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Abstract  

AvarietyofparticlesextractedfromfirnandicecoresamplesfromDYE－3，Greenland，WaS  
investigatedtocharacterizethetype，nature andconcentrations ofmaterial．Ascanningelectron  
microscope（SEM）andanenergydispersiveX・ray（EDX）analyzerwereemployedtoanalyzeparticles  
in艶rnsamples育om洩reeannualiayers（1981－1983丸D．）arldicecoresampi襟fromdeptbof833．  
412mcorrespondingto45B．C．Theparticleswereextraetedbyfilteringthemeltwaterofeachfirn  
oricesamplewithanucleporemembranefilterhavingO．小JLmpOrediameter．  
Inthefirnsamples（1981－1983A．D．）wefoundrelativelyhighconcentrationsofclayandsilt  

particles，andlowconcentrationsofquartz，pinepollen，SpOreSandspheruleparticles．Somcsphe・  
n11eswereidentifiedascoalfiyashbySEMandEDXanalysis，  
Intbedeepicecoresampl替from45B．C．，Wefoundreまativelybighconcentrationsofc王ayand  

Siltparticles，andsomepinepollen，SpOreSandspherules．Somespherulesarepossiblyofextrater－  
restrialorigin．  

ThemeanconcentrationofparticlesinfirnSamplesfrom1981－83was6Atimeshigherthanthat  
oficecoresfrom611A．D．，45B．C．and730B．C．Themeanconcentrationofspherulesinthefirn  
WaS27．3timeshigherthanthatoftheicecores．Theincreaseofspherulesintherecentfirnismostiy  
arestl！tofdepositionofcoalflya魂spherulesfrommodernindustrialsources，  

Dustconcentrationsinmeltwaterdeterminedbya  
ligbt＄Catteri王1ginstrument were reported for Holo－  
Cenea‡ldWisconsinicesamplesfromDYE003，Green－  
land，byI王ammer and others（1985）and Steffensen  
（1985）．Clay and related minerals，Sea Salt nuclei，  
determinedbyelectronmicroscopy，andelectrondif－  
fractionanalysisoffreshsnowandicecore samples  
from Camp Ce‡虞ury，Greenland，Vere rePOrted by  
K一皿ai（1977）．Coaiandoi1月yashpartic王e＄determin－  
edbySEMandEDXanalysiswerereportedfornew  
fa11ensnowsamplesfromAlaskaandNewHampshire  
byKumai（1985，1987）．  

Thispaper presentstheresults of an SEM and  
EDXstlユdyofparticlesinfimaIldicecoresamples  
fromDYE仙3，Greenland，includingdataonelemental  
composition，mOrphology，particleconcentration and  
identification ofsources，   

1．】ntroducti011  

VariolユSCategOriesofatmosphericallytraTISpOrモー  
edwater－SOlubleandinsolublesub＄tanCeSarefotlndin  
polarglacierice．Thesubstancesinfirnandicecores  
fromtheGreenlandicesheetrepresentarecordofwet  
and dry deposition of atmospheric particles derived  
from many sol汀CeS，incllユding soiトderived minerals，  
VOIcanicasb，naturaiandfossilfueicombu或ioTlbypro－  
ducts，SeaSprayandextraterrestrialmaterials．The  
presentstudywasundertakentoidentifyandcharacH  
terizethetype，elementalcompositionandconcentra－  
tionlevelsofthesolidaerosolparticlesdepositedin  
firn andicecorescollected from DYE－3，Greenland  
縛5011′N，43049′1好），andto obtai‡laCbroT10logyofwet  
anddrydepositionofatmosphericparticlesduringthe  
presentandpast．  
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2．Previous Work  

Someresl出s虫・OmpreViousworkonsnovcryまal  
nuぐ1ei．aerosoIs、flyIISh．＼▼Oleanic ash and extrateLr－  
restrialpartic王esinpolarfirnandicearesurnmarized  
illb亡・t（1Ⅵ∴  

ユノ．SJJ州・叩，∫如／J7机イ（イ  
DuringaperiodofsnowfallatSite2，Greenland，  

WeCO11ectedsnowcrystalsfa11ingintoanicetunnelon  
gridmeshcoveredwithcollodionfilm．Thesublimaト  
ingimageofthesnowt：ryStaleenterwasphotoどraPh－  
edsoonaたercollectionwithanopticaimicroscopein  
clean room conditions for later examination of the 
nucleus by eleぐtrOn microscopト We eollec†ed 356  
SpeCime王IS Of snow crystalnucleiin tbe Site2ice  
tunnel，Imagesofthesnowcrystalnucleiwere ob・  
tained by trans汀1ission eiectron micro虻Opy and tbe  
n11Cieiwereidentifiedbyelectrondiffractionanalysis．  
Thedistributionofsnowcrystalnucleifoundinfresh  
Greenlandsnowcrystaiswas85％clayminerals，0．6％  
hygroscopic particles，10．7％unidentifiable material  
and3．7％nonucleu＄（KumaiandFraneis，1962）．   

