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ABSTRACT. Charac teristics of the hydrology and mo ti o n of Bl ac k R apids a nd 
Fels Glacie rs, Al as ka, we re o bserved from 1986 to 1989 . H ydrological measurem ents 
included stage, elec tri ca l concluc ti\ 'ity and suspended-sediment concentra ti o n in the 
disc harge s tream oC each g lac ie r, and we re m a d e a t 0. 5 I h inten 'als continu o usly 
through m os t of the mel t seasons. Vari a ti o ns in the glac ie r speed were mo nitored 
through th e full yca r a t a num be l' of loca ti o ns a long the leng th o f each glacie r using 
time-lapse pho togra ph y ( 1 d time resoluti on ) , stra in meters (0. 5- 1 h rcso lu tio n ) a nd 
seismometers se t up to count aco usti c cmiss io ns. Both glac ie l-s sho\\' simila r seasona l, 
diurna l a nd sho rt-term e\'ellt c ha nges in hydrological disch a rges and ice speed. The 
hydrologica l behayior is a na lyzed in terms o f a "fas t" sub-sys te m composed of su rface 
streams, m o ulins a nd la rge tunnels with di scharge tha t respo nds rapid ly a nd a "s lo\\'" 
sub-sys tem com posed of h e te rogeneous small passageways th rough the ice and 
distributed over the bed th a t m a intain a pprox im a tely uniform disc harge o\"( r a d ay. 
The timing and a mplitud e of w a ter di sc harge in the diurnal cycle indica te th a t ro ughl y 
10- 40% of th e wa ter is ro uted direc tly in to th e fas t sys tem. Th e rem a ining 90- 60% of 
the wa ter e nters the slow sys tem . Dilution of the so lute discharged from the slow sys tem 
by th e va ri a b le di scharge in th e fas t sys tem results in cha nges in water di sc ha rge a nd 
solute conce ntra ti on tha t a re a pproxim ate ly cq ua l in rela ti\ 'e a mplitud e and in versely 
rela ted. A sm a ll time lag fro m di scha rge m ax imum (minimum ) to solute minimum 
(max imum ) sugges ts tha t th e fas t sys tem is confin ed to roughly the lo\\,e rm ost 3040% 
of the full g lac ier length. Th e residence tim e of wa ter in th e fas t system is short 
compared to I d . The slow system con tains bo th short- a nd long-resid ence time 
passages. C h a rac teristics of th e diurnal cyeles a re somewha t varia ble through th e melt 
season, but no sys tematic evolu tio na ry pa t te rns were discerned e\'en th o ug h large 
changes in th e mean di sch a rges of wa ter a nd solu tes occ ur, w hich sugges ts pa ra llel 
evolution o f t he \'ari ables th a t con trol the res ponse of th e fas t system. Events were 
charac teri zed b y conte mpo ra n eous increases in suspended-sedimen t concen tra ti on in 
the di sc ha rge wa ter and di stinc t cha nges in stra ining on th e g lacie rs. Eve nts caused by 
increases in m elt or precipita tio n rela ted to wea th er and events re la ted to release from 
rese rvoirs inte rn a l to th e g laciers could be di stinguished b ased on th e cha nges in 
el ec tri ca l conducti\'ity of the discharge wa ter. The co rrela ted c hanges in sediment 
di scharge a nd moti on of th e g laciers indi ca te th a t the events were assoc ia ted with 
temporar y m odifi cati ons of th e slow passages di stributed over th e bed that a llowed 
enhanced sliding and access of basa l wate r (1 0';" to erosion products. H yd ro logical 
difTerences be tween Black R a pids a nd Fels Gl ac ie rs can be ex pl a ined by d iffe rences in 
the size o f th e glaciers. If the re is a di ffe re nce in bed stru c ture tha t ex pl a ins the 
difference in d ynami cs (surge - Blac k R a pids C lacier - Yers Ll s non-surge Fels 
Glacier), it d oes not a ffec t th e h ydrologica l pa rameters tha t were obsen·ed . 

1. INTRODUCTION cha nges in the input, output or storage of wa ter in the 
g lacier sys tem. Exa mpl es are: glacie r surges (K a m b a nd 
others, 1985; un p ublished info rmation from A. Post ), 
seasonal \'a ri a ti o ns (H odge, 1974; 1 ken and o th ers, 1983; 
H ooke and o th ers, 1989 ) and short-term changes som etim es 

The poss ible coupling betwee n th e hyd rology a nd motion of 
a glacier has lo ng been recogni zed . Observa ti ons have now 
clea rl y ti ed va ri ous kinds o f g lacier-velocit y ch anges to 

290 
https://doi.org/10.3189/S002214300001618X Published online by Cambridge University Press

https://doi.org/10.3189/S002214300001618X


Ra)llI1ond alld others: ~ydlological discharges and motioll qf Fels and B lack Ra/Jids Glaciers 

referred to as "mini-surges" or " motion e\-ents" (Iken and 
others, 1983; H an-ison and o thers, 1986; Humphrey and 
others, 1986; Tken and Bindschadler, 1986; K am b and 
Engelhardt, 1987; Hooke and o th ers, 1989). 

I n this paper, wc compare Black R apid s and Fels 
Glaciers in the centra l Alaska R a nge (Fig. 1) using high­
reso lution time series oCa number of hydrological and ice­
dynamical parameters that extend through much or all of 
the yea r for se\ 'era l years. On each glac ier, it is possible to 
examine the relationships between these parameters on a 
\'ar iety oC time-scales spanning short events of hours or 
less, diurnal variations, seasona l patterns and year-to­
year changes. The relati\'e timing uC dynamic events on 
the glac iers and discharges of water, sol u res a nd sedimen ts 
are of particular interest for examining the structure of 
the dra inage system and its relation to the ice 0 0\-1' . 

Black R ap ids Glacier is a la rge surge-type glac ier 
th at last surged in 1937 (H ancc, 1937) and co uld surge 
again in th e near furure (Pos t , 1969). Fels Glacier is a 
sm a ll er g lacier that is not kn own to surge . Geometrical 
informat ion abo ut these g lac iers is gi\'en in Table 1. 

Table I. Glacier c/wT([clerislirs alld relallon to stream sites 

Black RajJids Fe/s 
Glacier Glacier 

G lacier I ypc "Surgc-II pc" N o rmal 

Ia sl surge ) 1936 371 
Glacier Icng-lh km l +1 12 

Glacier " 'iclih I km I 2 3 I 

Glacil'r area 
illcluding lribularic:, km 2 1 150 18 

Celllral ice Ih ickness (m ) .500 250 
. \ w-ra gc surface slope 0.025 0.07 

T ypical celllra l now-line 

speeels ( 1Tl a I ) 100 70 100 

EIc"ation range 1111 ) 2.580- 990 2.500 980 
Drainage basin area I krn 2

) 400 50 
Dislall cC fi 'o lll tenninLls to 

stream ObSt'IYd lion ~ itr kill ) 0,1 

Stream-sitC' ~l'acl i (,l1t ~Ol 0.02 0.05 

x s t ream s i te 

• camera s i te 
• strain si t e 

5 0 10 1 !i k m _ M_ 

1 

l\1id-s umm er h ydrol ogica l c h arac te ri sti cs o f th e 
stream s dra ining the g laciers are summarized in Tab le 
2. Bo th g lac iers li e in the vicinity o f th e Denali Fault 
a nd the centra l part of Black R a pids Glacier flows 
a lo ng the main fa ult. Both g lac ie rs d escend over a 
sim.il ar a ltitud e ra nge (T able 1) . W inter snowfall 
d ep os its abo ut 3~4 m of snow o n th e upper reaches of 
th e g lac iers. Exposure of th e terminus a reas of th e 
glacie rs to wind o ft en res ults in much thinner snow 
accu mula ti ons o n the lowe r parts of the glaciers. 
S umm er melting occ urs O\'er the full leng th of the 
g lac iers. Blac k R a pids Glacier is known to be 
esse nt ia ll y tempnate (Harriso n a nd others, 1975 ) a nd 
this is probably th e case [or Fe ls G lac ier. 

Table 2. Stream characteristics iyjJicol of J uly 

\\' "Ier cl e plh 111 1 

Cross-secliolla l arca 
., 

( 111 - ) 

Surr~ C l' \Tlocil )" (m s I 

]) i ~(' harg (' 1111 :'" I 1 

Suspe nded ,cclimelll gl I ) 

S uspenelecl -srdi IlWIl I Il u x kg, I ) 

Io ni c impuril ) Co l1 Ct"n lra t ion Illg l ' ) 

Ionic imjJuril ), flu x kgs ' ) 

Black Rapids 
Clacier 

1. 5 
~28 

5 
~ IOO 

3 
300 
+.5 
+.5 

Fels 
Glacier 

0.8 
1.7- ' .. 5 
1.7- 2.8 
3- 13 

5 
15 65 

7.7 
0.2 1.0 

The compa l"1 son of these Il earby g lac iers provides a 
mcans to exam in e whether surge-type glaciers h ave 
di s tingu ishing cha l-ac teri sti cs during th e norm al phase of 
Oow , as might be possib le if th e surge beha\'ior arises 
from specia l bed c ha racte r is ti cs . The geo m e trica l 
cha racteri stics of Fcls G lacier arc ve ry simila r to those 
of surge-type Variega ted G lac ie r (Bindschad ler a nd 
ot he rs, 1977 ), which prO\'id es anolher comparison that 
co uld iso la te ~)ec i a l cha rac teri sti cs assoc ia red with surge 
behavior. 

Fig. J. Ala/J of BLack RajJids and Fels Glaciers showing measurement sites. 
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2. MEASUREMENTS 

A. Methods 

Th e hydrological outputs fro m th e glaciers were mon­
ito red through mos t of th e m e lt seasons \I'ith a utoma ted 
instrum ents sa mpling every 0 ,5 I h, These instrum ents 
measured \I'a te r-surface heig ht (stage) using ultrasoni c 
di stance ra nging, elec tri ca l co ndu cti\'ity (EC ) using a 
res ista nce ccll. turbidit\, (TR) using li ght tra nsmission and 
wa ter temperature \I'ith a th ermis tor, Instrum ent d eploy­
ment \I'as simila r to meth ods used by Humphrey and 
o th ers (1986) , The loca ti on a nd confi guratio n of the 
instruments \lT re chosen to ac hie\'e reli a biLity in the 
glac ier-fed stream el1\·ironm e nt o f unstable ba nks, high 
wa ter \'e loc ity, entrained ice be rgs a nd hig h sedim ent 
tra nsport, Table I desc rib es th e location s of strea m­
sa mpling sites in rela ti on to th e g lacier termini, Along­
stream tra \'e rses of EC and suspe nd ed-sediment concen­
tra ti on showed th a t, during summ er conditions. the 
stream sites \I'e re represe nta ti\ 'e o f the termini . Se\'e ra l 
tim es during each m elt season , s tage, \I'a ter d epth , surfacc­
wa ter \'clocity a nd EC were m easured ma nu a ll y, and 
wate r sa mples were taken to check ca librations and 
prOl' id e accesso ry inform a tion. 

\\'a ter di scha rge was no t m eas ured [or either of the 
g lac ie r streams, Rough es tilllat t:s a re poss ibl e a t tim es 
wh en \I'a ter velocit y was m eas ured , \'I'hi ch lead s to th e 
numbe rs in Table 2, Flu c tu a ti o ns ill stage g ive a 
q ua lita ti\T indi ca ti on of trend s in disc ha rge . Beca use of 
cut- a nd-rill in th e channel a nd lack of c ross-sec ti onal 
m easu re m ents, we ca nn o t full y qu a n tify th e wate r 
di scha rge. Fo r relat i\'ely sma ll , short-term ch a nges, such 
as during th e diurnal cycle, \I'e used i\I anning's equa tion 
ass uming consta nt roughn ess a nd cha nnel sha pe to 
ca lcula te th e frac tional cha nges in discharge from the 
fr ac ti ona l changes in wa ter d e pth. D etermina tion of the 
to ta l di scha rge from Blac k R a pids Glacie r is furth er 
compli ca ted b y two small tributa ri es th a t enter th e strea m 
below th e instruments. 

