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ABSTRACT, Th e wa ter a nd sedim ent output from \ ' itus La ke, in fro nt of Be rin g 
G lacie r, was moni to red sta rting in Jul y 1994" fn strum el1lat io n was pl aced in th e la ke 
ou t le t to reco rd stage, turbidity, cond uct i\ 'ity a nd tempera ture a nd \'e locity of 00 \1' o f 
ri \ 'e r wa ter. T\I'o outburst Ooods pun ctu a ted th e te rmina ti on of th e 1993- 94 Berin g 
G lacier surge in Aug ust 1994, The belle r-d oc ul)lenred Ooodlas ted a bo ut 10 d , du ring 
which th e nood disc hanre a\'e raged I 100 m 3 Si, in excess of norma l di scha rge 

3 I ,, ~ B 3 ~ 
( 1550m s ) during thi s pa rt o rth e a bl a ti o n season , a nd abo ut 9 ,5 x 10 m of wate r 
d ra ined ri"o m Bering Glac ier. T he excess \I'ater \'o lum e di scha rged d urin!) thi s Oood 
cor res ponds to a O.4 m thi ck laye r of \I'a ter ex tendll1g O\'e r th e 2500 km- of Benng 
G lacier th a t was surging in ea rl y summer, Th e suspended-sed im ent Ou x from Vitus 
La ke during th e summ er of 1994 \I'as two o rd ers o f magni tud e less th a n ra tes of 
sed im ent produc ti on by o th er fas t-moving g lacie rs in sou thern Alas ka, This impli es 
th a t mos t o f th e sediment p roduced is being sto red in Vitus La ke, unde r th e g lacie r, o r 
in bo th loea ti o ns, 

INTRODUCTION 

A number of outsta nding iss ues in th e Ea rth sc iences ca n 
be addressed by slUd ying sedim ent productio n fro m 
g lac ie rs a nd ice sheets , Th ese iss ues incl ude th e role of 

sedim ent in g lac ie r d yna mi cs, th e cha rac te ri sti cs o f 

subg lae ia l h ydra uli c sys tem s and th e processes o f 
eros ion, sediment tra nsport a nd d eposition, 

Scdiment produc ti on by ac ti\ 'C g lac ie rs is a lso o r 
in te rest to a wid e se ienri{j c a udi ence in th e broad contex t 
of th e poorly und erstood linkages between to pogra ph y, 
tectonics a nd c lim a te, H ow eros i\'e a re glac iers when 

compa red with o th er d enud a ti ona l age nts (H a rbor a nd 
\\' arburto n , 1993; H a ll et a nd o thers, 1996J? Wh a t is th eir 
role in mass tra nsfer a t th e E a rth surface , pa rti cul a rl y in 
tectonicalh' ac ti ve g lac ieri zed a reas? These q ues tions, 
whi ch a re fund a mental to o ur und ersta nding of th e 
e\'o lution of mo unta in ra nges a nd of la te Cenozoic history 

(l\lolna r a nd Eng la nd, 1990; R aymo a nd R udd ima n , 
1992 ), prO\'ide the mo ti\'a ti ona l fj-ame\I'o rk for th e srud )' 
\Ve introduce here, 

Due to ex treme precipita ti on a nd reli ef, as we ll as its 
prox imity to th e ocea n, th e S t Eli as R a nge of southern 
coas ta l Alas ka, U .s. A " is th e mos t ex tensi\'e ly glac ieri zed 

ac ti\'e tectoni c ma rg in on Eart h , It consti tutes a na tura l 
la bora ton ' of glac ia ll y do mina ted surfi cia l processes a t 
mod era tel y hig h la titude wh ere th e tempera te na ture o f' 
th e ice permits sliding, nu\'ia l ac ti\ 'ity, e rosion and 
d eposition , A n outsta nding reco rd of sedimenta ti on in 

fj o rds O\'e r th e las t cen tu ry i nd ica tes th a t sed i men t yields 

from ma ny tid e-waLer g lac iers in th e a rea a re a n ord er of 
magnitude grea ter th a n those fo und in o ther a lpine 

regions (e,g , Powe l! a nd M olni a , 1989; H a ll e t and o th ers, 
1996 ), Such high yields pro ba bl y reOec l a d ec rease in 
sedimen t sto rage in th e bas ins since the Li t tl e lee Age 
acl\'a nce, as I\'e ll as rap id eros io n , Ba cd on late ­
Pleistocene ma rin e te rrace u plift ra tes (e ,g, Pla fk er a nd 
o th ers, 1980 ), regiona l e rosion ra tes on th e o rd er o f 1-

10 mm a 1 could have bee n susta in ed sin ce th e onset of 
tid e-wa ter g lac ia ti on in south ern Alas ka 5 x 106 yea rs 
ago (L agoe a nd o th el"s, 1993 ), 

" 'e arc pa rti c ul a rl y interes ted in Bcring Gl ac ie r 
beca use of th e excepti o na l o ppo rtunit y it offe rs to 
construc t a sediment budge t for a la rge glacieri zed 

dra inage bas in, With a 5200 km 2 drain age a rea, Bering 
G lac ier is th e la rges t tempera te glac ier in th e world 
(Viens, 1995 ), f t is a lso d yna mi c a nd has rece i\'ed 
consid era bl e sc ientifi c atte n tion beca use , d uring its 
1993- 94 surge , ice \ 'C loc iti es ac ross its 25 km wid e 
te rminus approac hed 100 md I , It ad\ 'a ncedup to 9 km 

in to p roglac ia l Vit us Lake within one yea r :-l olni a a nd 
o th ers, 199+a ), a nd a no ma lo us crCl'assing ma rked u p to 
2500 km 2 of th e glacie r surface ( ~..1 o ltli a, J 993 ), Sedim ent 
produ cti on fi'om Berin g G lac ier should th erefore reneCl a 
wide ra nge of basa l co nditi o ns, lithologica l asse mblages 
a nd ice \'e loc iti es, Sediment contributions from 11 0n­

glac ia l processes a re unlikely to confound signifi ca ntly th e 
sedim ent producti on from Berin g Glac ie r, beca use th e 
entire bas in is ice-cove red excep t 10 1' a re\\' hi g h rid ges, 