ニュ」川）∫（）／  

Aitkennucleicountsinairnearthesummit ofthe  
GreLenlandiceeaparege11eTa17yte11Stし）hundreds！em3．  
andlOON2（）0／cm3inthe katabatic fまowfromtheice  
CaP（Fl）lgeTandHeidman，197軋 tlogantイE7［．（19帥  
mビaSured aerosoIvariation at t3arrow，AlaskaこIg・  
loolik，Canada；andDYE－3，Greenland．TheAitken  
nucleicount at DYE－3，Greenland，WaS SOmetimes  
nearthethre洩old of detectionin themornll唱and  
increased slowly to 45／cm3 in the evening．The  
AitkennueleLicountfortheperi（－d26July－18Aug11St  
1982varied from the threshold ofdetection to thou－  
Sands／Cm＆dlユringfrequentwindsshiftsandprecipita－  
tion．Man）’Particlesぐ（）lleぐteLdb），impac†ionfromthe  
air at DYE－3，Greenland，Wereidentified as ciay  
particlesfromEDXanalysisbyHoganetal．（1984）。  
AitkennucleicountsillmaritimeairatBa汀OW，  

Alaska，Varied from50to300／Cm3inJme1975．  
Aerosolparticles（0．OIL2．5JLmdia．）co11ectedduring  
仏isexperimentandexaminedbyelectronmicroscopy  
andelectrondiffractionanalysisincluded2％seasalt  
particles，3％clayminerals，15％carbonparticles，1％  
ny ashand醐？云unidentifiedsmallpartit：1esIKumai．  
1978）．  

ヱユ〔1）†J／（川‘ブ（）′り？l，‘バ／J  
Flyashparticlesco11ectednearcoal－firedelectric  

powerpiantsusi11gAlaskancoalvitbabigbcalci11m  
COntentl＼でreSphericaJorirTe酢1larinshal光，withaO．2  
to50pmdiameter，and were richin ca王cium，with  
lesseramountofsilicon，aluminum，magneSium，iron，  
POtaSSium，titanitl111andsulft］r．Calci11m－richspheri－  
Calcoalflyashparticleswerefoundinfreshsnowand  
snowcoversamplesfromFairbanks，Alaska（Kumai，  
1985）．However，COalflyashparticiesfromcoal－fired  
power plants burning coal from the eastern United 
Statesl＼・ere generally richerin silicon withlesser  
amounts of aluminum，iron，Sul如r and calcium．  
Sphericalcoalflyashparticleswithahighcontentof  
sili亡O11Were fotlndi11fresh snow and snow cover  
SamPlesfronlHa11OVビ「．NewHampshire（Kumai1985．  
1987）．   

ま逐．γわなα乃わ（びゐ   
In1968anicecoreof2164mlengthwasr・eCOVered  

なomByrdstatiorlinl好estAntarctica（88001′S，119¢31′  
W）．In the Byrdice cores，Gow and Wi11iamson  
（1971）found25distinct tephralayersand estimated  
2008cloudylayers．Themo或iikelysolユrCeOftbese  
tephra layers was believed to be the volcanoes of 
Marie ByrdLand．KyieandJezek（1978）examined  
glassshardsandlithiL：particleLSintheB〉l■dieecores  
and classified the glass as peralkaline trachyte by  
electron microprobe analysis．They slユggeSted t壬Iaも  
thLlpt・Obable source was a〉10ung VOIcano．Mount  
Takahe，located about450km from Byrd station．  
Palais（1985）examinedtephraashesinByrdicecores  
usinganSEMandEDXanalyser．Thetephraashes  
Wereequant，blockygrainswithcurviplanersurfaces  
a感few vesicles．Sbe conciuded tbat t壬Ie SOurCe Of  
tephrawasMountTakaheinMarieByrdLand，West  
Antarctica，  

Nishi（＝1（（1／．（1！渦5）foulld tephrain the bareiee  
frし）T11Yamaro Mountaitl．DronniIlg Maud Land，and  
also打omtbeAllanHiils，Vi（豆OriaIJalld，Antarctica．  
TtlPht・afromYamatoMountainhadaeornpositi川1Of  
athoieiiticandesiteandcontainedcrystalfragments  
SuChascalcicplagioclase，OrthopyroxeneandmagnetN  
iぬ Åpossible source vas a voIcanoin t‡1e Solユ血  
SandwichIslands．Tephra from Allan Hius was  
composedofglassshardsoftrachybasalticcomposト  
tion and contained cr）▼StalfT－agTnentS（）f titanaugite  
Cakicplagiocla＄e，01ivine，rh触iteandtitanomagnet－  
ite．T壬IepO恐Sibiesourceoftbetep‡lraⅥ■aSayOu！lg  
VOIcal100ftわeMcMurdovoIcalュicgrolip．   
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groovealongthecleanedicecoresurfaceintoalight  
SCatteringinstrurnent．Thedustconcentrationinice  
COreS from DYE－3，Greenland，WaS eStimated by  
t－Iamnl打‘・［a［．（1錮5）to be5O＼1O‾‾9g！giee for the  
t－Ioloeene age．and2OO－3，OOO＼1O．L9g／giee for the  
Wi＄COnSinage．  

PaTlicle coneentrationsin firn samples（1970－  
1975）from the SoutJIPole mcasured on a Coulter  
Counterby Mosley－Thompson（198O）variedfrom8OO  
tolコ．000particles／gsnowforparticleslargerthanO．  
8JLmindiameter．Particle concentrationsinice  
COreSfortheperiod1878－1889fromtheSoutilPole  
Varied from 2＼1O．toi2．5＼105 partjcles／’gice for  
PartieleslargerthanO．63JLmindiameter．  

The particle collCentrationitlfinlandice core  
SamPles obtained at Advance Camp，Queen Maud  
Land，Åntarctica（74012fS，350E）wasmeasuredbySEM  
Observati（一n（HigこIShi－・（aL．，1990）．Themeanparticle  
COnCentrationinfimandieet：Ot・eSamplesfromO－80  
mdepthwa＄3×10ヰparti声1es／gfirnoriceforparticles  
larger than O．6JLm diameter，and that ofice core  
samples産om90】200mdeptbwa＄1×10ヰparticles／g  
ice．   

