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Abstract  

FromJuly9to19in1996，andfromSeptember9to15in1997，hydrologicalandhydrochemical  
ObservationswerecarriedoutattheproglacialstreamsofKorytoGlacier，Kamchatka Peninsula，  
Russia．ThedischargeofLeftKorytoRiver，OneOfthetwostreamsdrainingfromtheglacier，Varied  
ShowingacleardilユmalcyclebetweenaroundO．1m3s▼1aildl．2m3s≠lin1997，Wbereasin1996，the  
dischargeincreasedgra血1allyfrom5．5m3sqlto7．5m3s¶1，The meanconcentration of Na＋，the  
dominantcation，WaS200and63メJeq卜1intheobservationperiodsin1996and1997，reSpeCtively．The  
anionsweredominatedby HCO3鵬，anditsconcentrationwas149and63peql‾1in1996and1997，  
respectively．Suspendedsedimentconcentrationvariedlinearlycorrelatingwiththedischarge，from  
OtoO．2gl．1．Themeanvalueofn。nNSn。W。aCkSO．2，／（。。n▼Sn。W。a。kSO42鵬＋fICO3．）ratioofmeltwaterin  
LeftKorytoRiver，Whichisaindexofdominantreactionofchemicalweatheringinglacierdrainage  
SyStemS，WaSSlightlyhigherinthe1997periodthaninthe1996period．Thismayindicatethatinflow  
Ofsurfacemeltwateraffectedsubglacialdrainagesystemandsoluteconcentrationofstreamwater  
eveninearlyJunein1996．UsingthechemicallybasedmiⅩirlgmOdel，aSeParationofthehydrograph  
fmm September12to13，1997into the two fkⅥCOInpOnentS VaS perfor王ned・Tbe q11ick幻0甲  
COmpOnentreaCheditsdailymaximumafterfour壬10urSfromthesolarnoo‡l．Itneverdecreasedto  
ZerOeVeninthetimewhenthetotaldischargereacheditsminimum．Thedeiayedfiowcomponent  
Variedadvancingfourhourstothetotaldischarge．  

1．1ntroduction  

Glacier drainage system anditslinkage with  
glacierdynamicsaretheonesofthemostimportant  
andrecurrenttopicswithinglacierhydrology．Irlthe  
lastdecade，manyStudiesontbesetopicswhicbvere  
based onlaboratory experimen晦mmericalmodel－  
1ingsandintegratedobservationsinvoIvingsomecom－  
bination of the field methods have carried out one  
after another．For example，detailed and realistic  
image of subglacialchemicalweathering（solute  
acquisition）processesandposトmixingchemicalreac－  
tionhavebeenprovidedbymeansoflaboratoryexper－  
iments（Brown et alり1994；Brown et al．，1996b），  
meltwater sampling from boreholes（Sharp et aiり  
1995；Trantergg戊g．，1997）a王1dtheoreticalconceptual  
model（Tra‡lter gfαg．，1993）．Onstぬglaciaidrainage  
野StemCOnfiguration，N王enovgfαg，（1998）stlg嘗eSted  
Onthebasisoftheresultsofintensivedyetracingat  
Haut Glacier d’Arolla，Switzerland，that the subg－  

1acialdrainagesystemcontainstwoprincipalcompoq  
nents：adistributedsystem，thatisaseriesoflinked  
Cavitiesinwhich flow velocities are of the order of  
O．05msLl，andachannelizedsystemwhichconsistsof  
arterialchannels．Duringthemeltseason，thechannel－  
izedsystemexpandsheadwardattheexpenseofthe  
distributed s）・Stem．and this growth of theぐhannels  
Closelyfollowstheupglacierretreatofthetransient  
SnOWlineontheglaciersurface．Moreover，aCCOrding  
toTranter et al．（1996），SOlute concentration ofbulk  
meltwatershowedconsiderablechangecorresponding  
totheheadwardexpansionofthechannelizedsystem  
at a temperate glacier（Haut Glacier d’Arolla），and  
alsoatapolythermalglacier（AustreBr〆ggerbreerlin  
Norway）．  
Onthe otherhand，thesedevelopmentinunder－  

Standingtbecbaracteristicsofgiacierdrainages開t  
temandcbemicalweatheringprocessescastconsider－  
able doubt on the chemically based mixing model，  
Whichhadbeenwidelyadoptedinstudiesonglacier   
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drainagesystemandusedtomakequantitativeinferY  
ences aもout me王twater‰ⅩeS through tbe diぎfere‡1t  
eまernents oぎ∂rainagesyste壬Ⅵ（e．g．Co王王ins，ま野7；Col骨  
iins，197乳This modeiassumes that tvo types of  
meltwater，COnCentrated“subglacial”waters which  
passslowiythroughthesystemandrelativelydiluted  
‖ビnglacial‥＼＼てIterS＼Vhich have a rapid transitin sul  
praglacialand／orengiacialice～Walledchannql．Italso  
assumesthaもtbesetvowatersmixinareglOnCloseto  
the g王acier termims，and proくヨuce bt三三k meま知ater＄  
withachemicalcompositiondependentupontheinio  
Lial chemistries of the two components and their 
mixingratio．Sbarpg才戊g．（1995）pointedolユttbatthree  
arbitrar）T aSSunlptjoIISi11VOl＼でdi11the use of this  
mixing model，㍑狛プ ∂和飯場野（矧明細㈲紺鹿∴ 侮微卸輝  
ど0アブ坤0乃g乃オ ご如糀ぁわ滋s”and‘℃♂乃ぶe膵α励g 椚如才少将’′  

WerenOtCOnvincing，andthus，arguedthattheutility  
Oftbismodelasaも001fortもeinvestigationofglacier  
hydroiogicalsystemswasquestionable．  

