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Åbstract  

Thequantitativeevaluationofsublimationduringfirnificationandtheestimation oforiginal  
hydrogenandoxygenisotoperatiosofdepositedsnowwereattemptedbyasimultaneousmea＄ure・  
mentofdDand6I80valuesinafirncorehavingwelトdevelopeddepthhoarcollectedatEastQueen  
MaudLand，Antarctica．ThedAparameterOfthecorerangedfromllto18andshowedgoodpositive  
COrrelationwiththedepthhoarlevelsuggestingthattheincreaseinthedrparameterfromlOwas  
CauSedbyposトdepostionalfirnificationinwhichsublimationplaysanimportantrole．Basedonthe  
d－parameterS，thefirnwasestimatedtohavelost30～35％ofdepositedsnowduringfirnificationand  
tobeerlricbedindetlterilユmandoxyge‡ト18byabout50arld6‰，reSpeCtively，relativetotbedeposited  
S【101＼’．  

1．1ntroduction  

A stableisotopeis a verypopular toolfor the  
Studyofthenature andbehavior ofsnowandicein  
polarregions．Sincethe1960s，thedatingoftheice  
COreS，Sedimentationrateandpaleoclimateshavebeen  
investigated by meastlring the oxygen or hydrogen  
isotope ratios of snow封Idice（（．g∴EpsteiIILl（‘7J‥  
1965；Dansgaard gg虎乙，1969）．Insomeinlandareas  
WitbinÅntarctica，however，払e annualamount of  
Sublimationisalmostequaltotheannualprecipitation  
（e．81，SatowandWatanabe，1985）．Insuchareas，pOSt  
depositional metamorphism may alter the original 
isotoperatioofdepositedsnow．Indeed，Watanabeet  
al．（1988）measuredoxygenisotopeprofiles oflO m  
long cores collected at the Mizuho plateau，Antar－  
Ctica，andobservedlarger8180valueswhichcoincide  
withhighlydevelopeddepthhoar．Theoxygeniso－  
tope fractionation factor between vapor a‡1dice，  
（L50／I60）！。e／（Z8（）！i）ボ0）！．・。Fu，．islargerthallOne（Matsuo  
and Matsuba）▼a．1969）．Thereforビ．the61き（）of sub－  
1imatingvaporfromiceisalwayslowerthanthatof  
ice．Thustheenrichment of180accompanying the  
high1ydevelopeddepthhoarobservedinadrysnow  

ZOneisobviouslyduetosublimation．   
Inmostisotopestudiesoffirnandice，a Single  

isotoperatio（mostlyoxygen）hasbeenmeasuredand  
a simultaneou＄meaSurement Of both（虻）and 6）80  
Valuesisscarcelyperformed（e．g．，Epsteinetal．，1965）．  
Because，inmostcases，thehydrogenisotopeprofilein  
a firn core shows a pattern very similar to that of 
OXygen and tbe simultaneoⅥS meaSurementis‡10t  
needed．Åsstatedabove，aSingleisotopemeas11re－  
mentcaTlprOVidequa王itativeinfor王nationconcerning  
POStdepositionalincreaseinisotoperatiosmainlydue  
to sublimation．However，quantitativeinformation  
such as the extent of sublimation and extent of the 
increaseinisotope ratios cannot be obtained from  
Singleisotope profiles．We performed coincident  
OXygenandhydrogenisotopemeasurementsofafirn  
COre from East Queen Maud Land，Antarctica，and  
attemptedtoprovideaquantitativeevaluationofthe  
Sublirnationandisotopicalterationafterdeposition．   

2．Hethods  

Thefirncore，1．26mlongand7cmindiameter，  
WaSCOllectedattheγ－1station（71ロ59′07”S，42O24′05”   
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E；2252m a．s．】．＝n East Queen Maud Land，Antar－  
etica，OnOctober28．1984（Fujii（：（Ll／．，1985）．Theγ－1  
stationis about15O km southwest of the Mizuho  
Station．Thiscorewaspackedinaluminumfoiland  
apolyethylenebagandwastransportedtothelabora－  
tory．Theco11ectedcorewascutlengthwiseandthe  
Stratigraphysuchasgrainsize anddepthhoarlevel  
（DHL）（Watanabe，1978）ofthe firn was observed．  
Afterobservation，OneOfthesplitcoreswascutinto  
2cmslicesanditsdensitywasmeasured．Itwasthen  
meltedto measurethehydrogen andoxygenisotope  
ratios．Anotherspliteorewascutinto5enlSlicesfor  
tritium measurement．  
FortheD／Hmeasurement，WaterWaSCOnVerted  