3・FirnandlceCo帽SamplesUsedinThisAn叫Sis  

Firnsampleswerecoilectedfroma5．4m－deeppit  
excavat感atDYE∬3（6～B）insoutbernGreen王arldbyJ．  
Schwander，UniversityofBern，inthesummerof1983，  
The firn samples for t壬Ii＄Study were co‡lectedin  
COn血uous5－Cm・dep払inteⅣals fro汀1血e pit wall  
beもW壁n17to262cmdeep．T！lispro表Ierepre蛍ntS  
SnOWfallfromJanuary1981tothesurnnlerOf1983．as  
determinedbythe8180record（Oe＄Chger，unpublished  
data）．   

Icecoresampleswereobtainedbydri11壬ngat王）YE  
－3．Greenland．in198O（Langway（t（7［．1985），The  
COre Samplesused f（）r thisstudy were seleぐted from  
depthsof619．910m，833．412mandlOO9．435m．Eacb  
icecore samplewaslO cmthick，andincludesless  
払an one year’s precipitation．Tbe sampies were  
depositedin611A．D∴±40．15B．C．±6Oand730B．  
Cl士80asdetenⅥir主edbythe♂l℃け∝Ord（Da‡1曙aard  
留吉β乙1984）．TIleCOn仁entra扇onlevelsandcomp（〉Sま－  
tionoftheaerosolparticieswereinvestigatedforthe  
recentfirn andtbeoldicecore sampl鴇，uSi椚gtbe  
Sameanalyticaltechnique，tOi‡lVeStigatevariat主onin  
theirdepositionwithtime．   

ヱ5．良二わーかJT13J血J♪（J〟ん、んl∫  
TheGreenlandandAntarcticicesheetsarevaltla－  

ble reser＼▼Oirs of extraterl－eStriこ11particles that are  
easilyidentifiedagainstthebaekgroundofterrestrial  
materials．LangwayandMarvin（1964）reportedthe  
results ofaninvestigation ofthe chemicalcomposト  
tion，m壬neralogy，aIld pbysicalproperties of black  
Sphenllesfr（一mSite2andCatllpCentury．northwest－  
ernGreenland．ThediametビrSOftheGreenlandsphe－  
rules t・anged from5to230JLm．A typiealsphenlle  
consisted mainly of magnetite or magnetite with  
minoramountsofhematite．Onespherule，65pmin  
dinmeterthatwascolleetedfT－onlCampCenttlry．gaVe  
anx－raypOWderdiffractionpヱItternOfolivine．This  
SpheruleisprobablyanablatiollPrOdtlCtfromastony  
or stonyiron meteorite．Yanaiand Kojima（1987），  
reporting on meteorites foundin the Antarctici（：e  
sheet，PublishedindividualcoIor photogTaphs of327  
meteoritestogether with their originalweights．type  
and cheI11icaldata for classification．   
In an SEM and EDX analysis．microsphtゝn】les  

fromfir11aIldpackiceeollected at theWeddellSea．  
AntaTCtiea．were found to be silie（1n－，titanium－．Or  
iron－rich particles．The silicon・and titanium－ricb  
SpherlユIesweresimi1artoparticlesfoundincoalfly  
astl．Theiron－rich microspherules were tentatively  
identified as beiTlg Of extraterrestrialorigin．The  
coneentrationofspherulesinthefirnandicefromthe  
WeddellSea，Antarcticawasthreeordersofmagnト  
tudesmallerthanthatoffirnfromGreenland（Kumai  
gf戊乙，1983）．   

エ6．Gけ汀川Jれ雨用〆♪‘7〟たイl∴－∫fI7．斤け川JJdた、（7（、（）J…  
The concentration of silicate mineralsin fim  

depositedfrom1753to1965atCampCentury，nOrth－  
westernGreenland．wasestimatビdtobe35二＼10L9g／g  
SnOW by MuT－OSumiLイ L7［．（1969）．Particlesin sub－  
1imatedfTeShsnowcr）・StalscolleぐtedatCampCentu－  
ry，Greenland，eXamined under the electron micro・  
SCOperanged from O．02to8fLmin diameter．The  
COtleentrationofpartielesinfreshsnowwasfoundto  
be4．9xlO6particles．・！gsnow，and themasswasesti・  
mated to be33．7×10｝9g／g snow by Kumai（1977）．  
The eoncentration ofpartiぐIesin a sublimated clear  
ice eore collected at1368m depth（Sangamon agel  
fromCampCentury was found tobe8．3＼108partic－  
1es／giceandthemasswasestimatedtobe2，7×10q4g／  
gicebyKlユmai（1977），  

The dust concentratiollin the（・Ore WaS C（1ntinu－  
OtlSl〉TmeaSurdbypumpingmeltwaterfromamelted  
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4．ExperimentalProcedure  