C ha nges in EC are ca used by changes in solute 
c hem istry o f th e \I'a ter. \V a te r tempera ture a l\l'ays 
rema ined within IK of freez ing a nd had neg li g ibl e effec t 
o n E C , 'a ri a ti o ns, The de ta il s o f th e chemistry ha lT not 
bee n il1\ 'es ti ga ted, If th e pro po rti o ns of ioni c components 
did no t cha nge with time, vvhi ch in some cases is 
a pproxim a tely true in glacier-fed strea ms (e.g , R a islVe ll 
a nd Th omas, 1984; Thomas a nd R a iswell , 1984), th en 
EC wo uld be pro portiona l to th e tota l solute con cen­
tra ti on . S ta nd a rd conve rsio n fo r g ro und wa te r (m easured 
a t 0 C ) indi ca tes tha t solute con centra ti on in m g l I a nd 
EC in mS cm I a re roughl y equ a l (Greenberg a nd others, 
198 1 ) , 

The rela ti o nship betwee n TR a nd suspended-sed­
i m en t concen tra tion was i Jl\'es tiga tcd using wa te l" sam pies 
co ll ec ted fi 'om the sa me d e pth as the turbidity sensor 
( ~O ,l m benea th the surface ) , \Vc present TR cOlwerred 
to a pprox ima te sedim ent co nce ntra ti on based o n calib­
ra ti on CUI'l'es d eri\'ed from reg ression of th ese data 
(R a ymond a nd Benedi ct , 198 9 ) . TR and sed im en t 
concentra ti on were onl y ro ug hl y co rrela ted \\'ith sub­
sta n ti a l sca tte r ( ~50% ) , Th c usua l ca libra ti o n bet\lTen 
TR a nd sediment concentra ti o n a ppea red to break down 
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during some inter\'a ls of high turbidit y \\'hen the turbidi ty 
rose substa nti all y m o re th an ex pec ted from th e sed iment 
co nce ntra ti on beca use of a fini ng of th e g ra in-size 
di s tribution. Th e re fo re, th e ca librated tu rbidity g i\TS 
o nl y a ro ugh es tima te of the Ic\'e l o f suspended-sedime nt 
co ncentra ti on. O ccas ional meas ure m ent s of suspended­
sediment concentra ti o n \'e rsus d e pth showed th a t the 
surface samples \\ 'C re representa ti\ 'C of th e \l a ter co lumn 
exce pt (o r an increase in th e coa rse frac ti on near th e bed. 

i\f easurements of inpu ts to th e g lac ier hyd ra uli c 
sys tcm \ITre limited, Air tempe ra ture, record ed ha lf:' 
ho url y, and ha lf-d ay, integra ted prec ipita ti on meas ured 
a t strea m sites pro\ 'id e indicato rs o f g lacier a bla ti o n ra te 
a nd ra infa ll input. Discharge a nd E C in suprag lac ia l 
streams a nd in strea m s coming fi"om the \'alley wa ll s were 
m eas ured once on eac h of th e g lac ie rs, 

Th e moti on o f th e glac ie rs was monitored using 
pe ri odi c sun'eys o f m a rkers to o b ta in seasona l to a nnu a l 
, 'eloc ity a \'erages , R eso lu tion of \ 'C loc it y cha nges on a Id 
tim e-sca le \I'as ac hi e \'Cd using tim e-l a pse photogra ph y of 
m a rk ers 0 11 the glac ie r surface \I'ith cameras rixed on the 
m a rgins, (For a d esc ri p ti on of m e th od s see H a rrison a nd 
o th ers ( 1992 ),) :'lo tio n changes a [ shorter time-sca les 
we re examined using stra in meters a nd seismometers th a t 
we re record ed e\'er y 0 ,05 h with d a ta loggers, Strain m e ters 
m eas ured on a I m base line and we re insta ll ed verti ca ll y 
a t d e pths of 7 15 m in stea m-drilkd hok s whi ch refrozc 
a ft e r insta ll a ti on. S tra in ra te L\\ ·e raged OI'Cr 4 h was 
ca lcul a ted a t a given tim e fi'om stra in sa mpled 2 h befo re 
a nd a fter th a t time. W c a rc concerned onl v \I'ith th e 
timi ng of stra in-ra te cha nges a nd d o no t here a ttempt to 
calibra te th e stra in read ings. Th e seismic record ing used 
10 H z geop hones connec ted d irec tl y to a d ata logge r. T he 
\'01 tage input was p rocessed by the d a ta logger a nd 
cOll\ 'e rred to counts representing th e le\'el of se ismi c 
ac ti\ 'ity. Simil a r to st ra in ra te, th e units of se ismi city can 
be interpreted o nl y in a re lat i\'e se nse , H a rrison a nd 
oth ers ( 1993 ) ga ve m ore detail s o n th e stra in meters a nd 
se ism ic moni lO ring m eth ods , 

B. Results 

Fig ure 2 sho\l's th e hydrologica l tim e se ri es [or Blac k 
R a pids Glacier during the 1989 m e lt season a nd [o r Fels 
G lac ier du ring th e 1987 melt season , T o d escribe dy na mic 
ac ti vit y of each glac ie r for compa rison \\' ith hydrolog ica l 
d ischa rges, stra in rate a nd seismic it y a re shown in Fi g ure 
2 fo r o lle loca ti o n o n each glac ier. These a re th e m os t 
comple te and reli a ble seasona l tim e se ri es ri'om eac h 
g lac ie r, The following a na lysis will focus on th ese t\l'O 
d a ta se ts but we will a lso refe r to o bse rva ti ons from o th er 
yea rs. Figure 3 sh ows the inten 'a ls in 1986-89 for w hi ch 
th e re a re relia ble m easurements, All h yd rologica l tim e 
se ri es a nd assoc ia ted measu reme nts a re an1 il a b le ri'om 
\\'o rl d D a ta Center .\ C lac io logy (R aymo nd a nd 
Be n edi c t, 1989 ) , E."tensi\T meas urem ents of \'eloc ity, 
s tra in ra te and seismi ciry a re a lso a\'a il a ble from th e 
\Yo rld Da ta Center in a not her re po rt (H a rrison, 1990 ) . 

Processing steps a ppli ed to th e h ydrologica l time series 
a re illustra ted in Figure 4. Exam p les a re show n fo r 
re la ti\'e ly noisv d a ta as \I'as typ ica l o f th e stage meas­
u re m en t (Fig. 4a ) a nd smoot h d a ta as \I'as ty pica l of the 
E C measurement (Fig. 4b , Th e data we re fi rs t smoothed 
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BLACK RAPIDS GLACIER, 1989 
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F ig. 2. a. Tillll' II'ril'l ol /!J'dmlogiCflI allrl ill' (()'!Iall/it.1 

rlala jin' Black Rajiid.1 (;Iaria ill 1!J8!J. Slralll mic 

rl'jirl'ltll/I n/l'wioll alollg litl' l'crlillll rlirnlioll. S/}('('(I dala 

jin 1989 arl' 1101 al'lIi!lIbll', S/ll'l'rI 1I1'l'llIgl'I/ 1I1'n 

a/I/JI'IlIilllall'()' 2 il'l'l'k, i, litoll 'lIjin' J!J88 10 i!lllllml!' lite 

/111111'1'11 o/l'arialioll litrollgit litl' lI/ell ,1l'(WIII. 

a nd interpolated to lill in short ga ps llSIIl P; op tim a l 

interpo latio n \ ' isihle as thin l'U I,\,es in Fig ure [ eXl'ep t 

",here o bsc urecl b y data [loints l. Th e cunTs in 1''i,g uIT 2 

sholl the smoo th ed data, Th e "moo th ed claw \\'('rc th en 

lOll- pas, lilt e red using a 2 1, h running mean. Th e resultin g 

c unT sholl's lhe scc ular trcnds happenin g ()\ cl' multi-cl a\ 

int l'n'a l, he<l\ 'y so lid cunT in Fi g ure f , This trc ncl cun'l' 

11 a, subtracted rrom th e sll100 th ed d a ta to rC\'l'<l 1 

detrended I'a ri atio lb at time-sca les or about a da \' or less 

,dashcd l' UI'\T in Figurc 'l . 

3. CHARACTERISTICS OF TIME V ARIA TIONS 

A. Seasonal evolution 

Th e seasona l p attcrn or h ~dro l ogica l dischargcs is 

ill mtra ted by the dat a ri'om Black R apids Glacier during 

1989 Fi g. 2<1 1. Bdi)l'l' .Julian da~ 1+7, the ri\T r s Llrf ~lce at 

lh l' measurCll1elll si te I\as o bsc ured by ice and drif't ed 

snol\'. Th e first usef'ulmeasurelllcn ts start on lh al dale. The 

record sll()II'ed a g radua l rise in stage [il l' roug hh 1'0 d unlil 

a hou l ,luli an cl a\' 190 . ,\I'ler lhal , lhl' stage showcd no 

s tron g lo ng- lerm trend a nd rema ined al hi,gh 1l'\'(' ls or 

FELS GLACIER, 1987 
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JULIAN DAY 

F ig. 2. b. Timl' ,Il rill ol I~l'drul{)gi({[1 IIlIrI iCe-r!J'lIamir.1 

dala ./ill' Fel, (;Iacin ill 1987. Slmill rail' rl'jirl'.I{'II1.1 

n/l'lI.Iill/l aloll,!!, lit I' l'aliml rlirnlioll. ,)/JI'I'rI i, brl.ll'd 1111 

./illl/-/I/alll' rlil/illlcl'III!'1I1 Oil a ji\1'f1 lill/c-Ia/III' (filiiI'm 

ll,ilitoul 1(fIlillgji-OIll jiitologralllllll'lric corrl'cliolll , 

dccreasl'd on ly sli g htl y [il l' <Ipproximateh- 60d unlil aboul 

,lulian da\ 2.30. Subsl'<[uellt l ~. there \I'as a relal i\Th- rapid 

decrease in sla ge . EC: sh o\\'ed oppos itc In: nds compa red 10 

stagl'. EC times \I" \l(.'!' di sc harge is ap proximaleh' propo r­

ti o n a l to sulule flu x. During lhl' me ll scasu n, the \I 'a ter 

di sc harge increased much more thall the so lutc concentra­

li o n cleLTL'<tsrd, so th e so lut e flu x increased. Turbidity 

increased during th e initial period o r rising stage days 

1.30 190 1 IJut during' lh c [i) llolI'ing pniod of' re lal i\ 'el y 

consta nl sta ,ge days 220 2.30 'rR decreased. Th e 

suspcnd cd-sed illl en t d isc ha rge lhrrdore i nLTcased ra pidl\' 

a nd cl ecl ined graduall y o\,c r lhese timc intcl'\ 'a ls. 

Th c discharges [i'om Feis Glacier in 1987 t Fi g . 2b ) 
[ol l(lII cd sim ilar pallcrns . Some difkrenccs in compari so n 

to Bbl c k Ra picls G lac ie r in 1989 111'1'(': ( i I a 111 0 re not icea ble 

lrend of' declining s tage throu,gh lhe mid-sulllmer. ii I 11 0 

obscl'\Td ab rupt clecreasc in sla,gc in th e lale summ c r. ( iii ) 

morc prominent mulli-cl a\' and diurna l \·a rialions. 