Themainresearch fields ofglacier h）・droIogical  
Stud呈es me雨ioned above壬1aVe beenÅ1pine glaciers，  
andⅥ7ebavenotenoughknowledgeondraまnagechar－  
acteristics of glaciers under a maritime condition，  
though severaltJeseat・Chps＼Vere亡arried out ar South  
CascadeGlacierinUSA（e虜鎗Fouぬain，1992），Mi鵡daト  
SbreeninNorway（e．g．Willis etal．，1990）andsoon．  
KamchatkaPeninsula，eSpeCiallyitseasterncoast，is  
aregionwheremanyglacierscharacterizedbyinten－  
Sivemassexcha喝etlnder amaritimeclimate（Mur－  
avyev，1999；DyurgerovandMeier，1999）．Åt Koryto  
GまacierinKronotskyPeninsu重aontheeasterncoast  
Of Kamchatka．glaci〔一Iogicalresearcheswere c；lrried  
Outin196Oand1971byRussianscientists（Muravyev  
β才αg．，1999）and then，Russo－JapaneseJoint Glacier  
Researcbeswerecarriedoljtintbesummersof1996，  

1997and2000．Shorトperiodobservationsin．1996and  
1997ⅥFereregardedaspre王iminaryresearcbesontbe  
CO黒8itio王10fとあeg王acierまnear王ysummera王idin呈aとe  
Summer，reSpeCtively．Theresultsoftheobservation  
in2000whichlastedfor45daysduringtheablation  
periodwillbepresentedinthenearfuture．   
In tbis paper，Ve preSent the restllts of  

hydroiogicalobservations at Koryto Giacierin the  
SlエmmerSOf1996andユ997，andoutlinethecbaracteris－  
tics of runoff co王iditjo王1，SOiute a貴d suspe三ide∂se∂ま・  
ment concentrations of streams from the glacier．  
Then，Wediscuss onthecharacteristics of thedrain－  
agesy§temOfKorytoGlacier．   

2．Sitedescription  

Cほmatic conditior10f t壬1e eaSとern coast of Kam≠  
Cぬatka Pen主nstlまa，Russia，is characterizedもy壬1eaVy  
SnOWfaliin early andlate winter season w緑cbis  
StrOngiy affected by activities of Aleutian Low and  
tbeintrusionofmaritimeもeIⅥperateair三ⅥaSSeS魚・Om  
SOutheast（Lydolph，1977）．Accordingly，maSSbalance  
andhydrologicalconditionofglaciersinthisregion  
arein幻uence（まbysllCぬc壬まmaticcondition．KrorlO仁Sky  
Peni‡lSt11aislocatedattbeeasterncoastasaprりmi－  
nentmassifintrudinginto the Pacific Ocean．There  
are32glaciersinthisregion（Muravyevetalり1999），  
themostofwhichhavecleanappeararlCeaSCOmpared  
＼Vithother glこ1eiersiIlIく；l111Chatka where the stlrf；1ee  
Ofglaciers areusuallycoveredwithdebris．Thegiap  
C主ersin t壬玉s regioniay at tぬe jovest aititudein  
lくanlChatka，SOmeOfwhieh floⅥ▼ingdol＼11tOthe alti，  
ttldeof250m．  
Hydrologicalobservationswerecarriedoutatthe  

モermimsofKorytoGまaci訂（Fig．1），主nt圭IeSummer＄0ぎ  

ぎ主g．1， TopograpbicmapofKor舛OGla（：ier．Lo（：ationsof也eoもservaとionpointsare  
pio仕edbysy‡nboIs，   
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distriblユtionofseasonalsnowpackand／ortopography  
near the terminus．The greater part of meltwater  
fromtbeglacier幻0VedtbroughLeftKorytoRiverin  
t壬Ie1996period，blユtOppOSiteiy，the王領OStOfmeltvater  
flowedthroughRightKorytoRiverinthe1997period．  
Bothin1996and1997，hydrologicaldataweremainly  
COilectedatLeftKorytoRiver（250ma息1．）aboutlOO  
tlldo＼＼，IIStreこ1m fromtht：ter111illuS．Waterlevel、＼＼▼ater  
temperatureandspecificeiectricconductivityofLeft  
Koryto River were measlユred and recorded atlO  
－minuteintervalintbe1996period．Duri重唱tbe1997  
period，Waterlevdwasmeasuredonlyandrecordedat  
lO－minuteinterval．Thestage～dischargeeurves（HLQ  
CurVeS）∇ere Obta主nedi‡leaCb year and tbe㌻壷our  
runningmeanwas taken．T主IemainreasonwbyⅥ7e  
had kept measuring Left Koryto Riverin the1997  
period was that we wanted to compare chemical  
Cbaracteristicsofthesameproglacialstream．  
Stream water sampks were take‡1for cbemica王  

analysisintheintensiveobservationperiods（IOPs）in  
bothyears：JulylOhlland15－16in1996；September  
ll－13in1997鱒TbeⅥraterSampleswerecoliectedvit壬I  
polyethylene bottles，and then，Were filtered．The  
concentrationofthemajorions（Na＋，K十，Mg2十，Ca2十，  
C王‾，NO3‾and SOヰ2‾〉of tbese samples were deter－  
minedbyanioncbromatograpb（Dio王1eX2020i／SPor  
DionexDX500）．Bicarbonate（HCO，山）asexpressedby  
alkalinitywasdeterminedonlyforthesamplesin1996  
bytitrationwitbslユIfuricacid．Ittookseveralmonths  
before starting the analysis due to the de王ayin the  
transportationofthesamplestolaboratoryinJapan．  
Thesamplesarekeptrefrigerateduntiltheanalysis．  
To measure stlSpended sediment concentration，  

