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ABSTRACT. As an ex tension o r an intensive stud y or G ulkana G lacier a 42 station g ravimeter survey was 
m ad e to gain some insight into its thi rd dimension. T his su rvey showed tha t the g lacier's ma in tongue 
occupies a complex valley composed essentia ll y or two pa ralle l cha nnels separa ted by a medial ridge which 
ex tends southward fi 'om rock bas tions in the accumula tion zone. At mid-glacier the ice thi ckness in th e larger 
eastern channel is 225 Ill ., in contrast to 130 m. in the western c ha nne l. The medial ridge degenera tes down
g lac ier p robably d isappearing within 2 km. o r the g lacier terminus. The basic sUl-race Aow pa tte rn o r the 
glac ier descri bed by M oores can be adequately expla ined b y this basal topogra phy. Seasona l velocity 
va riations a re poss ibly caused by melt-water basa l lubrication with one channel being ravored over the o th er 
a t different times o r the yea r, in agreement w ith o bse rvations by Elliston on the G orn er-Gletscher, Switze r
hnd, a nd with thc g lac ier slid ing theory o r vVeertma n. 

R ESUME. T opographie sOlls-glaciaire du Glllkana Glacier, A laska R ange, A laska. L'etude intensive du G ulkana 
Glac icr a ete e tenduc par la mcsure de la g rav ite en 42 stations p our obteni r une idee de sa tro isit:Ill e 
·dimension. Ce lcve a montre que la la ngue principa le du g lac ie r occupa it une vallee complexe composee 
essentiellement de deux chena ux para lleles sepa res pa r unc a rete m ediane qui s'entend ve l's le sud it partir 
d e bast ions rocheux de la zonc d'accumula tion . Vel's le m ilieu d u g lacier, I'epaisseur de glace est de 225 m 
da ns Ic chenal est le plus la rgc compara ti vemcnt a ux 130 m du chenal o ucst. L'a re te mediane diminue vel's 
le bas pour disparaitre d a ns les deux derniers km d u rront. Les traces superfi cie lles de l' ecoul ement du 
g lacier decritcs pa r 1\100res p cuvent etre bicn ex pliquees par ce tl e to pographie sous-g lacia ire. Dcs va riations 
saisonnieres de la vitesse son t proba blement causecs pa r lubrifac tion basale de I'ea u de ronte q ui favorise 
I' un des chena ux a u de triment de I' autre it d ifferen ts moments de I'annee, en accord avec les observat ions 
d 'Elliston sur le Gorner-G letscher, Suisse, e t avec la theorie du g li ssement des g laciers de vVeertma n. 

ZUSAMMEN FASSUNC. D ie Gestalt des Untergnlllrles am Glllkana Glacier, Alaska Range, Alaska. In Erweite rung 
e ine r a usrtihrli chen Unte rsuchung des G ulka na G lac ier wurden a uf 42 Stat ionen Schweremessungen vo r
genommen, urn einige D aten Ctber den U nterg rund des G le tsche l's zu gewinnen . Die 1\I1essungcn e rgabcn , 
dass del' H a upta rm des G lc tschers ein kom pliz icrtes T a l einni mm t, das im wesentli chen a us 2 para lle l en 
Rin ncn - get ren n t d urch c in en 1\1 itl cl rCt cken , de r sich sCtd warts von Felsbastionen in d cr Akku mula lionszon e 
erstreckt - besteh l. In C lc tschermitte betragt die E isdicke in dc r g rosse rcn os tli chen Rinne 225 m , im 
Gegensa tz zu 130 m in d e l' wes tli chen Rinne. D el' MittclrCtcken ni m m t g lctscherabw3 rts an H ohc a b L1nd 
versch lVindet 2 km vor d e r G le tscherZLIngc. Die Fl iessbcwegung a uf del' OberA achc d es G letschers, wie sie von 
:\I[oores darges tellt wi rd , kann im wesen tli chen aus diesel' U n te rg ru ndsges ta lt crkl a rt werdcn . J ahreszcitliche 
Geschwi nd igke itsschwankungcn sind mogli cherweise d urch d ie Schmierw irkung von Schmelzwasser am 
Unterg rund ,·eru rsacht, wobei .cinc Ri nne gegcnubcr del' anderen zu verschiecknen Zeiten des J a hres 
bevorzugt wird. Dies stcht in Ubercinstim m ung mit 13eobacht ungen von E lliston am Gorner-G le tscher , 
Schweiz, und mit del' G lc ill hcori c von \"'cer tma n. 

