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Abstract  

Observationsandfieldexperimentsonsinkingofsmallstonesintocylindricalholeswereunder－  
takenintheablationareasoftemperateglaciersinsouthernPatagonia．Thedepthsoftheobserved  
StOneholesrangedfromafewcentimetersto70cm，andthediametersoftheholesrangedfromafew  
centimeterstoseveraltens ofcentimeters．Waterwasobservedinsidesome oftheholes．Wealso  
Observedthatwaterflowedintoanddrainedoffthehole．Forexperiments，26stonesand18coins  
Wereplacedontheglacier＄urface．Movementofstonesrelativetotheglaciersurfacewasmeasured  
dtlring16daysinNovemberandthoseofcoinsdllringsixdaysinDecember，1993．Thestonessank  
intoice，Vhileoccasionaiiyroseapparentlyinasbortperiod．Speedsofsinkingorrisingofstorl鴇  
rangedfromaねwcent主metersupto8．2cmperday．Thespeedbasarlegativecorrelationwi払the  
albedoofstones．Itwassuggestedthattheshortwaveradiationtothegiaciersurfaceacceleratedthe  
StOneSinkingandtheturbulentheatfluxtothesurfaceacceleratedthestonerising．  

1．lntroduction  

Duringthemeltingseason，Smallstonesareoften  
foundatthebottomofcylindricalholesoronthetop  
of ice mounds on the surface of ablation areas of 
glaciers（Fig．1）tl野ecalltbisbo重eaざお邦gゐ0姦．For  
example，Sbarp（1988）me11dorledtbispbenomenonin  
his book．These stone holes andice motlnds are  
consideredtobe formed as aresultofdifferentmelt－  
ingratesbetweenglaciersurfaceandicebeneaththe  
StOneS．Thisphenomenonisseennotonlyonglaciers  
but onlakeice（Toukairin，1977）and snowcovers．  
Thesephenomenaaresimilartowelトstudiedphenom－  
enathatadebrislayeronglaciersurfaceenhancesor  
reducestheablationofglacierice，andthatfinesand  
and organicmaterialon theglacier surfacemake a  
bole cailed ご野0ご8邦言お ゐβゐ（g．＆ Mc王ntyre，198姐  
Kowever，StOnehく）1esbavebeellliとtlestudied，  
Åblationratesofdebris－COVeredgiaciersdepend  

Onphysicalpropertiesandthicknessofthecovering  
material（NakawoandYoung，1981）．Mattsoneta乙  
（1992）showed that alayer thinner than about3cm  
enhancedtheablationandathickerlayerreducedthe   

ablation．InthecaseofdebrisLCOVeredglaciers，the  
debrislayercanbeassumedtobeahorizontalplane．  
Ontheotherhand，inthecaseofthestoneholeorthe  
icemound，thecoveringmaterial（stone）isnotplanar．  
Thismakesitdifficulttounderstarldtheholesandthe  
mounds．  

Cryoconitebolesare also formed as a reslユIt of  
differentmeltingratesbetweengiaciersurfaceandice  
beneaththesandororganicmaterial（e．g．Gribbon，  
1979）．Not・Onlymeteorologicalenergybut alsobio・  
loglCalenergymadebyorganicmaterialcandevelop  
CryOCOnite holes（McIntyre，1984）．Black materials  
SCatteredar・oundthestoneholeinFig，1（a）mayseem  
tobetheinitialstatesofcryoconiteholes．McIntyre  
（1984）mentionedthatcryoconiteholesarefilledwith  
Waterandformedwithfineparticles，Ofwhichdiame，  
tersaT（－川1theord亡・rO［O．lmm．Otltheotllerhand．as  
We Observed，many StOne boies are not fiiied witb  
Waterandformed壬101esvithstones，Ofwhicbdiame－  
tersare on沈eorderfro】nlcmtolOcm．TIlOugh  
StOneholesandcryoconiteholesaredifferentphenom－  
ena，theyareconsideredassimi1arfromthepointthat  
bothholesarcformedasaresultofdifferentablation   
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ratesbetween glacier surface andice beneath sub－  
StaIICeS．   