StreamWaterWaSSampledtempora11yandfilteredat  
thecampusingahandyvacuumpumpandglassfiber  
filters（poresize＝8．6〃m）．SuspeIldedsedimeIltCOn－  
centrationwasobtainedbymeasuringdryweightsof  
thosefilterpapersinlaboratory．  
MeteorologicaI observations on Koryto Glacier 

werecarriedoutattheal）lationareastation（545m乱  
s．L）andtheaccumulationareastation（1005ma．s．1，）in  
1996and1997．Themeteorologicalelementsmeasured  
attwositesin1997are：airtemperature（heigbtfrom  
tbeground：1．5m），relativeb丑midity（1、5m），global  
radiation（1．O m；0nly at the ablation area station），  
windspeed（3．5m），Winddirection（3．5m），atmOSpherie  
pressure軌5王Ⅵ）andprecipitation（0．5m）．Å11t！ledata  
were measured and recorded at トhourinterval．  
Detailedinformationofmeteorologicalconditionand  
heatbalance，andbriefcharacteristicsofrunoffvaria・  
tio王1in the1996period were already repor短d by  
Kodamaetal．（1997）．Resultsofmeteorologicalobser・  
Vationsin the1997period were also presented by  
Nisbimura g才αg，（1999）．   

1996and1997．Koryto Glacierまs tbe thirdlaT嘗eSt  
glacier on the Kronotsky Peninsula，Which has the  
areaof7．78km2a‡1dextendsfrom1220mto320m乱  
s．1．towards nor班west（Muravyev ggαg．，1999）一丁壬Ie  
areaofKorytoGlacierwatershedisll．9km2．Thereis  
arelativelylargeaccumulationarea，Whiletheglacier  
tongueisnarrow．Theglaciersurfaceisnotcovered  
Withdebrisandlacksanyicefaまlorintensivecrevas－  
Sedarea．Onlylittlevegetationisfoundonthesteep  
Slopesaroundtheglacier．KorytoGlacierwatershed  
consistsofTertiaryvoIcanicrocksslユCbast11ffand  
piまlowlava．  
Accordingtotheresultsofmeteorologicalobser－  

vationsby anautomatic weatber station fromJt王iy  
1996to September1997（Matsumoto ggαg．，1997），  
monthlymeanairtemperatureattheuppermostridge  
OftheKoryto Glacier（1160m乱S．l．）variedbetween  
－13．60CinFebruaryand9．80CinAtlguSt．Daiiymean  
airtemperaturevasbigherthanOOCfromearlyJune  
to mid－October，and this period roughlyindicated  
ablationseasonatKorytoGlacier．UndersucbcoIldip  
tion，intens圭ve melting ofglacier occursi王1Summer－  
time，In tbe summer of1996，Sh汀aiⅥra g才αg．（1997）  
observed an ablation near the terminus which was  
morethanlm（inthickness）intheperiodoflldays．  
1野ehavenodata ofsnowfallobservationatthegla・  
cieryet，WhereasMuravyevetal．（1999）estimatedthe  
mean summer and winter mass balancein recent60  
years to be－4．03m and3．41m w．e．，reSpeCtiveiy．  
AccordingtoDyu曙erOVandMeier（1999），蝕eannual  
mass balance amplitude of Koryto GIacier as an 
average of13pyear datais354m w．e．，andis the  
SeCOndlargest vaiue amoI唱those oi50glaciersin  
northern hemisphere（the greatest value，3．58m，is  
that of Kozelsky Glacierin Kamchatka）．Due to a  
iargeamo㍊ntOfmeitwaterfll王Ⅹintot主1el）OttOmOftbe  
glacier，tbecontributionofbasalslidingtothesurねce  
flow velocity of the glacieris considerablylarge  
（Yamaguchiet al．，1997；Yamaguchiet al．，1998）．   

3．Observations  

Hydroiogicaland meteoroiogicalobservations  
WereCarriedoutatKorytoGlacierfromJuly9to19  
in1996（the1996period），andSeptember9to15in1997  
（the1997period）．  
Tvoproglacialstreamsf王owdownfromtbeter－  

minus of Koryto Glacier．Although two outlets of  
Subglacialchannelsfoundinthesummerof2000，We  
COuldnot observetheconfigurationofthe outlets at  
tbe terminusin detail．However，Ve SlユppOSed tbat  
meltwater draining from the glacier oncemiⅩedin  
frontoftheterminus，andthenbranchedoffintotwo  
StreamS，CalledLeftKoryto RiverandRig如Ⅹoryto  
River（thesearethesamestreamsas“StreamA”and  
“StreamB”namedbyKodamaetal→（1997））．Ratioof  
discharge of two streams could be affected by the  
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m3s‾1andl．2m3s‾lくFig．3）．One oftわereasorまS Of  
SuChsmalldischarge ofLeft Koryto River was that  
mainportionofthemeltwaterfromtheglacierflowed  
tbrotlgb Right Koryto River．Discharge of Rigbt  
KorytoRivercouldnotbemeasuredintheperiod，and  
was visually estimated about five times larger than 
that ofLeft Koryto River．Thedischarge waslarge  
and re‡Ⅵained more tban O．5mき s‾10nlO andll  
September，andthen，decreasedtolessthanO．5m3s‾l  
inthelasthalfoftheperiod．Thispatternofvariation  
COrreSpOndedwe11tothatofairtemperaturesonthe  
glacier．Thelag00timebetweenthevaria昌ons ofdis－  
chargeandairtemperaturesseemstobearoundhalf  
adayinFig．3．InthemorningsofSeptember14and  
15，Waterlevelgotlower tban t壬Ie depth at whicb  
waterleveisensor wasinstailed．Ascompared with  
the1996period，diurnalcycleofdischargewasclearly  
foundinthelasthalfofthe1997period．Diurnalcycle  
was not found fromlO tollSepte‡nber，becatlSe  
rainstormwith precipitation of13mm and sevcre  
windsustainedatthatperiod．Excludingtheperiodof  
tberainstorm，thedaiiymaximumdischar嘗eOCCu汀ed  
arolユnd14：50to16：50i‡llo（ニaltime．  

