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Laser fluorination oxygen extraction system for stabJeisotope

ana］ysis of rock forming mineraJs

Takafumi MATSUIl，M．SATISH－KUMARl，Kazuhiro KATOland HidekiWADAl

Abstract Highvacuumlinemadeofstainless steelandcomputercontrolledpneumaticvalves
attachedwith a40WCO21aser systemcapable of extractingoxygen fromrock forming silicate

andoxidemineralsinaBrF5atmOSpherevasfabricated．Thevacuumlinecanresistthehazardous

BrF5reagent uSed for disintegrating the Si＝O bondsin minerals．The oxygen，thus released，

isconvertedtoCO2inanO2→CO2COnVerteruSinggraphiteheatedat－6500Cinaplatinumfoil

holder．Wepresentheretheresultsonvacuumchecks，initialsettingoflaser，reprOducibility

Of the O2→CO2COnVerter，background measurements during fluorination and precautionsin

handling the BrF5reagent．The present system can withstand high vacuum conditions without

appreciableleaks forintervals required to－Complete one cycle of measurement．However，due

tothe toxicnatureofBrF5reagent，Sizeableamountofbackgr6undO2WaSreleasedduringthe

pre－fluorination of the system（－0．2－0．3pmoles of O2for30minutes of fluorination）．

RepeatedfluorinationofthesystemconsiderablyreducedthebackgroundO2，however，COuldnot

be completely eliminated・Tests were also■made for the functional setting of the O2→CO2

COnVerteruSingampoulesofexternalO2gaS．Optimumconditionsforconversionveredetermined；

temperature of－6500C，graphite grain size fraction of1－2mm and reaction time of15

minutes．NBS－28quartzstandardwerepre－fluorinatedovernightinthereactionchaJnberinorder

toreducethebackgroundeffect・8180S…Valuesof14measurementswithvaryingamountsofNBS－28

quartzgavelO・06士1・15‰・Theresultsindicatethatatninimumsamplesizeof250pgisessential

to overcome the background effects．However，this amountis almost four timesless than the

usualamount of sampleusedinlaser fluorinationlaboratories elsewhere．AIso，it was found

that thelaserbeamshouldbe defocusedforprecisemeasurementofsmallgrain size samples．

Thus，atpreSent，thepresenceofbackgroundO2releasedin thereactionchamberishindering

the application of micrometer scale measurement of oxygenisotope measurementsin minerals．

In order toimprove the present system，the backgroundwithin the reaction chamber should be

reduced further．
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Jntroduction

OxygenisthemostabundantelementintheEarth，s

CruSt and mantle，and forms animportant stable

isotope tracerin various geological processes．

0Xygenisotopeanalysisofrockformingmineralsis

COnSidered to be one of the mostiTnpOrtant geO－

Chemical techniques to elucidate the origin and

evolutionofrocks．However，0Xygen，eSpeCiallyin

Silicateminerals，is stronglybondedwith silicon

and other cations，and extremely difficult to

Separate．Furthermore，0Xygenispresentinmostof

thechemicalreagentsandintheatmospheresothat

it needs extreme care to analyze it without
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COntamination．

Until1960S，tWO type Of reactions Yere uSed to

analyzeoxygenisotoperatiosofsilicateminerals：

（1）reduction by carbon aこt high temperature

（1，600－2，0000C）toyieldcarbonmonoxide（Manianet

a1．，1934）and（2）deoxygenation by fluorine or

halogenfluorides toproduceO2（Clayton＆Mayeda，

1963）．The pioneering work on oxygenisotope

analysesin silicatewas reportedbyManian etal．

（1934），makinguseofthereductiontnethod．ItYaS

Baertschi＆Silverman（1951）vhoforthefirsttime

used the deoxygenation method．They employed

fluorineorchlorinetrifluoride（CIF。）asreagent．

Taylor　＆　Epstein（1962）described that the de－

JInstitute ofGeosciences，Shizuoka University，8360ya，Shizuoka422－8529，Japan

E1mil：smsatis＠ipc．shizuoka．ac．jp（軋　S－K．）
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0Ⅹygenation method vith fluorineis better than

reductionwithcarbonat hightemperature．Clayton

＆Mayeda（1963）found that bromine pentafluoride

（BrF5）ispreferredtofluorineasthereagent．This

Study adopts BrF5aS the reagent for thelaser

ablation and the following equationillustrates a

typical reaction of bromine pentafluoride with a

silicate mineral（e．g．，feldspar）．

KAISi308＋8BrF5→KF＋AIF3＋　3SiF4＋　402＋

8BrF3

The conventional fluorination technique，re－

acting silicate oroxide with fluorine or fluoride

gasin the nickel vessel at moderate temperature

（200－6500C），nOrmallyneed12－18hrstoliberateO2

andlarge sample sizes（5－30　mg），Since the

backgroundis normally high．Thus，preCise small

volumeisotope analysisisimpossible by con－

ventionalmethod．Ontheotherhand，1aserablation

techniqueis superior to the conventional method

Vith respect to smaller sample size，Shorter

reactiontime，1essblank，andhighaccuracy（e．g．，

Sharp，1990；Spiccuza et　81．，1998）．with the

advancement of high　precision micro．analytical

systems for stableisotope measurements andits

widespreadapplicationingeology，itisessential

toaccuratelymeasuresmallvolumesamples（Kyser，

1995）．

Thepurposeofthis studyis toestablishalaser

ablation system for the accurate measurement of

oxygen isotopes in rock forming minerals at

ShizuokaUniversity．Withthemodifiedinletsystem

of the Finnigan MAT　250　maSS SpeCtrOmeter，

measurementofultra一microvolumeofcarbondioxide

（uptoO．lpmoles）withhighprecisionispossible
（Wada et a1．，1982）．Thelaser ablation systemis