Firnsampleswerecut，C！earledbyremovingsur－  
facematerial，placedi‡1まerilecontainersandmelted  
inamicrowaveoven，aiiundercleanroomconditions．  
Åfter cleaning theかn samp王esわr particle sモudy  
We壬gbedanav訂喝eOf65geacb．Thedeepicecore  
Sa∫np王es wigbed about150geach，and theice core  
samples were cleaned by rinsing in doubly distilied 
deionizedwater．Tbecoresamplesforpar貢cleana｝  
lysisweighedanaverageof80geacbaftercleanl喝．  
Tbecieanedsampleswerethenpiacedinsteriieco‡1－  
tairlerSandmeltedin a microwaveovenunderciean  
roomconditions．TbemeltⅥraterⅥraS Weightedand  
thenfiltered througb a（I，4－βm－pOre・diameter mem♭  
rame filter．Particles remalnlれg On tわe filters were  
fixedonSEMmountsanddriedillaVaCuumOVenat  
300C．TbeparticleswerecoatedbyAu（60％）andPd  
（40％）vapori11aVaCliumCbamberねrSEMexamina－  
tiona‡1dEI）Ⅹarは1ysis．  
Semi－quantitativeanalysesofindividualparticles  

inthefirnanddeepicecoresampleswereconducted  
usi喝a自注achiSEMwithaKevex8000seriesQuan－  
texanalyもicalspectrometer．A】1aCCelera血gvoltage  
Of20kVandaworkingdistanceof15mmwereused  
払rSEMimagingarldEI）Ⅹanaiysis．EiementalcolⅥ陣  
positiorlS Of t重1e Standard materials were caiculated  
andcomparedⅥr主tbtbeir ekme‡丑alpeakintensities．  
Elementaico王叩OSitio‡1S Of parとicies are given as  
Weigbt percentsllOmalized tol00％．Soil－derived  
mirlerals，VOicallicasb，COal幻yash，pOilem，SpOreSand  
extrater’reStrialparticlesfromfirnandicecoresam≠  
plesⅥrereidentifiedby洩eircbaracteristicelemental  
COmpOSまtねns and morphology，The concentrations  
andsizeofparticlesin舅rnandiceco托SampiesⅥrere  
Caicu重atedなom SEM主mages of particiesin known  
massesofsamples▲   

5・Elementa】Composition（〉fParticIesin Fi川  

Precipitation at DYE－3，Greeniand，generaliy  
OCCurSintheねrmofs‡10取‡nslユmmericelayersare  
払medoccasiorlaiiywわensolarradiation，Varmad叫  
VeCtionorfreezingdrizzlemeltthesurfacesnow．In  
the fim samples accumulated fromJanuary1981to  
tbeslユmmerOfl粥3，We払undll支celayersranglngln  
th主cknessたoml汀1mtO12mm．N重ne of払esewere  
Stratigraphica11ylocatedin the198lannuailayer．  
Tilisindicatesthatthesummerof19SIwasrela貞vely  
WarmertIlanthoseof1982and1983．Thedens主tyoぎ  

45individua】f汀nsamplescollectedfromtheselayers  
ra喝edfron1410to500kg／m3；themeanvaluewas450  
kg／m3．  

Tbepart主clescontainedinthefirna‡】ddeepice  
core samples were originally eitherl）atmospheric  
aerosoiscaptl汀ed by sr10Ⅵr CryStais during tbe pro→  
cessesoficenucleation，grOWtbandprecipぬt主onor2）  
dryfal‡out，Whichprecipitateddirectlyuponthesnow  
surface．‡nthefirnsampleswefoundmanykindsof  
solidparticles，StlChassoil－derivedminerals，COalfly  
ash，pOSSible exraterrestrialparticies，pOllen and  
spores．Thesetypicalparticiesare洩0Ⅵ昭and dis－  
cussedinbeloⅥ7．  

5．J．（「毎II〝机ノ什山／l－イ〃心情ⅥJ／♪‘けナんイt、∫／Jり了川  
Mineralparticles払undinthefirnsampleswere  

irregularinshape，Withdiametersrangl喝fr（）m仇1to  
60jLm．Themostfrequentlyobservedmineralparti－  
Clesweret‡血arldirregⅥiarinsbape，WithahighSi  
COnte11tandⅥFitbdiametersra喝ingt）etWeenO．1a王1d  
13JLm，withameanvalueofO．5JLm，Claymineral  
particlesfoundinthesefirnsamplescommonlyserve  
asiく：enuCleiintheぎormationofsnowcrystalswitbin  
SuperCOOledciouds（Kumれ1977）．  

TablelshowselementalcompositionsaIldsizeof  
typicalsilicate mirleraiparticlesくweight％）たom  
1981鰍1983firrlSamples，DYE－3，Greenland．‡n the  
meanelementalconcentrationsofthese＄iiicatemine－  
rais，tbelligわestconce一江ratiollWaSSi，fo1lowedbyÅ重，  
Ca，Fe，Mg，K，S，MnandNa．  

TypicalSEMimagesandEDXanalysisofpartic－  
lesinfirnsamplesaredescribedinbelow．Figurel  
S重10ⅥrSSiまicatemineralparticlesextractedfrom1983  
Springfirnt Thelargestparticleis14ふJLmin dia－  
meter，W壬払arougbsurface．Marlynumberofclay－  
Size particies su汀Oundit（Fig．1）．Tbe eiemenもai  
COmpOSitiollanalysisofthe14ふ－〟m－diameterparticle  
is sboⅥ7ninIγigureland Tablel．Based onits  
eiementalcompositiorl，Size aIld morpわ0logy，this  
par転1eisconsideredtobeoriginatedか0汀1amOraine．  
Ca・richsiiicateminerals（Fig．2）werefoundlessoften  
intbefirnsamples；tileytendtoreducetわeacidityof  
SnOW（Kumai，198乳 Figure3showsaquartzparticle  
WithacrystalfaceanditsEDXanalysisisshowingam  
Sieiement二 Atetrago†iaibipyramidalcrystal（Fig．4）  
Witb Al，Mn，Cr，Fe，Si，Mg and Na elements was  
知undinautumn銭rnsampleof1981．Arodshaped  
minerai（Fig．5）wasfoundin賞rn丘omtもesummerof  
1981．Tbeparticleis6，5メ∠mindia‡Ⅵeterand58〆m  
loI唱，andconsistedofSi，CaandAlelements，These   
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Tablel・Eiementaicom鱒＄ition（間∋igわt％）描dsizeofparとici鰯in1981－19おfi相克mp】esfromI）YE－3，Gr既ぬ血  
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Fig．1．SEMimageofmineralparticies敵omthespring重rnlayerof1983，DYE∬3，   
Gree！1land（a），andtheelementald）mpOSitionofthelargestmineralparticle（b），   
（A11specimensarecoatedwithAuand‡）d．）  

