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Abstract  

Characteristics of cryoconite（surface dust on glaciers）and the surface albedo wereinvestigated on a  
Patagonianglacier（TyndallGlacierinSouthernPatagoniaIcefield，Chile）．Theamountofthecryoconiteonthe  
Surfaceoftheablationarea（14N71gm‾2，mean：47gmL2indryweight）wasmtlChsmallerascomparedtothose  
reportedfromotherregionsuehasHirnalaya（5（ト9（）Ogm2．mean：3OOgmL2）．Thepet・（TentこIgeOforgilnit：matter  
inthecryoconite（0．6％一2．7％，mean：1．8％indryweight）wasalsosmailercomparedtothoseofgiaciersinother  
partsoftheworld．Microscopic observationrevealedthatthecryoconiteconsisted ofmuchmineralparticles，  
amorphousOrganicmatter，andsmallamountofsnowalgae．Cryoconitewithgranularstructure，Whichisgenerally  
formedontheglaciersbyalgalactivityinHimalayas，Tibet，andArctic，WaSnOtObserved．Thesurfacealbedo  
rangedfromO．34toO．66（mean：OA8），Whichisalmostequivalenttoalbedoofcleanbareicesurface．OtlrreSults  
indicatetbattbeeだectofcryoconiteandbiologicalactivityontbes11rねcealbedointbisglacierisverysmalldue  
tothesmal1amountofthecryoconiteandsmallalgalproduction．  

1．IntroductiorI  

Glacier variationis we］）focusedIIOWin relatioIltO  
globalclimate change and water cycle．For example，  
PatagonianIcefield，OneOfthelargesticemassotherthan  
twopolaricesheets，hasbeenrevealedtoretreatconsider－  
ably alld to account for3．6％of globaisea－1evelcbange  
duringthelast5Oyears（e．g．．Aniya，1999）．1nordertoas㌍SS  
theglaciervariation，itisimportanttostudymassbalance  
andheatbudgetoftheglaciers．  

Surfacealbedo oftheglaciersisone oftheimportant  
factorstoaffectglacierheatbudgetandmassbalance．The  
Surfacealbedoisaffectedbyamotlntandcharacteristicsof  
SurfilCe dtlSt，Ca11ed er）・OCOnite、Which≠‾aS named b）r the  
Arcticexplorer，A．E．Nordenskj81d（1875）．Thecryoconite  
Can reduce surface albedo on snow andice byits dark  
COloration．For example，SOmeglaciersin Himalayas are  
COVeredwithalargeamountofcryoconite，Whichsubstan－  
tialiydecreasestbeirsl汀faceaibedoandacceleratessudace  
melting（KohshiIll；ltlt（L／‥19931．Thus．itisimportant to  
Clarifycharacteristicsofthecryoconiteanditseffectonthe  
surface albedo．  

Recentstudieshaverevealedthatcryoconiteonglaciers  
COntainsalargeamountofalgaeandbacteria（Gerdeland  
r）rouet，196O：Whartollt1（lI‥1981：1985：Kohshima19と号：  
19紺；Takeuelli‘，J〟／．．20Ola；2OOlb）．ThissuggeststhattheseL  
microbesplayimportant rolesintheformationprocess of  
the albedoqreducing materialon theglaciers．Sinceliving  
algaeandsomemicrobeshavebeenreportedonsnowandice  
invariouspartsoftheworld（Kol，1942；Kol，1968；Kol，1969；  
KolandPeterson．1976；LingandSeppelL1993：Yoshimura（f  

aL，1997），formationofcryoconitebybiologicalactivitymay  
beacommonpbeI10menOninglaciersglobally．However，也e  
informationofbiologicaiaspectofthecryoconiteisstillfew，  
inparticularonPatagonianglaciers．  

This＄tudyaimstoclarifycharacteristicsofcryoconite  
anditseffectonsurfacealbedoonaPatagonianglacier．The  
COmpOSition of cryoconite was biologically analyzed．  
Amount of the cr）rOぐOnite and the surface albedo wel・e  
measuredin various parts of the glacier．Effect of the  
CryOCOniteonthesurfacealbedo，andcontributionofbiologト  
Calactivitiestothecryoconiteformationonthisglacierare  
discussed．  