A no th e r facto r m a kes Be rin g Gl ac ie r idea l fo r 
d e\'eloping a sediment budge t: the glac ie r dra ins in to 

\ ' itus La ke, \I'hi ch forms a n effec ti \'e sedimen t tra p \I'ith 

onl y one act ive outl et to th e ocea n , th e Sea l Ri\'e r. As \I'C 
a re prim a ril y interes ted in a long- term sedim ent bud get, 
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our tas k reduces to d e te rmining the net ra te a t w hich 
sedim ent enters, is d eposited in . a nd lea \'es Viws L a ke 
during a n entire surge /non-surge cycle ( ~20 years). Th e 
sedim ent vo lume d epos ited in th e la ke can be d etermined 

from th e a mo unt of acc umula tion between th e 1967 surge 

a nd 199 1 wh en a U nited Sta tes G eo logical S urvey 

(U SCS ) tea m condu c ted se ismic profiling in Vitus L ake 
(Ca r1son a nd o th ers, 1993 ). Ad di tiona l se ismic d a ta were 
o btain ed just prior to th e current surge in 1993 . Th ese 
d a ta will pro \'id e a tim ely base line fo r compa ri son with 

se ismi c p ro fil es th a t a re pl a nned fo r th e a nti cipa ted pos t­

surge re trea t of Be rin g Gl acie r from Vitus L a ke. 
Th ere is littl e d o ubt th a t th e bulk o f th e sedim ent 

produ ced by Bering Gl acie r is trap ped in Vitus L ake, but 
some frac ti o n ca n leave the la ke, tra \'e\ ing via th e Seal 
Ri\'e r to th e Culf of Alas ka (Fig. I ). In additio n to th e 

coa rse sediment th a t wo uld na turall y se ttl e in an y 

p roglacia l la ke, fin e-g ra in ed sedim ent a lso a ppea rs to be 
tra pped , in pa rt beca use th e rela ti\'ely sa lin e waters of 
Vitus La ke tend to cause clay a nd silt-sized pa rti cles to 
noccul a te. H ence, th e Sea l Ri\ 'e r is usua ll y no t turbid , 
pa rti cul a rl y during non-surge cycles w hen ~ I ° km of 

ope n wa ter se pa ra tes th e g lac ie r (ront from th e o utl e t of 

Vitus L a ke. During surges, however, as th e floa tin g ice 
te rminus c loses in th e lake, consid erab le suspend ed 
sedim ent is tra nspo rted in th e Sea l Ri ve r to th e G ulf of 
Alas ka (Fig. I ), as evid enced by o bse rva ti on o f hi ghl y 

turbid wa ters in th e Sea l and distinc t sedim ent plumes 

th a t extend into th e G ulf of Alaska (r.I o lni a, 1993 ) , 

A lo ng-te rm sedim ent budge t fo r Berin g Gl acie r 
wo uld b e incompl e te without de termin a ti on of th e ra te 
of leakage of sedim en t from Vitus L a ke via the Sea l Ri\·er. 
H ence, in Jul y 1994, \\'e initi a ted a stud y o f sediment and 

wa te r flux es via th e Sea l during th e recent surge . In this 

pa per, we p rese nt initia l res ults fr o m thi s s tud y . 
Compa red to m od e rn studi es of prog lae ia l streams, 

o 5 
,,' ! , J 

typi ca ll y conducted in ~ I- I 0 km2 basins (e ,g . Curn ell , 
1987; Bogen, 1989; L aw ler a nd oth ers, 1992), our flu x 
es tima tes a re crud e because th ey a re limited to a sing le 
summ er, a nd esse nti a lly to one site. However, our d a ta 

a re of interes t beca use th ey provide th e bes t availa ble 

record o f massive fl ood s th a t punc tu a ted th e termina tion 

o f th e spec tac ul a r 1993-94 surge . They also provide a 
m eas ure o f th e sediment nux in th e Sea l Ri ver . 
Furtherm ore, we stress from th e po int of \'iew o f th e 
lo ng-term sediment budge t of Be ring Glacier th a t a rough 

es tima te o[ sedim ent flu x in th e Seal Rive r is entirely 

a cl equa te because, as we will di scuss la ter , this sediment 
leakage from Vi tu s L a ke is sma ll , m os t proba bl y only a 
(ew per cent of th e a nti cipa ted ra te o f sediment d eli very to 
Vitus L a ke during this surge period. 

FIELD SITE AND METHODS 

Th e Seal Ri ver is a tida l cha nnel 8 km long, 200- 300 m 
wide a nd 5-10 m d eep. VVh ereas th e narrower upper 
cha nnel reach and its ba nks a re partly a rmored by a lag 

o[ 0, 1- 1 m diame ter bould ers a nd a few larger ones, th e 

bed of th e lower rea ch is sand y. The upper cha nnel 
pl a nform has pres um a bly been rela tively sta ble since it is 
in cised in late-Holocene drifts (M o lnia a nd o th ers, 
1994b) . I n con tras t, the lower pa rt has mig ra ted throug h 

u nconso lida ted eo l i a n d epos i ts a nd wa ve-cu t pia tforms. 

