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ABSTRACT. Bl ac k R a pid s G lac ie r , a surge-t\' pe g lac ier in t h e . \I as ka R ange . 
m os t recentl y surged in 1936 37 a nd is c urrentl y in it s qui escent ph asc. \l ass ba lance. 
ice \"C loc it y a nd thi c kn css cha ng'e h m'C becn nlC'<ls urcd a t three to ten si tes fro m 1972 to 
199 1·. Th e a nnu a l speed h as und e rgo n e cycli ca l flu ct u a ti o ns of as mu c h as 45'Yc, abo ut 
th e m ea n speed . l ce thi c kn ess a nd s urf ~l c(' slo pe d id Il o t c ha nge enough to cause th e 
sp eed flu ctuations th )"() ug h cha nges in ice d efo rm atio n. \I 'hi ch indica tes that th e) arc 
b e in g d ri n' n IJ\ cha n ges in basa l m o ti o n. The be ha\' ior o f' Bl ack R a pid s C lac ier dur ing 
thi s qui esce n t phase is sig nifi ca n t" · di O<-re nt fro m th a t of \ ' ar iegated G lac ie r. anot her 
\\"C II-s tudi ed surgc- t\ 'pe g lacier in . \I as ka . The p resen t m cdi a l-m ora in e con fi gu rat ion of 
Bl ac k R a pids G l:l c icr indi ca tes th a t a surge co uld occ ur a t a ny li me . H owc\"C'\". ice 
\T locit y d ata indica te th a t th e nex t surge m ay not be im min ent. \\'e bc li l'\"C that there 
is li ttle c h a nce that th e nex t surge \\ 'ill cross a nd cl am t h e D elta Ri \Tr. 

INTRODUCTION 

!\ surge-t ype g lac ier li es qui escen t fc)!' d ecad es, gro \\<in g 

stee p e r a nd acc u m ul a ting m ass in its ice resen'o ir a rea in 

pre para ti on fc) r its n ex t su rge I \ Icie r a nd Post. 1969 I . 

Co n sid era b le d ro rt h as gO ll e in to s tudi es 0 [" it fc' \\ ' surge ­

ty p e g lac ie rs durin g th e ir qui esce nt ph ases a ll d d urill g 

th e ir surges. Onh- \ 'a ri egatecl G lac ie r in rh e S t Eli as 

\l o unt a ins o f Al as ka, \l ech-ez h i\' g lac ier in th e Pa mirs or 

T a d z hiki sta n , a nd \\'es t Fo rk G lac ier in th e . \I as ka 

R a nge ha \"C bee n qU il ntit il ti n' ly o bse l"\ 'cd fo r ex te nd ed 

inte lya ls be tween a nd d uring th ei r surges I D olg ushin a nd 

O sipo\'a, 1975 . 1978 ; Bindsc had lcr a lld o th e rs. 1977; 

K a lllb a nd ot he rs, 1985: R a\ 'mo nd a nd H a rri so n , 1988; 

H a rri so n a nd oth e rs, 199"t l. 

Thi s p a pl'l" prese nt s a :24 year data set of ice \T loc it y . 

ice t hi c kness change a nd mass ba la n ce ga th ered fro m 

1970 to 1991 du ring th e prescllt, o ngo ing qui escent ph ase 

of Bl ac k R ap ids Glac ie r (Fig. I ) . a surge-t \ 'pe g lacie r in 

th e . \ Iaska R a nge . H e re wc d istill a nd inte r p ret th e da ta 

publi sh ed I)y H e inri c h s a nd o th l'l"s ( 1995 ), \\'hi ch conta in 

a full compil a ti o ll o f" th e o bsc'\"\'a ti o ns o f th e g lac ier m a cl e 

b y th e L" .S. Geo logica l S Ulyey a nd Cni \"(' rsil Y of :\Ias ka 

f a irba nks. In the a n a lys is here, th e effec t of m ass b a la n ce 

o n su rf ;\ce e!c\'a ti o n is co n sidered , a nd . usi ng o bsc lya ti o ns 

o f g lac ie r geometry c h a n ge. ice-st resses ca lcul a ti ons a rc 

made in an attempt to unde rsta ncl o bse n -ed \ 'a ri at io n s in 

ice sp eecl ill terms of in te rn a l ice de fo rm a ti o n a nd b asa l 

m o ti o n . 

Bl ac k R ap ids G lac ie r m os t rece ntl y su rged ill 1936 37, 

a ncl h as a n cs tim ated surge pe ri od of 50 75 \"Cars. Th e 

11 0 

estim a te is based on the fo ll owing n ·id e n ce . Firsl. illr 

pho tos sh o \\' a series of loo p ed Illo ra ines o n th e g lacier .. \ 

\\'C Ii- p resen'Cd, looped m o r a in e generated a t th e mo uth o f 

the Loket tribu lan a nd car ri ed do\\ n-g lac ier d u ring Lh e 

1936 37 surge em'loses abou t the same surface a rea as th a r 

p rcse nt w ithin th e currc nt loop genera ted in th e 57 vca rs 

b et\\'ee n 1937 a nd 1994 Fi g. 2 an d L .S . . \ rnw 

Tri llle trago n pho to FI. 56-R 158. I ,\ ugu st 19+2. Scc­

ond ly. t \\·o nearby g lac ins , \\' es t Fo rk a nd S usitn a 

G laciers, m ost recen tl y su rged \I 'it h periods of 50 60 yea rs 

bc twee n surges ( f'. S. C la rk e. 199 1; I-I a rri so n a nd o th e rs, 

1991 .. \ ssum ing tha t th e loca l climate infl ue n ces the ra re 

of rcc harge bet \\'ce ll su rges, Bl ac k R apids G lac ie r co ul d 1)(' 

expected to ha\"C a surge pe ri od sim il a r to it s neig h bo ring 

g lacie rs. 

Black Rapids Glacier and its surroundings 

Bl ac k R ap ids G lacie r is located in th e ce ll t ra l Al as ka 

R a llge, .ius t sO ll th o f sonlC or th e h ighest mou nt a ins in th a t 

pa rt o f th e ra nge : \l o un t S h an d , 3R59 III (Fi g . I : '\] OUI1l 

1-I ;)\"('s, -~2161l1; a nd \l o unt .\f ofl i t. 3968111 . Th e ab lat io n 

a rca li es in a n eas t \\"('st r Ull n in g \ 'a ll ey can'ed ill th e 

Dcna li F a ult tre ll ch: m ost o f th e acc ulllul a ti o ll a rea is in 

t\\O no rth -fac ing \·" lI e\·s . The mo re easte rl y of th ese t \\·o 

\"dl n 's is a ma jor t ri buta r y g lac ier ullo fli c ia ll y kn o\\' n as 

thL' '"Lo ke t t ri buta ry" ( Fi g . I ). O th er small er tribut a ri es 

con tribut e to the ma in ice s trca m , as indi ca ted by th e 

mora in e p a t te rns show n in Fi g ure I . Based o n a 1973 m a p 

Fi g . I . t h e lota l a rea of th e g lac ier. inc lu d ing tribut "r i('s, 

is 2 1·6 km :! .. \11 add iti o n a l 3 1 k \ll ~ or g' lac ier icc no t 
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lIIoraille /IO,l ilioll ,1 111111 dall',1 01"/' ({/il'/' R l'gl'/' !llI/llIlhn,1 ( 1(19.7). 1IIIIIIhl' IWIII' l/ilil!lIt',1 .fill' Ihl' lIIillillllllll dalc,1 I!/Ilil' {I'll( 
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Fig , 2, I Jlllilogm/ill 0/ mllrk R {{jiilil (;llIril'/' .. I lrllkll. l({kl'lI 1111 1 I SI'/I I 1'111 III I' II)fi(j, '/ Ii( 1'\ 11'11111/ llil' 1Y3() .'ill//I:!!,!' IId/ 'IIIII'I' 

IIlId llil' 198() 11'1'I1Iill/l,1 (({II !il' ,11'1' // ill 111I' jllrl'gro//llr/. , " 011' llie 11I1I/II'd IIII'dilll II/{)(({illl' III 1111' ///01I11i 0/1111' 1.lIkel Irililll!llJ 

( F i,!!" I ) I/Ild llil' loo/I.fimlll'l"(l' al llil' 1IIIIIIIh o/Ihl' IrilillltllJ ll 'llirh ll'1I1 (({niI'd dlill'lI -glllrin dllrillg Ihl' 1936 37 IlIrge, 

( I Jlllllogmjill lakl'll I!l' N. S, .\l lIuk ( ', \'C,S, ) 
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] olllll({1 0/ (; I({ciologJ' 

conn l'cted to Black Ra pid s Cla e ie r is a lso in th e drainage' 
bas in . Thl' dra in age' bas in a rl'a is 473 km~; its lower 

bo und a ry is d e fin ed 1)\ th e s tream-ga ug ing sit e es ta b­

li she'd b\· th e' Clli\"(' rsiti l's o f" Alaska a nd \\'a shing LOn l Fig . 
1,. \\' a tl'!" dra ining li 'om til(' g la eirr I)asin e nt e rs th e' Delta 

R iH'r. 

'\[ cas ure' lll e nt loca ti o ns ill thi s report arc rcfc- rre'd to a 

("(' Iller-line c l1n'ilinea r coo rdin a te sys tcm with th e o rigin 
a t th e had o r th e g lacie r Fi g . I ) . . \ Ieasure m ent sites arc 
rekrrecl La as " th e 1+ km si te" , fe) r exa mple. A seconda ry 

l"C' llt er-lin e coo rdin a te S\,s tClll is usl'd fo r th e Lo ke t 

tribu ta ry Fi g . I . Its o ri g in is a t th e 26 km site on the 
ma in bra n c h , a nd th e sit es arc referred to as "th e L - 19 km 
si te" . 10 1' exa m pl c. 

I II 1992, th e kng rh 0 1' main reac h o f" th e g la cicr 

f"rolll th e to p of th e prin c ipa l a cc umul a tio n area, a t th e 
si tc m;) rked as 0 km in Fig u re I , to th e te rmi n us - was 

a bo ut 43 km . l ce-co rl'dm o rain e remn a nts fi 'o m th e 1936 

37 surge l ay ·~ km ill front o frhe 1992 terminus ami within 
I km o r th e D e lta Ri\"(' l". Gl ac ier geometry is summ a ri zed 

in Fig ure 3 . Th e glacie r is temperate (Harri son ;\Ild 
o th ers, 1975 . 

Th e geo log ic sc ttin g o f Blac k R a pids Gl a ci e r co uld be 

a n important fa cto r contributing to it s surge nature Pos t. 

1969 ). " suhsta ntial pa rt of" th e glacier li es a lo ng the 
Dena li Fa ult. a maj o r fault cx tendin g hundreds o r 

kil o m e ters thro ug h th e Ala s ka Ra ngc ( P os t, 1969; 

.\o kIr be rg a nd o th ers. 1992 . T\ \·o o ther surge-t ype 
g laci (> rs, Sustilla a nd \\ 'cs tFork Gl ac iers. al so li e a long 

th l' Dcna li LlLIlt near Bl ac k R a pi ds T. S. Clarke. 199 1: 
Ha rri so n a nd o thers, 1 99 c~ ) . 