Silicかricilmineralsarepossiblyderived如mもerres－  
trialmateriaまs．  

こ；．ユ∫／／／l血）申JJtrⅢんtJ／Jり7川   
Tbe eie汀主entaicompo＄主t主on and s言ze oftypical  

Spberuiesfrom198ト1983firnsamplesaresho耶Iin  
Tabie2・Tbediametersofspberlま王esran酢d育omO．  
9to13メ∠m，Witbameanvaiueof3．7β汎 Fourtypes  

ofspheruiesverefoundinthefirnsamples・T壬1ey  
includedSi－r主cb（Fig．6），Fe－rich（Fig．7），Ca－rich（ぎig・  
8）and′ri－ric壬ISpherules（Fig．乳 Acharacteristicof  
tbesesp豊Ierulesvastheminuteparticlesattacb感to  
もheirsurねces．These sp壬1ertlleswere s主milarin nか  
tureとOCOa電恥aぬparヒiciescoliecモedatcoaトfired  
eiectricpowerplantsandtocoal倶yaぬ払und主mf相法  
snowsampiesfromFa主rbanks，Alaska，andHanover，   
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Fig、2．SEMimageofaCかridlmineralparticleな・Om払espringfirnlayer（）f1983（a），  
anditselt、nlビIllalrt〕nl印）Sitiいn（帆  

Fig・3・SEM主mageofaqⅥartgpa托icl倍数om洩eautumn幻rnlayer（〉f1981ね），andits   
eleme11ねIcomposition（帆  

N印7Hamp＄bire（Kumai，1985），anda王so tocoa蔓勒  
ash frorn Tennessee valley，Tennessee（Hulett and  
Others1980）．Ti≠ricねsp王妃rules are rarein幻y asb  
from coal－fired plants．Most common spherules  
fotl閂din也efimwereSi－ric壬1Sp‡iertlles，andねまlowe（ヨ  
byFe－rich，Ca∬r毒chandTi－ricbspherules．  
Tbemajorityofsp壬Ierulesin軌e鮎nsampiesare  

eonsideredtobescavengedfrom the atmosphereby  

SnOWCryStais，andsomeweredepositedasdryfailout．  
However，aSpheru王eO．2ガm主ndiameterwa＄foⅥndas  
anucleusofasingles‡10WCryStal打om among356  
freshsnowcrystalsco11ectedatSite2，nOrthernGreen・  
1a‡－d．ぎev spberules appear to act asice nucle主  
（KⅥmaiandFrancisま962，Byers1965）．   

ユJ・たt■／…／けJ1、ゴ／JホJ／♪‘JJ症／‘、／ノり7川   
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ぎig，4．SEMimageofatetragonalbi閏汀amidalcryst盈Ifr（）mtbeauttlmn甑nlayer（）f   
1981（a），anditselemerltalcomposition恥）．  

Fig・5．SEMimageofarodshapemineralparticlefromthesummerfirnlayerof1981   
（a），anditselementalcomposition（b）．   

Some spheruIes in the firn samples possessed 
S王nOOthsl汀faces．Mimteparticiesarenot attac壬Ied  
tothesesurfaces．Aspherulewithasmoothsurface  
（Fig．10）measured2．2pmindiameter，andcontained  
the elements Si，Al，Fe and K This spheru壬eis  
dif短rent morpbologicaMyかom coaiand oil重yas王I  
particiesfromFairbanks，Ålaska，Tennesseevauey，  
Tennessee，andHanover，Newbampぬire，Itmaybe  

Ofextraterrestr主aior主gin．   

こ盲．メ．Jl）／ん、ナナ＝川r／中りt－Jんり汀JJ  
Pollensandsporeswerefoundinthefirnsamples．  

Theywereidentified onthebasis ofmorphologicai  
CilaraCter主s貢csandsize，andfromeまementaicomposi－  
tionsobtainedbyEDXanalysis．Poliensfoundin琉e  
かn samplesinciuded tbose鉦om pまne a王1d maple．   
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Tableえ Elementa王composition（weight％）andsize ofspberules、in1981－19おfirnfro－℃DYE・3，Gree王11and・  
Cr Mn Fe Co Ni Cu  K Ca Ti V  S Cl  Sample  Na Mg AI Si P  
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Fig．6．SEMimage（）faSi－riclleOalflya≦あparticle負－Om也espring舅rnl野erOf1981   
（a），anditselementalcornposition（b）．  

eiemerltSOfSi，K，CaandAl．  
Twokindsofsporeswerefoundinthefirnsam－  

ples，OneisawheatsmutsporeshowninFigure13，  
whichwasfoundinthe1981autumnfirnlayer．The  
SpOre meaSured9．2メJmin diameterwith a random  
arrayofhemisphericalbumps，0．2NO．3pmindiameter，  
and averaglng about O．6FEm from center to center．  
Tbesporediametersvaried缶■Om5tolO〃m．Åno－  
therexampleisamushroomspores（Coprinus co7M一  
触ざ）wかぬadiameterof7．3メヱm，WhichwasalsofoⅥnd  
inthe1981autumnfirnlayer．Themorphologyofthe  
mushroomsporeissimi1arinsizeandshapetothatof  
ahumanredcell．AccordingtoMcCroneandDeily   

