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Abstract  

Strati餅aphicfeaturesoficecorereflectpastseasonaiscaleconditionsofs11だaこeS‡－OWiayers・To  
detectdetailedstratigraphicfeaturesoficecore，Wedevelopedanewlasertomographymethodand  
applieditto NGRIPshallowicecoresforadepthrangefrom54to98m．Byexaminingthetwo  
鵬dimensionalporedistribution，pOreratio and／or pore numberobtainedwiththelasertomograph  
measurementimages，Weidentifiedvariouskindsoflayersthatweretransformedfromwelトdevel－  
Oped depth hoarlayers，COmpaCted snowlayers andice crusts．Spectrum analysis of pore ratio  
fluctuation＄howedamaximumpeakaroundO．17minwaterequivalent，Whichagreesweilwiththe  
recentannualaecumulationrateattheNGRIPsite．Thepresentstudyshowsthattheiasertomogra－  
pbyInetbodbasapoteI豆iaまtodetectseasonalityofstratigraphicfeatures．  

logicalconditionsfordeposit主onandmetamorphosis，  
eachunitiayerhashomogeneotlSphysica王properties  
SuCbass‡10Wgrainsizea‡1ds量Iape，Tbereforeinthe  
firnsectionofcores，unitlayers canbeidentifiedin  
the difference of the physicalproperties．In other  
WOrds，unitiayerscanalsobeideれtifiedby adiffer｝  
enceinsize，Shapeanddistributionofpores．Poresin  
thefirn＼＼TillbeelosedoffこlIldehallgedtoairbubblcs  
in theice血e to tbe10ad of the11pper丘mlayers、  
Thereforeinsectionoficecores，theunitlayerscan  
beidentifiedasadifferenceinsizeanddistribtltionof  
こ1ir btlbbl亡・．  
Visualstratigraphicalstructurestudieshavebeen  

CarriedoutfoT・Greenla11dicecores（e．g‥BellSOn．1962；  
Langway，1967；Alley et alり1997）andAntarcticice  
COreS（e．g．Watanabeetalリ1978b）．Continuousdensity  
l11eaSurementS Withllli11imeter－Sized resolution for  
Shallowicecoresarecarriedoutusingtechniquesof  
gamma－ray（Grelandeta重り1999）andx－ray（Horig才  
aiリ1999）．Takata and F痛ii（2000）has developed a  
lasertomographmeasurementsystemthatcancontin・  
uouslymeasurethetwo－dimensionalairbtlbbledistri－  
butioninanicesampieataspeedof5mmsecond－1  
andinaspatiairesolutionbeiowthemi王1imeterorder  
Witboutpreparationof洩insecもionsampies．  
We havc applied thelaser tomograph measure－  

1．暮ntroduction  

P王IySicalpropertiesinsnowandfirnaredifferenも  
ineachlayerbecausethegrainsizeofsnowdeposition  
andmetamorphosisofdepositedsnowvaryinaccoト  
dancewitbmeteorol（感calconditions．Forexample，in  
CentralGreenland，depth hoarlayers that contain  
large，Cup一曲apedcrystalsareformedまnal血mn（e思  
Benson，1962）andsummer－autumn（Å11eyggαg．，1998）  
by sublinnation and condensation of surface snow 
Whentheverticaltemperature gradientinthe snow  
becomeslarge；ice crusts，Whicb arethinicelayers，  
areformedinspringまnAntarcticaandremainifthe  
sublimation from allice clluSt Surfaeeisless than the  
COndensation at theice crust bottom（Fqjiiand  
Kusunoki，1982）；thickicelayers，icelenses andice  
glarldsareformedby tモーemelting a‡ldrefreezing of  
deposited snow when the air temperatureis high，  
wbensolar radiationisstrong，OrVhen both occtlr；  
fina11y，COmpaCtedsnowlayers，Whichhavehighden－  
Sityandfinegrains，areformedwhenthesurfaceis  
exposed to strong wind（e．g．Benson，1962）．A unit  
layerist壬IeSnOⅥ㌢1ayertbatisdepositedtlpOnapreVi事  
ous snoⅥr Surface during a single snoⅥrStOrm a‡ld  
resided following a snoⅥ7StOrmそ1好atanabe，1978a）．  
Therefore，becauseitexperiencesthesamemeteoro－  
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ment technique on the NGRIP shallowice core（SI  
COre）drilledin1997，400meastoftheNGRIPdrillsite  
at75128N42．300E and2919m a．s．1．in north central  
Greer11and（DablJenseng≠α才．，1997），T王1eNGRIPsite，  
ShowrlinFig．1，islocatedinadrysnowzonewitha  
meanannualairtemperatureof－32¢C，andarecent  
accumulationrateof仇17minwaterequivalentyearl  
（DahトJensenet al．，1997）．Todeterminethephysical  
propertiesofrecentsnowaccumulation，Wemade2．l  
m deep srlOⅥ7pit ol）SerVatioIIS at tbe NGR王P siteirl  
Juiy2000．   
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Fig．2，Stratigraphicstmctureofapitat4kmsouthofthe  
NGRIP site，July20OO．（a）Layer struCture and snow  
C王assification（b）Density profile，Tbe annuallayer  
bolユndariesbasedonweユl－developeddeptbboarlayers  
aremarkedontherigbtside．  