His tory of Black Rapids Gla cier s urg e s 

A surge or Blac k Ra pid s Gl ac ie r in 1936 3 7 \I'as firs t 
o bse n 'cd during .\()\"('mbcr 1936; th e sUI'ge h a d sta rted 

a t so m e ea rlie r, unkn o \l 'n dale, Th e tenllinLlS had 
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Fig. 3. L OlIgillldilla/l'arialioll q/l('idlli. bas ({/ shea r slress , 
.l"ho/II' ./arlor. ice Ihirkllt'.I.j alld sllIjoc(' slo/N ill 1977. hI' 
Ili icklll'H 11'(fS lII('a.l"llred al /Joill IS (. ) a/ollg Ihe cfIIl('/" Iinl' 
( Heill ric/is alld oliters . 1995) : eIJl'll'here. tlzf-J' ll'ere 
eslimaled . .'>'llIja((' slo/)(' was inter/Jo/aled '/;'0111 CSCS 
qlladrallgll' II{({/)S alld 1977 geodelic .\III"l'I~)' . \ . 

s to pped ach-a n c ing b y Sl' pt embe r 193 7 i?-.l o fTit , 1939 ) . 

Th e L o ke t tribut a r y a lld a ll but o ne so uth-s id e 
tributary pa rti c ipa ted in th e surg e. (Th e f~11"th es t eas t, 

n o \\" di sconn l'cted , south tributa r y did no t surge in 

1936 37 .) Th e t\\"o south-ra cing tributa ri es nea res t La 

th e 14kll1 sit e (Fig . I surged as \I"CII. Oblique air 

ph o tos mad e i n 1 9 "~ 2 sho \l' la rge l"!"C\'a sses to \\ 'i th i 11 

3 km o r the head o f" th e m a in bra nch U .S .. \ rnw 

Trim ctrago n ph o LO FI. 56-L1 5 7 , I Aug ust 194- 2 ) . :\T o 
ph o tos sho \\' th e a rea a bO\"C 3 km , so it is unkll o \\'n to 

what extent th e uppe r 3 kill o f th e g lacie r parti c ipatl'd 

in the surge . Th e 194 2 ph o tos a lso sho \\' large crc\'asses 
to th e to p o f' the Loket tributary ( Li.S. Arm )' 

Trime rra go ll photo FLi6-\ ' 156, I .\ ug ust 19+2 ) . 

During rh e 1936 3 7 surge , th e terminus of" Bla c k 
R a pids Glacie r a ch 'an ced as a lobe o f ice o ut of th e 

mouth or its \ 'all ey inLO th e rc la ti\'e h ' lI' id e and fl a t 
D e lt a Ri \"C r \ ·a lle y . and ultim a tel y SLOpped a d\ 'a n c ing 

a b o ut 500 m f"rom the D elta RiwT (Fi g . I ; H a n ce, 1937 ; 

:\ l o [1IL 1939; O . G e ist , as re p o rt ed b y Giddings ( 1988 ) 
a nd Heinrich s ( 1994- )) . :\lo fTit summarized b ys ta nders' 

o iJsl'l"\ 'a ti o l1 s \I' hi c h indi ca te th e g la cie r ach 'a n ced 

a pproxim a tely 4 milcs (6 . ..J· km ) betll 'ee n 3 Dece mber 
1936 a nd 7 :\ l a rch 193 7. Th e 1936 37 surge a d\ 'a nced 

100 200 III hcyo nd tll(' surge m o ra in e left I) :, the surge 

illlm ediatch- pl-io r LO il ( 1929 ph o tog ra ph li'o m th e Qlt O 

C e ist co ll ecti o n a t th e Lni\ 'e rsit y o f" ,\ Ias ka Fairba nks, 

seri es ~ , Box I ) . 

Th e potent ia I th rea t of" Blac k R a pids Glacie r beca m e 
a ll iss ue in 1968 prio r to th e co nstructi o n o r an o il 

tra nspo rt pipl'lin e a cross .-\I as ka fro m Prudhoe Bay o n th e 
Arct ic O cea n to Po rt \ 'a ldez nea r th e Gull' or Al aska. 

Reli c mora ines o f a ch 'ances prior to 1937 clea rl y indicate 
rh a t th e g lac ie r h as crossed th e D e lta Ri\,Cl" \ 'alle y in th e 

p as L crea tin g a g lac ier-d a mm ed la ke which \\'ould 

threa ten the pipelin e (Pos t a nd ?\ 'Ia yo, 19 71 ) . Three 
m o ra ines crea ted b y [-Io loce nc a cl\-a nces (A, B, C in 

Fig ure I) ha \ "C b een studi ed by R ege r a nd o th ers ( 1993) . 

Th e y sugges ted th a t th e mo ra in e compositi o n indi ca tes a 

surge o rig in fo r A a nd 13: th e)' co uld no t be sure th a t C 
w as form ed by a surge . The surges \\"hi ch formed A a nd 13 

crossed a nd d a rnm ed th e D e lta R i\"C r; th e ach 'ance 

assoc ia ted \\'ith C m a\' ha \·e . Tlr ey es tim a ted minimum 

ages fo r th c m o ra in cs : 3360 ± 120 BP, 1710 ± 85BP, 
a nd 570 BP (o r poss ibly as young as 2 10 BP) (0 1- A , 13 

and C , res peC"livel y . 

OBSERVATIONS OF SPEED, GEOMETRY AND 
MASS BALANCE 

M e a sureItlents : history and t e chniques 

Bl ac k R a pid s C lac ier has bee n m o ni tored wi th \ 'a rylng 
d egrees of" inte nsity from 19 70 throug h th e present as a 

j o int erron of" the U .S . G eolog ical Sun"Cy ( USGS), 

U ni\ 'e rsit \, o f Al as ka Fa irhanks ( UAF) and Uni\'e rsity 

of" W as hin g to n (U\V). ?\[ ass-ba la nce, ice-\'e1 oc it y a nd 
surf"ace-e!e\'a ti o n o bse rY <1 ti o ns ga th e red a t ten inclcx sil l'S 

b y th e USGS compri se mos t 01" th e dat a appea rin g here. 

Eig ht o f" those sites a re on the m a in bra nch of th e g lac ier 
and two a re in the Loket tribut<t n ·. The numbe r o f sites 

m o nit o red has b een redu ced sin ce 1987 . 
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1-l l'i ll ridJI fllld 01111'1".1: QjliC.IC/' III-/iI/(/.I( ITO/lllioll 0/ fI .1I11}!.{'- I)'/}(' gl(l(icr 

In addition to thc IJa , c-linc nll'aSlIIT lllCnl> at thc indcx 
sites. other qll<lntitics haH' l)Ccn Illl'as lIrrd: ice thickllC'ssl" 
alld 'l'\Tral \"('Iocit\· (Toss-profill's Hcinrichs and others, 
1 9~Li Ra\'mond a nd others 199,) oiJsLTn'd s tream 
h>c1rolog\ stagc, c lectrical conducti\ 'it\ and suspcnd ed­
secl i IllCII t conccntra tion , Ill('a su reel ,;ilOrt-timl'-scalc ice 
motioll ll sillg tillle- lapsC' pholog rapll\' and made hourh' 
oiJ'i('I"\',llions 01' \Trlical slrain and se ismicil\. Thl' hi slOI"\ . . 
ancl hcha\ 'ior of' lhe "polholes'" located in th e pas:, 
11('I\\l'l'n Black Rapid , and Susilna Clacin, ha\T also 
1)('('11 d csc rihed SI LlI"m, 1987: Sturlll and (:osg rmT, 
19!)() Olllique air-pholn !lighl s \\TIT madc !J\' lhc 
L' SeS, slarting in the 1960" Flighl s \\"('rl' macle allllosl 
('nT\ \car he t\\l'l'lI ICJ71 and 19W2, 

,\ map a pproxima lin g the I ~)73 glacier S llrf~ICl' 

config uratioll Fi g . I: 1'01' a Illorc detailed map, scc 
I Icinril'il s and others, 19!J.) I \\ as l11ade hecau sc thc g lacier 
SUr! :ICC has c/tangcd suhstanlially sincc lhc elate of' 
ph o lograp hy fi)r llle lopographic map'i a\'a ilahle 19 ,~R 

El andI9;)~ fi)r tilc L'SeS .\l oulll H a\cs B-~qu'lclt'allglc, 

and 19,)0 allcl 19,)G fi)r lhc L' SeS .\lnUIl! I I;I\TS B-J 
<Jll,ldranglc . The I CJ73 map I: ig , I \\'as nOl m;l ciL- lI sing 
photogramllll'lric IllCtllOC/:': ralher. lhe glacier SUrbll"l' 
co n tou rs \\TIT sketched using I:n poi n ts 'i UI'IT\ ed on I hc 
g la cicr , urf~ll "(' during 19 7:1 and 1976 I-i einrich s ,l llci 
others, 199,), fig, CJ. Thc 19 7:~ Illap i, CJualitatin'h 
CO ITl'l'l, hUl lhere co uld I)e sul1stanlia l CJl!anlitati\T crrors, 
particul;lrh' in reg ions 0[' tltl' g lacicr \\ Itnl' no , urn' \ ing 
\\ a , dOll l'. 

The Il' ll sit es along lhe glacilT lTllll'!' lillc CItOSCIl ror 
long- terlll oiJsclYatiolb a rc rdl' rrcci tn a, illCic :-. , itl 's Fig. 
I Tlt e illdl'x SilCS Ita\"(' lixccl hori ~(() nlal coordinates 
r I lcinrichs ami oI IIlTS, 199,), lahle :21 , '\ iL- ,lsUI'CnH'1l1 S ~Il 
(' ,Ich sit e I\(TC maclc \Try Il C~l r a 'i in g lc pOilll O il the glacier 
a nd thus cO ll stitllll ' IllC <lS UITml' lllS in a rcfi-ITII(,(' li'allH' 
li xed ill ' pace. 1'>.:tcnsi\T lahles of' the oh,l'I"I"alion, ;.takc 
reaclill gs , 'i IHJ\\'-prohing depths, di sp lalTllll'1l1 \Tc tor'i. 
ctc. and opn,llional detail s alT a\ 'ailahle in tilt' report 
iJ\ Heinri chs anci others 199,). Th e data ~ath('ITci fi '()1ll 
I ~)7:) to 199 ~ arc sh(J\l1l ill Fi g lll'< ' ~. Lstilll ;lled 1111-
C<:l'lainlics can iJ c I(Hllld ill T ,tilic I, 

'I olilt j, l 'lI(alllllllin 1I110(i(lll'd it ' illt {It I' 111'1 1110.11 

bll/(l/trI,. il/dl 1'.lill' d('('(/!ilill fll/d '/N'l'd rt' llIlll. ,\I{}Iln/lltl' 

III/CI'Flllil/l)' il/ Iltl' IICl'IlIlIlI/llliol/ - lIrt' lI 111fI.1,1-1}({/(/I/(( rt'. I/I//" 

ori.II'.lji-olll lit I' 111'1'1110 l' llillllllellm dl'I/ .lil)' . ,1/0.11 (!I' lit" 
/II/(('rl(/illl)' ill 111l' r/(Tlllioll .1 (11111 /,('Iocilin i ,1 dlle 10 

III/((rlllill~), ill Iltl' rnli((ll (O//I/llIlIm! lif' o/lli((l1 1/lITl:n 

(II11I1'd br 111l' mrillbifil)' of'rt:ji-lIclioJ/ ill lite a 1111 o.l/ilJ a!. 