Inthesummer1993，Onthreetemperateglaciersin  
southernPatagonia，Wemadesomepreliminaryobsert  
vations on the features of stone holes such as their  
deptbs anddiameters．腎e ai＄O Carried oⅥt eXperi－  
mentsontbeねrmationproceぉesofsもOnehoiesontbe  
giaciers．Intbisreport，WepreSenttberesultsoftbe  
Observationsa‡1dexperiments．   

2．Observations  

ObservatiorlS Ongeneraまfeatures ofstonehoies  
werecarriedoutinNovemberandDecembel・1993，On  
flatspaceofabiationareasofMorenoGlacier，Upsaia  
Glacier and Tynda11Glacier，SO11t重Iern Patagoni臥  
Geo許aphicalfeatlユreSOft壬IeSeglaciersarerevieⅥred  
byNaruseandÅniya（1995）．Meもeorologicalstudies  
at Moreno CIacier and Tyndall GIacier were also 
undertakenduringthesilmぐPeriodofourstudy（Ta・  
ke11ehi（Tt（7／．．1995a．1995b）．The mean valtleS Of  
meteorological conditions during the experimental 
Period atthese twoglaciers are shownin Tablel．  
Meteoroi喝icaiconditionsonUpsa王aGiacierarecon｝  
sideredassimilartoNbrellOGlacier，bビ亡auSeUpsala  
GlacieriiesnearMorenoGiacier．  
OnMorenoGlacier，manyStOn飴Ofvarious＄izes  

were scattered，that made the stlrfacelook dark．  
MorestollビholesoriL：emOundswerビSビeninthearea  
thatlookedwhまtetbanilユtbe area tbatlookeddark．  
Dirtcones ofvar主ous sizes are aiso scatteredin tbe  
SameparもOfMorenoGlacier．Mearlalbe800fseven  
dirtconesmeasuredat2cmabovethetopofthemwas  
O．05．Surfacesofsomedirtconeswerewetandsome  
weredry．InMoreno Glacier，dirt conesseemedto  
distribufe mai（1ty near the bank；lnd．on the（一thビr  
hands．stotleh（一Iesmainl）T t：entl■alpart．  

Tabie2 show＄features of the observed stone  
holesatMorenoGlaeier．Depthsoftheholeswerea  
fewtensofccntimetersandthemaximuTllWaS70cnl．  
TIlediametersof払eholesrangedbroadlyfromafeⅥr  
centimeters to50cm．1Ⅳe did not find an obviot王S  
re重ationsbipbetweentbediameterand汰edep払oftbe  
stoneboles，1Ⅳaterwasobservedinsidesomeofthe  
＄tOne holes．  
Thedirectionofstonesinkingwasnotonlyverti】  

caibⅥtOCCaSiona重まyinclinedbyaf即㌢tenSOfdegrees  
fronlthtIVerticalline．Fし1rinstance of an extTeme  
CaSe，it was observed at Upsala Gi挽Cier that tree  
ieaves saIlk perperidictliar to也e slope of seracin｝   

F涙．1．Iこ1）上＼slいnビ；1t thぐhLlutWIO（こIStいneholぐand（b）こ1t  
ぬe top of aTl妄ce mound on tbe sⅥrgaCe OぞMoreno  
G王acier▲ Tbebeightof払estollein（b）妄s abouと1王n．  
Substances scattered arく）und holein（a）seemed to be  
finepartic王esofsamd．  
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Tablel，MeanmeteorologlCalconditonsatMorenoGlacierandTyndallG王acier．Each  
s主te of meteorologicalobservation was10Cated aboutlO m away from each  
expcrimentalsite．The datain this table were collected by Takeushiet al．  
（1995a）．  

MorenoGlacier   TyndallGlacier   
Observation   November   December   
period   12－27，1993   9－17，1993   

Globalradiation（MJ／mヱd）   20．5   20．2   
Airtemperature（℃）   7－9   5．1   
1野irldspeedくm／s）   4．9  6．6  
Ablation of 

glackrstlr払ce（mm／d）   49   60   

3．Exp即im¢nt§  

Inordertounderstandtheformationprocessesof  
StOneholes，WeCarriedoutfieldexperimentsduring16  
days starting from Novemberll，1993at MoreI10  
Glacierandd11ring6d野SStartingfromDecember12，  
1993at TyndailGlacier．Sites of tbe experiments  
Wereiocatedon幻atexpanseoftbeablationareasof  
theglaciers．ThesiteswereaboutlOmawayfrom  
themeteorologicaiobservationsitesatbothglaciers．  
AsillustratedinFig．2，abdenotesthethicknessof  

