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ABSTRACT. Bore-hole photography demonstra tes that the g lacier bed was reach cd by cable-tool drill ing 
in five bore holes in Blue Glacier, Washington. Basal sliding velocities measured by bore-hole photography, 
a nd confirmed by inclinometry, range from 0. 3 to 3.0 cm/d a nd average J. O cm /d, much less tha n h a lf the 
surface velocity of J 5 cm /d. Sliding directions devia te up to 30° from the surface fl ow direction. Marked 
lateral and time va riat ions in sliding velocity occur. The g lacier bed consists of bedrock overl a in by a 
;:; J 0 cm layer of active sllbsole drift , which intervenes between bedrock and ice sole a nd is actively in volved 
in the sliding process. I t forms a mecha nically and visibly distinct layer, partially to completely ice-free, 
beneath the zone of d e bris-l aden ice a t the base of the glacier. Internal motions in the subsole drift include 
roll ing of clasts caught between bedrock and moving ice. The largest sliding velocities occur in places 
where a basa l ga p, of width up to a few centimeters, intervenes be tween ice sole and subsole drift. The gap 
may result from ice-bed separation due to pressurization of the bed by bore-hole water. Water levels in 
bore holes reaching the bed drop to the bottom when good h ydrauli c connection is established with sub­
glacial conduits; the water pressure in the cond uits is essent ia ll y a tmospheric. Factors respons ible for the 
generally low sliding velocities are high bed roughness due to subsole drift, partial support of basa l shea r 
st ress by rock fri ction, and minimal basa l cavita tion because o f low water pressure in subglacial conduits. 
The observed basa l conditions do not closely correspond to those ass umed in existing theori es of sliding. 

RESU~tE. SlIr le glissemellt et d'alltres phinomelles all lit d'lIll glacier tels qu'ils sont reviles par la photographie de 
trollS de forage. Les fora ges furent rea lises a u Blue Glacier, Olympic at ional Pa rk, Washington, dans une 
partie ou le glacier a une epaisseur de 120 m , une inclinaison d e 12° a la surface e t une vitesse superfi c ie ll e 
d e 15 cm/d . Les images photographiques qu i ont ete prises a u fo nd d es trous montre nt que I'on a pu atteindre 
le lit du glacier dans cinq occasions, en utilisant une perforatri ce a cable. Les vitesses d e glissement obtenues 
a I'aide de la photogra phie ont ete confirmees pa r la mesure d es inclinaisons dans les trous. Les va le urs 
o bservces va ri ent d e 0,3 a 3 cm/d. La moyenne es t 1,0 cm /d , ce qui contredit les conclusions ante ri eures 
qu i ont estime la vitesse subglacia ire a une va leur voisine d e la moitie de la vitesse superfi cielle ( 15 cm /d ) . 
Les directions du glissem ent divergent jusqu 'a 30° de la direction du mouvement g lac ia ire a la surface. On 
a pu observer d 'evidcntes va riat ions late ra les et tcmporelles d a ns la vilesse du glissement. Le lit du glac ie1-
consiste en roe so lide, couvert d 'une couch e a cti ve d 'apport d'une epa isseur approx ima ti ve de 10 cm. Cette 
couche joue un ro le important da ns le meca nisme du glissem ent. EIlc forme une couche bien visibl e et 
111ecaniquemem individua lisee, part iellem ent ou complctem e nt d epourvue d e g lace, en-dessous d e la zone 
d e g lace chargee en moraine a la base du glacier : les mOUVC111c nts interne, clans ccUe couche comportent le 
roulage de blocs coinces entrc le lit et la glace. Les vitesses Ics plus gra ndes interviennent lorsqu ' un d ecollc­
m ent a la base d e quelques centimetres se produit ent re la base d e la glace et I'apport mora inique. Ce 
d ecollement peut provenir d'une sepa ra tion lit/g lace due a la m ise en press ion clu lit par l'eau de sondage. 
Le ni veau de I'ea u dans les forages a tte igna nt le li t s'aba isse jusqu 'au fond lorsque de bonnes connectio ns 
hydra uliques s'eta blissem ent avec le reseau sous-glac ia ire; la pression de I'eau cla ns ce resea u es t essentie ll e­
m ent la press ion a tmospher ique. La vitesse clu glissement es t re lati vement f"aible a cause de trois phen0 111eneS: 
(a ) I'asperite considerabl e du lit glaciaire c reee par la couch e act ive d 'apport qui est illlerca lee entre le roe 
et le fond du glacier, (b ) les cissions prcs du sol qui sont pa rtiellement a bsorbees pa r la fri ction entre les 
roch es, (c) la formation peu frequente d e cavites a cause cle la fa ible pression d'ea u da ns les ca na ux sous­
g laciaires . Les phenomenes observes a u fond du glacier ne correspondent pas a ux conditions presumees par 
les theori es du g lissem ent. 

Z USAMMENFA ·SUNG . Uber das Gleitell IInd andere ErscheimlflgCll am Gletscherbett allJgrlll1d DOll photographischen 
Bohrlochaufizahmel1. Bohrungen wurden am Blue Glacier, ' '''ashington, vorgeno mmen, in einem Gebiet, 
wo d er Gletschcr eine Dicke von 120 m, eine OberAachenneigung von 12° und eine Oberflachengeschwind ig­
keit von 15 cm/d h at. Photographische Aufnahmen vom Grund d er Bohrloch er ze igen, dass del" F elsunter­
grund , liber den d er Gl etscher gleitet, in flinf Fa ll en erre icht werden konnte, und zwar mit Hilfe e ines 
Kabelbohrgera.ts. Die G leitgeschwindigkeiten, die sich a us d iesen Aufnahmen ermitteln lassen, werden 
durch Neigungsmessungen in den Bohrloch ern bestatigt; sic reich en von 0,3 bis 3 cm/d und sincl clamit 
nicht, wie bisher a ngen ommen wurde, ungefa hr gleich d er h a lben OberAachengcschwindigkeit, sondern 
wesentlich geringer. Die Gleitrichtungen weich en bis zu 30° von der Fliessri chtung des Gletschers an d er 
OberAache ab. Ausgepragte laterale und zeit li che Anderunge n cle r Gleitgeschwincligkeit treten auf. D as 
G letsch erbett besteht a us gewachsenem F els, der mit einem etwa 10 cm dicken Schuttgeschiebe bed eckt ist. 
Diese Schicht unterhalb d es Gletschers, weleh e teil weise oder vollig eisfrci ist, bes itzt besondere mechanisch e 
Eigenschaften unci ist a ktiv am Gle itvorgang beteiligt. Bewegungsvorgange innerhalb dieser Schicht 
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schliessen ein Rollen von Felsbrocken ein, die zwischen d em gewachsenen Fels und dem sich bewegenden Eis 
eingespannt sinl. Die hochsten Gleitgeschwindigkeiten treten an Stellen auf, wo sich ein Spalt von einigen 
Zentimetern tireite zwischen d e r Sohle und dem subglazialen Geschiebe offnet. De r Spalt entsteht 
moglichcrwcise durch eine Trcnnung des Eises vom Brett infolge des erhohten Wasserdrucks am Grunde des 
Bohrlochs. Der Wasserspiegel in Bohrlochern sinkt bis auf den Boden, wenn gute hydraulisch e Verbindung 
zu subglazialen Kanalen vorhanden ist ; der Wasserdruck in den Kanalen entspricht im wesentlichen dem 
Luftdruck. Fur die im allgemeinen geringe Gleitgeschwindigkeit sind verantwortlich (a) die hohe Bettrauhig­
keit, die durch das zwischen Fels und Gletschersohle eingelagerte Schuttgeschiebe erzeugt wird, (b) die 
bodennahen Scherspannungen, die zum Teil durch Gesteinsreibung aufrecht erhalten werden, (c) die sehr 
geringe Hohlraumbildung aufgrund des niedrigen Wasserdrucks in den subglazialen Kanalen . Die beo­
bachteten Erscheinungen am Grund des Gletschers entsprechen weitgehend nicht den Annahmen, die in den 
bestehenden Theorien des Glcitens angenommen werden. 

, . INTRODUCTION 

The overall flow of temperate glaciers is influenced strongly by processes taking place at 
or near the bottom. The ice- bedrock interface plays an important role in the mechanism of 
basal sliding, which is usually thought to account for about half of the total flow velocity 
observed at the glacier surface (Sharp, '954; Kamb and LaChapelle, '964; Paterson, 1969, 
p. 77, (970 ). Although a number of theoretical discussions of the sliding phenomena have 
been given (Weertman, 1957, 1964, 1971; Lliboutry, 1959, 1968; Nye, 1969, 1970; Kamb, 
1970; Budd, 1975; Moriand, (976) there have been few measurements of basal sliding 
velocities in glaciers, and even fewer direct observations of the actual sliding process taking 
place. Existing observations of basal sliding are confined to what could be seen at the head 
of tunnels excavated in glaciers (Klebelsberg, 1948- 49, Bd. 1, p. 143; Haefeli, r 95 r ; McCall , 
1952; Kamb and LaChapelle, 1964, 1968) or in natural subglacial cavities (Carol, 1947 ; 
Souchez and others, 1973; Vivian and Bocquet, 1973; McKenzie and Paterson, 1975). These 
observations have necessarily been restricted to the shallower, more easily accessible parts of 
glaciers; the deeper parts, representing most of the basal portions of typical valley glaciers, 
have not been reached for observations of this type. 

Some direct measurements of basal sliding velocity have been made in the tunnel experi­
ments cited. Sliding velocities at the bottom of the deeper parts of some typical valley glaciers 
have been obtained indirectly, by combining measurements of surface velocity with the tilting 
of bore holes thought to penetrate to the glacier bed (see, for example, Savage and Paterson, 
1963; Kamb and Shreve, 1966; Raymond, 1971 ). This indirect approach has two serious 
disadvantages: I . In bore holes drilled by the usual thermal method, there is no assurance 
that the bed is actually reached at the bottom of the hole, because rock debris or even a small 
amount of mud in the ice will stop the drill prematurely; hence the velocity determined at the 
bottom of the bore hole does not necessarily represent the actual sliding velocity at the base 
of the ice. (The recently reported measurement of sliding velocity by radio-echo sounding 
(Doake, 1975) is subject to the same disadvantage, since it depends on radio reflection from 
internal ice structures whose proximity to the bed is not definitely known. ) 2. The accuracy 
and convenience of the measurements is generally not great enough to allow a determination 
of basal sliding velocity on a daily or even weekly basis, and all determinations up to now have 
been year-long averages; hence they necessarily have missed any shorter-term variations in 
sliding velocity, such as those that might be responsible for the difference between summertime 
a nd wintertime flow velocities of glaciers. 

We report here the results of a method that gets around the difficulties stated, allowing us to 
observe and measure the sliding as seen in a bore hole reaching the glacier bottom, and to do 
so on a day-to-day basis. The observed conditions at the glacier bed during sliding are 
described, and the directly-measured sliding rates are given. The conditions are found to be 
rather different from those visualized in theoretical discussions . The directly measured sliding 
velocities do not agree well with those obtained by the indirec t method as normally practiced. 
With special care, however, the two methods can be reconciled. 
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2 . FIELD SETTING 

In an area on Blue Glacier , Mt Olympus, Washington (lat. 47 ° 48' N., long. 123° 42 ' W.), 
shown in Figure I , 16 bore holes were drilled to the bottom of the ice, or almost to the bottom. 
The pattern of the bore-hole array, shown at an enlarged scale in Figure I b, was designed to 
sample the bottom conditions across a sizable width of the ice stream of interest. The parti­
cula r small area studied was chosen because previous detailed bore-hole deformation and 

300 

Fig. I. Locatioll o.f bore holes ill Blue Glacier. 

(a ) .'v/ap o.flower part o.fglacier, showing surface and bed topograP/~v,.froll! M eier and others ( 1974, fig· I ) . 
(b) Enlarged map of bore-hole study area, showing initial positions (circles ) o.f bore holes disClosed in paper alld o1.four nearby 

earlier bore holes (J , K , P, N ). COlltour interval is 25 III in (a), 5 III on ice suiface in (b). M eter scales at margins 
indicate scale of maps. Arrows show selected surface velocities measured during the study period and scaled to represent 
J'ear/y 1Il0tion. 
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core-sampling studies in this area (Kamb and Shreve, 1963 [a] , Cb] , 1966) provide gene ra l 
information on the ice thickness, ice structure at depth , and flow velocity at depth, including 
the sliding velocity as d etermined by the indirect method based on bore-hole deformation . 
By comparison with other parts of Blue Glacier, exclusive of ice falls, the surface slope of the 
particular ice stream studied is relatively high (average 12.5°), so that high shear stresses 
a re encountered at re latively shallow d epths; although the ice thickness is modest (about 
120 m in the area studied ), flow velocities are reasona bly high: about 15 cm /d at the surface 
and about 6 cm /d near the bed as inferred from d eformation measurem ents in thermally 
drilled bore holes (Kamb and Shreve, 1966) . The modest depth to the bed facilitated the 
field operations, many of which were b eing tri ed out for the first time in this work. T he 
relationship of the area studied to the overall flow pattern, structure, and areal mass budget 
of Blue Glacier can be ascertained b y r eference to the earlier studies of LaChapelle ( 1959) , 
Alien a nd others ( 1960) , a nd Meier a nd others (1974) . T he work reported here was carri ed 
out during the summers of 1969, 1970, and 1976. 

T he bore holes were located at sites designated by the letters shown in Figure I . Basic 
data for these bore holes a re compiled in Table 1. 

TABLE I. BORE-HOLE CHARACTER[STICS AND PHOTOGRAPHIC OBSERVATIONS 

2 3 4 5 6 7 8 9 10 
Thickness of basal debris zones 

Light to Sliding JVllmber Period of 
DriLLing Bore Total moderate Heavy Basal motion of observation 

commenced hole depth debris debris gap observed /J/lOtographs (inclusive dates ) Remarks 
m m m cm 

3 July [969 Q 1 2 1 2- 3 no 10 22.Jul y 1969 Bed not 
22 .Jul y 1969 reach ed 

Only I 
bottom 
photo-
graph , p oor 

[4JlI ly [969 R [14 2- 4 ? no 14 15.July 1969 Bed not 
17 J uly 1969 rea ched 

)/0 botto m 
photo-
gra phs 

9July [969 T [ 20 4 0·3 yes 50 23 .July 1969 Ice ledge 
12 Septem bel'l 969 covered bed 

17JlIly [969 U 124 0.[ 0. [ ~So no 2 21.July 1969 Bottomed in 
2 1.July 1969 slIbglacial 

st ream 
No bottom 

photogra phs 

28July [969 V [ 19 0·3 0·3 2- 6 yes 124 l7 August [969 Good sliding 
17 September 1969 record 

23 .June 1970 X 122 .6 0. [ 0. [ [-3 yes 153 6 .Jul y [970 Good sliding 
[S September 1970 record 

22July [970 Y [ 25·9 [6 0·3 0 yes 66 17 August [970 Sliding 
13 September 1970 without 

basa l ga p 

7.July [970 Z 12 I. J 6·S 0· 3 no 14 27.July [970 Bed maybC' 
8 Aug ust 1970 not 

reach ed 

7 August [976 G 132.2 0.2 0.2 ~IO yes II[ [6 August 1976 Very li ttle 
5 September 1976 sliding 

[3 August [976 D [ 32 7.6 ? no 0 Not com-
p leted to 
bed 
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3. DRILLING TO THE GLACIER BED 

T he holes were bored ma inly by standard electrothermal m ethods, using a 5 1 mm 
d iam eter hotpoint (Shreve and Sharp, 1970). Near the bottom in most of the holes, a pre­
monitory decrease in drilling rate at constant power input, by a factor of abou t 2 or 3, 
preceded by about 1 m the a lmost complete cessatio n of drill penetration. T he indicated 
;:::; I m zone of dirt-containing ice is doubtless the one observed in previous core sampling 
(K amb a nd Shreve, 1963[a] ) . Bore-hole photography (nex t section) showed, however, that 
the glac ier bed had not been reached a t the bottom of th is zone. 

