
Bulletin ofGlacier Researchll（1993）1→8  

⑥DataCenterforGlacierResearch，JapaneseSocietyofSnowandIce  

Chemicalfractionationin seaiceandglacierice   

Yngvar GJESSfNGl，lnger HANSSEN－BAUER2，YosMyukiFUJH3，Takao KAMEDA4，Kokichi  
KAMIYAMA5andToshiyukiKAWAMURA6．  
1GeophysicalInstitute，UniversityofBergen，Allegt．70．Bergen，Norway  

2TheNorwegianMeteorologica11nstitute．NLO3130slo3Norway  

3 NationalInstituteofPolarResearch，Tokyo173Japan  

4KitamiInstituteofTechnology，Hokkaido，090Japan  

5GeophysicalRes，St．，KyotoUniversity，Beppu874Japan  

61nstituteofLowTemperatuT・eScience，HokkaidoUniversity．SapporoO60Japan  

（ReceivedOctober5，1992；RevisedmanuscriptreceivedFebruary23，1993）  

Abstract  

AnalysesofSO‡J，Na＋，Clr，Mg2＋andCa2＋inicecoresamplesofmultiyearseaiceintheFram  

StraitshowstrongcorrelationsbetweentheconcentrationsofMg2十，Na＋，Cl‾andCa2＋（r＝0・99）while  

the correlation coefficientsbetween theseions and SO㌃wereless than O．9．Most samples had a  

deficitofsulfaterelativetoseawaterofthesamesalinity．Excesssulfatewasfoundinafewsamples  
withlowsalinities．Chemicalanalysesofsnow，iceand meltwaterfrom temperateglaciershave  

demonstratedthatsulfateismoreefficientlywashedoutwhenmeltwaterpenetratesthroughicethan  
areCl‾，Mg2＋andCa2＋．Washoutthereforeleadstodeficitofsulfateinice，Whereasrefreezingof  

meltwatercreates anexcessofsulfaterelativetosea waterwiththesamecontent ofchloride．  

mean salinity of ice at the pressure melting point 
（warmice）wasindependentoftheicethickness．  

Thechemicalprocessesthattakeplaceduringthe  
physicalprocessesdescribedabovearesofarlesswell  
understood in spite of the fact that the chemical 
compositionofseaicewasamongtheearlyproblems  
consideredin marine chemistry．During the Vega  
Expedition（1878－79），Pettersson（1883）found the  

sulfate／chlorideratiotobegreaterinseaicethanin  
sea water．Onthe Maud Expedition（1922－25），Sea  

icewasstudiedby F．Malmgren andby H．U．Sver－  

drup．Malmgren（1927）found bychemicalanalyses  

that the sulfate／chloride ratioin seaice waslower  
thaninsea waterwhileSverdrup（1929）cameto the  

oppositeconclusionbycomparlngthesalinityofsea  
ice based on chloride titration and by measuring  
density．  

Results of more recent studies（Reeburghand  
Springer－Young，1983）showaminordeficitofsulfate  

in seaice relative to sea water ofthe same salinity．  
Anderson andJones（1985a，1985b）however reported   

1．Introduction  

Seaice formation，ageing and meltinglnVOIve  
bothphysicalandchemicalprocessesandanumberof  
studies on the physical processes have been carried 
out（Doronin and Kheisin，1977；Richardson，1976）．  

The physical processes are at present fairly well 
understood．Whenseawaterfreezesasolidphaseof  
icecrystalsandaliquidphaseofbrineentrappedin  
theice areformed．Youngsurfaceseaice has high  
Salinity，with25．00‰having been reported（Malm－  

gren，1927）．Asfreezingcontinues，icecrystalsorien－  

taterandomlyandaccumulateinplateletsandbrine  
pocketsareformedwhensaltandwaterareremoved  
fromthefluidbyfreezing．Themechanismsofbrine  
drainagehavebeendiscussedbyseveralauthors（Eide  
andMartin，1975；Lake and Lewis，1970；Niedrauer  

andMartin，1979；WakatsuchiandKawamura，1987）．  

Cox and Weeks（1974）demonstrated that the mean  

Salinity oficewith temperatures below the melting  
point（coldice）decreasedwithicethickness，Whilethe  
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on enrichment of sulfate relative to sea water of the 