Table2．Dataofstoneholesandstonesattheirbottoms   
（Moreno Glacier）．Depthandwaterlevelweremeaq   
suredfromtheglaciersurfacetotheuppersurfaceof   
stones．FirstthreeholeswereobservedonNovember   
22andothersonNovember17，1993．Inthecolumnof   
diameter，eXPreSSions of AxB denote two s壬des of   
stones；tlleSmailestside（A）arldtbeiargestside（B）．  

Depth   
ofHole   Diameter  WaterLevel  ofStone   

Cm   UI1 Cm  

13   1．8Ⅹ3，2   4．5   
14   2Ⅹ2   4   

2．3   3．8Ⅹ5．7   0   

27   1．5Ⅹ1．5   0   

41   3Ⅹ3   0   

26   4Ⅹ4   7．5   
15   5Ⅹ5   0   

25   6Ⅹ6   0   

45   7Ⅹ7   0   

32   15Ⅹ15   8   

35   5Ⅹ5   0   

14   6Ⅹ6   0   

65   8Ⅹ17   42   
70   48Ⅹ30   60   

Clinedatabout4Odegreesanddirectionoftheirholes  
＄eemedtocoincidewiththesolarangle．  

Stone holes were also often seen at tbe beds of  
shallow water streams on the surfa（二e Of Morerl（I  
Glacier．Åttbestreambeds，boneycombedicestruc－  
turesmade withsmallstones were observed．These  
structuresseemedto form at the bed shallower than  
SeVeralcentimeters．  

ぎig．2．Sこhematicdiagra汀10fstonesinkingwi汰軌edeve王一  
Opment Of a cylindricalbく〉le．Brokenline and s（〉1id   
iinesbowtlleglaciersurねceattimeちandち，reSpeC－  
tively．abindicatestheablationofglacierice，and dl  
and（ちaredefinedasdepthsatilandち，reSpeCtively．  
Disadisplacement，ObtainedfromD＝d2Ndl＋ab．   
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meltedglaciericeintheperiodfromtimeiltOtimeち．  
dlandd2aredepthsofaholeatilandち，reSpeCtively．  
D（＝Lh－dl＋ab）is a displacement．We define a  
displacementspeedasD／（ち…tl）．Theverticalaxis  
istakentobepositivedownward．WemeasureddL，  
感andab，andthenwecalculatedD．abWaSmeaSured  
withastakesetupdeeperthan50cmintheglacierice  
（Takeuchigfα乙，1995b）．  
AtMore‡10Giacier，Weairnedatfirldingout也e  

reiationsbips between the displacement speed and  
meteorologicalconditions or tbe sizes of stones，26  
StOneSねundon払eglacierslばねcewereplacedbeing  
Separated each other．We measured名，d2and  
everyday．Aftertheexperiments，WemeaSuredthe  
Weightofthestonesbyaspringbalanceandthesizes  
Ofthestonesbyaruler．Thethicknesswasdefined  
as thelargest value of the verticaldimension of a  
StOne placed on the glacier．Their weights ranged  
from3g to over20kg，and their horizontalareas  
rangedfrom92mm2toO．14m2withthethicknesses  
ran如ngfrom3nlnltO178mm．Thesurfaeetemptlra－  
tureofstoneswasnleaSuredb）・aninfraredthビrmOmtI－  
もer oncein daytime dtlring six days．It ranged  
from－0．5QCto21，90C．  
AtTyndallGlacier，WeuSed18coins．Toexam・  

inethedependenceofthedisplacementspeedonthe  
albedo andthematerial，three types ofcoins（1yen  
COin ofJapan，5peso and10peso coins of Chile）  
paintedblackwithmarkerandthreetypesofunpaint－  
edcoinswereused．Toexaminethedependenceon  
depth，Six coinswereplacedforeachontheg王acier  
Surねce，andatthebottomsofabolit80mmand180  
m deep cylindricalbo王es，Wぬicb were dug vitb a  
banddriii，reSpeCtively．   