,\I lhough lh(' cl a ta [i'om other yea rs a rc less complele, 

lhe y sho\\' lh e same genera l palterns \I' i l h some diflc rell ccs 

probabl y re fl en in g yea r-to- ycar ciillc lTlIlTs in lhe II'Car h­

IT I R a~ ' mond a nd B e ll edi c l. 1989 ,. 

The broad seaso llal p a lle rns or icc \'('loc il Y a re simil ar 

on bOl h g lac iers Fi g. 2 ) . ,\ broad mi ni mum in \'C loc il Y 
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Fig. 3. Intervals of successful automated observations Jor 
stream stage, electrical c01lductivity ( EC) and tw'bidii)' 011 

Black RalJids and Fels Glaciers in 1986, 1987, 1988 and 
1989. Also shown are the occurrence oJ type 1, type 11 and 
intennediate-tyjJe events. 

occu rs at a tim e that depends on location but is typica lly 
in late summer. The highest speed is in late June and 
ea rl y Jul y. Above the equilibrium lines, the d a ta are 
sparse but the a\'a il a ble information indi cates that the 
seasonal varia tions are small in compari son to lower 
eleva tion s. 

B. Diurnal variations 

Diurna l vari a tions of hydro log ica l variab les have been 
examined for Fels and Black R apids Glaciers using the 
smooth ed and detrended tim e series desc ri bed in section 
2B. The data for stage and EC were stacked to identify 
th e characte ri stic phase and amplitude relationships of 
the diurnal cycle. The stacking was don e in 20 d blocks 
through the summer to tes t for systematic evolu tion in th e 
pattern of diurnal \'ari a tion (Fig. 5). On both glaciers, 
the diurnal variations of stage and EC were a pprox­
imately sinuso idal and inversely rela ted. Th e diurnal 
variation of TR investigated by the same anal ys is was 
more compl ex because the stacking was affected by spikes 
from turbidity events tha t mayor may not have been 
related to the diurna l cycle . 
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BLACK RAPIDS GLACIER, 1989 
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Fig. -I. E).ample oJ /JTOcessing of h)ldrological data 
showing data /)oint5, smoothed matching curve ( thin curve 
Jollowing points) , low-pass filtered trend curve ( thick 
(ltrve) and curve oJ detrended short-terll7 varia tions 
( dashed curve) . JlIeasllrements are ]rom Black Ra/Jids 
Glacier 011 Julian da)'.) 220- 240 (8-28 August) 1989 . 
(a) Stage, ( b) Electrical conductivity (EC) . 

A meas ure of th e amplitude of the diurnal cycle is 
d esc ribed in Fig ure 5 in terms o f the half-amplitude of 
vari a tion (rull a mplitude being the minimum-to-m ax­
imum change) divid ed by the mean a nd is call ed re lative 
amplitud e. Th e relative amplitud e rose in th e ear ly melt 
season and declined in th e la te melt season . On Black 
R a pids Glacier, in 1989 (Fig. 5a) , th e relative amplitud e 
was high imm ediately aft er th e stream surface was 
ex posed, indica ting a very rapid rise in the relati\'e 
amplitude ea rl y in the melt season and a gradual d ecline 
th ereafter. However, this was no t necessaril y the case in 
other yea rs, for exa mple in 1987, when the highest 
re la tive amplitude occurred late in the melt season 
a round cl ay 230. The rise and fa ll of rela ti\'e amplitud e 
was gradual on F els Glacier in 1987 (Fig. 5b) and a lso in 
1988 . 

The variations in stage h (Fig. 5) can be related to 
water discharge Q using :'Ila nning's equation. For small 
deviations (j and h from means Q and ri , it pred icts 
(j /Q = kh/ri with k ~ ~ for th e ve rti call y walled Fels 
Glacier stream a nd with k > ~ for Black R a pids Glacier 
s tream, which has sloped banks. Ass uming that concen­
tra tion of solutes C is linearl y related to EC, relative 
amplitude oCC is th e same as for EC (Fig. 5) . Th e solute 
Oux is QC. Sm a ll fractiona l changes in QC are give n 
approxim a tel y b y (j /Q + G/G. Sin ce th e fr ac tional 

https://doi.org/10.3189/S002214300001618X Published online by Cambridge University Press

https://doi.org/10.3189/S002214300001618X


Raymond and olhers: I Iydr%gim/ dischmges and molioll oJ Fels ond Black Rapids Glaciers 

o 

(a) BLACK RAPIDS GLACIER, 1989 
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(b) FELS GLACIER, 1987 
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Fig. 5. SlagI' (dolled) alld eleclrical colldIlClivi{J' (Jolid) 
Ntriatio llJ slacked 011 24 h ill/eJwi/s frOIll midllight 10 

midlligh! . Each bo\ re/Hfsen/J slackillg over Ihe illlen'a/ oJ 
] lIlian d(~JI.\ indicaled ill lite bo \·. The ampliludes are 
lIormali::;ed Jar [om/Jariso ll oJ slia/m and phases. The 
bo/lol1l righl gra/JIi oJ each seclioll shows l/ie Telalil'e 
am/J/illlde ( half alll/Jli lllde !if lIarialioll dh'ided b), Ihe 
/IIean) Jor each slacked interval. 

\'a ri a ti o ns o f Q a nd C \lT re a pprox im a tel y equ a l in 

mag nitud e a nd in ve rse ly rela ted (GIG ~ - Q/Q ), th e 

re la ti\ 'e a mplitude of QC was sma ll compa r ed to th e 

re la ti\T a mplitud es of Q a nd C. T a bl e 3 summ a rizes 

re la ti ve a mplitudes of wa te r disc ha rge (f1Q /Q ), solute 

co n c 10' n t I' a t i o n ( l1C / G) a nd so l u t e d i s c h a I' g e 

(l1 (QC)IQC ) typi ca l fo r th e diurn a l cyele o n eac h 

g lac ier. 

Fig ure 6 sh ows th e rel a ti\ 'C timing o f m ax im a a nd 

T able 3. Projlerlies oJ diurnal cycle 

\, 'aler discharge 

tJ.Q/Q 
Ti me or max imum Ih ) 
Ti me or minimum h 

Solule, 

..1C/ C 
T ime or max h i 
Ti me or mill (h 
Solule nux 

..1 (QC) / QC' 

F ast -system J"cspon ... (' 

time and dalnpillt4 

T,.(h) 
), . 

F a"l "l lo\\' pan i t i olljn~ 

Q, /Q 
Qr/Q 

F,m-S)Slelll lenglh 
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LCIl.g lh kill 
I ,c ngl h. glac ier le n g lh 
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O. l 0.1 
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.5 
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1ll1l11m a fo r s tage a nd EC fo und fo r eac h 20 d bl oc k for 

Bl a ck R a pids 1989 a nd Fcls 198 7 Gl ac iers . T ypi cal tim es 

fo r th e me lt season a rc ta bul a ted in T a ble 3. Th e stage 

va ri ed \\'ith a m axi mum in th e early e\'enin g (a bo ut 

1800 h) and minimum in th e m o rnin g (a bo ut 0800 h ) . 

. \Itho ugh we d o no t kn o\l' prec isc ly \\·hen m aX llllUIll 

a blati on ra te occ u rs, a reaso na b le suppos i ti o n is be twee n 

1400 h nea r so la r noo n (Al as ka d ay li g ht tim e) a nd 1500 
1600 h w he n th e a ir tempe ra ture rea ched its p eak. 

There fore, th e re is a tim e lag 8 = 2 4 h o f' di sc ha rge 

be hind in put. There is a lso a lag o f th e ea rl y e \ 'C nin g 

minimum a nd m o rnin g max imum in E C compa red to th e 

co rres pondin g m ax imum a nd minimum in stage . The 

inte l"\ 'a l from th e s tage max imum to E C minimum d efines 

a tim e shirt li s ted in T a bl e 3 und e r "fas t-sys tem le n g th " . 

Th e ti me shift is es pec ia ll y no ti cea bl e on Blac k R a pids 

G lac icr ("-'3 h ) . Fo r e ither stage o r Ee, th e tim e rro m th e 

m o rning to eve ning ex trem a (ma ximum or minimum ) 

\I'as less th a n 12 h a nd th e co rresp o nding inte n "a l fro m 

e \ 'C nin g to m o rnin g was longe r. The ra tes of change we re 

th e refo re m os t r a pid duri ng th e d ay tim e. The timing o f 

th e m ax im a a nd minim a showed va ri a ti ons o f a fe w ho urs 

thro ugh th e melt seaso ll but no o bvio us progressive tre nds 

occurred during th e o bsel"\'a ti o n pe ri od s. 

The meas ure m e nts or stra in a nd se ismi city showed tha t 

diurn al \'a ri a ti o ns in th e iee moti o n occurred on bo th g lac iers 

(e.g. see Fi g. 7. ) The diurna l \'a ri a ti o ns lVere not unifo rm in 

space a nd tim e. Diurna l \'a ri a ti o ns lVere a bsent during 

winter but epi sod es of diurna l va ri a ti o ns we re obsen 'ed as 

earl y as April. On either glacier a t a n y o ll e loca ti o n , diurn a l 

\ 'ari a tions we re no t persistent (as is th e case in th e s trca m 

now). Diurn a l \ 'a ri a ti ons tend ed to be espec ia ll y s tro ng 

durin g prolonged m o ti on eve m s. So me loca ti o ns we re 

pa rti cul a rl y susce ptibl e to diurn a l \ 'a ri a ti ons whil e o th ers 

were less so . Ph ase o r th e diurn a l \'a ri a ti on of stra ining d oes 
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Fig. 6. Timillg oJ dillmalll7arill1a and millima of stage, 
EC alld calibrated turbidiO' over the summer season baJed 
all stackillg in 20 d blocks ( e.g. Fig. " ) . 

not appea r to shirt through the melt season but phases at 
d i ne-ren t posi li ons were nOI cons isten l. 

C. Events 

Abrupt changes 111 \'eloci ty, slra in rale and /or aco usti c 
emi ss ions rrom the glaciers ind icated ('\'ent-like ch anges in 
mo tion. Th ese motion e\'ents \\'e re i nfreq uenl or a bsen I 
during th e \I·inter season but bccame COl11mon during the 
seasona l increase a nd dec reasc in \·eloc it y. Associated 
C\'e nts usua ll y occur red ill th e strea m th a t \I'e rc 
cha racte ri zcd by sp ike-li ke inc rcases in T R lasting fi'om 
hou rs to a Cew days. We rerer to th ese as turbidity c\·ents. 
Thc turbidity c\'ents were of'ten accompani ed by related 
cha nges in EC or stage . !\ f'u ll ca ta logue of turbidity 
C\Tnts th a t we re identifi ed on Fels and Black R a pids 
G lac iers during th e obsen 'a tion periods has been g i\'en by 
R aymond and Bened ict ( 1989 ) . The times of identili ed 

e \'em s are indicated 0 11 Fig ure 3 . 
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BLACK RAPIDS GLACIER, 1987 

235 24 0 2 45 250 25 5 2 6 0 
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Fig. 7. H),drological Ollt/Jllts ill Black RajJids Glacier 
stream and straill -ra/e varia/jom at locatiolls measured 
ji"om the head of Black Ra/lids Glacier durillg the fall oJ 
1987. The illten'al ]u/iall d(~)I 235 260 corresjJonds to 23 
August - /7 SejJtember. T wo ~i'/Je [ Clients (startillg all 

da,.J 's 2"7 alld 250 ) occllrred during this ill/erllal. 