Same Salinityin both first－year and multiyearice  
collectedin the Fram Strait．This relative enrich－  

ment varied considerably and did not correspond  
quantitativelywithwhathasbeenobservedinseaice  
producedinlaboratories．  
Severalauthors（e．g．Assur，1958；Richardson，  

1976）havestudiedthechangesofrelativecomposition  
Ofsaltandbrineinseaiceformedunderlaboratory  
conditions．The concentration of salt in brine  

increaseswith decreaslng temperature and at a cer－  
tain temperature salts start to precipitate．Accord－  

ingtothemostrecentexperiment（Richardson，1976）  

thetotalsaltcontentinbrinedecreasedby20％when  
the temperature decreased from －1．8 to －240C．  

At －360C only18％ of the salt remained，the rest  

havingprecipitated．Itisgenerallyacceptedthatthe  
SOlidsaltsthatforminseaicearehydrates．Someof  
theresultsofRichardson’sexperimentareillustrated  

inFig．1．CaCO3・6H20startstoprecipitateat－20  

C，Na2So4・10H20at－80C，NaCl・2H20at－220Cand  

MgCl2・8H，Ostartsat－340C．AccordingtoFig．1，  

WhichisbasedonRichardson（1976），thereisadeficit  

OfSO3‾inthebrineforicetemperatureslowerthan  

－80C．Drainage of this brine from theicelayer  

Shouldconsequentlyleadtoanenrichmentofsulfate  
intheicerelativetoNa＋，CIp andMg2＋andcannot  

explainanyrelativedeficitsofsulfateinice．  
The SO…‾／Na＋，SO言‾／Cl‾and SO≡－／Mg2＋ratios  

indepositedoldsnowinthecoastalareaofAntarctica  
are markedlylower than for sea water（Gjessing，  

1989）．The mean deficitwith respect to sea water  

Na＋forlOsamplesfromalmsnowlayerclosetothe  
Shelfedgewasapprox．1400ppb．Ontheotherhand，  

precipitationandnewlyfallensnowinthesamearea  
haveexcessSO雷．．Themostreasonableexplanation  

fortheobservedSOl‾deficitin01dsnowthathasbeen  

exposedtodrydeposition，areCOntributionfromdepo－  

Sition of brine from frozen sea drops．This brine，  

WhichhavegonethroughaseparationprocessofNa2  
SO。and NaClduringfreezing，hasdeficit ofsulfate  

relativeto theothermainionsinsea water．Asthe  
massofthisbrineisorderofmagnitudeonepercentof  
thetotalmassofthefrozensea drop，thebrinewill  
havelongerresidencetimeintheatmospherecompar－  
ed to the frozen sea drops and may be transported  
inland．Thefrozensea drops，Which haveexcessof  

Sulfate，wi11fallbackintothesea．  

The present work reports studies of chemical  
fractionationoficeduringphasechangesfromseaice  

COllectedintheFramStraitandonglaciersinSval・  

bard and Norway．The main purposeis to demon・  

Stratehowmeltinganddrainageofmeltwaterthrough  
icemayleadtowashoutprocessesresultinginchemi－  
Calfractionationinice．  

2．Samplingmethodsandmethodsofchem事calana・   

lyses  

The samples used in this study were collected 
fromthefo1lowinglocations：1）TheFramStrait（790  

20’N，1－30E）；2）On the top of theJostedalsbreen  

Glacier（6r41′N，703′E，1950m a．s．1．）and3）the  

AustfonnaGlacier，Svalbard（79030’N，240E，600ma．s．  

1．）．  

AsaresultofcoLOperationbetweenJapaneseand  
Norwegianglaciologists，a46．8mfulldepthicecore  

fromHogsteBreakulenonJostedalsbreenwasleftin  
Norwayforchemicalanalyses．Theseanalyseswere  
CarTiedouton21samplesrepresentingthelastwinter  
precipitation，Whichhadnotbeenexposedtomelting，  

