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Abstract  

AnalysesofSO‡w，Na＋，Cト，Mg2＋andCaヱ＋inicecoresamplesofmultiyearseaiceintheFram  
Straitshowstrongcorre王ationsbetweentheconcentrationsofMg2十，Na十，Cl‾a王1dCa2＋（r＝0．99）whi王e  
tbecorre王ationcoefficientst〉etWeentheseionsandSO書｝werelesstbanO鼠 Mostsamplesbada  
deficitofsulfaterelativeto＄eaWaterOfthesamesalinity．Excesssulfatewasfoundinafewsamp王es  
Withlowsalinities．Chemicalanalysesofsnow，iceandmeltwaterfromtemperategiaciershave  
demonstratedthatsulfateismoreefficientlywashedoutwhenmeltwaterpenetratesthroughicethan  
areCIL，Mg2＋andCa2十．Washoutthereforeleadstodeficitofsulfateinice，WhereasrefreezlngOf  
meltwatercreatesanexcessofsulfaterelativetosea waterwiththesamecontent ofchloride．  

1．lntroduction  

Seaice fomation，ageing and me旺hginvo‡ve  
bothph〉：Sicalandぐhemicalprocessesanda11uIllber・Of  
studies on the physical processes have been carried 
Out（Doroni11a11d Kheisin．1977；Richardson．1976l．  
The physicalprocesses are at present fairly we11  
understood．Whenseawaterfreezesasolidphaseof  
icecrystalsandaliquidphaseofbrineentrappedin  
theiceareformed．Youngsurfaceseaicehashigh  
Salinity，with25．00‰havingbeen reported（Malm－  
gren，1927）．Asfreezingcontinue＄，icecrystalsorien－  
taterandomlyandaccumulateinplateletsandbrine  
pocketsareformedwhensaltandwaterareremoved  
fromtbe恥idbyfreezing．Themec壬Ianismsofbrine  
drainagebavebeeIldiscliおedbyseveralau払ors（Eide  
and Martれ1975：Lake aIld Lewis，197O：Niedrauer  
andMartin，1979；1好akatsucbiarldKawamura，1987）．  
Cox and Weeks（1974）demonstrated that the mean  
Salinity oficewith temperatures below the melting  
point（coldice）decreasedwithicethickness，Whilethe  

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

physicalprocessesdescribedabovearesofarlesswe11  
understoodin spite of tbeねct 払at tbe cIlemica重  
COmpOSitior10fseaicewasamongtheeariyprob王ems  
COnSideredin marine chemistry．Dtlring the Vega  
Expedition（1878T79），Pettersson（1883）found the  
Sulfate／chlorideratiotobegreaterinseaicethanin  
Sea Water．Onthe Maud Expedition（1922M25），Sea  
icewasstudiedby F．Malmgren andby H。U，Sver・  
drup．Malmgren（1927）foundby chemicalanalyses  
that the sulfate／chloride ratioin seaice waslower  
thaninseawaterwhileSverdrup（1929）cametothe  
OppOSiteconciusionbycompari11gthesaiinityofsea  
ice based orlChloride titratio‡land by measuring  
density．  

Resljlts of more recent studies（Reeburgh and  
SpringerwYoung，1983）showaminordeficitofsulfate  
inseaicerelativetosea waterofthesamesalinity．  
AndersonandJones（1985a，1985b）howeverreported   
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onenrichrnentofsulfaterelativeto sea water ofthe  
Same Salinityin both責rst－year and multiyearice  
collビぐtedin the Fram Strait．This relative enrich－  
ment varied considerabiy aIld did not correspond  
quantitativelywithwhathasbeenobservedinseaice  
prodtlCedinlaboratories，  

Severalauthors（e．g．Assur，1958；Richardson，  
1976）havestudiedthechangesofrelativecomposition  
Of＄alt andbrinein seaiceformed underlaboratory  
conditions．The concentration of salt in brine  
increaseswith decreasing temperature and ata cer－  
tain temperature saltsstartto precipitate．Accord－  
ingtothemostrecentexperiment（Richardson，1976）  
tbetota王saltcontentinbrinedecreasedby20％wben  
t壬Ie temperature decreased from －1．8 to …24¢C．  
At…360C oniy18％of the sait remained，tbe rest  
havingprecipitated．Itisgenerallyacceptedthatthe  
solidsaltsthatforminseaicearehydrates．Someof  
theresultsofRichardson’sexperimentareillustrated  
inFig．l．CaCO3・6H20startstoprecipitateat－20  
C，Na2So．・10H20at－80C，NaCl・2H20atN220Cand  
MgC12・8H20startsat，340C．Accordingto Fig．1，  
whichisbasedonRichardson（1976），thereisadeficit  
ofSO芳Winthebrineforicetemperatureslowerthan  
－8◇C．Drainage of tbis brine from theicelayer  
Sho111dL：OnSequentl〉▼leadtいanenrichment ofsulfate  
intheicerelativeto Na◆．CIL and Mg2＋andcan not  
exp‡airla†lyreiativedefic圭tsofstlげateirlice．  