T\\'o types of turbidit y e\'em s ca n be distinguished. 
During type I e\'ents, th ere are ob\'io us changes in EC 
corresponding to rcduced so lu te co ncentra ti on. The EC 
sig na l leads the T R sig n a l by up to a few days. Fig ure 7 
shows records for t\\'o type I e\'ents on Black Rapids 
G lacie r in 1987 starting on d ays 247 and 250. Oth e r 
cxampl es of type I even ts ca n be seen in Figure 2 (e.g. 
Blac k R ap ids Glac ie r 1989: da ys 180-185. d ays 251 
257 ) . Type TI e\ 'ents a re not accom pani ed by id entifi­
able changes in EC. Fig ure 8 shows an example of a typc 
I f e \'ent (days 197 198 ) . Figure 2 shows o ther exam ples 
(e .g . Blac k R ap ids G lac ier, 1989: days 165 167 , days 
2 13 2 15, days 228 230 ) . Th e classification in terms of 
type l a nd 1I e\T nts does not impl y t\l'O d efinit e ly 
dist in ct kinds of e \'Cnt . For exam ple, there a rc e\ 'e nts 
\I'h e re th e occurren ce o r a rel a ted ch a nge in EC is sm a ll , 
indica tin g e\'ents Lra nsitiona l be tween types I and I I 
(Fi g . 3 ) . 

The occurren ce of e\'ents "'t ri es during the seasons. 
1\l o ti on e\'ents did n ot occur during \\·inler. Loca li zed 
bursts of seismic acLi\ 'ity and /or a nomalous stra ining 
could occur, sta rting in April. The first major g lacier-

https://doi.org/10.3189/S002214300001618X Published online by Cambridge University Press

https://doi.org/10.3189/S002214300001618X
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Fig , 8, / { J'dl'ologi(((1 ollliJIII.I ill Black Railirh Clatia 

.I/IW//1I ({lid ,l/raill -mlc 1'{/l'i(/lioll,1 01 10('([lioll ,1 1I1N1,llIl'ed 

,[rOil! 111 1' head m ark R(/ilirl., (;Iatier dlll'illg Ihe 11/1'11 ,1{'(I.\OIl 

IU' I987, T he illlel'l'{{1 J lllir// I dr!)' 190 205 tO ITl'lilOIlr/.1 10 

9 2-1 JII[1 ', . 1 {l'il!' f (,I'1'1I1 (da)' 1(5) alld a {l'jJl' f f I'l'ml 

( rlr!l'" 197 1(8) ot{,(II'I'I'd dllrillg Ih i,l ill lerNd , 

Il'idl' CIT nl S o r lh c Ill c lt ~l'as() n ("spring" (,1'(' nlS occurred 

throu g h ~ I a )' and Junc as Q rosc . EC dro pped a nd TR 

in crcased in lh c Slrea m s, Th ese elT nlS produ ced peak s in 

sla ge, TR a nd , Orl en but n o t a lll'al's, EC in th e streams, 

Thus. th e spring cI'e nts lIT re e ithe r ty pe I o r 11 as 

descriiJeci abo lT , The mos l dramali c CI'c nts o cc urred la te 

in th e mell seaso n l" lall " CIT nts), :\11 three h ydrological 

param e tCl's ShOIlTd di s tiner sig na ls incii cating type I 

beha l' ior I e .g , Fig , 7 . During spring o r f~dl elT nts., II' hen 

th e re II' (, IT c h a ngcs in all thrce s ig n a ls. th c lim c 

prog ress io n or elfeCls lI'a s u su a ll y o rd ered a s 1() ll o lI's: EC. 

TR , stage . The tim e illt(')'\'a l be tllTe n TR a nd sta ge 

" signab" Il'as sm a llcr th a n b e tll'ee n EC and TR , and in 

so m e cases Il as no t di sce rnib le li'o m zc ro. Thc spring a nd 

I ~lll l'IT l1ts sho ll ed g la c ie r-wid e. nearl y simullaneo us 

ch a nges in s trainin g and se ismi citl' ( Fig. 7) , Th e times 

o r t 1'1)(' I e lT n ts 11 e lT o rtcn corre la ted be tll 'Ce n Fcls a nd 

Blac k R a pid s Claciers Fi g. 3 ) . indi catin g influ ence or 

wea th er. The co rrelati o n is es p ec ia lll' stron g in filII el'(' nts 

lI' he n SLOI-m s a lfect bo th glaciers, EI'e nts liT re less 

co mlll o n and morc loca lized durin g th e h e ig ht o f' the 

me! [ season. 

Thc ty pc [[ elTnt o n Blac k Rapids Cl acie r shOlI'll in 

Fig ure 8 coin c icl es lI'ilh th e drain age or a marg inal la ke , 

Th e la ke was located c lose to th e s tra in site at Km 15 nea r 

th e lOllCl' cnd o r thc bend be twce n Km 12 and Km 15. 

lI'hc rc Km re prese nt s di sta nce ri 'o m th e head o f' th e g lac ie r 

in kil o lll e te rs, Th e lake su rl ilce Il'as pholOg ra phed b y a 

tim e-l a pse cam e ra , Th e la ke rose (lI 'e r th e prCl' ious 

m o nth, started to dro p g radualh' be twce n dal's 192 a nd 

196 11 - 15 Juh') and a t so m e tim e be tll 'Cc n d a ys 196 a nd 

20 ~ 15 23 Jul y ex peri enced a mu ch more ra pid rat e o r 

dro p to nea r-e mp ty, .\ bse nce o f' pho togra phs be tllTen 

d ays 196 a nd 20+ prCI'C nls d e tlT min a ti on o r th e exact 

tim ing a nd m a ximum ra te o f' di sc h a rge li'o m th e la ke, 

Lake lo lulll e was a pprox im a tel y IOb Ill 3 , whi c h co rres­

po nds to a bo ut 3 h or te rminus di sc h a rge at rh e m ea n rate, 

Th ere was n o di scCTnibl e w a ter o r solute di sch a rge 

a no mal y rc la ted to th e la ke d ra in age during th e turbidit y 

and strainin g aCl il 'it y, 

The la ke prO\' ickd a loca li zed input to the h ydra ulic 

sys lem , The s tra in cffects spreaci up- a nd d O\\'I1-g lac ie r 

li 'o m th e strain sit e a t Km 15 a t speeds [i'om 0 , 1 to 

0,3 km h I ( Fig. 8 ) . Th ey liT re att e nu a tcd ol 'C r a cii sta nce 

sca le or abo ut 10 1 km as sh o ll' n bl ' th e sm a ll s train 

a no m a ly a t 1,-m 26 , Th e TR sig n a l lirst a ppea red in th e 

terminus strea m o n d ay 197 ,0 IT r y soo n a rt e r th e o ll se t o r 

a nom a lo us s training on da y 196 ,6 a t Kill 15 (Fig , 8). If' 
turbiditl' lI'as lirs t ge nera tedll'ith th e an oma lous s training 

a t Km 15. lh e n th e al'(' ra ge lra n sli:- r \'C l oc it ~· thro u g h th e 

g lac ier hydra uli c sys tem to th e s tream l\'O uld h a l 'e bee n 
abo ut 3 km h I IO,8 m si , 

In 1989. th e la ke dra ined o n da y 228 ( 16 Au g us t ) , In 

thi s ill stan ce, th e lake disc ha rged in part int o supra- a nd 

n l'a r- s llrl ~l ce, e ll g lac ia l passa ges linking " po t-h o les" 

b cl(J I'C d e,ce ndin g to d e pth Sturm a nd C osg ro lT. 

1990 ). This cira in age al so prociu ccd a di stin c t tl 'p e II 
elTnt in th e s trea m ( Fig. 2a ) but lhere are in sulTi c ie nt 

d a ta lO d c termin e c h a r,ICle ri s li cs o i'S1ra in pro paga li o n on 

th e g lacier, This a nd o ther lakcs in th e I'icinil y a r c kn Ol\'ll 

to ha\'e filled anci drain ed o n stlTr a l occasions I proba bll 

a nnuall~ ) , Su c h lake cira inages ma y be th e source o f' 

m a n ) 0 [' th e t ~ p e 11 (,1,(, IllS o n Bl ac k Rapids Glac ier. 

4. STRUCTURE OF THE DRAINAGE SYSTEMS 

A. Background 

Passages carry in g Ila te r thJ'Ou g' h a g lac ier h a l T been 

cl escribed a ccordin g to their morpho logy as "channcl­

ized" in a n arho resce nt tunnel sys tC'm I R b thli s iJe rge r, 

1972 or " di s trihuted " in a linkecl n c tll'O rk C.g , K a mb, 

1987 1, a ccordin g to res id e n ce tim e a s "qui c k" o r 

" d e layed" (e ,g , '/'r<1nte r a nd o thers, 1993 . a nd accord ­

ing to th cir pos itions as " sLlpra g lac ial " , "cng lacial " or 

"subg lac ia l" e ,g , H oo kc-, 1989 ' Th ese in combin a ti o n 

afT(:c t th e mo ti o ll 0 [' a g la c ie r o\T r it s beel . th e n 'ac u a ti o n 

or subglac ialh' deri I'C'd roc k d e bri s a nd tli e introdu c ti o n o f' 

so lut es int o th e water fro m th e atmosph(')'l' and rock. The 

di sc h a rge res ponse o f' th e passages to cha nges in Wa leI' 

input is a lso o r inl e res t. The diurn a l I'a ri a ti ons o n g lac ie rs 

inciica te lhal co mpa red to I d there arc both I ~l s t­

r es ponding and sloll' 11) <1se-/1o ll') co mponents o f' th e 

sys te m (R i.i thli sbcrge r and La ng , 198 7), In thi s secti o n , 

lIT exa min e hO\I' th e diurn a l I'ari a ti o ns a nd th e coupl ed 
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motion-turbid ity events oCBlack R apids and Fels G laciers 
relate to the fast a nd slow components and to what extent 
fa st/slow are rt>lated to channelized /di stributed , quick/ 
d elayed a nd supraglac ia l/englac ial /su bglacia l parti ti ons 
o f th e drainage sys tem. Genera ll y, it is ass um ed th a t 
ch a nnelized p a ths arc la rge r, hig her-speed passages 
compared to di stributed ones, and th erefore th ere is a 
corres polldence bet\\'een channel ized a nd quick, a nd 
between di stributed a nd dela yed (e.g. di sc ussion in 
Tranter a nd others ( 1993)) , so th ese partit io ns may 
possib ly be used interchangea b ly. However, th e other 
p a rtiti ons are li kely to be ove rl apping. The di sc uss ion 
below leads us to d istingui sh three components th a t re fl ec t 
combinations of the a bO\'e: fas t-quick, slow-qui ck a nd 
slow-d elayed that a rise because th ere is not necessari ly a 
o ne-on-one correspond ence between fa st/slo\\' and qu ick/ 
d ela yed. A ll three may have suprag lacia l, eng lac ia l and 
su bglacia l pa rts. 

B. Fast, slow and the diurnal cycle 

The diurnal cyc le of wa ter discha rge conta ins information 
about th e relative proportions of water going into fast­
a nd slow'-responding compon ents. Th e typi ca l diurnal 
cycle (Fig. 5) is considered . Tab le 3 summa rizes th e 
observations o f interest here: the amplitude of th e diurn al 
flu c tu ation in water di scharge (LJQ/ Q =0 .1 ~0.2 ) and its 
time lag behind input (5=2-4 h ) . 

