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Controls on glacier surging in Svalbard 
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,\ BSTR,\ CT, Th e gcographica l di s tri butioll or s urgc-t\ pc g lacins \lorld\l,icle 
di s pl a\ 's a rCllla rk a bl y Ilon-randolll pattern, Surge-t\ pc g lac iers tc nd to hc 
concc ntra teci ill certain g la cier i/:cd areas a nci to 1)(' CO lllpletCI\' abs('nt in others , This 
o bse n 'a tioll sugges ts th a t , pecial cO llditiom arc requirecl fill' surgcs to occur , HO\l'('\ '(' r , 
the fi\('lors cO lltro llin g th e spatial OCCLl ITellCC orsurgT-t\ pe l)('h,I\' iour are no t kllo\l n, 
T o ill\ 'Cst igatc thi s problem \IT pcrfilrllleci prol1a iJilit~ s tati , tical ana h s i, o n a sa mple 
p opu la tion o r 6 1 j glac il'l's ill S\'a l1 1a rd , The proha hi lit ~ th at ;t g lal' in in lhe sa nl pie 
p opu latioll is s urgf'-t~ ' p e is 36, ~ "11 , \\ ' iLil in thc sampl('c1 <In'a thelT is a s patial \'<lri<l ti on 
in the CO I1(T lltra tion o f' surgc-t\ pe g lac ilTs, SnTr, ti t?;co m('tr ic anci ('Il\ 'ironlllt'lllal 
i~lctors associatcd \\,jth g laci('\'s in the sa lllple population \\TIT Illca,urcd <lncitestcd 10 
e1etnlllill c ir th cy arc rc laled to th e prohability or s urging, or the gTo lll ctric lil('l o rs 
tcstcel length, s lo p e, cle \'a ti on, o ri e n tatioll and plTsenl,(, or ," lS(' I1('(' or trillLltaries , 
on ly g lac ie r Icn ,!!;t h is relatcd to s urg ill g, \I 'i th , urgT probaiJilit\ in('l'easillg \\ ith 
increasing Ieng,th, EI('\ '<l ted proiJahilitie, or , urgin g \\('IT a lso iill lnd lill' glacilTS 
associated ", ith scciillH'nl<ln subglacial ro(,ks ali( I s uh-po lar til('rtll , ti regilll('s, Tit e 
di s tributi oll'; of' l'e l,lteci iilClors \\(' I T u sed 10 pl'eciin till' 'p,lI ial di,triblllioll oi'surge
t\ ' I)(' g laciers , I-I o \\'('\ ' CT, ill {'ac h case till' illcli\ ,idua l 1; lcto l's \\{' IT lInalJil' 10 r{'prociucc 
till' o iJsc rn'd pallern o l'su rgc-l\jlC glacin ciislr ihuli()n, 

INTRODUCTION 

Til l' s pati a l di s tribuli oll o i' slIrgc-t\ p c g l:leins is cnig

ma I il'. ' \ n OIl-rando lll gcogr;1 ph ic p a I I ('I'll R a \ ' Illond , 

1987 ' is c it a r ,lClLT iscci b\' ('o ll ('(' nlrali o ns uf'sI II XC- I\ 'PC 

g la c ie rs ill ('(' \'lain g lac ini /:cci a l'c a s or thc \\'(l\' ld a nci th c ir 

cOlll plete a iJs(, llce ill o liters, Large nllnllwr, or,u rgc-t\ 'PC 

g l;t c iers a rc i(HlI1d, iil r c ,,\;lIllpll', ill so uth e,t;,1 ,\ I,I,ka alld 

tit e Y ukoll Post. 1 ~)69: Clarkc anci ot hcrs, 19B1) " Ih e 

Palllirs Dolgus hill and O , ipo\ ',l. 19 7,) , (Tlltr,1 1 \\ 'cs l 

Grcl' n lalld \\' ciciick, 1992, ICl' lallci TI \('lr,lr in sso ll , 

1 96~) ) ,In d S\ 'all1 ,ll'ci Li eslO l, 1993 1, Y n, 110 kllO\\1l 

rcport s l lcsnil)(' , urgcs or gl<lc in, in thc I': uropc' ,l n , \ Ip ,s, 

llIailllalld Scandill,l\,ia, '\('\\ / ,(';t la 1\(1 {)r Ihe R ock\" 

(:;lSca cie "Ilci Coa s t lll o unl a illS o r :\()rth ,\ l1Inil"1. Thi ,s 

pall c rtl suggTSt, that (,('I'laill ('II\' irOnllll'IlI ,, 1 cOll lrol s a rc 

I'l'quircdi(lr , "rges to occur, alt houg h \\ h at IlIesc cOlllro ls 

"re IS nOI \('t kIl O\\' Il, Elu c ida tin ,!!; tl H'SC cO lltrol s is 

impOl' la ll1 sill ce t h (,\ ' a rc like" 10 CO ll s tr ,lill lill ' poss il1it

Il1 l'cha 11 i"lIs 1)\, \\ ' 11 ic h glac ier, l'a n Sll rge, FUrl lI LT ll1 o rc, 

lite c"an natu re o r th e surge IIIcchanism itselr it ,ls ~ ('t to 

iJe reso"Td , (:I;trke a nd o tller" 1 98 ~ : K allliJ, 1~)B7 

S e\Tra l s ludies h a\'(' "lrc<I(" ;l lt Clllpt cci to id c lltii\ th c 

lill'lors coni rolling the cii st rii>utioll o r s urgc- I\'PC g lac iers 

Po, t , 19(i!); Gl a/:;r ill , 1978: Ciarke allcl ot ll er" 1 99 ~ : 

\\ ' i Il JLlr, 1 ~)H8 I , W ith the ex('('plion or POSI 19G9 1, a ll 

titesl' s tucii es ill \'(J ln'd sta ti sli c,, 1 anah-s is , Post iilUllci Ih ,ll 

SU I',t?;C-I\ Pt ' g lacins l"lci IlO ' l)Cri,,1 g('{) llletric IT quirclllc lll s 

<llId thal c lim alic \ 'ariat iolls or se istll icit\ \\ CIT nOI rci;llcci 

10 surg ing' in \\TSllTn :\ort h ,\ lIlerica, H e e1id, hO\\l'\'(' I' , 

spcc ulal c thal cC\'lain hedrock I: pcs might 1)(' relaled to 

surging, nOlin g lital ,surge-t\ pl' ,gl<lcie rs \\,(,IT r ,ll '\' in al'cas 

or predellllillalll" t?; ranitic rocks, (;Ia/:~ rin I ~)78 \\orkeci 

\\ it h a sa llljJlc or 6:2 g laciLTs surge-t\ pe allci lIoll-surge

I\pe in C{,lItral ,\ sia, I-I e iill lllcl Iltal s llrgil1g' ,Ippea rcci to 

1)(' rc laleci to lite ralios of' ,HT ulllulation-/:one arc;) to 

a l)lation-zol1e ;1 IT,\. an ci alTu lllul at ion-/.ol1c area tu \\ idth 

or lite g lacin 10 n,l!; 1I e, Thi , lallcT ratio, <I('('o ITling to 

Cia/:\ rill , rcpIT'sl' nled lite "ci' lllllllill t?;" or thc iim /:O lll' . 

Clarkl' anel olitn's I QS() ('olldul'iecl <I sta li s lical <lnah-, is 

o!' :2 :1.-)(i g lacin' in Cal1acla' s Yu koll 'i'CITiI O\'\, SnT ra l 

l1IorphOnH.'lric and tOjJograpitic p,lralllcllTs \\('\'e c:-.:am 

illCcl, 11UI eJll h g lacier Il' n g lit \la s ii)ullci to 1)(' \'l 'lalCd 10 

surg in g , \\ ' h ~ long g lacin.s .s it ou ld Ita \'(' a n increased 

prollalJility of' iJeill ,l!; ' urge-l\jJl' It as n OI iJ('(' 1I ru lh' 

(':-.:pl ' lilleci , R ;IY lI llJllci, I ~lB7 , Tit l' Slu cl\ ca rri eci o ut iJy 

\\,ill Jur 1988 USl't! ,I sa III pie of' lib g lal' il'l's in ,\ Iaska and 

lite Yukon , H e cOllc luci ed lit at surg ing t(,lld s to occ ur in 

g la c iers ", ilit ('unc,I\'(' s url ~ ll,(, proiiles an ci a g rea l('\' 

proporlion of' ,11,(, ;1 a l lo\\('I' a llilud cs described b~ 

\\ ' iliJur as " I JOltulll-ll('a\'~" 11\ INlnH'trie, , \\' ill lllr , ug

gesll'C1 Iha t the uliilll;lll' co ntrol Oil the ciislribulion of' 

surgT-IYlw g iac ins is geo logy, , illn' g lac il'l it ypso lll Clr ) is 

in ll eriteci rrolll Illounla ill it \ psolllct\,\, Support iilr liti s 
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] ollmal oJ C'/([ciolog)' 

hypoth es is ca me from th e o bsen 'a ti on th a t hypsometri c 
CLlnTS tend ed to be no n-ra nd oml y di stributed. 
~on e o f th e a bove studi es has identifi ed firml y wha t 

controls th e spat ia l di stribution of surge-type g lac iers . 
With th e a im of sheddin g m ore light 0 11 thi s problem. a 
stati sti ca l a na lys is was pe rfo rmed on a sa mple oC glac ie rs 
on S,·alba rd. 

DATA SOURCES 

Thc hig h Arctic a rchipe lago of S" a lba rd has a pprox i
ma tel y 2 100 ice masses, o f which a substa nti a l number a rc 

kn own o r beli e"ed to be o f surge t" pe (Lies tol , 1969, 1993; 
D O\l'd es we ll and o th ers, 199 1). It was likel y, th erefo re, 
th a t th e isla nds would yie ld sta tisti ca ll y re presc nt a ti" e 
sa mple popul a ti ons of n o rm a l a nd surge-type g laciers . 

D a ta o n indiyidua l g lac iers \I'erc collect ed spec ifi ca ll y 
fo r thi s study . The p rin cipa l sources of info rm a ti on \lT re 
~ors k P o la rinstitull 's (:,\P) topogra phi c a nd geo logic 
ma p sc ri es a nd ae ri a l pho togr aphs of th e 55 1: 100000 
map shee ts. l)eca use of tim e consid era ti o ns th e stud y was 
restricted to g laciers fo und o n ten of th e m a p shee ts. The 
ten selec ted ma p shee ts were produ ced in colour. On 
bl ac k- a nd-white ma ps th e contrast be tween glac iers a nd 
ice-fi'ee te rra in is o[ten indistinc t, \I'hi ch m a d e acc ura te 
d a ta co mpil a tion morc diffi c ult. There a re 18 colour maps 
eo\Tring , 'a ri ous pa rts o f Sva lba rd; eig ht \I'ere no t used 
beea use, i nd i,·id uall ),. th ey con ta in " ery k w glac iers. 

All o f th e selec ted m a p shee ts \lT re loca ted on th e 
island o f Spi ts berge ll ( Fi g . l a ) . The g lac iers show n o n 
th ese maps fo rm ed th e prima ry da ta se l. A tota l of 6 15 
glac ie rs were in this dat a se t , representing a pprox ima te ly 
30% o f the to ta l glac ier po pulation of S,·a lba rd . 