GULKANA G LACIER has undergone intensive stud y since 1960 under a program of intt.:gra ted 
inves tiga ti on conducted b y the Department of Geology, U niversity of Alaska . From this effor t 
four extensive papers have been wri tten on the budget, fo l iation and flow of the g lacier (Ru tte r , 
unpu b li shed ; Se ll mann , unpublished ; Mayo and Pewe, 1963; Moores, unpu blished ) . As a n 
ex tension to this progl-am a g ravity survey was made over a la rge part of the glacier du ring 
Septem ber 196 1 in the hope tha t some insigh t might be gained in to its third dimension. 

* Geophysica l a nd Po la r R esearch Ccntcr, U ni ve rsity or \Visconsin . Con lribution No. 152 . 
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PHYSICAL SETTING AND FLOW STRUCTURE 

Gulkana Glacier is situated on the south flank of the Alaska Range (lat. 63 ° 17' N., 
long. 145° 25' W.) bordering the Denali fault, which is a major tectonic element running 
the full length of the mountain system. It is one of the most accessible of the many valley 
glaciers in the rugged central Alaska Range, being only 2 km. off a short access road leading 
from the Richardson Highway. The structure of the glacier is complex as it originates from 
what appears to be three or four separate accumulation basins whose combined area is 
12 km.; (Fig. 1). The maximum elevation of the firn zone extends to about 2,000 m. From the 

l-'ig. 1. (iiiikmia (ilacier ami tiecuiindatian hasin,. 'the ghuie, is lutein//; ,ti: j,!,,/ iM/„ [„•„ /,/;• ucol ite sitcom*: i. 2, 3a and 3b. 
Physical ice streams 1, 2 mid 3b flow as a unit farming the eashm vdncih ice shatm. Physical ice .'.l/cam 311 fluics al a 
different rale as the tircslern rcbicilv ice •l/ann [a/In Maine^ im/mhlii/11,!.. JUae.k dm-, imiir.rilc ia- movement surrey markers. 
The numbered dots are also gravity slali'ins. Transverse fireflies I. •• ami 3 refer to Figure 2 
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a ccumulation basins the ice coalesces to form a glacial tongue 7' 2 km. 2 in a rea, being approxi
mately 4 ' 5 km. long, I ' 75 km. wide and termina ting at an elevation of I, I30 m. The g lacia l 
tongue is divided latera lly into four ice streams which M oores (unpublish ed ) has numbered 
I, 2, 3a and 3b (Fig. I) . The ice streams originate from separa te accumulation areas and are 
d elineated by media l moraines and longitudinal bands of rock debris. I ce stream 3 orig ina tes 
at the Gabriel I ce Fall. A second ice fall , the M oore Ice F all , is located towards the head of 
the easternmost accumulation basin. 

M oores (unpublished ) described the unique surface velocity structure of Gulkana Glacier 
in considera ble detail and has shown that the glacier flows faster in summer than in winter 
and that the relative motion between the ice streams changes with the seasons (Fig. 2). The 
m ean yearly velocity distribution shows two parallel ice streams flowing at different velocities 
in the central part of the glacier and as a single unit farther down-glacier (Fig. 3) . The 
eastern velocity stream is composed of physical ice stream s I , 2 and 3b , whereas the wes tern 
velocity stream consists of physical ice stream 3a. An a rea of rela tively low velocity which 
sepa rates the two ice streams is coinciden t with a surface topographic low, d espite a uniform 
rate of a bla tion across the glacier. Longitudinal velocity profil es drawn a long the center lines 
of the ice streams show an irregular d ecrease in velocity towards the g lacie r terminus. M oores 
interpreted this irregular movement as being due to proba ble changes in bedrock slope. 

