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Abstract暋Instrumentalneutronactivationanalysis(INAA)wasappliedtoana灢
lyzethebulk,high灢volumeaerosolsamples,collectedatZhongshanStationin
theEasternAntarctica,during1998灢2001,tostudythechemicalspecies..A
graphicaltechniquewasappliedtotheINAAdata.ResultsshowedthatNa,Cl,
Mg,Ca,Sr,Br,I,SrandRbweremarineelementswhileAl,Sc,FeandMn
werecrustalelements.Comparedtomarineandcrustalelements,fiveelements
(Se、Co、Sb、Zn、Cr)werehighlyabundantintheaerosolscollectedatZhongshan
station,whichindicatedthattheymightcomefromthepetroleumburning,heat灢
ingandequipmentoperation.Thepresenceofpollutantelementssuggestedthat
humanactivitieshaveaffectedthelocalenvironmentsinAntarctica.
Keywords暋aerosol,Antarctica,anthropogenicactivities,heavymetals.

1暋Introduction

Sincetheindustrialrevolution,thehumanactivitieshavecausedseriouschanges
ofenvironmentandhaveaffectedtheglobalecosystem.Environmentbecomesoneof
themainissuestokeepsustainabledevelopment.Duetotheremotegeographicallo灢
cationandharshclimaticcondition,theAntarcticisalwaysregardedastheregion
withminimuminfluencefromhumanactivities[1灢3].However,manystudiesshowed
thathumanactivitiesintheAntarcticandotherareasallovertheworldhavetrig灢
geredthelocalenvironmentalchangesintheAntarcticregion[2,4,5].

Duetotheincreasingofscientificexplorations,aswellasrapiddevelopmentof
allkindsofnon灢governmentalactivitiesandtourisms,intheAntarcticregion,human
activitieshavecausedimpactsontheAntarcticterrestrialecosystematvariouslev灢
els[6].Theuseofmachinetoolshascausedphysicaldestructionofsurfacesoiland
underlyingeverfrozenlayer.Insummer,thepreviouslywell灢drainedareabecomes
swamp,thefrozenlayerthawsandthesoilshrinksandcollapses.Mostofthedama灢
gesarepermanent[4,7].Furthermore,thelarge灢scaleuseofpetroleumfuelhaspol灢
lutedthesoilwithheavymetalandhydrocarbonnearbysomeAntarcticresearchsta灢
tions[8灢11].MoreandmoreevidencesshowedthatnaturalenvironmentofAntarctica,



thelastpieceofpureland,wasseriouslyaffectedbyhumanactivities.
Since1960,theScientificCommitteeonAntarcticResearch (SCAR)meeting

hasdeterminedtopreventtheorganismsandenvironmentintheAntarctic.From
thenon,thescientificsocietiesandgovernmentshaveestablishedandimplementeda
seriesofenvironmentalprotectionregulations.SeveralAntarctickeyprotectionareas
suchasSpecialProtectedAreas(SPAs)andSitesofSpecialScientificInterest(SS灢
SIs)weredesignated.Furthermore,whentheProtocolonEnvironmentalProtection
totheAntarcticTreatyandthefiveattachmentsinuredonJanuary14,1998,thecor灢
responding“CommitteeforEnvironmentalProtection(CEP)暠wasestablishedasthe
advisorycommitteeforenvironment灢relatedissuesofAntarcticTreatyConsultative
Meeting(ATCM).TheCEPisdirectlyresponsibletoACTMandrequireseachAnt灢
arcticTreatyConsultativePartytosubmit“NationalAntarcticEnvironmentalRe灢
port暠tothecommitteeeveryyear.

ThereportofatmosphericenvironmentinAntarcticisoneoftheimportantcon灢
tentsofNationalEnvironmentalReport,reflectingthehumanactivityatscientific
stationareaandtheenvironmentalqualitynearby.Inpresentstudy,theelemental
compositionsoftheaerosolscollectedatZhongshanStationduring1998灢2001were
analyzedbyinstrumentalneutronactivationanalysis(INAA),andtriedtoevaluate
theirsourcesandenvironmentalimpacts.

2暋Samplingandmethods

2.1暋ClimateandEnvironmentaroundZhongshanStation

ZhongshanStationlocatesat69曘22曚24曞S76曘22曚24曞E,atthenorthtipofMirror
Peninsula,LarsemannHillsinEastAntarctica.LarsemannHills(69曘12曚S~69曘28曚S
and76曘E~76曘30曚E),whichisoneofthefewice灢freecoastalregionsintheAntarctic
continentinsummer.Thisregion,withatotalareaofabout200km2(terrestrialarea
40km2),iscomposedoffourlargepeninsulas(theStornesPeninsula,theBroknes
Peninsula,the MirrorPeninsulaandthe Little Peninsula)and morethan130
islands..,Thehighestpointinthisareais180mabovesea灢level[16].