As the surface of Vitus Lake is within ]- 2111 of sea leve l, 

th e inOu ence of tid es on th e ri ve r a nd o n sa lt-wa ter 
intrusio n into Vitus L a ke is controll ed in pa rt by lake­
wa ter le\'el a nd thus b y meltwa ter output from th e 
g lacie r. A t th e ocean, th e a m p litud e of tid a l va ri a ti on in 

th e 1994 summer a pproached 3m; a t the la ke, it was 
0,5 m, 

In earl y Jul y 1994, a site on th e Seal Ri ver was 

10 15 
I t 

20 
1 

BAGLEY ICEFIELD 

Fzj!, . 1. Beril1g Glacier and Vi llls Lake before Ihe 1.9.93- .94 sUI/te. Label BS refers to location of automated monitoring 
slalion 01/ lite west bank of Ihe Seal River. Dolled jJalLem on glaciers rejJresents debris-covered ice and folded moraines. 
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seleeted for insta ll a ti on of an a utom ated mo nitoring 
station [or water and sedim ent characteristics. I cebergs 

strea ming out of the la ke during ebb tide forc ed us to 

locate our instrumentation on a la rge g lac ia l errat ic 
700 m downstream from Vitus Lake (a big schist erra ti c, 
refeITed to as BS from now o n) on the wes t ba nk of th e 
upper cha nn el (a 215 m wid e cross-sec ti on a t th at point ) . 
Forty-five surface water sa mples were m a nu a ll y coll ec ted 

a t BS over 10 days inJuly a nd a few d ays in September. A 
simil a r number of surface samples was co ll ec ted episodi­
ca ll y in th e la ke, in a transec t ac ross th e r iver a nd at th e 
outle t to th e ocean. Sedim ent co ncentra tion s we re 
obtained from 90 water samples; 100 ± Iml a liqu ots 
were liltered thro ug h 0.3 J.lm libel' membra nes, dri ed and 
weighed. Low a nd hig h di scharges I·,·ere each calcul a ted 
from 2 1 spo t measurements of I'e loci ty at d ep ths of 0.2 
a nd 0.8 of th e tota l wa ter depth , by J. Gray a nd R. H a rt 
of the USGS on a traverse across from BS, using a Pri ce 
AA current meter. During discharge measurements, the 
river cross-sec ti on was surveyed , a nd depth-integra ted 
I·vater samples were coll ected from a boat , using a Van 
D orn bottle. 

H ou rl y measu remen ts of wate r turbid i ty, cond uctivity, 
stage, tempe ra ture a nd speed of now were reco rd ed fi'om 
17 Jul y 1994. ~ros t of the methods used in this stud y ha l'e 
been desc ribed ex tensil'e ly elsewhere, notabl y by Hum­
phrey and others (1986). Proglacial environm ents are 

hars h on se nsi ti ve in s tru men ta tion , and thi s stud y 
ex peri enced its sha re of inst rument diffi culti es, wh ich 
permitted us to obta in on ly rough es tim a tes of nuxes in 
this very large and complex sys tem. Although, according to 
initi a l plans, inst rumentation packages to monitor I·vate r 

tem pera ture , co nd uc ti vit y a nd turbidi ty were to be 
insta ll ed bo th at the surface a nd a t d ept h , ea rl y 
equipment fai lures a ll owed the p lacement of onl y a single 
submerged pac kage. I t was placed 10 m from the west 
bank, I m above th e bed in 4 m of water. A so ni c ranger 
measuring wa ter level was mounted on a boom ex tending 

over th e wate r but was destroyed shortl y after installation 

as hea l'y rains conspired wi th a n unusuall y high tide to 

ra ise the river stage a bove expec ted levels. Fortuna tel y, a 
press ure tra nsdu cer insta ll ed nea r th e bottom of th e 
cha nn el provid ed a n independ ent measure of stage until 
19 August 1994 when the p ressure tra nsduce r a bruptl y 
went out of ra nge and started behal'ing errat ica ll y; it was 

replaced in September 1994. The transducer was ca li­
brated acco rding to the manufacturer's spec ifi cations and 
checked for precision with stage data acqu ired concur­
rentl y with the high ly acc ura te sonic ranger. The senso r 
resolution and accuracy co rrespond to . tage increments of 

about I a nd 10 cm of \I'ater, res pectil·ely. 

A calibration curve for the AC electri cal-conductivity 
senso r was developed from regression between measure­
ments using a standard conducti vity meter (GLA EC 
Insta nt meter) a nd senso r measu rements in th e labora­
tory at ",20°C. Conductil'iti es are reported at measured 
temperature. No correction \I'as a ttempted for tem pora l 

I'a riations in water tempera ture beca use th ese were 
minimal , varying between'" 1° a nd 2°C. Within thi s 
ra nge, tempe rature variati o ns influence co nductivit y 
readings by a t most a few per cen t (Collins, 1978; Calles 
and Call es , 1990) . Based on the quality of the ca libra ti on 

a nd the correc ti on involved in comparing 20°C labora-

to ry data with fi e ld conductiviti es nea r O°C , we es tim a te 
the reso luti on a nd acc uracy of our conductivity measure­

ments to be 0.01 and 0.5 mS cm 1, respectil·eJy . Accord­

ingly, tempora l I'ariations in our reco rd of elec tri ca l 
conductil 'ity, rat her than abso lute va lu es, are useful in 
interpreting th e stage reco rd. Port ions of a li mited 
number of water samples were diluted and a nalyzed [or 
major ca tions a nd anions, to a id in the interpretation of 

the cond ucti vi ty reco rd . 
\V ater sp eed was m easured by monitoring the 

therma l relaxation of a bri eny hea ted th ermisto r, whi ch 
speed s up wiLh in creasing , ·e loci ty . The olTset in 
thermistor res istance relat ive to its va lu e immediate ly 

before hea ting d ecreased exponenti a ll y wit h tim e at a 
rate dictated by advec ti on o[ heat by the flow . W e 
d esc ribe thi s m easurem ent as speed beca use no inform a­
tion is avail ab le a bout direction of fl ow, hence veloc ity 
cannot be d efin ed. Each speed va lu e is based o n six 
seq uenti a l res istance m easurem ents a t 10- 30s inte rva ls. 
This sequence includes a reference I'a lue taken before 
exci ta tion , wh ich rend ers th e measurem en ts essen tiall y 
independ ent of a mbient wa ter temperature. The speed 
se nso r was ca libra ted in th e Sea l Ril 'e r with a ha nd-h eld 
Tcledyne c urrent m eter. H owever, because of th e lac k o f 
high wate r veloc iti es during the ca libra ti o n a nd the p oor 
repea ta bilit y for the lowes t veloc iti es, th e record is 

viewed as o nl y a qua litat ive indication of local speed 
close to th e wes tern bank of the Seal , where mea n fl ow 
direc tions reverse with the tid es, and la rge-sca le eddies 
can a ppear a nd disappear with time. As a consequence, 
thi s record is used on ly qua li tat ively to compl ement the 
stage reco rd. 

