsinclinOpyrOxenehOstweretakenthanthoseOfdOub]-echain

slabs.工nthehistOgramofdOublechainslabs(Fig.14a),slabsOfeven

numberofdoublechainsarepredOrnゴ ーnant,whiletriplechaゴ ェ[slabsshOw

nosuchpredOminance;.butslabsofOnetriplechaj∫1arefrequent(Fig。14b)・

_γ ≧.



D工scuss■Gns

P(フ乙ヨπ～erizαtioアZfンOmta'esi7乙gZeehainstruet7dare亡Od∂ujう 乙8α πゴtrでP乙eehαin

stx・zzeture,αndtota乙6

Whenthes]-abwidthsOfdoubleandtriplechaユnstructuresintheweaユ 〈ユyaユtered

clinopyroxenesarerepresentedbythenumberofdOubleandtriplechaユns,thefrequency

distributionofthewユdthsexhibitscharacteristicfeatures;thatis,theslabsof

triplechaエnstructurehavevariOuswidths,whiユetheslabsofdOublechaエnstructure

havewidthsOfevennumber.工ndユsordereddOublearldtriplechaゴ.nstructureslabsi∫1

冒「ampbユbo工es「 冒
,thefrequencydistributionOftheslabwidthsOfthedOublechaユn

structureshOwsthemaximum▽aユueatthetwOdOublech証ns(Fig.10a).Ontheother

hand,theslabw=ldthsOftriplechaLnstructurevarysomewhatwidely,butrelatlve

predomゴ.nanceOfslabshavingonetriplechaゴnisseen(Fユ9.10b).工naユ ニLtheslab

st]r'ucturesintheclゴ ェ[Opyroxeneconsist塊Oftr=LpleanddOub]-echatns,nOspeciaユ

stra血isfO㎜dbetweenthedifferentstructures.Thesefactscanbeユ ーnterpretedas

follows.When'dOubleortrip].echainsareformedinclinopyroxenestructure,theエ
displacementT'ofl/2(a+c)OfOneortwOpyrOxeneslabunltsareneedbd

forstructuraユfit(Thetermpyroxeneslaburlithereusedisessential].ythesame

asthepyroxenernOduleof[[hcmPsonl(lg78)althoughthemeしhOdofchOosゴr〕gtheun工t

structureisdifferentfrOmthatOfThompson;cf.耳ig.15).Tosatisfythisstructural

reユatiOnthefol10wingtopotacticrelationswhichwerepreliminarilyrepOr・ しedby

Akai(lg79) .sho耳Ldbemaintained・ 工nthestructuralchangefrOmsinglechainstructure

todoublechalnstr'ucture,twOamo㎎fourpyroxeneslabunitsmustshiftsuccessively

喚/2(a+・).A・ther・ ・u・t・fth・di・p…em・n・ ・,…b・tru・ ・凝 …f・w・d・ ・bエ・ ・hain・ar'e

forrned(Fユ9 .15).OnetriplechainstructurecanbederivedfrOmthreesuccessユvepyroxere

slabしmits,theircentra=Lunitshiftingbyl/2(a+c)withoutshiftir旧ofthechain

st「uctureOnbothsides(Fig.15) .工fsingleanddOublechalns

a「ealtemati▽elyfOrmedinC2/cclir10pyrOxene
,threeOfthe

sixslabしmitsmustshift.Butsuchmixedstlr'uctしLr'∋Of

scTherealat・nt・m・vem・n七i
.np・lymeri・ati・n,h・w・ver,

byth・di・pエacement。 盃/2ハ
Ribbe(lg81)orotherwise

(a+c),butmaybesuch

■

maynOtnecessarilyrepresented

mOvemen匂.ks
.ugJgestedbyNalくaJ'i-maand'

as,

⊥



singleanddouble(orwider)chainshavenotbeenobservedsQfarlnthespecimens

fromtheAkataniOredeposlt.