All g lac iers on th ese m a p shee ts \\'e re sampled, with 
t\\·o exceptions. Th e first exception ' 1"<1S bodi es of ice less 
th a n I km in length. Exa min a ti on of th ese fea tures o n 
sma ll-scale ae ri a l pho tographs (1: 18000) showed th a t 
th ey a rc in va ri a bly remn a nt ice pa tches a nd not true 
g lac ie rs. Th e second exception was pi a teau ice caps, 
\I'hi eh were exclud ed fi-om th e sa mpling because th ey 
lacked a sing le a nd di stinct no\\' directi o n. The foll owin g 
d a ta we re record ed fo r each sampled g lacier: g lac ie r 
leng th, w idth and area (using a digiti zer ); m aximum a nd 
minimum ele"a ti ons; th e prese nce o r a bsence o r tribu
ta ri es; a nd compass o ri e nta tions of th e upper a nd lower 
regio ns (co rres ponding rou g hl y to acc umul a ti on a nd 
a bl a ti o n zo nes ). 

G eolog ical inform a ti o n on th e bedroc k und erl ying 
each g lac ie r \\'as also I-eco rd ed for ice m asses in th e 
sampl e po pul a ti on. G eologica l ma ps ,,"e r e m'aila ble fo r 
eig ht o f th e ten sa mpled shee ts used in thi s st ud y . 
G eologica l d a ta for g lac ie rs loca ted o n th e rema ining 
two sh ee ts were obta ined from an :'\Jp I : 500 000 sca le 
geo logica l map . 

Beca use d a ta rel a ting to th e therm a l I-eg im e of a ll 6 15 
glac ie rs we re not a" a il a blc , a n ana lysis o f th e rela ti onship 
betwee n th erm a l regim e a nd glac ier surg ing was carri ed 
out 10 1' a sma ll er d a ta se t consistin g o f 136 glac ie rs. 
Vu. Y a . ;\l ac here t (p e rso n a l communi ca ti on , 199 1) 
prO\'id ed inform a ti on con ce rning th e th e rm a l structure 
of th ese g lac iers, based o n th e in terpre ta ti o n of rad io-ec ho 
soundin g profiles. 
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EST ABLISHING A SURGE INDEX 

Th e da ta record cd fo r each g lac ier were completed by 
ass igning a \ 'alue representing th e likelih ood th a t a 
pa rti cul a r g lacie r is of surge ty pe (th e surge ind ex ). The 
C a nad ia n Gl ac ie r In H nLOry (CGI ). li'om \I'hi c h C la rke 
a nd oth ers ( 1986) obta ined th eir sa mpJr popul a ti o n , uses 
a six-point surge ind ex whi ch d escribes "ari o us d eg rees of 
ce rt a in ty th a t a g lac ier is of surge t' ·pe. In rece nt \I'ork 
this index h as been mod ili ed . Cl a rk e (199 11 simplifi ed th e 
six-point ind ex to a di chotom o us schclll e in whi c h g lacir rs 
were classifi ed as either surge-t ype or norm a l. \\' ilbur 
( 1988) used th e sa me six-po int sc heme, but includ ed 
g lac iers in th e type 4 ca tego n ' th a t ha\"C bee n o bsen Tdto 
surge hut \I·hose surges were mino r e' Tnts. Thus, his type 
5 ca tego ry was rese r\"Cd [or g la ciers whi ch ha d ex peri
enced hi g h-mag nitude surges . E,Tntua ll y, \\ ' ilhur re
duced th e ind ex to a threefo ld class ifi ca ti o n o f norm al. 
in termedi a te a nd surge-type ca tego ri es. In th e present 
stu ck it \I' as considered tha t th e difIerences be t\l'ee n 
se" cra l o f th e cl asses in th e C Cl we re indi stin c t. 
Th erefore, a m odifi ed " ersion o f thi s ind ex, co mprising 
four classes (0 3 ). \\'as d efin ed. The surge ind cx Ci ) is 
d escribed as fo llows; 

i = 0: g la ci e r mos t like '" to be norm a l (n o fea tures 
di agn os ti c of su rg ing ) 

i = 1: possibl y surge-type ( I 2 surge-type featurcs) 

'i = 2: pro b a bl y surge-type ( > 2 fea turcs, a nd /or 
hi s tori ca l report o f surg ing ) 

i = 3: most likeh ' to be surge-type (" conte mjJora n '" 
obse n 'a tion) . 

The num be r of glacir rs 111 eac h ca tego ry is ShO\\"I1 in 
T ab le I. Seve ra l fea tures we re considered to be a n 
indi ca ti o n o f surge -type b e h a , ·io ur. Th ese fea tures 

included loo ped Ill ora ines, a n o m a lo us and /o r wid es pread 
c renlss ing, pro no un ced icc ra mps, stagna nt ice (l\leier 
a nd Pos t, 1969) a nd po th oles (S turm . 1987; Sturm and 
C osgro, 'e , 1990) . The principa l d oc umenta ry so urces of 
inlo rm a ti on used in th e compil a ti on of th e surge index 
we re Li es tol ( 1993) and Lefa ueo nni er a nd H age n ( 199 1). 
furth er refe l-e n ces to th e beh avio ur of individu a l g laciers 
\lTIT conta in ed in sc icntilic p a pe rs, th eses a nd hi sto ri cal 
reports. H O\l·ever. most o f th e g lac iers in th e sa mple 
po pul a ti o n h ave no t fea tured in th e lit e r a ture on 

0 
I 
2 
3 

Table 1. SlIrge-indf\ distribu tion and jJrobabili£!, schemf 
Jar the SvaLbard jJrilll([I)' dala set. The surge jJrobabiliU 
Jor t/ie data sel is 36.4% 

ni Pi Psi; nsll 

393 0.639 0.05 1 20 
14 1 0.229 0. 894 126 
26 0.042 0.923 2'[ 
55 0.089 0.980 5 [ 

T ota l 6 15 1.000 224 
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I/alllilloll al/(l J) lIIrdl'.lll 'ell : COlllro!.1 Oil glacier :'III/!.illg ill Sl'albard 
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Fig. I. (a ) / j)({!lioJ/ IIlId code 1Il1l1lbn.1 o/Ihe 11111/) .IIIedl liSI'd III dain' 1111' /nilllllrr dala .11'1. (b) (;l'ogra/)llic I'(/Iialioll ill 

((i1l({'lIlralioll,1 o/ .llIrgl'- !J'jJl' glacil'l',l ill 1111' .IIIIII/iled 111(//) 1111'1'1.1. 7 //1' dl'/!,I'I'I' o/.l/lIIdill,~ rejire.Il'III .1 clllmlllled 1'(11111',1 O/P,' IIII' 

il 'illl 1111' dark ,\lwrll',1 illdimlillg arm.1 /('111'1'1' Ihe /nobabili!r Id IlIrgillg il /)(Irlimlllr(1' higll, (r ) (; I'ograjillic I'rIrialioll 0/ 
geolo,!.;iml(J' /m'dieled .IIII;!.;I' /no/Jabililil'.l./in IIIl /nilll(IIT rlala .11'1 , lIIillg 11 IIIrel'/illd gl'ologiclII c/a.l.ltji'mlioll I clll'lII 1', (;Iacia.) 

IIl1dl'r/oill 1:1' .1{'(lillll'lIlorl' /'IIC/;,I IIal'l' 1111' hi,~hl' ll jimbabili!1' 0/ hl'illg .1/llgl'- {I'/)e . 7 hi.1 .1 e/II'I/I I' i.1 UlloliIl' 10 rlij/i'mlliall' 

belll'!'I'1I regioll ,l o/IIigll Ollt! loil' CIIIICI' lIll'11liolll 1!j'.lul/;e-!r/)!' glllcier.I, beerl/III' Irllge 111'1'11,1 1!/ .letiillll'IIIIIIT rockl It'l'rI' locoled 

Oil mdl 11111/) .1/11'1'1, 7 hil ,luggf.lls IIIal i/ .Iurglllg i.1 gl'ologicrt/(I' (olllrolll'll, illdil'idual /'lick {I'/)I',I 111'1' Iikl'(J' 10 hI' IIIOIl' 

illl/)orllllll Ihall /J!'/rogra/)hic calegorie.I, ( d) (;eugl'll/Jllic 1'(Irialioll of .lIIrge /noba/Jililil' .1 .IiJl· 1111' /nilllarJ' dala ,11'1 . TIle 

ill/llll'II((' 11/1111' berlrock gl'olo,!!,J' Iw.1 bel'li /'I' IIIIIl'1'I1 ~J' COIII/llllillg Ihe I'IIlio < IIII (Y) , ,(IIil i.1 .Iillli/ar III 1111' o/i.lenwl di.llrilJllliulI 

o/ .lllrgc-I I'/II' glacin.1 ( /J ) ( S/learlllall'.1 rallk corrc/alioll coejFciml 0.93 ) . 

S\·a liJ a rcl. Titl'l'e lc) rl'. a suiJstan tial a1110 unt uj' infiJl'Jlla ti on 
was o lHaincd fi 'olll ac rial IJit otograph s. 

Th e .'\ 1) <ll'l' ia l-ph olOgra ph arcilin' ('on ta illS illl'lges or 
S\"t1ba rci {'rom till' ICJ llull ing \Ta rs: 19%. 1933. 1 9 ~8, 

1956, 1%0. 196 I, I96G. 1969. 1970, 197 I, 1~)77 and 1990 . 
Th e first IClllr mi ss ions o lll a illl'd o ll liqu c photograph) . 
Th l' relllaining pilotogr;lphy is l'C'rtica l, at Sl'; tI ('s ra ng ing
{'mm I : 1.1000 to I : 50000 . Th l' lI'hole o j'S\"tlbard \I'as 
l'o \'C'rcd hI ' till' 193G and 1938 imagery co lllbin L'cI. l 'or 
o tiln YL'ars, photog-raphic C()I'('ragL' is lTst ri ctcclto (,(T ta ill 

areas of' th L' archipelag-o. Eac h glac ier in thL' sa mple 
population \las photograp il ed ill 19:)6 o r 1938 allci. ill 
gL'lIL' ra l. o n ;It lea'a fell1r suhsequent occasions. 

THE PRIMARY DATA SET AND GEOGRAPHICAL 
ANALYSIS 

Initia l <l na il 'sis oi' til e pr ima ry clata se t uf' S\"tlharci 
gLiciers il1\ 'oil'ecl calcula tin g- thL' probahility th a t a g- Ia cin 

159 
https://doi.org/10.3189/S0022143000030616 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000030616


.Jourl/al 0/ GlaciologJ' 

. . 150 

-: BOo .. ' 

BOO 

'G " :W :· 

' .. BOo.. : BO~. 

. 200 ..•. 

',''7',' 

. ~: .. : 
. -:~>:. 

.C).' > BOo : 

'0' ... . .... .... ~ ... 
. :~ 

~1~;i~!t,~I_.:: 
. -: 0 50 75 100 125 % 

. -: 20~ :-. 

. ,: ' lOo : .' .. : 1 5° . .. 

. . 
. .. 'H " 15~ 

: BOo .. 