RESULTS 

The influ ence of ocean tid es on th e stage of th e Sea l Ri ver 
is ev iden t throug h most of th e record (Fig. 2a ) . D es pite 

being reco rd ed 5 km up-river from th e coas tline, hig h 

tid es a t BS do not lag ocean tides; low ti des a lso do no t 
appea r to lag, but the evidence is less clear because stage 
level commo nl y remains nea r minimum values for up to 
a n hour. Three prolonged periods of relat ively elevated 
stage ca n be id entifi ed ol'Cr thi s monito ring period: (a ) a 

broadlo\\' pea k of mid-Jul y (event A); (b ) a maj or fl ood 
las ting approximately 10 d \I'ith a pea k stage 1.1 m abOl'e 
normal (el'ent B); a nd (c) a period of increas ing stage 
(event C ) sta rting on 14 Aug ust . Unfortuna tely, as no ted 
a bove, the pressure tra nsd ucer fai led during event C , a nd 
on ly the rising limb of the hydrograp h lI'as recorded . 

H owel'er, complementa ry el' idence deduced from reco rd 

of electrical cond uctivity a nd water speed (Fig . 2c and d ), 
sugges ts that event C is simila r in mag nitude to , and 
slig htly shorter in durati on than , eve nt B. 

Figu re 2c shows the reco rd of loca l \I'a ter speed \\'ith 
considerable I'ari at ion on time-sca le ranging from hours 
to \I-eeks. Strong tid a l forc ing is ev ident throughout most 

of the reco rd except during nood even ts B a nd C. Distinct 
tidal modul a ti on can a lso be seen in the elec tri ca l­
conductivity signa l (Fig. 2d ) except for two inten'a ls 
co rresponding closely to nood el'ents B a nd C. The 
condu cti vity dropped from 2.7- 2.8 mS cm 1 before fl ood 

events B a nd C to 1.5- 1. 7 mS cm 1 a ft erward. 
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Fig . 2, 1994 slimmer record from BS all the Seal Rim . 
(a) Stage record wilh threemaillevents(I1. B alld C) alld 
tidal oscillations , (b) PrecipiLaLioll ill Yakulat alld 
Cm'dova , 100 km easl and west, respectively . oJ Seal 
Ril'er, (r) Local water slNed, (d) Electriml cOlldllctivi{J', 

DISCUSSION 

\Iaj o r prec ipi ta ti o n e \ 'e n ts need to bc co nsid e rcd w hen 
interp re tin g the stage r ccord o n th e Sca l Ri ver. Ind eed , 

rh e fi rst fl ood (e \ 'c nt A ) c an b e co rrc la ted \', ith 

precipita ti o n (Fig , 2 b ) , Us ing th e m ean prcc ipitatio n a t 

CordO\'a a nd Y a ku ta t (abo ut l OO km to th e wes t a nd cas t, 

res p ec ti vely, o f Bering G lac ie r ) a n d ig n o rin g QI'ogra phic 

e ffec ts, a n es tim a ted 100 mm o f ra in fell d uring th e 17- 2 1 
Jul y pe ri od , represe n t in g 5 x I08 m :l o f w a te r for lhe 

entire Bcr ing b as in, In compa ri so n , th e ri se in stage 

be twee n 17 a nd 23 Jul y corresp o nd s to a n inc rcase in 
B '3 

disc h a rge th a t a m o unts to a wa te r \'o lume oronl y 10 m ' 

a bo \'e bac kg ro und thro ug hput. (The computa ti o n o f' 

di sch a r ge a nd t h e un ce rta inti es in vo lved a re disc usscd 

below, ) There fo re, ra infa ll over thi s pe ri od pro b a bl y 
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contributed sig nifi cantl y to wa te r sto rage in th e sys tem , 

Th c sccond peak o f' th e stage rccord (e \ 'C n t B ) 

corresp o nds to th e spcClac ul a r e nd -of-Jul y fl ood o u tb urst 
fro m th e eas tern lo be o f'th c tc rminus ( ~Iolni a a nd o th e rs, 

1994a. b ) , A ltho ug h th e fl ood sta rted a bruptly o n 27 J u l\', 

acco rdin g to eyewitness accounts, th e di sc ha rge fro m 

Vi t us L a ke inc rcascd in ea rn es t o n 3 1 July, p ea ked o n 5 

Aug ust a nd e nd ed a p p rox im a tc ly o n 9 A ug us t. The 
ex p ec led d a mpin g o f th e lid a l sig n a l in th e Sea l Ri \'('!" d ue 
to th c subs ta nti a l increase in disc ha rge is e\'id e l1l d uring 

th e fl ood, Wh ereas th e ri se in stage in th e Sea l Ri ve r was 

a t m os t 1.1 m abo\'C n o rm a l, Tra b a nt a nd I\1 0 lni a ( 1994) 

reco rd cd a w a te r-l c\ 'C1 ri se o f 4 m a t T sivat L a ke, in th e 

eas tc rnm OS l sub-bas in o fVilu s L a ke close to th e sitc of th c 
spec lac ul a r o utburst o f wa te r f'ro m the g lac ie r te rmin us , 

H c nce, o u r stage rcco rd at BS re prese nlS a hi g hl y 

a ttcn ua ted sig n a l o f' th e Bering fl ood III te red b y th e 

proglac ia l la ke compl ex , 

Only th e rising lim b o f th e h vdrogra ph was recorded 

fo r evc nt C, beca use o f' eq ui p m e nt fa ilure, This in c rease in 
di sc h a rge was no t wca lh e r-re la tcd, T empera tu res we re 
simil a r to th ose in t h e precedin g pe ri od a nd no ra in re il 

durin g , o r within th e two weeks preceding, th e o nse l o f 

th c stage ri se, Sin ce th e stage reco rd \I 'as inte rru p led , it is 

in stru c ti ve to exa min c \I'a te r con d uc ti\'ity a nd speed 

rcco rd s fo r co m p lc m e n ta ry in fo rm a ti o n o n th is e\'enl. 