ThisideaofthestnユcturalchangeOfbiopyribOlemaintaiヱ ユir返 七〇potac七icrelatiOn

whichwaspreliminariユyrepOrtedbyAka工(lg79,=Lg81)canbecaユledthepo]-yrnerization

ofsilユcatechaゴnstructures.ThepolymerizatiOncanbe,ingeneraユ,represented

asfOllows.SupPosirlgnpyrOxenes工abしlnitsshiftamongthempy]70xeneslab

しmits,inordertOconstructv-fO工dchajnstructurefrOmu-foldchaユnstructure

(P:polymerizationfromu-fOldtOv-〈foldchainstructure),therauエ ○Of
U,▽v

君 一i・assum・dt・ ・epre・entth・ ・hara・t…ft・P・t・ ・ticst…t・r・1・han・9・am・ ㎎

thebiopyr工bolesTheproductr1×mrepresentsakindofゴ.ndexlndicating

easinessofstructuraユchangefrOmOnetoanotherbiOpyribOle.TheprOdし1ctnメ 、m

';therefore
,工sherecalledtopotaxy工ndexofbiopyribole.Table3shOwsthe

rati。 岳,th・t・P。t・xyindexnXm,and・h・ ・曲er・f・ ・w・yf・rm・d

・三鋤 ・p(.m
▽ 〉 「]hi-・id・a・ft・P・t・xyi-r・dex・fbi・py・ ・b・… 。n・・血 ・th・

ideaof「1RuユesforcOherentzipperterminat工Ons「 響(VeblenandBusecklg80).

E[hetis,ZipPerRule] .isnaturaユlythebasisOftopotaxyindexOfbiopyribole

inacOnditionwherenOstressispresent.Zipperruコ .e2isfoundinthere!ation

・h・・eb・ ・hp・nd巴 ・reeven…dd(T・b・ ・3)・Furth・-e,・h…P・t・xy

indexexpressesthetOpotacticrelationcOncernユr旧kinetlcs工nthest=]:ctur・aユ

change・ 工tfOrmsthec]⊥letOtheeasinessoftopota⊂tlcstructしraユchangeQnユy

whengeOmetricaユstructしu2aユre] .atiQnsarema.i.ntain.ed.FOrexample,theOrder

ofthedecreaseofeasinessoftheformatiOnOfnewblopyribolestructures

frOmsiglechairrstructureare
,triple,dOuble,qしLintupleandquadruple・ ・…

κin・ti…f伽 卿 ・亡α・ti・f画 α痂 η ・ft吻 乙・ αndd・ub乙 ・ ・ah-in・in

・Zin・ ρyr・xeneinmetas。mαtism

工thasnOしyetbeenascertaユnedwhetheraユlthet]7iDlechaユnsユlicatesOccしu? 」
stab工ephasesOrnot

,becauseOfthelackofphaseequilユbriumexperi.rnents.

Ta⊥(ir遮intoconsideraじiOn
,hOwe▽er,themOdeofOccurrencesOfbiopyriboles

at=theAkatarL工oredeposit
,itmaybepOssibletoestirnate七hekinetics工nしhe
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fOrTlationprQcessesOfcaユciferoustripleanddoublechaユnstructu]r'es.()nthe

basisofalユthedatacOncerningthefrequencyOfoccurrenceofblopyrlboles,

scherrla七icdiagra皿representingtherelativequantitiesOfcalciferOusc].ユnopyroxene,

caユcifer℃usamphibole(doublechainsUicate),ca■ciferOustriplechainsilica七e

andta二Lcvs。distaneefrOmtheOrebOdycanbedrawnasinFユg.16.

ThedユstancefrOm.theOrebOdymayberegardedtOberelated

tothequantitユesOfhy(ユrOthermalsOlutiOn.A㎞Ow工edgeOfthemodeOf

occしu2renceofal二L・thetriple.anddOublechaユnslabsinthehOstclエnOpyrOxene

(Fig.14)isalsoessentユaユf'Orthechar'acterizatiOnOfbiOpyribOlefomation.

ThechangesOfthemOdearecOntinuOusfrOmtheslabst]r'ucturesinclinopyrOxene

tofibrousaggregate("arnphi-bole").Thethinnestslabs,therefore,whichare

sandwichedbetweensinglechainstructuresandarecGmpOsedofsing].eororユy

afewchaゴnsmayhavebeenfOnnedintheweakeststageOfmetasOmaticalteration.

ThefO]f'matユonprocessofbiOpyribOlesattheAkatanユOredepOsユtwillbediscussedbelOw.