Withthesummerseasonsof1999，1998，1997and1996，  
respectively．Well－developed depth hoarlayers are  
formedi‡lal血mnくBenson，1962）andsummer－autumn  
（Aliey ぞg αg．，1990〉．1野e use tbe term“summer／  
autumn”fortheseasonofdepthhoarformation．  

Recent accumulation rates are calculated using  
the density profile as shownin Fig．2b．The well  
－developeddepthhoarlayersareusedastheannual  
botlndary for汰e snow stratificatio王1．Åcctiml滋ation  
rates from1996，1997，1998summer／autumn to the  
next summer／autumns are O．16，0．19and O．19min  
Water equivalent yearl respectively，And averaged  
accumulationrate oftherecent three years，1996to  
1999，isO．18minwatereqtlivalentyear¶‾1．   

3．Stratigraphicstructuremeasurementoficecore   

3．エエ俗βγわ机（好ナ卸勿′椚βが甜柁雛g乃≠  
Figure3sム0VS a SChematic of tbeiaser tomo－  

grap王Iequipmellt．Botb tbe He－Nelaser and CCI）  
Camera areinstal1ed on a movlng Stage．A HeLNe  
laserbeamirradiatesthesideoftheicecoresampleat  
lmmdepthandthescatteredimageistakenwitha  
CCD camera．Scattering occurs at surfaces of air  
bubblesa‡1dsnowgrains．Åtwo－dimeilSionalimageof  
the air bubble distribution is obtained by using a 
SpeCialimage analysis program on the scattering  
images．Theimage shows the twoTdimensionalpore  
distributionofanicecoresample．Furtherdetailsof   

Fig．1．Location of the NGRIP site，nOrth centralGreen・  
1and．  

inthispaper，Wedescribetberesultsofthepit  
StudyattheNGRIPsiteandthestratigraphicalstruc疇  
tureanalysisoftheSIcoreusingalasertomograph  
measurement system. to obtain past seasonal and 
meteorologicalinformation from the stratigraphical  
Str11Ctlユre attbesite，  

2．Pit work  

InJuly2000，WeCarriedoutsnowpitobservations  
4 km sotltb of tbe NGRIP site．Measurements of  
Stratigraphic structure，grainsize，and densitywere  
Carriedoutusingapitwal12．1mdeep．Thedensity  
WaSmeaSuredcontinuouslywith3cmintervalsusing  
a sampler oflOO cm3volume and an electronic bal・  
ance．Grainshapesofeachunitlayerwereclassified  
according to the5SSIclassification for snow cover  
（JapaneseSocietyofSnowandIce，1998）．Theclassifir  
Cationofcompactedsnowlayersissubdividedbythe  
degreeofcompactncss，andthatofdepthhoarlayers  
isalsosubdividedbythedegreeofsnowgraincoarse－  
neSS．  