I n most of the bore holes, significant fur ther progress of up to 10 m was achievable with 
the thermal drill by bailing debris from the bottom of the hole a t appropriate intervals. 
Bailing was done in 1969 with a stiff-bristled brush dipped in axle grease; in 1970 and 1976 a 
piston-type sand pump, with Ra p valve modified for greater retentivity, was utilized (Harrison 
.and K a mb, 1976) . By suspending the drill from a d evice that reported each millimeter of 
forward advance of the drill , it was determined when the progress of thermal drilling had 
slopped completely. 

Beyond this point, further drilling was done with a cable tool. The tool used in 1969 was a 
sharpened steel wrecking bar 2.5 cm in diameter and 1.5 m long. In 1970 and 1976 the much 
more effective combination of a sta nda rd 5 cm-diameter cable-tool bit a nd d rill stem, weighing 
27 kg, was used (Harrison and Kamb, 1976). The stem was raised a nd dropped with the help 
of a standard cat-head , driven by an electric or gasoline motor, with power output of about 
375 or 2000 W, respectively. Typically, drilling was carried out w ithout interruption for 
10 to 30 min, involving some 250 to 1 000 strokes of the bit, and was followed by 3 to 6 
bai ling hauls with the sand pump. T he cable-tool drill penetrated clean ice at a ra te of 
;:::; I m /h. J n the d ebris-laden basal ice, the penetra tion rate was much less, a nd highly 

e rratic, the erratic penetration being caused probably by varying sizes and quantities of rock 
dasts encountered in the ice. After a dvancing at the reduced a nd erra tic rate for a fraction 
of a meter to severa l meters, the drill always reached a depth beyond w hich further advance 
was for prac tical purposes impossible. Prolonged drilling at this depth yielded additional 
rock debris for the bailer, bu t resul ted in little or no detectable drill advance. This depth was 
taken to represent the base of the glacier, an interpretation confirmed by bore-hole photo­
g ra phy (Section 5) . Complications in this interpretation a re discussed later. 

T he main difficulty experienced in cable-tool drilling was a tendency for the cable tool to 
s tick at the bottom of some of the holes, especia lly in hole Z. The sticking was pl"Oba bly 
caused by a wedging of the cable tool a mong boulders protruding from the walls of ho le in the 
debris-bearing ice n ear the bottom. Th is difficulty, which becomes more severe as the bore 
hole deforms, caused us to aband on the drilling of hole Z before the glacier bed was definitely 
reached. It could probably be ameliorated by using la rger, heavier j ars than were available. 

4- :VIETHODS OF OBSER VATION 

(a ) Bore-hole photography 

Photographs of the bottom of each completed bore hole were m ade with a bore-hole 
camera, whose construction and mode of operation are described elsewhere (Harrison a nd 
Kamb, 1973, hereafter cited as " H & K " ). To eliminate camera motion, which tends to 
occur when the camera is freely suspended, a stabilizer , consisting of a 40 cm-long cylindrical 
p las tic brush of such a diameter (75 mm) as to bind lig htly in the bore hole, was attached above 
the camera in 1976. 

For studying conditions and motions at the glacier bed, photogra phs taken verticall y 
downward , from dista nces of 4 to 70 cm above the bottom, were used . Features of the debris­
la de n ice above the bed were observed in photographs taken horizonta ll y at various height. 
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Fig. 2 . 
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.above the bottom. A selection of photographs of these types is shown in Figures 2- 6; adJi ­
tiona l examples a l-e given in H & K. The total number of photo.sraphs taken in ea: h bore 
hole is listed in Table I. The scale for each photograph , determined by the methods dis : ussed 
in H & K, is ind iea t-::d in the fi gure cap tions by g ivin:; the actua l distance that cor responds, 
.al t he level of the bottom of the bore hole, or (for side-looking photog raphs) at the bore hole 
wa ll , to the full dia me ter of each circular image. This distance is g iven after the symbol 0 
in each ca ption. T he wh ite plast ic ba ll visible in som e p hotographs has a diameter of 9.5 mm. 
The photographs a rc shown in a consistent orientation, with up (for views looking hori­
zonta ll y) or magne tic south (for views looking vertica ll y downward) toward the top of the 
page. T he orientation is referenced to a compass needle in the camera, or, if this is absent, 
lO features in the bore-hole wall whose orientation was determin -::d in other photographs in 
-wh ic h the compass need le was used . The compass arrow points toward magnetic sou th in 
:lhe p hotographs , because the compass needle lies immedia tely below the fi lm in the camera 
.a nd 1 he image of t he external scene is therefore inverted relative to it. (T he magnetic declina­
,lio n is 23° E. ; true north lies 23 ° counterclockwise from the direc tion opposite the compass 
.arrow. ) The black circular dot in some of the photographs is the sh adow of the steel ball 
.in lhe optional inclinometer unit (H & K , p. 131). The captions give t he original photograph 
number of each photograph, as a m atter of record a nd for reference to the origina l logs. 
Pho tographs men tioned in the text but not reproduced in the figures ( to conserve space) are 
cjlcd by their origin a l photograph nu mbers. 

I n bore holes T , V, X , Y, and C, photograp hs of the bottom Vl"e re generally taken at least 
,once a day over a p : riod of one to two months. To keep the bore holes open for passage of the 
,ca mera during th is period, the ho les were reamed at least once a week with conical thermal 
drills of maximum diameter 62 or 71 mm. For water-free holes, the need for reaming is due 

. Fig. ~'. Photographs of Ihe bottom of bore hole V. For each photograph, thefuLLowing caption gives: original pllOtograph number 
, Ior riferellce), dale, time, and, foLLowing the symbJl 0, scale of the photograph ill terllls of diameter of the circular Jield 
of view at the level of the bore-hole bottom. 

, a) . \ O. 93, 18 Augllst 1969, 16.05 h, 0 86 nllll. The ice wllLL of the bore Iwl. Jitls the lower left half of the pictllre. The ice 
is separatedfralll the bed by sel'eral CIII, liS indicated by the shadow (dong the boulldary. 711e lighter areas of the bed are 
s ilt in patches alllong the rock fragmenls. 

,h! . \ 0.99, 19 August 1969, 18.20 h, 080 /1/,/11 . Same as (a ) but takm one day later. M ctioll of the ice u:i!h respect to Ihe 
bed ( / .1 cill/d ) is evident ~)I comparisoll of (a ) alld (b). 011 left at the base of the bore-hole wall is a th :1l layer of debris­
laden ice, form ing a projecting ledge separated froll1 the bed by 4 !:: 2 Clll. 

(r ) . \ O. 10 I , 2 1 AI'g:'st 1969, 9 .55 h, 082 /Ill/I. Further lIIotioll hns occurred, with appearance of new stolles frolll beneath. 
bore-hole wall. 

I d ) . \ 0. 107, 22 August 19 59, 12.20 h, 0 72/1/11/ . A rounded cobble of uncertaill origin now Jills II"St of the picture, alld 
prevellts sliding ·re! - ci~)' lIIe{/J'/re:/lellts . I I rell/ailled ill this position until 25 Augllst, when we pushed it Ollt of the way wlh a 
slIIall cable t: 0 '. 

(e) . \ 0 . 115, 25 Allglls l 1969, 18.45 h, 0 77 1Il/1l. The ledge of debris-Iadell ice seen ill (a )- (c) has been partly removed, 
1)(obabLy kv 1,1e cable tOJlllsed to pllsh away the cobble in (d ) . . New debris-Iaicn ice, apparell t ly attached bo~h to the bot/om 
qf the glacier a'ld tl:e bed, has become visible 011 the right . 

( f) . \ 0. 11.') , 25' AllglISt 1969, 15.50 h, 089 mill. The confignration of the lIew debris-laden ice has changed cOllsiderabLy 
i" les< t '/01/ a d ~' , ani covers half of tile originally visible ted. A poillted rock lIear the center of the ph7tograph projects 
ill to the ho!efro,1I a lIIass of ice that Iws{ormed below the laei of the ice sole as it was in (e ). 

C~ ) . \ O. 137, I September 1.96.9, 12.55 h, 0 86 mm. Some cif the new de ~ris-Iadell ice In s beell n:elted away by the hotpoint. 
The meltillg has o!>cned a gall between the bed and the remaining debris-laden ice, wl.ich IIOW f01llls two ledges. 

(h ) . \ O. 1-/8, 5 September 1969, 10.00 h, 0 102 mm. Thefour circular objects lIear the periphery of the photograph are lamp/ 
reflector assemblies ill I/:e 24 cm viewing tube used. The two bright a 'eas ill the 10 .( er Ilart of the picture are the ledges 
seen ill (g ). 

(i) . \ ;,. 154,6 Selltelllcer 1969, 10.30 h, 0 .9'1 mill. T he 1II0tioll. ill the day sillce (h) is ob vious . The veLccity is IlOW 2.7 cm/d, 
lIIore thall t:vice thal obsen 'ed earlier. The compass needle here has stuck in a false orient" tioll because of moisture ill the 
cnmern. 

U) . \ '0 . 155, 6 September I .')Ug, 13.20 h, 0 5.9 /11 m . retails of the debris-streu'n bed are seen in this close-up vieu'. III relation 
tn (i ), a small pebble has appeared ill the lou er lift part of the pictllre, 

(k \ . \ 0. 159, 7 September '.<)69, 10. 15 h, 0 96mm. The diameter of the white ball is 9 .5 mm. 
p) . \ 0 . 16 1,8 September '.<)69, 10.50 h, 0 92 11lI/I . Photographs (k ) alld (I) fire rotated 45° clockwise relative 10 (g )-(i ), 

ill order that tile)' call be viC/.(;ed as a stereo pair. A sliding lIIotioll of 2.9 cm/d is approximately parallel to the tille cOllllectillg 
:Ihe pair. 
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sim ply to bore-hole con trac lion by ice fl ow. C losure a lso occurs for wa ter-filled holes in 
tcm pera te ice, owing to the refreez ing process discussed by Harrison ( 1972). Because of 
cha nges that took place at the bottom of some of the holes during the period of observatio n i t 
was necessary to red rill with the cable tool occasiona ll y a nd in some instances repea tedl y. 

T he m ain obstacle to bore-hole photograp hy was turbidi ty due to suspended glacia l fl ou r . 
. -\ l the bottom of the bore holes, the wa ter was initially a lmos t opaque, especia ll y after cable­
lool drilling. Procedures used for overcoming this diffi cul ty by air-lift pumping in 1969 a nd 
1970 a re described in H & K (p. 13 I) . In t976 a much more powerful (5000 W) pump, 

-operating allhe surface, was u ed to pump clean water to the bottom of the bore hole throug h 
38 mm diameter m ining hose. T he pum ping ra te achievable was 6,5 lis at a pressure of 
3.8 a tm . A volume of water equa l to four times the en tire bore-hole volume could be pumped 
lO the bo ttom of the hole in 5 min, flu shing out the ho le thoroughl y . This flushing was 
'successful in removing turbidity temporarily from the bottom of the bore hole, so that pho to­
grap hs could be mad e immedia tely thereafter . T urbidi ty commonly re turned later , pa rti­
cula rl y a fter renewed cabl e-lOol drilling, so tha t repea ted flushing was necessary. Once the 
\"a ler in a bore hole had begun to leak ou t from the bo tto m (see Section 5g) it was genera lly 
u nnecessary to flu sh the ho le to ac hieve clear condi tions. 

1 b) Indirect methods 

T he performance of the cable-loo l drill a nd the contents of the ba il er provide informa tion 
.about condi tions at a nd near the glacier bed, as discussed in Section 5b . A penetrome ter , 
consisting of a sha l-pened steel rod (dia meter I cm ) on which a hollow cylindrical weigh t 
(a ttached to the drilling cable) slides with limited tra ve l, was used in 19 76 to ascertain the 
pene tra bili ty of matel-ia l a t the bed . The 27 kg weig h t can be dropped a distance of 75 cm 
befo re striking the stee l rod to drive it downward ; the sha rpened end of the rod, free to 
penetra te into the bed m ateria l, is 30 cm long. 

The sliding velocities measured directl y by bore-hole photograph y in bore holes X a nd C 
were c hecked by indirec t de termin a tions of the standa rd type based on bore-hole inclinom etry 
and surface surveying. 

Fig. 3. Photographs oJ bore holes V, T, and X. 
(a ) V, No. 15 8, 11 September 1969, 15.50 h, 0 72 IIllll . Side-looking picture taken with bottom rif camera touching the bed. 

It shows ice-free debris extending at least 5 cm above bed. Viewing directioll is toward 9 o'clock in relation to Figure 2k, 
and string is the one visible in Figure 2k- l . 

(b) T , No. 149,.5 Sel)tember 1969, 10.50 h, 086 mill. View oJ bore-hole bottom. M ost oJ the bottom consists oJ debris-laden 
ice ledge attached to the base oJ the glacier. A smaLL, slightly lower area at tal) cen/er is part oJ the actual bed. 

(c) T, No . 15 1,5 September 1969, 15 .20 h, 0 801111/1. Photograph taken 4.5 h (ifter (b) . A p/)arent motion oJ the bed in 
relation to the ice ledge, Jrolll comparisoll with (b ), amounts to roughly 1 CIII /d. 

ld> T , JVo. 172, 10 Sel)tember 1969, 17. 10 h, 0 86111111. Bottom has changed grea/lyfrom that in (c) . Brigbt Sl)ots at lift 
alld lower cen /er may be reflections ji·om bare ice sll~faces . 

(e> T , No . 176, 11 September 1969, 11.55 h, 086111111 . T he 1110#011 between (d ) alld (e) involves jumbling alld tilt ing oJ 
clast.>, I)lll'> fill al)IHlrently retrograde translation northward. 

(J ) T, JVo. 184, 12 September 1969, 18.05 h, 0 72 mill . Side view, showing that bottom oJ the camera has Slillk into 1IIud . 
(g ) X, B -36, 16 Jllly 1970, 17.3° h, 0 / 02 mm. Close-lip view rif part oJ bottolll beJore start oJ sequel/ce in Figure 4. L arge, 

sllbrounded rock 011 right i.< later I'i.<ihie ill Figure .fn. Debris at top lift appears cemell ted by ice because it has 1I0t collapsed 
down into hole at l~rt cell ter. Subseqllent photographs (B-37, B-39, B- 44, Fig. 2a ) show that coLLapse gradually occurs, 
hence the cemelltation mwt be weak. 

(h) X , B -75, 4 August 1970, 17.30 h, 0 / 60 1Il/1I. Close-up oJ bottom all day JoLlowing Figure 4g. Steep debris bank above 
hole (It left cellter agaill suggests ice cementation of debri;. Progressive co LLapse o)" this bank is seen in the sequence oJ Figures 
4.[, 3 h, 3i, 4g, 4h. Cobble at lower left is imbedded ill ice rif bore-hole wa LL alld is also seen ill Figure 4. 

l il X , B-8 1, 6 August 1970, 15. IOh, 0 93 mm. Closer detail in }ield oJ (h), after}"urther co LLapse oJ debris bank. B all 
susl)ended 011 string is I I . I mill in diallleter. 

U) X, 04-67, 26 August 1.970, 16. 15 h, 0 7211l1ll . Side-looking pictllre. L ower edge is 2 1 cm above bottom oJ hole. Shows 
lightly debris-ladell ice on left, find, at lower right, part oJ the cobble seell ill bore-hole wa LL in (h ) . 

(k ) X, 04 -40, 12 August 1970, 15. 15 h, 0 72111111. S ide view, with lower edge I cm above bed. Shows upward transit ion 
from heavily to lightly debris-ladell ice . 

. (1) X, 04 -57, 15 Augll.< / 1.970, 14.27 h, 0 72 11l11l. Side view oJheavily debris-laden ice at base oJglacier. Bottolll oJcamera 
was set 3 Clll above bot/alii oJ bore hole, but br.d aplJefITS to be visible at bottolll edge oJ 1)/lOtogra/)h . 
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s. CONDITIONS OBSERVED AT THE GLACIER BED 

(a) Motion 

479 

Evidence tha t the g lacier bed was reached in holes T , V , X , Y, and C is latera l motion of 
the bottom with respect to the bore-hole walls, seen in successive photographs taken at 
intervals of a few hours to a week. The photograph sequences in Figs 2a- c, 2h- i, 2k- l, 
se- f, and 5g- j show such motions. The direction of motion of the ice with respect to the 
bottom, d e termined with the help of a compass needle in the camera, is consistently within 
about 20° of the slope of the glacier surface and the direction of ice Aow at the surface. W e 
interpret this translationa l motion as due to the slidin g of the glacier over its bed. T he 
quantitative features of th e sliding motion are considered in Section 6. In the dis : ussion 
below we refer to the " entrance side" of a bore hole as th e side from which bed material s ente r 
the bottom of the hole in the sliding process, and the "exit side" as the side toward which they 
disappear ; these are respec tively the down-stream and up-stream sides in re lation to the Aow 
of the g lacier . 