2．Studysiteandmethods  

The research was carried out on TyndallGlacier，an  
OutletglacieroftheSouthernPatagoniaIcefield，inNovemN  
ber andDecember1999（Fig，1），Theglacierislocatedin  
TorreesdelPaineNationalPark，Chile．Thisglacierflows  
SOuth、、・ardfromtheicビfield（Top：about17OOma．s．＝upto  
theterminusinaproglacia11akeatanelevationofabout50  
ma．s．1．Thelengthandareaoftheglacierareapproximately  
40km and355km2，reSpeCtively．The equlibriumlineis  
approximately13km from the snout（i．e．，apprOXimateiy  
lコOOma・S．1．Naruse【－t（Zl．．1錮7．seeFig．1）．TⅥTOSmallside  
－lobesontheleftbankareslightlyspiliingintotheeastem  
side valley at approximately 18 km from the terminus 
（Northern and Southernlobes，See Fig．1）．Sampling of  
CryOCOniteandmeasurementsofsurfacealbedowerecarried  
OutatSixsitesintheablationareaoftheglacier．（SIRS6）．  
SitesS4andS6werelocatedneartbeiateralmarginof払e   
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3．Results  

∴∴・l〃・一明・・‥－－∴・・バ‥・りり－∴・り．晶・い1J√1′＼叫：∴・′   
Figure2showstheamountoftheeryoconite（perunit  

area）ontheablationareaofTyndallGlacier．TheamOuntOf  
thecryoconiterangedfrom13・6to71・4gm－2indryweight  
（mean：38gm‾2）．Theamountslightlyd潜eredamongthesix  
Sites，butwasnotrelatedwithaltitude．Thelargeramount  
WaSObservedatsitesS4andS6，Whichareiocatedcloseto  
tbelateralmarginoftbeglacier．  
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Fig．2．Cryoconiteamolmt（〉nthesurfaceofTyndallGlacier．  
Errorbar＝Standarderror（samplermmber（n）＝5）＿   

ユまC紳動感ぬ侶〆班針印刷湖南  
Figure3showsthepercentageoforganicmatterinthe  

CryOCOnite．王trangedfromO．6％to2．6％（mean：1．8％）．The  
percentageoforganicmatteri‡lSites3and4払6％，8．9％，  
respectively〉wassmallercomparedtotheotbersites（2．ト2．  
1％），Fig．4shovs tbe amount of organic matter perunit  
area，Theamountoforganicmatterinthesites3and4isnot  
Significantly different from that of the other sites，This  
indicatesthatthecryoconiteinthesites3and4containeda  
largeramount ofmineralparticles compared to the other  
sites．Sincebothsites3and4arelocatednearthesouthern  
lobe，wind－blownmineralparticlesmaybesuppliedinthe  
Sitesfromoutsideoftheglacierthroughthesouthernlobe．  

Fig．i．LocationofTynda11GlacierinPatagonia王cefieldand  
map of ablation area showingthesampling sites（SトS6）．  
Theelevationsattheeach＄iteareshownasabovesealevel．  

glacier（lessthan500mfromthelateralmargin）．Themargin  
areai‡1CludingtbistwositesbasloⅥ7erelevationcomparedto  
tlle⊂entビrPartOftheglaeier（e．g‥Nishida（！（t［．，1995）．  

Cryoconite was co11ected wi払a stainle鳥Steals（：00p  
t喝etherwithsurfaceicebeneathit（1－2cmindepth）．The  
coliected area on tbe surface was meastired to calculate  
amountofthecryoconiteperunitarea．Thecollected＄am†  
ples were meltedin plastic bags and preserved as3％  
formalinsolution（inordertofixbioiogicalactivity）inlOO  
¶mlcleanpolyethylenebottles．Thecryoconitedepositedon  
thebottomsofcryoconiteholes（melt holes）wasalso coト  
1ectedwithapipette．Thesamplesweretransportedtothe  
biologica11aboratory of TokyoInstitute of Tec壬InOlogy，  
Japan foranal）lSis．  
Tbeorganicma汰erintbecryoconiteⅥ7aSmeaSuredby  

thefoilowingmetbod，After也esamplesⅥ7eredried（65℃，24  
hours）and weigbed，th野Were COmbusted forlbour at  
lOOO℃in an electric furnace．The percentage of weight  
reductionbythisprocedurewasmeasured．  