/) elai/I'd /l1/(crlllill~), mICII/alio//1 (fliJ /}(' jillllld ill //eillridl .1 

(Il/{l 01 Itn.1 ( I (N) ) 

QjI(lIl!i~)' 

.'\ et Illa ss iJa lall cl' 
. \ IJi;ltion area 
,\ ccu lllll latioll area 

I lld cx-sill' cln'atioll 
IlT'i pccd 

/ ',\Iilllall'lllll/(nlllill!)' 

0.0,) O.IOIllI\.C . 
0 .:28 O.~.j 111 \I,l', 

(U,) III 

0. :)7 m \car 

Spe ed 

Speed l1UClu'llioll s. \\'ith ,HTell'ration ,lnd deceleration 
cpisocles or I 9~ea rs , arc lil e Illost prominl'llt It'a tlllTS of' 
th e \Tlocit\ daw scts Fig. I , l)urin ,12; thc period o f' 
OhSlT\ 'atioll, speed at all of' lh e sites \\' ith f'1I11 record s ha s 
unciergollt' I \\' 0 pe ri od s of' clecrease j 973 77 and 198 7 
90 anci 1\\0 prriocl s or incrcasc 1978 8li ami 1991 91 , 
Thesc fluctu a li oll s arc coh('l'ent ill pha se on lhc 1ll ,lill 
iJrallch of' till' !!,'lacieL with th e largest <Impliludes 
ohsl' lyed a l titc [\\ ' 0 sill'S Iti ,ghl'st in the ;tiJl a tioll area 

I I ,lllci :20 kill; Fig , 'k l and (' , 
'". \ Il ll ual spcccl" I F ig, I in lhi s paper i, thc .'i lwcd 

mca , ured l)('t\\cCIl s llccc" in' spring' ,~cII(Tally .\ pril 
ohst'I'\"alions. Durill g thc 1 ~)7 H 86 , pccci-up, the a nnu a l 
, Pl'l'ci iIHTc;t,C I\',IS larges t at lhrl'l' of' lhe li) ur , il l'S 
1)['I\\C(,1l 1 1 and 32 km Fig,.) . T he,c thrce .sitl's I I·, :20 
alld :,):2 kill li e along the I)cnali Fau lt l-'ig, I Th e I I 
ami :20 km , itl', ha\'C ullcll'l'gone \Try similar chall.!:!;cs ill 
'i l)('('ci, hut the ,pceci al lhe 11 km , il l' i ~ a llOul 10 m \car I 
hi g'hn I-'i g. (i The filllrth site. :2(i kill, SllO\\TcI , m a lleI' 
I'ran i() llal ' pcnl changes lhan Ih( ' olhl'r lhrl'c , itl's ill the 
I I :~:2 kill 1,(,'lch. T he Illagnilucie of' the spccd changes at 
:2(i km lits Iwttl'!' \\ith the changes ol)slT\TcI ,It the Lokct 
lrihlll ' lr~ , itl's Fig . .) . 

,\ t B km. in lhe aCl'lImlll;llion are,!. spccd fluctuation 'i 
1\ ('IT ill ph;I 'c \\ ith those ;It 11 and :2 () knl hut 110t as largc, 
Ice thid;lll's:, I\a , inc reas ing conlillllllllsh ,It lhl' 8 kill SilC 
dllring tlt( ',l' speed IlIICllI ;lli ol1:, I: ig. k . The morc 
\',I rial)il' , casona l ' pcccb al I km appl'a r tll ('aU,l' incl"(,<I 'l'c1 
\·.IriaiJilil\ in annllal spccd s, 

The /'OkCl lrihulan Sill'S L-Iq ami L-:2:2knl sho\\ cci 
' 11l ;t1I(T , pcl'd changc 'i than lhc l\\() .'i i tl" on lhe maill 
In;lll c /t \\illt conlpar,lhle cln', llions 11 and 20 kill: Fi g', 
,-) . BlIlh /'OkCl , ill" sh()\\ l'ci a , ign ilicallt inclTasl' in spel'c1 
clllrin ,~ 1!)H:t lhe \e,ll' ,d 'ter ,I ,Pl'l'cI-up (l(TIIITl'd al I ~ alld 
:20 kill; th l'se incITa s(', \\ ('IT n 'l;llilTh ' IlLtil in terllls or 
l'r;ll ' lion ;t1 .-h'lllge . In lhl' Lokl'l lri lllllan, lhc icc \\'as 
lltillllill g c1l1rill g th c period 01' lhl ' 'i pl'('d incrcasc: 
lhickl'llill ,~ Iwg; ln al a , m,t11 rat<' ,1 1 1,-:2 :2 kill in 19B I 
ali( I al L-I ~) in 11)87 . 

"SC;t,(l ll;t1 ' IH'l'c1" In thi s papn i, lhe spl'l'd meas llrl'cI 
I)('l\\l'l 'n sIIClT>s in' " spr ing" ,llId '", 11111111111" iicld trips. 
'I'll(' '" slllllnlLT" obsclya t ion sca,on \\ a, 1\ pi ca lh' 1)('1 \\'l'l'll 
,\ pril ,lllcl Sl' plcmiJcr. and till' "\\ illter" 'l'ason \la, li 'o m 
SI'plcllll)('r 10 .\ priL SOlll l' cauli()n is I'l'CJ nircd \\ hcn 
di,("Ilssillg 'ica,onal ' Pl'cc!... lH'c; lusl' the~ an' '-<111-111<11('(1 
ollh fiJl ' 11ll' pniod I)('l\\('('n ohSl' I'\";lliollS, ancl lile 
o l)'il' I'\"ation , \\('I'e not Illack on ('x;ll'l l\ the ,a l11 l' elatc 
( ' \lT~ \car. C:on-.,equl'llth-, each OI)"T\'alioll con tain , a 

, Ii ,~ /tll~ dilll-rclll mix or , Ul11nH'r a 11(1 \\ 'inler , pceds, The 
dala are not adju-..tcci to ,llTounl ft)1' I he,, ' difli: rcl1cl's, 

T hl' seasona l-speed t iIlH '-scri('s CLtt;1 Fig, + cx h iiJ it 
snT ra l IH)[ ,ti)ll' J(-;IlUITS. Onc is lhl' promillcnl increase in 
' UlllllllT spl' l'd ciuring 197 ~) al all o iJsl' IYcd , il l'" .\ nothcr 
l',pl'ciall~ , iglliflcant a spl'n i, that 10ng- lnll1 flul'lu a tions 
OlTur in iJoth lhe \\·illter ,llld SIII11I11('r speed,; till' \\ inler 
ami SLll11mer speecls ri se and [;1 11 logethn, ane! the 
di ll'c rcnce hCl\\Cl'n the \\illtlT allci SlIlllnHT spcecl s 
rel11ains (,OI1,lanL 

The sit c, \\ilh lhl' large't difklTlllTs in spccd hl' t\\ l'c n 
lh e \\' inlCr ali(I , UI11IlHT SC;t:,(111:, arc thl' same Sile'i lhal 
lIncilT\\ ('111 lhe largest 10n,l2;-t('l'111 ('hangcs ill a llnual spccd. 

I I ~) 
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I, , 1h/oli(JII - IIU'1I 1/11111(1 ('/l'1'lIlilllll 111'1 "il'l' I'lIl1im/l'"I" , I"itidl i, 11" i('1' 1111'/111'1 I'ltm/illll jlllll litl litil!.1I1 \I 11/1111' I/lm,' 

rlllll'l'l'll'Il III il.l 1'llllil'lIll'11llllir/.-III', I,1 II/i((', ( ,\/ l'({IIII'I'r/IIII'/iIU' "'ITOlilllll (({II Il(jiJ/{/{r/ ill Illilll'ilit, 11111/ (Jlltl ' /'I ( I f)!).! ) , ) , 11 

litl' 2, -I, 8 (/lId I~-I ()klll lill',l, 1111' 1II1'lIlllll'd 1II1'j(ICI' 1'I1'i'lIlilllll 111'1' /illIl!l'r/. SIIIIIl' 1)((/011('1',1 IIU /illIl!l'r/ 1111 11" dlllt 11/ 

ob I ITi'II lioll , 7 111' 111'1 bli/IIII(l'jin (1)'1'111 i, /lllIlll'd 1113 Ilf/lftl' i,'II), 1I/I'II/{.!.!,lllftf'rlfll', F ill' l' IIIIII/III',lft(' 1978111'11111/1\ 1II/IIIIIn 

/', /illIlll'd III 1978.7.7, 

\" l' cidi lll' Ih e "sl'asollal-speed ciil'/('I'I'lll'l''' ;IS thl' 

ciilll-n'IH'l' I)l,t 1\'('l' 1 I SUlllmlT allci 1\ ill I('\' speeci s, I I i,s lhe 

pcak-lo-peak alllp lilude or till' \ earh ciinl'l'l'I1l'l' ill 

seaso lla l spel'ci sel'1I ill Fig ure I , ( :o lllparillg lh e ;\\Tr;lgc 

sea ,'>oll; ti spced dillt' I"(,IH'l'S al each Sill' , lelr Ihl' per iod 01' 

recorcl, \\ 'ilh lhl' IOll g- ILTIll illcrease ill '> IKl'c1 ri 'olll I ~)78 10 

1986 SllO\\'S lhal the magllilucle or th e ;I\'(' ragc '>C;ISO Il ;t!­

spccci ciilll'l'I' lll"C is cor relalecl \\-ilh the ,>iz(' or tlH' IOll g--

1('I'Il1 ('h;lllg(' ill allllual ' Iwed a l a sill' I.' i,g, 7 _ 

Surface elevation and ice thickness 

l.' igurC' :3 shlJ\\ s lhl' g lac ier gl'O llll'ln ill Sepll'llliJn 1977 

iJ asl'c l Oil l'11'\-;llio ll SUIY('\' at lhl' Il' ll illd e" ,ill''> , Ice 

Ihicklll'ssl''> \\elT llleas url'c1 ;1 1 '>O IlH ' local iol !'> usillg 1('('-

1)('IIl' lralill g radar II l'illril 'h, and olhers, I ~)~),), lallit- 17 : 

ll1 eas url'd \';t!UI'S arc Ill ar ked \\il h ciOl '> ill I''i,g un' :1, 1('(' 

Ihi e k lll''''l'S \\nt' I'Slilllatl,ci al Jloillt s 1)("I\\ l,(,1I In l'aS UI ,("­

Il1Clll s usi llg a cOI lliJill al io ll ()f' ('unT littill ,g and cit-pl h 

('s lilllatl 's iJ a'>l'c1 Oil s lIr/;ll ,(, Illllrpholog\, TIll' l's lim a tcci 

ulll'l'l'lailll \ lill' 1lll';I'ill\'('ci \; t!U I', ol ' in' Ihi cklll'" is ± I ()" ", 

;lll cl oj' 1IIlIlll ';I'>I IITci \ -;tiU l" i, ± ~()" ", iJ;I'>l'r! UJlOIl ClIII ' 

