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ABSTRACT. Wc employed a commercial wircline drill rig to investi ga te the subglacial 
conditions of Black R apids Glac ier, a well-studi ed surge-type glacier in the central Alas ka 
R ange. The four ma in goa ls were: to assess the capabilities of the commercial drilling indu try 
for sampling subglacialmaterial, to investigate the basa l morphology, to determine the sub
glacial geo logy a nd to emplace borehole instruments. The drilling was do ne in an area where 
seasonal and secul a r vari ations in speed are large, a nd where seismic studies sugges ted the 
presence of a till layer. Four holes were drill ed a t three locations to a max imum depth of 
620 m. Three holes yielded samples of basal ice and till , a lthough recovery of the latter was 
generall y poor. Bedrock was sampled in one or possibly two of the holes. In the area sampl ed , 
the glacier is underlain by a till layer some 4- 1 m thi ck, confirming the seismic in te rpreta ti on. 
It consists of a sand y matrix at least 20- 30% of which comprises larger c1 as ts. Limited samples 
of the matrix indicate that near the top of the till the porosit y is 40%, and that some of the pore 
water is frozen. G eologic studies suggest that the drilling area lies to the north of the D e nali 
Fault , a maj or tec tonic boundary followed by the glacier, and that most of the till is loca ll y 
derived with tra nsport distances of <2 km. 

INTRODUCTION 

Black R apids Glacier 

Bl ack R apids Glac ier is a 4·0 km lo ng surge-type g lac ier in 
the centra l Al aska R ange. It first came to public a ttention 
during its las t surge in 1936- 37, when the surge front was 
obse rved from the Black R apids R oadhouse, situ a ted along 
the Va ldez- Fa i rba nks tra il (Fig. I). There the as tounded resi
dents radioed news of the approaching glacier to the world 
(H a nee, 1937). An attempt to doc ument the previo us surge 
hi story has been m ade by Reger a nd others (1993). 

The surge beha\' ior and the accessibilit y of Bl ac k R apids 
Glac ier have m ade it an objec t o f intensive sc ientific study. 
In 1970 th e U.S. Geologica l Sunrey initi ated a surveying 
p rogram, measuring a nnua l vel oc ities a nd mass ba la nce. 
This progra m was later continued by the University of 
Al aska Fa irba nks (Heinrichs a nd o thers, 1996). Harrison 
a nd others (1975) measured near-surface temperatures a nd 
showed that Black R apids is a temperate glacier with a co ld 
surface laye r, a bout 20 m thick, in the ablation a rea. Sta rt
ing in 1982, cam eras were pl aced a t up to four locations 
a long the glac ier to measure the veloc ity of survey poles. In 
addition, vertical strain a nd passive seismicit y we re re
co rded. In 1993, a more deta il ed prog ram was sta rted , with 
radio-echo soundings (Gades, 1998), hydrological studies 
(C ochran, 1995; R aymond a nd others, 1995) a nd seismic 
detection of subg laeial cha nges (Nola n a nd Echelmeye r, 
1999a, b). In 1996 wc hot-water drill ed seven holes through 
the ice to obta in acc urate ice depths a nd to prepa re for the 
subglacial wireline drilling carri ed o ut in spring 1997. "Vater 
level s in these bo rehole. were recorded during the summers 
of 1996 and 1997. 

Geologic setting 

Black R apids Glacier li es in the centra l Alas ka Range, which 
is ch a racteri zed by g lacieri zed peaks > 4000 m a.s.1. The 
ra nge li es along the D e na li Fault, a maj o r tecLOnic bounda r y 
tha t ex tends from southeast Alaska through the Al aska 
R a nge to the Bering Sea. The fault underlies Black Rapids 
Gl acier in the vicinity o f the drilling site. Plafker and o the rs 
(1994) consider the fa ult to be active. Probable rates o f d ex
tra l H o locene movem e nt average about 15 mm a 1 Esti m a tes 
of Qua tern ary offset o n the fault ra nge fro m I to 6.5 km, with 
a n es tim ated tota l di splacement of 300- 400 km since L a te 
C retaceous (Nokleberg a nd others, 1994). In the vicinity o f 
Black R apids Glacier, the fault separa tes rocks belong ing to 