Thestratigraphicstructureofthepitisshownin  
Fig．2．Well－developeddepthhoarlayers，Which are  
lowMdensitylayers，arelocatedneartheOA8，1．05，1朗  
and2．08mdepthlevels．Theselayersareassociated  
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ぎig．3．Sc壬1ematic figure of thelaserもOmOgrapby equipナ  
ment．   

tbis sysもem andもheimage analysまs teこbnique are  
describedinTakataandF痕ii（2000）．‡nthispaper，We  
Vii王usetheter王n“LTimage”fortbetwo岬dimensional  
pore distributionimages obtained witblaser tomo－  
graphmeastlreme‡1t．IntbeLTimages，thepixelsare  
Plottedusingblackasiceandwhiteaspore．   
1好euseslab－SeCtionsa王nples25mmt王Iickand78  

mmwide，madebycuttingtwosidesofanicecore，  
Wbicbbasbeenstoredfor2ぎearSpriorto ourmeむ  
surements．Observation andlaser beamirradiation  
Surfacesoftheslabsectionsamplesares‡laVedwitlla  
microtome kniぬThei汀adiation depth ofthelaser  
beamis abot王tlmm from tbe observation sl汀face．  
TbemeasurementsaredoneiIlaCOldroomof－20やC；  
measurementsononeO．55miongsampietakeabout  
10Oseconds．1＼TellleaSul－etheSIcoreofadepthra11gCL  
between54and98mwherethebulkdensitychanges  
ぎromabout750to870kgm‾3asdeterminedbyvolume  
and weight measwement．Tbe agei‡丑erva！of tbe  
deptbra罰geCO汀eSpO‡1dstotbeperiodÅD1594to18ま0  
（H，B．Clausen，perSOnalcommunication）．Toevaluate  
the王asertomograpbyresuits，Wealsoperformvisual  
Stratigrapbic observation on severaiice cores．Tbe  
Spatiale汀Or for determini喝1ayer boundaries by  
vistla蔓stratigrap壬京cobservationisontbeorderofa  
miilimeter．   
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Usingthビ1aset■tⅢ11Ogt’こIP恒・andvisualstratigt．a－  
pbic observations for tbeice core samples，We find  
characteristiclayersthatwerewelトdevelopeddepth  
boarlayers，COmpaCted snowlayers andice crusts  
neartbesurねceandburiedintotbeまcesheet．Inthis  
paper，WeCail払鴇eiayersasdensifiedweiトdeveloped  
depthhoarlayers，densified compacted snowlayers  
andburiedicecrusts，reSpeCtively．  
Anexampleoftbedetectionofadensifiedwell  

－developeddeptbboarlayerissboⅥⅥinFig．4▲Figure  
4a s壬10WS tbe visualstratigraphy ol〕SerVation resu王t．  

75．SO  75．さニ  75．銅  75．紬  

伽pth（m）  

Fig．4．Vi8日a王stratigrapbicdescriptionandlaserもOmOgra－  
phy主mage of a densified weii－deve10ped depth hoar  
layer．もa）Vistほ1stratigraphic descrま揮ion．（b）Two－  
dimensiona王image of tbe pore disとriもuもion．（c）㌘ore  
柑tioprofiie．   

Visualstratigraphicobservationshowsa welトdeveト  
oped depth hoarlayerlocated at the depthlevel  
betⅥ㌻een75．815and75．870m≠Figure4bshowstIleLT  
imagel‡ntbis嘉郡re，Wbite a‡1dbiackindicatepore  
andice，reSpeCtiveiy，aSdescribedbefore．1ntheden≠  
sifiedwelトdeveiopeddepthhoarlayer，theporesizeis  
relativelylargeandtheporesareelongatedalongthe  
verticaldirection．Theporeratioprofileisshownin  
F主g．4c．Theporeratioist壬Ieratioofnumberofpixels  
judgedasporetototaipixel‡1umberofane鮎ctive  
widtboftheLTimageiTleaChdeptb，Theeffective  
widthfortheLTimagcisintherangeof2to12mm  
fromtbelasert〉eamincidentpoint（TakataandF湧ii，  
2000）．‡n the densified we！トdeveloped depth hoar  
layer，ぬeporeratioindicateslargevalu岱COmpared  
withtheadjacentlayers（Fig．4c）．Theseresuitssug鵬  
gest that the densified well－developed depth hoar  
layerscanbeidentifiedusingaLTimageandapore  
ratioprofiie．   