. . . G' .. 
.. -:-:~ 

.... ~ .... 

.. BO? : 

.... . 
:::-~:: 

. 'CI:' . . . 'Y' . 

·-: w -: 

Fig. 1. (e) C;eograjJhir /'({rialioll 0/ .llII;!t1' probabililies Ior 1111' primal)) data set /mdirled IIsillg the revised geological 
daJsijiralioll schellle. C:olll/)arisOIl with the obsfll'fd distributiol7 ( b) ()f.l'llrge- ~) '/Je glacier.i is qllalilalil'f(J' beller than thal 
belll'efll ( d) alld ( b) . This sugge.ll.i Ihal Ih l' 11101'1' delailecllil/lOlogical c/rosijicatioll j(hellle is a better /mdiclor of slllge
Ij/le behm'iollr. HOll·el'er . a SjJearll/{/II'J rallk correlatil)}! (0 ef/ieifll I 0/ 0.2 illr/£cales OIl~J' weak agreemenl belweell tlzis 
jJrediclioll alld lite obserlled patlem. (f) Geogra/Jltic I'a rialioll of slllge /Jrobabililiesfor lite /nimal)' dala sel. Tlte illfluence 
of Ih e w·i.,ed geological classijicalioll scheme has been relllored ~J' com/)ulillg Ihe ralio r ': IIII(lith ) ' There is reasonable 
agreell7f111 It' itiz 1111' obsmwl di.ilriblllilJll of slllge-iJ'/!e glaciers (b) (Spea rmal7'.I' rallk correlalioll codJicienl 0.855) . 
HOlt'aer . litis ratio call1lol ideJ/tiD' lIIa/) SlleeIJ1l'ilIt abllorll701 COIlCflllrnlioll!> of slllge-O'/Je glacierJ. ldziell sllggests tltallhe 
rfl'ised gl'Ological classijicalioll se/mile l('a.1 jJarl(J' .llIc(f.qjitl ill jJrediclillg Ihe .I/){lliall'{lrialioll of SlIlgillg . (g) G'eogra/)/7ic 
l'arialiol7 oflellgllt -/Jlw/icled SIIIP,e /)}'obabilitie.l' (P:IIII(I )) for lite /JrlIlWI)' dala sel . LOllg glaciers have a grealer /Hobabililj' 
0./ heillg slli;!te-U/Je ( Fig. -I ) . Lengt!t.1 of glaciers Oil eaclt lIIa/) jhel'l It'ne alla( )'::'NI alld IIL e dala lisI'd 10 /JI'edicl l/ie 
distribulioll qj'slIIge-Ij'/Je belll/l'iour. COIII/)ari.HiIl It 'ilh (b) SltOlI'.1 Ihal tlte lenglh-/nedicled j}([l/em qj' slllge-~),/)f glacier 
dislriblllioll does 1101 ma/ch l/ie objenwl jJal/elll. TltiJ diJ/erence Ica.1 ('ollji'rm ed b..1' a loll' ,)jJearlllall's rallk [oITelaliol7 
coefficienl beill'eell ob.len'f(l alld Ifllgllt -predicled .llIrge di!> lribillioll .r. (h) GeogrrL/)ltic l'([rialiol7 a/surge /Hobabililies.for lite 
jJrilllaJ)' dala sel. The length illfluellce has bml relllol'eri b..J' cOII//JIIlilll; <I,n(l)' ComjJarison l.(' ilit ( b ) ShOll'J close agreelJ1e/1l 
( ,sjmtrmall·.1 rallk co rrelatioll roeJJlciml 0.87) . suggl'slillg litallenglh doeJ lIot illflllence tlte sjJaLial dislriblllioll qj·.llIrge
£J'/)(' glacier.l. 

In the sa lll ple is surge- ty p e. Th e surge proba bili lY was 
ca lcu la ted firs t fo r th e enlire sa mple po pul a li on and lh cn 
for indi\ 'idu a l geograp hica l a reas. ,\ 1 uc h of' th e method o l

ogy is ta ken from C la rk e a nd o th ers ( 1986 ), \\·h o 

co ndu cled a similar slud y in lh l' Yuko n T erriLOry, 

Canada . Th e pro ba bilit y s ta listi cs a re b ased on rh e 
classica l work or Lap lace (Slu a n a nd O rd , 1987 ). The 

ge nera l cx prC'ss ion for th e pro ba bility of' a n C' \·enl. x , 
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occu rrin g in a sample popu lal ion. N is p,/' = 11 .,. / N, II'here 

11,. is the [iT q uen cy or.!'. If th e proba hi! i r\ ' or an nTnl, .r, 

is cenai n , lhen I) ,. = 1 (or 100'% 

Surge probability for the pritnary data set 

The primL\n' dala se l is composed 0 [,6 [ .') g lac iers sa mpled 

rrom len Iml[J shee ls. Th e surge probabilil\' [ill' lhi s sa mple 

population \\ 'as calculated (i'om the surge-index dala 

reco rd ed [Il!' each g lacier. Th e numher or g lacie rs in eac h 

cblss "i" is dClloleci n i , Th e pro\)ahilil\' that a particu la r 

glacicr is "i-l\pe". ]), . \\'as [ound [i'um p, = n,/N. \\ 'here 

N is the LOlal numbe r o['g[ac iers in the dala SC l. Th c surge 

index is a qual iLalil'l' descriplion or lh c like lihood lh a t a 

g lacier is or surge type , Il \\'as, lherclorc, nccessa l'\' LO 

quanlir\, lhi s index lO pro\ ' id e a meas ure or lhe 

probab ili lY lhal a g lac ier surges , g i\ ,(, 1I thal il is i-lype, 

P"i ' This lI'as ach ie\'C'd by eSlimaling th e numbe r 0[' 

incorrect id enli[i ca tions associaled \\ 'ilh each i ralegon '. 

This is a subjeCli\T eSlimale b\' the pl'l'so n ca lT\'in g OUl 

lh e c lass i[i ca lion or glaciers in th e sample and, lherefore, 

lack s an\' ri go rou s malhemalica l jus li[i ca lion, Til t' 

rs timale \\'o uld IllOSl likely \'an' i[, anolher perso n \\ 'e lT 

lO perform the exerc ise \\ ' ith the sa me clala, In this slue"'. 

lhe c1a ss i[icalion or g la c iers inLO i calegories \\ 'a s 

perrormecl cnlirel\' h> ' G,S.H, 
I I' each surgT-l\'pe glacier in the sample is id cnlificd 

co rreu ly, lhell fJ"i=:\ = 1 ami ]J"i-f-:\ = 0, H O\\TITr, g ilT n 
lhe largc sa mple populalion size il is lik e l\' lhal so me 

g laciers \\Tre assigned LO i n correCl i c a lego ries, For lh c 

dala se l di sc us,cd here, \\T a re co n[ic!elll lhal all bUl one 

or th e g laciers \\T id cn ti[i cd a s ll 'pe 3 arc or surge l\'IW, 

Thcrdcll'{.', p" , :l:::::: 0.980. or. in olher \\'Ord s, ir a 
particu lar g lac in is c1ass i[ied as ll' l)(' 3 lhel'( ' is a 98'Yr, 

pro l lab ilil ~ ' lha l il is s urge-ll 'I)(" Similarh', [or ll'lx' 2 
g l;lciers \\ -C eSl im ate lhal onh- l\\'O might he \\Tong ly 

classified, gil 'in g P+ 2:::::: 0.923, For ll' l)(' I g- iacil'l's lherc 

\\ 'a s g realer sco pe [(:!r error bccause or thc increased 11 , 

and lhc lack or corrobora ling cI'id e nce s ugges lin g surgc

lIve brkll'iour, In lhi s g roup \\T cstimale 15 illl'O ITCct ly 

c1ass i[ied glaeiLTs. Thus P'li I :::::: O,89-L Th e largesl crro rs 

\\Tre a ssoc ialcd \\ ' ilh ll 'pC 0 g- Ia c iers .. \ ga in , lhi s \\ 'as 

panh' a res ull orlhc increased 11 " It \\ 'as also a rclkuion 

or the long quiesccnt-period Ienglh \ > 100 IT"r, or 
many surge-ll 'lJ<' glaciers in Sl 'a ll lard L) o\\c!es\\T II ancl 

olhns, 1991 ), Fo r example. a g lacier \\ ' ilh a ITI'\ ' long 

quiesce nl pha,c mal' nol c1elTlop surg-c-lypt' li:alurcs 

OITr the pcriod [ill \\ 'hich aerial photography is al'a ibil )1e 

a maxilllum or 5 ~ yea rs , Such a g lac ier \\' ill halT 

escaped iclenli[icalion as bein g- surg'('-t\ ' IW during lh e 

a nail-s is or the pholog rap hs. For the ll 'IK' () ('a lego n ' \\T 

eSlimalc 20 poss ib'" in correCl icl e lllilicalions. g'il 'ing 

11" 11:::::: 0,051. 
Once P'I ' hacl been quanli[ied , il I\ 'a s pos;, ible to 

cait-ulal e the nllllll){'r or surge-ll' l)(' g laciers ill each 

caleg-Ol'\' , "+, rrom the proc!uct or 11, and 71' 1" Th e ,surge 
probabilil" 1'01' the primal' )" dala SC l \\ as compuled [i'o m 

lh e ex prcss ion: 

:\ 

fI" = LIJ"I, fi i ' 
i I) 

(1) 

flall/il/oll alld f) ()i('dl'.l1( ,dl : COII/rul,1 011 glacier .1/l1/;illg ill S1'({lbard 

d a la se l arc shown ill Table I. In the sa mple populalion. 

22-!- glaciers \\-e re eS limatcd lO be or surge ll 'l)(', This 

represcnts a surge probabililY ror thc salllple or 36 ,!- °o, 

Cl a rk e and Ol hers 1986 I calcu la lecl a su rge proba bili t I' 

[Clr lheir Yukon samp\<: po pulalion or 6 , !- % , 

Geographical analysis 

The purpose or th e g-eog-rap hi ea l allah-sis \\'as lO examine 

\\ 'II elher spalial I'arial ions in th e concenlralion 0[' su rg-e

t\ 'pe g laciers ex isl in SI 'albarc!. III lhi s case, the regi o ns 

lI'('I'e la ke n lO be the len map sh ee ls used Ic )r sa mplin g 
I Fig, la ) , 

.\I ap shens \\T rr dclinrd b> th e subscripl "Ill", The i
d iSlribulion or eac h silC'e l, 11 il l/" was del('l'mi neci . a nd rrolll 

lhis the probabilil" lhal a pani c Lllar g lacier in a map 

area, m. is i-lype \\ 'as calcu lated rrolll Pi llll = '17 ,111 / 11 1/ / ' 

Thi s C' nablecl th e surge proha bilil" on cach m a p lO be 

compulecl from: 

:1 

P'I III = L )J il lll f!." ' 
i={) 

(2) 

.\I ap surgc proballilili cs arc ex pressecl as percc nl ages, 

.\l ap sheel s \\ 'illl hi g her lhan al'erage c()nu'nlrations or 

su rgr-l I'pr glaciers are lhose \\ 'i th surge proba bili lies 

grealer lhan fJ , [ill' the primal'\ dala se l, i, e , 36'+'1." Th e 

I'a lu es range l'rom 15,8 % !Clr sheel .\ 6 I\. ross fjorden LO 

Hi ,8°!., [or sh eel B8 Sl J ons[jo rc! en , T ahle 21, The 

spalial I'ar ialion or jI' I/ ' is r e prese nled g raphicall y \)1' 

c1i[fercnl shadin g or th e sampled areas Fi g , I b l. 