and33sampleswereanalysedfromthelayer39－41m  
depth Samplesofthewaterwhichappearedatthe  
bottom oftheborehole were also analysed．SIPRE  
COrerSWereuSedforsamplingtheseaiceinlocation  
l．Onlocation2and3thesnowsamplesweretaken  
fromthewallsofsnowpitswhiletheicesampleswere  
COllected by electromechanicaldrilling．The snow  
andicesamplesweretransferredtodoublepolyethy－  
1enebagswhichweresealed and keptfrozenduring  
transport to thelaboratory．This type of bag has  
been tested at the Norwegian Institute of Water 
Research（NIVA）forpossibleextractionofmetalions  

intheplastic materialandresistancetowards acids．  
Nodetectablecontributionofrelevantelementsfrom  
theplasticbagswasfound．  
After melting，COnCentration of Ca2＋，Na＋and  

Mg2＋weredeterminedbyatomicabsorptionspectros－  

COpy．The SO雷－concentration was determined by  

the Thorin－method after passing an acid cation  
exchangeresin．Thismethodisnotentirelyspecific．  

Itsuffersfrominterferencesfromphosphate，fluoride  
andfromlargeexcessesofchlorideandnitrate．The  
methodhasbeentestedbyanalysingdilutedseawater  
fromtheWeddellSea（Gjessing1989）andtheresults  

showedthattherelativeconcentrationsofsulfatewas  

normal．AccordingtoSwedishStandard（1986）these  

interferencescanbeneglected forconcentrations of  
Chloride，phosphateandnitratelessthanrespectively  
lOOOppm，2ppmand50ppm，andcanconsequentlybe   



Gjessingetal．  、？   

A 

ー150〔  一ヨ00〔  

0 0 0   
0 0  

l〔E⊂コ BRINEEZZZヨ SOLl口SALT■  

％   

100  

80   

∵  

言60  
■－  

㌔ん0   

20   

、－－－■■  
●■一－■－ ●■■  

－‾＼  ＼10N〔ONTENTIN  

ヽヽBR川E・％OFTOTAL  
ヽ   

＼  

ヽ  

＼  
＼  

、                、  
、、  

LIQU．D WATER  

％ OF TOTAL  

0  －ん －8 －12 －16 －20 －2ん  －28 －ヨ2 －ヨ6 0〔   

■ ● － ● ■■ ● － ●  

ヽ  

ヽ  

ヽ  

Mg2・●ヽ  

ヽ  

‾●一■－■一一・叩．T一■ヽ・「一L「巳JJF⊥丁●－ ● ● ●▲   
l  

l  

ll  
l＼  
1＼   
●．＼  

60   

も50  
●◆■  

ざん0  

20  

10N〔ONTENT  

IN BRINE  

％OF TOTAL  
▼－ ＼  

＼ヽ〔l一  
●．ヽ  
■． ヽ  
ヽ  

Nn◆■・．  

Nq〔【2日20  

ヽ   
、  
、  

、 、  
Mg〔l28＝zO 

、－  Nq2SOん10日20  

ーん －8 －12 －16 －20 －2ん －28 －ヨ2 づ6。〔  

〔n〔0】・6H20  Temp山ure（○〔）   
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ments（Richardson1976）．  
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neglectedin the present studies．C「concentration  

WaSdeterminedcolometrically．Thelaboratoryutil－  

ized participatesin anintercalibration routinewith  
OtherlaboratoriesinNorwayandEurope．Thepreci－  

Sionofthechemicalanalysesarebetterthan5ppbfor  
Mg2＋and SOl‾and better than15ppb for Cl，and  

Na＋．  

3．Results and discussion  

3．J．CJzg研ぎcαJノねc如乃α如乃f乃∫gαオcg   

Ice cores from 5 different locations with  
multiyearicewerecollectedintheFramStrait．The  
profile of the differentions from twolocations are  
glVeninFig．2．Theconcentrations，glVenaSperCent  

Ofthecontentinnormalseawater，Variedfroml％－  

12％．EachsamplerepresentsthemeanvalueofaO．  

2mlayerandthevariationswithdepthwi11probably  
bemoreextremeforthinnersamples．Ascanbeseen  
fromFig．2，thereisaclosecorrelationbetweenMg2＋，  