thereforeexpectedtoestablishtheoxygenisotope

analysis for ultra－Small silicate samples．

Present status of oxygenisotope anaIysis of

silicate minerals

Conventional fluorination techniques for oxygen

extraction had been established　and employedin

laboratories，SeVeraldecades ago andis still the

most commonly used method（e．g．，Baertschi　＆

Silverman，1951；Clayton＆Mayeda，1963；Borthwick

＆　Harmon，1982）．This techniqueis useful to

liberateO2inmostc0品monsilicates，eXCePtforthe

highly refractory minerals（e．g．，forsterite，

kyanite，COeSite，COrundum，Zircon）．However，5－30

mg samples are commonly needed for accurate and

reproducible result，because oflarge blank・This

large amount of blankis due to the production of

hygroscopicNiF2thataffect stableisotoperatio・

When small sample size analysisis performed，an

arbitraryblankcorrectionisessential（Leeeta1．，

1980），Which reduces the accuracy of the meas－

uremerlt COnSiderably．

Thelaser ablation techniques to extract oxygen

fromsilicatemineralswerefirstreportedbySharp

（1990），and several modifications and refinements

madein the system thereon（Chamberlain＆Conrad，

1991；Conrad　＆　Chamberlain，1992；Chamberlain　＆

Conrad，1993；Sharp，1992；Kohneta1．，1993；Mattey

＆Macpherson，1993；Young＆Rumble，1993；Akagi et

a1．，1995；Valley et a1．，1995；Spicuzza et a1．，

1998）．The advantages of this technique are（1）

refractory minerals can be analyzed，（2）it takes

Only seconds to minutes for completing the ex－

traction（く15　min for one sample preparation，

Valley eta1．，1995）（3）small sample size（aslow

aso．1mg，Sharp，1990），and（4）highprecisioncan

be．achieved（土0．1‰，Spicuzza et31．，1998）．By

employing a remotelaser for heating，itis not

difficult to rapidlyincrease the temperature to〉

1，3000C，Whereby，the refractory minerals can

easilyreactin short timeunder thisintenseheat．

Another benefit of usinglaser ablation methodis

that the sampleis directly heated，Which reduces

the amount of background considerably，and the

blankismuchlessthanconventionalmethods．Thus，

the analysis on small sample size can be performed

Withoutanycorrections，andis expectedtoachieve

high accurate measurement．Sharp（1990）achieved

highprecision（土0．1‰）formanyminerals（quartz，

feldspar，、kyanite，01ivine，diopside，garnet，

muscovite，biotite，MnO2）using CO21aser，andin

situ spot－analysis（く300FLmin diameter）On the

polished thick section was also successful（く

0．5‰）．

TheⅡlOSt COmmOnlyusedCO21aseremits radiation

（九＝10．6JLm）whichiswellabsorbedbyallsilicate

minerals（Fouillac＆Girard，1996）．Other types of

lasers were also recently tested for oxygen ex－

traction．The Nd－YAGlaser could not successfully

heat the transparent Samples，because the emitted

radiation（入＝1．064　〃．m）Could not be absorbed by

transparent minerals（EIsenheimer＆Valley，1992；

Akagi et a1．，1993，1995）．

measurements，Wiechert＆Rumble

etal．（1997）have succeededin

spots without fractionation of

UVlaser（入＝248　nm），however

transparent minerals such as

overcomebyFiebigetal．（1999）

For the in situ

（1993）and Rumble

VaPOrizingln－Situ

isotopes using KrF

could not ablate

quartz．This was

by usingArFlaser

（入＝193nm），Whereby precisein situ analysis of

quartz was made possible．

The purification of O2　gaS eXtraCted from

mineralsis a difficult task，because of thelow

freezingpoint ofoxygen and thepresence of toxic

reagents．Liquid nitrogen can condense almost all

ofthetoxicreagentandby－prOductgasesexceptO2．

However，aS an unWanted by－prOduct，Small amounts

ofF2isproduced，Whensilicatemineralsreactwith

BrF5・F2gaSCannOtbecryogenicallyseparatedfrom

O2gaS and corrodes the O2→CO2COnVerSion system・

Sharp（1990，1992）introduced a mercury diffusion

pumpasafluorineremover・However，merCuryisvery
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Monitor

Fig．l Schematiclayout of the vacuumline forlaser fluorination system and associatedinstrumentation．

Fig．2　Photograph showing the general setup of the

VaCuumline andlaser．The pneumatic valves are

COntrOlこしedby the computerwith thelabVIEWsoftware．

Laser generating systemis placed on top of theline

by means of steel frame with adjustable bolts to fix

the distanCe between the outletlens and the sample

holder，

likely to absorb not only fluorine but also oxygen

（Akagi eta1．，1995）．Akagi etal．（1995）reported

that steel wool trapwas effectiveinremovingF2・

Fouillac＆Girard（1996）and Kirschner＆Sharp

（1997）reported that8180Values obtained bylaser

analysis of fine（〉250　FLm）splits of quartz were

uptoO．8‰lowerthantheacceptedvalues．Fouillac

＆　Girard（1996）calledit‘grain size effect，．

Spiccuza et　81．（1998）succeeded to resolve the

’grain size effect’adopting the rapid heating，

defocused beam techniqueinstead of slow heating，
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Fig，3　The reaction chamber and the sample chamberof

the system，SeParated by a gate valve．The sample

holderis fixedonanX－Ystage（25mmX25mm）．sample

holderwithsampleisplacedinthesamplechamberand

evacuated using a rotary pump．After evacuation，the

gate valveis open and the holderis pushed by the

magneticpistonrodand fixedin thereactionchamber．

focusedbeamtechniqueusuallyusedforextraction．

They achieved high accuracy（土0．1‰）for NBS－28

quartz standard samples（100－250　〝m）．

Laser ablation systemin Shizuoka Uniyersity

lnstrumentation

Laser fluorination vacuum line at Shizuoka

Universityis shown schematicallyin Fig．1．This

lineis equipped with a　40W－CO21aser（ONZCA

PIN－40S），Whichuses helium－neOnlaser for target
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Fig．4　The O2→CO2COnVerter，made of Pyrex glass，

comprises of a platinutn foil（0．1mm thick）holder

designedtokeepgraphiteandgive selfresistance for

increasing the tehperaturein the order500－7000C．

location（CHINO NE0－1M）（Fig．2）．The reaction

chamberis made of stainless steel and has a BaF2

YindoYforuninterruptedlaserpassageandtoview

the sample holder duringlasing（Fig．3）．A high

magnificationcaJneraisconnectedYiththemonitor

（KEYENCEVH－6300）anditispossibletoobservethe

laser ablation reaction．　An infrared remote

thermometer（CHINOIR－FB vith a range ofl，100to

3，0000C），equippedvithaguidelasertolocatethe

point of measurement，meaSureS the temperature

duringlaser ablation．Sample holder（2．5　cm

diameter）ismadeofnickelandhas－3mmdeepnine

sample pits．

TheInainlineisevacuatedusingacombinationof

turbo pump（PFEIFFER TPHO60DN40KF）and a rotary

pump．Pre－eVaCuation of the sample chamberis

carriedoutusingarotaryputnp．Samplesareplaced

in the sampleholderandkeptin the sampleholder

inthesamplechamberandpre－eVaCuated．Thesample

holderis movedinto the reaction chamber through

thegatevalveusingamagneticpiston‘‘rod，，・There

are four pressure gauges（Pl－P4）located at dif－

ferent segmentsin theline．P．and P2are pirani

gauges（WAKAIDAPG－2B）．P3andP4arebourdongauge

and capacitance monotneter（PFEIFFER CMR263）

respectively・15pneumaticvalvesarecontrolledby

computerusedtheprogrammingsoftware，LabVIEW⑧・
Furthermore，4　manual valves（Ml－M．）are also

includedin theline for specific operations．

Thelinehas7coldtraps（TrT7）andastainless

steelwooltrap．Theliquidnitrogen，COldtrapsare

capable to condense BrF5，CO2，SiF4and BrF3gaS，

vhile the steel vool trap canremove theF2gaS．Tl

andT2，madeofdoubleringsteelpipe，aredesigned

to remove efficiently any remaining reagent or

by－prOduct gas・T3gathers CO2generated at the

O2→CO2COnVerter（Fig・4）・T4is theplacetoseal

theC02gaSin6mmPyrex㊧ムmpoules・T5isusedfor
shifting the required aliquot of BrF5　tO the

reaction chamber from BrF5　tank．T6is Kel－F

（Chlorotrifluoroethylene）YaSte tank，Yhere un－

reactedBrF5andby－prOductgasesarestoredandT7

6
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Fig．5　ResultsshoYingthe segtnentwiseleakcheckfor

the oxygen extractionline plotted as a function of

piranigaugereading（Pl）withtime．Notethatthesteel

YO01，02→CO2COnVerterandthereactionchambercannot

withstand highvacuum condition forlong，howeveris

capable tokeepinghighvacuumuntil the completionof
a single sample extraction．

is the Kel－F reservoir tank for storing BrF5．

1n the reaction chamber，the silicate sampleis

ablatedbyCO21aserinaBrF5atmOSphere，andO2gaS

isliberatedfromthesample．TheO2gaSispurified

from other gases throughtheliquid N2COld traps

andstainlesssteelwooltrap．Attheconverter，CO2

is generated from O2　by heating graphitein a

platinum heating foil holder．The temperatureis

measured using aninfrared remote thermometer

（CHINOIR－FAin the range of300to13000C）．The

temperature can be adjusted by resistance con‾

trollerand oxygen can react with graphite at　〉

560°C．The resulting CO2gaSis sealedin6mm

Pyrex⑧ampoulewhichis crackedopen totheinlet
systemofFinnigan随AT250（Wada eta1．，1982）and

the stableisotopes of the carbon and oxygen are

measured．

Vacuum condition

Most of the vacuumline of the present oxygen

isotopepreparationsystemismadeupofstainless

steelexcepttheconverter，WhichistnadeofPyrex㊧

glass，in order to resist corrosion by fluo－

rineTbearing gases（Fig．1）．Initial vacuumcheck

ofthesystemwascarriedoutinordertodetermine

whether theline can withstand high　vacuum con－

dition forintervals of time required for com－

pletionofasinglesample・Thesystemwasevacuated

totheminimumpressure（P1－2．55Pa）・Vacuumcheck

ofthislinewas carriedoutbasedon the following

procedure．Firstly，thevalveswereheldclosedfor

aspecific time（e．g．，5hours）andthen，Starting

fromthevalveneartoPl，Valvesareopenedoneby

one，While reading the shiftin PI Values・For

example，inthe caseofO2→CO2COnVerter Segment’s

vacuum check，itis keptin the closed condition

vith the valvesNo．4andNo．5closedandNo．6and

No．14keptopened．Subsequently，No・6andNo・14
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Tablel Results oflaserintensity measurements