.iUci ,g llll ' ll t. 
Bt' t\\ I'l' ll 197t) ;l lld 19S(i, tilt' g'ia('in thillll l'r! al a Illu c h 

highl'l' raIl' lOll' Oil Ihe g la (' in Ihall il lhickl'IIl't\ uJl-glat ' il'l' 

Fig , Ba , Till' Slll' l;ll'l' e ln 'alioll dil](-\'(' llt'l' iJl'tlll'l' ll a I ~)77 
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F ig . 7. COlI/jJari,lolI 0./ Ihl' ((1'eragl' am/ililllde 11/ Ihe 

II'a.lonal-.I/ll'f(l dilliorfl/c{' alld IOllg- lerm ((lIlIlwl ,I/Ifed 

r!wllges. 7 hI' 1II 'l'rllge alll/Jlillldl' 0/ Ihe ,lea,lollal -.I/JeI' r/ 

dijJi' rm(1' i,1 /Jlo/ll'd alollg lc illt tltl' " Iollg-Iam " ill!'re(l ,le ill 

alll/lwl .I/Ieed ji-Olll 1978 to 1986. 7 herl' i,1 a good 

correlalioll oell('(' l'II (I ,Iile 's sll.I'C{'/llibiIiU 10 .I('{uolwl-,I/Ieed 

dillerfl/re,1 alld IOllg- lerm allllllal I/Ned rhall,!!,I'.\. 

sur\'t'\' and th e ex isting LSCS maps made ill the 19S0s 

-'I nun t I-ia yes, 1)- ~ and B-5 ) is sIH)\\ n in Fi g ure 9 LO gin' 

a lo nger tim c-scale picture o r c h anges. Thc gCO llll'tn' or 

the IU\\T!' ab lation area is c \ 'o iYin g as ex pccted [c) r a surgl' -

116 

I 
z 
o 
f= « 
> w 
--' w 
z 
w 
(') 
z 
« 
I 
o 

I 
z 
0 
F 
~ 
ill 
-' 
ill 

~ 
ill 
(9 
Z « :c 
u 

10 

-10 

-20 

-30 

-40 

4 8 14 

Black Rapids Glacier 
surface e levation 
change from 1979 

20 26 32 

' . 

38 

79 

- -' - 80 

. '. 81 

"·82 

83 
84 
85 

86 

o 5 10 15 20 25 30 35 40 

60 

40 

20 

0 

-20 

-40 

CENTER-LlNE COORDINATE (km) 

F EF 0 C B A 

Variegated Glacier surface 
elevation change from 1973 

5 10 

DISTANCE (km) 
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15 

(b) 

h :t; , 8. SllIIace ('leNllioll challge.1 a/ (a) mack Ra/lidl alld 

(b) , 'ariegaled Glaciers . B lack /?ajJid.1 Glacicr r/{(lll,f.',e i.1 
relali t!' 10 1979 . . \lllch o/Ih£' el1'1'(I/ioll challge alt/lf 26klll 

.I ile /l'a .1 dill' 10 the 1'IIITO({rfllllml of a lrollgh ill .liolll 0/ a 

lIIedial IlIowill!' , r "ariegaIN/ illll .l/ralioll /.1 jiom R{~)'1l1olld 

alld IlaITi.loll ( 1988) . 7 hillllillg IIIII',1 are similar ill Ilt l' 

slll /!,c- rl'C!'il'ill,1!, area.1 Oil bOlh glarie rs, 'j he Ihickenillg rai l' 

ill Ih!' rC,lf lToi r area {('a.1 an order of II/agnilllde !rI/gel' al 

r "ariegaled Ih{1II al B lack Ra/lids Clacin. 

20 

type glac ier: a l1l o ll olOn ic lhinning is occ urring at a ll sit cs 

bel ow 26 km Fi g . +1. Th e rate or thinning has decreasecl 

s li gh tl y du ring th e period of' rccord ;I l 32 and 38 km. 

Hi g her on the g lacier. th e situa ti on is no t as simpic , Th e 

s ur/act" e\e\ 'at io ll at the 20 km s ite ha s, like th e speed. 

ulldergonc long-term fluctuation s (Fig , +e ). Th e sa l11e is 

lruc at 1 ~ km , but th e amplitud e is sma ller , III the 

accumu la lion arca, the 8 km sit e is steadil y g rO\\"ing 

th icker, The eleya ti on lluClu3ted ilt the 4 kill si t l'. The 

L oket tribu tary thinned at the t\\·o obsen'C'd sites until 

mild thickenin g began in 1985 . 

Th e 26 kill index-site l'ic\ '<lt ion is a special case 

b eca use it is afTcC'ted by th e L oket tributan' and it s 

mora ine. In 1972 . the site \\"a s estab li shed abu ut 7,')0 m 

dO\\'Il-g lacier ri"om th e looped, m edi a l Ill o raill e heing 

pushed out by the Loket tributary Fig, 11. r\ broad 

trough is lucated in ri'onl or th e moraine, ,\ s the mora ine 

ach'anced c1O\\'Il-g lacicr thro ug h tile 26 km ind ex s ite , the 

elc\";\l ion at t h e s ire d ecreased as th e troug h 1ll00Td into 

th e index-site locat ion. -'lost or t h e clC\'at iun loss at 26 kill 

arter 1977 is duC' to this loca l surrace dTccl. SOIllC 0 [' th e 
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IYI9 10 IY77 . . 1/01"1' IfIall I1 d(,Clldl' jla, .,('(1 iJl'lll'l'lI! Ihl' ('lid 

11/ Ih(,IIII:!!,1' a 1111 Ihe IIIII/J/Iillg jllllllo.!!,m/II! I' ( l ·,..,"(;S 
Iflladl"llll.!!,II'I .. 11 1111111 H a],I'.1 FJ-I ( IYjl ) 1!lId 8-5 
( I!jjl ) : //10.,1 0/1111' !lIII/J/Ii!l.!!, /11/()logl"II/I//I 11'1'1"1' I({km ill 

IY-f.Y ) . I hl' Ifllali!)" 11/1"1' 1'l'J"lical tOllll"ol ,!//"l' !lla/11 i.1 
IIlIk//o;l·/I . 'I Ill' gl(l("il'J"l/ll"j(l(f high ill Ihe IItOIl/llllalioll 

1II"I'IIIl'II.' /IOOr/)" ddi"lIl'd ill 111 Ill!)" 111"i'11.IIlil" jlllI!lo.!!,mlllllll'll"ir 

IIla/I-lIIl1kill.!!, jill 1"/1 0 Il'l hl'rlllll/' il wal 11 .fillllll"!'!I'I.1 

11I1II1.pr/d. 'I hne/i)/"(' . 1"1' IIt(ll/"l[(J 0/1111' tOIlI/lIIl"i.'OIl IIII!)' 

hI' IllIl·. /lIIl"li{/(lal"~)" ({/Jo,'£' 10 kill . 

,urliHT 1()\l(Tillg 111a\ hal"(" I)(,C11 ciue to 101lg--tlTlll 111as" 
\\·astagc. hut it is !lot plh,ihk to separate th(' loca l SUr!;IC(' 
gco l1 H' tn l"rolll the lll aSS-1I astage cfkcl. 

I lrilll"it!t., allll 111"1'1"1: Q.Jli l'ltl'lll -/)IIII.,(' 1'1'01111/0110/ II II!I:!!,I'-!I'/){' .!!,Iatin 

Mass balance 

' I'h(, B\;II' k Ra picl, c; lacin 111 :]>S-ha lal1ce o l)sl" I"I"a t iOI1 
Ill' t\\·o rk. ciurin .l!.; it, most il1 teJ1silT l"o\"('rage, ("oJ1sistecl of" 
t(,1l I1leaSUrCI11Cllt sites T ahle 2 Oil Illor(' thal1 2DO KIll ~ Ill" 

glacier SUr!;IIT. T hrec of" the site, rcliably mcasured nlas, 
ba lal1ce ill thL' accul11 l1l at ion area ~ , 8 anci I.-I C) kl11 l. 
Slakes at 21..111 liTre i"rcqllcl1th Iluricci al1ci IChl. Sil1ce 

19<)0. the nUlllbn or si tes Illollitorcd has iJeell reduccd to 

tilrce B. I I and 20 kl11. T I1l' B al1d 1 ~ kill site, are ncar 
tile equilihriul11 lille. The rclatil"(' sp:lrSel1e" orthe indc.\:­
site c\;lta. illCludillg:l lack oJ"b:t/al1ce ciata ill an) trilluta ry 
other t h:1I1 the Lokel. makes accurate calculations 01' 
glacin-\\ icie l11a" ba lal1cc ullli·asill/e. 

I II orc!l-r to l11ake c0l11parisol1 cll11011g Ill :\s, halal1ce, 
I'ln 'atio ll change ami spcl'ci. it i, u,d 'ul to caiculate a 
pa l"clll1("t("r, bt . whic h slIlllmari/:l's eacil )car', l1et mass 
h,daIH"(" Fig. 10 L-s ing the nl'l llla,,-halalH"(, data [i 'o lll 
tile I, g, I I. 20, 2G. 32 a 11(1 3B Kill , i te.; [i 'ol1l I ~)7 I to I ~)B~) 
tile , llacl("(1 :ll"l'a ol" T a ll ll' 2 . thl' I', t/ ue ol"il t lil r tile \car t 

i, the 111(' ,l n "rthc halance resu lt, li'olll all thc ,il(°' in I('ar 
t till' Ill("all ora su hset rI)ll in T aille 2 lllinLl ., till' mcall or 
:dlthc ' take, I<J!' :dlthe \ cars considereci tile entire suhsct 
,hackcl :Il"l'a in T :lilk:.2 . T Ill' actual oh,cl"l":ttion al cach 

sitl' c1lll"i ll.~ a ll imlil 'iclual I car l':In tiH' ll he reprl"l'llt("(1 as 
}'jl = 0 1 + bt + Ijl' ,,1]("l"e 0 j rrpn"ent' the COll1POIH'l1t or 
m:I" iJ:iI;IIlCl' at the sitl" .i that ("an hl" attri llull·d to its 
pili ,ical locatiol1 alld accounh I(Jr ,ill"-Spccilic 1;IClors 

'1 abit 2 .. \ '1'1 J/w.\\-halrlilu' dala. IlIad RII/lirl.l (;llIricr. RI'.IIIII, 1111' .!!.il"l'II ill 1111'11'1"1 0/ it'lIll'J ('(llIim/illl. T" I' .1//(/(1("(1 1/11'11 of" 

Ihl' IlIhfl' IL'([.I 11.1111 III ({I1(lII([II' ht • il'lliell 1"!"/mll'lI/l Ihl' /t'm/lllllllm·(}II.!!,! 11/11111\\ IJli/IIIICC. S f( 1nl/ill" dt/llill 

/Jlllllil (/" 

)"("{/I" 

19n 
I ~)7 :) 

1<)71 
I ~)7.) 
I I) 7 b 

2 kill 

I B2 

1977 2.+7 
11)7B 
197 1) 

19BO 
1981 
I ~)B2 

19B3 
19B I 
198.-1 

19BG 
I<)B7 

19BB 
19W1 
I CJ~)O 
1991 
1992 
19~n 

I kill Bklll 

O . .i2 (J. I(j 

1.:20 O. I I 
UB 0.72 
I.B7 () ,9:) 

1.10 (J.:l I 
0. 1)2 (l. Ob 

2.2.) (l.~n 

I.B7 0.89 
1.19 (J, Hi 
1. 0) 7 (), I (j 

I.IB ().67 

I.W 0 .97 
1.711 ().7 I 
'.' ().20 
'.' O. ~ I 
'.' 0 ,91 

1.9.> 
OH) 
(UB 
(). :W 

. \ il 1111/1 I-IIIIIIII/n',il!". I Nlld, N II/lidl (,llItia 

I I kill 20 km 21; kill :12 kill :m kill 

2.7t) 'r ._.l 

0.77 2.()~) I.OB G.) 
1.1).") :U:1 1 '1 " . _0 '.' '.' 