tohydrogenbyuraniumat7500C andits hydrogen  
isotope ratio was measured using a mass  
SpeCtrOmeter，Micromass 602E（Bigeleisen et  
1952）．To measurethe oxygenisotope ratio，Water  
Wa＄isotopicallyequilibratedwithcarbondioxide at  
25 0C．After equilibration，Carbon dioxide was  
recovered andits L80／L60ratio wa＄meaSured（Yo－  
Shida aIld Mizutani，19861．Hydrogen and oxygen  
isotope ratios are expressed by6valuesin permill  

D＝し  Gr由nSiこe（爪m） D即叫（騨・cmユ1  
1 2 く） 4 5   （〉．80．811．21．4   8・4  0．5  0▲6   

units relative to SMOW denoted by the fo1lowing   
equ；ltion．  

♂（‰）ニ［岬∂¢卿‘g一皮甜。Ⅳ）／忍甜。Ⅳ］×1000  
虎：（β／ガ）or（路0／J60）  

Theprecisionofthe dD and6）80valuesis±1and   
±0．1‰re＄peCtively．  
Forthetritiummeasurement，a distilledsample   

Water（40ml）wasmiⅩedwith aIiquid scintillator，  
InstaGel（60ml），Itstritiumconcentrationwasthen   
measured by aliquid scintillation counter．Aloka   
LB－1．The tritium concentrationis expressedin   
Tritiumulit，TU（1TU＝1Tノ101きH）．The precision   
of tbe tritium concentrationis better than 士5TtJ  
（1si群TlaerrOr）．  

3．R¢S山地and Di＄CuSSion  

TheverticalprofilesofDHL，grainsize，tritium   
COnCentration，0Ⅹygenandhydrogenisotoperatiosin   
afirncoreareshowninFig．1．lntheupperpartof   
thecoresballowerthan26cm，thegrainsizeisvery   
Small（0．7mm）and tlle depth hoaris not developed  

Tritium汀U）  るD（‰）  る180（‰）  
8  1（〉  20  30  －330 －310 －290 －270  －4ヰ 司2 －40 Y38 86  

Fig．1＼7ertica】profilビSOfD11L．gTain size．density．tritiurn亡OnCentrati（）n．OXygen  
andhydTOgenisotoperatiosinafiTnCOreattheγrlstaIi〔一n、TritiumeoncentTa－  
tionisasofOctober1984．   
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（DHL＝1－1．2）．The tritium concentrationin the  
upper part of the coreis18－24Tu This tritium  
concentrationisalmostthe same asthe tritil王m COn－  
Centration（9．1－38．3TU，aV．19．7TU）of monthly  
SnOWCOllectedattheMizuhoStation，150kmnorth－  
eastofγ－1，in1984（Satakeetal”1986）．Thesefacts  
SuggeStthattheupperpartofthefirnCOreShallower  
than26cmisveryrecentsnow．Onthecontrary，in  
thelowerpartofthecore，thegrainsizeislarge（1－  
l．3mm）andthedepthhoariswellcrystallized（DHL＝  
3－4．5〉．Further，the tritium concentrationsin the  
COrelowerthan30cm arein the range ofO－8TU．  
These tritium concentrations are significantly lower 
thanthoseinthemonthlysnowattheMizuhoStation．  
ThesetritiumCOnCentrationslowerthan8TUstrong・  
1ysuggestthatthelowerpartofthefirncoreissnow  
depositedbeforethe2ndhalfofthe1950swhenthe  
tritium concentration in precipitation steeply in- 
CreaSed due to thermOnuClear tests．Fujiiand  
Masuda（1985）measuredtheverticalprofileofPb－210  
activityattheγ－1stationtolOm depth．Based on  
thi＄reSult，they estimated the firn at O．45－1．01m  
depthtohavebeendeposited56±18yearspreviously．  
Thedepositionageestimatedfromthetritiumconcen－  
tration obtainedin thiswork showsgood agreeI11ent  
With that from Pb－210．Thusitissafely concluded  
thatthe absence of sedimentation for a fairlylong  
periodofmorethan40yearsexistsbetweentheupper  
layersha1lowerthan25cmandthelowerlayer．  
Oxygen isotope ratios in this core range from 