For the diurnal time-scale, we consid er time-depen­
d ent deviations indica ted by ha tted " a ri a bles fro m their 
corresponding tim e-independe nt m ean ya lu es indica ted 
b y b a rred , ·a r iab les . W e s ta rt by co nsid e ring th e 
th eo reti ca l be h av ior o f a hypoth e ti ca l fl o w p a th 
(reservoir) consisting of a conduit ex tending from th e 
surface of th e glacier to its terminus. Let ~ a nd q represent 
the water-volu m e input rate from the surface a nd the 
di scharge ra te from the ex it, resp ec ti, ·e ly. W e m a ke the 
fo llowing assumptions abo ut th e diurna l variations: 

(i) Th e mea n condi tions co rrespond to a balan ce of in put 
a nd output, so th a t 

q= 7:. (1) 

(ii ) Changes in th e discharge q occur as a res ult o f c banges 
in storage vo lum e v in the p assage, so th a t in lineari zed 
form for sm a ll q 

q = V(t)/T (3a) 

where 

T == (8q/8v) - l (3b) 

is a tim e-scale (" res ponse time" ) eva luated (o r the mean 
conditions. Small changes in di sch a rge a nd sto rage a re 
then rela ted like a li nea r reservo ir (e.g . O en er a nd others, 
198 1; Co li ins, 1982) . This ass umption impli es th a t effects 
of an y locali za tion of sto rage a re rapid ly difrused so tha t 
the insta ntaneous discha rge is related to the to ta l storage . 

(iii ) Th e diurna l input va ries sinuso id ally as 

(4) 

where W = 271'/ ( I d ). High-frequency com pon en ts fi 'om 
non -sinuso ida l input will not be reso lved by thi . a na lysis. 
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Whil e hig h freq uencies a rc probably present in the input 
e,'Cn in th e awraged cycle. they a re a lte nua ted in the 
average o utput cyc le (F ig . 5). 

(iv) Th e a mplitud e of input flu ctuatio n LJ~ is equal to th e 
mea n input "[, which in combina ti on with Equations (2 ) 
a nd (4) g i , 'es 

LJ~ ="[ = q. (5) 

This rela ti on is expec ted , since it is norma l on th ese 
glac iers fo r melting to stop almos l completel y a t ni g ht. 

V olum e consel'\'ation implies th a t 

q(t) -i(t) = d; 
dt 

(6) 

whi c h expresses the ba la nce a mongs t inpu t, output a nd 
storage . Equa ti ons (3) a nd (6) gi" e 

dv(t) 1 ,() ' () 
--+~v t = ~ t . 

dt T 
(7) 

For the input given by Equation (4) , th e solution of 
Equatio ns (6) and (7) for q(t) is 

(8a) 

where 

tan (wb) = WT (8b) 

and 

(8d) 

Equ a lions (8d ) a nd (5 ) impl y that 

(9) 

Thi s m od el predi c ts a lime lag 5 of'output behind in pul 
in th e range 0 to one-q u a rter period (6 h ) rel a ted to the 
resp onse tim e T (Equation (8 b)) . Th e re is a n associa ted 
damping (acto r , of th e a mplitude o f' output va riation 
compared to th e input (Equa ti o n (8c)) . If WT» I , 
th e n b ---76 h (one-quarter peri od ) and ,---7 0 (strong 
d a mping ) . If, o n the o lher ha nd , WT:S= 1, then 
b ---7 0 h a nd , ---7 I (no d a mping ) . B y Equa tio ns (8b) 
and (8 c), the o bse rved time lag b (2 4 h ) corres pond s 
to respon se time T o f2.2 6.6 h a nd to a damping fac tor 
, oC 0.9 0.5. 

Th e o bserva lions cannot be expla ined by one su c h 
fl ow' p a lh , since th e observed lim e lag (2-4 h) and 
dampin g fac lor ( O. I ~0.2 ) a re in cons is tent with 
Equ a tions (8) (Fig . 9 ) . One ex p ec ls, in a ny case, 
tha t the re a re multip le nO~\' pa ths, so thi s result is n Ol 
surpri sing . 

A superposilion o f paths can be d esc ribed by a 
d islributi o n of' r es ponse times T o r a n equi" a lent 
dis tributi on m(5) or time lags 5 for th e diurnal period as 
re la ted through Equat ion (8b). The range of time-scales is 
[0 ,00] for T and [0 , 71' /2] for w5. The fo ll owing ana lys is is 
d eveloped using the distribution fun c tion m(w5). Ex-
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Fig . 9. Re/alioll.! belwefll effeeli l'e dalll/lillgjaclor ,)", alld 
111111' fag 0". The bo~ .lhow.I Ih e range ojobserl1alioll .l. Solid 
CIIIN re/Jresenl.l /Jreditlioll.l Jor a Jingle }low /lalh 
( Equalioll ( Bc )) . f) ashed UUl'es show jmdicliollS J or 
Iwo rOlllbillal iu lIs qf disal'le com/lOllellls wilh lilll l' lagsJ(H 
a ja.l l pari 8r = 0" and a s/o 1(' /larl bs = 6 h. < \ '1Il1lbers Oil 
Ihe ClII"1'eJ Jli Olt' a.Llorialed 1'Ci./III'S oj Ihe ralio qf Ihe Jast 
illjJ 11 I 10 the lolal injJul . The slif!/!/N/ l ield ShOlI 'J Ihe 
ajJ/Ho l illZa le bOlll7dal), belweell cOlIZbillaliolls oj ,)", alld 8" 
wilh SlIIoolh dislribllliollJ qfrn(o) ( Eqllalion ( 100 )) Ihal 
are double-/Jeaked ( be/Oil' alld 10 /eJi ) alld Ihal are .Iillg/e­
peaked ( 11/) alld 10 Ih e righl 10[('(1/"{/ Ihe solid WIN) . 
C:olllbillatioll.l 4' ,),,, and 0" abO I'e alld 10 the nj;hl Ilf Ihe 
solid tllITe ralll/ol be /Hedirled 11'ilh .Imoolh /m ilil'f 1/1 (8) . 

pli cith- , let th e a mplitude o r input Iluctua ti o n e nte ring 
pa ths with tim e lag in th e int tT\ 'a l WOt [0 wb2 be 

.JI[w81 , w82] = L11 lw~' m(w8)d(w8) 
~.~, 

(lOa) 

wh ere L1I = .£11 [0,11'/ 2] is th e to ta l <Implitud e o r input 
flu c tu a ti o n summ ed O\'er a ll p a th s. It fo ll ows th a t th e 

m ean \ 'a lue o f (m ) is 2/7r on th e inten ·,t1 [0 , 11' / 2 J. Th e 
d istribut io n fun ct io n 'In represents th e frac ti o n or to ta l 
input th a t goes into a gi\ 'c n unit inter\ 'a l o f wb . Fro m 

Equa ti o n 5), 

(lOb) 

where J a nd Q a rc th e mea n to ta l input a nd o utput fo r 

th e ensembl e . A ss uming th a t th e p assages a rc pa ra ll e l a nd 

ind epend e nt. th e a mplitud e oC di scharge fluctu a ti o n 

correspondin g to Eq ua ti o n ( l Oa ) is g i\ 'en by Eq ua ti o n 

(8d ) to be 

L1Q [w8 t .w821 = L1I t .,;h, m(woh(wb) c- i..J~ d (w8) . (11 ) 
J..Jh l 

Th e a mplitud e o r th e tota l di sc ha rge flu ct u a ti o n is 

.£1Q = L1QlO. 11' /2 ]. From Equ a ti o ns ( 11 ), ( l Ob ) a nd (8c ) 

(12a) 

w h e re 

(12b) 

and ')'c a nd 8" represen t c1Tee ti \'e d a m ping a nd time lag fo r 

th e co mbined di scharge from th e e nsemble of passages. 

Th e di stributi o n m(w8) sho uld g ive th e o bse r ved 
ch a rac teri sti cs 8c = 2- 4 h a nd IC = 0.1 - 0. 2 . W e no"v 

co n sid er severa l po te nti a l representa tio ns fo r m(w8) with 

th e purpose of m a tching th e obse rva tions. 

Th e smoothes t multi-pa th mod e l is a unifo rm dis­

tributio n of time lag equ a l to th e m ean: m(w8) = 2 / 11'. 
In tegra ti on of Equ a ti o n ( 12b) with thi s distributi o n 

predi c ts 8e = 2.1 7 h a nd I~ = 0.59 . Whil e th e predi c ted 

8e is consistent \\ ' it h o bse n 'a ti on (2 4 h ) . p redi cted ')'C is 
la rge r th a n obser\'ed (0 .1 0. 2). Th e refore, thi s unifo rm 
d istributi on is no t co nsis te nt with th e o bse rva ti ons. 

On c may co nsid e r ill\ 'C ning Equa ti o n ( 12b) fo r m(w8) 
th a t bes t fits th e d a ta (')'~ a nd Oc). A unique itwersio n is 

no t possibl e, C\T n w ith prec ise d a ta . (H rn (w8) fits th e 
d a ta a nd req uired m ean \·alu e. a n y fun c ti o n th a t di[Te rs 

fro m rn by a ze ro-m ea n fun cti on th a t is o rth ogo na l to 

C- iwb cos(w8) will a lso fit cqua ll y a s we ll. ) This ind e te rm­

in acy is fund a menta l to th e da ta trea tm e nt. since we a re 

exa mining th e respo nse to only o ne fi-equ ency of input 

(w = 211'/d ). T o co nslI-a in th e di st r ibutio n of res po n se 

tim es T well wo u ld require d a ta a t (m a n y) o th e r 
G-equ e ncies. H o \\'('\,e r , \\ 'ithin th e limita ti ons of o ur 

d a ta, th e inde termin acy ca n be redu ced \\'ith sid e 
conditi o ns. For exa mpl c , a n ill\'c rsio n constra in ed to fit 

th e d a ta a nd m ea n va lue th a t a lso minimi zes th e 

integ ra ted squ a rr d d cv ia ti o n of m fro m its mea n g ives 

th e p a ttern fo r m (wh) s ho wn in Fig urc 10 . This is, in a 

se nse, th e smoOl hes t rep rese ntati o n th a t can fit th e d a ta . 

Lt sho \\'s hi g h \ 'a lu es a t short a nd lo ng tim e-sca les w ith a 
minimum a t inte rm edi a te sca le 8t ;:::: 2 2 .5 h , whi c h 

m o ti vates th e pa rtiti o nin g o f th e passages into two 

se p a ra te g roups d e finin g "fas t" a nd " slow" syste m s, 

4 

3 

2 

1 

o 

1 2 3 4 5 

TIME LAG (h) 

Fig . 10. Besl-jil 517100lh dislribulioll m ( 8) j01 a lime lag 
8,. = 2 h al/d dalll/ling Jarlor IC = 0. 2. 
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] Ollllla/ q/ (;/acialag)' 

such th a t L1ff = L1f [O,wbt]. L11., = L1f [wDt , 7r/2], L1Q r = 

L1Q [0 ,w8,] and L1Q, = L1Q [w8 t ,7r/2] . With these dcfin­
i tions 

L1f = L1fr + .JI" L1Q = L1Qr + L1Q, 

,rE' i",~, = L1Qr/ L1fr '"Y,C- i",~. = DQsI L1f,. 

(13a) 

(13b) 

These m od e ls ofm(wb) gi\'e partitioning into tbe fast and 

s i 0 \\' s Y s t e m s 0 r ab 0 u t L1fr/ L1f -;:::, 0 . 05 O. I a nd 
L1fJ L1f ~ 0.95 0.9 \I' ith th e fas t sys tem characterized 

by If -;:::, I a nd 8r:::; 2 hand tb e sIO\\'-sys tern behal'ior 

IS -;:::, 0.1 and 8, ::::.3 h . The separation into two groups fo r 
the diurna l cycle appears LO be forc ed by th e combination 

0[" a rela ti\"e ly sm a ll tim e lag and strong damping. Single­

peaked m(w8) is predirted for combinations of '"Y(, and 8c 

that arc close to Equat io n (8c ) (sce Fig. 9 ) . 
Since the n atura l ["orc ing is strongl)' fo c used at th e 

diurnal tim e-scale, it does not seem necessar y th a t the 

distributi o n o f tim e-sca les must be smoo thly di stributed. 