the ''l\urora Peak" terra ne on the north fl-om the "YlacL a re n" 
terrane to the so uth (No klebcrg and others, 1992). The fo rmer 
include C retaceo us gabbros, metagabbros, mctadi orites, 
a mphibolites and Siluria n schi sts. The .M acLaren terra ne is 
composed of Late-Cre taceous gneissic g ra nitic rocks, chi efl y 
gra nodi orite, quartz diorite and mino r g ranite of the "E ast 
Susitna Batholith", a nd of Late-Cretaceous a nd older schists 
a nd a mphibolites. The glacier'S accumul ation a rea is 
situa ted in the "MacL a ren" terrane from where it fl ows no rth 
a nd then curves to the cast into a vall ey defin ed by the fa ult. 
The m a in part of the g lacier starts fl owing into the fa ult 
va lley 14 km from its h ead and some 2 km upstream fro m 
the drill site (Fig. I). A major tributa ry enters at a bo ut 
23 km, which is below the drill site. 

\ Vc believe the geo logic set ting of the g lacier is rela ted to 
the surge behavior. Pos t (1969) recognized that surging gla
ciers in Alaska are no t randomly di stributed, and tha t m os t 
of the surging glaciers in the Al aska R a nge directl y overli e 
the D ena li Fault (his fi g. I). Wilbur (1988) did not find a Ol1e-
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Fig. 1. Outline qf Black Rapids Glacier. The diamonds show,jimn top down, the location qf holes N2, N i and Cent er. The open 
circles are located every 5 km along the center lineJrom the head qfthe glaciel; and a local coordinate system is shown ( in meters). 
The ap/noximate location cif the Denali Fault is indicated by the dashed line. The glacier is sitllatedjllst east cif the Richardson 
Highway and the v 'ans-ALaska Pipeline. 

to-one co rrelat ion between glac ier geometry and surge 
beha\' ior, and concluded that surge behavior was also 
rel ated to regional mounta in geometry and u ltimately to 

geologic conditions. A similar conclusion was reached in a 
study on glac iers in Sva lbard (H a milton and Dowdeswell, 
1996). Work a t Findelengletschcr, Switzerl and, has also 
shown a strikingly different velocity behavior on each side 
of the glacier (Iken and TrufTer, 1997), which may relate to 

differences in bedrock geology (Bearth, 1953). 

Drill-s ite location 

The drilling was done 16- 17 km from the glacier head (Fig. I). 
Thi is the a rea where the seasonal and longer-term vari
ations in speed are largest, and basal motion is thought to 
be large (H einrichs and others, 1996). It is about 4- 5 km 
downstream of the present-day equilibrium line, and li es 
down-glacier from marginal and supraglacia l lakes (pot
holes) that fi-equently dra in in early summer (Sturm and 
Cosgro\"C, 1990) and cause sp eed-up events. T he glacier 
undergoes a spring speed-up, ty pically in early J une. olan 
and Echelmeyer (l999a, b) inferred from a seism ic study the 
ex istence of a subglacial ti 11 layer at least 5 m thick. This 
layer became se ismically transpa rent during speed-up ('vents. 
The subglacia l seismic changes were observed at the NI site 
(Fig. 2), where two of the boreholes were dri lled. Figure 3 
shows a longitud inal radio-echo sounding profile (Gades, 
1998 and unpublished data ). The borehol es were drill ed in a 
subglacial hollow, directly upstream of a riegel. The ice thick
ness is decreasing and the glacier is slowing down between 
14 km and 20 km (Heinrichs and others, 1996). 

It should be kept in mind tha t all the resu lts presented 
here describe only a small part of the glacier. 