IhthefollQwingdiscussions,metasomaticaユteratiOnmOdelattheAkatanユore

depositisassumedtObeasfollows3P,T-cOnditiOnsmaynotsignユficantly

differしhroughoutthesuユteQfしhespecimens.Onthecontrary,

thequantitiesofhydrothermalsolutiondiffergreatlywiththelocationinthe

field(i.e.distancefromtheorebOdy).工tcannOtbe㎞cwnwhe七herthese

triplechaユrlsi=Licatesarestablyformedornotatthese`℃onditions,butit

工sclearthattriplechainslabsarepredOmゴ ーnantintheweakユyaLteredc上inopyroxene.

ThekineticsthereforemustalsobetakenintOcOnsideratiOnLnthe

d工$cussionoftheformatiOnofbiopyribOles.
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i)WheretheeffectofhydrOtherma二Lsolutionwasweak(fa]rdistantfrOmtheOre

bOdy),clinopyroxenepartlyalteredtO"amphLboleTl(a=LterationDegreeエ エ)

工ntheclinopyroxene,thinslabstructuresoftripleanddoublechaユnsarefOmed

nearthereactionfrOnt,andslabsoftriplechaユnstructuresnしlcleaternOre

freqしLent]-ythanthoseofdoublechaユnstructures(Fig.14).Relativelylargeamoしmts

QftriplechainsilicatesarealsOconしa工nedtn胃amph■bolet「inthealteratiOnDegree

工工(〔rable2).Whendoubleandしrip]-echainstructuresarefOrmed工ntheC2/c

pyroxene,しhesestructuresholdatopotacticrelatiOnwit⊃btheC2/c

PyrOxenestructuLTeasmentiOnedabOve.Thedetaユlsofthestructuralchange

intheglinopyrOxenearecOnsideredasfollOws。PreviOuscOnsideratiOnshave

Te▽ea工edthatthetOpotacticminimumしm■tsOfdoubleandtriplechaユns二Lab

structuresinthehostclゴ ⊥ユopyrOxenearecOnst]f'uct∈xdoftwOdOublechaユnsand

onetr工plechaj.nrespect工 ▽elyMetasomaticcOmpOsゴ.tiOnalLchange,hOwever)
-

fromfoしmsinglecha工nstotwodoublechainsimpl工es2Caく ⇒Mgreplacementand2H

intr・d・ ・ti・np・ ・4C・(F・ ・血 ・Mg)Si206Smilarly・m・t・ ・cmati・ ・。mP・ ・ユti・nal

changefrOmthreesinglechainstOOnetriplechaユnimpl二es2Ca#1㎏]?eplacement

and2Hadditi・np・ ・3C・(F・ ・"'t・・Mg)Si206・Th・qu・ntities・fmasstransfe「

inしheslabformationwithwidthOfoneしriplechaゴ 」nmaybenearlyequa二LtO七hatirl

slabformationwithwidthofしwodoしlblechains.However,theenergybanrierprOtectingthe

structuralchangefrOmthreesirユglechaユnstOonetrip工ecliai .nisestimatedtObe!owerthan

thatfr℃mfOursinglechainstOtwodOublechaゴns
,becauseしhefOrmatiOnofOnetriple

chaユnfrom-threesゴ ーnglechainsrequiresOnlyones工nglechaintrar1slation,

whiletheformatiOnOf'twodoublechaユnsrequirestransIationoftwosゴnglechains

(t・P・ta・yindi・e・ ・i-d・ubleandtripl・ ・hai・.,f。rmati。nf。 。m。 越lechain

structur;(∋are2×4=8
,1×3=3,respectively).Thisenergybarr工ermaybe

relatedt。arlactivationenergyfOrthestructu]・alchange .