lasercurrent（mA）intensity（W）

0
　
5
　
0

3
　
3
　
4

1
7
・

6
1
8
・
6
旧

22

Table　2　　Laser diameter measurements based on the

insitu ablation of tnica flake．

Distancebetween

SamPleh01derand

laserouletlen＄

（mm）

laser

Current

（mA）

h0lediarneter

（pm）

9
　
9
　
9
　
0
　
0

2
　
2
　
3
　
3
　
3

l

 

l

 

l

 

l

 

l

く
　
く
　
く
　
く
　
く

areclosedandNo．5isopenedthe shiftinPJValue

is measured．The relation betYeen the time aTld the

ShiftinP．readingfor eachsegmentof thelineis

Shownin Fig．5．At all segments can essentially

keephighvacuumcondition（P．く2．55Pa）formore

than30min．，the maximum time required during one

Sampleanalysis．Keepingthevalveclosedforalong

time（e．g．，12hours），SOmepartSloose the vacuum

COnSiderably．Because of theirlargeinternal

VOlume，Steel wool trap，reaCtion chamber and

O2→CO2COnVerter are SuCh portionsin theline．

This decreasein vacuum conditionis probably

CauSed by adsorption of H20etc．in the walls，Or

minuteleaks along thelarge‘0’rings and gaskets

connections．

Laser settings

The present system adopts a40W CO21aser・Two

fundamental experimentswereperformedinorder to

Check thepowerof thelaserbeamandits diameter．

Tablel shows the relation between the current and

theintensity．Table2illustratesthevariationof

laserdiameterbychangingthedistancebetweenthe

lensandthesampleholder（usingathinmicaflake）．

The results suggest that thelaser beam can be

defocused fromits focal position（laser outlet

lensat－80mmabovetheBaF2Window，SeeFig．1）

either by moving thelaser equipment upYard or

downward，Which apparently changes the working

distance of thelaser outletlens．Although an

increaseinworkingdistancecoulddefocus thebeam

to the requiredl mm diameter（Table2），the beam

gets focused near the BaF2Yindow，CauSing damage

inthewindowglass．Thiscanbeavoidedbyashorter

WOrking distance than the focus．HoYeVer，the

present design of theline and the optical system

restricts the defocusing of thelaser to a maximum
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Of400pm．Finally，thelaser equipment YaS pO－

Sitioned at　－15cm above the sample holder for

achievingalaser diameterof about200pm（Table

2）．Thepositionofthelaserequipmentvasshifted

2cmlower todefocus thebeamtoadiameterofabout

400pm．Atboththepositionsthepowerofthelaser

WaSkeptat3．5．－　4．0mAforobtainingenoughpover

for extraction．

Handling of BrF5

Bromine pentafluoride（BrF5）isliquid at room

temperature andhigh1y toxicreagent，Vhichreacts

With organic maters and H20explosively，and with

anymaterialexceptforselectedmetalsandalloys，

SuCh as nickel or stainless steel．Thus，eXtreme

Careis，needed vhile handling BrF5．Fortunately，

BrF5can be condensedin aliquid N2COld slush・

At the beginning of the experiments，it is

necessarytoshiftanaliquotofBrF5（10－15me）from

the cylinder（1kg）to the reservoir tank made of

Kel－F（－13．’5cmlong and－2．5cm diameter）．

TransferringBrF5ispossibleusingliquidnitrogen

COldtrap．Afterevacuatingthelinetohighvacuum，

liquid nitrogenis set at the tank（T7）．stopcock

Of the cylinder and M3is opened，Yhile keeping

Valve No．10closed．The BrF5VapOr getS COndensed

at thereservoirtank（T7）．15－20min．isrequired

to gather　－10meliquid BrF5．To condense BrF5

efficiently，itis necessary tOincrease thelevel

Of theliquidnitrogenslowlyevery2－3min．After

COmpletion，the valves of the cylinder and M3are

Closed．During the shifting of BrF5，it was found

that thereis non－COndensable gasinside the BrF5

Cylinder，partOfwhichwill expandto thelineand

the Kel－F reservoir along Yith BrF5．This

non－COndensable gas was evacuated throughthe T2

trap set withliquid nitrogen．

Foreachmeasurementofsample，analiquotofBrF5

equivalent toabout94hPa（－70mmHg）inside the

reaction chamber has to be transferred to the

reaction chamber．For this，BrF5in the reservoir

tankis expandedin theline between valves No．1，

No・2，No．11，M4andM3andafterclosingvalveNo．

15，WhileT5COld trapis usedtocondense theBrF5

at the reaction chamber．Thb reagent pressure of

BrF5is usually kept at above94hPa（70mmHg）and

lower pressure causeincomplete yield and con－

siderablyloY8180values（Spiccuza eta1．，1998）．

If thereisn’t sufficient pressure of BrF5in the

reaction chamber，a SeCOnd expansion of BrF5is

needed・Whilekeeping the requiredaliquot ofBrF5

at T5，thelineis completely evacuated throughT2

1iquidN2trap，inorder toclean the systemofany

non－COndensable gases that may increase the

background oxygen gas．

02→CO2COnVerter COnditions

The oxygen to carbon dioxide converteris one of
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Table　3　　Results of experitnents carried out for

investigating the reproducibility of the O2－CO2

COnVerter．External oxygen gas was expandedin

respectivesegmentsofthevacuumlinetobeverified．

Ccorrespondstotheconverter，SWthesteelYOOltrap

and RC the reaction chamber．

gaS

RunNo．volume

（いけ
認
P
O
　
（

d
　
）

劇
％
y
（

蕊81
は

batch

No．
Se9ment

No．1　174

No．2　　98．7

No．3　　204

No．4　　192

No．5　　174

No．11　　58．7

No．12　　53．1

0
　
0
　
0
　
0
　
0
　
1
　
1

6
　
0
　
2
　
7
　
5
　
9
　
3

6
　
0
　
7
　
5
　
5
　
2
　
3

7
　
8
　
8
　
8
　
8
　
0
　
2

4
0
5
1
5
5
粥
5
7
6
2
5
9

5
　
5
　
5
　
5
　
5
　
5
　
5

2
　
2
　
2
　
2
　
2
　
2
　
2

一

　

　

■

　

　

－

　

　

一

　

　

●

　

　

－

　

　

－

舶
慧
伽
掴
甜
掴

C
 
C
 
C
 
C
 
C
 
C
 
C

Table　4　Results of O2－CO2　COnVerSion experiments

carried out Yithlarge Si21e graPhite gains（Carbon

L＋）．Abbreviationsare Same aSin Table3．

Segment

1
　
2
　
2
　
0
　
0
　
9
　
1
　
2
　
3
　
6
　
8
　
2
　
6

6
　
5
　
5
　
5
　
5
　
4
　
5
　
5
　
5
　
6
　
5
　
5
　
5

5
　
5
　
5
　
5
　
5
　
5
　
5
　
5
　
5
　
5
　
5
　
5
　
5
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2
　
2
　
2
　
2
　
2
　
2
　
2
　
2
　
2
　
2
　
2
　
2
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一

　

－

　

－
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－
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慧
脚
脚
甜
憲
肘
鋸
鋸
闇
慧

37．93

36．36

42．58

41．33

41．52

39．54

42．31

41．37
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25．90

24．15

38．07
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C
C
C
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M
C
C
C
M
M
C
M

l
　
1
　
2
　
3
　
3
　
3
　
2
　
2
　
5
　
5
　
5
　
6
　
6

No．13　　1糾

No．14　　144

No．18　　191

No．21　121

No．22　　184

No．19　　197

No．16　　119

No．17　　119

No．31　82．8

No．32　　61．3

No．33　　62．5

No，34　　89．2

No．36　　44．3

Table　5　Results of O2－CO2　COnVerSion experiments

carried out Yith small size graphite gains（Carbon

S＋）．Abbreviations are same asin Table3．

山m。y。ild　だ聖．璧聖禦hS。gme。t02No．vohme
（％）（PDB）（SMOW）No・

No．37　　82．5　　93土7　－25．41　37．78　　6　　　C

No．38　　85．0　　93士6　－25．56　37．90　　6　　R・C

No．39　　　　　　　　　∩．d．　　　　　　　　5　　R・C

No．40　　86．3　　94士6　－25．50　38．42　　5　　R．C

No．41　91．0　　96土6　－25．58　38．27　‾　5　　　C

themostimportant cohponentsinthis system．This

is the onlypart of the systemmade of glass，SO aS

to be visible to measure the temperature of the

platinumfoil．0Xygenliberatedfromthesilicates

is reacted with carbon at temperatures　〉5500C to

produce carbon dioxide，based on the simple re－

action O2＋　C一→CO2・In the present study two

fundamental tests were carried out for confirming

thereproducibilityoftheconverter；Sothatthere

is no fractionation ofisotopes vhile O2gaSis

COnVerted to CO2．
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8180t‰（SMOW）