Thrce map shecls \I'('re [(lund LO conwin p a nic ul aril

hi g h concenll'alions orsurgc- lype g lacin" These ('ILlSllTS 

arc loca lCcl in sheel s . \ 7. £8 and C 12 I: ig , lb . High 

concenlralion s ,LIT also IIJlllld in maps c:q ancl ])9, The 

area \\' ith the g realesl ck[icienCl' orsurge-lYpC g lac iers \\ 'as 

shecl .\ 6, Lo\\' cO IllTnlralion s \\TI'C a lso [(Hind in maps 

1311 and CII. Thlls. the c lu slcring orsurge-t\ 'pe g la cins 

o\)sel'\Td al the g loba l sca le is rc!kcleci al the reg ional 

sca le in SI 'alharc!' 

Sample s ize i, nOl co nsta nl hel\\Ten the I'a nou s map 

sheet s see 11 1/ , in Tahle 2 ' T o tcs t the nulllll'polhesis lhat 

lh e i-di slribulion or eac h map slwel does nOl diller 

signilicanl'" [" om thal o r lllc primary dala Sl' l , \ 2 
calc ulalions \\Tre ma dc, . \ l a 95°" sig nili ca nce kl '(' !. 

onl\ map 13 I1 kll hel()\\' llll' rcj cltion limil s. The \ 2 

I',dues [il l' all olhn area s excccdcd the crilical limil al lhis 

Ic' lTI. Therc!lJrl', th e nu ll IlI'poLhesis is rejc('[ecl anci lhl' 

c!ilkrcnccs in i-dislribulion bCl\\TC n lh esc map areas an d 

lh e prilll 'lI'\ ' dala , Cl ca n be allrihuled lO nOIl-r;llld olll 

I'ar ial ion w ilh 95'% cLTta inll ', 

,\ spal ia l \ 'ari, lIion in the concenlralio n orsurgc- l\,l)(' 

g laciers Oil S\'alba rcl has no\\' bCl'n eswh li s lwcl, \\'e sl'L' k 

lO explain lhi s I'a ri a l)k di s trihul ion, Th e Iirs l slage in 

lhi s process is lO ana ll/'e [;lClOI'S a ssoc ialed wilh g la cie rs 

lO icl enlir~ ' c haracteri sli cs lha l ap pe;lr to be rci,llcd lO lhe 

occurrellce o['surge-l>'IJ<' bch ;I\ ' iour, I['a rel al ionsh ip can 

he l'sl;lh li sh ed th e spalia l di s l l' iiJulioll or lhi s [ ~Il ' lor ca n 

Ill' usecl LO prcdin \\'herc surge-lYpl' g lacilTs arc likl'h- LO 

1)(' local ecl , The closer" pl-cdiclCd p<lllcrn is to lhl' 

oiJscl'\Td di s lrihulioll Fi g. I h i the g rcale r the prob

"b ilil l' lhal the [ ~lCto r concerned IS III sO llle \\ 'a\ ' 

('ollllt'rled \\ ' i lh su rg lll g, 
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JOllmal oJ ClaciologJ' 

Table 2. , 'ariolls stage probabiliLJ' slatisticsJor tlte primal), data set arrallged ~J ' mall s/ia l. T/it' ( OIUIIlIlS /ia{(led L it/lOlogJ' 
1 alld Lit/wlo!!,)1 [J lIse t/ie thre~fold geological rlassijicat iOIl scheme alld the raised geological classijicat iOIl scheme. 
respectil'e{J'. " ariatlom are ShOll'll graIJ/iical(J' ill Figure ] 

,\lap Geogra/l/iic Lit/lOlog)' 1 Lit/w/og )' 11 L l'llgth 
sheel n /1/ 11' 1111 Psi III P : IIII (g) 

A6 56 7.9 15 .8 19.3 

A 7 36 16 .3 4S.3 34.0 

B8 56 26 .2 46 .8 38.7 
BII 76 22 .0 28 .9 37.0 
C7 72 27 .4 38. 1 35.9 

C9 98 40.0 4·0.8 39 .8 

CIO 98 36.7 37 .4 39 .8 
ell 50 13.7 27 .4 39 .8 
C l 2 42 19 .5 46 .4 39 .8 

D 9 31 13. 1 ·~ 2 . 3 39 .8 

SURGE PROBABILITY AND SUBGLACIAL 
GEOLOGY 

Th e re is ge nera l agreem ent a mongst g lac io logists th a t th e 
na ture of th e ice/ bed illle lface is a sig nifi ca nt compo ne nt 
of th e surge mecha nism. An unrcso h-ed iss ue is whe th e r 
surg ing ta kes pl ace o n a n essenti a ll y rig id a nd imperm e
a ble bed (e.g. K.a mh , 1987 ) o r ifdefo rma ti on of suhg lac ia l 
sedim ents is th e surge tri gger (Cl a rk e a nd o th ers, 1984 ) o r 
a combina ti on of bed types is ill\·o h-ed . The geologica l 
ch a racte ri st ics of bedrock benea th g lac ie rs a re, th e rcfo rc, 
like ly to be a key facto r in d e termining th e surge 
m echa ni sm. 

Initial geological class ification and surge 
probability 

D ata obtained from geologica l ma ps \\T l'C reorga nised to 
fincl th e i. -di stributi on for each litho logica l type. It was 
usua ll y not possibl e to spec ify a single rock type on which 
a n indi\ 'idua l g lac ie r is resti ng, fo r two reasons. First, th e 
geologica l maps of' Svalba rd tcndto assig n seH'[a l different , 
a ltho ug h lithologica ll y simil ar. rock ty pes to a gi\'C n sha d ed 
a rea . Th ere is in sufTi cient d eta il m 'a il a bl e conce rnin g 
regiona l geo log\' to ena ble a more prec ise cl assifi ca ti o n. 
Secondly, glac iers oft en cross geologica l boundari es a nd a re 
und erl ain bv more than onc lithology . In to ta l, 4 1 d ifle rent 
combina tions of roc k ty pe \\'e re no ted . 

\\ ' ith so m a n y lith o log ical co mbin a ti o ns it was 
inevit a ble th a t some o f' th ese g ro ups conta ined \ 'C ry few 
g lac ie rs. In such cases, th e sa mpl e p o pula ti ons wo uld 
have been too sm a ll to permit a \'a lid sta ti sti ca l a na lysis. 
Thus, in o rd er to obta in \'ia hl e po pul a ti ons, th e da ta were 
regr o uped. This regro upin g LOok th e simple (o rm of 
class ifying th e roc k ty pes acco rdin g to the m aj o r 
pe tro logica l catego ri es : igneo us, m e ta mo rphi c a nd sedi
m e nta ry. Igneo us rocks (g = 1) in th e sample were 
g r a nites, mi g m a tit e a nd ga bbro . Th e meta m o rphi c 
ca tego ry (g = 2) conta ined qua rtzite , pclite. sc hi st, g ne iss 
a nd sla te . T illit es , lim estone, sa nd sto ne, Old R eel 
Sa ndstone, sha le a nd conglomera te were cl assifi ed as 
sedim enta ry (g = 3) . 

162 

r* 
' 11I1(g) 

p * 
sl rll (li t iI ) 

T* 
sl lll ( liliI ) P; IIII (I) 

T* 
sllll(l ) 

82 19 .3 82 35 .4 c~5 

133 38 .7 I 17 3cj·.' 133 
12 1 4S .6 103 38.2 122 
78 43 .7 66 3'L9 83 

106 43 .2 88 34.9 109 
103 45 .1 90 3 1.4 130 

94 44.3 84 35 .5 105 

69 43 .3 63 40 .7 67 
11 7 4 1.3 11 2 38 .9 11 9 

106 36 .7 lI S 35.9 11 8 

Th e i -di stributi on fo r ea ch geological ca tego ry was 
determin ed , f,'om \\,hi ch tb e proba bilit y th a t a g lac ier 
o\'C rl yin g lith o logy 9 is i -t ype wa s ca lcul a ted as 

Pilg = n ilq/nq. The surge pro ba bilit y of ea c h pe trologica l 
grou p \I' as com put ed f'ro m : 

;l 

PslrJ = L Pi:gPsli . 
i = () 

(3) 

T a ble 3 presents the res ults of' th e a bO\'C ca leul a ti ons. If 
th e rock ty pe benea th g lacie rs d oes no t influe nce surging. 
th en Pslg sho uld he roug hl y equ a l fo r each ca tego ry. In th e 
Sntlba rd sam p le popul a ti o n thi s is no t the case. Igneo us 
roc ks ha \ 'e a surge p ro ba bilit y of 5 .1 % . This \'a lue 
ma tcbes th e surge pro ba bili ty for ty pe i = 0 glac iers 
because n o g lac iers fro m a n y o th er i ca tego r y \I'ere fo und 
o\ 'C' r1 vin g ig neo us roc ks. Admittedl y, th e number o f 
g lac ie rs in the sa mple po pul a ti on \\,i th ig neo us su bglacia l 
roc ks was [~lirl y small (T a ble 3 ). \Ictam o rphic rocks ha\'e 
a mu ch g rea ter surge proba bilit )· (27 .5 % ) . The hi ghes t 
surge pro b a bilit y \\'a s fo und fo r g lac in s o \'erl ying 
sedim enta r y roc ks (39 .8 % ) . 

The a bo\'e ana lysis d em,o nstra tes a m a l-ked assoc ia tio n 
be twee n subglac ia l geo logy a nd th e pro ba bili ty of 
su rg i ng. Th ere mi gh t , the refo re, ex ist a geo log ica l 
control o n th e geog ra phica l distributi o n o f surge-t)'pe 
glac iers. T o tes t this h ypo th es is, th e geo logica l \'a ri a bilit ) 
of' eac h m a p sheet was exa mined. The pro ba bility th a t a 
glacie r in map shee t m is res ting on bedrock 9 \\'as fo und 

from PglIII = 11gllll /nlll , wh e re 11.'11111 is th e number of glac iers 
abo\'C rock t\'pe 9 in m a p m . The geo logica ll y predi c ted 

T able 3. Surge /JrobabiliU stalijtics Jor the three 
petrological categories derived fro m the /Jrilll{{l) ' dola set 

Lit/tolagy n.'l Pu °/ 0 Pslg % 

Igneo us 18 3.0 5. 1 

\ l e ta m o rphic 82 13. 0 27 .5 

Sed im en ta ry S l5 8 LO 39.8 
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surge pro habilil\' fo r each map sheet lI"as then ca lculatr d 
from: 

:l 

P:I III (!J ) = L PYilll/\ I!J ' 
y= 1 

(4) 

The map surge probabi lit y predi c tcd b y geo log\' \I 'as 
IOll"es l for sh ee l 1'1. 6 ( 19,3% 1, r\lIth r g laciers o n thi s map 
\lT IT o bse n -ed to be O\'e rl y ing ig neo us a nd m cta m o rphi c 
rocks , In compa ri son, maps C9, CID, C11, Cl2 a nd 119 
had a fJ 'l () of 39,8°;;, (T a blr 2) , Th ese areas \1"(,1'(' Sill Y 
ent ire \\- com p osed ofsedim en la ry roc ks, Figun' Ic sho\l's 
lh a t this gco log ica l a n a lys is is un ab le to id e nlif) ' lh osc 
m a p sh cC'ls " ' hi ch halT an o bs(T\"t'd co n centration o r 
surge-t ype g laciers Fi g, I b , On ly shec t . \ 6 sta nd s ou t as 
a n a rea "ith a 1011" surge proba bi lity . \ 2 ca lcul a li o ns 
ShO\ITd th a t th is map shee l was th e only onc to differ at 
th e 95<1., s ig nifi ca n ce Ie\T I, in terms o r geo log ica l 
n lri a bilil\ ' , rrom th e prim a r y data sc t. 