Th?iplechainstructuremustbeeasilyfOrnedaユOngtheactivatiOnenergypath・
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Ifmanyoftheabo▽e-mentionedprocessesprOceed工ndeperユdent工yandsimu]-taneously

thickerslabsOftriplechainstructuremaybee▽entuallyfOrrned,andひ ∫111,
al。 。bec。meTra・nphib・le・t.Atleastapart・fthel'amph[Lb・les"inしhealterati・nDegree

工工mLg;httherefOrebefOrr〔nedlnthユsprocess・TEhefactthatdOublecha血s]-abSwith

widthcomposedoftwodoublechainsarepredom工nantinlOca]ユyOrderedstructurearlddis_

Orderedstructures加"arnphibo].e「lmaybeexp]-ainedbytheabo▽e-fientiOnedprQcess

血whi。h。ne七 。、P、。an齢b・ 。 。hain・areassum・d・ ・b・f・r'm・dt・P・ …ti・a・ エy

工ntheweakeststageofmeじasOmaしisminhOstclinOpyrQxenes・

Mostofthetriplechainsilユcates,hOwever,maybefOrmedfエ ℃mclinOpyrOxene

asOstwaユdstepsalthoughrnOredetai]-edexaminatiOnsarenecessarytO

ascertainthispoint.

ii)「 工hespecimensfrQmpartsneartotheorebodysufferredthestrOnger

alteration.Thesespecimensarecomposedmain=LyOfTlamh.il.bOles,t(a■teraしiOn

Degree工 ▽)。[[he「Iamphj.bOle「 「ofしhisaユterationdeg]-7eecOnsistygmainlyofdouble

chains且icates,withminoramountcftriplecbGinsilicatesandtaLc.As

mentiOnedabOve,the「 「aunphlbOles,「inthisaユterationdegreehavehOmogeneousfibrOus

texturesinapPearanceandshQwapProxi皿atelyhomogeneouschemicalcompositions

overaw工deran聡eOfしhethiinsectioninEPMAanaユys工s.Furthererr)Ore,evenin

thespecimenswh■chshowacornpositiOnnearertothatoftripleclnaゴ _1silicte,

しheyarecQmpQsednotoftrip].echainsilicatesalone,butmainlyofdouble

chainsilicatesPlustalc.工tistherefOreassumedthatequilibrium鷹 亘neralassenblage

isdoub].echヨinsilユ ～}ate(ampbibole)Plustalc'inthemetasOma七iccOnd工tiOn

attheAkatanioredeposit .

iiユ)Bysurnmarizi -ngthemetasomaCicreactions,

thecompositionaユchangesofbiOpyribOleca!lberでpresented

bythefo] .10wゴngchernユcalreactions.

4C・(F・ ・㎞
・㎏)Si2・6・Mg2++2H+→C・2(㎏'F・,㎞)5Si8・22(・H)2・2C・2+

singlechain(Hd)dOublechain(Act)

2+
6灘 麟

葺ll+2Mg2++4H+→Cl;雛 謝81'lllll:OH)4+4Ca

凸



C・2(㎏,Fe,Mn)5Si8・22(・H)2・ ㎏2++2H+→2(㎏ ・F・・㎞)3S㍉ ・、。(GH)2・2C・2+

doし1blecha工n(Act)sheet(Tc)

Ca2(㎏ ・F・・rVin)8Si、2・32(・H)4・ ㎏2++an+→

triplechain(Ca-cj)2+

3(㎏ ・F・・iYf「・)3Si401。(OH)2・2C・

sheet(Tc)

[[hesereactionsrepresentchemゴ.calchangeswhユchoccurbyaddiしiOnofhydrotherrnaユ

2+2+2+2+
andremovaユofFe,MnandCafrOmthec]-inopyroxene.SOIUtiOnSCOntainユng㎏

Calciferoustrip].echaゴ ■1silicateisnaturaユlyderivedfrcmthecaユciferous

clinopyrQxene.OtherhighresolutionelectronmicroscOpic工nvestigatiOnsreveaユed

thepresenceofsOmenarrowtriplechaユnstructureregiOnslnfibrousa瑚phibolesor

inpyroxenes(Busecketal.lg80;JeffersOrleta⊥ .1978;Mallinsonetal.lg803Nakaj●ima

andRibb・lg80,lg81;V・bl・nandBu・e・klg81) .Alth。 ・ghth・ywer… しanaly・ed・h・ 血 ・ally

・th・ymayaエ ・。becal・ifer。us.Cal・ifer・u・anaエ ・gu・ 。f・1血 ・」加th・mP・ ・nit・
,a・a・ew

mlner田,maybefOundinsOmeapPropriategeolOgicaユenvirO㎜ents
.