Furtherm o re, it is likely th a t the passages d o not behan' 

independ ently since th ey arc linked and j o in inro trunk 

passages (Rothlisberger and Lang, 1987 ) . E specia ll y, 
larger passages such as m o ulins fced ing into pressu ri zed 

tunnels arc like h- to belu l\ 'e co here ntl y as a sing le 
component by sharing sro rage \'olume a nd influencing 

th e hydra uli c potential di st ributi on in combination. 

Th ese larges t channel ized p assages a rc the ones likely to 

co nstitute th e fast sys tem. Smal ler passages that form the 

slo\\' system m ay ac t mo re h eteroge neo usly. H OI\"('I'er, 

because o f th eir slol\' res ponse. the )" do not ha\"(' a stro ng 
influence o n th e diurn a l di sc harge I"<l riation , a nd th e 

nature or their co uplin g, fOI' example as a di stributed 

ne twork o f" passages, is unimportant lor thar question. 

This reaso nin g sugges ts an a lternat il 'e simple r mod el 

fo r rast fs low in rhe diurn a l cycle that is composed of 
di screte components, for exa mple , as has bee n utilized for 

run-ofr modcls with [\\' 0 (e .g. Lundquist, 1982 ) o r more 

(e.g. O erte r a nd others , 198 1) linea r ITse l"l"oirs. Whil e th e 

characte r of th e diurn a l cycle requires more than one 

compo nent , two is th e m aximum that can be di stin­

g uished by th e data description in terms of '"Ye and be. 
Suppose th e fas t system is d escribed by a sing le rim e-scale 

8r = 8c ~ 2 4 h and a co rres ponding Ir ~ 0.9-0 .5 (from 

Equati o ns (8b ) and 18c )) . Similarly. suppose th a t the 

sloll" sys te m is d escribed by 13, = 6 h and a co rrespo nding 

I S =0. In terms ofm(w8), this m odel cor responds to [\1"0 

d elta ("unctio ns. The efrect i\"e time lag 8" is contro lled by 
8r, since Q, with this assumption sholl"s no diurn a l time 

I'a ri a tio n. Th e efrect ive damping facto r '"Ye fo r tlte 
combina ti o n can be fitted b y adjusting the pro porti ons 

of Ir a nd L This proced u re g il'es If / I = 0.4--0. I ( Fig. 9 ) 
and he n ce 1,1 I = 0.6 0.9. This disc rete mod el also 

indicates a fas t-syste m di scharge that is less th a n that 

from th e SIOII' system. 
Based o n th ese cons id e rations a nd th e p a rti cul a r 

combination of dampin g (sm a ll IC ) a nd time lag (short 

8,,) for the diurnal cyc le , it is possibl e to m ake the 

foll o\\' ing ge neralizations a b o ut th e drainage sys tems o f" 

Blac k R ap ids a nd Fels Glaciers : (i) th ere is a se paration 
inro fast a nd slo\l" compo n ents; (ii ) mos t o f the input and 

disc harge is through the slo\\' components. Xotice that. in 

ge neral, ( i) and (ii ) a re no t n ecessa ril y requirements fo r a 
diurnal I·a riati o n. For exa mpl e, th e ('\'en di s tributi on o r 
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tim e-scales disc ussed abol'e ca n g i\"C a distin c t diul"l1 a l 

cyc le, a lthoug h with properties difIc rent li'om those 

obserl"Cd on th ese g lac iers. The separa ti on th a t seem s to 
e:-;:is t suggests th a t th e diurnal \ 'ariation in I\'a te r input 

pla ys an importa nt role in the d el 'e!opment o (" structure in 
the h ydra ulic sys te m. 

c. Fast and quick passages 

The mean res iden ce time assoc iated \\'ith a passage is 

T = v/g = vir, which is th e re pl ace m ent tim e 10 1' the 

s torage I'olume u b y th e throug h fI o I\' q. H ere , th e term 
"quick" \I'ill refe r to short r « I d ) . (As used b y Tranter 

a nd o th ers (1993 ) , th e term "quick" appears to b e less 

restric til"C by referrin g o nh- to short tim e in contact \\'ith 

su bglac ia l ma terials. ) 

The requirem e nt fo r a passage to be quick is th a t q is 

sufTi cicnt to replace u in a tim e that is short. An o bl 'ious 
extension 0(" this r eq uircment is th a t th e sto rage thi ckn ess 

in th e co ll ec tion area of a qui c k conduit be sm a ll e r than 

th e melt input O\'er Id. \\'hich m ea ns th a t qui ck passages 

ca nno t origina te from s urf~lces that store liquid wate r 

with thi ckness more than seve ra l ce ntimeters, such as 

sno\\', firn or hi g hl y weathered ice surfaces . 

By Equation (3b ), the requirem e nt for a passage to be 

fa st is that q be se nsitil"C to changes in v, so th a t T = EJv / EJq 
is sma ll. If" q a nd v were linearly re lated , th en T = EJv/EJq 
a nd r = v/g would be th e same and there would be no 

di s tincti on be tween fas t a nd qui c k. HOI\'CI'c r, th e rel a ti o n­

ship betl\'ee n q and v may be n o n-linear (e.g . Gurncll, 

1993 ,. in I\hich case it can be th a t Toll". The req uire m e nt 
for being qui ck is not necessaril y sufli cient for a passage to 

be ra st. 

As an exa mpl e, co nsid er a press uri zed conduit with a 

c ross-sec ti on that d oes not I'a ry during a day . \\'e a ll ol\' 

th a t th e passage is qui ck (short T = Vjg), \\'hich in e fIect 
m ea ns the water 1'c1 ocity is hig h. The discharge q is 

contro ll ed by h ydrauli c gradient J , so for th e passage to be 

fas t (q scnsiti\'e to changes in v ), J must be se nsi ti\ 'e to v. 
Fluctuations in v arc accom mod a ted by cha nges in \I-a rer 
lc\ 'C1 h in a feeder m ou lin . HOI\'CI"Cr, cha nges in h do no t 

s ignifi ca ntly ch a n ge the mean va lue of J, since the change 

in head is accompanied by an equ a l c hange in flow-path 

le ng th , I\'hich toge th er tend to ha\ 'e cancelling e ffects . To 

redu ce th l' canc e ll ation effect, it wou ld be necessa ry fo r the 

drag a nd corresponding head loss to be especia ll y low in 

th e feeder mo ulin o \ 'cr th e ra nge of ll'ater-Iel'el fIu c tu a tioll. 

EI 'e n with th a t condition, th e se nsitil ' ity of J to c ha nges in 
h fa ll s o[r with di stance [l'om th e te rminus. Thus, it is 

poss ible that 8ql8v is small and T = (fJq / 8V) - 1 is large 

with th e co nsequ e n ce that T» T . This illustrates that, 

theo retica Llv, a ll qui c k passages a re no t necessa ril y fas t. 

n a passage is no t press uri zed , the di sc harge is 

se nsitil 'C to changes in water d epth in th e passage . Th e 

specifi c ass umptions in this analysis (Equations (3 )) do 
no t acco unt for thi c kn ess to c ha nge difrerenti a lly along 

the passage, for exa mple, assoc iated with kin e m a tic 

wa\ 'Cs . Ho\\,e l 'er , if the length of open chann e l is sho rt 

e no ug h that th e II'a \ 'C propagat ion o \"er th e leng th occ urs 

O\'er a tim e th a t is no t longe r th a n th e response time T 

c h arac teristi c o f" the fast sys tem (2.2- 6.6 h ). th e n th e re 

\I'o uld not be m ajor e free ts from thi s so urce . r\ \\'a te r speed 
of about 5 km h I was measured b y d ye-tracing o n F els 
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Glacier during the heig-ht of the melt seaso n, A so me\\'ha t 

hi g her speed of about 6 km h I would be ex p ec ted on 

Black Rapids Glacier based on sca ling to account for 

difference in di sc h a rge and slope, The wa\'e speed would 

be larger th a n the water speed (by a f ~lctor of a b o u t i for a 

\\ 'id e channel gO\'C rn ed by :\la nning's equatio n ) , Pro p­

agation times \I'o uld then be less th a n 1 h (o r open­

channel lengths up to about 10 km, \I 'hi ch is longe r than 
the expec ted le ngt h 0 (" near-terminus unpress urized 

subg laci a l tunn els or su praglacia l streams, Therefore, 

one ma y ex pect a correspond e nce betwcen fa s t and quick 

for open c h a nn e ls, l[ olle \\'Cre to o bsel"\'C both 10\\' 

damping facto r (/'(' a nd long tim e lag D,,) outside th c 
possible range of the model (Fig, 9 ). onc \\'ould poss ibl y 

loo k to translati o na l \\'a\'e c fl eers in opcn channels fo r a n 

exp lanat io n , ) 

This th eore ti ca l discussion sugges ts that f ~lst is 111 0rc 

res tri c ti\ 'C than quick cithcr in the se nse of short total 
rcsidence (1" used here or sho rt res idence nea r th e bed, The 

fast sys tem is, th e refo re, also quick and Illust be cO lllposed 
oC large , hi g h-speed, short-7' open cha nnels o r press uri zed 

tunn els fed by low-resistan ce ll1 0 ulin s nca r the terminus, 
Fas t behm'io r requires bo th no surfilce sto rage a nd 

proximity to th e terminus, so th e boundary b e twee n th e 

collection areas for the Cast a nd slo\l' sys tem sho uld be 

dO\\"Il-glacier ("rom th e snO\\ ' line. poss ibl ) by a consiclerable 
distance, aner recess ion 0(" the snO\\' line on long g lacil" rs, 

D. Slow and delayed passag es 

\\'a tl"1" f1 o\\' ing slo\l'l)" through suhg lacial passages can 

int eract c hemicall y with the l)l'd o r bccl-deril"l'd material 
to rea c h near-sa turati o n re latecl to acti\ 'c gaseo us 

component s in the \I ',ller and composition o f" th e bed, 

Th e combination of" lo ng res id e ncc and rock ("Oil tact has 

bcc n term ed dela)ed f1O\\' (Collins. 1979: Tranter a nd 

others. 1993; also term ed subg lac ia l h\' Co llins 1979 ' 

Follo\l'ing th e original anal ys is by Collins ( 1979 ), \I 'C 

assume thal mixing of" delaycd and qui ck di sc harges Qd 
and Qq consel"\'Cs so lutes. th at Qq ca rri es neg lig ible 
so lutes (Cq = 0 ) a nd th at Qd ca rri es so lut es at a co nstant 

sa tura ti o n co n ce nlratio n Cri' Th e n, the total so lute 

di sc harge is QC = QdCt!, Sin ce QC ~ consta nt O\'e r a 

da y Isect io n 3 B ), th ese ass umptio ns imply also th a t Qd ~ 
constant. TherdtJlT, Qd must b e pa rt of" the s lo\\' sys tcm , 
,\ n eSlimate 0 (" a lowe r limit to Cri is prO\ 'id ed by the 

hi g hes t concentration rrac hcd at an)" time in the bulk 

fhl\\', During th e ea rly melt seasons, C exceeded t\\'ice the 
\ 'alues t) 'pical of" lat er in seaso n (e,g, Fi g, 2 ) , This would 

impl y that Q,, / Q ~ C/ C" :::; 0,5, \\'hi c h is Irss than Q,../Q 
es timat ed abO\'C, Th ereforc, Qd is o nl y a fi 'ac t io nal part or 