Th e innu e n ce or geo logy o n th e surge probability ca n 
bc ITmo\Td Iw computing th e p ro ba bilit > r a ti o: 

(5) 

. \ cco rd ing to C larkc and o th ers 11986 . thi s rati o pnJ\' id es 
a measure o r the dilTe-rencc be t\ITe n the ohserlTd surge 
probability a nd th e filClor-predictcd surgc pro babilit\·, in 
thi s case geo logica lh' predicted, The probabi lit y m cas ure r: 1I1(!J) was co mput ed fa r cach map to assess th e 
m ag nitud c of t hc difk re nce bc t\l'cr n ac tu a l a nd geo logi
ca lh, prcdi c tcd surge proh a bilit ies (T a ble 2 L Th e 
III i n i III U m I' a t l 0 11' a so b t a i n e d fo I' S h c e t C I I 
1,.'1 () = 68.8<;( , Thi s m a p had a n ac tual map surge Sill U 
pro ba bili ty o r 27, ~% , H o\IT\TL hecausc all g lac iers on 
thi s Ill a p arc u llderla in b\' sed im enta r y mcks , the 
proIJabi lit\· o f surgin g predicterl h\' geo logy is 39 ,8% , 
Th e ll1 a:-; illlUIl1 rati o was calc ul a led 1'0 1' s h ec t .\ 7 
(I '; liI(yl = 133,2<;\ In th e o rig in a l calc ul a ti o n or {J'IIII 
thi s m ap had th e seco nd h ig h est surgc probabilil\, at 
+5 ,S% , \\ ' h c n geo logy Il as used to predict the probability 
or surging. the \'a lu e fo r .\ 7 dropped lO 3+. 0%, Th e 
cOlllparat i\T h- 10\1' result is du c to a large propo rti o n or 
g lac iers o n this Ill a p be in g bascd on meta m o rphi c roc ks. 
Fig urc Id ill us trat es th e Ill ap prolJa bilit> ra ti os calc ul atrcl 
rrom th e gco logy pred ict io ns. Compariso ll or thi s ligurc 
with Fig ure 11) shows SO IllC s imil a rit y, 

Surge probabilities as s ociated with individual 
rock types 

Th e a bO\T e:-;amin at ion sugges ts th a t subg b c ia l geo logy 
c1 0es halT an inl1ue ncc o n th e probab il it\· o f surg ing , 
HOIIT\Tr, geo log\' can not acco unt filr the geog ra phica l 
dist ri iJuti o n or surge-t>·pc g la c ie rs as sho\l' n b y compar
iso n of Fig ulT I b and c l , Th e a nal \'s is pc rf iJ I'll1 cd a boH' 
co nsidered s uhg lac ia l geo logy in terllls or o n'" three 
pc t ro log ica l g ro u ps. It is poss i ble that b\' g ro u pi ng m a ny 
diflcrent roc k t\' pes into .iu s t threc ca tego ri es sOllle 
sig nili canl informat ion was los t. [ndi\'idual lith o logirs 
proba hh' pla\ a Ill o rc impo rtant rolc th a n p e tro logical 
c la sses in influc nc ing surge-t y p e beha\ io ur , Th is h ypot h
es is was tes teel . 

1 t was d e monstra ted that g lac iers O\T rl y in g scdim en-

H all/iI/olI alld /) Oll'dc,l1ccl/: COlllrn/., Oil glarier .I/lrgillg ill Smlbard 

wry rocks ha\T th e hi g hes t probabi lit \, of be ing surge
t>·pe .. \ ppro:-;imateh· 80% of th e priman' data set \I 'as 
cO lllposed of' g lac ie rs o \T rh-ing sedilll cn l<l r\' rocks , I t was 
co nsidered th a t th e ind i\ ·id u a l li th o logies \I·i th i n thi s 
g ro up pnl\ 'id eel su fli c icnt sa mple nUl11hcrs to .ius tiry a 
sta ti stical ana lys is of the influ c n ce or each, Th e sa mple 
sizcs associated " 'ith the igneo us and metalllorphic g rou ps 
\IT re (00 smal\ to permit a simil a r exam in a ti o n . 

Th e rollowing litllOlogies lITre a nalyscd indi\ 'idualh': 
tillitcs, limcsto n e. sa ndsto nc, Olel R cd Sandstone , sh a le 
and co ng lo mera te. Th e numbe r o r g lac iers lInderl a in b y 
each lithology \I'as d eno ted I7 li<i1 a nd the probahi li l\ th a l 
a g la c ier has a ec rt a in subglacial geo log> \I'as Pl i111 ' On' r 
h a lf the g lac iers in th e sa mple \ITre und erl a in hI' sh a le , 
Limestone was the leas t fre qucn( ly occurrin g rock type, 
Th e i -c1i slri IJUti o n fo r eac h roc k t \ ' p e II'as es ta bli sh eel. Th e 
number of i- type g laciers rest in g o n th at lith o log\' was 
d c no ted l1 iilil lt a nd th e probabil il >' that a g lac ier " 'ith a 
ce rt a in s ul) g lac ia l gco logy is i-typc \I 'as P iil ilh = 
7?iili<i, / nlillt, Th c proha bilit y th a t a g la c ier surges g l\Tn 
it s subglac ia l geo log\ \I 'as th en (o und fi'om: 

:l 

P'ilillt = 2:= PiilitllP,11 ' 
ill 

(6) 

\ ',dll es ra ngeel r!"Om 62 ,:) % for lim cstone (0 35 ,0% lor 
con g lolllera te Ta blc I, . The seel i m c n tan' pet rolog\' or 
each m a p shec t \I 'as exa mined in m o re d eta il a nd th c 
rrequcnC\' or incli\ ' idu a l roc k t y pes n o ted. from \Ihich 
\ 'a lu cs o r Plillt llll "Tr(' cak lll ated . Thi s clea rcd th e ,,'a\ IfJr 
ne\l' es tima tcs or map surge pruha iJilili c, to be pred icted 
li 'o lll th e rn 'ised geo logica l classif ica ti o n using a m o difi ed 
Equation ~ ) . T a ble :z sllmm a ri l:es tl l(' rcsu lt s or thi ~ 
<l n a h 'sis, a nel h g ure le illu strat es th e dill l' renccs h c t\ITt'n 
th e m a p shccts g rap hi ca lh·. 

:'\ C\I' \'a lu cs of the pro IJab ilil\' ra ti o ",I ,II (lit lt l \IT re 
o ht a in cd to com p a rc th e rn 'isccl gco logica lh- pred ined 
s urgc probabilities w ith th e act ua l prob'lbiliti es, T a b le 2 
li s ls th e ca lculated \·a lu ("i. The Ill a:-; imum a nd minimlllll 
rati os \I"('re IClllnd . o n ce agai n. to occu r on map shee ts .\ 7 
and CII. r('spcct in' ly. Th c prohab ility rat ios lIT re pl o tt ed 
I I.' ig. Il'l a nd co mpa red \I 'ith o ther maps showing dilli::rcnt 
m cas ures or surge pro ba hilil Y. 

Fig llrc le sh o,,'s th a t usin g the IT\ 'ised geo logica l 

7 able -I. Sill ;£;£, /Jrobabili~1' :, Iali.l lic\ /Jrr/)({red 1I,Iillg 111 1' 
II'I 'i,led gl'ological c/a.l.liji((llioll Ir/iell/I'. TIII'Jigllrl',IJor Ihl' 
1I/1' lallllJlj)/iic (/lid (£;11(,0111 gro llji ,1 re(/(aill al !}(:!;m' , T Ill' 
addiliollal data 11 'ere ob/ailll'd I~)' ,lIIbdil'l'dillg Ihe 1i11(()logil'l 
(oll//m,l illg 1111' origillal ,1('r/illlflll(IIJ groll/) 

j ,il/iolo,f!, 1' 1I li ill P lil It C% 1),lIi 111 

Tillit c 52 8.S ~ 7 . .1 
I .i Ill Cs to ll e 9 1.5 62 . .1 
S a nd s tolJ(' 61 9.9 50.G 
Olel R cel Sandstone 36 5.9 ~ 7 .,) 
S h a le 337 54 .8 36.7 
C o n g lo lll era te 20 3,3 35.0 
:\I ct<l lll o rphi c 82 13, :3 27 . .1 
Ig n eo ll s 18 2.9 .1. I 

CL 
() 
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Jnumal of (;Iaci%gl' 

c lass ifi ca li on sch eme LO prediCl surge-type be ha\ 'iour 

res ults in close r agreemen l \I'ilh the paltern or ac tu a l 

su rge probahi liti es (Fig, I b ) than does llle origina l 

approach using geo logy (Fi g , le ) , H O\l'c\"('r, il lends lO 

o\T rprcdic l sli g hll y the likelihood or surging in maps BII 

a nd CII , a nd unclerprcdictlhal fix map .\ 7, '\ onelh e le5s. 

it co rreClh- id el1l ifi es sheels .\ 6 a nd B8 as areas \, 'ilh 

eX llTmely 10\1' a nd high concenlralions. respecl iu." h '. of 

surge-lype g' lac icrs, \\ 'hen the rC\'ised probabi lil \ ' ra li os 

a re plolted ( Fig. I f') th ere is sli g ht reorganisalion of' lh e 

probabilil\' di s tribution to a pattern broadly similar LO 

th a l of th e actual su rge probahililies (Fig, I b ). This ralio 

ca nnot , hO\lT\'er , ide n lify map sheCls \I 'ilh C:-;lreme 

\',t! ut's. 

INTERNAL REFLECTING HORIZONS, GLACIER 

THERMAL REGIME AND SURGE PROBABILITY 

Th erm al inslabilities have been cons idered as tri gger 

mechanisms fi:lr g lacie r surges (e,g, R obin, 1955; C larke. 

1976 ). a lth ough they can onl y expla in surges of g laciers 

\\' here lhe re is an clement of' basa l freezing P alerson. 