Theweatherofthisregionisverycomplexduetothecombinedinfluencesofcir灢
cumpolarcycloneandAntarcticcontinentalhighpressure.With58polarnightsand
52polardayseachyear,thisregionbelongstohigh灢latitudeandhigh灢coldpermafrost
zone.Duringtheperiodfrom1989to2000,theannualaveragetemperatureisap灢
proximately-10曟,rangedfrom -40.4曟to9.6曟[17].Thesurfacesoilfreezes
formorethan300dayseachyear.FromtheendofDecembertothemiddleFebruary
ofthenextyear,theicemelts.Theweatherisdryandtheaveragerelativehumidity
is60%duringtheperiodfrom1989to2000.Theaveragenumberofrainydaysis
145.Theeasterlywindprevailsduringtheyearandwindspeedinsummerisclearly
lowerthaninotherseasons.During1989~2000,theaveragewindspeedis7.2m/s,
withthemaximumwindspeedof50.3m/s.Thenumberofstrongwinddaysis171
(windspeed>17.0m/s)[17].

Thereare15buildings(totally,2700m2)inZhongshanStationand19transpor灢
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tationvehicles.Itishomeforabout60and25scientistsduringaustralsummerand
winterrespectively.ZhongshanStationconsumes200tonsofdieselfueleachyearfor
powergeneration,heating,waterproduction,andequipmentoperation.
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Fig.1暋MapofZhongshanStation(曪 Samplingsite).

2.2暋SampleCollectionandAnalysis

Theaerosolsamples werecollectedbyusingahigh灢volumesampler M400
(USA)deployedonthemountainsnearthePhysicsObservatoryinAntarcticZhong灢
shanStation.Bulksampleswerecollectedfor5or7dayson20.3暳25.4cm What灢
man41filters(WhatmanInternationalLtd,England).Themeanvolumeofairsam灢
pledforeachfilterwas6000m3.Allsampleswerestoredat4曟beforesubjectedto
indooranalysis.

InstrumentalneutronactivationanalysiswascarriedoninChinaInstituteofA灢
tomicEnergy.Thefiltersweresealedintosanitarypolyethylenebags(fortheshort
irradiation),orpackedinprecleanedfoils(forthelongirradiation).Chinesenational
standardGBW07312(watersediments)andAmericanNISTSRM1632a(coalpow灢
der)wereusedasqualitycontrol.Theamountofeachsamplewasabout100mg.

Sampleirradiationwasconductedintherandomchannelsofheavywaterreflec灢
toroftheHeavyWaterResearchReactor(HWRR),ChineseInstituteofAtomicEn灢
ergy.Irradiationlastedfor6hours.Thermalneutronfluencyratewasabout3灢5暳
1013ncm-2s-1.Activatedsamplesweretransferredtothesanitary(withoutradioac灢
tivity)standardmeasuringboxes.

Seventy灢twoaerosolsamplescollectedatZhongshanStationduring1998灢2000
wereselectedforinstrumentalneutronactivationanalysis.Theconcentrationsof27
elementsinsamplesweredetermined,includingAl,Ba,Br,Ca,Ce,Cl,Co,Cr,
Cs,Eu,Fe,Hf,I,La,Mg,Mn,Na,Nd,Rb,Sb,Sc,Se,Sr,Ta,Th,VandZn.
Exceptmarineandcrustalelements,theconcentrationsofotherelementswererela灢
tivelylow.Afterexperimentalerrorandstandarddeviationanalysis,Ba,Co,Cs,
Eu,Hf,La,Nd,Rb,Se,Ta,Thwereexcludedand15elements,Na,Al,Br,Ca,
Ce,Cl,Fe,I,Mg,Mn,Rb,Sb,Sc,SrandZnwerereservedforfurtheranalysis.
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Table1.暋AerosolsamplesinformationfromZhonshanStation
SamplingTime 1998 1999 2000

Numberofsamples 25 22 25

3暋Resultsanddiscussions

3.1暋ApplicationofGraphicalTechniqueforAnalysisofElementCompositionof
AerosolsfromZhongshanStation