T h e surface velocity structure of Gulkana Glacier during the winter differs little from the 
annual m ean except that both velocity streams move onl y a bout 94 per cent of their yearl y 
average. Although the summer velocity pa ttern also preserves the same genera l configura tion 
of the yearly mean , the deviations a re considerabl y m ore complex tha n those noted during 
the winter months. The most striking cha nge in the summer flow structure is the m a rked 
increase in down-glacier velocity. However, unlike the winter uniform d ecrease in flow rate, 
t he relative increase in velocity is greater in the eastern ice stream than tha t in the wes tern 
stream. The former increases by a bout 170 per cent over the annua l m ean, whereas the latter 
increases by only 140 per cen t. Furth ermore, the increase in velocity is g reater a t tran sverse 
profil e 2 than it is fa r ther down-glacier a t p rofil e I (Fig . 2) . At transverse profile 1 the eas t 
a nd wes t velocity ice streams fl ow a t different rela tive velociti es during th e summer, whereas 
in winter they flow essentia ll y as a single uni t. During July the east veloci ty ice stream flowed 
a pprecia bly fas ter tha n it did in August. In contras t, the wes t velocity ice stream flowed 
slower in July than in A ugust. 

The m otion in th e terminal par t of the glacier is complicated by thrusting, coll a pse (Rutter , 
unpublished ) and rela tively large surveying errors (M oores, unpublished ), a nd will no t be 
considered in this discussion . 

G RAVIME T E R S URVEY 

T h e gravity survey consisted of 42 stations on the glacier or just off its m argin (F ig . I ; 
T a ble I ) . T hese sta tions were located at m ovement survey stakes and were iden tifi ed according 
to th e U niversity of A laska numbering system . T he movement study network has been very 
carefull y surveyed a nd is repor ted as being accurate to an estima ted ± 0' 4 ft. ( 12 cm .) 
verti cally and ± o· 2 ft. (6 cm .) horizontall y a t mid-g lacier (M oores, unpublished ) . The 
g rav ity survey was conducted with a therm ostated LaCoste a nd R omberg geodetic gravimeter 
(No. G-2 6) and observati ons are beli eved to be accurate to ± o· 2 m gal. Because G ulkana 
G lacier is situa ted in a d eep mounta in valley, the terra in effect is significant a nd corrections 
had to be a pplied to a ll the observations. T hese corrections were determined by the zone 
cha r t (ou t to a radius of 15 km. around a station) a nd tables computed by H ammer ( 1939) . 
T he m agn itude of the corrections varied from 3 mgal. for a central sta tion to 8 mgal. for a 
sta tion at the ma rgin of the glacier. 

In I 955 a simila r gravi ty survey was m ad e of the less complex J arvis G lacier (Ostenso a nd 
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Station' 

B as ti on' 
0 4 

'''' est' 
6 
7 

8 
9 

10 
I I 

13 

25 
29 
3 1 

32 

34 

35 
10 1 
102 

l A 
2A 

3A 
4A 
5A 

l oA 
IIA 

Latitude 
N_ 

63° 16- 8' 
'7 -2' 
16-8' 
15 -8' 
15-9' 

63° 16- 0' 
16-0' 
16-0' 
16- I ' 

16- I ' 

63° 16-2' 
16 -2 ' 

16-2 ' 
16-3 ' 
15- 7' 

63° 15- 7' 
16-8' 
16 -4' 
16 -4 ' 
16- 5' 

63° 16-3 ' 
16-4' 
16- 7' 
16- 7' 
16- 7' 