Th ese records, p a rti c ul a rl y th e conduc li v ity (F ig , 2d ) , 

sh o w lWO p e ri od s (a pp rox im a tely 27 Jul y- 9 Augus t a nd 

15- 23 A ug us t) \I 'ith p ro no un ced a ttenu a ti on of' ti dal 

m odul a ti o n , B y a n a logy \I'ith t h e firs t pe ri od, w hi c h 

ap p ea rs to coin c id e \I 'ith we ll-doc um ent ed e\'e n t B, th e 

second pc ri od th a t sta rts cOllte mpo ra n eo u sly w it h stagc 

event C is sugges ti \'e 0 (' a fl ood o r simil a r m agnitud e a nd 

so m cw ha l sho rtc r dura ti o n th a n C\Tnt B , 

Littl c is kn owll a b o ut w h er e event C o ri g in a ted , 

except th a t i t pro bab ly did no t e m a n a te fro m unde r th e 

eas te rn lo b e since th e T si\'a t la ke-I cve l reco rd , w hi c h 

sh owcd a 4 m ri se durin g event B (pe rso n a l communica ­

ti o n rr o m D, C , T r a b a n t, 1995 ) , reveal cd n o thin g 

unusu a l d uring (' \T nt C, It ap pea rs, th e re fo re, th a t 

e \ 'ent C o ri g inated fro m a n o th e r p a rt o f' th e lo be , This 

wo uld n o t b e surpri sin g since h ydra uli ca lly iso la ted 

b as in s a ppear like ly und e r Bc rin g G lacie r fo r t \l 'O 

reaso ns, Firs t , th e basal to p ograp h y ca n b e inferred to 

a ce rta in ex te nt from th e b a lh ym c try o f Vilus L ake , as 
b o th a rc p roduccd b>' g lacia l e rosio n a nd de p os iti o n, 

Vi tus L a ke fea tures se \ 'c n distin c t b as ins > 100 m in 

d epth , sep a r a ted by sh a llow sills (Carlso n a nd o th e rs, 

1993 ) , Seco ndl y, th e sp a rse info rm a ti o n ava il a bl e o n t he 

basa l to pogra ph y o f Be rin g G lac ie r sh o\l's th a t w ithin 

te n s o f' ki lo m e tc rs o r th e te rminus, th e b o ttom re li ef 

reach es sevc r a l hundrcd m e te rs a nd ice eX lend s \I 'e ll 

b e low sea le\ 'e l acco rdin g to a n unpub li sh ed 1992 m a p 

(p e rso n a l communi ca ti o n from B , M o lnia, 1994) , Il 
fo ll ows th a t th e timing a nd locati o n o f dra inage e \ 'e n ts 

fro m each subg lac ia l b as in \I'o uld bc contro ll ed by loca l 

top ogt'a ph y , ice thi c kn ess a nd ice d y n a mi cs , 
D e ta il ed reco rd s 0 (' loca l wa te r sp ced a t BS show th a l 

sp eed pca ked be fo re th e stage d ro ppcd h a lfway from hi g h 

to 10 \1', a nd d ec reased m o notonica ll y th e rea ft er until nea r 

hig h t id e wh e n th e (l O\l' re\'ersed direc ti o n , a nd Sea l Ri \'e r 

wate rs fl owed b ack into Vitus L a ke , The speed reco rd 

te nd s to he a nti eor re la tcd w ith slage until 27 Jul y. th e 
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d a le of th e onse t of eyellt B, " 'hen th e a mplitud e of tid a l 

flu ctu a ti o ns sta rts to d eCl'ease, pres um a bl y because o f 
increased di sc ha rge from Vitus Lake (Fig . 2e ). Speed 
in creases a bruptl y o n + Aug ust, pro ba bl y due to cha nges 
in loca l nea r- ban k eddies, o r o th er ll o,,' geometri es 
res ulting from increas ing dep th a t th e sa mpling site; 

speed pea ks on .5 .\ugUSl. A more progress i" e increase in 

" eloc it y occ urs during e" ent C. a ft er " 'hi eh " e loc ity 
d ecreases to unpreced entedl y loll' ya lu es . The , ·cloeit,· 
dec rease ca n be assoc ia ted with a lowerin g o f' lake le" el 
a f't er th e fl ood out burst a nd associa ted cha nges in loca l 
fl ow geo metry a t BS . High- wa ter ma rks on th e la ke shore 

were a bo ut I m abo, 'C la ke-wa ter leyel in ea rl y Septem­
ber. This d ecrease in "c!oc it y sugges ts th a t e,'ent C 
te rminated by 23 Aug ust. \\'r stress . howClT r. th a t o ur 
interpretat ion of th e qua lit a ti H ' speed reco rd is hig hl y 
specul a tiye; o th er ex pla na ti o ns co uld be offered for mos t 

o f th e " speed events" . a nd pa rts of th e records rem a in 

eni g ma ti c. For exa mple, " 'e ha,'e no ex pla na ti o n [or the 
la rge inc rease in " 'a te r speed sta rtin g on 26 August a nd 
reac hing a n unpreced ented max imum + c1 la te r. 