－J．ヱ ふ）／J′J（－（…J（T〃／用′ナり〃∫  
Tbe te‡npOralvariations of払e cbemicalsolute  

concentrationofthestreamwaterfromKorytoGla・  
Cier during theIOPsin1996and1997are shownin  
Figs．4and5，reSpeCtively．InTablel，meanValuesof  
SOlute concentrationsin Left Koryto River，Rigbt  
KorytoRiver，Supraglacialstreams，SnOWpaCkonthe  
glacier，glaciericeandrainareshownasreferences．  
MeltwaterinI。eft Kor舛O River a王1d stlpraglacial  
StreamSinthe1996periodhavehighersoluteconcen－  
trationsthanthoseinthe1997period．Duringthe1996  
period，SOluteconcentrationsofthemostconstituents  
inLeftKorytoRiverⅥ杷rebigberthantboseinRigbt  
KorytoRiver．  

4．Results  

J．J，iこノJ山晶〃高√／／、・ん・j：、・‥！J－／．．′i／高車・・情ハ｝  
D主scharge of Left Koryto River and principal  

meteorologicalelements（airtemperature，globalradト  
ation and precipitation）in the1996 and the1997  
periods are shownin Figs．2 and3，reSpeCtively．  
According to the results of ShiraiⅥ7a gfαg．（1997〉，  
meanablationrateinthe1996periodalongt圭IetranS・  
verselinesincludingtheablationareastationandthe  
accumulationareastationwere39，1aTld38．4mmw．e．  
d仙1，reSpeCtively．Duringtbe1997period，meanabla－  
tionrate attheablationareastationwas42．9mmw．  
e．d－1，   
‡nthe1996period，tbediscbargeofLeftKoryto  

Riverincreasedgraduallyfrom5．5m3s．1to7．5m3s山1，  
andthedailymaximumdischargeoccurredaround14：  
00to18：00inlocaltime（Fig．2）．ThedischargeofLeft  
KorytoRiverintbe1997periodwasmlユCbiessthan  
thatinthe1996periodandvariedbetweenaroundO．1  
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Because specific electric conductivity（SEC）of each  
Sampleinthe1996periodwhichwascalculatedfrom  
the concentrations of these eight constituents was  
VeryClose to measured SEC（theratio of calculated  
SECtomeasuredSECdispersedbetweenO．99andl．  
04），WeaSSumedthatotherconstituentssuchasH＋are  
negligible．Then，thecalculationof（HCO，1＋couldbe  
Checked by comparing estimated against measured  
Values ofthe samples．The bestTfit regression equaT  
tion was：  

（HCO3）＝1．285（HCO3う＊－64．9．（r2＝0．36）（2）   

The standard deviation of the differences between  
measuredHCO3－andHCO3▼obtainedfromequations  
（1）and（2）was8．85JJeql1．  
Themeanvalue ofestimated HCO3‾inthe1997  

periodwas62．7peql‾1，therefore，HCO，‾wasalsothe  
most dominant anion constituentin the1997period．  
The concentration of Cl．fellinto the third highest  
constituent andits concentrations wereless than a  
tenthofthoseinthe1996period．   
Inbothyears，SOluteconcentrationsweredecreas－  

ingwiththeincreaseofthedischarge．But，aSShown  
inFig．5，OCCurrenCetimeofthedailymaximumand  
minimum concentrations were not the same as the  
time ofthe minimum and the maximum discharges．  
AccordingtoKodamaetal．（1997），SECofmeltwater  
Whichwasmanuallymeasuredatarbitraryintervalin  
the1996period was decreasing with theincrease of  
discharge．  

The relationship between the discharge and the  
SeVenSOlute（Na＋，Mg2＋，Ca2十，Cl‾，NO3‾，SO。2‾and  

8
 

8
0
6
。
4
0
2
0
0
 

0
・
0
・
 

12  18   0    6   12  18   0  6   12  
Sep．11  Sep．12  Sep．13  

1997（LocalTime）   

Fig．5． Variationsin discharge，SOlute and suspended  
Sediment concentrations of Left Koryto Riverin Sep－  
tember1997．  

ThecationsinLeftKorytoRiveraredominated  
byNa＋andCa2＋inbothyears，WhereastheconcentraT  
tionsoffourconstituentsinthe1997perioddecreased  
to half of thosein the1996period．The anions are  
dominatedbyHCO3inthe1996period，andCl‾and  
SO。2‾hadthesecondandthethirdhighestconcentra－  
tions，reSpeCtively．HCO3‾concentrationsinthe1997  
periodarenotshowninFig．5andTablel，because  
thesewerenotmeasureddirectly．But，HCO。▲concen－  
trationsinthe1997 period was estimated as the  
Charge－balanceresiduals，Whichareexpressedinunits  
Ofequivalentsasfollows：  

（HCO3）＊＝（Na＋＋K＋＋Mg2＋＋Ca2＋）－  
（Cl▼＋NO3＋SO42）．  （1）  

Tablel．Themeansoluteconcentrations and theirrangesofvariationsofwaterice and snowsamplesco11ected at Koryto  
Glacier．  

LeftKorytoRiver  RightKorytoRiver   GlacierIce  Snowpack  
1996  SupraglacialChannel  