4．R8Su托s中一モXperiments  

Dailychangesinthedepths（d）offiverepresenta・  
tivestoneholesareshowninFig．3．Thesefivestone  
holesareselectedtoshowthevarietyofbehaviorof  
StOneholes．Thedeepestwas147mmonNovember  
24．Stones did not only sink but occasionally rose  
apparently．Amaximt汀nOfdisplacementwas82mm  
inaday．Dailyc王Iangeinthedeptb，義一或（＝か一範），  
dependsontbedifferenceintbemeitingratesbetween  
theglaciersurねceandof払eicebeneatbtileStOneS．  

Firstly，WeCOnSidertheeffectofstonesizeonthe  
displacement of the stones．A mean displacement  
Speedofeachstoneoveralongperiodundervarious  
meteorologicalconditionsisconsideredtobeaquan－   
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ぎig．3t Dai王yこbangesin deptb of stone bole§（Moreno  
Giacier）．Eacb野汀ぬ01denotes eacb stone p王aced on  
theglacier．ThreestoneswereplacedonNovemberll  
and others on November130r14．Theinitialdepth  
WaSequaltothethicknessofastone．Theminussign  
Ofthedepthindicatesthattheuppersurfaceofastone  
WaSabovetheglaciersurface．  

titythatreflectswellthefeaturesandtheheatcharacr  
teristics of the stones．Relationship between the  
StOnethicknessandthemean displacementspeedis  
Si10Wn主n Fig，4．Tb野bave a positive correはtion  
Witムilla reliability of95％．T壬1is trendindicates  
that，ifweassumetheheattransportthro11ghthestone  
Sideswa＄ZerO，thelargeramountofheatwastransfer－  
red to the bottomthrougha thicker stone than a  
thinner stone．Therefore，this trendisinconsistent  
with a one－dimensionalheaトtransfer model，that  
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Fig．4．Relationship between the stonethickness and the   
meandailydisplacementspeedduring16days（Moreno  
Glacier），   
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holes，however，this effect became smallin holes  
deepertbanseveralofcentimeters．  

Finall〉■．We Tllビntiotlthe dept）ndenぐe On TlleteOr（）L  
Iogical conditions. We examined the relationship 
among the daily change of depth，あNdl，the daily  
Shortwaveradiation，SR，andthedailyturbulentheat  
flux to tbeglaciersurface，昂，by a rnu王tipleiinear  
regressioninaねrmof  

或州名＝α－£だ十取残．  （1）   

1好eappliedtheequationく1）to払e90daもasetsi鏡一銭，  
SR，Ht）at Moreno Glacier；5脛was directly meか  
Suredand携wascalcuiatedusingabtllkaerodynamic  
approacb（Takeucbiggα£，1995a，1995b）．Asseenin  
Fig．4，為一名（＝か「ぬdepend＄Ont壬Iethicknessof  
StOne．Therefore，in order to standardize the thick・  
ness，WeSelectedsevenstonesontheorderoflcmof  
thickness．A王so，tOeiimi†1atetheeffect ofa摘edoof  
或OneS，dataof威一名inbolesdeeperthan40mmwere  
used for the analys主s．Under a reiiability of90％，  
theseparameterswereestimatedasfollows：  

αま＝0．46±0．40（mm／MJ）  
勉＝－0．83士0．65（mm／M乱   

Accordingly，仏e possibility ofα1≦O andα2≧O are  
excluded under a reliabilit）lOf錮？ム．He11Ce，the  
Shortwaveradiationacceleratessinkingandtheturbu－  
1entheatfluxacceleratesrising．   

5．Discussions  

AtMorenoGlacier，WeObservedthebehaviorof  
Waterinsidetbesto11eboles．Fi那re6sbowsthedaiiy  
Changesirldepthandwaterlevelofastonebole．It  
indicatesthatwaterflowsintoanddrainsoffthehole，  
This was also observed at the other five holes．  
McIntyre（1984）poimtedotltaneffectofwaterorl偽e  
developmentoぎcryoconiteboles．Tho11ghwecannoと  
find outanobviouscorrelationbetweenvariationsin  
thedepthandthewaterlevel，WeCOnSideraneffectof  
behaviorsofⅥ7aterOnthedeveiopmentsofthestone  
holes，KoizumiandNanlSe（1994）perfor汀把dlabora－  
toryexperimentsandshowedthatwaterstreamswith  
仇e temperattlre Slightly higher than O OC enhanced  
COnSiderabiy也egrow払ra短ofwaterchannelsv池in  
ice．In summer，the temperature of water on the  
glaciersurfaceandthestonesurfacecanbeconsid－  
eredassiightlyhighertbanOロC血etoabsorptionof  
the strong shortwこIVe rこIdiiltio11．1f the＼ヽTateLr flows  
intotheholes，thedisplacementspeedmightbepos－   