Thecompositionofthecryoconitewasobservedwithan  
Opticalmicroscope（NikonE600）．  

Thesurfacealbedooneachstudysitewasmeasuredby  
a portable photometer（mode12703，Abe SekkeiCo、）．The  
measuredwaveiengthsⅥrere400，450，500，550，550，600，650，  
70O．750、さ50．95O．andlO5O川11．The albedo was calculatビd  
fr〔lmthet（ltalofref】eLCt（、diTTadianceofthesurfaeeilnd†h；1t  
Ofastandardwbitereferenceplate．Themeanalbedowas  
obtainedfromvaluesof5differentsurfacesateachsite．  
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Fig．3．Percentage of organic matterin血e cryoco‡lite on   
Tynda王1Glacier．Errorbar＝Standarde汀Or（n＝5）蠍   
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Were COmmOnly observedin the study sites（Fig．5b，C）．  
Detailed description of the snow algaewi11be published  
elsewbere．  

3．まA加あiダ吉鮎gお（滋㌢ぶ〟痴α  
Figure6sbowsthesurねceaibedoontbeabiationarea  

OfTyndallGlacier．ThesurfacealbedorangedfromO．34to  
O．66（mean：0．48）．Thealbedoofsite5（0．66）wasparticularly  
bigherもban偽e other sites．T圭Ie albedos of sites4and6  
iocatedclosetotheglacierlateralmarg主nwerelowerthan  
t王妃Otbersites（0．34，0．42，reSpeCtively〉．  
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Fig◆4．Amountofo曙allicmatterontbesur払ceofTy王Idali  
G王acier．E汀OrbarニSta王1darderror（nニ5）．  

Microscope observation revealed that the cryoconite  
COnSisted of mineralparticles，amOrp‡10uS OrgaIlic matter，  
andsmaままamountofsnoⅥraまgae（Fig．5）．Thesecomponell短  
appeared to be aimost sa‡ne amOng the sttldy sites．Tbe  
mi王1eraiparticlesvere maincomponentin偽e cryoconiぬ  
Theywerebrownortransparentcoloredandapproximately  
5－50JLmindiameter．The amorphous organie matterwas  
豆ansparerltOrblack，andlO－30βmin size，Tbe observed  
SnOⅥr algae were動転㍍庖陀矧毎㈲ Sp．，q道如飯叩抑転sp．，A掛  
野あ発揮∽Sp．，Cぁあ抒伊（わ研ク形俗Spリunkno耶1邸糟enaigae，and  
Oscillatoriaceanalga．助0おg乃あ粥Sp．and（抄Zあめ℃q裕子ゐsp．  
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Fig．6．Surねcealもedoo‡lTyn（ヨal王Glacier．ErrorもarニStan“  
ぬrderror（n＝5）．  

ぎ主g．5．Microscopyofモhecryく）COniteorithesⅥTfaceofTy王1da呈iGlacierくs主teユタ300ma息i．），  
a．Mineraiparticlesandamorphousorganicmatter．b、Snowalgae二q71indro嘩Sぬsp．，C．  
Snowalgae∴彪伝聞庖紛矧毎期Sp．   
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Figure7showsthespectralalbedooftheglaciersurface  
ofsttldysites。Thespectralalbedogeneraiiydecreasedasthe  
WaVelengthincreased．Especially，in site5呈n which the  
highest albedo was observed，the aibedo was particuまarly  
bighins‡10rもervavelengtb（400－650nm）．  

from crevassesinto glacierice．There were many deep  
CreVaSSeSinthesite5，Whilefewcrevassesintheo払ersites．  
Thesunlightenteringfromcrevassesmaybescatteredinthe  
ice，COme OⅥt from the glacier stばねce，and resultin也e  
measuremenもOf払e bigber albedo．The bigher albedoin  
shorterwaveiengthofsite5（Fig．7）slユppOrtSthisidea，Since  
glaciericehasthegreatesttransmissivityofshorterwave－  
1engthlight（OAO－0．65nm，blueregion）．  

The amount of the cryoconite on the surface of this  
Patagonlanglacierismuchsmallercomparedtothosethat  
reportedfromHimalayanglaciers，Wherethesurfaceaibedo  
isremarkablyreducedbythecryoconite（Kohshima eialリ  
1993）．For example，the amount of a Himalayan glacier  
（YalaGlacier）rangesfro汀150to900gm‾2（mean：3削gmて  
Takeuchiggαgリ2000），Theamountontbe Patagorliangla－  
cieris approximately arleigb汰of払aton theそ舅∬a王ayan  
glacier（38verstlS300gm【2）、Thissuggestst王Iattbealbedo  
reduction by t壬1e CryOCO†lite on t圭一e Patago‡ぬれglacieris  
smailercomparedtoontheHimalayanglacier．Thesurface  
albedoonthisPatagoniangまacier（0．34pO．66，mean：OA8）is  
almostequivalenttoalbedoofcleanbareicesurface（0・34q  
O．51，Paterson，1994）．Thisindicates that the effect of  
cryoconite on the surface albedois very sma王Ionthe  
Patagonianglaciers，duetosma11amo11ntOfthecryoconite  
onthesurface．  