(b) Bed materials and configuration 

The glacier bed revea led in our photographs inva riably consists of rock debris. In som e 
examples, angu lar fragments oA to 4 cm in size appear to be set in a pale-toned mudd y or' 
sandy matrix (Figs 2a, b , h ; 3d, e, f; 4e, f ). In others, the bottom consists of generall y larger 
fragments (up to a t least 10 cm, the approximate diam eter of the bore hol e at the bottom), 
with little or no matrix (Figs 3a, g ; 4b, I ; 6h, i ; H & K , fig. 6a) . Clasts of gra ywacke, argillite, 
and vein quartz are recog nizable in the photographs as we ll as the bailer hauls ; these li tho­
logies are typical of the bedrock of the a rea. Clasts large r than about I cm in size genera ll y 
show some indica tions of rounding or faceting, probably by glacier abrasion , and some are 
well rounded (Fig. 2d) ; smaller c1asts a re generally angular . 

Fig. 4. Sequence oJ photographs oJ bottom oJ bore hole X. Cobble embedded in the ice oJ the bore-hole wall at lower left serves 
as a reference mark Jar the motioll oJ the glacier relative to its bed. The ice oJ the bore-hole wail ends with 0 clearly visible 
edge, below which is a gap between ice and subsole drift . Large clasts and(iner debris pass across the bore-hole bottom Jrom 
lower left to upper right as the glacier slides over its bed. 

(a) 8-47, I g July 1970, 10 . 10 h , 0 /4 2 mill. Large sub-rounded clast in upper right was seen earlier in Figllre 3g· 
(b) 8-52, 20 July 1970, 19.50 h, 0 193 Illlll . Large clast has rotated so thatJace on left is nearly vertical. A crack is o/)ening 

up in the finer debris mass to left oJ the large clast. Debris particles scattered in otherwise clear ice oJ bore-hole walls 
are clearly visible. 

(c) 8-55, 2 1 July 1970, 16·35 /t, 0 /77 Ill", . Crack haJ opened J urther and /)({rti y coliaPJed as large clost moves out toward 
top right. 

(d ) 8 -5 8, 25 July 1970, 18.30 h, 0 182 111111. Crack has widened greatly and become a gap between debris bank and large 
clast. Opening oJ this gap indicates that debris mass is being carried along by glacier to some extent , while clast remains 
behind. M otion between (a ) and (d ) corresponds to 0.7 cmld. 

(e) 8-67, 29 July 1970, 17.30 h, 0 I g., mm. Clast viJible in (a)-(d ) has disa/)peared and gap has widened Jurther. A 
smaller rock isjust entering holeJrom left. Debris bank has moved toward up/)er right , showi!lg that it is not solid6' attached 
to the glacier. 

(J ) 8-73,3 A ugust 1970, 12.50 h, 0 184 mm. Light cable-tool driilill,g has /Huduced the depressed cirCl1 lar area at right. 
(g ) 8-83, 8 August 1970, 14 .30 h, 0 / '12 mm. From the left has appeared a natural cavit), in the subsole drift , the edge oJ 

which is seen in greater detail in Figure 3h and i. Motion between this and the previolls photograph amoullts to 0. 6 cmld. 
(h) 8-87, 10 August 1970, 18.45 h, 0 / 70 mill . The cavity is now seen to be a gal) between the debris bank on the right and a 

large angular rock that has entered from the left. This gap narrows between (g) and (h), showing Ihat the debris lIIass is 
being partially dragged along by the glacier. 

(i ) 8-90, 13 August 1970, 11.04 h, 0 153 1Il1ll . MotiOil DJ the large rock corre,pollds to 1. 4 cm/d. It has caught up w ith 
the smaller rock at upper right, which has come loose Jrom the debris bank, perhap.1 ~y hanging up against the bore-hole wall . 

(j) 8-98,17 August 1970, I g. 12 1z , 0 /4 0 mm. 
(k ) 8-135, 24 August 19 70, 16.351z, 0 / 4° mm. The large rock has become caught under the ice at top cenler and has begull 

to roll. 
(I) 8-138,26 August 1970, °9 .52 h, 0 150 mill. Large rock has rotatedJ"rtlter, wltile no longer moving f orward as rapidly 

as before. Rock at left moved at speed 0.9 cmld brlwetll (k ) and (I ). A new debris IIIf1SS has ap/)eared J rom lower l~ft 
alld has almost caught liP with large rock at top right. 
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In no case do we observe any definite bedrock at the bottom of our bore holes. This 
finding is contrary to our original expectations, which were based on the abunda nce of 
massive, abraded and striated bedrock outcrops at the margin of the g lacier near the area 
studied, and below the terminus. In an effort to expose any bedrock concea led at shallow 
depth benea th the visible debris-strewn surface, we used repeated and forcefu l bailing to suck 
up the loose debris from the bottom, both with and without alternate cable-tool dri ll ing to 
penetrate the d ebris and break up the larger frag m ents . The bailer loads decreased pro­
gress ively, from full loads ( ~600 cm J ) at the start to only a few cm J toward the end . This 
gives the impression that the dri ll ing and bailing is able to clean up the bottom of the hole, 
but in no case were we a ble to reach a point when no rock debris at a ll was recovered by the 
bailer. In spite of v igorous bailing, r epeated as muc h as six times , subsequent photog raph y 
a lways revea led a debris-strewn surface without a n y d efinite bedrock. 

Figure 6e and I' show our bes t exa mple of what might be a bedrock surface under lying 
rock debris. T he surface does not appear smoothed or stria ted by glacial abrasion as we might 
expect, but its uneven , fractured appearance might be the resul t of d amage produced by 
earlier cable-tool drilling. However , the previous history of the bore hole argues for inter­
preting at most only part of the surface visible in Figu re 6e as bedrock- specifically, the sli ghtly 
raised part a long the east (left ) edge : this is a part of the same surface seen more extensively in 
Figure 6c, where d eep er parts of it are exposed, showing that the m ateria l to the west (right) 
in Figure 6e is in fact rock debris covering the form er ly deeper area. If the rock surface 
rising toward the north-east (lower left) in Figure 6c is bedrock rather than part of a large 
c1ast, then the bedrock surface must be much rougher and more irregular than typical 
g laciated bedrock ou tcrops a re. The roughness is probably not due to drill ing damage, 
because the pa rt of the surface that remains visible in Figure 6e w as not affected by the 
extensive drill ing done between Figure 6d and e. 

I n the attempt to reveal bed rock, a n important diffi culty experienced in 1969 a nd 1970 
was the long time (often several days) required to restore the turbid bottom water to a clarity 
ad equate for photography, after the churning action of the dri ll or bailer had roll ed it up 
(H & K , p . 131 ) . During this long time, the sliding motion could have displaced a freshly 
cleaned surface out of sight, fresh debris could have fa ll en from the bore-hole wa lls, a nd fin es 

Fig . 5 . B ottom jJhotographs of bore holes Yand Z. 
(a) Y, B- , 14, 21 August 1970, 11.23 h, 083 mm. L ow cloud of turbidity hugging bottom of hole /Iartiall]' obsCllres graywacke 

fragment at center. 
(b) Y, B-11 7, 21 August 1970, 16.56 h, 0 J311lm. Turbidity cloud has risen, obscuring almost completely the graywacke 

cLast, which however remainsfailltly visible, and has 1Il0ved to the rightfrolll its position in (a ). 
(c) Y, B -122, 22 August ' 970, 14.46 h, 0 82 mm. Cloud level has dro/I/led alld Ilew dasts have appeared. 
(d ) r, B- 125, 22 August 1970, 19 .13 h, 082 mill. Cloud has dropped further alld almost disap/leared, at top. R ectangular 

cLast has moved at about I c:n /d sillce (c). Compass lIeedle stuck ill errolleous orientation. 
(e) r, B-'54, I Se/ltember 1970, 16.30 h, 083 mm. Character of bottom has changed markedly since (d ). I t 1I0W a/lpea,s 

to consist of ice (dark ) almost com/lletely coated with fille rock debris. 
(f ) r , B - 156, 2 September ' 970, 13.00 h, 0 83 mm. Visibiliry of dark markings, iuler/lreted as exposures of ice, is improved. 

Markillgs have moved southward (Ioward top ), indicating some sliding motioll. 
(g ) Y, A-8o, 8 September 1970, 18.45 h, 0 86 mm. A debris-strewn bottom has rea/Jpeared . 
(h) r, A -8 1, 9 Se/ltember 1970, 09.00 h, 086 mm. A slighl sOllthward motioll (toward top ) has occurred, alld a new dast 

has appeared at lower right. 
Ci ) Y , A-90, 10 September 1970, 17· I I It, 086 mm. FlIrlher southward motioll, all/ounting to 0.5 cIII /d, has occurred. The 

Ilew clf/st a/lpears to have jumped sOll th-eastward (toward upper lefl ) to {J position at top center. 
(j) r, A -91 , I I September 1970, 16.00 h, 0 86 mm. FlIrlher soulhward motion. No gap between bore-hole walls and bOt/Dill 

is visible iT! (e )-(j) . 
(k ) Z, A- ' 4, 27 July 1970, ' 5 .22 h, 0 /43 mm. Large rock at bottom of bore hole, appearing like bedrock except that its 

edge is visible toward top. Subsequent cable-tool drilling pelletrated Ihe rock alld continued a .further 60 cm. Water was 
clear at level of rock, but turbid below. 

(I ) Z, A-34, 8 August 1970, 17.08 h, 088 mm. Shows rock protudillg frolll bore-hole waIL ' 50 CIII above bot/all/. . This 
rock must have been intruded inlo Ihe hole, because il blocked Ihe hole to /Iassflge cif Ihe camera where earlier Ihere was 110 
obstrllction. 
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could havc settled out from suspension. However, the flushing technique used in 1976 made it 
possible to take photographs within about two hours after the completion of bailing ; also, the 
rapid loss of water from hole C after the first two weeks entirely eliminated the problem of 
water turbidity in that hole. Furthermore, the translational motion at the bottom of hole C 
was so small (see Section 6) that there was no possibility of displacement of a freshly cleaned 
surface out of sight by sliding. Yet the same failure to expose any definite bedrock was 
experienced, unless the rock surface seen in Figure 6c- e is in fact bedrock. 

A second difficulty confronting our effort to reveal bedrock is the fact that the typical 
graywacke (sandstone) bedrock is inherently somewhat difficult to distinguish photographi­
cally from disaggregated sand derived from graywacke. Under the best photographic resolu­
tion the distinction is unmistakable: the individual grains in loose sand are resolved with 
greater sharpness and contrast than the grains in sandstone, owing to the sharp fine shadows 
that border the loose sand grains ; the distinction is enhanced if the sandstone surface has 
been smoothed by abrasion. For example, the north (lower) half of the bore hole bottom in 
Figure 6a shows sand, whereas the north-east (lower left) quarter in Figure 6c shows a gray­
wacke su rface (discussed above). Photographs A-8g, A-g2, A- 104, and A- I oS show progressive 
covering of an initially clean graywacke surface (the top of a 6 cm clast) by a thin layer of 
sand that presumably settled out gradually from the bore hole. With poorer resolution, which 
often occurs because of technical problems, the distinction between rock surface and sand is 
less clear, and a number of our photographs present this problem to a greater or lesser extent. 
The most problematical example among the photographs in Figures 2- 6 is Figure Sk; in this 
case, however, the surface is that of a large rock imbedded in the ice, as shown by the edge 
d etai ls seen toward the south (top) and by the subsequent drilling history (discussed later) . 
In no case where this problem presents itself have we been able by subsequent photography to 
convince ourselves that we had seen a smooth bedrock surface ; instead, it a lways appeared 

Fig. 6. Photographs oJ bore hole C. 

(a) B-184, 16 August 1976, 17.02 h, 0 240 mm. Photograph was taken bifore cable-tool drilling. Water was already 
leaking rapidly Jrom hole at bottom, so that there was IlO turbidity, and fines had been washed out oJ the subsole drift , 
leaving coarse sand alld pebbles. There is no gap at the base oJ the bore-hole walls. 

(b) B-194, 20 August 1976, 14.50 h, 0 200 mm. Ailer cable-tool drilling alld bailing, the base oJ the bore-hole walls has 
been undermined by excavation oJ subsole drift. A pair oJ rocks at left, attached to the base oJ the ice, appears to have been 
intruded rapidly into the hole since it would not have survived the immediately previous cable-tool drilling. 

(c) B-196, 20 August 1976, [8.20 h, 0 200 mm. Bailing with sand pump has knocked away the intruded pair oJ rocks and 
has removed the two white plastic balls visible on the bottom in (b). The large, somewhat smooth rock on the left remaills 
visible through the sequence (b )- (g ). 

(d ) B-198, 21 August 1976, 13.25 h, 0 240 mill . Hole contraction and intrusion rifroeks at base oJiee is highly evident by 
comparison with (c). 

(e ) A - 1 25, 28 August [976, [1.35 h, 0 166mm. Mo vement southward oJ the distinctive light marking on the rock surface 
at left center,jrolll (c) to (e) , corresponds to a sliding motion oJ 0.3 clll /d, with some uncertainty dlle to possible modification 
oJ the bore-hole walls by extensive cable-tool drilling during this period. 

(J ) B-214, 28 August 1976, [3· 10 h, 0 200 mm. In spite oJ the previous drilling and bailing, the rock surface at left center 
(c) and (J ) is more deeply buried by adjacent rock debris than it was in (b)- (d ). Sharp rock at top left has a/Jpar" ,.tly 
been intruded. White veinlets (probably quartz ) visible on bottom in (e) and (J ) suggest an underlying rock surface, 
but this does not seem confirmed in (g ). 

(g ) B-216, 28 August 1976, [8.45 h, 0 74 mm. Detail oJ field seen in ( f ) , showing loose rocks and detail rif vein lets eX/Josed 
on rough rock surfaces. Edge oJ large rock surface is at left. 

(h) 13-235,4 September 1976, I/.[Sh , 0 190 mm. After extensive cable-tool drilling and bailing subsequent to (g ), the 
bottom oJ the hole is completely altered but the depth oJ the bottom appears unchanged. Large rock protruding into hole frail! 
under the ice at lower lift appears di.fferentJrolll rock seen ill (b)-(g ). 

(i ) B-239, 4 September 1976, 13.50 h, 0 190 mm. In the short time since (h ), a rounded pebble has appeared ill upper cellter, 
j ust lift oJ the black dot. Position oJ dot shows that hole is tilted 13 ° Jroll! vertical. 

(j) 13-238, 4 September [976, 13.05 h, 0 80 mill. Side view looking soutlt-west at bottom. Shows subsole drift. Larger rocks 
appear to overlie filler debris. 

(k ) B-242, 4 September [976, 17.00 h, 0 80 mm. Side view looking "orth-east, taken 7 cm above bottom. Large rocks are 
probably those seen at lower left ill (h) and (i). 

(l ) 13-245, S September 1976, {4.30 h, 0 80 mm. Side view looking nortlt-east, with camera set 10 CIII above bottom. The 
rocks are the same olles seen ill (k ), but they have shifted somewhat relative to olle {ll/other. 
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that we had seen a smootl1 pa tch ofloose sand. An unmistakable feature of rock is the presence 
of light (quartz) veinlets, such as those seen in some of the clasts in Figure 6g, k, i, and I. 
Such features were never seen in the sand surfaces in question. 

Although some of the loose debris seen at the bottom has probably fallen from the bore­
hole walls, most of it was originally present on the glacier bed either within or outside the area 
exposed in the bottoms of the holes. This is evident from successive photographs in holes V 
and X , where the debris appeared from beneath the base of the bore-hole wall on one side 
of the hole and disappeared intact on the other side (Figs 2 a nd 4). In hole C, the debris­
containing ice above the base, being only 20 cm thick and only lightly debris-laden, could 
have furnish ed only a small fraction of the volume of debris removed by bailing from the 
bottom of the hole (see below) . We believe that most of the debris seen at the bottom of holes 
T and Y (Figs 3 and 5) was likewise present originally at the base of the glacier, a lthough this 
is not proven from direct evidence in these holes. 