D .. ).) 2.10 :1.12 1.12 .i.12 
1.0<) :1.01 :1.2 () 1.71) '.' 

D .. ) I 2(]~) :).()() 1.1,") (; .02 

I. :W 3.17 :-1.71 .). 1:1 (jO(; 

I .I)S '.' 1.20 '.' (j.B7 

D. I () I. l lB :.;, I (i :Ll)7 1i .21 
O.lq 2.2:1 L1 :1 1.90 (i. 11) 

(J.97 2.71 1. 1 I .).0 1 62() 

O.BG 2,36 :1.2() I.(L"i .J.b2 
O.tiO 2,:rZ :·UB 1.3G .J.c)7 
0. 13 2, I I :i.OB :1. c).l ,,)2c) 

O. Hi 2,(i.i 1. :1 I 1.12 (j. 2~) 

Cl. 7.) 2,77 ~. I C) 1.21 .l.BB 
O.7.l 2.13 I. :):) :L).l '.' 

1. 1·0 '.' 1.02 '.' :).71 

I .b / :1.2.J 
ON) 2,G2 
(Ul~) 2,21 
1.21; 3,71 

'.' E,tilll,lIl"C1 Ilct mass balance \'a lucs Ill" .e. : 197 I: :12 kill. ."i. k); :1B km. 7. D2: I ~)7(;: :lH Kill. 
:1.2Ii; 32 km, .) .2(); I ~)87: I kl11. 1.31; 19BB: I kill, I .. )B: :111 km . ."i .1) I; II)B9 : I km. 1.2 I: 20 Kill. 

1,- I I) kill 1.-22 kill 

I . .ili 
2.1; I 

(l. ."i:l 1, :1.i 
O. 2~) 1.11.) 
() . .l I 2.37 
() .. ).l 2.()(; 

().22 I . 7~) 

0 .23 U2 
(un 2.2(i 
O. I J /.2:1 

2.17 

(i. I I: I ~)7~) : 2D kill. 

2.77:32klll 1.71. 
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]Ollrl/O/ oI (;/lIci%g)' 

C 1.00 

" ;; 
> ':; 0.50 0" 

" 
E .. 

0.00 ;: 
'0 
~ 
E -0.50 

" E 
J5 ·1 .00 

" "' "' "- <Xl 0'> 0 ;;; N e) " "' <0 "- <Xl a> 
"- "- "- "- "- ,... <Xl <Xl <Xl <Xl <Xl '" <Xl <Xl <Xl 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 

Fig . 10. ) l'ar£)' mriolioll .1 0/ lie! IIlal .\ va/al/Cf, 197-1 89. 
bl 1'1'/)/"1'.11'111.\ llie lIl'i'rllge 111'1 II/(lS.1 bllllllln' .frolll \'I' I'l'Il .lile.1. 

f l i.1 1101 a glllcil'l'-l('ide al'l'I'agf. '(lie 1I1f({1I 0/ Ihe .Iair'.\ i" 
,::.cro . 

such as eic\ 'atio n a nd aspec t l it is th C' m ean of' a subse t 

column in Table 2 . and ( '.il is an C' !To r te r lll \\ 'i th a Illea n 

of' zero L1i bo u ln , 197+ Bra it llll'a it l'. 1986 ), T he data 

IITrC' not com pietC' , so 111 iss i ng \'a lues 11 ere re pl aced lI·i th 

\ ',dues chosen to min im ize t h e to ta l su m 0(' th e sq ua res 0 (' 

the C' r ror t(TIllS. Th e \'a ILles es t im a ted ill thi s \\'a\' are 

[e)otno ted u n Ta ble 2, 

INTERPRET A n ONS OF THE OBSER V A nONS 

Relation between lTlass-ba l ance a nd e levation 
changes 

\I a,., balance i, the pr illl<l n dri\ 'ing [(liTe 0 [' the surf:l<:C' 

eie\'ation change" . . \ lt hough t il e simple tim e series or /;1 

(a) 14 km Site 

90 

Amua! 
speed 

OC/)a: 70 

t,-~_r{r-WII:<{ 
~WW 
CfJ~>-
w::iffi 50 Q;;1l. 

4 

u.i ~ 2 ~~;;&1 
~«Z 0 
5:i~~ 
::ial:,!:(I) -2 
::;(1»0: 
~(f.)WW 
O<{O.- -4 

::i W 
::i "'" CU'I"lm..Aative deviation from the mean 

-6 
3 

Snow balance . ... /. .. ...... ' 

-3 \ 
Net mass balance 

-6 ~--~~~~~--~~~~~~--~ 
1973 ,978 1983 1988 199:) 1998 

CALENDAR YEAR 

( Fig. 10 ) does !l o t read il y sh o \\' ll1 ass ba la n ce to be a 

dri \' ing f'o rce o r su r f'acC' e!c\'a ti o n c h ange. exa mining rh C' 

mass-ha la nce d a ta on a cUll1 ul a ti\'(' bas is prO\' iC! cs a likeh ' 

ex pl a na ti on [o r t h e a ltitude flu ct u a t ions a t tile' 14 a nd 

20 km si tes . I n Fig u re 11 , a n add iti ona l m ass-ba la nce 

term is p lot ted fo r the 1+ a nd 20 km sit es : the c um u la ri \'t" 

dC\ 'iat ion 1'1'0 111 t h e mea n . Th e difTe rence be t \\ '('c n eac h 

> ca r', mass b a la ll ce and th e m ea n [o r the e n tire site's 

r eco rd somC't im cs ca ll ed the d e\' ia te ) is acc ull1ul a ted O\'C r 

tim c. Th e cU lllul a ti n' c! e\·ia te corre la tt"s \I'e11 w i th th e 

e!c\'<1 ti on a t b ot h sites, ind icat ing th al lh e mass b a la ncC' is 

dri\' ing- th c e lC\'a ti on changes. Because th e a mplitude 0 [' 

th e cumul a li \'(, d e \ 'ia tc is cO lllpa ra blr to th e cl e \ 'at io ll 

e h a ngC' a t th e 1+ km sit e, m ass-ba la nce ch a n gC's a rt" 

inrc rred to b e til e p rim a r y dri\ ' ing fo rce o r cie \' a ti on 

c h a ngcs. At th e 20 kill Si lC, th e a mplitud e o r th e 

c Ulllul ati\'C c! c\ 'ia tC' is sma ll e r l h a n th e ele\ 'Ll ti o n c h a nge, 

in d ica t ing th a t mass red istributi o n b >' ice [l O \\ ' is a lso a n 

illlpon Llnt rac tor in the elC\'a ti o n c \ 'o luti on. 

Changes in s p e ed: ice d e forlTlation and bas al 
lTlotion 

, \ q uant it Llt i\ ,(, il n ahsis dcmo n s tra tes th a t c h a n ges in 

basa l mo ti o n accou llt k)r th C' m a jo rit \· or cha n ges in speed 

a t th e sur facc or th e g lac ier. Stresses a nd sp eed s \I 'ere 

ca Icu la ted us i ng a lllC' thod de\'(' lo ped by K a 111 b a nd 

Ec il c ll1lcye r 1986. equat io n s (35a ), (35 b ) a nd (39 )) 

\\' hi ch acco unt s [e) r lo ngitudina l s tress co uplin g . D e ta ils o r 

st rC'ss ca lcu la ti o n s at Blac k R ap ids G lac ier ca n b e fo und in 

H C'i nri chs unpubli shed. Th e b asa l shea r st ress in 1977 is 
sh c)\1'I1 in Fig urc 3<1. 

4 
. 2i ,w ::> 2 

~~;;&1 
J;{ <zw 0 
5~8Q 
::; :,!:(I) -2 
::; (1»0: 

B~~ ~ - 4 
::i W 

::i 
-6 
3 

u.i 
S/(I)a: 0 
<{a:w 
...Jw ~ 
<{~<{ 
al W ;:: 
(I)::ilL -3 
~ ;; o 
::i 

-6 
1973 

(b) 20 km Si te 

~I~y 

~F~ 

"" ClSI"f'TlJatiYe d&vi8tior'1 from the mean 

Net mesa ba~ 

1978 1983 1988 
CALENDAR YEAR 

199:) 1998 

Fig . If. CUIIIII/ali l'e d l'1, ialiollji'oll/ lite IIlmllll/a.lS ba/al/tl' .. 111 additiollll/Jrallle Itas been added 10 F igure 4d and e. showing 

lit/' (fllllll/lllire dl'1'ialioll j;-o/ll Ift l' //l l'a ll /lW.I.' va/al/Cl' ( 1973 93) . Tfte dij/net/ce bellt 'l'etI tlte meall mass ba/aI/re al/d each 

)'ear's II/(/ ,I.\ -I}{//al/((' r f.I'lI /1 i ., aall/lwlated lJ1'er lillll'. 
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H eillriclll 111/11 oliter,l : Qjlil'l((,II/ -/)I/(/ ,11' 1'1'011llioll (d' a , 'I{rg('- ~)'/)(' glal'il'/' 

Th e speed a t th e g- Iac icr surlilce clue to ice defeJl'lll a ti o n 

durin g th e ll'inte rsofl 977 78 (Fi g , 12a l a ncll 986 87 \\ as 

ca lc ul a ted \\'ith ice p ro p e rti es de te rmined lIsing sp eecl s 

o bse r\'Cd at th e 32 kill sit e , It \\' <1S a ss um ed th a t no slidin g 

\\'as occ urri ng a t tilt' 32 km sit e in th e \\' intlT of' 1977 78 , 

Tf' slidin g \\ '(' 1'1" occ urring , th e ice p ro p e rti es de tcrmin ed 

f'ro lll th e ca libra ti o n \\ 'o ulcl O\'C' ITs tilll<lt C c! c f'ormabilit y o f' 

th e ice, so, if' '1I1 \ ,thing, th e calcul a te cl d c!i'Jl'm a ti o n a l 

\ 'C' loc iti es arc lOo hi g h rathlT th a n too 10\ \', The q ua ntit y 

tCJ'm ed " basal sp ced" is ca lc u lated as the d ill (' I'C n(T 

be t\\ 'Ce n th e o bs(']'\ 'cd \\ ' int e r speed a ncl th e ca lcul a ted 

d ef'o l'm a ti o na l speed , EH' n durin g \\' in tCJ', a su bsta nti a l 

fi 'act io n of th e m o tio n is du e to basa l m o ti o n a t Ill os t s it cs 

, Fi g , 12 b l , 

80 

';' 70 ... 
60 ns 

Q) 
50 >-

.§. 40 

'0 30 
Q) 