Figurellsbowsapinepoilengrai‡imeaSuri‡lg46．8〆m  
indiameterthatwasfoundinthespringfirnlayerof  
1982．TIleEI）Ⅹanalysisoftbepinepollenshowstbe  
presenceoftraceelementsofSiandCa，AuandPd，  
inFigurellb，areCOatedmaterialsforSEMspecimen  
preparation．Thepinepollenhasanovalbodywith  
twoattachedbladders．Alltypeofpinepollengrains  
varyたomabotit45to110ダmindiameter（McCrone  
and Delly1973），Figure12shows a maple pollen  
許ainmeasuring30ダmindiameterfoundiTltbe1981  
autumnfirnlayer．Themaplepollenshavetheshape  
ofoblatespheroidswithoneortwofolds，TheEDX  
analysisofmaplepollenshowsthepresenceoftrace  
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Fig．7．SEMimageofanFe－ricbcoal封yashparticlefromtわespringfimlayerof19S3   
（且），anditseiementalcomposition（b）－  

yig．8，SEMi王nageOfaCa－ricl】COal恥asbparticlefrom払esummerfirItiayerof   
1982吏a），anditselementaic（〉mpOSition（b）．  

（1973）the sporeis smooth surfaced，With diameters  
rangingbetween7andllJLm．  

6・ElementalCompositionofParticlesin］ceCores  

ParticlesinthedeepicecorefromDYE－3，Green－  
1arld，Wereinvestigated to analyze tbe past atmo－  
Spberic particies．The particles were originally de－  
posited as a result ofboth wet and dry deposition．   
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Fig・9・SEMimageofaTi・richspherulefromthespringfirnlayerof1983（a），andits  
elementalcomposition（b）．  

Fig．1O．SEMimageofaSi・richspherulewitJlaSmOlヽthstIrfa⊂PfTOm（heautunlnfirn   
layerof1981（a），arlditse！emerltaicomposition（b）．  

Theicesampleexaminedinthisstudywaslessthan  
Oneyearinthicknessandrepresentstheperiod45B．  
C．±60，aS determined by Dansgaard et ai．（1984）．  
TlluS，theparticlesfoundintheicecoreⅥreredeposit－  
edbyprecipitationanddryfalloutaroundtheyear45  
B．C．Wefoundmanyclayandrelatedmineralpar－  
ticles，SOmemicrospherules，pOllengralnSandspores  

intheicecoresample．Typicalexamplesofparticles  
foundintheicecoreareshowninFigures14…19，  

fi．ノ．∫／／ん、‘〟＝JJJm－れ■JJ♪′Jナナんイバ／JJ／汀（…tl  
Many mineralparticlesless than2JLmin diか  

meterwerefoundintheicecore．Elementalcomposi－  
tionsandsizesoftypicalsilicateparticlesareshown   
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Fig．ま1．SEMimageofapine脚i！田野ain如m払espri職責mまayerof1982励and   
耗＄elementalc¢mpOSition（b）．  

Fig．1ユSEh＝mageofatllaPlep（）tlengrainfr〔－111theal】tunlnfirn】averof19き1（a）、and   
it5r・lt）nlビntal亡いnll）OSiti川1（b）．  

in Table：主．I11the meatlビIt：1nentalt：OmPOSitionsし）f  
thenli11t汀als．tllPeLlement of rnaximumconcentration  
vassi，ね1lowdbyÅ1，Ca，ぎe，Mg，Ⅹ，Ti，Cu，Cr，Co  
a11d N；1．Thediamt｝tt？TSいf］11ineralparticles v；1ried  
かom3．9to25．9〟m，Wi漁a重罰eanValueof12・8βm・  
A11SEMima酢Ofarepresentativecはymまnera皇parと圭一  
cle，tOge池野W他itselementaicomposition，isぬ0Ⅶ1  
inFigure14．Tlleparticlemeasured臥1〝mindia－  
meterarぬcontainedt壬1emajorelementsSi，Å1，K，ぎe，  

Ti，Ca，Mgand Cr．Thesbape，Sizeamdeiemental  
compositionsaresimilartot‡latOfa‡lii軌e particle  
tKpIT and otheLrS．195tn TheIl10T－ph（1】ogy．size and  
latも主cespacln節Oftheciaymineraipart主clesaresimi－  
1araisotosomesnowcrystainucleifoundatSite2，  
Greenland（Kumaian8Francis，1962）．  

Anoぬertypeo董siiicatemineralgrainsco鵬呈sting  
ofma王Ⅳpart主cles aggregated togetberis sbownin  
Figure15，Tわemorpbology oftbe sii主caternineral   
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Fig．13．SEM盲mageofaⅥ屯eatsmutsporefrom軌eautumnfirnlayerof1981（a），and  
itselementalcomposition（b）．  