The SO‡7Na＋，SO…7Cl．and SO書W／Mg2†ratios  
indepositedoldsnowinthecoastalareaofAntarctica  
are markedlylower than for sea water（Gjessing，  
1989）．The mean deficit with respect to sea water  
Na十forlOsamplesfromalmsnowlayerclosetothe  
Shelfedgewasapprox．1400ppb．Ontheotherhand，  
precipitationandnewlyfallensnowinthesamearea  
haveexcessSO雷‾．Themostreasonableexplanation  
fortheob＄erVedSO書■deficitinoldsnowthathasbeen  
exposedtodr）・depositi（一n．areCOntributionfromdepo－  
Sition of bT．ine from frozen sea drops．This brine．  
WhichbavegonethrougbaseparationprocessofNa2  
SO．and NaClduringfreezing，hasdeficit ofsulfate  
relative to the othermainionsin sea water．As the  
massofthisbrineisorderofmagnitudeorleperCentOf  
thetotalmassofthefrozensea drop，thebrinewill  
havelongerresidencetimeintheatmospherecompar－  
ed to the frozen sea drops and may be transported  
inland．Thefrozenseadrops，Whichhaveexcessof  
Slllfate，Ⅵ▼illfallbaekinto thesea．  

Thtゝ Prt、Sent WOrk reports studi仁LS Of chemieal  
fractiorlationoficeduringphasecbar噂e＄fromseaice  

COllectedintheFramStraitandonglaciersinSval－  
bardand Norway．Tbe main purposeis t（）demo‡ト  
StratehowmeltingaIlddraiTlageOfmeltwaterthrough  
icemaylead【owashoutprocessesresultinginchemi－  
calfl・aeti（1【1ati（〕ni【1ice．   

2．Samplingm¢thodsandmethodsofd帽mi¢a暮anか   
Iyses  

The samples used in this study were collected 
fromthefollowinglocations：1）TheFramStrait（79O  
20’N，1－30E）；2）On the top of theJostedalsbreen  
Giacier（61や41′N，703′E，1950m a．s，りand3）the  
AustfonnaG）acier，SvalbaT・d（79J3O’N．24やE，6OOm；1．S．  
l．）．  

AsこIreSultofc（トOPerationbetweenJapaneseand  
Norwegianglaciologists，a46．8mfulldepthicecore  
fromHogsteBreakulenonJostedalsbreenwasleftin  
Norwayforchemicalanalyses．Theseanalyseswere  
Carriedouton2lsamplesrepresentingthelastwinter  
precipitation，Whichhadnotbeenexposedtomelting，  
and33sampleswereanalysedfromthelayer39M41m  
depth．Samplesofthewaterwhichappearedatthe  
bottomoftheboreholewerealso analysed，SIPRE  
COrerSWereuSedforsamplingtheseaiceinlocation  
l．Onloeation2and3thesnowsamplesweretaken  
fromthewallsofsnowpitswhiletheit：eSamPleswere  
COllected by electromechanicaldrilling．The snow  
andicesamplesweretransferredtodoublepolyethy－  
lenebagswhichweresealed andkeptfrozenduring  
transport to thelaboratory．This type of bag has  
been tested at the Norwegian Institute of Water 
Research（NIVA）forpossibleextractionofmetalions  
intheplasticmaterialand resistancetowards acids．  
Nodetectablecontributionofrelevantelementsfrom  
theplasticbagswasfound．  