198 1 . SCIl\ll ( 1969 speculatcd lhal parts of' ice caps in 

eas lern S\'a lbard surged \I'hen an inn Cl' core of' ice at lhe 

melting poinl broke through a n annu lus of' co ld er ice 

frozen to the bed, 

Sch\,tt (1969 ) based hi s h ypot hes is on li m iled field 

dala, Since lhen , more c\'idence has been obta in ed on th c 

lh erma l cha racteri slics or g laciers a nd ice caps in 

S\'albard, :' 1 uch or this in fo rmation has been deriq'd 

rrom the resu lls or radio-echo so unding programmes, ,\ 

persistenl rea lure or man\' ce ho returns is the presence or 

int e rn a l rel1eCling ho ri zons (JRH s) g i\ 'ing the appea rance 

of' two-Ia\'c['ed g lae i('l's. Bamber ( 1987 ) reported the 

prest'nce 0[' con tinu oLls horizons, situated al a depth or 

100 200111 belo\\' the ice surface, on approxima te ly 60% 

or the g lac iers sunTyed by the SCOll Polar R esearch 

Institu le in 1983, The dis tr ibulion of' glacie rs \\' ilh such 

horizons cx hihit s a clear geog rap hi ca l trend ( Bambrr, 

1987; :'I aehere t and oth ers, 1991; Fig, 2). \I'hi e h Bambcr 

( 1987 ) a ttributed to \'a ri a li ons ill climate O\Tr lhe 

archipelago , 

T\\'o-layered g lac iers are in fe rred to ha\ 'e a sub-polar 

thermal reg im e character ised b\' cold surface ice O\'Cr

lying tempera te basa l ice (also ca ll ed a poly the rm al 

regime by Blaller and Hutler 1991 ) .. \n IRH marks the 

boundary bet\l'('en th e two cond itio ns. Th ermistor 

measurements in boreholes in se\'eral S\ 'a lba rd g lac iers 

support thi s h YPol hes is ( H ag-e n a ncl Sc.e tra ng, 199 1; 

H age n, 1992; Od egi\ rd a nd others , 1992: Bjo rnsson and 

others, III press ) , Borehole temperature measurements 

enab led Ho lmlund and Eriksso n ( 1989 lO make a similar 

interprctalion [or th e presence or a rell ec ting horizon in 

radar SUnT\'S or SLOrg l aci~iren, northern S\I-edcn. Thl' 

conncnion bet \\'Cen I RH s and a t \I'o- Ia yered thermal 

st ructure has not. hO\l'C\'Cr. becn shO\I'I1 beyond doubt. In 

most of' the abO\T studies , temperatu re measurements 

were nOl made belo\\' the depl hs or th e [R H s; the 

presence or wanner icc at clepth \\'as basecl on ext rapola

lion. 
Vu, Va. :\ [ac heret persona l communicat ion, 1991 ) 

prO\'ided in rormation. obtai ned during Russian raclio-

, Glac!ers possesslng a continuous IRH 

50 100 , 
km 

Fig. 2. I.oralioll ~l glarier,l ill S1'(/lbard where illlerllal 

rr:J7erlillg hori::,o llJ ( I RH) hm'l' bem rerorded durillg 

radio-erho ,I Ollllriillg , The da,l hed lillfJ slIlJll' erho-Jolllldillg 

flighl /WI!J.I , Based 011 Halllber ( 1987) allrl .\[{[cherel allrl 

o/hl'J'.I' ( 1991 ) , 

ec ho so unding programll1es, on the lhermal regime or 136 

glac iers in S\'a lbard, Se\'Cra l of the ice masses in hi s 

sa mple a rc included in the primary data se t. although . in 

add i tion . lhe Ru ss ian sam pie con tai ns g lac iers in nonh

cas t Spilsbergcn and !\'ordaustlandcl. 

:'J acheret organised hi s dala se t in t\\'o \\,ays, First. h e 

\\'as able to classi ry mOS l of the sam pie g laciers acco rcl i ng 

lO th erma l regim e o n the basis of radio-echo sounding 

resu lts (cC :'I ac he ret and othe rs, 1993 ). Th e three 

ca tego ri es of thermal regim e used are "cold", " I'{' la 

ti w' ly \I'arm" a nd "t\l'o- Iaye red", co rrespond ing to polar, 

tem pera le and Sll b-polar (polythennal) th erm al regi mes, 

respeCli\Tly, For a fl'w g laciers, a thermal regim e co ul d 

not be specified , g i\ 'ing a fourth categon', Seco ndl y, 

t-.J ae here t organised hi s data into a dichotomous surge 

classification scheme in \\'h ich g lac iers \I'Cre eit her surge

lype or normal. This was done us ing information reponed 

by Li eslol ( 1993), \I'hi ch li sts as surge-type on ly those 

g lac ie rs \\' hi ch !Jm'e been obsen'ed to surge this cent ury. 

It is likely that some of' :' Iacheret's ' norm a l' g lacie rs arc 

actua ll y surge-type hut \\'ere not inc luded in Liesto l' s li st 

because th ey ha\T not been obsen'ed to su rge , 

Using \J ache re t' s sample population \l'e \\'e re ab le to 

do a simple anah-sis of the relationship bel\\'ecn surging 

and thermal regim e, The probabi lit y that a g lacier in the 

Ru ss ian sample is surge-t ype is P' IRII"iall = 23.5%. This is 

less lhan the p, = 36A% 1'01' the p rim a ry data set, 

probably because the Ru ssian sample conta ins surge

lype g laciers incorrecl ly class ifi ed as normal. Th e 

probability that a g lacier is surge-type gi\'en it s thermal 
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regllllc \I'a, estimateci as /i.'llu'",,, = ",11" '1'1"/1111",,.,,,. \I·here 

lI' illu 'l'lll is the number orsurge-type g lacicrs. and IIlil('I'I" is 
the total lIumiJer of' glaciers. in a particular thermal 

category. Table 5 summariscs the clat" and the result s or 

thi s simple anah's is. ;\otc that t" 'o-Iayered sub-polar 

g lacicrs halT the greatest probabilit> of' being su rge-tl pc 

I 1·5.7'1., ). \Jcglcnillg g laciers II 'hich cou ld not be c lassified 

bl thermal regime, cold glaciers halT the second higllest 

surge proballi lit ,. but thc li gu re is much 10\\('1' 13 .2 % . 

T Clllperate g laciers h alT 1,.3 110 proiJahility oflH'illg surge

type. The proportion or tll 'o- laITITcl g laci('J's ill the 

Russ ian sa mple is 65.6°'0. II hich is consistent \I·illl the 

proportion 01' t"o- Iayered glaciers in a sa mple reportcd 

hI ' Bamll('J' r 1987 1. 

Table .J. SIII!',e /)I'o/;olilll()' IloII.IIIC.1 .fi)l' lite RII-I ,IIal/ 

,\{flll/i/l' ( r/alaji-olll ) '11 . ) f!. .l/ocitl'rel. /)l'rSOl/O/ roll/I/IIIII 

I(({IIrlll. 11)1)1 ) 

'/ lIe,.,,/(// rr'''IIIII' 
,~ 

11 11 .... I ill 'rllI P:-.lltnll! 

C:old 3H ;) I ~1. 2 
' I' wo-I a ycred It) 21 15.7 

Rdatil 'l'h' II'arm 2:3 I 1. 3 

:\ ot spec ilicC\ 2c) .) 17.2 

'1., 

Thc possillilit" that PITI 'IOUS s lIrg'cs han' altncd thl' 

thermal regimc ol'soll1e g lacins. causing. Illr example. the 

nOIl-appea rall(T 01' rc/lecting IHlrii'.o n s ill selT ral g lac icrs 

in the sa mple. h ~I' lIot beell cOllS idered here. Th erc is also 

.1 poss ihilit> that the ()CCUITC IH,(, of' lRH s is Iength-rdatcd. 

H agen and S~l' tral1g 19 ~) 1 reported that 1l~ \I , occur 

more f'rc<Jucnth ' in long g lacicrs thall ill short ,~Iacil'l's. 

l ,c lI gth is , ho\l'1I la tcr to I)l' ass()ci' l tcd \I 'ith increa sed 

,urge prollaiJilitics. The potelllial Ilias introdul'ed hI 

kngth illto th e rclatiomhip or I RH s and s ur,~ing has not 

blTIl r<: IlI OITd ill t hi s stud\,. 

T II'o l'xplallations Ill ight accuunt li)r the stati s tical 

rclatiomhip bctllTcll t\lo-Ialncd ,~Iaciers and sl lrgc-t"pe 

glaciers. Onc i Iltnprctat i()1I i, iJa ;.cd Oil thc oiJsclYa t iOIl 

IJY [-Li gclI and Sa' t ra n~ I I :l91 of' <Ill l'nglacial c ha nncl in 

. \U SliT BroggeriJrccn. S,·a ll l.lrd. at .1 depth corre'pollding 

to a mea s llred rcllecting horizoll. B' lmiJer I c)87 

suggestcci Ihat the preSl'IlCT or ('ok\. iIllJltTllll' ,liJlc icc 

al)()l't, ,1Ild 1I.lrIlHT. more ptTmcaiJle ice iJelclII might 1)(' 

illlportant in controlling thc ITrt ical positiOIl or IIll'Sl' 

l'llg l<l l'ia l l'ondll it s. \\ ·c· sugges t that during the quiesCl'nl 

pha sc or a !1I'O- I,IITrcd surgc-typc g lacil'l' a largc 

proport ion 01' 11.1 tn d ra ill s through cllglarial ('ha nllcl s. 

H a milton 199:2 Icltllld li llk CI 'idcllce or slI iJg laci. i1 

clrainagT iJenea!h Bju I· IIJ'lTIl. a (lu ics(Tllt surge-type 

g lac ier in SI·a ll lard. Engla (' ial challllels a lT mainta ill cd 

hI' a balance \)ctllcc'n rrictiona l hl'ating orthl' ice 11 a il s b> 

nOIl' ing 11 atlT allC l crecp c losure caused hI' internal 

dcll))'m<ltioll or the g lacier. as suggl' s tcd h\' Riitllli "I)('rgTr 

1972 .. \ s a glacier approach!'s its act in' p hase. increascd 

O\'er llLlrden pressure and cnhanced creep c\elcJrlllation 

might s Ul'('cec\ in c los in g the l'llglal' ia l c hann e ls. \\ 'a ter 

11 ill he c\rilTn dOli n through the permcable IOller lanTs 

lIalllillrJII (Il1rf D rl1l'r/l'.lil '('//: (;r)//Iro!.l Oil g/(((Icr .\II(/.'.IlIg III Sm//;orrf 

or the g lacier anc\ cou ld accumulate at the Ilasc lI 'h(')'e 

therc are 110 ellicient drainage pathll·;)I·s . . \ linkec\-C<ll ' itl ' 

drainage " 's tCIll Illigh t dn'elop Kamb , 19H7 1 o r 

IInlithified s ullglacial sedimcnts could bcgill to dcliJrlll 

Clarke and others. 198 1 . both or \I 'hi c h arc suggC's tcd 

surge mC'chani sm ;. . . \lt ernatin'ly. the lIat(')' Illight 

acc umul ate in l(lIITr ice s trata Ieadillg to a n increase in 

crcep dc/ilrlllation. This explanatioll does not aeh-ocate a 

thermal insta bilitl' mechanism li))' surges. lIor docs it 

imply th at 0111> glac iers lI 'ith a t\lo-Iayered the rm a l 

struCllllT are able to surge. In stC'<ld. the prese nce ora tllO

la yered therma l regimc S(TITS to "cncour,lgc" su rg ing. 

rathn than bl'ing the priman' causC'. 