Since our bore holes reveal rock debris rather than bedrock at the base of the glacier, it is 
important to es timate the thickness of this debris a nd the depth to bedrock beneath the base 
of the ice. For this we use three lines of evidence: 

I. Performa nce of the cable-tool drill: with prolonged drilling, the maximum distance 
penetrated below the base of the ice (as revealed by bore-hole photograph y) was about 
20 cm, and the drilling rate a t this depth became negligibly slow. For example, drilling at 
the bottom of hole C produced a n advance of a bout 15 to 20 cm during the first hour or so, and 
subsequent drilling, tota lling some 5 h, produced a negligible advance beyond this depth. 
The negligible rate of drill advance is evidence that the drill is encountering bedrock at this 
depth. In tests carried out at the surface we find that a penetration rate of the order of '.2 cm 
per minute is achieved when the drill is cutting m oraine or loose debris, provided the hole is 
bailed frequently; when cutting bedrock the p enetration rate is very low, I to 2 cm per hour. 
If the debris is loose and the hole caves, the rate of drill advance is progressively slowed as the 
hole widens, and becomes limited by the rate of bailing, but from our experience and the 
capacity of our bailer we judge that if we had been drilling in rock debris of unlimited depth 
we would have achieved a penetration substantially deeper tha n 15- 20 cm after drilling for a 
total of 6 h , with frequent bailing. A direct indication of the ease of drill penetration in rock 
debris is given by Photograph B-7'.2 and Figure 4f, which shows the visible effect of 10 min of 
light drilling (by hand) with a 2.5 cm star drill (considerably lighter than the cable tool). A 
circular depression several centimeters deep was cut into the d ebris by this operation; it can 
be seen by comparing the west (right) half of Figure 4fwith the corresponding pa rt of Figure 
4e. We expect that substantially greater penetration would be achieved in the same time 
by the heavy, cat-head-powered cable tool. The fact that in hole C no such penetration wa 
achieved between Figure 6d and e by 30 min of cable-tool drilling followed by sand-pump 
bailing, or between Figure 6g and h by two 30 min cable-tool-drilling operations, each 
followed by several bailer hauls, indicates to u s that solid rock lies immediately below the 
debris-strewn surface seen in these photographs. 

2. R ecovery of debris by bailing: when drilling and bailing were done alternate:y, the 
volume of the successive bailer loads decreased progressively (though more slowly than when 
bailing was done without alternate drilling) , and the grain size of the bailed d ebris decreased 
progressively also. This is what would be expected if, at the greatest depth reach ed , the drill bit 
encounters bedrock : the amount of available d ebris should become progressively limited, and 
the grain size should decrease as the drill smashes the available clasts against the underlying 
bedrock. Conversely, if bedrock were not reached , the volume and grain size of the recovered 
debris would not change markedly or progressively, whether or not the hole caves. 

3. Penetrometer tests: starting from the bottom of bore hole C as seen in Figure 6a, the 
penetrometer (described in Section 4) could be driven down about 6 cm into the rock debris. 
After cable-tool drilling and b ailing had deepened the hole to the extent seen in Figure 6b, 
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thc pcnetrometer was no longer able to penetrate an a ppreciable distance, more than 1 o r 
2 cm , into the bottom. The sam e result was obtained for the bottom seen in Figure 6e. In 
each of these tests the driving weight was dropped 30 times onto the penetrometer bit from 
a height of 70 cm , and the tests were repeated several times with the bi t ra ised and relowered 
o nto the bottom so as to test the pene tra bility in different spots. Tests of the penetrometer at 
the surface show that penetra tions of 30 cm (full penetration) a re readil y achieved in both 
loose and compacted granular material s containing abundant pebbl es up to 5 cm in size. 
Two or three strokes of the driving w eight are sufficien t for such pen e tration. The pene tro­
m eter is temporarily halted by 5 to 10 cm clasts, but with repeated impacts of the driving 
weight the granula r materia l becomes loosened, the penetrometer bit works its way a round 
0 1" between the obstructing clas ts, and penetration resumes. Large enoug h clas ts will obviously 
stop the penetrometer and be indisting uishable from bedrock, but we find that in typical 
moraine a t the surface, such clasts are ra re. H ence we conclude that with high probability, 
the impenetrability of the bore-hole bottom in hole C implies that bedrock is present at a 
d epth of at mo t a few centimeters beneath the bottom surface seen in Figure 6b and e. 

From the above evidence we conclude that, in the area studied , the g lacier is not underlain 
by a substantial thickness of rock d ebris, which would essentially constitu te a ground moraine 
in place under the ice. Such a ground moraine also seems unlikel y because the relatively 
steep slope (9°_ 12°) and fast Aow of the ice in the area studied favor subglacia l erosion loather 
than d eposition. Instead, the bed consists of bedrock overlain by a thin layer of rock d ebris, 
som e 5 to 20 cm thick, intervening between the solid rock and the base of the ice. We will call 
this d ebris the active subsole drift , for reasons to be d eveloped presently . 

In bore-hole X the subsole drift exhibited distinct cohesion as shown by its abi lity to stand 
in vertical bands under water (F igs 3h, i ; 4d, e, h, i, k). (Photograph A-60 shows a side view 
of this cohesive ma terial. ) The drift in the other holes appears loose and cohesionless (Figs 
2i; 3a, e; 5h ; 6a, i), but the particular conditions of sliding that led to formation of vertical 
d ebris banks in hole X were not duplicated in the other holes, hence it is possible that the 
g ravel in those holes had some cohesion also . The evidence for caving of debris in hole C , 
di scussed in Section 5c, indicates little or no cohesion in this materi a l. Some of the d ebris 
banks in hole X , such as the one created by drilling (in Fig. 4f) and the one in the center 
of Figure 3h (seen in more detail in Fig. 3h, i), colla psed gradually with time, again indica ting 
small cohesion. The cohesion shown in hole X indicates that some cementation of the d ebris 
h as occurred. The general looseness of the subsole d ebris suggested by the photographs 
implies that the cement is weak or present in only small amounts . Some cohesion of the sub-
ole gravel can be attributed to its clay content : the clay-containing compacted till in nearby 

lateral mora ines shows a simila r ability to stand at least temporarily in steep or vertical banks, 
even under water. Ice, if present as a cement in the subsole gravel, occupies only a small 
fraction of the wa ter-satura ted inters titial void space. The typical subsole gravel contrasts 
visi bly with the debris-laden ice ledges that a re sometimes found at or very near the level of the 
so le, as described in Section 5e: these have a visible ice matrix and substantial strength. 
F rom the above considerations we conclude that the subsole gravel is primarily ice-free. 
Locally within the subsole gravel there do occur regions of partial or possibly complete ice 
cem entation related to the basal ice ledges, as discussed in Section 5e. 

(c) Contact or gap between ice and subsole gravel 

In so far as the subsole gravel is ice-free, the boundary between it and the overlying g lacier 
is the surface above which a continuous mass of ice, usually containing included rock d ebris, 
extends upward into the body of the g lacier. This surface we call the g lacier sole. In the bore­
hole photographs taken looking vertically downward we recognize this surface as a level 
where the bore-hole walls appear to come to an end as traced downward . In holes V (Fig. 2) , 
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X (Fig. 4), C (Fig. 6), and T at an early stage (Photograph No. 132) there is visible a sharp, 
well-defined level of this kind , below which there appears to be a gap between the sole and 
the subsole gravel. Later in hole T (Fig. 3b- f ), and in hole Y (Fig. 5a- j ), the bore-hole walls 
disappear into the gravel without an apparent gap ; in this case we cannot demonstrate 
visibly from the photographs that the sole has been reached, and must rely on the evidence 
from drilling and the observation of sliding motion. 

Where there is no apparent gap, it is evident that the ice must be in intimate contact with 
the subsole drift. A side view of this situation in hole Y is seen in Photograph A-95, showing 
ice that is lightly debris-laden (except in the lowermost 2 cm, where it is clear) resting on fine 
debris. 

Where an apparent gap is visible, it can be interpreted in two distinct ways: , . No gap 
actually existed originally, but the process of cable-tool drilling into the subsole drift produced 
an enlarged hole there through caving of the loose debris, which undermined the base of the 
ice and produced a local gap around the periphery of the hole; this was the situation in hole 
C, as explained in a later paragraph. 2. An actual gap existed originally between the base of 
the ice and the top of the subsole drift prior to hole drilling ; this was probably the situation at 
bore holes V and X. 

The evidence for a true gap at the bottom of holes V and X is the emergence of rock debris 
from under the bore-hole walls and its disappearance under the walls by simple transla tory 
motion with lit tle disturbance such as would necessarily be caused by contact with the over­
lying ice (Figs 2 and 4). For hole X there is also confirmatory evidence from bore-hole 
deformation m easurements (Section 6). A lateral view at the bottom of hole X , Photograph 
A-42, shows the gap but, because of the limited range of the camera lights, does not reveal 
how far away from the bore hole the gap extends. The visible width of the gap in this photo­
graph is 1.5 to 3 cm. A 4 cm gap width in hole V was estimated by H & K (p. 133) . The gap 
is narrow enough that the larger c1asts, after passing across the hole, sometimes hang upon 
the "exit side" (see Section 5f ) . It is possible that a local gap was excavated initially as a 
result of hole enlargement by cable-tool drilling in holes V and X, and that such a gap could 
for a time have permitted the visible debris to move in simple translatory motion without 
disturbance ; but the large total sliding motion ( ~50 cm) in these holes would have carried 
away the initially enlarged hole and would have eliminated the gap if it had been only a local 
feature. 

The gap rep resents the occurrence of ice- bed separation or subglacial "cavitation" (Kamb, 
'970, p. 720). In contrast to the narrow separation gap seen in holes V and X , a cavity 1 to 
2 m high was revealed by photography in a hole that penetrated a subglacial cavern in the 
ice fall 0.5 km up-stream from the present study area (H & K , fig. 7). 

Because of the long time (about 20 d) required for initial water clarification in hol es V 
and X , it is possible that the gap developed only after the Doles were drilled, as a result of 
cavitation caused by pressurization of the base of the ice under the pressure of water standing 
in the hole (see Section 5g) . 

Hole enlargement by lateral caving of subsole gravel in hole C is demonstrated by con­
sideration of the volume of rock debris removed by bailing from the hole. In aggregate this 
volume amounted to 3600 cm 3• In a bore hole of average diameter 10 cm (estimated from 
Fig. 6b, f, and h and Photograph A-126), this volume represents a column of rock debris 
standing to a height of 45 cm. The actual maximum depth of penetration of the hole in the 
subsole gravel is only 15 to 20 cm, as measured in the course of drilling. (This depth is 
confirmed from Figure 6k and I, as follows: these pictures, taken with the base of the camera 
at an average height of8 cm above the bottom of the hole, show loose rocks without ice up to a 
height of 13 cm above the bottom; from the compass needle we infer that the rocks seen in 
Figure 6k and I are the rocks seen in the north-east (lower left) part of the hole in Figure 6h , 
and from this we judge that the base of the ice (which was not captured in a horizontal 
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photograph ) lies no more than a few centimeters above the highest point seen in F;gure 6k 
a nd I. ) Thus at least half of the debris rem oved from the hole must have com e from outside 
the visible a rea of the bottom of the hole. (The amount of d e bris contributed from wi thin the 
ice above the sole can be neglected because the thermal drill was able to penetrate essentia ll y 
to the level of the sole before being stopped by rock debris.) W e infer that a process of enlarge­
ment of the hole by caving of loose debris from its walls occurred and resulted in the apparent 
gap between ice and subsole drift seen in verti cal views (Fig. 6b- i). That the enlarged outer 
part of the hole, hidden under the ice in vertical views, has a ppreciable volume is indica ted 
by our occasional experience of finding one or more of the whi te plastic ba lls to have dis­
a ppea red from sight on ly to reappear later or be recovered in later bailer hauls. Loose debris 
forming the caved walls of the hole can be seen in side views (Fig. 6j- I) . Independent evidence 
for caving is the partial filling of the bottom of hole C that occurred between the taking of 
Figure 6d a nd e, during a period when intensive cable-tool drilling and bailing was done : the 
d eeper part of the large rock surface visib le in the north-eas t ( lower left ) portion of Figure 6c 
a nd d is buried in Figure 6e. We infer that the pounding action of cable-tool drilling is ab le 
1.0 sha ke d own debris from the hole wall s even when the bottom of the hole has essentia lly 
reached bedrock. 

T hat there was no gap be tween ice and subsole drift in hole C is inferred from three pieces 
of evidence: ( I) latera l views show debris rather than open space (however , a crucia l view 
just below the level of the sole was not obta ined) ; (2) bore-hole deforma tion m easurements 
indica te that the ice is in contac t with the bed (Section 6) ; (3) press uriza tion of the bed by 
water in the bore hole was low nearly from the beginning (Section 5g), hence pressure­
induced cavita ti on is unlike ly. 

(d) Basal z one of debris-laden ice 

T he presence of rock d ebris in the ice immediately above the sole is shown by the slowing 
or cessation of thermal-drill penetra tion, by bailing, by bore-hole photography, and by 
recovery of ice cores containing debris (Kamb and Shreve, 1963[a] ). The d ebris ranges in 
size from la rge clasts to fin e rock fl our. F ig ures 4, Sk, I, a nd 6i show vertical views of clasts 
imbedded in ice of the bore-hole wa lls. Pa rts of the large clast in Figure 4 a re seen in side 
view on the upper left in Photograph A-42 and on the lower rig ht in FigUl"e 3j . The centra l 
a nd left pa rt of Figure 3j and the upper-rig ht pa rt of Photograph A-42 show the appearance 
in side view of ice laden with fine debris; the d ebris particles appear bright against a dark back­
ground of clear ice. Fig ures 2a- c and 4 show such ice as viewed from above. In Figure 2a- c 
it forms the rim at the bottom of the bore-hole wall on the eas t and north-eas t side (left and 
lower left ) . (An enlarged view of this material is shown on the lower left in H & K (fig. 4).) 
In Figure 4 it is visible a ll a round the lower part of the bore-hole wall s, most clearl y in 
Figure 4b and k. Some of the individua l d ebris particles seen in these photographs a re 
probably aggrega tes of fine rock flour, which, as found from ice cores (K a mb a nd Shreve, 
Ig63[a] ), tends to occur in lumps one to a few millime tres in size. These flour lumps a re 
difficult to distinguish from sand grains except by very close inspection or by freeing the 
part icles from the ice by melting. In side views under water nea r the bottom, the ice surface 
of the bore-hole wa ll is invisible, and the ice is made visible o nl y by the debris lumps and a ir 
bubbles in it (Fig. 3a, j ) . The photographic distinction in side view between d ebris-laden ice 
(Fig. 3a, j ) and subsole debris with littl e or no interstitia l ice (Figs 3k, I ; 6j ; H & K , fig. 6b) 
is somewhat subtle and becom es difficult as the debris content of the ice becom es large. 

Estimates of the thickness of the basa l d ebris zone are g iven in Table I , the zone being 
somewhat a rbitrarily divided into an upper part with " light to moderate debris" content and 
a lower part with " heavy d ebris" . These es timates are based on the experiences in drilling 
the bore holes. The top of the " light to moderate debris" zone is where appreciable slowing 
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of thermal-drill penetration was detected, and this zone includes debris-laden ice that could 
be penetrated either by alternate thermal drilling and bailing or by cable- tool drilling with 
rapid penetration rate (> C. 1 m/h) . Material that slowed the cable-tool drilling rate to 
::::: 10 cm/h or less is called " heavy debris" ; it includes both heavily debris-laden ice above the 
so le and the subsole drift , where reached. The zone of "heavy debris" was found to be 
<c. 0.3 m thick; this is similar to the thickness of the subsole drift estimated from bore-ho le 
photography and penetrometer tests. Hence we conclude that most of the zone of " heavy 
debris" is in fact the subsole drift. It follows that above the sole there is little if any basal 
ice so heavily loaded with rock debris that it impedes cable-tool drilling to an extent com­
para ble to that caused by the subsole drift or that which fully debris-packed ice would. The 
zone of debris-laden basal ice is thus essentially equivalent to the material represented as 
" light to moderate debris" in Table 1. This debris-laden ice zone is relatively thin (c. 0. 1 to 
0.3 m ) in the northern part of the area studied (from hole X northward) and thick (2 to 16 m ) 
in the southern part (hole T southward). Similar large lateral variations in thickness of the 
basal zone of dirty ice have been found by tunnel observations in the ice fall up-stream from 
the study area (Kamb and LaChapelle, 1964, 1968). This zone is more or less equivalent to 
the " basal ice layer" described by Vivian and Bocquet ( 1973, p. 443) from tunnel observations. 