After melting．concentration of Ca3＋．Na◆ and  
Mg2’lVeredeterminedbyatomieabsorptions匹etrOS－  
COP）T．The SO：coIlぐentration was determined by  
the Thorin－method after passing an acid cation  
exchangeresin．Thi＄methodisnotentirelyspecific．  
Itsuffersfrominterferencesfromphosphate，fluoride  
andfromlargeexcessesofchlorideandnitrate．The  
methodhasbeentestedbyanalysingdilutedseawater  
fromtheWeddellSea（Gjessing1989）andtheresults  
showedthattherelativeconcentrationsofsulfatewas  
normal．AccordingtoSwedishStandard（1986）these  
interferenees can be neglected for coneentrations of  
Chloride．phosphateandnitratelessthanrespeeti＼′ely  
lOOOppnl，2ppmand5Oppm．andcanconsequentlybe   
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neglectedin the present studies．C「concentrat壬on  
WaSdeterminedcolometrically．Thelaboratoryutil－  
ized participatesin anintercalibration routine with  
OtherlaboratoriesinNorwayandEurope．Theprecト  
Sionoftbechemicalanaiysesarebettertban5ppbfor  
h：lg＝＋and SO‡、and bettel‾thatl15ppb for CIL and  
Na十．  

3．Results and discussion  

3．j．伽由りねぐめ拙Zぬ乃g乃S据わβ   
Ice cores from 5 different locatioTiS With  

multiyearicewerecollectedintheFramStrait．The  
profile of the differentions from twolocations are  
giveninFig．2．Theconcentrations，givenaspercent  
Ofthecontentinnormalseawater，Variedfroml％N  
12％，EachsamplerepresentsthemeanYalueofao，  
2mlayeてa王1dthevariationswitbdep丑＝扇1王probabiy  
bemoreextremeforthinnersamples．Ascanbeseen  
fromFig．2，thereisaclosecorrelationbetweenMg2＋，  
Na＋，ClandCa2＋．Forallthe60samplesfromthe  
Fram Strait the correlation coefficients for Mg2＋，  
Na十，C「arldCa2すvereO．99while琉ecorresp（）nding  

REしATNE〔ON〔ENTRATrON％  
1 2  ん   6  8 10  

COrreiation coe汗icients between SO書－an（箋the otber  
ionsanalysedwerelessthanO．90．  

Fig．3shows the relationship between chloride  
andsulfateconcentrationsforallsamples．Itappears  
tbat mosとOf払e samples bad a de封cit of sulfate  
relati＼でtO Sea Water Of the same sali11it〉・．but a few  
Sampleswithlowsalinityshowedanexcessofsulfate  
relativetochloride，Groupsof7samplesofrespec・  
tively maximum excess of sulfate and maximum  
deficitofsulfatewerecompared．Tablelgivesthe  
meanreiativeconcentrationsofthemainionsinsea  
icereiativetotheconcentrationinseawaterねreacb  
group and for a11samples．An excess of sulfate  
appearsforsampleswithlowsalinitywhilethesalin－  
ityofthesamplesshowingmaximumdeficitofsulfate  
isabout10timeshigher．Themeanrelativeconcen－  
tration of the otber mainionsis almostiderltical  
VitbirleaChgroup．Thisin（まicatest壬Iatt‡1eprOCeSSeS  
leadingtobothexces＄eSanddeficitsofsulfateinice，  
alsolead tothe sameionic ratios between the other  
majorions，andthusdemonstratethatbothexcesses  
and deficits of sulfateinice may be a result of the  
SameCllemicalprocesses．  

RELATfVE〔ON〔eNTRATfON％  
1 2  ん  る   8 10  

Fig．2．IonconcentrationasafunctionofdepthfortwoselectedicefloesintheFram  
Strait．   
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Tableコ．亡hemirat c（）mPOSitio11（jLeql．一）of snow．iee and  
111e）twateTOng］acit）rS．TheIlumbeTLSinbracketsaTle  
WaShoutorenrichmentsgivenaspercentofthecorト  
tentinsurfa（：eSr10W．  

So∴ CトMg2＋ Na＋Caヱ↓  
Josteda主岳breen  
（6111′N，703′E，1950ma．s．1．）  
（Gjessing1988）  
A：Snow1986鵬87 nニ21 7．125．4 2．624．13．7  
β：Ice39…41m nニ＝33  2．411．8（）．811．2 2．9  
C：Waterinborehole   6．717．13．217．B27．5   

W’asbot】t：100（A叫β）／A （66）（52）（71）（54）（20〉  
Entrichment of 
meltwater：100C／A   （94）（74）（125）（67）（753）   

Austfonna，Svalbard  
（79030′N，240E，600ma．s．i．）  
（Gjessing，1977）  
A：Snow1974－75n：40  7．7  6．431．3 1．8  
B：Ice3－4mdepth  O．6  1．2 6．3 0．5  
Washout：100（ArB）／A （92）   （80）（61）（74）  