Fig．6　Results shoving the converter reproducibility

experiments carried out on O2gaSinlet externally．

Thelov oxygenisotope values show systematic re－

1ation against the yield，Whichindicates thatlower

yields cause selectivelighterisotope conversion．

Table6　A．Selected（withallexperimentalconditions

satisfied）experimental results on reproducibility

Of O2－CO2　COnVerSion experiments using external

OXygen gaS・

Gas
Y。iM　813C‰至

0‰

Run岨∨血㈹　ぶ　てp蒜（SMOW（ul）　、＋．、’′　、●」′■■J I

No．47　115．8　ノ9M　　－25．80　38．69

No．48　118．7　　96士5　　－25．81　38．74

No．49　114．8　　96土6　　－25．78　38．62

No．50　147．2　112士5　－25．62　39．13

No．51　116．7　10は　－25．64　38．62

No．52　　84．0　　91土6　　－25．68　38，42

No．53　　87．0　　92土6　　－25．71　38．80

No．54　　83．8　　8は　　－25．59　　39．44

No．62　138．2　108士5　－25．60　39．24

No．63　128．1　101士5　－25．64　39．13

No．65　135．5　107土5　－25．57　38．96

No67　1368　105土5　－25．56　　39．21

No．68　　67．1　　85士6　　－25．70　　38．98

No．69　　90．3　　93土6　　－25．58　　39．22

No70　110．1　108土6　－25．55　　39．29

No72　106．4　108土6　－25．70　38．96

No．73　　90．1　　92士6　　－25．64　　38．98

No74　　715　　94士6　　－2580　38．33

No．76　　71．4　104土6　－2564　　39．04

No．78　　61．1　101土6　・25．72　　3956

No．82　　866　10は　－2583　　39，24

No．84　　85．6　103士6　－25．69　39．35

Batch

No．
Segment ternPeraturTime

el℃）

7　　　　C　　　　640

7　　　　C　　　　640

7　　　　C　　　　630

7　　　RC．　　　630

7　　　RC．　　620

9　　　R．C．　　　600

9　　　RC．　　　580

9　　　R．C　　　　625

11　　　R．C．　　　620　　15mln

ll R．C　　　　640　　10mln

ll RC．　　615　　10min

ll R．C．　　625　　15min

lO RC　　　　605

9　　　R．C　　　5775

12　　　RC＿　　　　580

12　　　R．C　　　6615

12　　　RC．　　　675

12　　　S．W．　　　605

13　　　Sい／　　　580

13　　　SW　　　600

14　　　SW　　　　675

14　　　RC．　　　660

Average8’uC　－25r68土009　Average8’00　　39．00±0．33（n＝22）

Results and discussion

Reproducibility of the02→CO2COnVerSion

OxygengasfronlaneXternalcylinderwasutilized

for this experiment．From the cylinder，02　WaS

expandedin a glass vacuumline directly to about

1500－2000hPa（－1．5－2．O atm）．After removing the

possibleimpuritiessuchasH20bycleaningthrough

the cooled pentane trap（－1300C），the O2gaS WaS

expandedin－72cmlong6mmPyrex⑪glasstubeat
areducedpressureof55790hPa（－40－70mmHg）and

sealed．This“long’’tubeisthencutinto3－6almost
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Table6　B．Results of5minutes conversion experi－

ments．

Gas Yei・d璧禦是認禦hs。。m。。ttem，e．atmmeRunNo votume　．∧．、二…）‘1品や‥1
No．糾　129．5　102士5　－2557　3821　11　R・C nd　　　5min

No66　144．6　105士5　－2557　3712　11　　R．C．　　∩．d．　　5mln

Table6C．Resultsofexperimentalrunshavingspecific

reasons forisotopic variations．Abbreviations are

same asin Table　3．

Yeild　813C‰至
（％）（PDB）

aS

RunNo．volume

＿　　　　ML

No．45　　89．8

No．46　　89．4

No．55　　85．3

N0．56　　60．O

No．57　　55．5

No．58　　65．4

N0．59　　67．O

No．60　　67．O

No．61　63．1

No．71　99．95

0‰

（SMOW

91土6　　－26．17　37．72

92士6　　－25．89　38．35

88土6　・25．60　38．30

64土6　　－28．06　3935

75士8　　－26．38　39．30

82土8　　－25．82　39．05

84土8　　－25．96　39．35

85士8　　－25．77　39．48

77士6　　－25，91　39．26

97士6　　－25．44　38．66

No．75　122．23　94土6　－25．62　39．84

No77　129．67　　n．d．　－25．60　39．72

8
　
4
　
7

8
　
8
　
4

8
　
7
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3
　
3
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9
3
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8
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3
7
3
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5
　
7
　
1
　
2
　
1
　
　
　
2
　
9

3
　
6
　
5
　
q
V
　
5
　
　
　
5
　
4

No．79　129．5　101土6　－25．60

No，80　122．35　101士6　－25．78

No．81　55．85　　68土6　－25．88

No．82　86．64　109士6　－25．83

No．83　109．6　　∩．d　　－25．48

No84　8563　103土6　－25．69

No．85　　71．3　109士6　－25．80

No．87　10514　112士6　－25．69

No89　100．56　104土6　ノマ5二66

No91112．61109士6　－25．66

No93　　　　　　　　　nd

No94　68．75　100士6　－25．80

No．96　83．77　108　　－25．69

8alch

No． Segment ternPeratUrTime
ef℃）

∩．d

n，d．

∩．d．

∩．d．

n．d，

∩．d．

n．d．

∩．d．

∩．d．
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38．0　　　38．5　　　　39．0　　　　39．5　　　　40．0

8180‰（SMOW）

Fig．7　813C－8180Covarianceplot shoYing the results

ofseven“batches”ofexterna102gaSCOnVertedtoCO2．

Reproducibility of oxygenisotopeis seen vithin a

Single batch of samples．

equalpartsandgroupedas‘abatch’，eaChofwhich

hasidentical oxygenisotope ratios．Different

batches have slightly different oxygenisotopes

becauseof theoxygenisotope fractionationcaused

bymolecularflowresultingfromthelargepressure

difference between the parent storage cylinder（〉

100atm）andtheatnpoules．Thepreparedoxygentubes
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Fig．8　The relationbetveen converter temperatureand

oxygenisotope for seven batches of oxygen gas．
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Fig．9　ResultsofconversiontimeexperinlentS・A・813C

－　8180　covarianCe plot shoving a constant carbon

isotope valuein spite ofa decreasedoxygenisotope

values forless conversion time．This suggests that

lighterisotopes react with carbon faster than the

heavierisotopes．B．0Ⅹygenisotope variationin

relation vith conversion time．

areattachedtoT。WithaCajon⑧tubecracker，and
evacuatedforabout15min．Thetubeiscrackedopen

andtheO2gaSisinletintothelaserablationline・

The O2gaSis expanded up to the converter or till
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Table　7　Results of blankⅡleaSurementS．