Sampling of s ubglacia l till 

Basal glacial processes are important for understanding gla
cier dynamics. This has led several investigators to take a 
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Fig. 2. v 'ansverse prqfile with borehole locatiolls. The south
ernmos/ hole is a hot-water hole where no sllbglacial samples 
were taken. The ordinate axis shows elevation above sea level. 

closer look at subglacial sediments, sampling them and 
making in situ m easurements. In this paper we refer to any 
unlithified subglacialmaterial as till (Paterson, 1994). Early 
observation of subglacial till were made at Blue G lacier by 
Harrison and K a mb (1973) and Engelhardt and others 
(1978). Samples of fin e-grained ti ll w ith a small clas t content 
have successfully been retrieved from beneath Ice Stream B, 
West Anta rctica, with a piston corer (Engelhardt and 
others, 1990; K amb, 1991). Boulton and Hindmarsh (1987) 
stud ied the till beneath BreidamerkLIIJokull , Iceland, 
through a tunnel a t the glacier terminus. ExtensiYe borehole 
studies of in situ subglacial til l properties have been under
ta ken on Trapridge Glacier, Yukon Territory, Canada (e.g. 
Blake and others 1992, 1994; Fischer and Clarke, 1994), Stor
g laciaren, Sweden (e.g. Iverson and others, 1994; H ooke and 
others, 1997), and Columbia G lacier, Alaska (Humphrey 
a nd others, 1993). 

vVith simple borehole instruments, it is only possible to 
p enetrate subglacia l ti ll to a depth of about 40 cm or less. It 
is often difTicult to assess the exact depth of an instrument in 
rela tion to the ice- ti ll interface (ass uming a sha rp interface 
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Fig. 3. Longitlldinal/mifile q[ice SllIjace andglacier hedJiom 
the N kill to the 20 km inder site (Fig. I). The l'f}"ti(([llille 
shows the localioll rif the horelzoles. Data are f rom (;ades 
(1998 and IInjJllhlished). 

exi sts ), b eeause the hot-wa ter drill stirs up the till a nd can 

dr ill throug h fine -g ra ined till s. On th e othe r ha nd , debri s
rich ice can SlOp th e ho t-wa ter drill a bove the g lacier bed. 

Subg lacia l till is extremel y difficult to sample. Unlike th e 

ma rine sediments unde rlying the \\'es t Anta rctic ice stream s, 

most glac ia l till co ntains numCl"ous c1 as ts o f many sizes. Such 
ciasts will inva ri abl y stop o rj a m piston co rers. Sa mpling at

tempts h ave thus often met with little success. A split-spoon 

sampler was used on Sto rg laciiiren , y ielding disturbed 

samples (persona l communication fro m X R. h 'erso n, 
1998). Blake and C la rke (1991) described how a sediment 

sampler th a t works by sucking sand a nd p e bbles up into th e 

sampler was used onTi'apridge Glacier. This sampler is size

sel ective, however, a nd does not yield representa ti\"(" samples 

(persona l communication fro m C. K. C. Cl a rke, 1998). 
The idea behind o ur proj e("[ was 10 ex ploit ex isting dril

ling techno logy in a n a tte mpt to retri e \ "(" compl ete co re 
sa mples o f basa l ice, subg lac ia ltill and the underl ying bed

rock. This would a llow us to study the basa l morphology 

and the b edrock geo logy. At th e sa m e time, wc hoped to 
use some 0[" the boreholcs lO insta ll in strume nts for ill s itu 

measure m e nts of bo rehole tilt a nd po re-wa ter pressure. 'Ve 

believe th a t obtaining undi sturbed sampl es o f subg lac ia l 

till , a ltho ug h \ 'Cry diffic ult to do, is of prim a ry importa nce. 

Althoug h there is a la rge research ei"rort in modeling till d e
fo rmation , there a re onl y a limited numbe r of in situ meas

urem e nts and ac tu a l samples. 

This pa per desc ribes th e drilling technology used a nd 
a n ana lysis of the reco\"C red samples. Th e res ults from th e 

bo rehole instrumcnts will b e published separa tely. 