Fie】dexperiments  
（JobannessenandHemriksen，1978）  
ⅥrasboutfroTnmeltingsnow（76）（53〉（58）（57）（55）  

500 1000 1500  2000 2500〔lPPb   

ぎig．3．Therelationbetweenconcentratio11SOfSO…■and  
Cl‾forall＄amples．ThedifferentsymboIsrepresent  
thedifferenticef壬oes．  

Tablel．ReIativeconeentrationsof亡hemajorionsi11Seaice  
COmparedtoseawaterint王1eFramStra壬t．  

ImlCOnCentrationinseaice  Re】atjvec（】nCen【ratj（1n＝10n  
Waもer   

ⅠⅢ1COnCentrati（1nnnmalsea  

contribution of minerat dust from the surrounding 
mountains and frominteraction with rockin the  
bottいnlOf the bore h（lle，The sums of（、こItions and  
anions in snow at Jostedalsbreen were respectively 
32．5peql．1and30．ilLeqll、Vhilethecorresponding  
Valuesfortheicewere14．2JLeql‾1and14．9jLeql叫l  
Inthemeltwaterhowevertherewasaaniondeficitof  
25iLeql－1，mOStprObablyduetointeractionwiththe  
rockin the bottom of the bore hole．  

Brinlblecombe（f〟／．（19と汀）showed fron11abora－  
tory experiments which involved recently collected 
＄nOW and artificialices of known composition that  
Sulfateand nitrateions ar・e preferentiallylostwith  
respect to chloride dtlring melti11g．Of the cations．  
SOdium appears to be removedieast readily．  
Fractionation by melting processes has also been  
Studiedinsnowlysimetersinthe field（Johannessen  
andHenrikserl，1978）．Thesesttldies（Table2）demorト  
StratedthattheperceLntOftotalamou11tOfL：OmPOunds  
insnowreleasedwiththefirst30％ofthemeltwater  
WaS76％for SO若洲and only53－58％払r C王▲，Na＋，  
Mg‡‾andCa2＋．Thisprocessco王1Sequentiyieadstoa   

SO要一Mg2十Ca2＋ CトNa十  
Alisampies rl＝60  2．593．513．493．543．42  
Max excessIl＝7  1．65（1．740．790．86（l．77  
Maxdeficit rlニ7  3．626．546．496．476．56  

、？．ヱII加減研一J♪れ－（t（，∬r∫〃〃／（「川♪（－m／（）gん灯んさ朽  
Themeltingprocessofseaiceandoftemperate  

glaciers have many similarities．Except for some  
melting at g王a（：ier base due to frictionaiheat and  
geothermalheat，themainenergysourcesforglacier  
meltingareheatfluxesfromtheatmosphere．   

IrlTable2isglVenmeanionconcentrationofthe  
mainionsin snow．ice and meltwater from glaeiers．  
Relativeto theionicratiosinsea water，thereisan  
excessofsulfateofmorethan50％relativetosodium  
and chioridein snow，ice andin meltwater．This  
iIldicates that most of the＄ulfateis of nonmari11e  
Origin．It appearsfromTable2that SO：a11dh：lgコ、  
are the most n10bileionsl＼心Ie Na＋and Cl－are the  
most retainedions．The high enrichments of Ca2十  
and Mg2十in m補聴water atJostedaisbreenis dt妃tO  
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bythetemperatureofthelowerpartoftheiayerof  
Seaice which套s cl（）Se tO the freezlng pOint of sea  
Water．  

Mulvaney et al，（1988）used scarming electron  
microscopetodeterminethelocationofSinicefrom  
theAntarcticPeninsula．Theicesampleshadacon－  
centration of excess SO苦q＝719 ppb．The S was  
undetectableirlthebulk oftheice．However atthe  
triplejunctionsSwasねundinconcentrations＞1M．  
Calt：ulationsshowedthatbetweel14Oand10O？い）fthe  
H2SO4pre＄entin t呈1isice was found at tbさtriple  
junctions and＼＼，Ould ha＼でbeenliquid ati亡e Sheet  
temperatures．Analysis of anice sample＼Vith an  
estimaとedageof125yearsfromtheÅntar亡ticPenin－  
sula（WoIffetal．1988）showedalsotha＝圭SO．oecurs  
mainlyatthetripiejunctionwhi王etheseasaltshowed  
nosuchlocalization．Theyconcludedthatthedif短r－  
entbehaviourmaybeduetothefreezl喝やOintbehav－  
iour・Ofeachchemicalslユbstanceandtotheeffectthis  
hasbothintheatmosphereandduringtherecrysta11－  
izationintheicesileet．   
InicewithahighioncontentslユChasinseaice  