20 Q) 
Cl. 10 en 

0 
2 4 

60 ... 
50 ns 

Q) 
40 >-

.s 30 

'0 20 
Q) 

10 Q) 
Cl. 

0 en 
-10 

0 5 

8 14 20 

Measured speed, (a) 
winter 1987-88 

26 

Measured speed 
winter 1977-78 

Calculated 
deformallOnal 
speed, winter 
1977-78 

32 38 

Measured speed, 
winter 1977·78 

(b) 

Calculated 
basal speed, 
winter 1977-78 

10 15 20 25 30 

Center-line coordinate (km) 
35 40 

FI~!!" l 2, II 'illll'l' ,I/)(W/.I , I II Ihl' II/I/)erji-IIIIII' ( a ) , !l1I'a,llIred 

,1/}(Wi.I alld (([/(lflall'd dejiJl'llllllio!la/ ,1/N'l'dl (lrl' ,1/1111,'11 , I II 

Ihl' 100"I' r .FIIIII!' (b) , Ihl' /1(1,1111 I/m'd , mlmlllll'll a ,l 1111' 

dijjirl'lIl'l' bl'llt '{'I'll 1111' IIll'a,l/lrl'd ,I/}('{'(I (Il/(l Ihl' (({/l'lIll1ll'd 

deji}/"/I/aliollal ,I/)I'N/. i.l' .I'h01" II , 'I hi' IIl'golil'c bll.l(ll ,/}('('(I 

calml(lll'l/jin Ihl' -f. kill ,Iill' illdicllle.) Ihlll icl' r/ljillllllllillll i,l 
IIlIdl'l'l',l/illlal('d IIllitl' ,Iile: n'f do 1101 /;1'1i1'1 '1' IIl'glllil'l' howl 

lIIolioll il IICIIlIlI!l' U(('I{lTillg , 

T o d e tl'l' lllin e hO\\ Illu c h o l'tlH' \\ int e r sp ccd cha ll ge is 

clu e 10 c hangcs in th e ra te of' in ' c1 cfc lI'Il1ati o n , th e 

difl lT c lHT bc tlll'l' n th e 1977 7a a mi 191H) 87 clc l()J 'm a [­

io nal sp t'ccl s \\'a, ca lcul a tecl ancl ('0 III p a rcd \\' i I h I h e 

c ha nge in m e, lsured s p eed Fig , 13 1, Lt w as ass ulll cd th a t 

changes in o hsc l'\'ccl s p eed no t acco ullt ed fi) r hy cha ngcs 

in dcf i) rlll a ti o n ,d spced arc du c [ 0 c hangcs in th c r,lt e o f' 

b asa l moti o n , ,\ bo\T 26 kill , c ha nges in thc calc ul a tcd 

dcf () J'mdti o na l spccd \\ 'l' rc ncg li g ible eo mp a rccl \\ ' ith 

c itan ges in Ill ca, urecl s p eed, Thi s impli es th at Ill os t o f' 

th e c h a ngc in lI' int c r specd ,, 1)0\'(' 26 kill bc tllTc n 1977 

a lld 1987 lI'as du c to c it ;ln ges in basa l Ill ()t io n , 

, \ n o lh e r impo rta n l a~ peCl 01' th e b asa l l1l o ti o n is t hat 

bo th winter a nd sUlllmer sp cecl s c hange \\ ' ith Ih L' lo n g ­

term c h a nges Fi g, 1 , Thi s impli es th a t speeds clurin g 

bo th seaso ns arc a fT<: Clccl b y Cl yea r-round p rocess lit a t is 

dri\'in g th e Illul ti- \'ear sp eed flu ct ll a t io n s, Thi s 1\'1)(' o f' 

be h a \ ' ior is appa rcnth' n o t co nfin cdto s urge-t \ pc gl a c ic rs, 

ho \vc \T I'. H odge 197+ ) obslT\'('d a simi lar pa tt l' 1'Il of' 

\\' int e r a nd SUlllllll'l' sp eed c ha nges durin g a 2 \ca r per io d 

4 8 14 20 26 32 38 
';' 30 

.... 
ns 25 • Q) 
>. 

20 
.§. • Change in 

'C 15 measured 
Q) / speed 
Q) 10 
Cl. 
(J/ 

5 
. 

,~ 
Q) 0 
Cl 

""'Change ,n calculated c: -5 
'" deformationa l speed .c 
U -10 

0 5 10 15 20 25 30 35 40 

Center-line coordinate (km) 

Fi,!!" 13. (.'/{({II,!!,I ill willler ,'/Ilw/, IV77 87, 7 itl' dUIII,!!,!'1 ill 

riejimll({/iollo/ ,I/}(W/ ll'I' U ' ,I//I({II COIII/)IIIWI wilit litc cIlIIlI,!!,l',1 

ill 1111'(1,1/11'['(1 j/Jfl'd, Thi,l ill//)lil' I /1/011 of'lhl' ,/}(wl cIllIlI,!!,/' 

It'a,1 dill' 10 (IIIIII,!!,(',I ill /;({j(ll lIIolioll , 

a t li o n-s urge- type :'\i squall y Clac ier o n .\l o Ulll R a ini c r , 

\\'a,hingto n, CS,\, 
,\ s cli sc us,;cd ca rlier, a lin a l lI o tc\\'o l'lh y as pect o r th e 

basa llll o ti o ll i" th at sC<ts{) n a l-' IJl'eel dilll'l'e n ('cs a t cac h sit e 

a rc IITll co rrela t('d \\ 'ilh th e lo ng-t Cl' m in crease in "pcecl 

Fi g' , 7 ), Tlli s a ' lx'l' t can a lso b r ,cen in Fi g ure I: th c 

a mplitude of' th c sa\l'- too th scavlIlal ' lJl'cd p a tt ern i, o f' 

co mpa rable , i/r to th c amplitude 01' lo ng-tc rlll Ilu c tu a t­

io ns in a nnu ;il ' pccel , , \lth o u g h it mi g ht 1)(' c;o,;pc('[cd that 

th e proccsses dri \'ing ,caso nal an d IOn!!;-I Crlll c h ,IIl ,!!;c, arc 

sub'la llti a lh cl illlTc nl. th e o l)s l'l' \ ',lti o ns in d ica te Ih a t 

fac lo rs il11po rt an t ill ca u s ill g' a , itl' to 1)(' s usc('p ti b le 10 

sc,l,ona l c h a ngl's ;IIT likL' l) lli e sa m c as th osc \\ hi c h ca use 

a , it c to h l' " lI 'lTpl ib le to 1() ll g- I(Tm c h a n ,~l's , Th erclfJl'e, 

o lJS(' IYa li o ll s of' ,(',,,o na l s p eed a l a sitl' a rc a n importa nt 

in dica to r ()f' h ;lsa l co nel iti o n , a t thal ,i [e , 

Interaction between the Loket tributary and the 

Inain trunk 

The larges t ' penl ancl g'eo IlH't r ) Il ul'luat iolls olTu l'ITcl at 

Ihe I r a ncl 20 km , itl'" Th e t'\ 'o lu tio n of' t h ese 1\1'0 , it(', i, 

ineli cat i\'(' ()f' a ulliqu (' a llel il11po rt an t lH' h a\ ' io r of' till' 

rcac h o f' tli e g la cin a lo ll g th e J)cna li Fa ult ab()\'(' th e 

Lo kc t Iribu L; 11'\ I'ro m 2:1 kill up th roug h I ~ kill ami int o 

th e pass to Susitll ;1 (;l;l c ie r ; Fi g, I , ami th at th c Lo ke l 

tribu La I'\ p ia), :J \ ' il a l r o le ill Ihe Cjui es('('nl -p ha,e 

c\ 'o lu t io n o f' th c ,~ I ac i el'. Qu a lit a t i\T ly, \\ e 1)(' li l'\,(, tli a t 

th c m a in hra n c h uf' th e g Lt c il'l' i, Iwi ng '-da m mcd " b\ 

sleach ' f1 0 \\ in to th e Ill a lll bra nc h f'm lll th (' l,o ke t 

tribu ta ry , I'(', ulti ng in thi e kc llill ,!!; a b()\'\' th e tr ib ulal'\" , 

cntra nce illt o tit c IIl a in hrall c h Fi g,9 , Tlii s silllati un i, 

a n ,il ogou s to " iJac k\l;) tl' r" ill ri n 'l' Il\'dra uli ('s in lI'h ic h 

th e c!e\'a ti o ll or 1I',lln in o ll e c ha n nel ('o n t ro l, th a t in 

a no th e r ('hann e l as th e t\ \'() c h a nll eb IllCl'gl', Thc reac h 

a l)()\'{' th e L o kc t :J lld u p at leas t as h i!!; h a, I ~ kill lil" O il a 

hcd th a t is hi p;hl ) , us('(' pt ibl e 10 basa l m o ti o ll Fi g, 13 " 
sugges tin g th e pm,ibili t\ th a t th c l' lll e rin g' trillll tan i, 

a lso influ c n c in g bed hydra uli cs , 

011 Ih e re a c h a lo ng th e i) c ll a li Fa lllt a h O\'(' thc l,u kl' l 

trillllt a n , th e parallel ri sc o f' spccds Ilc t \\l'l 'll 197B a ncl 

1986 a t th e I ~ a nd 20 kill s ites indi catcs a s tl'()ng lo ng­

itudi na l s tress co upli ng b e t \\Tl' ll th e lll : thi s pi nT of' th e 

g lac ie r 1ll 00'l'S as nc;!r':' a s ing le unit O\'CJ' th e iJed I Fi g, G , 
T hi, stro n g- cO llpli ng f'uJ'lil e J' incli C<ll cs th a t sig ll il ica n t 
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basa l m o ti on occ urs in thi s scction o f' th e g- Iac ier. \\'c inre r 

thi s beca llsl' co u plin g Ien g- th s a rc Ill u c h lo nger OH'I" 

"s lipper>" g lacicr Ix'c1 s th a n O\'lT beds that a ll ow less 

basa l l1l o ti on K a ll1b a nd Echclmeye J'. 1986 , The b loc k­

m o ti o n situ a ti o n \I 'as s tro ng- h- di splalT d du ri ng th e firs t 

o bs('l'lTcI period o r spced-u p fro m 1978 to 1986, Th e 

cou p lin g- \I'as II'caker durin g- th e pe ri od s o r slo \l'-do\I'n, as 

indi catccl b > th c o iJsc l'\'<l t io n th a t a nnual speed cha nges 

\IT re n o t para ll e l a t th e tl l'O sit es during th e sl(]\I' -dO\\'I l 

pc ri od s , bd<) re 1978 a n d 1987 9 1; Fi g , 6) , . \ ppa rcnth', 

dur ing th e period s or slO\I -dow n , th e re is less basa l 

Ill o ti o n , \I'hi ch ma ni ks ts i tse lf ' in th e I(J rl11 o r lowe r speed s 

a nd \ITa ker co u p lin g , 

Specd c ha nges a t th e L o ke t tribut a ry sitcs L-1 9 a nd 

L-22 km ) a ppea r to lag the ma in bra n c h , ind ica tin g e ith c r 

a II'C'a kn o r a c1i f1<: re nt co u p ling m ec h a ni sm th a n on th e 

m a in bra n ch , I t is a lso interes tin g to n Oll' that thrcc or th e 

site, Il'hi c h li e along th e D c n a li Fa ult 11 ,20 a nd 32 km : 

pl ot ted \I' ith open circ les in Fig ure S ) und c nlTnt large r 

specd increases th a n a ll th e o ther sitcs, The exceptio n is 

th e 26 km sit e, \Ihi c h is in fl ue nccd bl ' th e L o ke t tri l)JJtal'l' , 
, , 