explainstheheatbalanceatthedebris－COVeredgla－  
cier surねce（g．g．NakaⅥrO and Takahas軋1982）．  
IIowe＼′er，We nOte that．in this t！Xpt？ri111ent．different  
kindsofstoneswereusedandotherfactors，forexam－  
plespecificheatandthermalconductivity，maypOS・  
Sibly controlthe sinking．We also examined the  
dependerlCe Of也e mean displacemerlt Speed on tbe  
Weig王鴫borizontaiareaandmeansurねcetemperature  
Ofstones，reSpeCtively．However，nOSignificantcor－  
relatiorlSl好ere Observed．  

Se（：Ondly，Wementiont壬Iedependenceonalbedo，  
materialanddepthofstones．InFig．5，WeShowthe  
displacement？Peedsofthecoinsplaced at different  
deptbs．Åt洩ree deptbs，theremarkable d主鮪rence  
amongthreetypesofcoins，thatweremadeofdiffer－  
entmaterialswasnotobserved．Around25mmand  
90mmof（琉＋名）／2，themeandisplacementspeedof  
unpaintedcoinsissmallerthanthatofblack¶painted  
COins，but，arOund180mm，tbereislittle di蝕rence  
between them．The albedo of the black叩painted  
COinsismlユChsmallerthanthatoftheunpaintedcoins．  
Therefore，汰edisplacementspeedofcoinsorstones  
basa‡legativecorrelationwitbtbea王bedoinsballow  
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Fig－5．Displacementspeedofunpaintedcoins（open＄ym▼  
boIs）and blackpainted coins（so】id symboIs）at the   
variol】Sdept王IS（Tynba王IGlacier）．Sqlユare，C言rc‡e arld  
tr主angiesbowlye11，5pasoandlOpesocoins，reSpeC・  
t拍eiy．Six coi11S（31ユnPainted arid3painとed coins）  
Werepiacedateachdepth：Ontheglaciersurface，and  
atthebottomsabout80mmand180mmbeepcylindri－  
Ca】も0まes，reSpeCtive】y事 Somesymboisareoveriapped  
Ontbegrapb－ Tbemeasurerentwascarriedot】tfrom   
i3：250nDecember13tolO：300nDecember141993．  
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Dat¢OfNovembr  

Fig．6．1）a‖y ehangesin depth（SO】id squarビIand＼Vatビr  
ieveiわpensquare）ofcylilldricalboleくMorenoGiacier）．  
Thethickness，andthelar嘗eStandsmalまestsidesofthe  
StOne Were14mm，18mm and43mm respectively．  
The stone was placed on November2l，1993at the  
bottomofal12mmdeepcylindricalhole．   

Sibl）・aCCelerated by the water．For quantitative  
estirnationofthiseffect，detailedobservationonthe  
flowandtemperatureofthewaterareneeded．  
Sinkingspeedofastoneduetotheplasticdefor・  

mation ofice，U，WaS discussed by Nagata（1977）．  
Usinghisresult，WeCaneStimateamaximumvalueof  
（！tobea11OrderoflO；mm！d：l）▼forthetypiealsize  
StOneSin our experirnents．The observed displace－  
mentspeedmentionedabovewasanorder－oflmm／  
day．Therefore，WeCanneglectthiseffectobviously．   

6．Conclusions  

Wemadeobservationsandfieldexperimentson  
the stone sinkinginto the glacierice during the  
meltingseason．Stonesdonotonlysinkbutoccasion・  
allyriseapparently．Stonesmovedintoiceinashort  
period of time．up to軋2cnliTla day．The stone  
sinking depends on the difference in ablation rates 
between the giacier surface and ice underneath the 
StOneS．Thedisplacementspeedhasanegativecorre・  
lation with the stone albedo．Shortwave radiation  
accelerates sinking andturbulent heat fltlX aCCeler・  
a（es risiIlg．For quantitative discussion．detailed  
Observationsandexperimentswithstandardizedsam・  
plesareneeded．  