Th e conducti"i ty reco rd illust ra tes well th e compl ex it y 
of wa ter a nd so lute tra nsfer betwee n Vitus La ke a nd th e 

G ulf of Al as ka. Th e ea rl y pa rt of th e reco rd sho" 's good 
co rrela ti on ,,'ith ti de (Fig. 3d ). H o,,·e, 'C r. C l concent­
ra ti o ns in Sea l Ri, 'C r wa ter sa mples re" ea l th at befo re th e 
fl ood th a t sta rted o n 27 .J ul y, sea wa ter " 'as a n importa nt 
component orth e di sso h-ed load a t BS irres pec l i\"(' of stage 
(mean C l concent ra ti on oC760 mg I 1 during o utflow ). I n 

contras t 'I"ith the la ,,· conducti " ity o f glac ia l " 'a te r output 
th ro ug ho ut Jul y before e, 'C 11l B (",O. lmScm I ) . la ke 
condu cti"ity ra nged from to p to bo tto m bet,, 'Ce n 2 a nd 
3.2 mS cm 1 (Crav and oth ers, 1994). D a mping o f tid a ll ), 
indu ced osc ill a ti o ns in conducti vit y begins in la te Jul y 
presum a bl y du e to increased fl ood di scha rge. The sudden 

increase in conduc ti l' it,· on 4 Aug ust (e\ 'Cnt B) sugges ts 

th a t Oood " 'a ie rs ca used mi xing o f' rela ti\T ly sa line la ke 
wa ter. Co nve rse ly, th e pos t-fl ood d ec rease in condu cti vit:, 
pro babl y refl ect s m ixing of dilute subg lac ia l wa ter int o 
th e la ke . A simil a r sequ ence of e'Tnts is reflec ted in th e 
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reco rd a ft er e, 'ent C ; conducti"it y osc ill a tes (seemingly 
ha phaza rd ly) a bout a redu ced le, 'e l sta rtin g o n 24 
Aug ust, thus furth er indi ca tin g termina ti on of eve nt C. 

Accordin g to e:'e' l" itn ess acco unts a nd sa te llite im ages . 
th ere " 'as !l 0 sedim ent plum e to th e ocea n or turbid " 'a te r 
in th e Sea l Ri\ 'e r be tween th e onse t of th e surge in the 

sp ring of 1993 a nd la te Jun e 1994. By II Ju ly, th e surf'ace 
or th e Sea l Ri\'e r was hig hl y turbid. Suspend ed -sedim ent 
concentra ti ons ra nged [i'om I to 3 g I 1 a nd " 'ere g rea tes t 
a t e b b ti de . " 'h e n th e 11 0 ,,' w as m os t , ·igo ro us. 
Compa ri son 0 [' d epth-integra ted sam ples collec ted a t 

lo ll' tide " 'ith surrace samples showed neglig ible wrti ca l 

gradi ent in suspend ed load. Sig nifica nt \Trti ca l concen­
tra ti o n gradi ents may ha , 'e ex isted . hO" 'e" er, during 
slo\\'e r fl o ,,·. :-\ c ross -c ha nn e l g ra di en t in sedim ent 
concentra ti on c1uring fa st fl o,,' " 'as e"id ent in dep th­
integra ted a nd surface samples (3 .2 g l i near th e th a hl-eg 

, 's 1.8 g I I nea r BS ). By 9 September. a ltho ugh th e Sea l 

Ri" er lI'as st ill turbid , suspend ed-sediment concentra ti ons 
had diminished consid era bh' (O.l+ g I I ) . 

FLOOD DISCHARGE 

Lac king a ra ting cun'e to rela te di sc ha rge to stage, "T 
uncon, 'en ti o na ll y ca lcul a te d ischa rge (i'om o u r stage 
reco rd ass uming th a t during bo th loll' a nd hig h tid es 
th e /low in th e Sea l can be trea ted ad equ a tely as steady 
uniform f1 0 11' in a rec tilinea r cha nnel of rec ta ng ul a r cross­

sec ti on la good ap p rox ima ti on ror at leas t one ba nk . \\'e 

com pa re ca lcula ted di scha rges a t hig h a nd 10 '" tid es ,,·ith 
measured di scha rges to d e termin e th e principa l unkn ow n: 
th e .'- fa nning ro ug hness coe ffi cient n . whi ch cha rac te r izes 
th e bed res ista nce ('11 = 0 .028 ± 0 .003 m-1 s ) , " 'hi ch ca n 
th en be used to calcul a te di scha rge fi'om stage m easure­

m ents. This d e termin a ti o n o f n utili zes o ur stage 

measurements on th e Sea l Ri" er , es tim a tes o r tid e le\ 'e ls 
a t th e mo uth o f' th e Sea l based on tid e records from 
C OI'd Ol'a a nd Yakuta t. a nd ~ l a nnin g's equ a ti o n. The 
grea test source of unce rt a inty in di sc ha rge ca lcul a ti o ns is 
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th e lack of local tid e da ta; unce rta inti es in stage a nd 
hydra uli c geometry a nd M a nning's n a re of secondary 
importa nce. O ve rall , we es tim a te th a t our ca lcul a ted 
di scha rges a re reli a ble to within a bout 20% . T o assess 

di scha rge for a peri od of severa l d ays or longer, we m a ke 
the simplifying ass umptio n th a t wa ter surface slope va ri es 
sinusoidall y with time du e to tid a l forcing, a nd compute 
the wa ter disc ha rge a veraged ove r tid e cyc les . 

The surface slope a nd hydra ulic radius of th e Seal 

Ri ver when the flow depth reached its peak during the 

cleares t flood , event B a t BS , co rrespond to a max imum 
di sc ha rge 1800m3 s I a bove base fl ow ( 1550m 3 s I ) . 

Integ ra ti on of the fl ood hydrogra ph from 31 July to 9 
Aug ust yields a wa ter vo lume of 9.5 x 108 m3 for event B 
and a n a ve rage discha rge of 1100 m 3 s I a bove base fl ow. 