Table3．Elementalcomposition（weight％）andsize of silicate mineralsin45B．C．icecorefromDYET3，Greenland．  
Cr Mn Fe Co Ni Cu 王）ia．〃  Sample  Na Mg AI Si P S CI K Ca Ti V  
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n  

grain（Fig．15）is simiiar t（）a mOrairiic soiis免職m  
giacier（Kumaiandothers，1978），   

（；．ユ沖／JllJ7′ん、ゴんJ／‘－√（・（粧  
Silicatespheruleswerealsofolユndinthe451∋．C．  

icecore，Theelementalcompositions and sizes of  
とypicalspberuiesare shoⅥュin Table4，Themean  
elementalcompositionsofthesphert11esshowedthat  
Siwasthemostabundant，fo110WedbyCa，Al，Fe，Ti，  
MgandCu．SpherulediametersvariedfromO．5to9．  
1JLmwithameanvalueof4．2JLm．Figure16shows  
aspberulemeasuring9．1メヱmindiameter．Itcontain－  
edtbeeiementsNa，Mg，Al，Si，P，S，C王，K，Ca，Ti，Ⅴ，  
Cr，Mn，Fe，Co，Ni，CuandZn，aSShowninTable4．  
Another silicate spherule with a smooth surfaceis  
ShowninFigure17alongwithitselementalcomposi・  

tion．TlleSe tWO Spherulesdiだerin eiementalcom－  
positiorlfromindustrialspherules，Sl王Chaseoa用yash，  
andtheymaybeofextraterrestrialorigin．   

6．ユ月）Jわ邦ぶα乃d砂0柁Sわ‡才cどCO柁  
Bothpollensandsporeswere女）undi‡l也e45B．C．  

ice core sample．EI）Ⅹanaまysisreveaied orlly trace  
elementsofSi，Al，Mg，Na，ClandCainthepo11ens  
and spores．A pine po11en measuring42．OJLmin  
diameterisshowninFigure18．Ithadanovalbody  
withtwoattachedbladers．ThisSEMimageofpine  
pollen（Fig．18）istlleinvertedimage ofpine pollen  
sbovninFigurell，TbesporesiTl汰eicecoreranged  
insizefrom8－9to9．7jLmindiameter．Thesurfaces  
Ofthesporesweresmooth，butwerebrokenbystrong  
electronbeamirradiation．An oval－Shaped sporeis   
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Fig．14．SEMimage of amintlralp；lrticle fron－the15BIC・it：CeOre（al．andits  
ele‡nentaicomposition浄）．  

Fig†15．SE祖ima望欝Ofasilicateminだ払l関Tticleconsist主唱扇many許ains女omthe  
45B．C．icecore（a〉，anditse！ementalcomposition（b）．  

Tめie4．Eiementa壬composition（weig独％）andsize of＄めeru王尊il145B．C．icecore如mDYE・3，Greeniand・  
Zn‡）i乱β  K
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Fig．16・SEMimageofaspheru1econtainingmanyelementsfromthe45B・C・icecore   
（a），anditselementalcomposition（b）．  

Fig，17．SEMimageofaSi－richsphervlewithsmoothsurfacefromthe45B・C∴ke  
core（a），anditselemenね1compositionくb）．  

showninFigure19，tOgetherwithitselementalcom～  7．ParticleSizeandConcentration  
position．However，thespeciesofthissporecouldnot  
be identified from the particle atlas of spares Theconcentrationsandsizesofparticlesinfirn  
（McCroneandDelly，197乳  andicecore samplesweremeasuredfrom the SEM二  

王magesofparticlesわrtbeknownmassofsamplesin  
order to compare the levels of concentration before 
and after theindustrialrevolution．Two kinds of  
spherules were found in particles from firn and ice 
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F短．18．SEMimageof a pinepo11ellgra主nたomtbe45B．C．icecore（a），andits  
eltユnleIltalcnnlPOSitiいn匝）．  

Figヤ19．SEMimageofa鱒Orefromtbeヰ5迅．C．icecore（a），anditse王emeれtal  
COmpOSition（b）一  

COreSamples：eitherinorganicororganic，aCCOrding  
toEDXanalysis．Tbeinorgallicsp吏Ierulesmaybeof  
bothterrestrialandextraterrestrialorigin．1tiswell  
k†10Wn抜atverylargeamountsofinorgaれicspberules  
areproducedfromcoaトfiredpowerandheatingplants  
throughout the world．The organic spherules were  
identifiedassporesonthebasisofsizeandmorpho－  
logy・Organ主cspheruleshavebeenident主fiedprevi－  
OuSlyinsnowcrystalnucleifromSite2，Greenland，  
from obser＼・ati川1S With the transmissi（1n elビetrOn  

microscope arld from electron diffraction analys主s  
（KumaiandFrancis，1962；Byers，1965）．   

「J．凸JIナんイ（，ざた＝川‘J｛、り肛√〃わIJJふけJJ〃ノアⅢ点7けゆ／（下  
Tomeasurethesizeandconcentrationofpartic－  

1esinfirnsamples，Sixfirnsampleswereselectedfrom  
the firn samples from the wallof a pit at DYE叫3，  
Greenland，ThefirrlSamplesrepresentsnowdepo＄i・  
tion during the winter and summer of198i－83．  
FilterswithaO．1－Pm－diこⅢ1eterPOreSizビWereuSedfor   
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Table5．CorlCerltrati（）n and size of partic】esinfim and  
ice core samplesfrom Dye3，Greenland．  

Table6・Co∝er－けationandsized spbemiesandsporesin  
firn andice core samples from Dye3，Greenla‡ld．  