BysunmaLrizirlgthefinetexturesofbiOpyribolesobserved,aproposedscheme

forthepr℃pagatiOnofmetasomatismandthecorrespOndユr旧finetextしmesof

biOpyribolescanbedrawn(Fig.18)工tmaybeconcludedtherefOrethatthenucleation

ofbiOpyribolesispolymerizatiOnprOcessarldcOrrespondstotheρrQpagat1Qn

へ
oエmetasGmaticreactions ,intheAkatanior℃depOsit.
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▽=[ConclusiOn
●

1)ClinopyroxenetransformstOOpticaユ1yfibrous靱)hゴ ーbole-=Likephase("amPhユbQ=Le「 冒)

andta⊥cinthemetasomaticprocessrelatedtOthefOmatiOnofspecuユaコiteat

theAkatanioredepOsit.工twasascertainedthatthe"amphibole!▼wasarnゴ.xtしure

ofdOublearldtriplecha工nsilicates,andadユsorderedstateOfdOubleandtriple

chainstructures.Thede.qireeofmetasomatユca■teratiOnwasindicatedbythereユative

quant工tiesoftheremainゴngclinopy]?Oxene,四amphlbOle'署1andtalc.TherOughrelatユon

betweenthisdegreeandthedistancefrOmtheorebodywasascertaユned.エhweakly

alteredspecゴ 」mens,relativelylar'geamoしmtof七riplechaユnsilicatesiscontained.

2)ThetriplechainsilicatefOrmed工nthemetasOmatismattheAkatanioredepOsitむ
isOfelectrOnmicrOscopicsizeoflOOOAaしmaximしmwidthinb-direcしion,andis

acalciferousana」.OgueOfclinojimthOmPsonlte.

3)工ntheweakestmetasomaticaユteratiOn,alargeamOur:tOftriplechε 工ns

andminoramOuntOfdOublechユirlsaretransfOrmedfrOmsi㎎ ユechainsinhost

cl'㎞OpyrOxenest]:'ucture,maintainゴngtOpotacticrelatiOn.Finetexturesofrlewly

fOrmedbiOpyrゴ.bOlesintheclinOpyroxenecOuldbeana工yzedbythetOpotactic

relationshipbetweenbiopyriboles(Fig.13,14,15;Table3).

4)AmphibOleand/OrtaユcmayhavebeenstablyformedbythestrO㎎estreactionof

themetasδma-tismattheA1(atan⊥Oredeposit(neartOtheOrebody).Wnere,,
however,theeffectofhydrotherma] .solutionwasweak(fardユstantfromtheo1℃

body),th[i .nslabsoftriplechaゴ エ1structしmesnuc]-eatedmorefrequentlyしhanthOse

。fdOublechainstnlcturesエnhOstclin。pyr。xenes .CQnsideringthek±r、etics,

inclinopyroxenehostthetriplechaゴ 」nslabwithOnetrip工echaユnwidthmayhave

beenmoreeasi工yfOrrmedthanthedOublechainslabwithtwodoublechainswidthalO㎎

thelOwactivatユOnenergypath .

5)VariOusfinetexturesinclinopyroxeneand「 「amphibO] .e「 蟹wereinterpretedas

cO「TespondirlgtotheprOpagationofmetasOmaticreactiOnprOcesses.
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Abstract

C].ゴnopyroxenetransformstotriplechalnsilicate,doublech∂.insilユcate

(a皿ph工bole)andsheetsilicate(taユc)inthemetasomaじicprOcessOfthe

Akatanユoredeposit.ThetriplechainsilicateiscontainedinfibrOusairrPhibole_like む
phase("amphlbole").工tisofelectronmicroscOpicsizeOflOOOAat

maximumwidthinb-directiOn,andisacalciferousanaユOgueofclinojimthompsonite .