－42．1to －36．4‰．Itis almost constant（within  
M37±1‰）intheupperpartshallowerthan26cmand  
thendecreasesto－42．1‰inthelowerpartbeiow26  
CmWitha smallpeakof－39．0‰（82－84crn）．The  
hydrogenisotoperatiois－－32Oto－279‰andshows  
a simi］ar profile．These hydrogen and oxygeniso・  
tope ratios are within the variation of dD（－352to  
－254‰）and♂jβ0（－45．O to…33．7‰）ofmonthly  
SnOW atthe Mizuho Station（Satake eial”1986）．  
Judgingfromtheseisotoperatios，thepostdepositional  
deuteriumor180enrichmentintheγ岬1corecannotbe  
detected．  
Thed－parameter，d＝庇）M86Z80，isagoodindi－  

CatOrfortracingthewatercycleincludingthevapor  
phase（Dansgaard，1964）．Itiswell－knownthatmost  
Ofthemeteoricwatersintheworldeoneentratealong  
aline．dD＝86L80＋10．andhavead一一parameterOflO  
（Craig，1961）．hAntarctica，however，itisreported  
that the d－parameterin surfacesnowhaving a a  
Valueof－350to－150‰rangesfromOtolO（av．5），   

andit steeplyinereases with decreasing dD value  
（DaheF（a］．，1994）・AsshowninFig．2，thed－Parame－  
teroftheγvIcorerangesfromllto18．Inasurface  
layershallowerthan26cm，itisll－13exceptforthe  
firnatlOM12cmdepth．Inthelowerlayer，the d－  
parameter ＄teeplyincreases fromllto15 with  
increasingdepthto54cm．Itisthenalmostconstant  
（16－18）atdepthlowerthan60cm．ThedMParame－  
terin thelowerlayeris systematically higherthan  
thatofthesurfacelayer．Judgingfromtherelation－  
Shipbetweenthed－parameterandthedDヽ′alueinthe  
Antarctic surface snow stated above（Dahe et a［．，  
199孔thehighd－PararneterSuChas180bservedinthe  
lowerlayer（dD＝－320to－295）cannotbeTegarded  
as that of the originalsnow．The d－parameter Of  
monthlysnowattheMizul10Station，150kmnortheast  
Ofγ－1station，in1984wasobservedtobe7－13except  
for October（d＝16）without seasonalvariation and  
theaveragedannuald－parameterWaSlO（Satakeet  
al．，1986）．Thuswecanregardthe dNparameter Of  
SnOWattheγLIstationtobeaboutlO．   

In Fig．2．the vertiealprofile of the depth hoar  
level（DHI，）is also sho≠11．FronlFig．2，it can be  
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Fig．2 Verticalprofileofd－parameterObservedattheγLI  
Stati（－n．Theヽでrticalprofile（－fDHLisalsosh（川¶．   
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Ctearl）rObservedthattheverticalprofi）eofthedepth  
hoarlevelrevealsagoodcorrelationwiththatofthe  
dpparameter．This strongly suggeststhat the d－  
parameterofthefirninthelowerlayerwasoriginally  
aboutlO anditincreased to18during firnification  
afterdeposition．Theten－meterSnOWtemperatureat  
theγ－1station was observed to be about－400C  
ト37．7QC），andthistemperaturecanberegardedasan  
annualmeantemperature（Fujiiet aL，1985）．Unforr  
tunately，boththehydrogenandoxygenfractionation  
factors betweenice and water vapor werellOt mea－  
Suredat－40’CbutinthetemperatureraIlgefromO  
to L－20らC（Matsuo E・f．a［．．196iこMatsuo and Mat－  
Subaya，1969）．Boththehydrogenandoxygenisotope  
fractionation factors observedin this temperature  
rangeshowaverylinearrelationshiptothetempera－  
ture．By extrapolating the oxygen and hydrogen  
fr・actionationfactorsto－400C，WeObtainO．815asthe  
hydrogen fractionation factor，（D／H）v。P。，／（D／H）f。e，  
and O．9851as the oxygen fractionation factor，  
（180／L60）vap。T／（L80／L60）ice，at 岬400C．Using these  
fractionati（）nfactorsandthefollowil唱Railigh’sequa－  
ti（）11，   

1n岬．／’凡）＝（α一川Il（1－．ハ  
R：（LSO／J60）or（D／H）ratiooffirn  
晶：（180／L60）or（D／H）ratioofdepositedsnow  
α：（J80／］60）or（D／H）fractionationfactor  
f：fractionofvaporizedsnowduringfirnification   