METHODS 

Drilling 

Dri lling into the basal ice, till a nd bedrock, a nd th e 

sampling, were done with a commercia ll y contrac ted \\"ire

line drill system. The size o f the drill rig was determined by 

the d ia m e te r of the co re sam pie needed a nd th e pon abi lit y o f 
the drill rig, A Longyear Super 38 (Fig. 4-) was se lected , al

lowing us to drilllO a t leas t 650 m a nd o bta in a 60 mm di a

meter co re, This drill is helicopter porta ble, brea king dow n 

into five pi eces, the la rgest weighing approximately 4-50 kg. 
A drill rod o f HQ size (78mm inner di a m e ter) was used in 

th e sha ll o wer holes, a nd one of \'Q size (60 mm inner dia 

meter ) in the deepest hole. This \'I'as don e fo r sa fety reaso ns 

because a n HQ string of > 600 m was deemed too heavy fo r 
the drill rig : 6866 kg for HQ \ 'S +5++ kg fo r NQ In so me 
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Fig. "'. Ph%gm/Jh qf the drill rig. , lJ drilling proceeds. 70 jt 
(3.05 Ill) sfr/iollsqfdrill rod are Lifted 11/) 011 the t01t'eUlIld then 
cOllnec/ed to the drill strillg. 

cases, th e n a rrO\I'C r drill rod ca n be used inside th e la rger, 
with th e la rg er a, cas ing fo r the hole. Secti o ns o f drill rod , 

each 10 f"t (3.0:) m ) long, \\'e re a dded as d r illing p roceeded. 

The bo tto m section of th e drill stri ng is call ed a co re ba r

rel (Fi g. 5). It ca rri es a shoe with th e drill bit a t its cnd. It 
co nt a ins a n inner tube tha t can b e pull ed o ut throug h th e 
entire rod by a wire cable; he nce th e na me w ireline drilling. 

The inne r tube is equipped with a co re reta ine r. This ca n be 

either a spring re ta iner that wo rk s throug h wedging ac ti on, 
or a pl as tic b as ke t, depend ing o n the expected sa mple ma

teri a l. A sample of" 10 f"t (3.05 111 ) o r less can t hus be pull ed 

o ut with out ta king th e entire drill string o ut o f th e hole. 

The drill r od e i"rccti\"e ly cases th e hole during sampling. 
The co re ba rrel is eq ui pped ",ith a la tching m ec ha nism fo r 

the inner tube. Fa ilure of thi s la tching mec ha ni sm was a 

chronic pro blem that wc we re un able to diag nose. Some

times th e pro bl e m could be fi xed by ra ising th e entire drill 
string a few m e ters a nd rotating it rapidly. This is nut a ll 

ideal solutio n , , ince it a llows the lowest pa rt oflh e bo rehoie 

to ca\'e in a nd n ecess ita tes sO lll e red rilling. 
T\\'o drill bit s \\'ere lIsed: a ca rbide bit to drill th rough ice 

a nd soft till , a nd a n impregna ted ci iamond-co re bit lO drill 

through till a nd bedrock. The ca rbide bit \1"Cars o ut quickl y 
when used in ha rd rock, a nd drilling th roug h ice with th e 
di amond bit was as slo\\' as 0.5 111 h I, compa red to 2 5 m h 1 

with th e carbide hit. A surface-se t di amond-co re bit might be 

a bCller choice fo r drilling in ice.I) ·pica l d rilling speed s were 
about 2 m h 1 in till a nd ", I 1.5 m h 1 in bedrock. Pulling out 

th e core ba rrel through 600 m o f drill string ta kes abo ut 

30 min , provided everything go es we ll. 

Ideall y, so ft e r materi a l is sa mpled \I·ith a punc h core r. 
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Fig. 5. Schematic drawing of the core barrel, the lowermost sec
tion cif the drill string. The drill bit is attached to the core bar
rel's bottom. The inner tube is retrievable through the driLL 
string. It carries a core retainer at the bottom. A plastic basket 
core retainer that was used to sample till material is shown. 

Some core barrel designs combine a retractable punch corer 
with a drill bit. This a llows the punch corer to be pushed 
ahead through softer sediments, with the bit engaging any 
harder materi al. VVe did not use thi s set-up, however, because 
the subglacial till contained cobbles the size of the diameter 
of the punch corer, and these could easily damage or plug the 
corer and, hence, require pulling the entire drill string. 