（mean）   （mean）   

Na十   200．1  211．4186．6  122．2 126．6－114．8   8．3   7．1   10．0   
K2   4．5   6．1－ 3．3   3．4   3．8－ 2．8   1．5   2．0   2，2   
Mg2＋   20．0  23．8－16．4  21．1  22．2－19．7   2．5   2．5   4．1   
Ca2十   84．4   91．3 74．9  66．9   69．4－ 64．9   13．5   17．8   25．2   
Cl   98．3 108．0－ 86．0  36．5   37．5－ 34．1   1．7   0．9   4．2   
NO3‾   0．7   7．4－ 0．0   0．0   0．0－ 0．0   0．0   0．0   0．0   
SO42‾   43．7   47．4【39．3  19．3   21，019．9   2．3   3．1   3．9   
HCO3  148．8 175．6－136．3  149．8 176．8－144．0   38．1  
No．of  
Samples   21   10   3   2   

Left Koryto River Supraglacial Channel Snowpack  Rainwater  
1997  GlacierIce  （mean）  （mean）   （mean）   

Na＋   62．5   90．0－ 43．0   1．2   139．5   6．5   36．5   
K2   0．9   1．6 0．5   0．2   30．5   0．6   2．8   
Mg2＋   10．3   20．1－ 6．7   0．9   1．7   0．7   9．4   
Ca2＋   40．0  79，626．4   2．0   5．7   2．8   41．9   
Cl▲   4．9   7．6 2．8   0．5   7．7   4．7   23．8   
NO3   0．2   0．4－ 0．1   0．1   0．2   0．1   0．1   
SO42‾  9．3  15．1－ 5．5   0．2   1．0   1．6   22．6   
HCO3‾  
No．of  
Samples   35   2   2   2  
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The ratio of the cation concentrations of Left  
KorytoRiveriscomparedwiththoseofotherwater  
sotlrCeSl王Singtria‡唱ulardiagra王n（Fig．7）．Tbepoints  
OfLeftKorytoRiverinthe1996periodandinthe1997  
perioddistributeinclose areainthe triangular dia・  
gram．Inthe1997pcriod，thepointsdistributelinearly  
connectingtheratioatthemaximumdischarge（22：20  
0nSeptemberll；indicatedbyopentriangie）aIldthat  
at払eminimumdischarge（8：100nSeptember14；Open  
Square）whichisalmostsameastheratiointhe1996  
period．The relationship between the discharge and  
the ratio of concentrationsis following：As the dis・  
chargeincreases，perCentage Of（Na＋＋K＋）becomes  
remarkat〉1ylowerandtbatofCa2十getsiligber，D11ri‡ユg  
the1996period，thepercentageof（Na＋＋K＋）inRight  
KorytoRiverwaslower，butthepercentageofCa2十  
washigherthanthatinLeftKorytoRiver・Thediffer－  
ence can be explained that the source of water in 
RightKorytoRiverwas‡nainlytbemeltⅥ7aterOftbe  
seasonalsnowaccumlユIatedonthesteepslopearound  
theglacier（Kodamaetal．，1997）．However，Wehave  
nodatatoexplainthereasonofhighCa2＋concentra・  
tioninsnowpack andglaciericeinthe1996period．  
Anditisquestionablethatwhetherthesoluteconcen－  
trationsof琉esesamplesrepresenttbesoluteconcen－  

estimated HCO，－）concentrationsintheIOPin1997  
are shownin Fig．6．The sampling period can be  
divided into ttvo falling limb stages and two rising 
limbstagesofthehydrograph．Inthefirstfallinglimb  
stage（Fl），the solute concentrations firstincreased，  
thendecreased．Duringotherthreestages（Rl，F2and  
R2），eSpeCial1y afterlO：200n September12，eVery  
soiuteconcentrationsflucttlatedwithdifferentpattern  
from that of the缶rst period，Fl．Mg2十，Ca2＋and  
HCO3‾werealmoststableintheirfallingandrising  
limbs，butdecreasedaroundthemaximumdischarge．  
Incontrast，Na＋，Cl‾andSO42Mandfluctuatedlikea  
hystereticloop．Whenthe discharge wasincreasing，  
thesoluteconcentrationsreachedtothedailymaxi－  
mumandthendecreasedbeforethedischargereached  
its maximum．Further，they reached theirminimum  
beforethedischargereacheditsminimum．Constitu－  
entswithlowconcentration，eSpeCiallyNO3－，didnot  
show a clear relationship with the discharge．The  
reason why the relationship between the discharge  
andthesoluteconcentrationsinthefirstfallinglimb  
stagewasdifferentfromthoseinotherthreestagesis  
thatrainwaterwassuppliedintomeltwaterbystorm  
eventinSepternberll（Fig，5）．Therainwater，Which  
hasdifferent chemicalcomposition，muSthavet）een  
quicklyflushedawayandmixedwiththemeltwater・  
Here，WeaSSumethatmixingoftherainwaterwith  
themeltwaterhadfinishedat10：200nSeptember12．  
With this consideration，an attempt Of hydrograph  
separationinthisperiodisdiscussedinCbapter5．  
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DjschargeofLe允Ko吋bRiver（m3／＄）  
Fig．6． Relationship between discharge and solute or  

SuSpended sediment concentrationsin Left Koryto  
Riverin September1997．Open squareindicates the  
餓mpieofll：20，Septemt〉er12t  

Fig．7．Triangular diagramsof  
theratioofmaJOrCationconN  
centrations ofwater，ice and  
SnOW Samples collected at  
KorytoGlacier．   
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trationsofsnowpackandiceontheentireglacierin  
theearlyablationseason．   

・／、、フ．∫／／坤ぐ〃血7∫（、‘〃川r〃／（l（り八Y〃／JtJ／／（りJ∫  
Variation of suspended sediment concentrations  