andglaciers（：losetothesea，theionsarepresentinthe  
formofconcentratedbrinesoiutionwhicharelocated  
inbrinepocketsand，mOStprObablyalsoatthetriple  
junctiorlS．Durimg melting，the aqueous phase  
increasesinvolume，glVlngrisetostronglOnicconcen－  
tration differences．Thisleads to diffusion ofions  
fromthehighlyconcentratedtrappedbr・inesolutions  
to diluted meltwater．：h this situation separation  
effectsmaybeduetodifferencesinionmobilitiesand  
COnductance whiL：h are givenin Table3f（）r SOme  
relevantions．   

1’hese are eqtlivalent cotlduc【ances a11di11a11  
eleLCtric fiビId the effeet of the double charge on the  
SuIfateionwillbeimpoT・tant，leadingtoapreferential  
enricbmentof昆十andSO要一io王1S．  
Asthedrainagecapacityiniceis王ow，tberesi－  

dencetimeofmeltwateriniceisanorderofmagni－  
tudelongerthaninsnow．Asmeltwateraccordingly   

Tab王e3．Ion mobilities and conductance for some relavant  
ions．flⅣea或R．C．ed．，1981）  

SO㍗ C卜Na十Mg2＋Ca2＋  
ionmobilities  8．277．515．195．425．91  
（104cmsec≠1）   

EquivalentCond．00C  41。041、126．027．030．0  
（n‾1cm“1）   

lowersulfate／chlorideratioinsnowexposedtomeit－  
ingthanintheoriginalsnow．Thodal（1986）reports  
thatin a field experimentincluding nine snow  
lysimeterstheSO言L／C「ratiosforthefirstlOpercent  
meltwaterfromasnowpackwere2－4timeshigher  
thanforthemeltwaterwhen90percentofthesnow  
had meited．  

．ヲ．鼠月間溺狛鳥弧あ好わd物磁由り払適用虚血   
Tbepbysica量processeswbichtakeplaceinseaice  

and glacierice and that maylead to ehemical  
鉦actionation are temperatlire Varia扇ons，freezi王唱7  
melti‡lg prOCe栄妃S arld drainage of meltwater and  
bri11e．  

Reeburgh and Sprillger－1’oung（1983）studied the  
suげateandcblorideinnatl汀alseaice alldconcluded  
thatfractionationinseaiceappearstoocctlrduring  
thefreezingprocessandthatfurtherenrichmentdoes  
nottakeplacewithaging．Laboratoryexperiments  
（LewisandThompson，1950）showedthatthesulfate／  
Chlorideratioforsaltretainedbytheicewasgreater  
than for the originalwater．The ratiointheices  
Variedwiththetemperatureatwhichthewaterwas  
frozenL Maximumincreases of O．0032and O．0029in  
thesulfate／chlorinityratio relative to sea water（0．  
1400）wereobtainedat－80Cand－450Crespectively．  
Theprocessesthatmayleadtochemicalfractionation  
duringfreezing，however，WerenOtdescribed．These  
Studiesdonotreportanydeficitsofsulfateinice．  
Accordingtoalaboratoryexperiment（Richard－  

SOn，1976），theSO君q／Cl‾ratioinbrineatleastdown  
to…360C，islowertbarlinseawater．ÅnydraiTlage  
ofbrineShould thereforelead【o an excess ofsulfate  
rt｝tative to chlorideiniee compared to sea water．  
Holmgrenetal（1993）studiedthechemicalcomposi－  
tionofdrainagefromiceformedby打eezingavater  
solution of NaCland Na2SO4in the same relative  
conceIltrations asin sea water．The solutions were  
allowedtofreezeatambienttemperaturesof－158C  
to仰18¢C．Theice block was then transferred to a  
meshatthesameambienttemperatures．Thesulfate  
cloride ratiointhe brine that drained from theice  
COmpOSedonly75％－80％oft壬IeOriginal餌Iution．  

Temperaturesencounteredinnaturalseaiceare  
neverlowerthan－200Cto叫300C（Untersteiner，1964）．  
Atlowtemperatures卜10－－20令C）verystrongtem－  
peraturegradientsexistinthelowerpartofalayerof  
Seaice．Asthe（：hemicalfractionationinicedepends  
Onthetemperature，thechemicalcompositionofthe  
brinethatdrainsthroughicewillbestronglyaffected  
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