Q" This res u lt impl ies Q, has quick passages, \\ ' hich is 
consiste nt \\'ith the ea rlier conc lusion that all quick 

passages a rc not necessarily fas t. Rai s\lT II 198+ 1 and 
Tranter and o thers ( 1993 ) sho wed that m ixing of qui ck 

and d ela yed \\'a ters ma\' no t be conse n 'a tiw' because of' 

post-mixing react ions bet\\Ten dilute, qui c k water and 
suspe nd ed sediment. ,\ cco unting for the ad ditional so lutes 

wou ld increase the prediCl ed propo rtion o r quick \\'a ter 
and there by s tren g th en th e conclusion that th e slow 

sys te m co nlain s qui ck passages , Onc ca n th e ref() I"C 

distinguish t\\'o parts to the slo\\' sys tcm: slo\\'-dela )"ed 

a nd sIO\\'-quick, 

\\ ' ith this \ 'ie \\' of th e slOl\' sys tem, its ro le in the 

diurn a l di sc ha rge 0(" so lutes can b e compl ex , Since th e 

slo\\' sys lem d oes no t ex peri ence sig nifi ca nt diurnal \\'ate r­
disc harge \'a riat io n s (beca use changes in mea n hydrau li c 

g r ad ien t a re sma ll ) . \'ari a ti o ns in its so lule output 

con centra tio n ca nn o t be controlled b y di lution in th e 

\\'ay di sc ussed abm'e, Nc\"ertheless, the wa y qu ick and 

d e layed parts a re mixed co uld \"(\ry (beca use pressure 
changes co uld b e sign ifi ca nt. thus leading to changes in 

th e int eraction ki n e ti cs. so lute aeq u isi lion and co nseq u e n t 

so lute di scharge from th e slo\\' sys te m (e,g, Col li ns, 1979 ) , 

Since the so lute di sc ha rges rrom Blac k Rapids and Fels 

Glaciers \\'e re a pprox imately con stant durin g the diurnal 

cycle, it appears that the domina n t e ffect \\as di lut ion o ra 
nea rl \ ' co nstan t s lo\\,-sys tC'm so lu le fI ux by th e \'ariable 

relatil"l' ly pure fas t discharge, \\ 'ith inte racti on kin et ics in 
the slow system a nd in th e mixed f~ls t / s l()\\ ' \\'ater being 

seco nd a n ' rea tures, Our data are not su(1ici e nt to 

ill\Ts ti ga te these f (: a ture~ \\'ell. beca use \\'C do not h a lT 

in forma tion a bo ut c hemica l spec ies, \\ 'hi ch ca n IT \Til l 
characteristics or the m ixing (e.g, Tranter and others, 

1993 1. Foc using o n the primal'\" fea tures here. th e relali\'C 
a mplitude o r the th e so lute concentrati on 0, 1 0,2 : T a ble 

3 ) g il"l's a meas ure ur the proporti o n o f th e lilst to th e tota l 

discharge, \\'hi c h \\'ould sugges t a fas t di scharge in th e 
10 \\ 'C r pa rt or t he range deduced in seer io n +13, 

Th e time s hift h e twee n diurnal s tage and EC 
\'ariations (sec ti o n 3B; Table 3 ) co mbined \,\ i th a 

tra nspo rt \"Clocity d e termines a le ng th sca le th a t is 

poss i bh rela ted to th e loca tions \\'here so l u tes \\'ere 

diluted by joining or the filst and slo\\' Sys tC'Ill S, 1(" m ix ing 
occ urred at a di sl<l llL"l' D up-f1 o\\' rrom th e porta l or a 

press uri zed tunnel, th e n tlt e tim e shirt would be D / u, 
\\'here 11 is th e ph ysical \\',He r speed in the tunnel 

tra nsporting th e co mbined f ~l s t and slo\\' wa ter. Based 

o n the \\'ater \ 'ciocities d escribed earlier sectio n +C ) and 
the o hsLT\'CcI tim e ~ hi("ts Table 3 ) , th e clTee ti\ 'C so lute­

injecli o n di stance D abOl"C' the te rminus is about 0,3 OA 
0 (" th e full length or each glaci er, The a bsolut e di stances 

a r e, ho\\('\'('I", quite difT(: rent o n eac h g lac ier 18 km on 

Bla ck Ra pid s Glacier a nd j km on Fel s G lacier) , The time 
shin , therefo re, su pports the noti o n th a t th e l ~\s t s\'s lem is 

res tri cted to th e lower parts orth e a blation areas o r lhese 
g lac iers, I t sho uld also be borne in mind that th e timeshirt 

m ig ht be ca used b y a tillle-\'arying solute di sc harge rrom 

th e s lo \l' sys tem associated \\'ith some or the seco ndar\" 
fCatures menti o ned a bo\"(' , 

E. Thresholds in the slow sys teIn 

The lurbidity ('\T nts orten sho\\' rapid changes o n time­

sca les less than a clay hut th c\' ca n last .';e \ 'C ra l days, T he 

strong cha nges in the disc ha rge or suspend ed sediment 
and th e rel ated Ill o ti on e\'(' nt s indi cate thal th e 

ph c no mena inl"()il-c large areas o r the hed, Distr ibu led 

passages in the su b g lacial part o f" t h e s lo\\'-dr la\"Cd sys tem 
Illust play a dominant ro le, 

Th e abrupt o nse l or turbidity C\ 'C IllS indi ca tes a 
thres hold , On a\'Crage, th e water must fl ow rro m the 

slo\\' to the f~\ s t sys le m to be discharged rrom th e g lacier 

and th e headll1us t no rmall y be high e r in th e slo\\' sys te m 

thall th e f~\s t onc, \\' h e n water inpul is abnorma ll y hi g h. 

th e sto rage a nd h eac! ma y be drive n up to hig h \ 'a lLl es 
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th a t are suffi c ient to inject water from the eng lacial parts 
of the slow sys tem in to subg lacial parts a long the bed. 
This, in turn , can increase th e h ydra ulic tra n smissivity 
a nd mobili ze erosion products produced and /o r stored at 
the bed (Collins, 1989). 

The type II e\'elllS a ppear to be simil ar to " mini­
surges" of V a ri ega ted Glac ier (H um phrey a nd o th ers, 
1986; R a ym ond a nd M a lone, 1986; K am band Enge l­
hardt, 1987 ) . The type II event o n Blac k R a pids Gl acier 
in 1987 (sec tion 3C; Fig. 8 ) is the bes t-doc u m en ted 
example. A strain wave moved d own-glacier a t a speed 
similar to th e V a ri ega ted Gl ac ier mini-surges (0.2-
0. 3 km h i), which sugges ts a similar mechani sm. ?-'1ini­
surges were hypothesized to occur by propagatio n of an 
hydra uli c wa\ 'e initi a ted locall y b y release of a r eservoir. 
In thi s casc, the rese rvoir was a ma rginal lake. It fill ed 
slowl y a nd probabl y contained we ll-mixed surface melt 
a nd ground wa ter, which co uld acco unt for the lac k of 
di stinct EC cha nges that is common to type II events a nd 
"m in i -s urges" 

From the o bse r'\'a ti ons (sec ti on 3C), th e sp eed of 
turbidity tra nsfer (a bout 3 km h i) was much fas ter than 
the stra in-wave propaga ti on (0 .2- 0. 3 km hi ) . Ind ecd , the 
turbidity pulse reac hed th e terminus a t Km 4 1 be fo re the 
strain \\'a \'e spread from Km 15 to Km 20 (Fi g. 8 ) . This 
behavior shows th e ex istence of quick-Omv paths from 
near the site of tbe la ke to the terminus, en compassing 
70% of the g lacier length . Th e lack ora discernible wa ter­
discha rgc a no m a ly suggests th a t these quick passages arc 
not necessa ril y fas t. Together, these res ults support the 
notion th at quick p assages a re mu ch more ex tensive than 
fast ones. 

Th e low propaga ti on speed of the hydra ulic e[['ec ts 
m ay have bee n associated with storage by ex p a nsion of 
subglacia l d elayed (distributed ) p assages, for example, as 
proposed [o r " mini-surges" b y K a mb a nd Engelh a rdt 
( 1987 ) a nd R ay m ond and M a lone (1986), and m odeled 
by Fahn estoc k ( 1991 ). Although there may have been net 
Oow of water into basa l sto rage during the initial ph ases or 
the e\ 'ent, the hig h turbidity indica tes there must ha\'e 
bee n substa nti a l recycl ing of water between th e bed 
where turbidi ty could be gen er a ted a nd the q uick-O ow 
paths that tra nsported it a t high speed. The combin ation 
of widesp read surface stra ining and rap id a ppeara nce of 
turbidity in th e stream indica tes tha t. at leas t during the 
event, th ere were strong transverse connec tions tha t 
a ll owed hydra uli c e[['ects to spread latera ll y across th e 
glacier width. This is necessa ry to affec t a suffi cient a rea of 
the bed to di sturb the mo ti on a nd to a ll ow turbidi ty to 
reach quick lo ngitudinal Oow p a ths \'ery ra pidly. 

T ype I events a ppear to be re la ted to weather-induced 
surface-water input that is non-l oca l (sec tion 3C) . The 
premonilOry EC signal associated with these typ e I events 
can be ex pla in ed as a dilution effect from th e fa st sys tem 
caused by high er-than-norma l a mounts of clean water 
entering into the dra inage sys tem ['rom the surface 
rel a ti vely nea r the terminus. This diluti on occurs nea rl y 
contempora neo usly with th e beginning of anomalous 
weather. This process is simila r to the dilution th a t occ urs 
during the a fternoon of the diurna l cycle. 

Although th e stimulus fo r type 1 e\'elllS m ay a ffect 
wid e a reas nea rl y simulta neously, the res ponse of th e slo\\' 
sys tem a t the bed may be h e terogeneous, presu mab ly 
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d epending on the d etails of the near-surface storage, Oow 
pa ths from th e surfacc to the bed a nd m orph ology o f th e 
bed , which in combin a ti on will a flec t the rate of pressure 
ch a nge a nd the threshold pressure need ed to injec t w a ter 
to ncw a reas of the bed. This is indi ca ted by th e diverse 
res po nse of strain m e te rs durin g type r e\'en ts and th e lack 
of a consistent diurn a l va ri a ti on in stra in a t di[['e re nt 
meter locations. It is a lso consisten t wi th measu rem en ts 
o n other glaciers in bo reholes, whi c h mayor may no t 
"connec t" to th e basal hydra uli c system depend ing o n 
wherc the bed is reached (e.g. H odge, 1979 ) a nd th a t 
show high spatial va ri a bility for short time-scale, low- to 
m od erate-amplitud e variations not assoc iated with maj or 
even ts (J ken and Bindschadler, 1986) . The \'e ry large 
eve nts tha t affec t a ll loca tions may be associated with 
es pec ia ll y drama ti c increase in the transmissivity 0 [' som e 
of th e pa ths of the slow sys tem a lo ng the bed , th us 
co upling different parts of the sys tem m ore strong ly than 
during norma l cond i ti ons . 