1野ea重soinvestigatedthedensif主edweまトdeveioped  
deptbboarlayersobtainedwitbvisiblestratigrapbyin  
thedeptbra‡唱eSOf86．35－87．44m融eredensityis  
about850kgm叩牒（Fig．5）and95．70M96．25m where  
de‡lSityis about870kgm叩3．Thevistlallyidentified  
densifiedwell－developeddepthhoarlayerswellcorre－  
SPOnd tolargeヽ▼；llues of the porビl－ati（）aS Sho≠▼nin  
Fig．5（solid arrows）．As wel卜developed depth hoar  
layers areねrmed summer／al血mn seasonin tbe  
CentralpartoftheGreenlandasmentionedprevious  
cbapterandshowninFig．2，itca王1besaidtbatwe  
could detectseaso‡lality of stratigraphic featuresin   
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Fig．5．Relation betweenlocations of densified well－   
developeddepthhoarlayer＄andporeratioprofile．（a）  
Visualstratigraphicdescription．（b）Poreratioprofile．  
Eachvalueis averaged over O．5mmindepth．As the  
poreratiotakeserroneouslylargevaluesatthelongituT  
dinaledgesofthesamples，WeOmitthevaluesatthese  
edges，Solidarrowsshowporeratiopeakswhichcorre－  
SpOnd to de11Sified well・developedくieptb boarl野erSt  
Dadled arroヽV Shovslocation of densified weii－  
deveiopeddepthhoarlayersⅥ㌢bereiargepeal；SOfpore  
ratiodonotappear．  

thecoreusingthelasertomographteclmique．Some  
densifiedwell－developeddepthhoarlayers，however，  
WerenOtidentifiedaslargepeaksofporeratio（da・  
Shedarrowsat83．75m depth）becausetheyare thin  
andporedistributioninthelayersmightbeaffected  
byneighboringlayers．  
Figure6s壬10WSaneXampleofidentificationofa  

densi舅edcompactedsnoⅥ71ayer，Wbicbisrare主nthe  
SIcore．Adensifiedcompactedsnowlayerisfolmd  
between77．600and77．613m by visualstratigraphic  
Observation（Fig．6a），Inthedensifiedcompactedsnow  
layer，manySmal1bubbles arerecognizedinthe LT  
image asshowninFig．6b．Theporeratiois not so  
differentinthe adjacentlayers，however the pore  
numberindicates alarge value comparedwith the  
adjacentdepths（Fig．6c）．Theporenumberprofilewas  
Calctllated using anim喝e analysis program（IDL  
SOftwarel野Researcb Systems）．T壬Iis program does  
the followings：（1）itiderltifies theindividualpore  
Objectsexcludingthosewithasizeofonepixel，（2）it  
COuntSthenumberofindividua】poresinanarealmm  
deep and with an effective width given by the LT 
imageinFig．6b．Thereasonsthattheobjectsofone  
pixelareeliminatedfromthecalculationare（1）air  
bubblesofthesize，0．05mm，arerareatthisdepth，（2）  
notallporesinLTimageagreecompletelywithareal  
two－dimensionalporedistribution，and（3）scattering  
l好ithlaserbeamirradiationalsooccursatothersmail  
ObjectsslユChasdtlSt．Hence，densifiedpackedlayers  
CanbeidentifiedbytheLTimageandporenumber．  
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Fig．6．Visuaistratigraphicdescriptionandlasertomogra－  
phyimage of a densified compacted snowlayer，（a）  
Visuaistratigraphic description．（b）Two－dimensional   
imageoftheporedistribution．（c）Poreratioprofile・  

Figure7sbows七重1ereS111tofanicecrustlocated  
att壬1e97．457mdeptbbyvisualstratigraphicalobser－   
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Fig．7．Ⅴまsualstratigrapbicima酢andiasertom増rapもy   
image of a buriedice crusも．（a）VistlalstratigrapI血  
description＿（b）Two－dimensionalimage of tbe pore  
distribution．（c）Poreratiopro用e．  

Fig．8．Identifieationofaburiedicecrustusingimproved  
algorithm ofimage analysis．（a）Visualstratigraphic  
description．恥）TwoqdimerlSionalimage of the pore   
distribution．（c）Poreratioprofile．  

Vation（Fig．7a）．Even though thisice crustis only  
about O．5mm tbick，itisidentified as aも1ack tbin  
layerintbeLTimage（Fig．7b）andtbeporeratiois  
ZerOOrCOnSiderablylow（Fig．7c）．Wehavedeveloped  
an algorithm ofimage analysis to detectice crusts．  
TbeimprovementisdonebytakiI唱alowert奴es壬10id  
Value，Whichusesforjudgingpixelstobeiceorpore  
inanimageobtainedimagebylasertomography．This  
is donein the way that a pixelofless scattering  
n11mberis judged as a pore．Using tbeimproved  
algorithm，anicecrustisidentifiedclearlyasshownin  
Fig．8，Wherethedistributionoftheporeandthepore  
ratioareenbanced紆ig．8b，C）．TheseresultsslユggeSt  
払atanicecrustcanbedetectedeasiまybyusing払e  
lowthreshold value．  