Th e g co logl' on th e so uth sid e o r the I'a ll ey in Il'hi ch th e 

L o kc t tri buta n ' a nd th e m a in acc umu la t io n a rca o ri g in­

a te is c h a ractc ri zed bl' re la ti l'l' h- compe te n l. int r usil 't' 

roc k , :\'o rth or th e filu lt , th e roc k is Illu ch less co mpcte nt , 

Ill c iamo rph osed gra niti c a nd sed im e n ta r y roc k Pos t , 

1969; :\' ok le iJerg Cl lld o lhe rs, 1992 1, Th e f;l ult t re ll ch it self 

is poss ib ly fill ed \I'ith [a u lt go uge , \\' hi c h has m a n y 

prope rti es in comm o n with clays , Alth o ug h no t ('o n­

c lu , i\'e, thi s cl'i d e nce s uggests th a t geo logy has a n 

impo rt a nt influcncc o n lo ng itudinal co up lin g a nd speed, 

L o n g it ud in a l ,t ress co upling is th e cx pl alla ti o ll l IT 

1~I\ 'o r lo exp la ill the co h erent cha ngcs a t th e 1+ a nd 20 km 

sit es, Th e o iJs(TI'ati o ns c1 0 nOI rule o ut o th cr possihi liti es, 

10 1' e~a lllpl c, mass-bala n ce-ind uced ihi c kn ess cha nges, 

causing t ill' co upled c h a n ges in specd, \\' e Il'oulcl arg uc , 

I]() \I '('ITJ'. tha t lo ngi tudin a l st ress cou pl ing prOl 'id cs a 

pla us ible n pl a nat io n fc) r th e g lac i('J' 's h e h a l 'io r, 

Caus e of the speed variations 

lee dcfo rm a ti on d rilT n !J I' geometry c h a nges has bec n 

ruled o ut as tli t' pr im a r y ca use 01' th e speed \'a ri a ti o n s 

Fi g-, 13 Therc a rc s('lT ra l poss ib le e~ pl a n at i o n s fi) r th e 

long-term fl uct ua ti o ns in basal spccd, Thc sm a ll cha ngcs 

in e lCl'a ti o n \I 'hi ch ha\'(' been shO\l'1I to b e m a inl y d ue to 

m ass-ba la nce I'a ri a tio ns: Fig , 11 a n d c h a nges in iJasa l 

shear s tress ca uscci 1)1' th e cha ng ing geo lll e tl'l co u ld b e 

dircct ly d ri l 'ing speed c h a nges a l th e b ed , I n thi s sce n a ri o, 

th e b ed is eX lrelll l'l y se nsiti I'C' to s tress c h a nges, so th a t 

sm a ll e1el'at ion cha ngcs a rc enoug h to ca use la rge cha nges 

in basa l Illo ti on, ,\ no th er poss iI Jilit >, is th a t ma ss-iJa la n ce 

I'a riati o ll s dri lT c h ~lIl g('s in th e basa l Ill o ti o n d irect h b> 

sOllle process 'wch as \\ a lc r illput o r s to ragc a t the hed, I t 

is a lso possible th a t th e basa l spced flu c tu a ti ons a rc n o t 

be ing c1 r il 'en dircct ly b y gco me tl'l ' o r m ass ba la ncc a nd 

a rc d ue to so m e completel y dilIt' ITnt process, (o r exa lllple , 

th e c \'o luti o n of' th e b asa l dra ina ge n ctll'o rk , Thi s 

poss ibilit y o r a n unre la ted proccss is suppo rt ed I)y th e 

I'a rl 'in g lag in tim c be l\\Te n the o nse l o f speed changes 

a n d of' elel 'at ion c ha ngcs Fig , ~ , At thi s tilll e lIT do n o t 

kn o l\' Il'h a t is ca using th e spced Ilu c lii a ti o ns excep t th a t 

t h e e nter ing Loke t tr ihut a J'\ ' a ppa re nll y d a lll s the m a in 
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hra nc h, influ e n ci ng t h e r eac h a iJol'e t h e c nt e rin g 

tributan' \\ ' h ic h IS undergo in g specd a nd geo lll c tn' 

I'a n a tl o ns c1ril '(' n hI' a n lInkn o ll'n basa l process , 

COMPARISONS WITH VARIEGATED GLACIER 

The bc h m' io r o f'Bl ac k R a pids G lacie r, during th at pa rt 01' 
its q ui esce nt ph asc II he re lIT h al,(, o iJscrI'a ti o ll a l d ata, is 

signili cant ly c1ilTe rent fi 'o m th a t of' \ 'a ri ega ted G lacie r , 

ano th er we ll -s tu die d s urge-tl' pe glac ier in ,\ Iaska, 

\ 'a ri cga ted Gl ac i('J' Ill os t I'('cent! > surg ed ill 1982 83 

K am iJ a nd o th ers, 198.') a nd, prio r to th at. in 196+ 65 

(Pos t, 1969 ) , Th e d a ta fi 'o l11 \ 'a ri egatcd G la c il'l' spa nll ed 

the las t 10 l 'Ca rs o[' its ISyea r q ui esce nt ph ase: the da ta 

fi 'om Blac k R ap ids Cl ac ic r sp a n a 'i lll a ll e r pa rt o rth " la t(' ­

su rge CI'C Ic: 22 yea rs or a n es tim ated SO 7.') I'('a r long 

q ui esce n t ph ase, 

The sp eecl a t \ ' ari ega tcd Glac in ;;t cacli ly illcreased 

duri n,li; th e p e r iod o l),.,c rn 'd be tll'('cn its surges R al'mo nd 

and H a rr iso n, 1988, fi g,,) , III contras t, th e sp ccd of'Bl ac k 

R a pids G lac in has und ngone lo ng-I cnn n u c tu at ioll'i of' 

as l11u c h as 1,5'1,. a bou t th e m ea n , On \ 'a r icga ted G lac ier, 

th e an n ll a l speed s inlTcasecl by lip to SOO°/r. \ u 191'>1 I UI'l7:l = 
5,0 a nd th e annua l speed in c reases II'('re Ill o n otoni c at a ll 

sites R a l 'm o nd a nd H a rri so ll , 1988 ). Th e la rges t a nnu a l 

speed in c r easc a t Bl ac k Rapids G lac ie r w as III!I'u l 
(/19.s = 1, 7 at 20 km , a nd lI'as fo ll oll'('d b ~ ' a slO\I'-doll'll. 

\\ ' h e re Bl ac k R a pids G lac ier i, presentl y thi n nin g in 

Ih e surge-recc il 'ing a rea, b e lO\\' abo u t 28 kill ) , th e ra tc or 

th inni ng is s imil a r to th a t o b sel'lTd in th e co r res pond in g 

a rea o r \ 'a ri ega ted G lac ie r , \\ ' h erc Blac k R a pi cb Glac ie r 

i, th ic ke ning in th e surge-I'('scrl 'o ir a rea, a b OlT 28 km ), 

the thi c ke ll in,li; ra te is a n o rd e r of magn ituci e less tha n that 

o hsen 'ed o n \ 'ari cga ted Glac ic r Fig, 8 1, 

\ ' a ri ega ted Gl ac ier is lo ca ted in ma ritim c sou th easl 

,\ Ias ka a mu ch hig hn -preci pi tat ion e ll\ ' iro n me ni tha n 

th e ('e lllra l A las ka Ra nge w here Blac k R ap ids G la cier is 

located, C:o ns ici erah l> m o rc ne t acc ul1l ul a ti o n occ ur;, at 

\ 'a ri ega tecl th a n a t Blac k R a pids G lac icT ( Bindsc had ler. 

1982 , fi g , ~ ) , This is a p oss ible reaso n (Cl!' \ 'a ri ega teci 

G lac ie r' s s h o J'l('J' el'ol uti o n h l'l\I'('cn su rges th a n th at of' 

Black Rap id s G lac ier. .\ n o t h cr poss ible r e a so ll is tha t 

\ 'a ricga ted G lacier is cons id cra bil- smaller th a n I'IZ, 

a bo llt h a lf' th e leng th of') Bl ac k R ap id s G lac ie r. 

I n SUllllll a n ' , \ 'a ri ega ted G lac ie r ('I'o k ed mo r t' 

steadil y b e tween it s 196:1 a nd 1982 surg-es th a n has 

Bla ck R apicl s Glacier sin ce its m os t reccnt surge in 1936 

37, Our o iJsc J'\ 'a ri ons 0 11 Black R a pids Glac ie r a lld th ose 

bl' Cl a rk c a nd Bla ke ( 199 1) Oil Tra prid ge G lac ier, whi c h 

a lso sh Ol\' a substa n t ia ll y d if1(' rc llt qui esce n t-ph ase 

el'o llllion than \I',IS obse r\TcI 0 11 thc \\T lI-know ll \ 'a r­

iega ted Gl acic r, ind ica te th a t there Ill ay b e a 1',Hi et>" o r 

mec ha ni s m s whi ch ca use s u rg-e-t l'pc bch a l 'io r in g laciers , 

FUTURE SURGES OF BLACK RAPIDS GLACIER 

Three impo rtalll ques ti o ns shou ld be as ked a bout Ih e 
ncx t surge o f' Blac k R a pids G lac ier , \\ ' ill it surge aga i ll ~ 

,\ nd il' so, \\ 'h c n will th e ~ lIrgc OCC Ilr. a nd h oll' la rge \I 'ill it 

be! Firs t , it is poss ible t h a t th e g lac ier is Ilol in a qu iescc nt 

phase iJe twec n surgcs ancl, in stead , is e\ 'o king 1O\I'a rds a 
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/ /I'ill/'ir/II 1I11r/lliltl'l'I : (!J1il'll'lIIi-/iI/III(' /'i'o/lIiio// of 1/ 11I/',!!,1'-(r/11' g/I/l'il'l' 

conci il ion 11 ill' lT il i ~ unstallic to ~ U I'i!,T in till' prl'~ l' lll 

c lilll ,ltl', T ill' (N' ill <lIOn beilal 'ior ()r the spc('cI a n e! 