The basal zone at hole Z contained a large rock (Fig. 5k) which reduced the cable-tool 
drilling rate to about 10 cm/h and might have been erroneously interpreted as bedrock or 
heavy basal debris if the cable tool had not succeeded in drilling past this obstruction and 
penetrating rapidly another 35 cm before encountering the " heavy-debris" zone at the bottom . 
W e were unable to use bore-hole photography to determine whether this " heavy debris" 
was subsole gravel or d ebris-packed ice. 

Bore-hole photography provides a check on the thickness of the basal zone of debris-laden 
ice in hole X. Figure 3j, a side view taken 2 I cm above the bottom, and Photograph A-68 , 
24 cm above the bottom, show debris-laden ice, while Photograph A-69, 55 cm above the 
bottom , shows ice with a scattering of fine , bright specks that are probably air bubbles rathetO 
than rock particles. The bottom of the hole reached by the base of the camera was probably 
10 to 20 cm below the sole because of the basal gap and because a deep cavity, probably la rge 
enough for the camera to enter, had opened up in the subsole gravel at this time (Fig. 4k , I). 
(The wall of this cavity is seen in Photograph A-60, taken at the bottom. ) Hence the o. I m 
thickness of the basal d ebris-laden ice zone estimated from drilling (Table I ) is roughly 
compatible with the height, bracketed in the range 0.2 to 0 .5 m, to which debris in the ice 
extends above the bore-hole bottom as indicated by bore-hole photography. It appears to us 
intuitively from Figure 4b and similar photographs that the large clast in the north-east 
(lower left) side of the hole extends to a height greater than 10 cm above the sole, perhaps 
20 cm above; this clast was probably not encountered in the original thermal drilling and 
probably became exposed by subsequent hole enlargement through reaming and cable-tool 
drilling. 

A problem in determining by bore-hole photography the thickness of the basal debris layer 
is the difficulty of distinguishing photographically between fine debris particles and air 
bubbles. The distinction is clear when the hazy, mottled or banded appearance of irregularly 
bubbly or bubble-foliated ice is displayed (Photograph B-246 ; H & K , fig. 8b) . Comparison 
of side views taken near the bottom (as cited above) with side views at depths of about 50 m 
(Photograph Nos 17 , 22 , 58, and A-37) shows that the basal ice is much less bubbly than ice 
in the main mass of the glacier. This has been previously noted in ice cores (Kamb and 
Shreve , 1966[b] ) and in a tunnel up-stream from the study area (Kamb and LaChapelle, 
1967) . Already at a height 2 m above the bottom in hole C (Photograph B-246) there is a 
marked increase in air content over that of the basal ice. 

In none of our photographs, either vertical or horizon tal, have we seen in the basal ice just 
above the sole any structural features indicative of a regelation layer, such as has been observed 
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in tunnels (K a mb and LaC hapelle, 1964, 1968) . The expected features a re however, subtl e, 
a nd could easil y escape d e tection. I n fact, no regela tion layer was visible by direct \'isua l 
inspection a t the head of one branch of our 1967 tunnel in the Blue Glacie r ice fall (K a mb 
a nd LaC ha pelle, 1968), where the sliding velocity was 1 cm /d and the basal ice was air-free 
and debris-lad en. 

There is evidence suggesting that rock cIas ts in the basal ice zone near our bore holes were 
sometimes ex truded from the bore-hole wa lls out into the bore holes . The evidence is that 
bore holes that were origina lly open and free to the passage of the camera, sand-pump ba il er, 
and cable-tool sometimes later developed obstructions that caused one or more of these pieces 
of equipment to hang up when being lowered into the affected hole. In on e such instance, 
in hole Z , the later obstruction was photogra phed and proved to be a pointed rock projecting 
out in to the bore hole (Fig. 51) . The obs truc tions could usua ll y be removed with the cab le 
LOol, as would be expected if they were proj ecting rocks. Because the obs tructions often 
developed rather suddenl y a nd independentl y of our reaming operations, we think that the 
projecting rocks were in m a ny cases ac tually ex truded rather than merely becoming exposed 
by hole enla rgement through reaming. Some projecting rocks such as the clast in the north­
east (lower' left ) side of hole X (Fig. 4), were d efinitely no t ex truded and rem ained stably in 
place for weeks. T he lack of extrusion of such clasts may be a consequence of the gap between 
sole and subsole drift , which freed the ice locally from th e pressure of the ice overburden 
except to the extent supported by water pressure, which was high in hole X. Conversely, 
obstructions formed frequentl y in hole C , w here there was no gap and the water pressure in 
the hole was low. Expu lsion of c1as ts from the sole of the G lacier d ' Argen tiere has been 
reported by Vivian and Bocq uet (1973, p . 443) a nd by Souc hez and others (1973, fig. 4) · 

(e) Basal ice ledges 

In hole V for a period of some ten days there were visib le two ledge-like masses of debris­
laden ice a ttached to the base of the bore-hole wall on the u p-s tream (north ) side at the level 
of the sole, a nd proj ecting out over the bore-hole bottom at an appreciable height above the 
bed, so that they cast shadows on the bed. T hey a re seen in Figure 2g, Photograph No. 140, 
Figure 2h a nd i, Figure 2k a nd I (H & K , fig. 3a, b), a nd Photographs Nos 163, 166, I71 , 
and 175 . In the course of sliding, the subsole drift appeared without disturbance from 
benea th these ledges, showing that they were not mecha nicall y supported by the bed, as is 
implied a lso by the presence of the gap be tween them a nd the bed . Their self-supported 
configura tion indicates substa ntial strength, a nd we infer that they consisted of solid ice 
heavily load ed with rock debris. The debris g ives them a generally bright a ppearance, which 
is enhanced by their closeness to the camera lig hts. Individua l rock fragments can be seen to 
be set in a dark (clear) ice matrix in Figure 2g and Photograph No. 140, forming a distinctive 
lumpy texture. 

T he seq uence of ha ppenings in Figure 2 shows that these ledges developed in the foll owing 
way. At a n early stage, in Figure 2a- c, a rim of debris-laden ice was present at the base of the 
bore-hole wall on the north-wes t (lower left ) side of the hol e, in the form of a narrow ledge 
sticking out a centimeter or so from the wall. It was proba bly shaped into this form by ea rlier 
therma l and cable-tool drilling at the bottom of the hole . After three days ' obstructed visi­
bility due to the c1ast seen in Figure 2d , this original led ge is found to have been extended 
westward (to the right) a round the base of the wall (Fig. 2e) , and it is now seen to connect (or 
nearly so) to an apron of material similar in a ppearance that slopes down southward to j oin 
the bed (in the upper right pa rt of Figure 2e) . All of this m ateria l has the distinctive lumpy 
texture due to its content of debris. Apparently much of the ice in the a pron and the lower 
part of the ledge is coated with light-colored mud (rock flour) , so that ice is visible on ly in the 
few spots where this cO:l ting of mud has fa ll en away. T he exposed ice appears as sma ll , very 
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dark pa tches. A~ time progresses to Figure 2f, the a pron moves southwa rd (up) with the 
genera l motion of the rocks on the bed to the left , and the ledge is carried wi th it though a t a 
slower ra te, so tha t both the apron and the ledge expa nd as they are extended southward . 
In F igure 2f a light-colored spine, proba bly a sharp rock, a ppears, appa rently pushed o u t 
from below and behind . By the time of Photograph No. 122 the rock has dropped away; 
the ex tension and expansion of the apron a nd ledge continue. In this expa nsion many of the 
fin e deta ils in these obj ects change but some distinctive features such as dark ice patches rema in 
recognizable. What is eviden tly happening in this sequence of photographs is that a mass of 
debris-laden ice that is in contact with, and to a large exten t stuck to, the subsole drift is being 
ca rried across the bottom of the bore hole by the sliding m o tion. This mass a lso adheres to the 
debris-laden ice that forms the " ledge" a bove it, and pulls 0 1" shears this ou t across the bore 
hole. T he expansion ofledge and apron thus represents the localized mecha nical deforma tion 
of a debris-laden ice m ass that is coupled simultaneously to the sliding sole a nd the fixed bed ; 
it does no t represent growth by freezing of ice. By the time of Photograph No. 129, the a pron 
a nd ledge (which have now merged in to a single feature) have expanded in this way to cover 
a large par t of the visible bottom of the hole; the bed is seen darkly only in the upper left. 
T he a pron- ledge combina tion appears to have become coated with additiona l rock par ticle 
and mud, so that its previously recognizabl e surface features a re no longer discernible. At thi: 
point the thermal drill was lowered to the bottom of the hole a nd operated at nearly full powcr 
for 5 min in an effort to remove the ice ledge. T he drill a pparently bottomed in the south­
eastern (upper left) pa r t of the hole, resting either on the subsole drift or on the southern pa rt 
of the apron. As a result (Fig. 2g, h) the sou th-eastern pa r t of the ledge and a pron was mel ted 
away, leaving the northern part intact except for a fissure which now divided it into two 
pieces. A pparently the heat that was dissipa ted against the subsole drift spread to some extent 
laterally, severing the apron from the ledge and undermining the ledge by melting under­
neath, so that thereafter the two remnants of the ledge were no longer in contact with or 
coupled to the bed. The fissure actually did not appear un til two days a fter the heating wa 
done, showing tha t significan t ablation of the ledge con t inued over a n extended period ; 
subsequent furth er ablation, causing widening of the fissure a nd retreat of the left-hand ledge, 
is visible in Photograph No. 140. Other tha n this, the two ledges did not cha nge appreciably 
during the 12 d of observa tion following the heating. 

T he development of ice ledges in hole V is followed in detail in the above description 
because the photographs in this hole reveal clearly the occurrence of a process that a lso 
opera ted , in modified form, in three of the other holes, but tha t would be obscure there were 
i t not for its graphic dem onstration in hole V . At an early stage in hole T there was proba bly 
a gap between the ice a nd subsole drift. T his is suggested by the rather g loomy and fuzzy 
views in Photographs N os 132 and 134, which show a shad ow cast on the bore-hole floor by the 
ice rim above the gap ; sliding motion is indicated by the a ppearance of a clast from under 
the ice in Photograph No. 134 on the nor th side of the hole . By the time (five days later) 
when a really clear picture was obtained (F ig. 3b), the gap at the base of the bore-hole wall 
had disappeared, but a sm a ll area of lower ground remained a t the southern (upper) edge of 
the visible part of the bottom. Within this lower area a tra nslational motion of about I cm /d 
was occurring in a southerly direction, indicating northward sliding, as shown by comparison 
of the upper parts of Figures 3b and c. What had happened was that a basal ice ledge had 
grown out from the north (bottom) side of the hole a nd a lmost covered the visible bottom . 
A few dark patches on the ledge, particula rly near the wa ll , probably are exposures of ice, 
although the ledge is mostly covered wi th sand and mud . By five days later the visible part 
of the hole was comple tely fill ed by the ledge, and severa l clasts had appeared on its surface 
(Fig.3e) . Comparison of Figure 3d and e shows that these clasts were undergoing somewhat 
jumbled translational movement northwa rd rela tive to the bore-hole walls, which is approxi­
mately opposite to what would correspond to downhill sliding. T his re trograde motio n 
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repr esents either bore-hole closure (see Section 6) or a complex disturbance (such as rolling) -of the ice ledge as a result of interaction with the bed underneath. The brig ht specks a long t he north-east (lower left ) side of the hole in Figure 3d and e possibly represent refl ect ions from exposed patches of ice. 
T he ledge-like fea ture in hole X on the right edge of Figure 4j- 1 is simila r to the ice ledges discussed above in that it evidently has som e strength and perhaps even overha ngs the debris below it to some extent, but it is not firml y a ttac hed to the base of the ice, as shown by its motion relati ve to the bore-hole walls (Fig. 4i- I). This fea ture is the remnant of a subso le mass of fine- and intermediate-sized debris whose leading ed ge advances south-wes tward across the bottom of the ho le in the sequence of Figure 4b- f a nd whose trai ling edge departs in the sam e direction in Figure 4g- 1. In Figure 41 a second m ass of debris enters the hole from the north-east, and in Photograph B-140 it develops a new ledge-like feature on the north side of the hole; this new feature moves faster than the first " ledge" a nd catches up with it in Photograph B-155. The first " ledge" a lso moves slower than adjacent large clasts as shown in the sequen ce of Figure 4c- i. The slower apparent motion of the first " ledge" implies that it is coupled to the g lacier sole to som e extent, while the second " led ge" is less well coupled. That these " ledges" may to some extent be cemented by interstitia l ice is suggested by their pa rti a l similarity to the ice ledges in hole V, bu t unlike these, the " ledges" in hole X show no v isible sign of an ice ma trix (da rk part icles). A lso, as a rgued in Section 5c. their ra ther weak cohesion implies at most onl y limited ice cem entation. Their existence does however ra ise the possibility that interstitia l ice may occur locally within the subsole drift. The mesa-l ike shape of the second " ledge" in Photographs B- 1 52 a nd B- r 55 suggests that such cementa tion was present in a layer only a few centimeters thi ck a t the top of the subsole drift. A second manifestation of subsole ice related to ice ledges is recognizable in hole Y. The bottom of this hole seen in Figure 5e and f is similar in a ppeara nce to the top surface of the basa l ice ledge in hole T as seen in Figure 3b and c. Moreover , Figure 5e a nd f, and a lso Photographs B- r 33, B-, 39, B-, 50, and B-, 5 ' , disp lay dark markings very simila r to the dark patches recognized in hole V as exposures of clear-i ce matrix. It thus appears that during part of the obse rvation period in hole Y, the g lacier was sliding over a bed consisting of subsole drift impregnated with ice, similar to the m ateri a l of the basa l ice ledges but in this insta nce not adhering to the sole, at least not full y. 

Freez ing of interstitial water in the subso le drift can of course account for the d evelopment of ice in subsole drift that was previously ice-free. The foregoing evidence from bore-hole photography indicating the presence of i ~e masses immediately beneath the sole, in the subsole drift , or in the gap between gravel and .;ole, is reinforced by tunnel observations of subsole ice masses a nd of ice coating bedrock in subglacial caviti es (K amb a nd LaC hape ll e, ' 967; Post a nd LaCha pell e, [CI97 1] , p. 25 ; Souchez a nd others, ' 973, fig. 2 ; Vivian and Bocquet, 1973, p. 44 1) . A frozen mud layer 2 to 3 cm thi ck between bedrock a nd ice so le, onl y partly adhering to the sole, has been observed in a cavity at the base of the G lacier d 'Argentiere ISouchez a nd Lorrain , ' 975, fi g I) . 

(f ) . \ 'oll-translatoIY motions 
The presence of a basal gap between the so le and subsole g ravel makes it poss ibl e for the debris-strewn bed to move past the bottom of the bore-hole wa lls in simple translatory relat ive motion , with li tt le disturbance of the loose debris. But tilting, shuffling, or re-arrangement of the clasts is a lso commonly v isible. 
I n hole X this occurred notably when la rger clasts that ha d traversed across the bottom became hung up on the "exit side" and rem a ined there for a time, before moving on out of sig ht (Fig. 4k, I ; Photographs B-1 42 , B- 145) . Such clasts underwent a rolling motion (Fig. 4a, b; j- l) in the manner appropriate to being ca ught between the moving ice and the fixed bed . 
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Commonly the non-translatory motions consist of irregular shuffling or seething of the 
clasts (upper part of Fig . 3b and c; Fig. 3d and e ; Fig. 4d and e; Fig. 5e- j) . Shifting of clasts 
with r espect to one another is seen in comparing Figure 6k and I. In hole X , irregular 
tumbling motions were mostly rela ted to collapse of sub sole debris banks (Fig. 4). The greatest 
seething or jumbling occurred in holes T and Y, where sliding was taking place in the absence 
of a basal gap ; this makes sense mecha nically. 