Because we were interested only in basal materi a l, we 
pre-drilled holes into the ice using a conventional hot-water 
drill (e.g. Iken and others, 1989), which is much faster and 
cheaper. The water was recovered £i'om the borehole for re
use using a submersible pump. The rotary drill also required 
recovered water for cooling and flu shing the drill bit. Ice 
depths were known from seismic and radar measurements 
and hot-water drilling done the previous year. In some holes 
wc stopped the hot-water drill a few meters short of the bed, 
so that basal ice could be ampled as well. The actual ice- till 
interface was within 2 m of what we expected from hot
water drilling at NI and Center. At N2 we expected to reach 
the bed at 341 m, but we had not reached it when we aban
doned the hole at 348 m. 

During normal operation the drill rod cases the hole and 
prevents till from co ll apsing and clos ing the hole. If the drill 
string has to be pulled out, a spec ia l polymer ("drill mud" ) 
is pumped into the hole before pulling. This helps prevent 
the hole from collapsi ng for a short period of time. For rea
sons not entirely clear to us, a lower concentration of the 
polymer was a lso used during normal drilling operation. If 
the hole stays open after removal of the drill string, borehole 
instruments may be emplaced once the drill string is re
moved. Ideally, instruments could be introduced through 
the drill string, which wou ld then be pulled out over th e in
strument cable. Unfortunately our instruments were too 
large to fit through the drill bit, but we were able to install 
a string of three tiltmeters and one piezometer at the base of 
onc of the boreholes. 

Logistics 

A drilling operation of this kind adds a whole new dimen
sion to fieldwork on valley glaciers. Including camp and fuel, 
a tota l of >40000 kg of material was flown to the glac ier, by 
a combination of helicopter and fixed-wing aircra ft. The 
fi xed-wing a ircraft was much less expensive, but loading 
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and unloading was more efficient with a helicopter, which 
was also needed to assemble the dri ll rig on the glacier. 

When assembled the drill rig was mounted on a large 
steel toboggan to distribute its weight. It could be moved on 
the glacier using large snow a nchors ("dead m en" ) dug into 
the snow. The rig was then pulled using its own wireline 
winch sys tem . 

Our drilling was performed in late Apri l and earl y May, 
before any significant melting occurred, thus avoiding most 
problems with transport on a wet snow surface. Also, we ex
pected the drilling to be easier before any accelerated basal 
motion occurred. 

Due to the relatively high stand-by cost of this drill rig, it 
proved advantageous to work in two 12 hour shifts. Specia l 
arrangements were needed to keep the crew out of the wind 
and the low temperatures, which at that time of year can 
reach - 30°C. Directly adjacent to the drill r ig a la rge heated 
tent was set up, allowing most of the work to be done in 
somewhat less harsh conditio ns (Fig. 4). 

THE DRILL HOLES 

Four holes were drill ed at three sites on a transverse section: 
N2, NI a nd Center (Fig. 2). At N2, wireline drilling com
menced at 336 m depth and continued through 12 m of ice 
(Fig. 6) before the hole was abandoned because of problems 
with moving the core barrel up and down the string. Subse
quent inclinometry showed that the hot-water drilled hol e 
was> 4° o ut of plumb at some places. \ Vc susp ect that this 
was due to debris-rich ice or to rocks on the surface that fell 
into the hole. The proximity of a medial moraine and the 
slow hot-water drilling rate lend support to this inference. 

Wireline core drilling at NI commenced at 488.5 m depth 
and eventually reached 51O.l m (Fig. 7). Hole NI provides the 
most complete picture of the ice- till- bedrock structure of 
the four holes. Drilling throug h the till presented major chal
lenges. Equipment failure and other problems required pull
ing of the entire dri ll string three times before NI was 
completed , a tedious and labour-intensive undertaking. 
Each time the drill string was removed, ti ll collapsed into 
the uncased hole, requiring redrilling. We therefore cased 
the hole with the wider HQ rod and dri lled inside it with 
the NQ rod. In this manner "ve eventually reached bedrock 
or a large boulder. The hole had to be abandoned when the 
lowest 6 111 of the st ring was twisted off, poss ibly because of 
borehole deformation and /or basal motion. 