63° 16 -6' 
16 -6 ' 
16-6' 
16-5' 
16-4' 

63° '7- 2 ' 

17- I ' 

17- I ' 

17- 0 ' 

17 -0 ' 

JO URNA L OF GLACIOLOGY 

TABLE 1. GRAVITY STA TIONS ON GULKANA GLACI ER, ALASKA 

Longitude 
W_ 

145° 25- 2' 
25- 3' 
26 - I ' 

25 -3' 
24 -9' 

145° 25- 1' 
25- 2 ' 

25-4' 
25-4' 
25 -7' 

145° 25- 8' 
25- 8' 
26-0' 
26- I ' 

26- I ' 

145° 26 -2' 
25 -6' 
24 -4' 
24- 7' 
25- I ' 

145° 24- 6' 
25- 3' 
25-0 ' 
25- 8' 
25-4' 

145° 25- 2' 
25- I ' 

25 - I ' 

25-0' 
24- 8' 

145° 24 -5' 
24- 2 ' 

24- 3' 
24-3 ' 
24 -3' 

1450 24 -4 ' 
24 -6' 
24- 7' 
24 -9' 
25- 3' 

ELevation 

111. 

1,539 
1,664 
1,494 
1,362 
1,40 3 

1,40 4 
1,403 
1,408 
1,405 
1,395 

1,393 
1,40 3 
1,4 14 
1,4'7 
1,32 1 

1,280 
1,5 13 
1,497 
1,493 
1,473 

1,472 
1,45 1 
1,5 13 
1,5 2 3 
1,499 

1,486 
1,473 
1,47 I 
1,470 

1,486 

1,495 
1,496 
1,553 
1,572 
1, 603 

1,624 
1 , 6 17 
1,61 I 

1,608 
1 ,607 

Observed 
gravity' 

gal. 
( ± 0-5 mgal. ) 

98 1 -7866 
7620 
79 10 
8 148 
8059 

98 1 -8049 
805 1 

8038 
8038 
866 7 

981 -8077 
8069 
8063 
8069 
8092 

98 1 -832 4 
7866 
7834 
7837 
79 14 

981 - 7887 
795 1 
7876 
7835 
7866 

98 1 - 79 19 
7934 
793 1 
7900 

7850 

98 1 -7829 
7864 
7739 
770 9 
7657 

98 1 - 7604 
76 16 
7632 

766 1 
7675 

Terrain 
correction ] 

mgal. 
( ± o- 5 mgal. ) 

3-4 
4- 8 
8-0 
3- 8 
3- 2 

5 -9 
4 -4 
5- I 

6 -2 
4- 8 

3- 8 
3-7 
3- 6 
4- I 

3- 2 

3- I 

3 - I 

3 - I 

3-5 
3- 8 

BOllguer 
anomaLy reLative 

to Bastion 

mgal. 
( ± 0-5 mgal. ) 

0-0 
+ 0 -9 
- 1-5 
- 5- I 

- 6 -6 

- 7- 0 

- 7- I 

- 7- 2 

- 7-4 
- 6-8 

- 4-4 
- 4 -8 
- 2 -7 
- 0-2 
- 3 -8 

- 2-6 
- 6 -6 
- 9- 8 

- 11 -3 
- 9- 2 

- 10 -2 
- 8- 1 
- 4- 1 

-5- 6 
- 7 -9 

- 5 -6 
- 6-4 
- 7- 0 

- 9-7 
- II '2 

- 10-8 
- 5 -0 

- 13-3 
- 12-8 
- 12-0 

- 13-4 
- 13-5 
- 13- 1 

- 10-6 
- 6 -0 

, Station numbers correspond to U niversity of Alaska g lacio logical stake numbering system_ 
, Based on station 340e (Thiel a nd others, (959) value of 98 I - 8800 gal. 
] Compu ted by the H ammer (1939) method_ 
, Gravity stat ions located off the margin of the g lacier. 