F. Seasonal ch anges 

On a number of g laciers, th e max imum discharge in the 
diurna l cycle occurs ea rli er in the d ay as the melt season 
progresses (Pa terson , 198 1, cha pter 8 ) . This cha nge in 
time lag is related in part to retreat of th e snow line (e.g . 
F o unta in , 1992) . Neither Black Rapids nor Fels G lac iers 
shows any ob\'ious progressive trend in the timing o f the 
diurn a l discharge cycle through th e obse rved parts o f the 
m e lt seasons. If a trend ex ists , it must be la rge ly 
compl eted in th e very ea rl y pa n or the melt season 
befo re la te M ay and the majo r in crease in ave rage 
di sch a rge . This be h avior may bc cxplain ed by th e 
confinement of th e fas t system to the nea r-terminus 
regio n a nd the \'ery ra pid rece sion of the snow lin e from 
th e lower parts of th ese glac iers beca use of thin snow 
cover a nd rapid warming in the ear ly melt season. 
However, that exp la na ti o n is not compl ete. In th e context 
of o ur a nalysis o f th e fast sys tem, th e lac k of trend in th e 
timing of the di sch a rge max imum would require a 
parall el e\'olution o f varia bles lo ho ld the response tim e 
T (Equ ation (3b)) ap proxima tely cons ta nt. Dye inj ec ti o ns 
were made into a la rge moulin on Fcls Glacier bc fore 
U uli a n day 160) a nd a fter U ulian d ay 199) the spring 
eve nts a nd maj or inc rease in stage in 1987 (Fig . 2 b ) . 
Com parison of resul ts from the two inj ections showed th a t 
th e m ean water sp eed increased by a fac tor of I. 7 and the 
d ay-ave raged water discharge increascd by more th a n a 
fa c to r 0[' 2, which toge ther indicate a n increase in the fl ow 
cross-sec ti on. Wh ateve r the e\'oluti o n of the fas t sys te m , it 
does no t strongly a ffcc t time response in the diurna l cycle. 

Th e spring eve nts apparently p lay a role in the 
tra nsi ti on from win le r to summer condi lions as fo und on 
o th er glaciers (R o thli sberger a nd La ng, 1987 ) . Th e 
earli es t spring evpnts sometim es a ltc r the slow sys te m , as 
evid enced by distin c t before-to-after changes in m ean 
water a nd sediment discharges (e.g . Fig. 2b). The befo re­
to-a fter increase in water di scharge indi cates an in c rease 
in tra nsmissivity o f the slow sys tem that slows or reve rses 
th e build-up of storage. This kind o f ac ti ve role of the 
events in the evolu tion of the drai nage sys tem is simil a r to 
th e mini-surges of V a ri ega ted Glac ie r, where there was a 
beforc- to-after dro p in basa l water pressure measu red in 
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bo reholes a nd o ft en an in crea se in ice speed (K a mb a nd 
Enge lh a rclt , 1987 ). The inc rease in transmiss i\' ity must 
come in pa rt fro m enl a rge ment of ex istin g passages to th e 
extent th a t some o f th em becom e qui ck passages (tunnels ) 
tra nsportin g wa te r a t hig h speed. The befo re-to-a ft er 
inc rease in sedim ent disc ha rge indi ca tes th a t new p assages 
a re initiated during th e eve nt and th a t som e of th ese 
rema in open to access new sedime nt so urces o n th e bed. 
This sugges ts enl a rge ment o r th e subglacia l pa rts of both 
th e slo\\'-d ela yed a nd sIO\\'-qui c k dra in ages by th e spring 
e\'em s as well as b y more continu o us e\·oluti on. 

Some spring e \ ·ents. es pec ia ll y la ter ones, d o n o t cause 
di s tin ct be for e-to -a ft e r c ha n ges in h ydro log ica l o r 
d ynamica l behav ior. In th ese cases, th e e\ 'C nts seem to 
be passi\'C indi ca to rs o r conditi o ns in th e hvdra uli c sys tem 
tha t ha\ 'C no t completel y adju sted to increas in g \I-a ter 
input. Pres um a bl y. th e low occ urrence of eH' nt s during 
mid-summer is expla in ed by th e evoluti on of th e passages 
to g i\'e increased tra nsmiss i\ 'it y o f th e sloll' sys te m. That 
a ll ows th e \I'a te r input to b e tra mJe rred a t lower 
pressures, thus m a king th e thresh o ld fo r event occ urrence 

less a tta in able. 
" ' ith d ec reasing mea n wa te r input in th c la te mclt 

seaso n, th e oppos i te e\'oluti o n o r tra nsmi ss i\ 'i t y sho uld 
occ ur, thus a ll o wing high press ures to d eve lo p aga in 
during tra nsie ntl y hi gh wa te r input from fa ll s to rms. This 
behav ior has bee n pre\'iously suggcs tcd to ex pl a in la tc 
m elt-season e\'e nts on Va ri cga ted Glacier (H a rri so n a nd 
o th ers. 1986) a nd U nteraarg let sc her t lken a nd o th ers, 
1983). Altho ug h th e fa ll e\ 'C nt s m ay occ ur beca use th e 
passages of th e slow system have co ntrac ted, th ese e\ 'C nts 
proba bl y do no t co ntribute to th e c los ure and ma y in f ~l Cl 

tempora ril y re ta rd it. Cn "nts in September a re so m e tim es 
fo ll o\l 'Cd by a progressi\-e d ecline in lI'at er di scharge and 
th e a mplitude ofth c diurna l cyc le (Fig. 2a ). This c ha nge 
is mos tlikcl y ex plain ed b\· a n abrupt cha nge in Ill c lt\l'a ter 
input. for exa mple , ca usc-d by s n o\V f~lll in th e la te r pa rt or 
th e f'a ll storm a ssoc ia ted with th e C\T nt. If th e input drop 
wcre a brupt , as is likeh ' but n o t cc rt a in , th e di sc ha rge 
reccssion indica tes th a t th e res po nse ti me T fo r mos t orth e 
sys tem (slo ll' sys te m ) is sC\T ral ci a ys . 

5. SUMMARY 

Th e hyd ro logica l bch'l\ 'io rs o f Bl ac k Rapids a nd Fcls 
Gl ac iers a rc simil a r on th e seasonal and diurn a l time­
scal es defin ed b y th e obse n ·a ti o ns. On eac h g lac ie r , th e 
t\'pica l diurnal \'ari a ti on 0 [' wate r di sc harge has a 
rel a ti\'c ly small ha lf-a mplitud e o f 0. 1 0.2 o r th e mea n 
with a short tilll e lag of o utput behind input o f' a fell' 
h o urs. T o ex pl a in thi s co mbin a ti o n of' o bse n 'a ti ons 
requires th a t th e LOt a l di sc ha rge bc a superpos itio n of' 
sIO\\· parts th a t d o no t res po nd to diurn al input a nd fas t 
pa n s th a t do res po nd with la rge a mplitud e a nd sho rt tim c 
lag . The slow pa rts carry 0. 8 0 .9 o f' th e tot a l, whi ch 
acco unts fo r th c lo ll' amplitud e o f' diurnal \·a ri a ti o n. Th e 
rem a ining 0.1 0 .2 of th e total is transferred th ro ug h th e 
las t pans. whi ch acco unts fo r th e short tim e lag. Th e fas t 
parts a rc res tri c ted to th e lo\\,e rm os t 0.3 0.4 o r less 0 [' th e 
g lacie r length. Sm a ll dinc rences in th e diurna l tillling of' 
water and solute disc harges bc twecn Bl ac k Rapid s and 
Fe ls Glaciers ea n be ex pla ined b y th e difIe rences in g lac ier 

le n g th without reco urse to a n y diITe rences in bas ic 
stru c ture of th e dra in age sys tems. \\ 'e ha\'C emphas ized 
a fas t/slow pa rtiti o ning of th e drainage sys tem, whi ch 
d escribes th e di scha r ge response to input va ri a ti ons. This 
ca nno t be equ a ted to qui ck/del ayed pa rtiti onings, \\'hi ch 
d esc ribes residence time . Th e fa. t sys tem is composed of 

qui c k passages but th e slow SYSlCIll appears to ha \'e bo th 
qui c k a nd delayed passages . Thcsc three g roups m ay a ll 
have supra-. en- a nd subglac ia l pa rts . 

Altho ugh our m e th od s [or a na lyz ing th c hydrologica l 

sys te lll a re differen t a nd emph as ize d i fT<.' rc l1l pa ra me te rs, 
o ur conclusions a bo ut th e morph o logy a nd conn ec tio ns o f 
th c dra inage system fit th e mold sy nth esized from m a ny 
o bse J'\ 'ati ons on Alpine glaciers, (o r example. as re\·iewed 
b y R o thlisberge r a nd L a ng (1987, e .g . fi g . 10.11 . In this 
rega rd . a nd in th e contex t of th e seaso na l a nd diurn a l 
o bsc J'\ 'a ti ons that \V e ha \'e reportcd , Bl ac k Rapids a nd 
Fels Gl ac iers a ppea r to be hvdrol ogica ll y " norm a l" . In 
pa rti c ul a r. if' lhere is a difference in bed stru cturc th a t is 
res p o nsib le fo r surge beha \'ior of Bl ac k R a pids Gl ac ie r , it 
did n o t a m'ct th e seaso na l a nd diurnal h ydrol ogy during 
th e o bsc l'\'a ti on yea rs. 

Bo th Bl ac k R a pid s a nd Fe ls Gl ac ins ex peri e n ce 
COLI pl ed moti on a nd hyd ro logica l e\T n ts. TlI'o types o f' 
h ydro logica l r \'(' nls ca n be identifi ed acco rding to th e 
occ urrence of diluti o n o f so lule concc lltra ti on typc 1) o r 
n o t ( type 11 ). On e d i fTc rence bc t wecn th c t 11'0 glac ie rs is 

th a t type 11 c\ 'C nts a rc promin c nt o n Blac k R a pids 
Gl ac ie r but not on Fc ls Gl ac ier. Our il1lerp rcta ti on is th a t 

type 1 e\'cnts th a t occur on bo th g lac icrs, some tim es 
nea rl y simulta neo usly, rcs ult rrom g lac ier- wide input 0 (' 

extra wate r assoc ia ted lI'ith wea lh e r cve nts. T ype I l 
e \T nts on Bl ac k R a pid s Gl ac ier a ppear to be assoc ia ted 
with locali zed a nd g radual build -up o r wa ter in marg ina l 

la kcs re leascd sudd e nl>' by il1lc rn a l processes ra th er than 
imm edi a tc \lTath er. Th e type 11 e\T lltS a rc simila r to the 
" mini-surgcs" fo und 0 11 \ 'a ri ega tcd lac ier durin g th e 
q u icscen t phase be t ween its surges. 

.\l o ti on and hydro logica l e\T llt s occ ur 0 11 a numbe r o f 
g lac ie rs th a t a rc no t kn own to surge (1 ken and o th e rs, 
1983; I ken and Bind sc hadlcr, 1986 : H ookc and o th e rs, 
1989 ) , noli' including Fels Glac ier. Th erefore. events in 
ge n e ra l d o no t a ppca r to bc indica ti\ 'e ors urge behav io r. 
H o \\'e \ 'C r , o l1 e may as k \\'heth er th e type 11 e\'ents are 
assoc iated \I 'ith surge-type g lac iers. Ba. ed on our und e r­
stan d ing or how th c type 11 C\T llts a ri se and th e ir 
comm o na lit l' and diffc rcnces with type I e\Tnts, liT d o 
no t sec a nI' reaso n th a t th ey would be res tri c ted to surge­
type g lac iers. Eve nts \\'ith hvdrologica l cha rac ter simil a r 
to type 11 def ined he re have bec n o bsen 'Cd on g lac ie rs 
th a t a rc not kn O\\'ll to surge (C o llins, 1989 ) but th e 
d y n a mi c charac ter of th ese e\T nts is no t known. To 
reso h'e th e signifi cancc o f type 11 C\T nts, it is necessa rv to 
h a \'e m ore comple te combin cd h ydro logica l a nd d y­
n a mi cal descripti o ns o f CHnlS 0 11 no rm a l glaciers th a t 
di stin g ui sh br t\\'('en immecliate wca ther e \Tnts and loca l 
inte rn a lh- contro ll ed tri gge rin g . 
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