C. K. C. C:larke perso nal u)mlllun i c~lt i oll. 199 :3 ) 

o Ili: rs an a ltematil'(' explanation [ilr the link bet\lTen 

IRH s and surging. H e notes that IT r y high subglacial 

1I' ;llcr pressurcs cOll1lllon '" associated w ith an i,'C ly 

,urg in g g- Iaciers cause ice CJuakes. These C\'('llls C)'C<1te 

Ilctllorks of'smalllilldt planes. Impurc basa l lI'ater unci er 

high press ures Jlropag~ltes up\l'a rd a lo n g thesc lilult s but 

rrCTZeS quick'" IlccausC' or th e co ld surroullding ice. The 

upper limit or water propagatioll appears as a dielectric 

Ilouncl<il'\ in raclio-ccho so unding prof iles due to the 

pr('s(, I)( ,(, or impuritie" l'ar ri ecl up li 'om the \)ed. Thi s 

cxplanation implies that I RHs a rc a product or g lac in 

su rges :t ll d not a ca us(' or s urgcs. 

\\ ·c arc unable to ('I';) lu<lt c 11 hirh C'xp lanat ion is more 

likch- . Il(TaLlSC ol'thc lack ordetailcd. long-tlTm studics or 
surge-t> 'IX' glacins ill S,·a \l lard. 

INFLUENCE OF GEOMETRY AND 
TOPOGRAPHY ON GLACIER SURGING 

, 'ari()L1s nlllrphom C' trir .Incl top() ,~raphic parameters 

associ,ltcc\ 11 ith cach glac in in the sa mplt- population 

\ICIT .lIla ll·zcd to dctCJ'm in c \I'll('ther an\' or the-se filctors . . 
arc relatcd to t ill' OCCU ITClH.'C 01' surging'. The- pa ramctlTs 

allal~ zcd liTre- !!;Iac in Iellgth. cln'ation allcl slope. 

oricnt,ltion .l lIcI the p rc,cllcc or .1I)se ll ('e or tributar ies . 

The oll ly lilc tor lI'hich SI]() IITc\ a qat ist ica l re la ti o n"hip 

11 it h s u rg' i n g 11 as g lacin ICllgt h de,cr i l)Cd 1)('lcl\\ The 

alla" ,es dCll10ll strated that surge-I> pc ,~ I acicrs do 1101 

halT spn'ia I 1,ll'I·.1 tion. s lope. oril' lll a lion or tri buta 1'\ 

requirelllcnt s H am ilt on. 1992 1. Similar cO Il l' lu siom liC IT 

rcachcd b,' C:I<II'ke and othcrs 19H6 in th ei r SlLlC" or 

Yukon ,l!; lacins. 

The influence of glacier length 

Clarkc alld others 199(j 1(IU ll d that surge p)'()llal)ilit~ · 

inLTca se c\ lIith g l'lrilT length in th e ir Yuk on sa mple 

pOJluLltioll. a lthough the g laciologic;J\ sign ili calllT of' th is 

dis('()I'('I'\ ' 11 as IIOt appa rcllt Ral·monel. I qH7 . Th e 

PITSl'llt a nall sis testeel th e hlpothcsi s th"L in the 

SI 'a lbarc\ C\;I);I 'Cl. long g larins halT an incrcascd 

proba llility or Iwing surge-tl pc. 

\cc mas,scs in Ihe SI 'a \l larcl S<l lllple p opu la ti on h 'I',(, 

lengths. L. in the r<lnge 1.0 > L :::; :3G kill. Th ese gLlcins 

\1(')'(' or,~an i s('d into onc or ninc Iellgth hill S (klincd h> 

I'arious length limit s T able 6 . Th c prohabilit " that a 

glac in w ill lilll into hin I. PI. \I 'as calculated li'olll 

PI = 111 / 11/. \I hlTC III is the lIumher or g laciers in that 
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Table 6. Lenglh limits Jor each of the Lenglh bills, Ihe 
/Jrobabilil)' Ihal a glacier ill Ihf .ram/Jle /JojJlllalioll leill Jail 
inlo a givell bill alld JllIge /Jrobabililies Jar each lenglh bill 

' _fIIglh bill . 1 Lmglh Limils km Pi 0/ 0 Psl l % 

1 ~2 1+.1 20 . "~ 

2 2 3 25.7 27 .9 
3 34 20.7 36.2 
4 4 5 10 .9 32A 
5 5~6 7.8 37 . 1 
6 6~8 7.6 +2A 
7 8~ IO 3.9 50 .7 
8 1 0~ 1 5 5.4- 50 .8 
9 1540 3.9 75 .1 

leng th bin. Fig ure 3 illu stra tes th a t g lacie rs ha\'e th e 

hig hes t p ro ba bility of fa lling in to bin 1 = 2(2 < L ::; 
3 km ) . 

<f!-

~ 
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Fig . 3. Dislribulioll qf glacier lellgths Jar the Sz'albard 
samjJLe /lo/)ulalioll. PIal/er! mllieS re/Jreselll tlte /nobabili{J' 
thal a glacier has ceria ill lellglh lilllits . 

9 

.\' eX l, th e innuence of g lac ier leng th o n the pro ba bility 
of surg ing was exa min ed. Th e number ori-t yp e g laciers in 

each le ng th bin. nil l was es ta blished a n d, fro m th a t, th e 

proba bility th a t a glac ie r in hin 1 is 'i-typ e was found [i'o m 

Pill · = 'n iltlnl . The g lac ie r surge p ro b a bili ty fo r eac h 
le ng th bin was th en computed using th e express ion: 

:3 

Psll = ~ PillPs li . 
i= O 

(7) 

If th e re is no rela ti o nship bet\\'ee n g lac ie r lengt h a nd 

surging, th en Psll sho uld be ro ug hl y equ a l fo r eac h leng th 
bin. Fig ure 4 illustra tes th a t thi s is no t th e case . Instead , 
\I 'e o bse'!'\'c a ll a lmos t m o no to ni c up ward trend in th e 

p ro ba bilitv or surg ing \I'i t h increas ing g lac ier le ng th. 

\' a lues o f P"II ra nge fro m 20.4% for 1 = 1 to 75 .1 % fo r 
1 = 9 (T a bl e 6) . Thi s trend sugges ts tha t , in th e sa mpl e 
pop ul a ti on, lo ng glac iers have a g rea te r pro ba bility of 

surg ing th a n do sho rt o n es . The a na lysis d oes not reveal 

di stinct p eaks of p .. l/. This could ha \'C bee n th e case irsh o n 
g lac ie rs surged by onc m ec han ism a nd lo ng g lac iers b y 

a no th e r. Th e res ults o bta in ed using th e Svalba rd da ta se t 
a re simil a r to th ose obta ined b y C la rke a nd o th ers ( 1986 ) 

fo r th e Yuko n g lac ier po pula ti on , a lthoug h Pos t ( 1969 ) , 
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Fig. 4. II/fluence oJ glaCIer Length 011 Ihe /Jrobabilil)! oJ 
sllIgillg . T here is all almost 17101/010llic increase ill SI/Ip,e 
jJrobabiLilJ' wilh glacier Lmgllz. indicaling llial long 
glaciers are much more Like£v la be slllge-I)I/lf . 

• 

using a mu c h sm a ll er d a ta se t, fo und no qu a litat i\"(' 
re la ti onship b e twee n glac ie r leng th a nd surg ing . \\'ee rt 

m a n (1969 ) d e m onstra ted th eo re tica llY tha t surges were 

m ore likely in la rge g lac ie rs (ro ug hl y > 10 km lo ng ). 
Acco rdin g to \\'ee rtm a n, g lac iers draining a la rge a rea 

wo uld be a ble to acc umul a te a la \T r of subg lac ia l wa ter 
thi ck eno ug h to redu ce bed fricti on. 

The rela tio nship bet\I'ce n g lac ier leng th a nd surging 

m ay be a p roduct of th e sa m p ling process . It is unlikely 

th a t surge-ty p e fea tures a ssoc ia ted lV ith lo ng g lac iers 

("-'> 6 km ) w o uld go unl-eco rd ed. a ltho ug h it is co n
ce i\'a bl e th a t s imil a r charac te ri s ti cs on sho rt g lac iers were 

m issed during o bse n ·a ti ons. If so . \I e \I 'ould ex p ec t a t leas t 

75 . 1 % o f th c g laciers in th c sa m ple popul a ti o n to be 
surge-type . Thi s is alm os t d o ubl e th e li g urc ca lcul a ted 

fro m th e o ri g in a l dat a . It is unlik ely th a t such a 
co nsidera ble number of sh ort surge-type g lac ie rs we nt 

unreco rd ed. The refore, it is concluded tha t le n g th does 
influence th e pro ba bilit y o f surg ing . 

H thi s conc lusion is co rrect , it sugges ts th a t th e 

co ncen tra ti o n o f' surge- ty pe g laciers in certa in geograp hi
ca l a reas could be a fUll ctio n o f th e di stributio n of long 

g lac iers. W c n ow il1\'es ti ga te th is possibility. 

Employing th e notat io n u sed ea rli er. nllm is d e fin ed as 
th e numbe r of g lac iers in le n g th bin 1 in m a p shee t 111. If 
n lll is th e number of glac iers in a gi\ 'en m a p sh ee t, th en 

th e pro ba bilit y th a t a pa rtic ul a r glac ier in m a p m is in 

bin I is P/lm = 1L111II /nll ,. Th e leng th-predi c ted surge 
pro ba bilit y for eac h ma p sh ee t can thus be calcula ted 
from: 

9 

P:llII{I) = L P/llIlPsl1 . 
/= 1 

(8) 

T a bl e 2 li s t s the ",liu es of Ii' ng th -predi c ted surge 

pro ba biliti es fo r eac h ma p sh eeL. It ca n be secn th a t th e 

\'<ui at io n in P:IIII(I) betwee n th e different a reas is no t grea t. 
Th e ca lc u la ted \'a lues ra nge fro m 3 1.4% [o r sh ee t C9. 

whi ch has a la rge propo rti o n o r short glac ie rs . to 40. 7% 
fo r ma p e ll , which has a la rge pro po rti o n of long 

g laciers. Th e ICll g th-pred ic ted surge pro ba bi li ty for th e 

prima ry d a ta se t was 33.3%. Th e l-distributi o n fo r eac h 

ma p shee t was a na lyzed using th e X2 sta ti sti c . This tes ted 
th e null h yp o th es is th a t th e l-di s tribution fo r a parti cul a r 

ma p shee t did no t diffe r sig nifi cantl y fro m th a t for th e 
prima ry d a ta se L. At th e 95% sig nifi ca nce level , shee ts A6, 

C II , CI 2 a nd D9 had diffe re nt l-distributio n s from the 

prima ry sa mpl e, bu t fo r diffe re nt reasons. Sh ee t A6 has a 
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hi g he r numher of g lac ie rs in hin I = -! a nd a defi c it in hin 

1=5. C II h as ~ I ig ht h- m o rc g lac iers in hins I > 6, and 

C I 2 has a g rea ter propo ni o n of" lll id-leng th g lac ie rs. \I a p 

])9 is c h a raCle ri sed b y a n o ti cea b le peak o r g lac icrs in b in 

1=9 H am il lOn. 1992, p.68 ). \l a ps w ith hi g h \ 2 
percen ti le \'a lm's a rc not n ecessa ri lY those w ith CO I1lTn 

tra ti u ns o r surge-t \'pe g lac ie rs. f o r t'xa l11 pie . sh t'e t 1)9 is 

a n a rea \I' ith a n a p parent d efic it or su rge-t )'p e g lac ie rs 

!-'i g . 1 b ) . dcs pit e it s f;\\ourable I-d ist ri bu ti o n . I n 

add iti o n , map 138 has a la rge Iengt h-prcdi Cled co nce ntra 

tion or surgc-t\'IJC g lac iers, h u t \ 2 ca lcul a ti o n s d o no t 

suppo rt th e h ypo th esis th a t it has a sig nifi cant h- d ifTcrc ll [ 

I-d is tr ibuti o n f"rom th e prim a ry sam p le. F ig ure Ig 

ill us tra tes th e gcogra ph ica l di stributi o n or P:IIII(I )' This 

fi g ure sh o\l 's that the re is so m c rco rganisat io n in th e 

d ist ributi on or "surge clus ters" \I·hen le n g th is used to 

pred ict p ro b a hili t i('s. cO l11 pa rcdlO the a ctu a l p ro ba bil iti es 
fi g. 11) , . 