WeCanCalculatethe dD and6）80values andthe d－  
parameter of residualsnow（firn），When the vapor  
Sublimatesfromdepositedsnowduringfirnificarion．  

Weassumethe8Dand6180valuesofprecipitatL  
edsnowtobe－－31Oand－40‰．respectively．andthe  
d－p；lrameter tO belO．WhenlO㌔of the snowis  
Sublimated tlnderisotopic eqtlilibrium conditions，  
hydrogenandoxygenisotoperatiosoffirrl（residual  
SnOW）arethencalculatedtobe岬296and－38．5‰，  
re＄peCtively，andthe d－parameterincreasesfromlO  
to12．Simi1arly，the d－parameter Of firnis calcu－  
latedtobe14，16and20，reSpeCtively，When20，30and  
40％ofthesnowisvaporized．  
Theincreaseinthed－parameteraCCOrdingtothe  

increaseinDHLobservedintherlcoreisprohably  
duetothesublimationofvaporduriIlgtheabseneeof  
Sedimentatio11forafairlylongperiodofmorethaniO  
yearswhich wasdiseussedprt｝Viously．Thuswecan  
estimate that the finllo＼＼でr than 60cm with a d－  
Parameter Of16－18lost30鵬35％ofthe deposited  
SnOWduringfirnificationandbecameenrichedwithD  

and1800fabol王t50and6‰，reSp∝tively，relativeto  
theoriginaldepositedsnow・Theoriginalhydrogen  
andoxygenisotoperatiosinthefirnlowerthan60cm  
arethenestimatedtobe L370to－350‰and－48  
to－46‰，reSpeCtively．Theseisotope ratios are  
almostsametotheminimum dD and6）80valuesin  
themonthlysnowattheMizuhostation．Thissug－  
gestthattheoriginalsnowinthefirnlowerthan60cm  
depositedirlwinterseason．Onthecontrar・y，thefirn  
Shallowerthan26cmhasthehydrogenandoxygen  
isotoperatiossiightiyilighertbanthemaximumiso－  
toperatiosinthemonthlysnowattheMizuhostation．  
SuggeStingthatthesnowintheupperlayershallower  
than26cmdepositedinsummer．This maybe the  
reasonwhytheD／HandLSO／L60ratiosinthelower  
layerarelowerthanthoseinthelユpperlayer，inspite  
Ofthelargeenrichmentwiththedeuteriumand180in  
thelowerlayerduetothesublimation．  
Asdescribedpreviously，0Ⅹygenisotopeanalysis  

hasbeendoneinmostisotopicstudiesoffirnandice．  
Oneofthereasonsforthismaybethatcarbondioxide  
for oxygen isotape analysis of water can be easily 
preparedbyisotopeeXehangebetweencarbondioxide  
and water．This methodis suitable for automatiza－  
tion，andacommercialsystemforautomatedoxygen  
isotopeanalysisofwatersampieshasbeenavailabie  
Since the early1980s．In the conventionalsample  
preparationmethodforD／H measurement，Wateris  
reducedtohydrogenwithuraniumorzinc（Bigeleisen  
et al．，1952；Coleman et al．，1982）．Thismethodis  
COmplicatedandtime－COnSumingcomparedwiththat  
for oxygen．Recently，a neW hydrogen preparation  
nlethod for D／H anal〉・Sishasbeen developed using  
bydrogenisotopeexchangebetweenwaterandbydro一  
宮en with a platinum catalyst（Ohsumiand Fujino，  
1986）・Using this te⊂hnique．the hydrogellisotope  
analysi＄Ofwater samplescanbeeasily automated  
with an apparatus for oxygenisotope analysl＄Of  
Water Samples（Horita et al．，1989；Ohba and Hir－  
abayasi，1996）．  
The d－parameterOffirnisagoodindicatorfor  

determiningtheextentofsublimationafterdeposition  
and forrestoring the originaIoxygen andhydrogen  
isotope ratios．Hydrogenisotope ratios as wellas  
OXygenSbot‡1dbemeasl汀edforpreciseinvestigation  
especiallyforcoresfrominl；1ndregionswherethereis  
littleannualaeeumulation andthesub）imationeffects  
OnOXygenandbydrogenisotoperatiosarenotnegli－  
gible．   
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