The above Dood discha rge has been calcul a ted with 
M a nning'S n obtained from base flow conditions; th e 
cha nge in rela tive roughness of the cha nnel du e to 
increased fl ow d epth during the fl ood could a ffec t this 
res ult sig nifi cantl y . Effec tive drowning o f ro ug hness 
elements can be assessed by computing th e average wa ll 

ro ug hn ess height E with th e M a nning ro ug hness correla ­

ti on (f = 8gn 2/ m, where f is th e D a rcy- W eiss bac k 
fri cti on fac tor, 9 is th e gravita ti ona l accelera tion and R is 
th e hydra uli c radius) a nd Colebrooks' rela ti on a pplied to 
full y ro ug h fl ow (f = [210g(14 .8R /t)r2) (White, 1994) . 
The a verage wa ll roug hness (0.18 m ) is then used in 

conjunctio n with the in creased fl ow depth to compute a 
new M a nning 'S n a ppli cable to event B. This co rrec tion 
increases flood-discha rge ca lcul a ti ons by < I %, which is 
neg lig ible considerin g th e oth er unce rta inti es invo lved. 
M oreover, the effec t of drowning bed ro ug hn ess is likely 

to be pa rtly offse t by heavy vege tati ve cover on the 

wes tern ba nk . 
The \ 'o lume of wa ter rel eased during event B a mounts 

2 to a layer 0. 38 m thi ck wh en spread ove r th e 2500 km of 
Berin g Glac ier im'ol ved in th e surgc sin ce the 1993 /94 
winter. This fi gure could underes tima te th e water stored 

in th e sys tem during the peri od of ra pid basal mo ti on 

(pri or to summ er 1994) because th e subglacia l hydra uli c 
sys tem m ay have been only pa rti a lly dra ined. On e wo uld 
ex pec t event B to e\'o lve simil a rl y to o ther g lac ia ll y 
deri ved fl oods. Outburst hydrogra phs from subg lacia l 
a nd glacier-d a mmed la kes a re cha racteri zed by ra pid 

ri ses due to the swift enl a rgement of subglacial conduits 

a nd by very steepl y fa lling limbs due to rapid creep 
closure as wa ter pressure decreases below fl o ta tion (e.g . 
C lag ue a nd ]\t(a th ews, 1973; D es loges a nd o thers, 1989 ; 
Pa terson, 1994) . H owever, prelimina ry finite-difference 
fl ow-ro uting of flood waters from the eas tern lo be of 

Bering Glac ier through the prog lacial la kes and th eir 

outl e ts (T siva t, T siu a nd Vitus La kes ) to th e Seal Ri ver 
show th a t a j okulhla up with a hig hl y asymm etrical 
hydrograph into T siva t La ke canno t acco unt fo r th e 
ove ra ll symm etry in th e ri se a nd fall of th e hydrograph 
reco rd ed in th e Sea l Ri ver (Figs I a nd 3) . The lag in 

hydrograph rise a t Sea l Ri ve r (27- 3 1 July) can be 

accounted for by the presence 0 (' reservoirs downstream of 
th e a rea where flo od wa ters we re observed to ema na te 
from th e g lac ier. 

Th e dura tion a nd symm etry of the hydrogra ph is 
m o re sugges ti ve of dra inage throu g h a n exte nsive 

distributed subglacia l hydra uli c system th a n dra in age 

238 

from la rge su bg lac ia l cavi ti es, which wo uld tend to be 
more like jo ku lhl a ups. If we ass um e event B dra in ed the 
entire area of intense crevassing during th e surge (25 km 
by 100 km ) a t its south eastern corn er, a nd furth er assum e 
the hydrologica l response of the subg lacial cha nn el 
network to be simil a r to th a t of a subae ri a l a rborescent 
drainage network , we can es timate typ ica l water-flow 
speeds under the glacier, as well as th e collec ti ve cross­
sec tiona l a rea of su bg lacia l wa ter-fill ed condui ts. First , we 
would expect the fl ood to peak when the bulk of th e wa ter 

dra in ing from th e domin a nt subg lacia l reservo irs, which 
would tend to be loca ted a t intermedi a te positio ns in the 
drain ed a rea, reaches the outle t (ra th er th a n a t ex trem e 
positions eith er nea res t to or fa rthes t from th e terminus). 
As the wa ter flu x peaked 5 d a fter the beginning of the rise 

in the hydrograph , if we use an ord er-of-m agnitude 
es timate of 50 km (th e approx ima te midpoint of th e 
crevassed a rea ) for th e di stan ce be tween th e m os t 
ex tensive subglacia l reservoirs a nd th e glacier outl e t a t 
T siva t La ke (Fig . I ) , the mean longitud ina l fl ow velocit y 
was about 0.12 m s I (50 km in 5 d ) . Secondl y, we use thi s 

wa ter-velocity es tim a te toge ther with th e average flo od 
di scharge previously calcul a ted ( 1100 m3 s - I ) to deter­
mine th e collec ti ve cross-secti onal area of basal conduits; 
simpl y di viding fl ood di scha rge by th e mean wa ter 
velocity yields the effective basa l conduit a rea: 0.92 x 
10+ m2 Considerin g a sys tem di stributed over th e entire 

25 km wid th of th e glacier , we a rri ve a t a mean water­
layer thickness o f 0. 37 m. If either th e cavil y sys tem 
occupied onl y ha lf of th e bed or onl y ha lf of th e surging 
pa rt of Bering G lac ier was dra ined by event B, th e 
representa ti" e basal wa ter d epth wou ld have been 0.74 m. 