Variouskゴ 」adsOffinetexturesformedinmetasomaticreactiOnprocesswere

foundinclユnopyrOxenes.Alargeamountoftriplechaゴ ■1sandasmaユ1amoしmt

th隻 ・

ofdoublechainsweretransform〔}dfromsinglechainsln'hostclinopyl℃xene,

maintainir旧topotacticrelation.Thekineticsofthestructuraユchangeof

biopyrtboleSattheAユ(atanioredepositwasdiscussedfrOmtheviewpoint

ofthemodeofoccurrenceoftripleanddoublechainsilicates.The

nucleatiOnOftrip].echainstructしll7eslabwithonetriplechainwidth

工sapttooccurrathertharlthenuc]-eationOfdoublechaゴnstructureslabwith

widthoftwodoub!echainsinclinopyroxenehost.Variousfinetexしures

inclinopyrOxenesandamphゴ.bole-].ikephasewereinterpretedascorresponding

totheprQpagationofmetasomaticreactions.
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Fig.2PhotOmlcrographsO-faユteredclゴnopyrOxenes。(a)ン(b):Tweakユyaユtere(i

specゴ 皿ens(sp.766一 工,(a):crOssnicols;(b):opennicQl>.Reactionfront

isseen.(c):AlteredspecimencGmposedof"arnphユbolefTwhichエsprQperly

amb(tureofdoubleandtriplechainsilicates(sp・768一 工,opennユcQl).(d)

=Taユcpseudomorpha.£terclゴnopyroxerユe(sp.776-4,0penr[icol)Cpx:c].inopyroxene
,

「A・nph':t'ltmPhib・1・TT
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Fig・3Ca-Mg-Fe÷Mndiagiramofblopyribol皐 …、㎞ しheAka七anioredeposit・Data

ofaユ]-biopyribo]-1き 、areplo七tedinthesamediage7am(sp・768-3・766-1・766一 工工

,766一 工工工,768-1,768-▽)TTotTrepresentsccmpositionOfpyrQxep.e,tt● 「「

,compQsゴ.tiGnQfttampbユbole「 「(皿L(t=ureofampbユboleandtrip]-echajn

SiliCateS>「 ㌧tT,COmpOSiti・n・fta.lcreSpeCti▽elyArrcwidユCateSthe

estilτlateddユrectionofmetasomaticchange
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Fig.4(a)Electronmユcr℃graphofutterlyflbroし1saggregateofhydr℃us

biopyrゴ.boles(TTar4)hibol∈ 巳11),(sp.768-1)(b)Elecrtronm[,Lcrogrraphof
〆(¢)

talc,しhelastproductofmetasomatism(sp.768-v)
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FIig.10肛stogramOfしheslabwidthsofdouble(a)and七riplecha血s(b)sandwiche(i

between,theothersinfibrousspecimens(「Tamphiboles「t).

Slabwidthismeasuredbythenumberofdoubleortriple

chaユns工ntheb冠direction.Whitecolun皿sreDresentthe

numberofslabsandblackcolumsrepresentthenしmber、ofaユlthechaユns

contained加theslabs.
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Fゴ.9.llMectronmicrOgraphQfsingユehy(土rQし 【sbiOpyrlboleflberderived

fro皿fibrousaggregate(sp.766一 工).工n七hecenterofしhefiber,

Pyribole(doubleandtriplechaゴns,andwiderchaユns)structureisfOund.

Shee七structure(ta■c)isgrowingonbothlateraユsidesofthefiber
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Fig.,.12(a)Electronmicrograph]・ndicatingしheinterfacebeしweensheetstruc七ure

(七aユc)anddoubleandtriplechainstructure(sp.768-1)Pos±tiOn

Aistheboundaryin〔001]direct工on.

(b)Ehユargedelectコonmicrographof(a)CQherentlatticef工tsbetween

sheetstructure,anddoublechain(B)ortriplechain(C)paraユlelto

(OlO)p工aneiSfOしmd.
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Fig.工4HlstOgramofthenしmberOfdouble(a)andtriple(b)chains

whicharenucleatedintheclinopyroxenehostandsandwichedbetWeenslnglechain

str'uctures.TherepreserltatiOnofwhiteandblackcol㎜ 工sthesa皿easin

Fig.10.Tciplecha■nsaエ ℃morefrequentlynし1cleatedしhandoublechains.
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Fig、15Topotacticstrucし しn2alrelationsinpolymerization.(a)PolymerizatiOn

f「.m4s㎞9'ec-s'(b)PQ'yme「'zat'.nf「.m3sn9'e

chaゴnstOltriplechain.[[1)erユecess二tytoma工nta工ntopotact工cre=Lation

(pyroxenesabunits)}

withhoststrructurecQntrQlsthe皿inimumstructuralunit(notmmimしm

・ep・ating・nit)・f・ ・svlyf。rmedblopy「lbole・P。
,。 「ep「esentsp。lyme「ization

fromu-foldcha工nto▽-fO工dchain.Shadedρhai」 ユsrepresentthOsetobeshifted・

pyroxeneslabunits
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Fig.16

the

may

Schematicdiagr'amofreユativequantユtiesOfbiOpyribOlesvs.