Time of Spherule／g Spherule Spheru1e Spore／g  Time of snowfa11 Particles／g firn Si2；e range，Dia．FLm  
SnOWfa11firn orice Range，Pm Meandia．FLm firn orice  仙
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ice，aboutl／6．40fthat offirnSamples．Thisresult  
showsthattheconcentrationofsolidparticlesinfirn  
samp王es、なoln1981－83was6．4timesbighertbaTlt王Iat  
foundirlicecoresfrom61iA．D．，45B．C．a†ld730B．  
C．atDYE仙3，Greenland．   
Thespheruleconcentrationinicecoreswasl．1／g  

icefor611A．D．，0．62／gicefor45B．C．andO．93／gice  
for738B．C．（Table乳 Tbemeanconcentratio110f  
spherulesinicecoresampleswasO．9igice，abotltli27・  
60fthatfoundinfirnsamples．Thespherulesinthe  
deepice cores were deposited before theindustrial  
revolutionandareconsideredtobemainlyofnatural  
origin，forexample，VOIcaniceruptionorcosmicdust・  
TbesizeofsphemiediaIneterSVariedたomO．5to9・2  
声m．This resuit sbovs t‡lat tbe concentratio正of  
atmosphericspherulesinfirnfrom1981－83was27・6  
timeshigherthanthatoficecoresfrom611A．D．，45  
B．C．and730B．C．Thelargeincreaseofsph転rulesin  
firnsamplesdepositedd11ring1981－83isattributedto  
coal恥ashinplユtfromiⅥOdernin血strialsolユrCeSOVer  
thenaturalaerosoIsanddryfallout．  

The spore concentrationsinice core samples  
variedfromO．6／gicetoIA／gice．Themcanconcenq  
trationwasl．1／gice，anditwasl／11．70fthatoffirn  
samplesfrom1981▼83．Thepoilenconcentrationsin  
firnsampieswereseveralとimesbighertbarlthoseof  
icecoresamples．Theincreaseofpollenandspore  
concentrationinthe firnsamplesmayberelated to  
precipitationratesandtemperatureincreasesathigh－  
erlatitudesinthenorthernhemisphere（Dansgaardei  
β£，1984）．   

filteringfirn andicecore samplesfor SEM sample  
preparatio‡1．Ålthougbmostparticlessma11ert壬IanO－  
4βmpaS記dt‡汀Oughthefiiter血ringsampieprepara－  
tion，SOmeparticlessmal1erthan the porediameter  
wereobservedonthefilter，aSShowninFigure14．  

Theconcentrations and sizes ofparticleslarger  
thanO．4jLmdiameterobtainedfromwinter（January）  
andslユm王nerくJlユIy）真rnsampl岱during1981－83from  
DYE－3，Greenland，areShoⅥ7ninTable5．Tbe汀iaxi－  
mumparticleconcentrationwas9．54×105／gfirnfor  
theJanuary1983sampleandtheminimumwasl．30×  
10S／gfirnfortheJuly1983sample．Themeanwas2・  
78×1O5／gfirnforalithe1981r83samples．Particle  
diametersvariedなomO．1to60．0βmin1981－83firn  
Samples．  
Concentrations of spherules and sporesin firrl  

SamplesfromDYE－3，Greenland，areShowninTable  
6．TheconcentrationsofspherulesvariedfromlO．1／  
gfirnto54．3／gfまrnduring1981－83，Withtbemeanat  
24．8／gfim．Tbem毎orityofspberlユ1eswereidentified  
ascoalflyashonthebasesofelementalcomposition  
andmorphology．AsshowninTable6，theconeenト  
rationsofsporesinfirnSamplesvariedfrom2．4／gfirn  
to26．6／gfirnduring1981T83；themeanwas12・9／g  
fir11．  

∴ユJIJタイムイ‘1ヾた√√川（ノ（、り〃（∵〃／＝／∫り〃JJJん、＝t－りで∫〟研♪ん、∫  
ConcentrationsandsizeofparticlesIArgerthanO．  

4NfLm・diameterintheicecoresamples，datedat611A．  
Dリ45B．C．and730B．C．，reSpeCtively，WeremeaSured  
fromSEMimagesforsampi彷OfknowIlmaSS．Tbe  
resuitsareshoⅥrninTabk5．Particleconcentration  
was6．32×104／gicefor611A．D．，2．72×104／gicefor45  
B．C．and4．10×104／gice for730B．C．The mean  
concentrationofparticlesinicecoreswas4．36×104／g  
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8．ConcIusions  

’rhビPartielesin the firn s；lmplビS froTllDl’Eこミ．  
southe・rnGre亡・nlandⅥ・ereidentifiedtobebいthnatuT；ll  
andanthropogenicinorigin，includingsilicatemineral  
particles，COalfly ash，pOllen grains and spores．  
Somesilicatespherulesdif鎚redapparentlyfromtbose  
ofindustriaiorigirlandareconsideredto be ofex－  
traterre洩rialorigin，Some organまc particl鶴Were  
iderltifieda＄pinepoi王en，map壬epollenandmu洩r（）Om  
spores．Thereisanincreaseof6．4timesforparticle  
concentrationin firn from1981－83in comparison  
withthatoficecoresfrom611A．D．，45B．C．，and730  
B．C．Tbeincreaseofparticleconcentrationinf主rrl  
漁mples can be explained partly by 董nputs from  
modernantbropogenicsources．   
Intheicecoreswefoundsilicatemineralpartic・  

ies，Siiicatespherlユ1es，pOllengralnSandspores．Some  
siiicatespheruiesintheicecoresdiffered‘Significantiy  
inplementalc川11pOSitiona11（i111OrPhoIogyfromthtlSe  
ofindustriaiorigin，為ndtわeymaybeofanextrater・  
restrialorigin．Organic particlesinice cores were  
identifiedaspinepollenandspores．  
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