Na＋，C「andCa2十．Forallthe60samplesfromthe  

Fram Strait the correlation coefficients for Mg2＋，  

Na＋，Clr andCa2＋wereO．99whilethecorresponding  

RELATIVE〔ON〔ENTRATION％  

12  ん   6  8 10  

COrrelation coefficients between SO3‾and the other  

ionsanalysedwerelessthanO．90．  

Fig．3shows the relationship between chloride  
andsulfateconcentrationsforallsamples．Itappears  
that most of the samples had a deficit of sulfate  
relativetoseawaterofthesamesalinity，buta few  
Sampleswithlowsalinityshowedanexcessofsulfate  
relativetochloride．Groupsof7samplesofrespec・  

tively maximum excess of sulfate and maximum  
deficitofsulfatewerecompared．Tablelgivesthe  
mean relative concentrations ofthe mainionsin sea  
icerelativetotheconcentrationinseawaterforeach  
group and for a11samples．An excess of sulfate  
appearsforsampleswithlowsalinitywhilethesalin－  
ityofthesamplesshowingmaximumdeficitofsulfate  
isaboutlOtimeshigher．Themeanrelativeconcen－  

tration of the other mainionsis almostidentical  
Withineachgroup．Thisindicatesthattheprocesses  
leadingtobothexcessesanddeficitsofsulfateinice，  
alsolead to the sameionic ratios between the other  
majorions，and thus demonstratethatboth excesses  
and deficits ofsulfateinice may be a result of the  
SameChemicalprocesses．  

RELATIVE〔ON〔ENTRAT10N％  
1 2  ん  6   8 10  

Fig．2．IonconcentrationasafunctionofdepthfortwoselectedicefloesintheFram  

Strait．   
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Table2．Chemicalcomposition（〝eql‾1）of snow．ice and  
meltwateronglaciers．Thenumbersinbracketsare  
washoutorenrichmentsgivenaspercentofthecon・  
tentin surfacesnow．  

So．2‾ Cl．Mg2＋Na＋Ca2＋  

′   
′′sEAWATER  
′  ◆  

′′0  

Jostedalsbreen  
（61041′N，703′E，1950ma・  

（Gjessing1988）  

A：Snow1986－87 n＝21  

β：Ice39－41m n＝33  

C：Waterinborehole  

Washout：100（A－B）／A  

Entrichment of 
meltwater：100C／A  

S．1．）  

7．125．4 2．624．1 3．7   

2．411．8 0．811．2 2．9   

6．717．1 3．217，827．5   

（66）（52）（71）（54）（20）   

（94）（74）（125）（67）（753）  

′  
′  
′  
′  
′  
′   ロ  

′ ′00ロ  

,,0. 44 

△  
祐． 
l′  

L◆  

100  

50  

Austfonna，Svalbard  
（79830’N，240E，600ma．s．l．）  

（Gjessing，1977）  

A：Snow1974－75n：40  7．7  6．431．31．8  

B：Ice3－4mdepth  O．6  1．2 6．3 0．5  

Washout：100（A－B）／A（92）  （80）（61）u（74）   

Field experiments 
（JohannessenandHenriksen，1978）  

Washoutfrommeltingsnow（76）（53）（58）（57）（55）  

500 1000 1500 2000 2500〔lPPb  

Fig，3．TherelationbetweenconcentrationsofSO！‾and  
CIp for allsamples．Thedifferent symboIsrepresent  

thedifferenticefloes．  

Tablel．Relativeconcentrationsofthema）Orionsin seaice  
comparedtoseawaterintheFramStrait．  

Ionconcentrationinseaice  
Relativeconcentration＝100  

Water   
Ionconcentrationnormalsea  

contribution ofmineraldust from the surrounding  
mountains and frominteraction with rockin the  
bottom of the bore hole．The sums of cations and  
anionsin snow atJostedalsbreen were respectively  
32．5peql‾1and30．4JLeql‾1whilethecorresponding  

valuesfortheicewere14．2peql▲1and14．9JLeqlrl．  

Inthemeltwaterhowevertherewasaaniondeficitof  
25J‘eql‾1，mOStprObablyduetointeractionwiththe  

rockinthebottom oftheborehole．  

Brimblecombe et al．（1987）showed fromlabora－  

tory experiments which involved recently collected 
snow and artificial ices of known composition that 
sulfate and nitrateions are preferentiallylostwith  
respect to chloride during melting．Of the cations，  

sodium appears to be removedleast readily・  

Fractionation by melting processes has also been  
studiedin snowlysimetersin the field（Johannessen  
andHenriksen，1978）．Thesestudies（Table2）demon・  

stratedthatthepercentoftotalamountofcompounds  
insnowreleasedwiththefirst30％ofthemeltwater  
was76％for SO雷，and only53－58％for Cl－，Na＋，  