MarineElements暋Seasaltswerethemaincomponentsofaerosols,asexpected,
sinceZhongshanStationliesalongAntarcticcoasts.NaandClarethemainele灢
ments.ConcentrationsofelementsCl,Mg,Ca,Sr,Br,I,SrandRbexhibitedquite
goodcorrelationtothatofNa(Fig.2),indicatingtheyaremarineelements.The
dottedlineinthefigure2istheratioofelementXtoNaintheseawater.Theratios
ofCl,Mg,Ca,Sr,Br,Sr,andRbtoNaintheaerosolsarenearlyidenticalwith
thoseintheseawater.RatiosofItoNainaerosolsarehigherthanthoseinthesea灢
water,mainlyduetothehighvolatilityofI.
暋暋Crustalelements暋InaerosolsoverZhongshanStation,Sc,FeandMncorrelated
wellwithAl(Fig.3),anindicatorforcrustalelement.Thedottedlineinthefigure
showstheratiosofelementXtoAlinthesoil.
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Fig.2暋MarineelementsofaerosolinZhongshanStation.

Fig.3暋CrustalelementsofaerosolinZhongshanStation.
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暋暋Pollutantelements暋Relativetothemarineelementsandsoilelements,fiveele灢
ments(Se,Co,Sb,ZnandCr)showednocorrelationwithNaorAlasseawaterand
crustalsourceindicators,respectively.However,theirenrichmentfactors(EF),to
marineelementNaorcrustalelementAl,areabnormallyhigh.ThehighestEFrea灢
chesthevaluemorethan1000.Inthisstudy,theelementanalysiswerebasedon
graphicaltechniqueforanalysisofelementorigin,proposedbyRahn[18],withNa/Al
asabscissaandX/Alasordinate(Xstandsfortheelementtobeanalyzed).

Since暋Xcrust=AlXæ
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暋暋InFig.4thedottedline1showstheratioX/Naintheseawaterandthedotted
line2showstheratioX/Alinthesoil.Hence,iftheanalyzedelementisamarineel灢
ement,thedotsinthefigureshallscatternearthedottedline1andiftheanalyzedel灢
ementXisacrustalelement,thepointsinthefigureshalldistributenearthedotted
line2.Forexample,theratioofCatoNaintheseawaterisaround0.038whileits
ratiotoAlinthesoilisaround0.504.InFig.4,inaerosolsfromZhongshanSta灢
tion,itsratiotoNaismostlynearingwithitsmarineratiovalue.So,Caintheaero灢
solofZhongshanStationmainlyoriginatesfromtheseawater.

Fig.4暋ApplicationofGraphicaltechniquesforanalysisofelementCa.

暋暋AsforSe,Co,Sb,ZnandCr,thecorrespondingdotsalllocateabovelinesof
marineandcrustalratiointheplots,suggestingthattheywouldbeenrichedrather
thanmarineNaorthancrustalAl(EFcangenerallybereadfromthefigure).There灢
fore,theycouldbeclassifiedaspollutantsourceelements(Fig.5).
暋暋Thegenerallyusedmathematicalstatisticmethodsforaerosolanalysisareclus灢
teranalysis,chemicalmassbalance,factoranalysis,enrichmentfactormethod,and
soon.However,afterthecomplexmathematicaltreatments,understandingofthe
resultsneedssufficientinformationoftheenvironmentandprinciplesbehindthea灢
nalysis.Evenso,therearesomeresultsstillconfused.Forinstance,inthestudyof
aerosolelementdataobtainedfromZhongshanStationin1998,byHuangetal[19],
factoranalysisshowedcrustfactor1notonlyhadhighloadtoFe,Al,MnandK,
butalsohadcertainloadtocommonheavymetalelementssuchasCr,VandZn.
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Themarinefactor2contributedtoheavymetalelementssuchasV,PbandKexcept
itshighloadtoNa,CaandMg.Butinfact,theenrichmentfactorsofCr,V,Znand
PbtomarineNaareallgreaterthan1000,whilesomeevenabove10000.Theenrich灢
mentfactorsoftheseelementstocrustalAlareallgreaterthan5,thehighestreac灢
hing463.Basedonenrichmentfactors,thefourelementsCr,V,ZnandPbinaero灢
solsinZhongshanStationin1998mainlyoriginatefromhuman暞spollution.
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Fig.5暋PollutantelementsoftheaerosolsinZhongshanStation.

暋暋ThesimilarconfusionsoccurredinaerosolfactoranalysisinthecaseofKorean
KingSejongStationinAntarcticPeninsula[20].ExceptitscontributionincrustalAl
andBa,aswellasmarineSr,factor1alsomadecontributiontoheavymetalele灢
mentsCoandCs.Therefore,itisregardedasamixedfactor;factor3istakenasa
pollutantfactor,withhighcontributionstoBi,Cu,Tl,ZnandCa,whilerelatively
lowcontributiontoheavymetalCo,CrandPb,evennegativelycorrelativetoCo.