,!!;COIlll'ln Ilould ,(,(,111 to support thi s idea, or pl'rhLlp ~ 

thesc fluctua tion , ,liT lhe nature of' surgl'-tl pe g l;lCicrs 

lI'ith IOllg pnioel s, ,\ cOllc lusion cannot IK' drall n hn'ausc 

of' the lack o f' continuous, IOllg'-lnlll ohscl'l'atioilS of' long ­

pcriod , SUI',!,('('- tI 1)(' g'l;Il'ins, 

COllcl'J'Jling Slll',ge lim ing, the glac'icr i, in a cO llli ,g­

ur;llioll similar to lhal prior to the 193() 3i , urge lhis 

support , lhe poss ihilit~ oran immilll' lll surgc, '/'he c l e;lrl'~t 

illdicator of' thi s conliguration i, the s ize o f' lilc loolwe! 

morailll' l)l'ing pmlwcl out III lile Lokct trihul ;lrl Fi gs I 

ami 2 : Pos t a llel LaChapcll e, Iqi l ,The area of' tili s loop 

is nO\I' till' sa ml' a, tltl' area of' th e loop c,lr ri eel elOII 'II­

glacin f'rolll lh l' mouth of'tll(' Lok c t during th e 193() :)7 

, urg (' , This is ,I simple , ohl'iou s indi c,llOr Of"Urgl' timill g', 

11 011 ('I,(, r. although tlte l1loraine pattcl'l ls ;IIT , imilal' , t ill' 

slope alld cl('l'atioll conligul'alioll III a I not I('t ha\'(' 

l'I 'Oll-Cel 10 lhe ,a llle s latc as in late I ~J:),), Thc ncgali\ l' 

indicator or an im1l1illcllt surge is the spccd Iluctuatioll, 

'/'11 in' cluring thc period of'o l)SCI'I'alioll, til l' g'\al'in , 1001'('cI 
;11\(1 1ll01'CcI ;1\I ;n f'rolll CI'()lution 1011 <l1'e1s a ,urge qale 

11 hell cOllditiolh hl' (, <lnl(' unEllorahlc 1(11' continucd 

aecc lnalion, CUl'l'cntil, till' g la cie r is accelnatillg alld 

coulcl proglT'" into surge \lat(' if' tlt e climate ,u pport , 

cOlltilllJ('cI lhickening Llnd a('('clnalioll. 

C()Ill'l'l'ning 111(' s ize allll (':oelll of' til l' tCl'millw, 

;1(II'al l(,(, ol' th(' Ill 'X t su rgT, il ' till ' g lacicr lIel,(, to acil';IIl('(' 

;I('J'(ISS till' \)clta Ri\'('l' as it ha' in tlt l' P;I't. hoth till' 

Ricltal'd so n Il igllll a\ and till ' oil pipelillt' I\llulcl he 

;tlk('l cel , Th e hislon of' till' nHlI';liIlC' di s( 'u"cel ;1 ho\'(' 

Rl',gn and (ltIHT' , I ()(J:~ sllg'ge' ts lhat sUI',g(' l'l'o" ing's of' 

t lt e l)elt,l Ril'(' l' ;IIT l'eLitill'h rare (' I ('lit', at Ica ~ t 

c()Jllparcd 11 ith the su rge l)l'I'iocl, II ltidl is pl'ohahh ,,)() 

i,') \cars, To illu stl'ate, if' thl' Jllost IT(,(,l1t LTossing of' llll' 

Ikll ;1 Ri\'('1' 1I;1s l i lOIl!' l-'i g, alld;1 i,)I(';11' sUl'ge 

pnioc\ is a" ul1H'ci, 22 sUl'ges that did lUll no" thl' I'il'l'i' 
h;II '(' O('('lIIT('d , inc(' 17 10 HI', Oil this I)a si" it lIolticl 1)(' 

slll'pl'i , ill ,g il' titl' nl'Xl sUl'g(' ('I'OSS(', lilc Iklt ;1 Ril ('I' a lld 

;tll( 'l'1s lran 'porta tioll 1: lci liti(', ill thl' lal!t-~, 11(11l('ll'I', lill ' 

situalioll is not so dl' a r 11 hl' ll 0 111' c(JllsiC\cl's th ;lt Illore 

1'('1,(,111 ' Ul'gl" sllC it ;IS that J11al'keel hI till' tl'l'lllillal 

J11ol'ail1(' ,\ ill Figure I and tll( ' ;1l'1iol1 OI ' I' i,gol'olls stn 'a lll ' 

cil'ail1illg tite gl;lcin 1l1al italT (It-s tl'()\ l'd ('licil'II('l.' of' 

Il1alll l';ldiel' Sll l'ge" Pl'ediltioll of' till' Illag llitucil ' of' a 
sUI',g(' Ill'lT I' ;\('('olllp li , heci iJl'I()J'(', to OU I' kllOlI \t-clge Is 

c()lllplicatcd 1)1 11l<lJ1\ 1 ~ lctol's: S(';ISo llalitl is an ("ample, 

B('(' ;lu s(' SUl'gT' ol't('n qOP ' lId Clt-lIh dUl'ing ea rh SlIllllll('I' 

lIite ll nll'ltll atn 1)(,(,(>l1]( 'S ahulldant I Lil'l'i SOIl and others, 

Ilj() I , it 1(IIIOlIS, I(JI ' l'xalllplc-, th;lt a coo l spI 'ill g alld late 

sUIlIIl1('I' cOlllci dd ;l\ , urge tel'lllin ;ltioll , I'('sl tilin g III a 

J110 1,(, ('xtl'n ~ il,(, surge a(I\-<In ('(' tit ;ln if' the SC<lSO II it'ld b l' (' 1l 

SUMMARY AND CONCLUSIONS 

Spl'cd s ami suriill'l' l'in'atiom it a I,\, Ilul'lu atl'ci dUl'ing th l' 
(,OllI'S(' ol':t2 Il';II" of'ol)'('I'latioll' a t \)hll'k R ;lpi (i-, (;\aeil'l' , 

inciic;l tin g tit at qui(V'('lll-phas(' l'l 'olutioll i, no t 11('('('s,a r­

ih (,(Jllll)()s('d of' Illollotoni(' (' hangc' ill s url ~I(,( ' gl'ol1lctn 

anci ba sa l , tI'C", such a, th osc olh('l'\ ('(I at \ 'al'ieg;lt('(1 

C:lacin, SUllllll ;l l'i/,ill g tlte spl'cd ObSC l'l 'at iolh, thnl' h ;1I l' 

I)('('n COhl'l'l'llt. lon ,g-tl'l'lll llul'1uatiollS in ~ I)('l'd at all sites: 

thc'(' IOllg-tl'l'lll lluctU ,llioll s O(,(,lIl' ill l)(Jtb the 11 illtl'l' and 

' UlllnH'1' specd s Fi ~ , ~ Thc alllplitud(, of' the lo ng'-Il'J'1l1 

lIuctualioll cOl'l'elate, 11 ell lIitit thl' amplituc\c of' tlt e 

al,(,l'agT s('a~o lla l - , peed dilkn 'IH '(' ;It a Sill' l-'i g, 7, 

SUriilCC' cln'ation has also L1llelcrgo lH' IOllg-I('l'1ll Ilul'luat­

iOll s at SO llll' sites I.' ig, I ) , TIt(' g lacie l' is lhillll ing ill the 

sUl'g('-J'l'('(' i\ ' in ,g al'('a Illuch lil, tcr titall it i, tilick{'nillg ill 

til l' I'C'C I'I'oil' al'ca l-'ig, H , Cunllti alil,(, c\('\ ' iatioll f'J'OJll tit c 

111(' ;1 11 IS the most impol'tant Illa s<;- h ;Ji ;llllT t{, 1'1ll to 

l'<lllSidn I()I' illt(,],PITt<llioll ,' h ,g, II 

Foul' prilllal'~ inll'l'p ITt;ltions IIl'lT cil';ll1n f'J'OIll tl1<"c 
OI)S(' I,\,<i tioIl S, Fil'st. chan,!!;('~ in hasa l Jlloti(JlI. I'ath e l' than 

change, ill ict' cicl(lJ'lnali on due to ~(,Ollll'tl' ~ ehan,!!;('s, h;I\ '(' 

('.lllsCc\ Illost of' thl' ch;lnge, in Slll'l:1(,(' ' I)('('d Fig, 1:1 ' 

Se(,ol1Cll~, thl' interactioll hctll'('('n thl ' Lo\.;et tl'iiJlIt <1J'1 

alld thl' m«in I I' Ullk of'lhl' gial'il'l' is a ll importanl l ~lCllll' ill 
thl' qui('sl'(' nt-phasl' ('IOIUlion, cl'hil'cih, \I l' l'olhicil'J'ecl 

sl'lT l'a l po" ill\c ('aUSL'S of' lhe long-lerJll spced l'al'i;ltiollS, 

SJllall ('hallg\"> ill l'ln 'at ioll callsccI hI Illa ss iJal a lll,(, Fig, 

II ,11 hich C;JUSe ' Illall chang-('s ill ba" t\ slll' ;lr ~ trl' '', Illa ~ 

1Jl' elil'l'l'1 h cil'il 'ill g tite SPl'l'd citall ,g!', ;11 tli( ' heel I)('('a us(' 

tilL' Iwd i ~ 1'\'tITIllL'h 'l'm itil'l' to , tIT'" ,\ Itcrllatil'l'h , 

In ;hs-iJ ;Ii;Jlll'l' l 'al'iatiollS ('o u lcI Ill' cil'il 'in g cltanges ill ha s<I 1 

ll lOt ioll dir('('lll h~ sO llle pl'ocess ,ul' h as lI<It(']' illpu t 01' 

storage a t lit (' bL'eI, , \ ll o titcr poss ihilill is thal all UIlI'l'lat l'eI 

Pl'lll'l'SS is cll'il 'illg thL' speed 1l1l1'1Ll at iolls rcg-al'c\\(',ss Ill' 

g' l'O IlI('tl'~ 01' Ill ;IS'i -llalance \ ';Iriatilllh, Thl' l(llIJ'lh illtl'J'­

pI'l'tatillll is lhat In;] ", 1) ~ tI«IH,(, i, all illlpOJ'lallt cll'il 'ill.g 

I()]'('(' Ilf' till' SlIl'i:IC(, ell'l 'atioll e h;]Il~('s I.' it?; , II 

It is IHll ('crtaill il' o l' \I hCII th e g/;J('il'l' \I ill ,u rge agaill. 

Illa e k Rapid s (;1;1( 'ilT ma ~ IHll he ('apah ll' Ill' slll'gill g' ill 

tit( ' PITSl'llt c limat (" alld Ih( ' illC\il' ;ltllrs Ill' tltc illll1lill('Il(,(, 

Ill' till ' Ill '\' t , ul'ge alT alllhigu(lll', 11 ' it do l" 'Ul'gT, \1(' 

1H' li('l'(' it i, Illliikl'h th a t till' tCI'Illillll S w ill acil'<IIH,(, ;ILTO" 

allcl clam tlH' Dl'lt a Ril ,(, I', 
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L'SC;S e1l"(,],\(' spl'c ial titank'> Ic)] ' th l' il' t\l(l cic(,<Icks Ilf' 

\lork ga t lllTill g 111II('h of' tll(' data pl'('s(' nt n l hnl', C, 
Ral lllllnd 's Ill<llllhLTipt 1'('\ i( '\I 1ll'lp('(1 ICll'lI ' OUI' PI'CS('lll­

atitlll. Thl' ('arh Icars Ill ' tll( ' 1)l'ojl'ct \1(']'(' suppllrtl'd h~ 

till ' ,\ 11 eska Pipl'line (:OI1lP;IIl\, tlt( ' middl(' I ('ai', 1)1 thl' 

L'SeS, ami thl' I'('('('nt I l'al'S IJI till' L'SeS ~11lc\ L' ,S, 

\' at iollal S('il'n('(' FOUllc\;llion g rallt ~ DPPB ,') -llJIIO, 

IWPHH-2 2 ,,)H I ;11lt! OP I'c) 22iH:1 , 
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