Mg2－andCa2十．Thisprocessconsequentlyleadstoa   

SOZ‾Mg2＋Ca2＋ Cl■Na＋  

Allsamples n＝60  2．593．513．493．543．42  

Max excess n＝7  1．650．740．790．860．77  

Max deficit n＝7  3．626．546．496．476．56  

3．2．Wあぁβ〝J♪和C甜言お0乃ね〝ゆg和ねg由cわ作  

Themeltingprocessofseaiceandoftemperate  
glaciers have many simi1arities．Except for some  
melting at glacier base due to frictional heat and 
geothermalheat，themainenergysourcesforglacier  
meltingareheatfluxesfromtheatmosphere．   
InTable2isgivenmeanionconcentrationofthe  
mai7iionsinsnow，ice and meltwater from glaciers．  

Relativeto theionic ratiosinsea water，thereis an  
excessofsulfateofmorethan50％relativetosodium  
and chloridein snow，ice andin meltwater．This  

indicates that most of the sulfate is of nonmarine 
origin．ItappearsfromTable2thatSOl．andMg2▲  

are the most mobileionswhile Na十and Cl▼are the  

most retainedions．The highenrichments of Ca2＋  

and Mg2＋in meltwater atJostedalsbreenis due to  
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bythetemperatureofthelowerpartofthelayerof  
Seaice whichis cIose to the freezlng pOint of sea  
Water．  

Mulvaney et al．（1988）used scanning electron  

microscopetodeterminethelocationofSinicefrom  
theAntarcticPeninsula．TheicesampleshadaconT  
Centration of excess SO苦‾＝719 ppb．The S was  

undetectablein the bulk oftheice．However at the  

triplejunctionsSwasfoundinconcentrations＞1M．  

Calculationsshowedthatbetween40andlOO％ofthe  
H2SO．presentinthisice was found at the triple  
junctions and would have beenliquid atice sheet  
temperatures．AnalysIS Of anice sample with an  
estimatedageof125yearsfromtheAntarcticPenin－  
sula（Wolffetal．1988）showedalsothatH2SO．occurs  

mainlyatthetriplejunctionwhiletheseasaltshowed  
nosuchlocalization．Theyconcludedthatthediffer・  

entbehaviourmaybeduetothefreezing－pOintbehav－  

iourofeachchemicalsubstanceandtotheeffectthis  

hasbothintheatmosphereandduringtherecrystall・  

izationin theicesheet．   
Inicewithahighioncontentsuchasinseaice  

andglaciersclosetothesea，theionsarepresentinthe  
formofconcentratedbrinesolutionwhicharelocated  
inbrinepocketsand，mOStprObablyalsoatthetriple  
junctions．During melting，the aqueous phase  

increasesinvolume，glVlngrisetostrong10nicconcen－  

tration differences．Thisleads to diffusion ofions  
fromthehigh1yconcentratedtrappedbrinesolutions  
to diluted meltwater．In this situation separation  
effectsmaybeduetodifferencesinionmobilitiesand  
COnductance which are givenin Table3for some  
relevantions．  

These are equivalent conductances and in an 
electric field the effect of the double charge on the  
sulfateionwi11beimportant，1eadingtoapreferential  
enrichmentofH＋andSO…－ions．  

Asthedrainagecapacityiniceislow，the resi－  

dencetimeofmeltwateriniceisanorderofmagni・  

tudelongerthaninsnow．Asmeltwateraccordingly   

Table3．Ion mobiZities and conductance for some relavant  

ions．（Weast R、C、ed，、1981）  

SOZ－ Cl‾Na＋Mg2＋Ca2＋  

lonmobilities  8．277．515．195．425．91  

（104cmsecJl）  

EquivalentCond．00C  41．041．126．027．030．0  

（n‾1cm‾l）   

lowersulfate／chlorideratioinsnowexposedtomelt・  

ingthanintheoriginalsnow．Thodal（1986）reports  

that in a field experiment including nine snow 
lysimeterstheSO㌃／Cl．ratiosforthefirstlOpercent  

meltwaterfromasnowpackwere2－4timeshigher  
thanforthemeltwaterwhen90percentofthesnow  
hadmelted．  