血
n
ね

B
t
a
m
M

F山Orination CO2gaS　　813C‰

time（min）　voIumeh／）（PDB） （…浩，Runningday
2
3
4
5
6
7
8
9
1

0
1
1
1
2
1
3
1
4
1

5
1
6
1
7
1
8
2
1
2
2
2
3
2
4
2
5
2
6

3
。
芸
芸
8
8
9
竺
讐
票
三
言
品
芯
1
。
7
4
7
蕊
6
6
。
。
蕊
芸

24，1　　　－25．50　　　5．44　　2002／5／26

∩．d．　　　　n，d．　　　∩．d．　　2002／5／27

n．d．　　　　∩．d．　　　∩．d．　　2002／5／28

∩．d．　　　　∩．d．　　　∩．d．　　2002／5／28

∩．d．　　　　∩．d．　　　∩．d．　　2002／5／28

∩．d．　　　　n．d．　　　∩．d．　　2002／5／29

15．5　　　　－25．73　　－15．83　　2002／5／29

n．d．　　　　n．d．　　　∩．d．　　2002／5／30

∩．d．　　　　n．d．　　　n．d．　　2002／5／30

∩．d．　　　　∩．d．　　　∩．d．　　2002／5／30

278　　　　－25．58　　－1．67　　2002／5／31

9．5　　　　－25．24　　9．28　　2002／5／31

90．9　　　　－25．58　　－5．95　　　2002／6／1

10，8　　　　－25．28　　　6．07　　　2002／6／1

∩，d．　　　　∩，d．　　　n．d．　　2002／6／1

43，3　　　　－25．67　　－9．09　　　2002／6／2

5．3　　　　－24．04　　　7．08　　　2002／6／2

69．8　　　　－25．54　　－8．80　　　2002／6／2

∩．d．　　　　∩，d．　　　∩．d．　　2002／6／8

6．7　　　　－25．78　　4．91　　2002／6／8

∩．d．　　　　∩．d．　　　n．d．　　2002／6／10

n．d．　　　　∩．d．　　　∩．d．　　2002／6／10

6．9　　　　－25．45　　14．00　　2002／6／10
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Fig．10　Systematicvariationinthevolumeofblankgas

rele争Sed from the reaction chamber for　30　min．

fluorinationexperinlentS．TherluDberin the abscissa

COrreSPOnds totheorderinYhichblankYaSmeaSured．

the steel vool trap40r tO the reaction chamber，

depending upon the purpose of the experiment．The

COnVerteris thenputonandO2isconvertedtoCO2，

Yhichis collectedin a nevampoule at T。（1iquid

nitrogen trap），and measured forisotopes．

The results of the reproducibility tests are

givenin Table　3．The proper functioning of the

COnVerterCanbe easilycheckedby theyieldof the

CO2prOduced．For example，theloY yieldsin the

experiznentrunNo．ll and12are，indicative ofthe

inefficiency of the converter，CauSed by the

reducedactivityofgraphite toreactwithO2．This

is obvious when compared with the run Nos．卜5

（Table3），Whichwasperformedwithexactlythesame

graphite．Althoughthepresenceof graphitein the
holder can be visible，after several conversion

experiments the surface area of the graphite

efficient to the reaction decreases，reSultingin

diminishedreactivitywithoxygen．Therefore，itis

necessary to replace the graphite with the newone

（Taylor＆Epstein，1962；Clayton＆Mayeda，1963）．

Experimental runs were carried out with the

introductionofnewgraphitegrainsofvaryingsize

and the results are presentedin Tables4and5．

Ⅰnitially，the graphite gave yields greater than

lOP％，CauSedbythereleaseofadsorbedgases，Which

Can be reduced by storing graphite crystalsin a

vacuum desiccator．The relation between　8180　and

yield（％）is shownin Fig．6．‘Carbon L十，is the

resultafterthelargegraphitepieces（2－4mm）were

added，and‘Carbon S＋，is the one with small size

graphite（く2mm）added．‘Carbon L＋，has scattered

8180values andyield，Onthecontrary，‘CarbonS＋，

Shows only a narrOW Spreadin the values．This

indicates a greater efficiency of small sized

graphite because of the increase in reactive

Surface area．Furthermore，this tendency also

SuggeStS that a lower yield will result in

lower　8180value，TlmS，if the yieldislovered，

the fractionation of oxygenisotope occur，Since

thelighter oxygen gets easily converted to CO2

resultinginlover8180values．

Fig．7illustrates the stableisotope result of

the trustworthy data（D＝22）using graphite grain

SizeofO．5－1．0mm．Theaverage8180valueis39．00

土0．33‰，Whereastheaverageof813cvalueis－25．68

土　0．09‰（Table　6）．The absence of apparent

COrrelation betYeen OXygen and carbonisotope

ratios suggests that the converter works effi－

Cientlywithoutanyfractionation．Thevariationof

813cvaluesisverynominal，Yithintheerrorofmass

SpeCtrOmeter meaSurement，Whereas the variations

in the8180values are considered to be related to

thebatch－tO－batchdifferenceintheinitial values．

Ifa singlebatchisconsidered，the8180valuesare

as constant as　土　0．2‰．

According to Taylor　＆　Epstein（1962），higher

COnVerter temperature may reSultin the formation

Ofcarbonmonoxideandcause simultaneouslowering

of both　8180　and　813c values．The result of the

experimentYithvaryingconvertertemperature（550

－7000C）indicatesnocorrelationwith　81800r813c

Values，Whichindicatethatcarbonmonoxidewasnot

PrOduced at the range of the temperatureinves－

tigated（Fig．8）．

Fig．9shows therelationbetween8180values and

reaction timeof the converterusing the same batch

Of O2gaS（batch No．14）．Although the yieldis

thought tobe sufficient（Table6B），reaCtion that

terminatedafter5minutesgaveloweI二　8180values．

Thisindicates that O2WaS nOt COmpletely reacted
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Table8　The results of8180valuesin relation with

fluorination experitT）entS．

Reaction Pre－

temperature fluorination
Run CO2gaS　6t3C‰　6180‰　02batch

number voIume（pl）（PDB）（SMOW）number▼▼▼托「▼　▼▼▼tim。

86　　　113．7

88　　　166，8

90　　　157．2

92　　　161．3

95　　　114．1

97　　　124．8

ー25．68　　　30．50　　　14

－25．54　　　3424　　　15

－25．64　　　36．42　　　15

－25．40　　　39．16　　　15

－25．64　　　38．03　　　16

－25．53　　　38．63　　　16
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650　　　　　　4h

650　　　　　11h

WithoutpreJFluorination

（repeated4timoSI

Reaction Chamber

1

MassSpectrometer

WithpreJFILJOrination
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Reaction Chamber

BrF5

Keptfor40r

ll hours

Reaction Chamber

BrF5

Wastelbnk
Evacuate

BrF5　02

1／
ReactionChamber

Kept30minutes

1

MassSpectrometer

Fig．11　Flow chart showing the procedure for

Pre－fluorination experiments to check theimpact of

the blank gas release on sample O2gaS．
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Fig．12　Variationin oxygenisotope values with and

YPithout preLfluorinationexperin）ent，Whenoxygengas

WaSlneaSured continuously for4　times，theisotope

value of thelast tneasurenlent gaVe eXPeCted values．

Overnight pre－fuorinationis recommended for the

SyStem．
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andtheremainingfractionofO2Carriedheavier8180

Values・This fraction of O2is volumetrically

insignificant to cause reduced yields，howevercan

CauSeisotopevariations．Fromtheseresultsitwas

concluded that a conversion time of15minutesis

necessary to complete the reaction without any

detectable fractionation of oxygenisotopes．

Blank check

Severalearlierstudieshavereportedtherelease

ofconsiderableblankoxygengas（background），Yhen

BrF5is expandedin the reaction chamber．Sig－

nifying that the potential of the present system

liesin the measurement of small volume of oxygen

extracted fromminerals，itis crucial to quantify

the background and reduceit to a minimum as

possible，becauseitis directly related to the

minimum limit of sample size for analysis．

BackgroundcheckwasperformedbyexpandingBrF5in

the reaction chamber atlO0－135hPa（76－100m血Ig）

for a specific time and then condensingitin T5

1iquid nitrogen cold trap．The released gasis

passedthroughTl（1iquidnitrogen）andsteelwool
trap and reacted with graphite that generates

carbon dioxide，Whichis sealedin an ampoule and

measured for oxygen and carbonisotopes．

The results of the blank measurements are given

in Table　7and selected data corresponding to30

minutes fixed fluorinationresults areillustrated

in Fig．10．During early stages of BrF5eXpanSion，

theamountofbackgroundwashighandafterrepeated

’Cleaning up’of the reaction chamber the blank O2

gas reduced considerably．To verify the effect of

blank on　8180　values，the experiment of mixing

’external’oxygen gas and the oxygenblankreleased

from the reaction chamber was carried out．0Ⅹygen

gasusedwas the sameas that usedfor theconverter

reproducibility experiments．The procedure of the

experimentis shownin Fig．11．‘External’02and

BrF5are mixed and kept for30minin the reaction

Chamber and then the BrF5WaS COndensed at T5．The

total O2in the reaction chamber was converted to

CO2　and stable isotope ratios were measured．

Althoughtheyieldsweresatisfactory，lowervalues

of8180（30．5－39．16‰）than expected value（39．0土

0．3‰）arenoticeable（Table．8）．Thisislikelyto

be caused by theinfluence of the blank，Which has

lower values（－15－20‰，based on the blank

measurements made simultaneously with NBS－28

standardmeasurements；see section below）than the

O2gaSValues．Themixingexperimentswererepeated

4　times．The　8180　values become progressively

heavierand thelastresultcorrespondsvellYithin

theexpectedvalueof39．0土0．33‰（Fig．12）．This

resultindicates that the blank effect reduces with

repetition of fluorination runs．

Spiccuza et al．　（1998）　found that

pre－fluorinationis an efficient method to reduce

the blank．Pre－fluorinationis the process of
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Table　9　Results oflaser ablation experiJentS Of

internal quartZ Standard samples．

Quartz

rUn

number W宗荒，霊蒜Yie・d（％）813C‰（PDB）

6180‰

（SMOW）

No．1

No．2

No．3

No．4

No．21

No．22

No．23

㌧

4

　