（SSC）inLeftKorytoRiverduringtheIOPin1997is  
Shownin the bottom of Fig．5．SSCin Left Koryto  
Riverincreasedstrikinglyat23：200n Septemberll，  
then，reaCbedits maximum（0暮95g卜1）atl：200n  
September12．After that，SSC decreased gradually，  
andvariedbetweenOandO．2glmlintbeafternoonand  
OnSeptember13．   
ItiswellknownthatSSCinstreamwaterusua11y  

fiuctuatescorrelatingpositivelywiththedischarge（e．  
g．Gurnell，1987）．The relationshipbetweenSSC and  
thedischargeinLeftKorytoRiverduringtheIOPin  
1997isshowninFig．6tLikethesoluteconcentrations  
alreadydiscussedin4．2，tWOperiodsalsocanbefolユnd  
accordingtothepatternsofrelationship．Inthefirst  
faliingiimbstage，amplitudeofSSCvariationwasas  
largeasO．5gl1．Duringthelaterthreestages，eSpeq  
CiallyafterlO：200nSepte‡nber12，SSCvariedlinearly  
COrrelatingwiththedischarge，buttheamplitudewas  
SOmuChsma王l（aboutO．1gト1）．Thereasonvbytbe  
SSCinthefirstfallinglimbstageissomuchhigher  
thanthatinthelatterstagesatthetimes ofalmost  
Samedischargeisnotclearnow．   

5．Discussions  

．了．∴ いノブ～∴－－1・；トミ′・∴1．・∴′りべ・＼．こヽ∴J′ミ・小 j・・・．・」・／ノミl・  
〟〃わJJ【l棚（、r〃／＝J′（りJ∫〆〃け∫／八一（川JJ…かJ▲  
ÅccordingtoTrantergオαg．（1996），thegroⅥ「ぬof  

thechannelizedsystemattheexpenseofthedistribut－  
ed system prod11CeS a SyStematic variationi11the  
Chemistryofthebulkmeltwatersat Haut Glacierd’  
Aro11aa‡1datAustreBr≠ggerbreen．Itisbelievedthat  
carbonationreactionsaredominantinthechannelized  
SyStem and that sulphide oxidation and carbonate  
dissolution areimportant chemicalweathering reac－  
tionsinthedistributedsystem（Tranter et al．，1993）．  
Therefore，meltwaterin the distributed system con－  
tains highSOヰ2．concentration and higher SO。2w／  
（SO．2‾＋HCO3うratiothanthatofsurfacemeitwater，  
andthus，Waterdrainingfromthedistributedsystem  
into the channelized systemimpart a high SO42鰍／  
（SO。2‾＋HCO3L）ratiotothebulk discharge（Tranter  
♂g戊g．，1996〉．Intbecase ofHautGlacierd’Årollain  
1989，SO。2‾／（SO42一＋HCO31ratio of the bulk  
meltwater was higher than O，35when the bt11k dis－  
Charge wasless thanlm3sJearlyin the ablation  

Table2．The mean concentration of SO42‾，  
HCO31ratioi11LeftKorytoRiver．  

SeaSOn・Then，SO42．concentration remarkably de－   
CreaSedwhereasthebulkdischargeanditsfluctuation   
increasedinJune，andSO．2仙／（SO．2「＋HCO3‾）ratio   
diminishedtoaroundO．2（Brown etal．，1996a）．  
AtKorytoGlacier，thetransientsnowlinewhich  

indicatestheboundaryoftwo drainage systemslay   
around480m a．s．1．，On the area very close to the   
terminusduringthe1996period，Whereasitlayaround   
600ma．s．l．intbe199アperiod．Thus，WeSuSpeCttbat   
thedistributedsystemdevelopedinmuchsmallerarea   
beneatbKorytoGlacierduringtbe1996periodthanin   
the1997period．Here，WeCOmpare SO。2M／（SO42「＋   
HCO3‾）ratioiIlbulkmeitⅥraterOfLeftKorytoRiver   
toestimatethecomiitionsofdrainagesystemsintwo   
periods．Owingtoasmallnumber ofwatersamples，   
themeananionconcentrationsthroughouteachperiod   
areusedforthisanalysis．  
WefirstneedtoseparateatmosphericSO4B叩，and   

to obtain SO．2劇acquired from chemicalweathering   
（0Ⅹidation ofsulphides）．Åssuming that the average   
ratio of SO42‾to Cl叩insnowpack on the glacier   
dtlri‡唱at〉1ationseasonisO．340intlnitsofeqtlivalents   
Whichisobtainedfromthesamplesinthe1997period，   
Ve Calcuiate払e non冊SnOWpaCk SO42「，nSpSO42‾，aS   
follows：  

。S。SO42▼＝t。もalSOヰ2m－（0．340C「），  （3）  

Where t。talSO42M denotes the SO42¶ concentration   
measuredinthe bulk meltwater．  
Table2showsthemeanconcentrationsofSO42‾，   

nspSO42r，HCO3h，Cl－ and the mean ns。SO42J／   
（nspSO42‾＋HCO3¶）ratiointhe1996period and the   
1997period．HCO3【co‡1Centrationintbe1997periodis   
estimated by the equations（1）and（2）．The mean   
。SpSO42‾concentrationin也e1996periodwas王1igber   
thanthatinthe1997period．However，the。S。SO42A／   
（。SpSOヰ2▼＋HCO3W）ratio was siiきかtly bigberin the   
1997period，incontrastwiththeresultsofTranteret   
扇．（1996）whicbshoⅥ7SVeryhig王l。SpSO。2／（ns，SO42‾十   
HCO3‾）ratiointhebeggingofablationseason．This   
may indicate that a large amount of surface 
meltwater had already flowedinto the channelized   
SyStemWhichlayneartheterminus．Anditmayalso   
indicate that the period whicfi is characterized by 
Smalldischarge and anion concentrations greatly   
Predominatedbywaterinthedistributedsystemhad   
alreadypassawaywhenwestartedtheobservations   
in1996．However，if we畠SSume tbat snowpackin   
earlyablationseason（e．g．the1996period）contained   
lessatmosphericSO42‾a‡ldtberatioofSOヰ2【toCl▼in   
SnOWpaCk wascloseto theratioinseawater（0．103），   