Th e influ c n ce of le ngt h o n th (' surge pro b a bili ty ca n 

be IT nw\'Cd b y computin g th e pro b a bilit \ · ra t io : 

(9) 

Th cse \ 'a lues a rc com pa red ill T a ille 2 . Th e ra ti os ra nge 

rro ll1 a hi g h o f" I :n'% fo r map A 7 \I' h ie h h as a numlJl'r o f 

short g lac iers \I'hi ch a rc surge-t \'pe, to a 10 \1' o f +.'i'Yt, fc) r 

.\ 6 \I' hi c h h as se\Tra l lo ng g lac iers \I 'hi ch a rc n o t surge

t\' IX , " ' h e n th e rat ios a rc pl o ll cd grap hi ca ll y F ig, I h 

th e re is a rcdi strib u tio n or th e a lTa s \I 'h u c surge-t \' IK 

g laciers a r c c1 ustc red. r e la t il'l' to Fi g ure I g, T h is 

reorgan isa ti o n prod uccd a b road'" sim il ar pa tt e rn to 

that li) unci lI' hc n o ri g in a l \'; t1u es Or p'lllI liT re p lo tted F ig , 

I b Thu s, th e a reas " 'i th th e hi g hes l COI1lT n l ra ti ons of 

su rge- t \ 'lw g lac iers. ca lcul a tl' ci lI 'ilh Ih e le ngt h influ l' ncl' 

rCIllOl'Cd , a rc .\ 7 a nci C9, S urge pro lla b ilit \ , a lso rema ins 

h ig h in m a p sh cc ls 13 8, C: 7, CI O. C I'2 ;lllcl 1)9. Ir il lf' 
\ 'a ri o us Ill l'asu rl'S of' surge tl' ll de nl'l' fil l' eac h m a p a rc 

ra n ked rT a lJIe 7 ). th e sa m c m ap shee ts appea r in the to p 

fi\T or iJo th IJ' IIII a nci /':Ifff' a lth oug h ill s li g htl y d ifferc llt 
o rdn, Th e S pearma n 's ra ll k correla li o n codli c ien t fCl r 

IlsllIf a nd '<I IIf (I) i ~ 0.867 , I II con tras t. Ih c co r re la lio n 

coe lli c ic lll fc) r PSIIII a ll ci fJ~ I III(I ) is u n'" n,Og l, i Ilci ica t i ng a 

ITI'I IITak co rrelat ioll bctllTe ll the aC lu a l and le llg th

pr('di ctl'd surge pru babilili cs fc) r eac h m a p sh el' l. \\'c 
co nc luci e th a t g la(' i('l' le n g th C; IIlII Ot I'u l'" (':-; pl ;lin Ih e 

Ob~l'J'\T ci concelllra t io n o r surgt'-I \, IJ(' g lacier s in cc rt a in 

ma p shee ts , 

SUMMARY 

T he lI'o rk ciesl'1' ibcd III t hi s p a per rn'Ca ls sClT ra l 

l' haral'ln iSli cs o f' su rge- ty p e g lac ins 111 S \ 'a lba rcl . T hese 

ca ll I)l' s UI1lI1l ;l ri scd as f(l ll ows : 

Th e p ro po rti on or surge-t y pe g lac ie rs in th e sa III pie 

pop ul a ti o ll is rc la ti \'(' ly h ig h , a l :1G,+":", I I co n tras ts 

w ith a lowc r ~urge pro h a bili ty of' 6. ~% [illln el fC ll ' 

g lac il'1's in Ih e Y UK OIl (C la rke a lld o th l'1's , 1986. 

ill dica ti ng th ;l t cOll ci it io n s f;I\ 'o ura b lc fCl r s urg in g occ ur 

l110 re f'rcq uc ll t '" in S \ 'a ll );t rcl. 

Ce rt ain areas o f' th e a rc hipe lago ha\'(' hi g hn th a n 

a\ 'c ra ,!2,'(' co nl'l' lllra ti o ll s o (' surge- tYJle g lac ins, lI'h ile in 

/JalJlillol/ alld DOl, ,deS/( 'ell: C:ol/lroi.l Oil glacier ,11I1}!,il/g ill Sl'albarri 

7 able 7. f ·ario/l.)' 1II('(f.l Il},('S 0/ ,I/lrge /Jro/Jabili{)' , arrallged 
~)' 1//(//) sltNI and milked ill o)'der , wilh grealesl jin/. 
(;olll/)({ri!>Ii // if lite (0/ 1/1111/,1 headed PS", al/i! <1

11
'(/ ) Slt Ol.l'S 

IIial 1/1(' sallle lIIa/) ,lIieel,1 0((11)' ill Ihe 10/) .fil'e Q/ bOlh. 
allhollglt lit e o)'da i,l ,II/j"ltl[r dUlfm/l. : f Sjmlrll7an ',\' ral/k 
correlalioll coefficienl 0/ 0.87 ./or Ihl'se 11"0 (0//1 III liS 

ill dim 11'.1 slalislica!/)' Ihal Ih~) ' (Ire l'e l~l' sillli/a)' 

Rallk PSI III p' + ,, (/) 
T * ,Ifff(/) 

138 CI I A 7 

2 C 12 C I 2 C 9 

3 . \ 7 138 138 

D 9 ])9 C I 2 

.5 
6 

7 
8 
9 

C9 

C 7 

C IO 

1311 
C I I 

CIO D 9 

.\ 6 C 7 

C: 7 C I O 

1311 1311 

. \ 7 CII 

10 . \ 6 (:9 A 6 

o th er a reas sLlrge- t\'pc g lac ie rs a rc ra rC', Thi s non 

ra nd o m ,!!,'Cog r a phica l d islribut io n is a loca l re fl cCl io n 

o r a g lo ba l p a It c l'l1 , 

Faclo rs su c h as g lac ier slo p c, e le \'a li on, o ri e n tal io n 

and Ih e p rcsc n ce o r a iJscncc 01' trib u taries do n o t h m 'e 

it sigll ifi callt influ ence on th e p ro ba b ilit\, of's urg ing , 

T h('se find in gs agree ", ith C la rk e a nci o th ers ( 1986 

a nci Pos I 19(9 ), 

Clac ier le ng th lI'as ICHln d to h a\'(' an inll uc nce o n th e 

pro ba bilil Y or surg ing, in agn'c m cnt " 'ilb C: lark c a nci 

o th er, I ~ ) 8G. R cce nt \I 'o rk b\' C larke 199 1 , 

co nfi rmed Ih at. of' length , s lope a nd lI'ielt h . leng lh 

\I '<IS tit e ci o min a nt \'a ri a ble co rrel a ted \I 'ith surg ing, 

a ncit hat slo p e a n elll'idt h influ cnl'es liT re d e ri\ 'Cd from 

this assoc ia ti o ll. L eng th b )' it se lf" \I'as no t comp le te '" 

succcssful a t pred ict ing th e loca ti o ll o r sLlr,!!,e clu s ters. 

Th is m ust be th e case, sill ce n ot a ll lo ng g lac ie rs in 

S \ 'a lba rci a r c of" surge t\ 'pe. FUl'lh ('l'm ore. th e re a re 

lo ng g lac il'1's in th l' Eu ropea n .\I ps. thc ;\ e ll Z ea la nd 

. \I ps and t h e C:oas l \I o unl a ins or Brili sh C:o lumbi a, 

a rcas I\'h('l'c s urgc- type g lac ie rs do nOI occ ur , 

Gl acie rs posscss in g a n inte rn a l re fl ect ing it o ri /.o n In 

ra di o-ec ho so undi ng pro fil cs h alT a n e lc\ 'a te cl pro b

a bilit l o r b c in g surg('-t)' p e. lR l-I s mi g itt b e a n 

in ci icat io n o r a sub-po la r th e rm a l reg im e , On l' 

int erprcta ti o n I S tha t Cl sub- p o la r Ih n lll a l reg ill1 c 

co ul d SC I'\ '(' as a ki nd of' CIIl'O U rage ll1 l' nl lO a g la c ie r 

a lrcac" c losc to bei ng surge-t ) pc, .\ n a ltc rn a ti\ 'C 

interprCl<1 ti o n is th a t su rgcs ca u se ,I g lac in to c1 c\ 'c lo p 

a ll IRI-I , 

Th c pro b a bili t\ , o f' surg in g is gr ea t'" inCTcased ft) r 

g lar in s und er la in b l' scd im e n ta r y rocks, This co nn cc 

ti o n bc tll('C n li t h o log) ' an ci surg ing lI'as firs t proposeci . 

Clu a lit a ti \'C " ', b y Pos t 119(9 ) . Furthe r c\ 'id e ll cc o r a 

geo logica l cO lltro l o n g lac i(T surg in g ",as p ro \'id ecl b y 

\\ 'c idie k 1 99~ I w ho noted th at sm gc-I ype g lac ie rs in 
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ce ntral \, 'es t Greenland occur on predom in ant ly 

basaltic roch. The inter pretation is that some 
sed im cntary rocks, and ot he r so rter rocks. a re eroded 

to fC)rIn potel1lialiy de[o rm able beds. Thi s supports 

su rge ll1echa n isms in H)h-ing ddorm ing beds (e.g. 

.Tones. 1979; Clarke and othe rs, 1984 1. The geo logical 
data used in this st udy \I'ere not detai led e nough to 
id entify \I'hich particular lith o log ies are most related 

to su rgc-type glac iers. 

i'\one of the factors anah'zed in conjunction w ith 

surging of Syal ba I'd glac iers was able to e~p l ain . on its 
Oll"n, the di st ribution of surge-type glacie rs in the 

arch ipelago. This impli es th a t surging is probabh- a 
product of more than onc environmental cond iti on . 

Th e comb in ation of facto rs res pons ible for g lac ier 

surging might be better id entifi ed in a mu lti \ 'a ri ate 
statisti cal analysis. 
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