5

2
　
2

d
 
O
．

N
 
N

3

　

0

　

1

　

5

　

1

　

7

　

2

　

6

　

▲

8

7

　

2

　

8

　

▲

1

　

2

　

0

　

1

　

1

　

8

2
3
　
4
　
5
　
3
　
2
　
」
　
2
．
1

0
　
0
　
0
　
0
　
0
　
0
　
0
　
0
　
0

6
8
1
3
1
8
3
8
．
1
1
5
6
8
3
2
7
0
2
9

㌍
2
7
2
。
9
6
・

8
9
。
7
8
芸

富　24
（⊃

ヒ

素　26

0

も　28

30

32

34

－25．67　　　－6．78

－25．70　　　－10．10

－25．59　　11．50

－25．64　　　9．29

－25．64　　14．17

－25．62　　14．87

－25．68　　15．20

－25．65　　13．70

－25．53　　16．27

×　qUa化ZNol■

O quaセNo．21－25

×　　　×

ー10

×　×　qD丑〉0

－5　　　0　　　5　　10　　15　　20

8180‰（SMOW）

Fig・13　6uC－∂蛤o covariance plot ofquartZ Sample

usedfortestingthe functioningofthelaserandthe

COnVerter・Samples1－4　shoYlargeisotope heter0－

geneity because of the malfunctioning of the O2CO2

keeping BrF5eXpandedin the reaction chamber for

a specific time for the purpose ofminimizing the

blank．The results ofblank experiments described

abovealsosuggestthatalongtimeexposuretoBrF5

in the reaction chamber can reduce the blank．As a

COnfirmation for this testinour system，the same

mixing experiments Yere Carried out after

Pre－fluorination．The procedureisillustratedin

Fig．11，inwhich4hrs orll hrs pre－fluorination

WereCarriedout，andtheresultsareshowninFig．

12・The4hrs runhasloYer8180value compared to

the expected valueindicating that considerable

effectofblankstillremainsin the system．On the

COntrary，thell hrs run produced almost the same

8180valueasexpectedforthe・external，0ⅩygengaS．

Thus，it was confirmed that over night

pre－fluorinationis neces甲ry beforelaser ab－
1ation to reduce the effect of blank．

Preparation of quartz sanpIes

Initialtestsofthelaserablationsystemforthe

measurement of silicateI扇nerals were performed

TablelO NBS－28measurement results・The accepted

Valueis9．64‰（Friedman＆Gleason，1973）．

SampJeCO2gaSYie・d言語蓬蕊），慧≡：：edWeight voIume（％）　　　　from
（mg）（HmOl）　　　　　　　　　value

Blank No．38

NBS28No．1

NBS28No．2

馴ankNo．39

NBS28No．3

NBS28No．4

BbnkNo．40

BlankNo．43

NBS28No．5

BlankNo．44

－NBS28No．6

tNBS28No7

NBS28No．8

NBS28No．9

NBS28No．10

BbnkNo．45

NBS28No．11

NBS28No．12

NBS28No．13

NBS28No14

4
2
7
7
7
。
1
3
8
3
8
0
0
6
4
8
8
3
7
3
餌
6
6
朗
6
5
4
8
7
2
7
0
6
2
6
9
．
5
1

4
5
5
5
5
5
4
7
5
6
5
5
5
5
5
5
5
5
5
5

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

－
5
2
6
7
－
6
0
5
〇
二
6
9
■
6
2
8
6
3
7
7
9
6
9
●
1
0
1
8
8
8
5
7
7

2
5
0
1
0
2
2
9
0
9
4
1
1

5
2
1
9
8
2
2
4
4
2
5
9
6
7
1
1
8
1
1
．

0
7
6
5
6
1
9
8

一
2
3
5
1
8
2
●
2
0
9
m
＝
読
■
3
3
6
2
2
9
1
5
5
4
3
7
冊
■
6
6
6
5
9
8
紬
6
2
9

0
0
0
0
0
0
0
0
0
0
0
0
0
0
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1099

10．63

18．44

9．60

995

1777

1480

8．94

1779

9．82

978

11．76

897

12．95

1918

944

9．52

9．40

9．07

ー
3
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9
9
一
．
0
4
3
1
－
－
7
0
●
1
7
1
4
1
2
．
6

7
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1
－
2
0
1
2
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－

0
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■

0
0
0
2
．
】
0
3
－

0
－0
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1／sampJeweight（LJg）

Fig．14　0Ⅹygenisotope values of NBS－28in relation

Vith the quantityofsampleused（estimated from the

amountofCO2prOduced）．Therecommended∂Bovaluefor

NBS－28and the small grain size fraction value of

Fouillac＆Girard（1996）arealsoplotted．Theresults

ShoY that thereisa simplemixingofisotopevalues

betYeen the NBS－28　and blank for sn）all volume

measurements，aSSOCiatedwith a“grain size effect”．

using quartz fragments taken from a transparent

Singlecrystal．Althoughtheisotopevalueandits
homogeneityareunknownforthisquartzcrystal，it

WaSutilizedforthescrutinyofyield，1aserpower，

andothertestsinouroxygenextractionprocedure．

The quartz crystal was crushed and sieved to

100－250JJmgrainsize．Thesamplewasthencleaned

Yith2NHClanddistilledwater・Afterrinsingwith

ethanol，the sample was driedin an oven atllOOC．

The nickel sample holder was also cleanedin HCl，

distilled water and ethanoland driedin an oven．

The weight of sample was measured using an u卜

tra－micro balance（Sartorins Surpermicro S4；
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precisionofO．111g）．ApproximatelylO0－500JJgOf