T here is little evidence that the subsole drift is intruded into the bore holes from under the 
glacier . * The partial filling of the bottom of hole C during the interva l from Figure 6d to e 
might represent intrusion but is instead in terpreted by us as the result of hole-wall caving of 
subsole drift during cable-tool drilling (Section 5C). The lack of nota ble gravel intrusion 
supports our conclusion that the subsole drift is a very thin layer, par ticularly if the arguments 
for subglacial till intrusion by Boulton ( 1976, p. 293) are correct. 

On rare occasions a n individual stone can be seen to have moved several centimeters 
la terally while its neighbors remained relatively unchanged (stone on right in Fig. 5h reappears 
in upper center in Fig. 5i ; stone and plastic ball with thread near south side in Photograph 
No. 163 are found in Photograph No. 166 to have moved north-eastwa rd beyond stones that 
were near the north side in Photograph N o. 163). More commonly, new clasts appear as if 
from nowhere (Fig. 2d ; Fig . 2j , stone in lower left quadrant halfway out from center ; Fig. 5h , 
stone n ear lower righ t edge at 4 o'clock ; Fig. 6i, triangular stone with quartz vein to left of 
black dot). When such a stone appears near the "entra nce side" of a bore hole in which 
sliding is in progress with no gap presen t (such as the stone partly exposed in finer debris 
near the edge a t 8 o'clock in Fig. 5f, or the elongate clast near the north-west (lower righ t) 
edge of Fig . 5i), one can reasonably assume that the stone makes its a ppearance by being 
worked up into sight from among the generally seething debris around it. In other situa tions 
the source of the new stones is less clear. They may h ave moved la tera lly from within the 
bore hole outside the previous field of view or from the gap outside the hole. Or they ma y 
have fall en from the bore-hole walls. 

T he outstanding puzzle of this kind was the sudden a ppearance in hole V of the cobble 
seen in Figure 2d, blocking the view of the moving bed . It remained in this position for three 
days, rotating gradually because of the drag of the bed beneath it (Photographs Nos 106, 109, 
110), un til we pushed i t aside with a sounding weight. F or two reasons we consider unlikely 
the possibili ty that this cobble fell from the bore-hole walls above: (I) in hole X , in a simila r 
situa tIon, a cobble of similar size in the bore-hole wall showed no sign o f coming loose from the 
wall over a period of two months (Fig. 4) ; (2) the cobble in hole V was well rounded by 
abrasion, implying that it had been presen t at the bed . T he triangula r stone that appeared 
suddenly in hole C (Fig . 6i), as mentioned above, was similarly rounded . Probably these 
clasts rolled or were pushed into their p ositions in Figures 2d and 6i from somewhere else on 
the floor of the hole or from the gap between sole and bed . An event in hole X demonstra tes 
the sudden protrusion of a clast from the gap under the bore-hole wa ll on the "exit side" 
where this would not be expected (Pho tographs A-84, A-87). 

Lateral displacem en t of individual clasts could have been caused by lowering the airlift 
pump inlet or the cam era down to rest on the bottom , as must occasiona lly be done to deter­
mine where the bottom is, so that the pump or camera can be set at the proper height to 
clarify the water or to take a picture. However, it seems that doing this would be more likely 
to p roduce a general disturbance of the loose debris on the bottom, ra ther than a large la teral 
displacement of an individual clast. M oreover, "sounding" the bottom in this way was done 
as infrequently and as gently as possible, specifically to a void such distur ba nce and to avoid 
damaging the plexiglass window of the camera. According to the photogra ph log, no such 

* H owever, marked intrusion of subsole drift occurred in two 264 m bore holes d rilled in a different part of 
Blue Glacier in [977. 

https://doi.org/10.3189/S002214300002089X Published online by Cambridge University Press

https://doi.org/10.3189/S002214300002089X


BORE-HOLE PHOTOGRAPHY OF THE GLAC I ER BED 493 

" soundings" were made between taking the photographs in Figure Sg, h, and i, so that the 
appearance of the new clast in F igure Sh and its lateral displacement in Figure Si sho uld not 
have been due to camera disturbance. 

From the above evidence a nd reasoning we conclude that elasts in the subsole drift 
occasionally roll or tumble randomly as a result of disturbances caused by basal sliding. 
O rganized rolling motions occur when a clast becomes caught between the moving sole and 
stationary subsole drift. A general seething of the subsole debris goes on when sliding is 
occuring in the absence of a basal gap. 

The presence of a bore hole must to some ex tent lead to the occurrence in the subsole 
drift of non-translatory motions different from those that wou ld take place naturally in the 
a bsence of the bore hole. We cannot assess the difference directl y from our observations, since 
they require bore holes, but we can recognize two main causes for a difference. ( I) T he spatial 
confinement of the subsole drift by the overlying ice in the absence of the bore hole, and the 
high confining pressure due to the ice overburden, will tend to inhibit rolling, tumbling, and 
seething motions that could readily occur under the free surface introduced by the bore hole; 
these confinement effects will be reduced or el iminated if a gap forms between sole and subsole 
drift or if the water pressure in the drift approaches the overburden pressure . (2) Clasts 
can be caught and rolled between moving sole and stationary bed only around the periphery 
of (or outside of) the bore hole, whereas in the absence of the hole this rolling process can 
happen a nywhere. It therefore seems likely that in the undisturbed (and unobserved) subsole 
drift, rolling motions directly propelled by the sliding (in a mannel- analogous to the rolling 
of balls in a ball bea ring) will tend to predominate over the more irregular motions fl-eq uently 
seen in our bore holes. 

One can reasonably expect th at such rolling motions should lead to rounding of the clasts 
in the subsole drift. T he presence of many unrounded, sharp-edged clasts, such as the clast 
that is seen to roll in Figure 4j- l, indicates either that rolling is infrequent or that there is a 
large nearby basal source of freshl y broken rock d ebris. 

(g) Basal water pressure and flow 

An assessmen t of the water pressure act ing at the glacier bed a nd the associa ted water 
flow at the bed is provided by the behavior of water in the bore holes. The leve l of water 
standing in the hol es was measured by sounding with a Aoat, normall y on a dail y or nearly 
daily basis, and on occasion hourly. Daily sounding data for holes drill ed in 1969, and for 
hole Z in 1970, a re p lotted in F igure 7, and a summary of results for all holes is given in 
Table II . Our observations are elosely related to those recently reported by Hodge ( 1976) 
a nd R bthlisberger ( 1976), except that we know which of our holes actually reached the glacier 
bed where the water pressure of interest is to be sampled. 

During drilling, the water in bore holes in the study area, which is above the firn li ne, 
a lways stands initially at a nearl y constant, re la tively sha ll ow depth near the base of the firn. 
The initial water levels for the various holes li e in the depth range 6 to I I m (Table II, 
colu mn 5). W e interpret this as the depth of the perched melt-water table at the base of the 
firn. Normally the water level remains at thi constant initia l depth without a ny d etectable 
change until the bed is reached in the drilling and for some time thereafter. Ultimately, 
however, an abrupt drop in water level usuall y occurs, and thi initiates a period of r elatively 
deep, wildly fluctuating water levels, which may continue for many days (Fig. 7). The length 
(in days) of the initial period of constant, high water level in each of the holes, counted fi'om 
the day when the bed was first reached (or, fa iling this, when the basal debris zone was 
reached), is given in Table II , column 3. If a t a later time the water level returned to its 
initia l height, column 4 gives this time in days counted from the same origin; ifby the end of 
the observation period the initial level had not been recovered, the figure in colu mn 4 is 
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Fig. 7. Daily water-level soundings in bore holes. 

preceded by " > ". The maximum depth to which the water level was observed to drop in 
each hole is given in column 6, and the minimum depth to which it later recovered is given 
in column 7. 

The water levels dropped greatly from the initial depths in a ll holes but two. The magni­
tude of the drop shows that water at the bed has u ltimate access to pressures substantially 
lower than the ice overburden pressu re. The initia l period of constant high water level is a 
period when the basal water has not yet communicated with the conduits of lower pressure . 
During this period the bed is being pressurized by water from the bore hole at a pressure 
several per cent greater than the ice overburden pressure, as shown by the ratios KO in Table I I , 
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TABLE I!. B E HAVIOR OF WATER LEVELS IN BORE HOLES 

2 3 4 5 6 7 
Water Water level depth 
level 

Onset of drop in water level recovery After drop 
Bore 
hole Date Time * Time* initial Maximum Minimum 

days days m m m 

Q 17 September 1969 73 > 80 9 66 61 
R 17 September 1969 62 ~70? 7 ro8 47 
T 27 August 1969 46 67 7 64 7 
U 191uly 1969 0 ~IO 11 124 6 
V 28 August 1969 28 41, ~60 6 42 6 
X 14 September 1970 75 > 77 6 > 27 
Y No drop > 75 6·5 
Z 271uly 1970 18 > 60 9·5 99 44 
C 15 August 1976 5 > 27 8.5 132 87 
D No drop > 30 11.3 

* From date bore hole reached bottom or basal debris zone. 

8 

Bore-
hole 
depth 

m 

121 
114 
120 
124 
((9 
123 
126 
121 
132 
132 

495 

9 

1.0 3 
1.0 4 
1.0 5 
1.01 
1.06 
1.06 
1.0 5 
1.02 
1.0 4 
1.02 

t KO = Initial ratio of basal water pressure (in bore hole) to overburden pressure, calculated assuming a mean 
ice density of 0.9 Mg m- J • 

column 9. Except in areas of sufficiently great basal stress concentration, this pressurization 
will cause the ice to separate from the bed and will thereby open up passageways along which 
water can leak away from the hole. Initiall y the permeability of the bed to such leakage is 
so small that the source of water in the firn is more than sufficien t to maintain the water level. 
Ultimately the new passageways, spreading out from the bore hole, make a good enough 
connection with the natural conduits at lower pressure so that water then begins to leak 
away rapidly and the level cannot be maintained by inflow from the firn. 

A clear example of connection to a low-pressure conduit was provided by bore hole U, 
which by chance bottomed very close to a subglacial stream. The evidence for this is as 
follows. The thermal drill was not slowed by dirty ice prior to reaching the bed, but stopped 
abruptly, and the water level then dropped immediately to a depth of I I I m, only 13 m 
above the bottom. By 5 d later, the water level had dropped all the way to the bottom. 
The sounding Aoat did not come to a stop at the bottom, but instead continued to run out as 
far as we chose to let it, a distance of 65 m beyond the bottom of the hole . It was evidently 
being carried down along the bottom of the g lacier in a subg lacial stream. Upon being 
hauled in, it jammed irretrievably at the bottom of the hole, showing that the connection 
from the bottom of the hole to the subglacial stream was through a narrow passageway ; this is 
consistent with the earlier observation that the water level did not drop a ll the way to the 
bottom initially. About five days later the water level rose back to near the surface, showing 
that the narrow passage had by then become sealed off. 1 hese observations provide direct 
evidence for the existence of a subglacia l stream at essentially atmospheric pressure and for 
opening a nd closing of a narrow passageway through which bore-hole water gained access 
to the stream. 

From hole C a connection was established to a low-pressure conduit in only 5 d , and the 
water level in the hole ultimately dropped all the way to the bottom. Since hole C was only 
23 m from the original location of hole U, it is very likely that the conduit that was reached 
was the same subglacial stream encountered in hole U. In hole Z the water level dropped to 
within 20 m of the bottom. Running water could be heard in this hole, and air was drawn 
conspicuously down it, causing pronounced enlargement of the hole. This suggests that the 
hole connected via an intraglacial conduit to a subglacial c hannel at atmospheric pressure. 
In hole R the water level u ltimately dropped almost to the bottom, even though this hole was 
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not completed with cable-tool drilling and therefore proba bly did not p en etrate all the way 
to the bed. 

From the above evidence we conclude tha t the basal wa ter pressure in subglacial water 
conduits under the study area was essentially a tmospheric during the period of observatio n . 
The bore holes in which the water levels did not drop all the way to the bottom do not indica te 
higher b asal water pressures, but instead show that the passageways that open up to provide 
a connection with the subglacial water conduits are often rather constric ted, so that their 
water-carrying ca pacity is marginal and fluctuating. This is responsible for the wide fluc tua ­
tions in water levels in these holes, and is consistent with the fact tha t the p assageways some­
times seal up so tha t the initial water levels are recovered (Fig. 7). 

Hole Y is the ldlly hole that definitely r eached the bed but did not experi ence any drop in 
water level. This shows that locally the bed can for practical purposes b e impenetrable to 
water under a pressure significantly greater than the overburden pressure. The failure of basal 
passageways to open up by ice- bed separation under a water pressurization 5 % greater tha n 
the ice overburden pressure could be the consequence of a stress concentra tion in the basal 
ice around the bore hole. Alterna tively, lhe presence of ice in the subsole drift at hole Y (see 
Section 5e) might have been responsible for an abnorma lly good "seal" at the bottom of this 
hole. This explanation is compatible with the behavior of hole D, which was not completed 
by cable-tool drilling to the bed, and which experienced no drop in water level during the 
period of observation. H oles Q and R were observed longer, and demonstrate that connec­
tions to the subglacia l conduits can ultima tely open up from holes not driven all the way to 
the bed by cable-tool drilling. T his conclusion was also reached by H odge (1976). 

T h e m arked though only partial correla tion between wa ter-level fluc tuations in holes Q 
and R and again between holes T and V (Fig. 7) might sugges t that these fluctua tions reRect 
real patterns of pressure varia tion in the subglacial conduits. But this is m ad e quite improba ble 
by the great difference b etween these two pairs of holes, and between them and hole U, a lso 
nearby (Fig . I b). Instead , we infer from the correlations that the water leakage pathways 
opened up by basal wa ter pressurization from bore holes can ex tend ou t over dista nces 
~ 50 m away from the holes. Bore holes separa ted by such distances can thus become con­
nected to subglacial water conduits via the same passageway system, so that their water levels, 
being controlled by the same constrictions of the passageways, will fluctua te synchronously. 
T his is plausible if the subglacial stream s are spaced c. 50 m or more a p a r t . 

Further insight into the behavior of w a ter a t the bed is provided by tur bidity in the bore­
hole bo ttom water. During an initia l period in every hole, turbidity was a continuous problem 
for bore-hole photogra phy: water-pump ing with the air-lift pump h ad to be done before 
almost every picture in order to ge t a clear or even partly clear view. This was the situation 
in hole X for abou t a month , and in h ole Y for abou t 15 d. Later the b ottom water spon­
taneously became clear , and remained clear if the bottom was not subsequently disturbed , 
which indicates tha t by this time either a flocculation process of particle se ttling had become 
effective or there was a n a ppreciable ou tflow of water into the subsole d rift. T his occurred 
after 12 d in hole T , 17 d in hole V, a nd only 5 d in hole C. Once the wa ter level in the hole 
dropped , which in most holes occurred some time after the onset of spon tan eous clarification, 
the bottom water was always clear, even after cable-tool drilling. T hese observations show 
that the water escapes from the holes at the bottom, either into the subsole drift or into the 
gap b etween ice and drift, if present. (H ole Z was an excep tion: photogra phy indicated th at 
water was leaking from the hole at a heigh t of about I m above the bottom. ) 

Before spontaneous clarification begins, the subsole drift behaves as though it were 
extrem ely impermeable. T his is particularly evident in hole Y, where pictures consistently 
show clouds of turbid water just above the bottom (Fig. 5a- d ; Photogra phs B-108 to B-1 50) . 
T he flow of water down in to the subsole drift must h ave been less tha n a centimeter or two 
per day, otherwise these clouds would h ave been carried down out of sight over the period of 
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many days of observation. The p ermeability implied is much lower tha n would be needed 
only to explain high-standing water levels, because the water inflow from the firn is sub­
stan tia l. We ca n set an upper limit on the apparent permeability of the subsole drift a round 
h ole Y if we assume that the down flow velocity is less than I cm/d , tha t the subsole drift layer 
is 10 cm thick, a nd that the low-pressure conduits lie a t an average distance of 5 0 m from the 
hole. The indica ted permeability limit is <c. 10- 5 da rcy (cm2 bar - r S- I). This is two orders 
of magnitude below the lower limit of a bout 10- 3 da rcy observed for the most impermeable 
unlithified sediments (clay-rich sands) , a nd corresponds to the most impermeable solid rocks 
(sha les a nd crysta lline rocks). F or hole Y this can be explained by interstitial ice in the 
subsole drift, as noted above, but for hole X such a n explanation is ina pplicable. The subsole 
drift, there is obviously permeable because it displays visible openings and voids (Fig. 4) , yet 
lingering turbidity remained a problem in this hole for a month despite repeated wa ter 
pumpmg. 