EquivaLent 
ice thickness 

m_ 
( ± 20m_ ) 

o 
18 
30 

102 
132 

88 
96 
54 
4 

76 

268 
270 
262 
2 12 
120 

H olmes, J 962) which lies just to the north of Gulkana Glacier on the other side of the moun
tain divid e_ The same method was used on both g laciers in calculating ice thickness from 
gravity observations, with the exception that the empirica l relationship of J mgal. a nomaly 
equals 20 m _ change in ice thi ckness for regions of m arked bottom reli ef (Bentley, 1964) was 
l1sed rather than the rela tionship of I mgal. = 13 -5 m_ of ice a s determined from simple 
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fla t-plate theory. F igure 2 graphicall y illustrates that Bentley's empirical rela tionship is sound . 
H ere the points of calculated ice thickness a re connected by sm ooth lines to form two· 
tra nsverse profil es of the glacier. The gravity effect of these cross-sections is then calculated 
u sing Hubber t 's ( 1948) line-integral m ethod assuming mean d ensities of O·90g. /cm .] for 
ice a nd 2·67 g./cm .' for bed rock, which in this a rea consists of coarse-grained acidic igneous. 
a nd complex m etasedimenta ry rocks (Capps, 1940, p . 20 1; M offit , 1954) . 

DISCUSSION 

In Figure 2 the computed gravity profi les a re secn to be in exce llent agreement wi th the 
observed Bouguer g ravity profil es. Except for transverse p rofil e r, no a ttempt is m ade to 
obta in a better fit to the da ta, as the inherent lack of p recision in this m ethod of d etermining 
ice thi ckness would make such a refin ement meaning less. In the case of profile I, where the 
sha rp subglacier r idge has a p rofo und topographic effect on the gravity observations, an 
al ternative bottom p ro file is g iven which represents a line-integral fit to the obse rved da ta . 
T h e down-glacier surface velocity profil es shown in this figure a re modified after Moores. 
(un p u blished) . 

It is estima ted that the accuracy of the glacier d ep th determinations is ± 20 m . relative to 
each o ther, bu t the da tum of the n etwork may be in error by ± 50 m . rela tive to sea-level. 
T h e compu ted ice thicknesses are plotted in Figu re 4 using Ru tter's (unpublished ) foli a tion 
cha rt as a base m a p . In Figure 3 g lacier thickn ess profi les a re show n a long transverse lines. 
r, 2 a nd 3 using M oores's (unpu blished) yearly surface velocity cha r t as a base m a p . 

Figures 2, 3 a nd 4 show a m a rked correla tion between subg lacia l topograph y a nd ice 
surface motion. Essenti all y, G ulka na G lacier can b e regarded as occupying a complex vall ey 
composed of two parall el cha nnels separated by a m edial ridge . T he eas tern cha nne l is the 
la rger a nd deeper of the two. T he m edia l ridge crops ou t to the no rth fo rming a ser ies of rock 
bastions. Down-glacier the ridge n a rrows and sta nds out in sharpe r re li e f. The surface yearly 
velocity vectors, a nd pa rticul a rly th e foliation p a tte rn , co rrespond wc ll with the subglacial 
topography. Th e median ridge a p pears to termi nate not far below tra nsverse profi le 1 and 
beyond this poin t the valley probably has a simple U -shape. It is he re that the east a nd west 
velocity streams j oin to flow as a sing le unit as wo uld be expected. The veloc ity vecto rs over 
the westem trough in tra nsve rse pro fil e 2 show a tendency of the ice to override the medial 
ridge. This could be caused by th e influence of the Gabri el Ice Fall immedia tely to the north 
a nd /or the bend in the glacier at this point. In profil e 1 the ridge is offset slightly to th e east 
rela tive to I"he summer velocity p rofi le. This appa rent displacem en t is probably due to wide 
spacing be tween g ravity observa tions and the inherent lack of reso lu tion in t he gravity 
m ethod of subglacia l profili ng in a region of marked basal relief. P ro fil e 3, which presents a 
simple U -sha ped cross-section, exhibits the conven tiona l simple distr ibu t ion of surface velocity 
with increasing speed towa rd the center of the vall ey. The location of medial m ora ines is 
a p parentl y influenced mainly b y the source of th e physical ice streams and exposed rock 
bastions, with subglacia l to pogra ph y play ing only a minor role in distorting som e of the 
linea tions. 