quartzsampleswereplac占dintheeightsamplepits

in theholder．Eachpitis　－2mmindiameterat the

Surfaceand tapertoくlTnmat thebottomtoadepth

Of about　－2mm・This tapering design helps to

Observetheinnersideofthesamplepitusingvideo

Camera Without the dead angle．

Oxygen extraction

The sample holder containing the quartz samples

inthepitsissetinthesamplepreparationchamber

and evacuated with a rotary pump．The holderis

broughtintothereactionchamberthroughthegate

Valve and kept in a BrF5　atmOSphere

（Pre－fluorination）overnightこAfteraninitia130

min・blank run，BrF5is expanded atlO0－135hPa

（76－100mmHg）in thereactionchamber．The sample

is now ready for thelaser ablation．

Initially，1aserwassetatalowpover（－2．OmA）

tomelt only the surface of the quartz grains．The

X－Y stageisused tomove theholder tocompletely

fuse the sample surface．The process of surface

meltingisneededtopreventsamplefromspattering：

Itisreportedthattheejectaofunreactedminerals

CanOCCurduringthelaserablation（Spiccuzaeta1．，

1998），and can resultinisotope variation or

intersample contaminationif thelaseris focused

and the poweris too strong．After melting the

Surface of the sample，the power oflaser was

increased to2・3－3・OmAand the samplewas made to

reactwithBrF5aSquicklyaspossible．However，the

laser shouldnot be continuouslyablatedmore than

－15seconds，becauseofthelikelihoodofbreaking

the BaF2Windowof the reaction chamber．The total

time ofoxygenextractionbylaserablationvaried

between6－27minin the present suite of ablation

experiments・TheliberatedO2WaS COnVertedtoCO2

andsealedinanampouleandmeasuredforcarbonand

OXygenisotopes．

Reproducibi＝ty of8180vaJues ofinternaIquartz
Standard

Itis necessary to check the reproducibility of

8180valuesdeterminedbythepresentprocedurefor

Silicate minerals before the analysis of the

natural saTnple．0Xygen WaS eXtraCted from the

quartz sample as describedin the former section．

The results are givenin Table9，andillustrated

inFig・13inacovariance diagrambetween8180and

813c values・Initial measurements of the quartz

Samples（1to4）gave alarge range of8180values

（－10．1－11．5‰）andlowyields（11小68％），Sincethe

O2→CO2COnVerter did not work welL On the other

hand，runS21to25showless scatterin8180values

（13・7－16・3‰）with acceptable yields（78－97％），

except for run25（43％）（Table9）．Thisindicates

thatrelativelygoodreproducibilityisachievedby

the experiments，althoughthere was sti11－　3‰

Spread for the8180values．

Measurement of NBS－28quartz standard

Since accurate8180value of theinternal quartz

is unknown andit’S homogeneityinisotope values

is not clear，itis necessary to measure standard

materialwithwell－SpeCified8180valueinorderto

evaluatefurthertheaccuracyofthesystem．NBS－28

quartz（SiO2）is theinternational reference

Standardfor oxygenisotope ratio provided by the

NationalInstitute of Standard　and Technology

（NIST），Geithersburg，Maryland，USA．Theaccepted

8180value for this standardis9．64‰（VSMOW），

analyzed by conventional methods（Friedman　＆

Gleason，1973）．The grain size of the quartzis

lO0－250pm・Theweightofsampleusedinthisstudy
VariedbetveenlO0－440llg・The procedure followed

WaS the same as that ofinternal quartZ Standard．

TablelOshowsthe8180resultsofthemeasurement

Of NBS－28　and intermittent blank，Which is

tabulatedin theorderof extractiondayand time．

0・96　－11・0711mOles of CO2　gaS Were prOduced

COrreSpOndingtotheyieldsbetYeen50－101％，eXCept

for run No．8（37％）．It may be noted thatin most

Oftheexperiments，theyieldsarenotclosetolOO％

and are varies randomly．Microscopic observation

after completion of the extraction revealed that

Significant amountofsampleremainsin the sample

holder．Thus，thelow yield seems to result from

incomplete sample reaction during thelaser ab－

lation．

The　813c values remained constant at－25．68土

0・11‰（n＝14）intheseexperiments．However，the

8180valuesfortheNBS－28gaveaconsiderablerange

（8．97‰　－　12．95‰）．A comparison with the

recommended value（9．64‰）shoYS that most of the

Valuesareheavier，While twosamples showlighter

value（Fig．14）．The relation betveen8180values

andthesamplesizeestimatedfromtheyieldofCO2

indicates that the　8180　values for small size

Samplesareaffectedmorestronglybytheblankand

Can be explained by simple mixing．HoYeVer，the

Variationin theisotope valuesis considered to

reflect thelarge range of blank values aswell as

the proportion of the blankin the total oxygen．

Blankrunswerecarriedout before，inbetweenand

after NBS－28sample measurements（Table10）．The

8180values of blanks arein the range of14．80‰

－19・88‰（17．98土1．76‰D＝6）．Althoughthe

Observed　8180　values of NBS－28islower than

accepted values，it should be noted that corre－

SpOndingtoalargersamplesize，mOrereliable8180

Values were obtained・Thisindicates thatlarger

Sample size reduces the effect of blank．Based on

theavailableresults，atpreSent，atleast250pg

Of quartZis needed for one analysisin order to

Obtain reliable8180values．This sample sizeis

less than one fourth of the commonly used sample

Size used forlaser ablation elsewherein other

laboratories（e・g・，Fouillac　＆　Girard，1996，

43
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Spiccuza et a1．，1998）．

Most of the8180values obtained for NBS－28With

larger sample sizes are slightlylower than the

recommended value（9．64‰）．Fouillac　＆　Girard

（1996）suggested that8180values arelowered by

”grain size effect’’that occurs when grains are

S皿aller than250p皿andlaseris sharply focused．

In our system，We uSed focused CO21aser（－200－

400pA）andfinegrainsamples（100－250pm）．Hence，

theloYering of8180values may correspond to the

”grain size effect”．The fine grainsare SuppOSed

to cause’slow heating’，the difficulty to absorb

thelaserenergythan thelargergrains，becauseof

transparency．Furtherexperimentsarenecessaryto

confirm the causes oflowering of8180values of

Small grain size．

SufTTnary Of experiments and concIuding remarks

Basedontheexperimentalresultsdescribedabove，

the recoznmended procedure for oxygen extraction

usinglaser ablation systemis summarizedin Fig．

15．Sampleshouldbecleanedvith2NHCl，distilled

water，rinsed with ethanol and driedin an oven at

llOOC over night．The nickel sample holder should

alsobecleanedina similarmanner．Afterveighing

thesamplesbyultra－microbalance，theyareplaced

intheconicalpitsinthenickelsampleholder．The

sampleholderisthenkeptinthesamplechamberand

evacuated using a rotary pump．After evacuating，

sample holderis transferred to the high　Vacuum

reaction chanlber from the sample chamber with a

magnetic piston’rod’passing through the gate

valve．

Ⅰtisnecessary torunpre－fluorinationatleast

3times，before analysis．First，BrF5is expanded

for5minin the reaction chamber and deposited to

waste tank．The second runis for　30min and the

third　run for over night．After the third

pre－fluorinationis completed，neWaliquot ofBrF5

is expandedin thereactionchamberatlO0－135hPa

（76－100mmHg）．Checking the point toirradiate by

targetlaser，the operator adjust sample holder

usingX－Ystage．Then，thelaseristurnedontoheat

the sampleinstantaneously high　enough　to react

（for quartzitis aboutl，100－1，3000C）．The power

of thelaseris fixed depending upon the beam

diameterand theminbi・al tobeablated（refractory

minerals need highpower）．In the case of small

grain size samples，initial surface meltingis

necessary，SOaS tOreducethechanceofsputtering

ofthe samples from the samplepits．Viewingat the

monitor，thesampleisreactedunderthelaserbeam

until no more reactionis visible．

Aftercompletionofthereaction，eXCeSSBrF5gaS

andby－prOductgases（SiF。，BrF。）areremovedusing

liquidN2COld traps T5andTl，and steelwool trap

isusedtoabsorbtheminoramountsofF2．Thus，Only

pureO2gaSisallowedtoreachtheO2→CO2COnVerter

CO2

→Massspectrometer
Fig．15　Flovchart shoving the recommended procedure

foroxygenextractionandconversiontoCO2forstable

isotope EDeaSurementS Of rock forming minerals at

Shizuoka University．The total time required for

Single average size sample extractionis about　30

minutes．

fromreactionchamber．Attheconverter’02＋C→COり’

reaction takes place with the help of heated

graphitein a platinum foil holder at　－　6500C．

Generallythereactionfinishesby8－10min．，aSCan

be observed from the reduction of gas pressurein

the capacitance monometer．However，5－7min．more

timeis given to complete the reaction of the

remaining O2at a Slightlylower temperature（－
6000C）．Thus，the total reaction timeis about15

min．The product gas（CO2），aS SOOn aS formed，is

COndensed byliquid N2COld trap T3andis finally

shiftedtotrapT4tObesealedin6mmPyrex⑧glass
ampoules．TheCO2gaSisthencrackedopeninvacuum

to theinlet system of the Finnigan MAT250mass

spectrometer and measured for carbon and oxygen

isotope ratios．

In summary，the best reaction conditions for

O2→CO2COnVerterare－6500Cfor15min・With〈2

mm graphite grain size．Ⅰtis effective to run

pre－fluorinationinordertoreducethequantityof

blankoxygengas．ThemeasurementsofNBS－28quartz

standard shows about4‰spread for8180values，

basically caused by the‘blank’effect．Using the
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presentlaserablation system，atleast　－　250lLg