T hese observa tions can be ra tio na lized by inferring that the bore-hole locations are 
e ncircled a t a dista nce by strong permeability barri ers, which norma lly block fluid commun­
cation between the subsole drift and the subglacia l conduits a t low pressure. Interconnected 
a reas of the bed where subsole drift is a bsent and ice is in direct contac t with bedrock could 
provide such barriers. 

W e surmise tha t the leakage passageways tha t ultimately ma ke a connection from the 
bore holes to the subglacial water conduits, throug h the sealed regio ns of the bed , open up 
initially by invasion of pressurized bore-hole wa ter a long routes across the bed where the 
compressive stress across the ice- bed interface is a minimum . They subsequently become 
enlarged by melting of overlying ice a s a result of heat dissipation by wa ter fl ow throug h them, 
a nd because of this enlargement, they tend to be carried down-stl-eam by the moving ice, 
especia lly when the bore-hole water pressure drops to the poin t where it a lone is no longer 
sufficient to keep the passageways open at their origina l location on the bed . T he fluctua ting 
capacity of the leakage passageways, a nd their eventual sealing up , result from cha nges in 
basal compressive stress and in heating due to wa ter fl ow, there being a delicate ba lance 
be tween passageway enlargement by melting and closure by ice fl ow under the local com­
pressive stress. T his stress fluctua tes but generall y increases as the passageways are carried 
down-stream from their place of origin . The total displacement of the bore holes by sliding 
a t the bottom during the period when their wa ter levels were being monitored ranges from 
6 to 70 cm for the different holes, hence significan t fluctuations in basal stress appear to 
occur over these distances. 

In hole Y the clouds of turbidity tha t were seen lurking just above the bottom and obscuring 
its deeper levels (F ig. sa- d), during a period when a ir-lift pumping was repeatedly done to 
remove the turbid bottom wa ter , suggest tha t turbidi ty was being continuously genera ted 
a nd introduced into the bore-hole water at the bottom . T his was proba bly caused by internal 
m otions in the subsole drift, caused by the sliding. Other holes showed such turbidity clouds 
o nly rarely and weakly (e.g. Fig . 4k, 1), probably because the downflow of water in to the 
subsole drift was genera lly greater tha n in hole Y. 

While the water-l evel observatio ns demonstra te tha t water pressures a re low in the sub­
glacia l condui t system whose pressure influences the extent of basal cavita tion (Kamb, 1970, 
p . 720), they do not provide a direc t indica tion of the water pressure tha t exists in the pore 
space of the subsole drift prior to penetra tion of bore holes in to it. If the inherent hydra ulic 
permeabili ty of the subsole drift were high, the natural pore pressure in the subsole drift 
would be the same as the pressure in the subglacia l condui ts , since only a small source of pore 
wa ter is available in the subsole drift, from bottom melting. But the evidence (above) for very 
low permeability of the subsole drift, or for interconnecting permeability ba rriers in the ice- bed 
in terface, a llows the possibility that the natural pore pressure may be substa ntially hig her and 
may a pproach the ice overburden pressure. A pore pressure of this m agnitude could explain 
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the otherwise very puzzling failure of the glacier ice to invade the subsole drift completely, 
d own to the bedrock. This invasion should take place rapidly under the action of rege1a tion 
if the full overburden pressure of the ice were borne by the subsole drift without the help of a 
n earl y equal pore pressure. 

6. SLIDING MOTION 

(a ) Quantitative results of bore-hole photography 

Sliding velocities derived from bore-hole photography are given in Table III (columns 
11 - 12). They are based on the displacements of individual bed features (mostly individual 
clasts) with respect to features at the bottom of the bore-hole walls, as seen in successive bore­
hole photogra phs. The time intervals represented by the sliding velocities quoted are defined 
by the photographs used (Table Ill , column 13), which were taken at the times given in the 
figure captions. 

The acccuracy with which a given object on the bed can be located with respect to 

reference features in the bore-hole walls is dependent on the scale, the photographic r esolution 
achieved, and the sharpness of the features involved , but is generally I mm or better. In 
d eriving velocities from pairs of photogra phs the main sources of error are the variation of 
scale from one photograph to the n ext, possible changing parallax due to the gap between the 
bottom of the bore-hole walls a nd the bed, a nd possible bore-hole contraction. The scale 

TABLE Ill. S URFACE FLOW AND BASAL SLI DlNC VELOCITIES 

3 4 6 8 9 10 11 12 13 14 

Slidi"g velocity 
from surface 

Difference he/wee" slITface lInd bed velocity mId Sliding veloeil)1 from bore-Itole 
SlIrface flow velacil)! vtiocilies from illci inomelry inciillomelry photograph_v 

HOTi- H OT;- HOT;- H OT';-
40nlal Observf(/ ;:.onlal Observed .tolllal Z01ltal Photo-

Bore com- Direc- illterval com- Direc- in terval com- D irec- COnl - Dircc- graph 
hole pOlle1lis 1;011 Plunge (inclusive daffs ) jJonel/ls (;011 (inclusive dales ) pontllts lion ponerz[s 1;011 pair 

cm/d ay deg d eg cm /d ay deg cm/day deg cm/d ay deg Fi g . 

T 14·7 N6 1E 10.8 29 Jul y 1969 1.3 N33 E 3b- c 
,6 August 1969 ± 0·5 ± 15 

V 13· 7 N;6E 9 ·9 29 July 1969 1.1 N54E 2a-b 
16 August 1969 ± 0.2 ± 15 

2·7 N43 E 2h- i 
± 0.2 ± 7 

2·9 N49E 2k- m 
± 0.2 ± 7 

Y 16.0 );62E IO . ~ 26 .J u nc 19,0 1.0 N30E 5C-d 
28 August 1970 ± 0·5 ± 25 

0·7 N30E 5e- f 
± 0.2 ± IO 

0·5 N49E 5g- j 
± 0.2 ± 7 

X 14.6 );63E 1 2. 1 26 June 1970 12.6 i'\54E 24 June 1970 2·9 N IQ5E 0·7 N95E 4 a- d 
± O.I =°4 '28 August '970 ::::: 0·4 ± 2 28 Augllst 1970 ± 0·7 ± 22 ± O.I ± 5 

0.6 Na2E 4f"- g 
± O. I ± 5 
0.8 Na3E 4g- h* 

± 0.2 ± IO 
1·4 N72E 4g- h* 

±0.2 ± 7 
1.0 N70E 4h- i 

± 0.2 ± 7 

C 16.2 N62E IJ.I 13 August 1976 16.'2 i'\63E 10 August 1976 0.2 N I 5'~1 0·3 (N60E) 6c-t 
± 0.2 ± 0·7 6 September 1976 ::::: 0·7 ± 2 5 Se ptember 1976 ± o.a ± Iao ± 0·4 

0·3 1\"40£ 6c-e 
± O. I ± IO 

* Two ent ries fo l' the sam e photograph pair represent two distinct moti ons observed simu ltaneolls ly; see text, Section 6 . 
t Photograph B-197. 
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can be controlled by distances between reference points on the bed visible in both photo­
graphs, or between points in the bore-hole walls if near the bed a nd if contraction is not 
significant. The scale itself, which does not generally need to be known as accurately as the 
relative scales of the two photographs, is determined by the methods discussed by H & K 
(p. 132) . Our overall assessment, based on the foregoing factors, is that sliding velocities 
obtained over a time interval of one day have an accuracy of about 0.4 cm/d ; the error 
decreases inversely with the time interval (given in Table Ill, column 14). Error in the 
direction of sliding is about 20° for an observed displacement of I cm, and decreases inversely 
with the displacement; individual error assessments are given in Table Ill, column I I. 

Observed sliding velocities are in the range 0.3 to 3 cm/d ; they average 1.0 cm/d for the 
five successful bore holes (Table Ill) . These velocities are substantially smaller than the 
6 cm/d that we originally expected on the basis of earlier deform ation measurements in 
thermally drilled bore holes (Kamb a nd Shreve, 1966), which suggested a sliding rate about 
h alf the surface velocity of ::::: 15 cm/d (Table Ill, column 2). The direction of sliding found 
by bore-hole photography (Table Ill, column 12) is generally within about 20° of the direction 
of surface motion (Table Ill , column 3), the maximum deviation being about 30°. 

Although the errors of measurement are substantial, the differences among the sliding 
velocities observed in the different holes are significant. They represent both lateral variations 
in sliding velocity at a given time and also, probably, variations from year to year. T he 
various observed velocities do not fall into a systematic pattern when viewed spatially (Fig. 
Ib) . The highest velocity (near 3 cm/d) was seen in hole X, and the lowest in hole C (0.3 
cm/d ), which was located only about 20 m away (Fig. Ib). Independent evidence (to be 
published separately) suggests that the sliding rate in 1976 was unusually small , in agreement 
with the observatio ns in the hole C. T he difference between the veloGity of 1.0 cm/d at hole T 
on 5 September and of about 3 cm/d at V over a period of about 15 d including 5 September 
is a real spatia l variation between two points on the bed 28 m apart. On the other hand, 
holes X and Y, 60 m apart, showed essentiall y the same velocity within the accuracy of 
measurement. 

I n addition to the possible year-to-year variation suggested above, there is evidence for a 
time variation of sliding velocity at hole V over the period of observation in 1969. Velocities 
measured from successive pairs of photographs are plotted as a function of time in Figure 8. 
T he initially observed velocity of about 1. 5 cm/d increased sometime during the interval 
2 1- 25 August to about 3.0 cm/d and remained at this level for the remainder of the observa­
tion period. The increase occurred during the time when the bottom of the hole was hidden by 
a cobble (Fig. 2d ) , so that we could not monitor the velocity over this interval. The velocity 
increase correlates with the first incipient signs of drop in water level in the hole (Fig. 8). 
This correlation, if not accidental, could imply either that the increase in sliding velocity 
caused increased ice- bed separation which in turn promoted drainage of water from the 
bore hole, or, conversely, that pressurization of the bed by the bore hole caused increased 
basal separation which in turn resulted in an acceleration in sliding rate. The latter a lterna­
tive would be especiall y noteworthy in representing a situation where the sliding velocity of a 
glacier was locally affected by a n action of man (basal pressurization from the bore hole). 
However, doubt as to the causative role of basal pressurization is cast by the situation at hole 
T, where, a lthough the water level dropped as it did at hole V, apparently no velocity increase 
occurred (since the sliding velocity was only I cm/d when measured on 5 September) . In 
view of the observed lateral variations in sliding velocity, it is possible that the velocity 
variation in hole V was due to passage of the bore hole through a laterally varying sliding­
velocity field rather than to a time variation, but we consider this unlikely because of the 
a bruptness of the observed change in sliding velocity (Fig. 8). 

In some instances two separate velocities are observed simultaneously in a given pair of 
photographs. In Figure 4g and h , the large stone coming into view from the left is moving 
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decidedly faster than, and is catching up with, the smaller clast near the top (south) and the 
gravel mass in which the latter is imbedded. The two velocities ( 1.3 and 0.8 cm/d ) corres­
ponding to these two translational motions are listed as separate entries in column 1 1 of 
Table Ill, opposite hole X. Obviously not both of these figures can represent the actual sliding 
velocity. The slower apparent motion of the gravel mass implies that this mass is being 
partially dragged along by the moving ice. In the interval from Figure 4h to i the large stone 
continues its relatively fast motion, but its apparent velocity has decreased to 1 .0 cm/d . 
Later, in Figure 4j- l, the large stone hangs up on the "exit" edge of the bore hole, and a gravel 
mass moving in from the lower left begins to catch up to it. 

From the observation of definitely different motions occurring simultaneously we are led 
to believe that the larger differences in motion among the entries for hole X in Table III 
(column 11 ) probably reflect real variations in observable motion rather than apparent 
variations due to fluctuating measurement errors. But they clearly raise a problem as to how 
the observed motions relate to the actual sliding motion. 

There are two reasons for taking as the sliding velocity the largest of the apparent motions 
observed at a given time (or over a period of time if variations in sliding with time can be 
assumed not to occur during this period) : (I) Dragging of basal debris along by the ice will 
reduce the apparent motions. (2) If clasts execute rolling motions while caught between 
moving sole and fixed bed, their apparent motion will be half the sliding velocity if judged by 
the motion of the sides of the clast, or zero if judged by the motion of the top of the clast. 
If such rolling motions are common among the larger clasts, in a "ball-bearing-like" mode of 
basal sliding, then masses of finer debris between the larger clasts will be constrained to move 
along at a speed of half the sliding velocity. 

The directions of sliding motion seen in successive time periods at hole X (Table Ill , 
column 12) vary by about 25 °. We consider this variation to be real, because individual 
azimuths of motion can be measured in this photographic sequence to a precision of about 5° 
on a relative basis. These variations represent either time variations in the sliding direction 
or differences in the coupling of the subsole drift to the moving ice. The two distinct motions 
seen in photograph pair of Figure 4g- h have directions that differ by 10° , which, though not 
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large, is a real difference. It demonstrates that distinct alterations in the apparent direction 
of motion can be produced by changes in coupling of ice and subsole drift, and that the 
apparent direction of motion can be altered from the actual sliding direction. How this 
happens is not evident, although we can surmise that the asymmetric rolling of larger c1asts of 
odd shape could be responsible. 

On the basis of the experience in hole X we believe that the differences among the observed 
azimuths of motion of the various holes (Table Ill , column 12) are significant although 
doubtless a ffected by substantial scatter (± 10° to 15°) due to m easurement errors. In parti­
cular, the difference of 60° in observed azimuth between hole T and hole X is a real difference. 
It represents observations m ade only 15 m apart, in two successive years. From striations on 
glaciated bedrock surfaces, both around the p eriphery of Blue Glacier and quite generally 
in glacia ted terrains (e.g. Chamberlin, 1888), it is of course w ell known that the direction of 
the sliding motion can change with time, and can change laterally over distances of as little 
as a few centimeters under appropriate flow constraints from bedrock topography. The 
change in direction from hole T to hole X seem s nevertheless too large to be a time variation 
in sliding motion from one year to the next ; it seems possible for a lateral variation if the bed 
has high roughness on a scale of ten meters or less. 

The very low sliding velocity a t hole C stands out as a nom alous in relation to the other 
bore holes . The motion is so sm all that it cannot be recognized clearly in any photograph 
pairs except Figure 6c- e and, m arginally, Photographs B-I 96- 197. It is entirely possible that 
no sliding at all was occurring at times during the observation period. In several photograph 
pairs an apparently retrograd e m otion is seen, which is a fal sification due to contraction of the 
bore-hole walls. Bore hole C closed at a rate of a bout 2 cm /d (contraction of diameter) near 
the bottom. The contraction can be seen by comparing Figure 6c a nd d, although the smaller 
scale of Figure 6d exaggerates the effect. For objects on the b ed near the north-eas t side of the 
hole, which in some photographs was the only available reference for observing the sliding 
motion, the contraction results in an apparent r e trograde motion (a pparent sliding in a south­
west direc tion ) of about I cm/d . This large disturbing effect m ade it difficult to observe the 
small sliding velocity relia bl y over periods of a few days. Longer periods could not be used 
because, to offset the contraction, the hole frequently had to be reamed or r edrilJed, which 
disturbed or oblitera ted fea tures in the bore-hole walls u sed for motion reference; also, 
attempts to reveal bedrock b y cable-tool drilling a nd bailing r epeatedl y disturbed the bottom. 
The bore-hole contraction ra te was much larger in hole C than in the other h oles because of 
the consistentl y low stand of the water level in this hole. 