4．Periodicityof pore ratio  

Åsmentionedinprevioussection，tbef王uctuation  
OfporeratiomainlydependsondensitifiedwelLdevel－  
Oped depth boariayers whicb wereねrmedin stlm－  
mer／autumn season．To detect the dominant per・  
iodicityoftheporeratiofluctuation，Weperformthe  
SpeCtrala‡1aiysisforthedatawithvaterequivalent  
d叩thusil唱af；llざt fいuriertrこ汀ISfoT・m，FFT．Priortothe  
SpeCtralanalysis，theporeratiovaluesarenormalized  
foreachcore sampleusing their average value and  
Star主dard deviat主on because tbe pore ratio and the  

amplitudeoftheporeratiodecreasewithdepthdueto  
densification．1野it壬扇nlcmof払elongitudinaledgesof  
tIleicecoresamples，tぬeporeratios‡neaSured with  
laser tomography are usually erroneouslylarge．  
Therefore，Wereplacedtheporeratiovaluesinthese  
partswit壬Itheneigbboringvalt王eS．  
Figure9－Showsaresuitofthespectralanalysisof  

theporeratiofluctuationatthedepthrangebetween  
54and98m．ThemaximumpeakappearsaroundO．17  

0  （〉．1  0．2  0．3  
Leng馳（mhwat¢ー叩ivdenり   

Fig．9，Spectmma‡lalysisoftbeporeratioobtainedⅥ㌢i払   
IasertomograpbymeasureI℃entfor払eNGRIPSIcく汀e．   
ThemaxirnumpeakappearsatO．17minwaterequlVa－   
1ent，Whichwellagrecswithrecentaccumulationrateat  
NGR王Psite．   
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minwaterequivalent，Whichwellagreeswithourpit  
workresultofanaverageaccumulationrateofO．18m  
in water equivalent yearrlduring the recent three  
years，andtheestimatedaccumulationrateofO．17m  
inwater equivalent yearJlat the NGRIP site which  
wasbasedondatafromshallowicecoresandinternal  
radioeCho soundingin the north centralregion of  
Greenland（Dahl－Jensen et al．，1997）．Dominant per－  
iodicity of the fluctuation of pore ratio，0．17min  
waterequivalent，Obtainedbythisstudycorrespondto  
seasonality of depth hoar developmentin summer／  
autumnseasonandmeansthattheannualsnowaccu－  
mulationratehasnotmuchchangedduringpastsome  
hundredyears．   

5．Conclusions  

Weperformedlasertomographmeasurementfor  
theshallowcoredrilledattheNGRIPsiteinthedepth  
range from54to98m．In the firn andice core，  
densifiedwell－developeddepthhoarlayers，densified  
COmpaCted snowlayers and buriedice crusts are  
identifiedusingthetwo－dimensionalporedistribution，  
theporeratio，andtheporenumber．AIsoweperfor－  
med spectral analysis of the pore ratio fluctuations 
wherethemaximumpeak appears around O．17min  
water equivalent，Which agrees wellwiththe recent  
accumulationrateofO．18minwaterequlValentyear－1  
0btained from our pit work and O．17min water  
equivalentyearrlfrom publisheddata（Dahl－Jensen，  
1997）．This suggests that the pore ratio fluctuates  
SeaSOna11yandthattheaccumulationratein17thand  
18thcenturieswasrelativelyconstantatthe NGRIP  
site．Furtherinterpretationstheseasonalityandlong  
－termfluctuationofporeratiowillbedeterminedby  
COmparingourresultstoECM，DEP，Chemicalcompo－  
sition and delta180results．  
Usingthepresentequipment andimageanalysis  

techniques，airbubble distributions canbe measured  
for several hundred meters depth where air bubble 
sizeis at the millimeter scale．In order to apply the  
laser tomograph technique for shallower or deeper  
depths，furtherdevelopmentandimprovementofthe  
equipmentandimageanalysisalgorithmsarerequired  
becauselaserscatteringoccursatnot airbubblebut  
aticecrystalgrainatshallwerdepthandthescatter－  
ingisweakeratdeeperdepth．   
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