3．3．伽cg∬g5／紹dオ乃gわCゐg椚わαJ如c′わ乃βJわ乃  

Thephysicalprocesseswhichtakeplaceinseaice  
and glacierice and that maylead to chemical  
fractionation are temperature variations，freezing／  

melting processes and drainage of meltwater and 
brine．  

ReeburghandSpringer－Young（1983）studiedthe  

sulfate andchlorideinnaturalseaice and concluded  

thatfractionationinseaiceappearstooccurduring  
thefreezingprocessandthatfurtherenrichmentdoes  
nottakeplacewith aging．Laboratoryexperiments  
（LewisandThompson，1950）showedthatthesulfate／  

Chlorideratioforsaltretainedbytheicewasgreater  
than for the originalwater．The ratioin theices  
variedwiththetemperatureatwhichthewaterwas  
frozen．Maximumincreases of O．0032and O．0029in  

the sulfate／chlorinity ratio relative to sea water（0．  

1400）wereobtainedat－80Cand－450Crespectively．  

Theprocessesthatmayleadtochemicalfractionation  
duringfreezing，however，WerenOtdescribed．These  

studiesdonotreportanydeficitsofsulfateinice．  
Accordingto alaboratoryexperiment（Richard・  

SOn，1976），theSOZ－／Cl‾ratioinbrineatleastdown  

to－364C，islowerthaninsea water．Anydrainage  

ofbrineshould thereforelead to an excess ofsulfate  

relative to chlorideinice compared to sea water．  
Holmgrenetal（1993）studiedthechemicalcomposi－  

tionofdrainagefromiceformedbyfreezingawater  
solution of NaCland Na2SO4in the same relative  
concentrations asin sea water．The solutions were  
allowedtofreezeatambienttemperaturesof－150C  
to －180C．Theice block was then transferred to a  

meshatthesameambienttemperatures．Thesulfate  
cloride ratioin the brine that drained from theice  
COmpOSedonly75％－80％oftheoriginalsolution．  

Temperaturesencounteredinnaturalseaiceare  
neverlowerthanr200Cto－300C（Untersteiner，1964）．  

Atlowtemperatures（－10－－200C）verystrongtem・  

peraturegradientsexistinthelowerpartofalayerof  
Seaice．Asthechemicalfractionationinicedepends  
Onthetemperature，thechemicalcompositionofthe  
brinethatdrainsthroughicewi11bestronglyaffected  
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isenrichedwithsulfaterelativetochloride，refreezing  
ofmeltwaterintheicewi11produceicelayerswithan  
excess of sulfate．Consequently，the enrichment of  

sulfateinmeltwaterisaprocessthatmayexplainthe  
sulfate deficit as wellas the sulfate excessinice．  
AccordingtoTableltherelativeconcentrationsof  
Na＋，Cl，，Mg2＋and Ca2＋are almostidenticalfor  

groups of7samplesofmaximum excess ofsulfate  
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（6．47－6．56）．Thisindicatesthattheprocessesleading  

toexcessesordeficitsofsulfateiniceleadtothesame  
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4．Concludingremarks  
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laboratory studies．（e．g，Richardson，1976）・These  

laboratory studies demonstrated that drainage of  
brineledtoarelativeenrichmentofsulfateinice．  
Themainpurposeofthisstudyistodemonstrate  
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mayleadtowashoutprocessesresultinginchemical  
fractionationinice．During melting，the aqeous  

phaseincreasesinvolume，glVlngrisetostronglOnic  
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separationeffectsmaybedueto differencesinion  
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apreferentialdepletioninmeltwaterofH＋andSO㌣  

ions．Refreezingofmeltwatermayleadtoanenrich－  

mentofsulfate．Howeverotherprocessesthanthese  
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