Although the ass umptions inherent in these calcula tions a re 

considerabl e, we note the substanti al agreement between 
the effec ti ve wa ter-l aye r thickn ess es tim a te (0.38 m) based 
on total wa ter volume drained in event B a nd the es tima te 
(0. 37 m) based on the es tima ted subglacia l wa ter velocity 
a nd discha rge . These results are consistent with other 

studies tha t report effecti ve basal water thi ckn ess of a 

fr ac ti o n o f a meter (K a mb, 198 7; Humphrey a nd 
R ay mond , 1994; \"'a lder a nd Driedge r, 1995). 

SEDIMENT FLUX AND EROSION 

\V e es tima te sediment Du x using th e suspend ed-sediment 
concentra ti o ns meas ured ma nuall y during Jul y 1994. 
Bed load tra nsp ort can be ignored because, except fo r 
limited debris tra nsported in icebergs th a t fl oat to the 
outl et o f Vitus La ke, coa rse-grained ma teri a l ema na ting 
from th e g lacier tends to se ttl e in Vitus Lake, a nd hence 

does not have access to th e Seal Ri ve r. "Ve ass ume tha t 
onl y negligible sediment tra nsport occurs outsid e the 
3 month a bla tion season. rfwe use a n ave rage concentra ­
ti on of 2 g I I for non-flood stage, a nd 10 9 I I during 
e, 'e nts B a nd C ( lO g I I is a bou t one-thi rd of th e 

ma ximum suspended load during floods a t V a riega ted 

G lacier), th e tota l mass of sedimen t tra nsported throug h 
th e Sea l during the a blation season is 3 x 10 10 kg . This 
co rres po nds to 2 mm of erosion over th e entire dra in age 
basin (ass umed rock density: 2850 kg m 3). Altho ug h thi s 
es timate is rough (i. e. it co uld be do ubled if the flood ­
wa ter concentra tions were increased to 30 g I \ it is 
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g reater than the wo rld wide average for mountainous 

regions (0.8 mm a '), whi ch is d e rived from sediment 

yields from over 150 mountain basins, as tabu lated by 

Milliman and Syvitski ( 1992 ) . 
Thus, sed iment transport from Vi tus L a ke into the 

Gulfof Alas ka in the Sea l is ve ry co nsiderablc , a m o u11lin g 
to nea rl y 30 Mt in 1994. Nn'erthel ess, this is m os t 

pro babl y on ly a sm a ll fraction o f th e scdiment produced 

by Bering G lac ie r during thi s time period. Fo r peri ods 

extending from a few yea rs to nea rl y a century, sediment 
yield s from o th er large g lac ie rs of coas ta l southe rn Alaska 
(H a ll e t a nd o th e rs, 1996 ) ty pi ca ll y co rres p o nd [Q 

ext raordinaril y hig h effec tive ra tes of eros ion of 10 

100 mm a I (Fig. 3). Erosio n a t Berin g G lac ier is most 

like ly to be a t leas t as rapid , beca use a substanti a l pan of 
th e g lac ier is underla in by easil y erod ed Pli o Ple istocene 
sediments (Y a kataga form a ti o n ) , a nd the var ied bedroc k 
in th e res t of th e basin is charac teri sti c of th e region . :\lore 
impo rta ntl y for th e 1994 period , th e ra te o f sed im ent 

produc tion is \ 'e ry likely to correspond to the upper cnd of 

th e 10- 100 mm a I range o f effecti\'e ra tes of eros io n 

because it inc lud ed a peri od of rap id ice m ot io n nea r th e 
end of th e surge . This infere nce is supported by work at 
V a ri ega ted G lac ier, a lso situated in so uth e rn A las ka, by 

Humphrey and R aymond ( 1994) . The >' proposed that 

two-thirds of th e total bed erosion for a 17 year peri od 

occurred during the 2 yea r surge, assumin g th a t no long­

term storage occ urred a t Va ri ega ted G lac ier a nd that 
suspend ed-sed i men ( o u tput sca led direct ly wi th slid i ng 
velocity. Thus wc sugges t th at during th e 1993- 94 surge, 
o nl y a minor fract io n of th e sediment produ ced by Bering 

G lacier currentl y reached th e Pacific O cean, a nd hence 

th a t the bulk of the sed ime nt is being stored eith er 

subg lac ia ll y o r , more likel y, in the prog lac ia l la ke 
complex, where massive sedimentat ion has been docum en­
ted (perso na l communica tio n from B. F . l\Io lni a, 199.5 ) . 

CONCLUSIONS 

Two m ajor fl oods we re released from Bering G lacier 
during the summ er of 1994 a ft er ice \ 'eloc iti es had 
d ec reased to a fract ion o f th e m ax imum surg in g 

velocity . Computation of water volumes il1\'olved in th e 

fl ood s a nd th eir durat io n a llowed gene ra l c ha rac teriza ­

ti on of th e subg lac ia l hydra uli c sys tem as a pen 'as i\'e 
ne two rk ofca\' iti es a nd conduits that col lecti\ 'e l), co n ta ins 
th e equi va lent of a water laye r 0.3- 0 . .5 m thi c k 0\ e r the 
en tire surg ing pa rt o f Berin g G lac ier. 

Prelimin ary interp retation o f res ults confirms that th e 

sediment flux through th e Seal R i\ 'e r durin g th e 1994-

melt season was \ 'ery sm a ll compared to expec ted rates of 
erosion ge nera ted by fast ice moti o n during th e surge . 
Vitus L a ke has run c ti o ned as a n effi cient sed iment trap 
sin ce the prev io us surge a nd w ill continu e to do so un less 

a no ther surge pu lse ca uses Bering G lac ier to close in o n 

th e remainder of th e la ke, thus forc ing sedime nt to be 

routed to the Pac ifi c . Furrh e r mo nitorin g o f sed im enta ­
t ion in Vitus L a ke is m os t p rom ising, as it w ill permit 
computation o f a sediment budge t coyering a n entire 

surge/ non-surge cyc le so that e rosio n ra tes a \'e raged ove r 

a \ 'as t area can be de termined o\'Cr a r ange o f d ynamic 

beh avior. 
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