T hat there should be such a m arked correla tion between a glac ier's basal topogra phy and 
surface motion is n o t surprising in the ligh t of wha t is known from the recentl y developed 
theory of glacier flow (e.g. Nye, 1952, 1959; Glen, 1955; W eer tm an, 1957 ) a nd from limi ted 
observationa l evidence. 

M oores (unpublished) noted th at the region of rela ti vely low velocity which separates the 
eas tern and western velocity stream s is coincident with a surface to pographic low d espi te a 
u niform ra te of a bl a tion across the g lacier. This tro ugh is best develop ed directly behind the 
rock bast ion and becomes p rogress ively na rrower down-glacier . Its cause is p robab ly a 
"shad ow" effect o f the bast ion . 
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T he reason that the eastern a nd wes tern velocity streams reach their m aximum velocities 
at differen t times (Jul y a nd A ugust, respectively) was explained by Moores (unpub lished) as 
possibly being caused by one o r a com bina tion of the following factors: (1) T he influence of 
the Gabrie l I ce F a ll , (2) the slope of the bedrock urface immedia tely a bove the ice fa ll s, and 
(3) the eas tward-flowing ice stream 3 a pplies a confi ning stress on the sou thwa l-d-flowing 
velocity stream s I and 2. E lliston ([U nion Geod esique et Geophysique In tern ationaleJ, 1963, 
p . 65- 66), in a n a ttempt to ex plain simil ar seasona l veloci ty ch a nges on the Gorne r-Gletscher 
(a temperate valley glacier in southern Swi tzerl a nd ), measu red the surface ve locity of the 
g lacie r a nd discharge of the termina l melt-wate r stream . H e found correla tion between change 
in velocity an d volume of stream discharge . I t seem ed that the avail a bility o f m e lt wa ter a t 
t he ice- rock interface influenced the ra te of g lacier flow. E lliston's work, coupled with 
W eertm a n 's ( 1962, (964) wa ter layer hypothesis, m ay explain wh y the east and west velocity 
streams' fl ow rates a re accelerated during July a nd August. T h e east a nd west cha nnels of the 
glacier valley could receive varying amoun ts of melt wa ter throughout the summer months 
w ith conseq u en t vari a bility in basal lubrication. Subglacier lubrication variations could a lso 
ex pla in the sh ort-interval "j erky" movement observed during the summer. T his m echan ism is 
substantiated by the great vo lume of mel t wate r th at can be seen discharging in to the g lacier 
throughou t the a bla tion season . In his most recen t treatment of the problem of g lacier sliding, 
W eer tman (1964) shows that a water layer a n order of magnitude thinner tha n the size of 
controlling obstacles (roughness) on the g lac ie r bed can apprecia bl y increase the sliding 
velocity. 

CONC L USiON 

T he gravimeter survey of G ulkana G lacier shows tha t it occupi es a compl ex valley 
composed essentia lly of two pa ra ll el channels sepa ra ted by a m edia l ridge whi ch extends 
southward from a rock bastion. T he ridge degen erates southwa rd , proba bly terminating just 
below transverse line 1 at which point the vall ey has a simple profil e and the two velocity ice 
streams flow as a uni t. T he basic surface flow pa ttern of the glacier can be adequa te ly ex pla ined 
by thi s basal to pography. Seasona l velocity va ria tions a re bel ieved to be caused b y m elt-water 
basal lub rication with one ch a nnel being favo red over the o ther at differen t times of the year. 
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