Combiningthecorrelationandenrichmentfactoranalysis,thegraphicaltech灢
niquecanconciselyandintuitivelyshowtheenrichmentdegreeoftheanalyzedele灢
ments,andseparatethepollutantelementsfrom marineelementsandcrustalele灢
ments.Therefore,itisanefficientmeanstoanalyzethesourcesoftheaerosolele灢
ments.Bymeansofthegraphicaltechnique,theanalysisofsamplesobtainedduring
threeyearsinZhongshanStationrevealsthatheavymetalelementsSe,Co,Sb,Zn
andCrarehighlyenrichedinaerosolsinthestationarea,whichsuggestedhuman暞s
activitieshaveanobviousimpactontheatmosphereintheStation.

3.2暋TemporalVariationofHeavyMetalElements
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SurroundedbytheSouthernOcean,theAntarcticisthemostremotecontinent
andtheleastpollutedareabyhuman暞sactivities.In1981,Cummingham and
Zoller[21]reportedtheconcentrationsof15chemicalelements[21]inaerosolsatthe
SouthPole(90曘S).Mazzeraetal.collectedaerosolswithadiameterlessthan10毺m
(PM10)andstudytheoriginofPM10andtheaerosolsulphate[22].Mishraetal.ana灢
lyzedthemetalcomponentsofaerosolsintheKoreanStationinAntarcticPeninsula
andthevariationsofthemetalandotherions,aswellastheirorigins,byfactoranal灢
ysis[20].LimitedstudiesontheaerosolcollectedinAntarcticahavebeencarriedoutin
China.LiandCaostudiedthephysicochemicalcharacteristicsofaerosolsandenvi灢
ronmentalchanges,andsummarizedthecurrentprogressofAntarcticatmospheric
aerosols[23].Withthemethodofatomicabsorption,Huangetalanalyzedaerosols
collectedin1998灢1999andfoundthatmostofheavymetalelementschangedsubject
totheseasons,withahighconcentrationinspringandsummer.[19]Factoranalysis
showedthatCu,Pb,Zn,CdandVoriginatedfromhumanpollutionandthecrust.
Howeverthelong灢termvariationofaerosolelementsintheStationstillneedsfurther
investigation.

Thetemporalvariationsofelementsinaerosolsduring1998灢2000revealedthat
marineelementNadidn暞texhibitastrongseasonalvariation.Generallyitreacheda
highconcentrationfrom MaytoAugustinwinterofsouthernhemisphere.Analysis
ofaerosolsinZhongshanStationin1998byHuangetal.alsoshowsthathighNa
concentrationoccursinthewindywinter[19].Mostofthestudiesshowthatmarineel灢
ementsalongAntarcticseashorepossessobviousseasonaltrendswithhighconcen灢
trationinsummer,whicharemainlyrelatedtotheretreatoficeinsummerand
southwardadvanceofcoastline.However,inthewinterofZhongshanStation,par灢
ticularlyinwindyMaytoSeptember,theseverewindalsoincreasedtheconcentra灢
tionofmarineaerosol.

CrustalelementAlshowedcertainseasonalvariations,withahighconcentration
fromNovembertoFebruaryofaustralsummer,whichprobablyrelatedtoicemelt灢
ingandexposedlandsurfaceinsummer.Theincreasingtrafficanddriftingdust
wouldcausetheincreaseofcrustalelements.
暋暋Thoughdifferentchemicalanalysismethodswereapplied,theconcentrationof5
enrichedpollutantelements(Se,Co,Sb,ZnandCr)ofZhongshanStationwerein
thesameorderofmagnitudetothoseofotherAntarcticResearchStations,suchas
AmericanMcMurdoStationandKoreanKingSejongStation[19,20,24](Table2).This
indicatedthatimpactofhumanactivitiestotheatmosphereinZhongshanStation,
wasequivalenttootherscientificresearchstationsinAntarctica.