。SPSO．2N，HCO3M，C卜and nspSO。2／（nspSO42－＋  

SO42‾   ns。SO。2  HCO3－  Cl‾  nspSO42‾／（ns。SO。2」＋HCO，－）   
1996（Jull）   43．7   10．3   148．8   98．3   0．06   
1997（Sep．）   9．3   7．6   （62．7）   4．9   0．ユ1  
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thedifferencebetweenthemeannspSO．2仙／（nspSO皇2冊ヰ 
HCO3¶）ratiointbe1996periodandintbe1997period  
mustbenearlyequivalenttotheseasonalrangeofthe  
mean。即SO42／（。S。SO42－＋HCO3－）ratio at Austre  
Br≠ggerbreenin1991and1992（Trarlterggαg．，1996）．   

∴．二一．川・－／′硬＝／イ／＼小一リー／．ゾ■川・わi－／／・・∴、・小J・－－／／小一／一心′／  
ナノ血ゾ〃g川り（んイ   

Inordertociarify払edrainagesystemofKoryto  
Glacier，hydrographseparationusingthechemicaliy  
basedmixingmodelwascarriedout．Forthisanalysis，  
the period fromll：20in September12to5：20in  
September13in1997Ⅵ7aS Cbosen．TbereⅥ7aS nO  
rainfallintheperiod．Aswehavealreadyintroduced  
inChapterl，tbemixingmodelusuailyassumesthat  
thetvodrainagecomponentsofwbicbcbemicalcom－  
positionsareconstant：diluted“englacial”andconcen－  
trated“subglacial”componentsmiⅩinaregionclose  
totheterminus．Anditaisoassumesthatthemassof  
SOltlteS tranSpO豆edl〕y these two flow compo‡1entS  
remains unchanged after they mix（Coliins，1977；  
Co11ins，1979）．Sharp ggαg．（1995）pointedol止Onthe  
basisofrecentdevelopmeTltirlglacierhydrolo野and  
by血・OCbemistrythattheseassumptio‡lSareunliketo  
beconvincing．王ndeed，We also disapprove extensive  
appIication of this model in a research on glacier 
drainagesystem．ButⅥrebelieve，under a restricted  
condition，itmustbestillahelpfulmethodforarough  
estimationonthecontributionoftherapidlyflowing  
dilutewaterwhichisderivedlargelyfromtheablation  
areaandthenfiow洩TOughthechannelizedsystem。  
Thus，Weadaptthemodelforhydro宮raphsepara－  

tioninouranalyzedperiod，dealingwiththeassump－  
tio‡lSinvolvedintbetl父Oftbe‡nOdelastbefo1lowまng．  
Novalidevidencebasbeenobtainedtoprovetbattbe  
total meltwater drainage from Koryto Glacier con- 
Sists of two primary coI℃pOnentS，もecause we have  
never triedintensive dye－traCing or borehole－based  
Studies ofwhichSharp et al．（1995）suggestedneces－  
Sity for applications of themiⅩing model．But，aS  
alreadysbownin4．2，tempOraivariatioIlin洩eratioof  
CationconcentrationsinLeftKorytoRiverdistribtlteS  
linearlyinthetrianguiardiagram（Fig．7），COnneCting  
theratio atthemaximumdischargeandthat atthe  
minimumdischarge．ItmayindicatetbatwaterinLeft  
Koryto River consists of two primary components  
Whose chemicalcomposition distributes on the two  
endsofthe触e－Tberefore，Weappliedtbeassumptio‡1  
‘勧∂如才乃聯C8押ゆ0乃g裾由”i11thisstudy．Åccordir呟tO  
Sharp et al．（1995），here we use the terms“delayed  
flow”and“quick flow”instead ofmisleading terms  
SuC主IaS“Stlbglacial”and“englacial”，reSpeCtively．On  
t王Ie aSSumption r態乃毎録g rO押ゆ0死g乃g C彪ぞ沼ゐわ滋s”，We  
WOuldhavelessproblem．Becausetheanalyzedperiod  
is so short and variation of measured SSC in the 
periodissmail（Fig．6），SeaSOnalvariationofcbemical  
COmpOSition of meitwater can be disregarded，and  

temporalvariationofthosemaybesmall．  
Here，tbe co‡－SerVative mixing oftvo drainage  

eomponentscanbeexpressedasfollows：  
仏C書＝島Cを＋払C畠，  （4）  

Where，QrepresentsthestreamdischargeandCisthe  
COnCentrationofionconstituenti．Subscriptst，qand  
ddenotethetotal，quickflowanddelayedflowcom－  
ponen払respectiveiy．Continuityof封0Vimplies：  

¢才＝Q才＋払  （5）  

Combii血gEqlはtions（4）and（5）gives tbe foiiowing  
expressiorl：  

毯＝¢才（C喜一C書）パC畠仙C左），  （6）  

Equiltion（6）illdieatesthat fし1urPこIrameterSl11tlSt  
bedeterminedtoperformahydrographseparation．Qt  
andC享aremeasuredroutinelyinourobservation．On  
the assumption‘to乃Sgγがαggむg僧正玩g”，Sharp g才αg．  
（1995きsuggestedtiュatbetterestimatesarelikelyモObe  
Obtainedifseparationsarebaseduponmeasurements  
of the concentration ofconservativeconstituentsuch  
asMg2十，C巨，NO3‾arldespeciallySOヰ2∴Tranterand  
Raisweli（1991）alsoconcludedthatSOヰ2州mightbethe  
bestconstituenttouseformiⅩing…mOdelcalculations．  
Inaddition，differenceof C妄to C妄is thelargestin  
SO42‾ among allmeasured constittlentS（Taも1el）．  
Therefore，WeuSed。S。SO42叫forthemarkerconstitu－  
entiinthisstudy．Cをisobtainedbyusingthemean  
nspSO。2－concentrations sampled from supraglacial  
Stream（Tablel），aIld C左is estimated using tbe  
maximumnspSO42「concentrationinmeltwaterofLeft  
KorytoRiver，Whichwasrecordedin8：100nSeptem・  
ber14．Because C蓋isobtainedt〉ySuCbindirectway，  
notethatvaiueof C墓shouldberegardedasa mini－  
mum estimate of the actualsolute concentration of  
thedelayed封owcompone漁  
Figure8showst‡lereSultofhydr喝raphsepara－  