Of quartzis needed for one analysisin order to

obtain reliable values，Based on the results of

NBS－28analyses，a defocusedlaser beam（－lmm

diameter，Spiccuza et　81．，1998），Which can

COmPletely react the sample，is most suited for

OXygen eXtraCtion．

Tips for furtherimprovement

In order to establish the micro－SamPle analysis

（く250トIgOfquartz），itisnecessarytoreducethe

blank to as minimumas possible．Since the present

reaction chamber has high volume，itis difficult

to achieve this reduction．Itis expected that

replacing the present chamber with a new reaction

Chamber，Which has small volume and more simple

StruCture，the‘blank’effect can be minimized．In

Ordertoreduce‘grainsizeeffect’adefocusedbeam

technique（－1mm diameter）is required to com－

pletelyreact the samples．To achieve this，either

the working distance betweenlaser and the sample

holderhastobedecreasedconsiderablyorequipthe

laseroutletwithalenswithashorterfocallength

than the present one．Some part of the sample

remainsin the holder after the analysis obviously

causingreducedyieldanddepletionin8180values．

Thereforeitisnecessarytoimprovethesamplepits

in the holder and to reconsider the monitoring

SyStem，SO that the sample can be viewed more

Clearly duringlaser fluorination．

Acknowledgements

We thank Dr．T．Ishikawa for his valuable review

COmmentS．Theauthorsalsowish toacknowledgeProf，

N．Niitsumaforhisadviceduringthecourseofthis

Study．T．M．wish to thank Mr．Y．Tada，Y．Yoshida，

Ms．M．Matsunaga，Mr．Binu－Lal andM．Mochizuki for

encouragements．H．W．acknowledgesJSPSforspecial

grant（10440160）Support throughwhich the oxygen

extraction system wasinstalled．

References

Akagi T．，FranchiI．A．＆Pillinger C．T．（1995），

Isotope analysis of oxygenin minerals using

Nd／YAG laser－fluorination：　The use of

Stainless－Steel wool trap as a fluorine remover．

Geocカe皿Jc∂ノノbMⅥ∂J，29，115－122．

AkagiT．，FranchiI．A．＆PillingerT．（1993），Oxygen

isotope analysis of quartz by neodymium－yttrium

aluminumgarnetlaser－fluorination．ADalYSt，118，

1507－1510．

Baertschi P．＆　Silverman S．R．（1951），The deter一

mination of the relative abundance of the oxygen

isotopesin silicate rocks．GeochlmIca et Cbs一

皿OCカブβJc∂dcね，1，317－328．

BorthwickJ．＆Harmon R．S．（1982），A note regarding

CIF3aS an alternative to BrFSfor oxygenisotope

45

analysis．Geochlml’ca et Cbsmocblmlca Acta，46，

1665－1668．

ChamberlainC．P．＆ConradM．E．（1991），Oxygenisotope

ZOningin garnet．ScIeDCe，254，403－406．

ChamberlainC．P．＆ConradM．E．（1993），Oxygenisotope

ZOningin garnet：a record ofvolatile transport．

Ce（フCカブ劇Jc∂ef（も甜OCカ上皿Jc∂dcfa，57，2613－2629．

ClaytonR．N．＆MayedaT．K．（1963），Theuseofbromine

Pentafluoridein the extraction of oxygen from

OXides and silicates for isotopic analysis．

CeocAf劇Jc∂ef Cb甜OCカ血Jca dcね，27，43－52．

ConradM．E．＆ChamberlainC．P．（1992），Laser－based，

in situ measurements of fine－SCale variationsin

the8180values of hydrothermal quartz．GeoloBy，

20，812－816．

EIsenheimer D．＆ValleyJ．W．（1992），In situ oxygen

analysis of feldspar and quartz by Nd：YAGlaser

microprobe．ChemIcal GeoloBy，101，21－42．

FiebigJ．，Wiechert U．，Rumble D．ⅠⅠⅠ．＆　HoefsJ．

（1999），High－preCisionin situ oxygenisotope

analysis of quartz using an ArFlaser．Geochlmca

eと（も甜OCカ血Jc∂月Cね，63，687－702．

Fouillac A．M：＆GirardJ．P．（1996），Laser oxygen

analysis of silicate／0Ⅹide grain separates：

evidenceforagrainsizeeffect？CカemlcalGeolo卯

130，31－54．

FriedmanI．＆GleasonJ．D．（1973），A new silicate

intercomparison standard for180analysis．ぬrth
∂〟d〃∂〟eね′γ∫c eJ7Ce eとerg，18，124．

Kohn M．J．，ValleyJ．W．，EIsenheimer D．＆Spicuzza

M．J．（1993），Oisotope zoningin garnet and

StaurOlite：evidence for closed－SyStem mineral

growth during regional metamorphism．Amez・IcaD

〟／〟er∂Jogj七と，78，988－1001．

Krischner D．L．＆Sharp Z．D．（1997），0Xygenisotope

analysisoffine一grainedmineralsandrocksusing

thelaser－eXtraCtion technique．（訪emlcal Geolo併

137，109－115．

Kyser T．K．（1995），Micro－analytical techniquesin

Stable－isotope geochemistry．　CbDadIaD　膿●DeZ・T

∂JogJ∫亡，33，26卜278．

Lee T．，Mayeda T．K．＆Clayton R．N．（1980），0Xygen

isotopic anomaliesin Allendeinclusion HAL．

Ce頑γ∫Jcaノ舶gearCカムeとねJ等，7，493－496．

Manian S．H．，Urey H．C．＆Bleakney W．J．（1934），An

investigation of the relative abundance of the

oxygen isotopes180／160in stone meteorites：

月劇erJc∂〟αeβCaJ∫oc e yノbMⅥaJ，56，2601－2609．

Mattey D．＆　Macpherson C．（1993），Higlrprecision

OXygenisotope microanalysis of ferromagnesian

mineralsbylaserfluorination．αemlbalCeology，
105，305－318．

RumbleD．ⅠⅠⅠ．，FarquharJ．，YoungE．D．＆Christensen

C．P．（1997），Insituoxygenisotopeanalysiswith

an excimerlaser using F2and BrF5and oxygen gas

as analyte．Geochlmlca et CbsmochlmIcaActa，61，

4229－4234．

Sharp Z．D．（1990），Alaser－based microanalytical

method for thein situ determination of oxygen

isotope ratios of silicates and oxides．Gbo－

df如C∂ef〔bg伊OCカ王府Jc∂月Cね，54，1353－1357．

Sharp Z．D．（1992），In situlaser microprobe teclr

niques for stableisotope　analysis．Cnemlcal

CeoJwlOl，3－19．
Spicuzza M．J．，ValleyJ．W．，Kohn M．J．，GirardJ．

P．＆Fouillac A．M．（1998），The rapid heating，



46 MArSUIT：，SATISH－KUMARM．，KArOK．andWADAH

defocused beam technique：A CO2－1aser based

method for high1y precise and accurate deter一

minationof8180・valuesofquartz．（訪emlcalCeolq肪

14l，195－203．

Taylor H．P．＆Epstein S．（1962），The relationship

between180／160ratiosincoexistingmineralsof

igneousandmetamorphicrocks．GeologlcalSbclety

Of血erJca血JJef血，73，46卜480．
ValleyJ．V．，Kitchen N．，Kohn M．J．，Niendorf C．R．

＆SpicuzzaM．J．（1995），UWG－2，agarnet Standard

for oxygenisotope ratios：strategies for high
precision and accuracy Yith laser heating．

（詣ocAf慮Ca ef Cbぷ胱）d克Jca dcね，59，5223－5231．

Wada H．，Niitsuma N．＆Saito T．（1982），Carbon and

OXygen isotopic measurements of ultra－Small

SamPles．GeoscleDCe Repwts of　5冶Izuoka a71－

VeZ・SltJ17，35－50（inJapanese with English

abstract）．

Wiechert U．＆　Rumble D．III．（1993），An excimer

laser－based microanalytical preparation tech－

nique forin－Situ oxygenisotope analysis of

silicate and oxide minerals．　Ceochlmca et

Cb誹りCAf瓜Jca dcね，59，4093－4100．

Young E．D．＆Rumble D．ⅠⅠⅠ．（1993），The origin of

correlated variations in in－Situ180／160　and

elemental concentrationsin metamorphic garnet

from southeastern Vermont，USA．GeochImca et

Cb甜OCカブ∬Jca dcね，57，2585－2597．