Table2.暋ConcentrationsofaerosolheavymetalsinZhongshanStation
Cr Co Zn Se Sb

Maxima 0.4972 0.3127 22.0867 0.1143 1.7624
Average 0.1228 0.0304 4.2450 0.0231 0.0575
Minima 0.0081 0.0000 0.0674 0.0026 0.0000

暋暋Huangetal.holdtheopinionthatheavymetalelementsCu,Pb,CdandVin
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ZhongshanStationduring1998灢1999reachtheirhighestvalueintheaustralsummer
[19].Theseelementswerenotdetectedorwerebelowdetectionlimitinoursamples.
ZnandCr,aswell
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Fig.6暋Temporalvariationsof7elementsinZhongshanStation.

astheotherthreeheavymetalelementsSe,CoandSb,showednoobviousseasonal
variationsinbothstudies(Fig.6).Generally,variationsofmarineandcrustalele灢
ments,subjecttoannualvariationsoflocalweather,exhibitedseasonaldynamics.
However,relativelyconsistentdistributionofheavymetalelementssuggestedthat
theiroriginswerenotcontrolledbynaturalforces,butbythelocalhumanactivities.
ZhongshanStationishomefor25personsinwinterand60personsinsummerevery
year.Morethan200tonsofpolaroilwasusedforwarming,operationoftheinstru灢
mentsandwastedisposal,andsoon.Wastegasreleasedfromfuelburningproduce
harmfulheavymetalelements,suchasPb,VandNi.Meanwhile,dischargeofdaily
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wastewaterandstackofsolidtrashalsocanmakepollutantelementslikeCr,Pb,Cu
andAlenterintosoils,waterbodiesandlocalorganisms.

ThefivepollutantelementsintheaerosolsofZhongshanStationexhibiteddiffer灢
enttemporalvariations.Thisisconsistentwithpreviousstudyoftheaerosolsin
ZhongshanStationin1998byHuangetal.[19]andtheinvestigationinKingSejong
StationbyMishraetal.[20].Thissuggesteddifferentsourcesofthesepollutantele灢
mentsandshouldbeanalyzedfurther.Mishraetal.havealsodiscussedpossibleim灢
portofheavymetalsfromothercontinents[20].Itwasshownthathumanactivitiesin
otherregionsreleasedapproximately1800kgleadtoAntarcticaannually,accounting
foronly20%ofleadcontentinAntarcticatmosphere[3].SuttieandWolfffoundthat
theconcentrationofheavymetalsCd,Cu,PbandZninthesurfacesnowwerehigh
neartheoutletofagenerator,buttheydecreasedtobackgroundlevelatsites40ma灢
wayfromtheoutlet[25].SinceZhongshanStationlocatesinEastAntarcticaandisfar
fromothercontinents,pollutionfromotherregionsisrelativelylimited.Therefore,
itissuggestedthattheatmosphericheavymetalsinZhongshanStationaremainly
fromthelocalhumanactivities.

4暋InfluenceofaerosolheavymetalsontheAntarcticecosystemandsignificanceforen灢
vironmentalprotection

暋暋Theelementanalysissuggestedthat,exceptthemarineandcrustalaerosols,
pollutantaerosolfrom humanactivitieswasasignificantpartintheaerosolsin
ZhongshanStation.HumanactivitiesinZhongshanStation,includingpowergenera灢
tion,warmingandinstrumentoperation,haveinevitablyaffectedtheatmospheric
environmentaroundtheStation.

Itisgenerallyacceptedthatatmosphericcontaminantsthreatentheterrestrial
plantsofAntarctic,especiallytheabundantlichensintheice灢freezoneofAntarctic
[26].InArtwoskiStation,tracemetalcontentsinthelichensneartheincinerating
plantoftheStationisseveraltimesorseveraldozentimeshigherthanthoseinthe
healthylichensoutsidetheStation[27].InCaseyStation,chlorophyllcontentinthe
pollutedlichens(UmbilicariadecussateandUsneaspacelata)wasonly1/2to1/3of
thatinthehealthylichenofthesamespeciesinSPAs[28].InAdmiraltyBay,sub灢
stancesarrivingsoilsurfacefromrainare2.5t/km2annually,whilethosefromdusts
reachto12.7t/km2.Therefore,theairpollutionisaseriousthreattothelocalenvi灢
ronmentinAntarctica[29].

Asa“naturallaboratoryofscience暠and“regulatingvalveofglobalclimate暠,the
AntarcticplaysanirreplaceableroleintheEarth暞secosystem.Theprotectionof
AntarcticenvironmentmeansfarbeyondprotectingtheAntarcticitself,whichessen灢
tiallymeansprotectingtheplanetweliveon[2,6].Antarcticisthelastnaturalterres灢
trialecosystemintheworld.However,Antarcticterrestrialecosystemisthesimp灢
lest,aswellasthemostfragile,ecosystemontheearth.Oncedestroyed,itwillbe
verydifficultorevenimpossibletorecover[8].Scientistsshouldpayspecialattention
topollutionandnegativeeffectsontheAntarcticenvironmentcausedbyscientificac灢
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tivities.
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