distancefrOmtheOrebOdy.ThedistancefrOmtheOrebOdy

berega]?dedtOberelatedtOthequantitiesOfhydrOthe]fmalsOluiOn.
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Fig.17PrOPOsedschemefOrtheprOpagatiOnOfrnetasOrnat土smandthe

cOrrespOndingfユnetexturesOfb土OpyrまbOユes.
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Tab工e2
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Estゴ 皿at=ionoCじherelativequan七itiesoffoしr七ypesofelectrondiffraction

pattemsfromttarrlpヒ 曲olesTTThefoul7typesa.reじriplec恒1nsilicate

(13.5旦),doublechaユnsilユcate(9鼠),doubleandtriplechainsiユicate

む くコ
(13.5A+9A)anddisorderedstructure(stτ ・eaks)Totaユnurnber

Qfe].ectrondiffractiOnpatternscountedinOnespecimenislOO(seetext)
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Appendix

COmputersimulatiOnofelectronmicroscOpici.mages

工nordertOinterpretepreciselytheelectrOnmicrOscOpicユmages

,thecomputersimuユatiOnwascarriedout.Specゴmenthic㎞essis

esti.matedtobeverythirlfromthee工ectronmicrOgraphofAl-shadOwed

specimens.工tmaybeseveraユhundred.AngstrOmesatmost,andlessむ
thanlOOAinspeciaユlythinpOrtiOn。AsafirstapproximatiOn,images

wereca二LculatedbasedOnakinematゴ.caltheorywhichwaspreviOuslyapplied

toCu-phtalOcyanine(Uyedaetal.lg74;工shizukaetal.lg75).T]he

progr・arnwrittenby工shユzUkaetal.(1975)wasused.

[[hefollowユngfOしrmodelswhicharestructuraユlypOssユbleandare

inclinrdt・be㎜tuallyc・nfusedinthelatticeimageswereselected;

Mg-trip=Lechairlsiユ ユcate(:clinOjimthompsor】 ユte):[VebユenandBしir'nham(lg78b)]

Ca-triplechainsilicate:CainplaceofI㎏irユM(5)siteinclino-

jimthompsorlite

latticeparameters:b=27.24鼠

む む
c=5・316A(csinl含=5・0=L2A)

Modelstructu]?eofCa-mixedchaln:derivedfromtremolitestructure
ニ

sユlicateofsingleanddouble[Papikeetal.(lg69)]

chain

Modelst]r'uctureof㎏ 一mixedchain:MginplaceofCainthecOrrespOnding

siユicate-Ofsirlgleanddoし1ble
site,irユaboveCa-mixedch蝕1siユicate

chain

latticeparameters:b=27.08ス

　 む
c=5・3A(csユ ・や=5・102A)



Pa]?ametersusedinthecaleu工ationOfthetwOandOnedimensユOnallattユce

imagesOfpyribO]-esareasfOl工ows;

Accelerating▽oltage

SphericalabberatiOncorlstanむ

DepthOffocus

Objectiveaperturedi.ameter

Envelopefしmctionused

100k▽(λ 三=0.037鼠)

1.4㎜

200且

60indiameterwhichcOnresponds

tosir1θ/A _==0.2

:basedonWadeR.H.andJ.F]?anl((1977)

a)defocusspreadニ200鼠

_4b)
openirlgangle=4.8×10rad.

ThethrOughfOcusseriesOfthesimulatedlatticeimagesareshownゴnthe

appendixFigs.land2.

Thr。ughf。cusseries。f。nedimensiOnallatticeirregestakenonthefibrOus

specimenfromtheAkataniOredepositユsshOwnintheappendixFig.3.
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