Thepercentageoforganicmatterinthecryoconite of  
thisPatagonianglacierisaisosmallercomparedtogiaciers  
in other parts of theⅥrOrld．ぎor exampie，perCe11tageS Of  
organicmatterofcryocorまitewerereportedtora‡唱e15．7－  
20．1％inGreenlandIceCap（GerderandDrouet，1960），0．3¶  
13．8％inCanadianArctic（Takeuchietalリ2001a），4．8－14．  
4％inaTibetanglacier（Kohshima，1989），and6．3－22．0％in  
a Himalayan glacier（Kohshima，1989），These values are  
significantlylarger・thanthatofthisPatagoniangiacier（0．6  
－2．7％）．  

Thesmallpercentageoforganicmattersuggeststhat  
theformationofcryoconitebybioiogicalactivityissmailon  
thisglacier．AccordingtothereportsfromtheArctic，Green－  
1and，Himaiayanナa王1d Tibetangiaciers，aiarge amo11ilt Of  
sI10Waまgaeiscorltainedintbecryocc声nite．Ontbeseglaciers，  
thealgae（filamentousbllユeMgreenalgae）andotherparticies  
often form granule structure（cryoconite granule），Which  
enableshighalgalproduction（Takeuchietal．ブ2001b）．The  
mostoftheorganicmattercontainedinthecryoconiteisthe  
algalproductionontheglaciers（Takeuchietalリ2001b）・In  
contrast，OnthisPatagonianglacier，theonlysmaliamount  
ofsnowaユgaeisobservedinthecryoconite，andthegranule  
structure was not observed．These facts s噸geSt that the  
smallamount of organic matterin払e cryoconite of tbe  
Patagonianglacierまs血etothesmallalgalproductionon  
払eglacier，Tberefore，払econtribu如nofbioiogicalactiv－  
itiestotbecryoco王1iteformationmaybesmaliontbisgla－  
cier．  

ThesmallamountofthecryoconiteonthisPatagonia  
glacierislikelyduetosmallsupplyofwind－blownmaterials，  
lowmaterialconcentrationing】acialice，and／oriowbiologi－  
calproduction．Theiargeannualsnowaccumulationonthe  
giacier，WhichisacharacteristicofPatagonian‡cefield，may  
resultinthelowmaterialconcentrationinthegiaciaiice．  
SincethearlnualsnowaccumulationinaPatagonianglacier  
isapproximately6timesasmtlCbasin王iimalayanglaciers  
（3，4mversus O．58min wa乞er eq㍊ivaient：MatslユOka and   
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Fig．7、SpectralalbedoofthesurfaceonTyndallGlacier．The  
curvesaremeansurfacealbedo of5surfacesateachsite．  

4．Discussion  

Figure8盆owstbere如ions壬l主pbetweensuぬcea弛edo  
a‡1dcryocon主teamolユntOr主汰egiacierst汀ねce．Astatistical  
analysisrevealedt‡latt‡leSurfacealbedon曙ativelycorrelaモー  
edwiththecryoconite amountonthesurface（Spearman’s  
correlationcoefficient（rs）ニニ＝・－0．943，prObability（P）＜0．01），  
Thiscorrelationsuggeststhatthevariationofthesurface  
albedoamongthestudysitesis duetothe amount ofthe  
cryoconiteonthesurface．Thesitesneartheglaciermargin  
（sites4and6）hadlower albedo andlarger amount of  
cryoconiterelativetothesitesofcentralpartsoftheglacier  
（sitesl，2，3and5）．Thistrendwasvisibiyobservedinallof  
払eablationarea：払eglaciersurねceinmarglnareaappear・  
edねbedir貞ertba‡lincentralarea．ThelargeramounとOf  
cryoconitein払emargユnareaisprobablyduetoIⅥOreSuppiy  
ofwind棚bloⅥrnparticiesfromoutsideoftheglacier，reiative  
tointhecenterareaofthcglacier．Theremarkablehigher  
albedoobservedinsite5maybecausedbysunlightentering   
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Fig．8．Relatioれ＄わipl〕etWeenalbedoandcryoconiteaユュ10tlntO！て  
tbe＄ⅥrねceofTyndailGlacier，（rs＝Spearma‡1メscorreiation  
COefficie琉，P＝prOt〉al）重1ity）  
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