tionundertheconditionsmentionedabovc．QdVaried  
in diurnalcyclein advance of the totalstream dis－  
Cbarge（Qそ），Whereas tbe pattern of variationin払  
looks almost tileSame aSthatin Q£．Tile maXimum  
dischargeinQiOCCurringat16：50wasOA3m3srl，and  
theminimumdischargeatll：20wasO．10m3srl．By  
COrltra鴎the‡naXimlユmdiscbargein払at12：40was  
O．38m3s【1，a‡1dtheminimumdischargeat20：20was  
O．15m3srl．TherangeofdischargevariationinQ冒is  
larger tbarltbatin¢才．Surface melting reacbぉits  
maximum arotlnd soiar noo‡1（13：00iniocaltime），  
therefore，reSidence time of吼from generating to  
drainingoutfromtheglacierisabout4hours．Now  
we compare tbis residence time wi払thelagti‡℃e  
between tbe peak rainfa11and the peak discharge  
causedbytherainfall．Theeventwhichshowsaclear  
relationship between rainfalland corresponding  
increaseoftotaldiscbargeocct汀redinthemorningof  
September13（Fig，3）．At that event，the王agtime   
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ratioofmeltwaterinLeftKorytoRiver，Whichisan  
indexofdominantreactionofchemicalweatberingin  
glacier drainage systems，WaS Siightly higherin the  
1997periodtbanintbe1996period，incontrastvi汰  
theresultsofTranteretal．（1996）．Thismayindicate  
thatinflowofsurfacemeltwaterhadstartedaffecting  
Stぬglacialdrainage system andsoまute concentration  
Ofstreamwaterintheperiodwhenthemostpartof  
tbeglacierwasstillCOVeredbyseasonalsnoⅥrpaCk．  
Usingthechemicailybasedmixingmodel，aSepara－  
tionofthehydrographfromSeptember12to13，1997  
was performed．For the markerion constituent，  
ns。SO42‾was selected according to tbe resuits and  
suggestionsofSharp g才αg．（1995）．Astberesu王t，the  
quick恥w component reacbedits daily maximum  
after four hours from the solar noon．It never de－  
creased to zero evenin the time when the totaldisu  
cbargereacbeditsmまnimum．Thedelayedflowcom－  
ponentvaried advancingfourhoursto thetotaldis－  
C壬1arge．   
Inorderto clarifythe characteristics ofglacier  

drainagesystem ofKorytoGlacier andhydrological  
processesinit，itmustbenecessarytく）Obtainmuch  
moreinformationondiscbargevariationandsolutち  
isotopicandSSconcentrationsduringtheentireabla－  
tionperiod，and moreover，tO attemptintensive dye  
tracingandboreholewbasedstudies．   
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Fi払臥 Resultofhydrographseparationoftotaldischarge  
Of Left Koryto Riverin September1997．Totaldis－   
Charge，quick恥wcく〉mpOnentanddeiayed封owcompo・  
nentareindicatedbysolidiine，OpenSqllareandsoiid  
tria喝王e，reSpeC貢veIy．  

betweenthepeakrainfallandthepeakdischargewas  
abotit20r3hours，thereねre，it sbowsgoodco‡1Sis－  
tencyⅥri仏独ere＄idencetimeof払，  
Tbeproportionof払to払variedbetⅥ7een66％  

and24％．If C畠in hereis smaller血an tile a（血al  
SOluteconcentrationofthe delayedflowcomponent，  
Qqmustbelargerthan24％ofQt．Anyway，thequick  
flovcompone王1tneVerdecreasedto zeroevenint壬1e  
timeぬen the totaistream discharge reachesits  
l111111Illtll11．  

6．Concluding帽marks  

Hydroiogicaland hydrochemica王 observations  
WereCarriedotltattbetermintlSOfXorytoGlacieri‡1  
1996and1997．ThedischargeofLe珪KorytoRiverin  
the1997periodwasmuchlessthan thatinthe1996  
period and varied showing a clear diurnal cycIe 
betweenarolユndO．1m3s「【1andl．2m3s－ま，Wbereasin  
the1996period，the discharge of Left Koryto River  
ir】CreaSedgraduallyfrom5．5m3sⅦlto7．5m3s‾1．Tbe  
CationsinleftKorytoRiverweredominatedbyNa＋  
andCa2＋inbothyears．Theanionsweredominatedby  
HCO3一‾inbothyears，WbereasHCO31wasestimated  
as charge－balance residuaisinthe1997period．The  
COnStituent with ti！e bighest concentration of all  
SOlutes was Na十in the1996period，and was the  
estimatedHCO3‾inthe1997period．Duringtheperiod  
afterlO：200nSeptember12，thesoluteconcentrations  
flucttlatedwitbtwopatternsofdiurnalcycle．Mg2ヰ，  
Ca2＋andHCO3‾arealmoststableintbeirね11inglimb  
a‡ldrisinglimbstages，bt豆decreasearoundtbemaxi・  
mumdischarge．Na＋，C卜andSO42鵬fluctuatedlikea  
hystereticloop．Inthesameperiod，SSCvariedlinear叫  
1ycorreiati‡唱Vithtbediscbarge，fromOtoO．2g仁王   

Themeanvalueofns。SO42‾i（。＄PSO42J＋HCO3納）  
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