(b) T ests by the indirect method 

Because the sliding motions observed by bore-hole photog ra phy are anomalously low in 
relation to what was expected , and because the full sliding motion may som etimes not be 
displayed by bore-hole photography, as the foregoing discussion indicates, it is helpful to have 
an independent check on the sliding velocity. This is provided by bore-hole inclinometry in 
holes X and C. In hole X the measurem ents were made with a n electrical inclinometer 
previously u sed by Raymond ( 197 I), while in hole C a new type of electrical inclinometer, 
designed and built by Phil Taylor at the University of Washing ton, was used . Figure 9 shows 
the results in terms of the d eformation of the two bore holes: the horizonta l components of 
displacement of the initially vertical bore holes are plotted as a function of dep th below the 
surface. T he displacements are shown in terms of displacemen t rates by dividing the observed 
displacements by the time interval between initial and final de terminations of bore-hole 
configuration (64.5 d for hole X, 25.8 d for hole C). The components are resolved in the 
direction of the surface velocity vector and perpendicular thereto. The displacement rate at 
the surface r ela tive to the bore-hole bottom is given in Table Ill , columns 6 a nd 7. The 
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absolute flow velocity at depth is obtained by subtracting this relative displacement vectorially 
from the surface motion, measured by triangulation from bedrock during the period of bore­
hole observations (Table Ill, columns 2-5). The results are given in Table III (columns 9 
and 10) and also in Figure 9, where, by appropriate choice of origin, the p lotted displacements 
represent absolute components of motion (relative to bedrock). 
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respectively. 

The absolute velocities derived in this way at the bottom of the bore holes should be the 
sliding velocities if the bore holes reached the bed, and should agree with the velocities 
determined by bore-hole photography if the full sliding motions were displayed at the bottom 
of the holes. The comparison is in Table Ill. There is general agreement in the sense that the 
sliding velocities found by both methods are small, much less than half the surface motion. 
Also, the larger sliding motion inferred from inclinometry corresponds to the larger motion 
observed by bore-hole photography. However, there is some disagreement in detail, parti­
cularly as to the azimuths of the sliding velocity. 

To assess the significance of the disagreements, we give the estimated precisions of the 
velocities derived from surveying and inclinometry, indicated by the ± figures in Table III 
(columns 2- 7). Because the inferred sliding motion is obtained as the difference of two nearly 
equal vectors, its magnitude and especially its direction are sensitive to errors in direction of 
these vectors. This is reflected in the relatively large errors given in columns 9 and 10, which 
represent the uncertainties due to random measurement errors. The inferred azimuth of 
sliding for hole C is completely undetermined, because the sliding rate is so small. For hole X 
we believe that possible systematic errors in the compass calibration are responsible for the 
large discrepancy between azimuths of surface velocity and inferred sliding. A systematic 
error of about gO in compass calibration, which is readily admissible for the instrument, would 
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account for the azimuth discrepancy. If the compass d irections are corrected to eliminate this 
discrepancy, so that the inferred sliding azimuth becomes N63 °E, then the inferred sliding 
velocity at hole X becomes 14.6 - 12.6 = 2.0 ± 0.7 cm/d. * This is in tolerable agreement with 
the largest ofthe sliding motions observed in hole X by bore-hole photography (I .3 ± 0.1 cm/d ). 

We therefore conclude that the indirect method of determining the sliding velocity from 
-surveying and inclinometry confirms the direct measurements of sliding velocity by bore-hole 
photography, to within the not inconsiderable errors involved in these methods. This confirms 
that t he glacier bed, where sliding occurs, has indeed been reached in our dri lling. From the 
,comparison in Table III it is evident that the accuracy of sliding-velocity measurement 
achievable by bore-hole photography, even with the evident difficulties involved, is signifi­
cantly better than that of the indirect method. Moreover, any non-zero sliding measured by 
the indirect method is inherently unreliable unless cable-tool drilling (or equivalent) has been 
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Fig. 1 0 . Double logarithmic plot oJ shear strain-rate y = du x/d z versus depth z ; x is parallel to the swjace, positive down-

slope, alld Z is measured perpendicularf)1 downwardJrom the surface. At the top, distances above the bed (in meters ) are 
g ivenJor riference. 

* To the quoted error in this figure must be added an additional uncertainty due to the fact that a n initial 
inclinometer survey, just after bore-hole completion , was not made for this hole, so that the initial hole must be 
assumed verti cal. From our previous experience we know that this is a fairly good approximation. H owever, if 
the extent of initial non-verticality of hole X were the same as that measured in hole C, an error of 0.2 cm /d in 
the inferred sliding velocity for hole X could be produced. 
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done to reach the actual bed , a nd confirmation that the bed has been reached can only be 
obtained with bore-hole photography. Considering the range in the thicknesses of " light 
debris" encountered in our different bore holes (Table I , column 4), we can estimate from 
the bore-hole deformations (Fig. 9) that sliding velocities obtained by the indirect method 
would be too large by 0.1 to 9 cm/d because of failure to reach the bed by thermal drilling. 
The apparent sliding rate of about 6 cm/d (annual average) obtained in our earlier m easure­
ments by the indirect method in the same area (Kamb and Shreve, 1966) was probably 
falsified at leas t to some extent in this way. 

The detailed behavior of the bore-hole deformations in the vicinity of the glacier bed is 
shown in Figure 10, where the tilt measurem ents, expressed in terms of shear strain-rate 
parallel to the glacier surface, are plotted against depth beneath the surface, in a log- log plot. 
Leaving aside som e irregularities in the data, the general trend of deformations in both holes 
X and C corresponds to shear stra in-rates y increasing with shear stress T (assumed linear with 
d epth) in a power-l aw relation y oc T " with exponent n ~ 5. This is in agreement with 
earlier bore-hole deformation measurements in the vicinity (K amb and Shreve, 1966) . Quite 
near the bed , however, some noteworthy anomalies occur (Fig. 10). In the lowermost 2 m 
of hole X , the tilt rate decreases dramatically, while in the lowermost 2 to possibly 6 m in 
hole C there is a marked increase in tilt rate a bove the general trend higher in the hole. 
These anomalies imply that the b asal shear stress in the vicinity of hole X was relieved locally, 
while the basal shear stress near hole C was locally enhanced . R elief of basal shear stress 
around hole X could be accomplished by partial ice-bed separation, in agreement with our 
photographic observation of a n ice- bed gap (Section 5c). The separation and relief of the 
basal drag stress should allow increased sliding, in conformity with the relatively high sliding 
rates observed in hole X (Table lI D. Conversely, enhancement of basal shear stress a round 
hole C corresponds to greater ice- bed coupling and greater resistance to sliding , a nd hence 
conforms to the m arkedly low sliding velocity found in this hole. From the vertical extent of 
the anomalous strain-ra tes, we infer that ice- bed separation near hole X ex tended over an 
area oflateral dimensions ~ 5 m , a nd the enhanced ice- bed coupling or locally high roughness 
near hole C affected an area of dimensions ~ 15 m . 

7. CONCLUSIONS AND I NTERPRETATIONS 

1. Basal sliding velocities measured by bore-hole photogra ph y in holes comple ted to the 
bed by cable-tool drilling are confirmed by bore-hole inclinometr y in these holes, to within 
the accuracies of the measurem ents. For observation periods of a month or less, the direct 
measurement of basal sliding by bore-hole photography gives more accurate results than does 
indirect measurement via inclinometry and surveying. 

2. Indirect measurement is inherently unrelia ble in the absence of bore-hole photography 
to prove that the bed has been reached, and a ll earlier such measurements of sliding velocities 
in glaciers are called into serious question by our observations. 

3. The observed sliding velocities are remarkably low. In a part of the glacier where a 
sliding rate of 6 cm /d (annual average) was expected from earlier deformation m easurements 
in thermally drilled bore holes, the observed summ ertime rates average 1.0 cm/d . T hey are 
much smaller tha n half the surface velocity of 15 cm/d . To the extent that the a rea studied is 
representative of temperate glaciers generally, we must reassess the role of the sliding pheno­
menon in the overall flow mecha nics of these glaciers. The high sliding velocities, constituting 
a high proportion of the surface velocity, that have been observed in some glacier tunnels such 
as those in the Blue Glacier ice fall and in Glacier d 'Argentiere (K amb and LaChapelle, 
1964, 1968 ; Vivian and Bocquet, 1973) may b e a typical because they occur in abnormal 
situations where there is extensive ice separation from the bed (basal cavitation) and where 
basal debris is r ela tively scarce or absent. 
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4. The ra nge of observed sliding rates is 0 .3 to 3 cm/d, a nd the observed sliding directions 
ra nge 30° to ei ther side of the direction of surface motion. Bo th la teral va ria tions and time 
va ria tions in the magnitude a nd direction of the sliding velocity are implied . Significant 
lateral varia tions in sliding velocity occur over distances of a s li ttle as 20 m. The observed 
la teral va ria tions do not fall into a systema tic spa tial pa ttern . 

5. T he glacier bed consists of bedrock overlain by unconsolidated rock d ebris (drift) 
forming a layer a bout 10 cm thick, which intervenes between bedrock and the base of the ice. 
We call this m a terial the active subsole drift. C a ble-tool drilling a nd bailing have thus far been 
incapable of removing the subsole drift tho roughly enough to reveal visibly the bedrock 
surface beneath ; we infer its presence from drilling and bailing performa nce a nd from 
penetrometer tes ts. 

6. T he active subsole drift is actively involved in the sliding process. At times i t remains 
rela tively fixed while the ice m oves over it, whereas a t other times it is dragged a long to some 
extent by the m oving ice. In ternal deforma tio ns within it include a rolling of the la rger clasts 
where caught between fixed bedrock and moving ice. T hese motions sugges t tha t a " ball 
bearing" m echa nism in the subsole drift m ay contribute significantly to basal sliding . 

7. Because of local interna l deforma tions in the active subsole drift, the a pparent sliding 
motions seen by bore-hole pho tography vary fro m point to poin t a nd are locally less than the 
full sliding velocity. Rolling clasts have a n average motion ha lf the sliding velocity. 

8. ] n places the subsole drift is cohesionless a nd ice-free, while in other places it appears 
to contain som e interstitia l ice. In general it is not comple tely ice-saturated , a nd therefore 
forms an observably and m echa nically distinc t layer beneath the overlying debris-laden ice. 
Cable-tool drilling through the ice carves out solid bore-hole walls, which end a bruptly at the 
top of the subsole drift. A m aj or question is why the glacier ice fails to invade the subsole 
drift completely, which it could ra pidly do by the action of re gelation under the ice overburden 
pressure. W e believe it necessary for the interstitia l wa ter pressure in the wa ter-satura ted 
subsole drift to be near the overburden pressure, for ice invasion to be prevented . 

g. In some bore holes a gap a few centimeters thick is presen t between the base of the ice 
a nd the top of the subsole drift , showing tha t ice- bed sepa ra tion has occurred under an ice 
thickness of 1 20 m. In other holes no gap is present. The largest sliding velocities a re observed 
in bore holes where a gap is present. 

10. The basal ice above the sole contains va ria ble amounts of rock debris, which is present 
in a zone of thickness ranging from 0 .1 to 16 m as encountered in our bore holes . This zone is 
impenetrable to bore holes made by electro thermal drilling a lone, and sliding velocities 
d etermined from them by inclinometry will be erroneously la rge by 0. 1 to 9 c m /d . 

I I . Ledge-like features in cohesive debris a re occasionall y formed a t the base of the bore­
hole walls, by a process in which masses of ice-containing debris in the subsole d rift become 
caught between the bed and the ice sole and a re pulled or sheared out across the bo ttom of the 
hole by the sliding motion. 

12 . We see no clear evidence of freezing or melting processes ta king place a t the bed in our 
bore holes, excep t for melting effects resulting from dissipa tion of heat from therma l drilling. 

13. T he wa ter level in the completed bore h oles stands initia lly a t a level tha t corresponds 
to a pressure a t the bottom tha t is about 5 % g reater than the ice overburden pressure. T his 
should ultima tely cause ice- bed separa tion to occur except in a reas of sufficiently la rge co m­
pressive stress concentration. The observed basal gaps may have been produced in this way. 

14. T he subsole drift does not initially admi t an apprecia ble inflow of the pressurized 
bore-hole wa ter , as shown by continuation of hig h water levels a nd of turbid wa ter a t the 
bottom . U nless the subsole drift were full y ice saturated, which would be contrary to its 
existence as a m a terial distinct from the basal ice, its required impermeability is extreme in 
rela tion to the most impermeable granula r sediments. W e infer the existence of inter­
connecting permeability barriers a t the bed , suc h as areas where ice is in direct contact with 
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bedrock, without intervening subsole drift. These barriers m ay be sufficient to hold the naturaP 
pore pressure in the subsole drift at a level near the overburden pressure . 

15. The water pressure in subglacial conduits is essentially atmospheric. Most deep bOl"e 
holes, especially those tha t reach the bed, ultimately esta blish a connection with the subglacia l 
conduits, and their wa ter level then drops greatly, in many cases to the bottom or nearly so. 
The water levels then fluctuate wildly owing to varia tions in water input and in flow capacity 
of constricted basal passageways from the bore holes to the subglacial conduits. One bore ho le 
penetrated a subglacial stream. 

16. The sliding velocity a t one bore hole increased in four days from 1.5 to 3.0 cm /d . 
The increase correlated with the onset of the drop in wa ter level in the hole. It may have been 
caused by ice-bed separation resulting from pressuriza tion of the bed by the bore-hole wa ter. 

17. Turbidity of the basal water, which results from rock abrasion in the sliding process , is 
actively generated in the subsole drift and is introduced from the drift into the bottom of 
bore holes prior to the onset of water outflow from them. 

18. Anomalously low shear strain-rates in the lowermost 2 m of one bore hole indica te 
local relief of basal shear stress, in harmony with the presence of a basal gap a nd the occurrence 
of a rela tively high sliding ra te (1.4 cm/d ) . Anomalously high basal shear strain-ra tes in a 
second hole indicate local concentra tion of basal shear stress, which is consistent with the 
absence ofa basal gap there and the very low observed sliding ra te (0.3 cm /d ). 

19. The observed conditions at and n ear the ice- bedrock interface, d escribed above. do 
not closely correspond to the idealized sta te of affairs assumed in existing theoretical treat­
ments of the basal sliding phenomenon. In particular, the a bundance of rock debris and the 
lack of a clean ice- rock interface are features quite different from wha t is assumed in the 
theories. (A sliding theory by Morla nd (1976) includes a Coulomb-type fri ction term but 
does not consider the physical basis for it in terms of the behavior of debris-laden basal ice 
overly ing subsole drift a nd bedrock.) 

20. In searching for a n explana tion for why the actua l sliding velocities are so low, we 
recognize three contributory aspects of the observed b asal conditions. ( I) The roughness of 
granular material ( ~ ~ I) is so much higher than that of glacially smoothed bedrock 
( ~ < c. 0.05) that if the subsole drift remains a t times stationary on account of friction with the 
underlying bedrock, the sliding motion will be significantly impeded , even though the short 
roughness wavelengths for the subsole drift surface ( ~ 10 cm or less) tend to favor rela tively 
rapid sliding by regelation . (2) The a bundance of rock d ebris a t the bed r equires a significan t 
involvement of rock fri c tion in the sliding process, which adds to the support of the basal shear 
stress a nd therefore r educes the sliding from wha t would occur for clean ice moving over 
bedrock. (3) The low basal water pressure in subglacia l conduits provides no enhancement of 
basal sliding through pressure-induced ice- bed separa tion. 

21. Conditions tha t p revail natura lly a t the bed and in the subsole drift m ay be disturbed 
by bore holes drilled to observe them . Motions, wa ter pressures, ice-bed separations, regela ­
tion phenomena, sta te of compaction and cementa tion , and character of the bedrock surface 
may b e affected . W e must recognize here a "subglacia l uncer tainty principle" that limits our 
ability to get information about the m echanics of basal sliding. 

22. Each of our su ccessful bore holes gave notably new and different types of observations, 
even though all were in a limited part of the glacier where conditions were seemingly uniform. 
It is safe to conclude tha t we have not yet sampled the full variety of phenomena that occur a t 
the glacier bed in the sliding process. 
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