A second hole at this site, NIA, was drilled to obtain ti ll 
samples a nd to place a string of three tiltmeters and one 
piezometer into the ti ll layer. To accelerate the drilling pro
cess and avoid time-consuming wireline coring through ice, 
hot-water drilling was used to penetrate a ll the way to the 
ice- till interface, located at ",498.5 m (Fig. 8). Thus no ice 
samples were obtained, but ti ll was successfully recovered 
in the first 3 m section of core below the interface. Instru
ments were install ed successfu lly in the till after the drill 
string was pulled. 

The Center hole was the deepest (about 610 m; Fig. 9). 
The NQrod was Llsed to reduce the weight of the dri ll string. 
Wireline coring of ice began at 602.0 m, but was abandoned 
in favor of hot-water drilling a t 607.5 m. The hot-water drill 
was lowered inside the drill rod to avoid pulling of the entire 
drill string. Coring recommenced at 614.8 m a nd continued 
to 621.2 m after penetrating bedrock at 619.5 m. 

https://doi.org/10.3189/S0022143000001350 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000001350


714fer and others: Subglacial drilling al Black Rapids Glacier 

Hole N2 

Depth. m 
336,~.,.,.,."."""",,,,, End hot watco- drilling, begin wireline coring 

Bubbly (- 5%), granular ice with -{).5% .,...._~..., 
disperSed micaceous sand and si lt 337 Ice with 1.2% dispened sand & silt 

Sediment and pebble layers -----~;i;}::r:}:::;}r~ ~!~hl;l~yer, mostly amphibolitc, 

.. 
=o."';"';..oj Ice with 2-3% pebbles, sand, & .-;u--.- •.... _ ... . ' .... '.' . up to 5 cm, subrounded to rounded ,Ut ________ Clear ice with dispersed pebbles, 

337 

===t: 
338 B.ubbly ice, 3-4 cm crystals, .with -0.5% : ~>:;~n? gravel, and sand 
~~~ dISpersed pj:bbles, sand, & stl t . . Pebble layer, mostly amphibolite, 

342 
.. up to 5 cm, subrounded to rounded 

Bubbly ice, 3-5 cm ~stals , with -{).5% 338,-'--~.,.J 
dispersed srd & silt. 

3431:==~ Silly ice, -1-2 o/ ... edimcnls 

Fig. 6. Section qftlze . V2 samples. A combination qfradio-ecllO sounding and seismic measurements yielded a de!)th qf 360 m. 

RESU LTS 

Basal ice 

Ice sa mples we re obta ined from near the bo ttom of three o f 
four holes drill ed. However, only at NI was ice retrieved 
from the ice- till interface. The coring process commonl y 
fractured the ice into short, c m-sca le, d isks. 

At N2, wirel ine d r illing stopped seyera l meters above 
the botto m. At 337 338 m , coring intersec ted twO di stinc
ti ve, severa l cm thick laye rs o f subrou nded to rounded peb
bles, pr im arily black a mphibolite (Fig. 6), The pebble laye rs 
conta ined no ice when recove red , and lacked fin er-gra ined 
sediment, but were sepa ra ted by a thin laye r o f clea r ice con
taining di spersed fin er sediments. They were bracketed by 
ice conta ining entrained pebbles a nd fin er sediments. The 
ice genera lly decreased in bubble content a nd en trained 
sediments with depth below the laye rs, a nd crys tal sizes 
were 3- 5 cm . 

Th e first sec tion of core a t NI was on ly pa rti a lly recov
ered but conta ined di stincti ve layers offrozen sediment a nd 
a layer of pebbles (sce Fig. 7). Sediments fin er than coa rse 
sand were a bsent. Pebbles were more ang u la l' tha n those a t 
N2 a nd included dioritic g neiss as well as a mphibolitc. A 
thin ice laye r separated two of the sediment laye rs. No othe r 
ice was recovered in this sec ti on of the co re, I t is possible 
that the ediments a nd structure a re a rti fac ts of the hot
water dri ll ing that preced ed the wireline cor ing, as it causes 
most of the sediments it drill ed to acc umul a te at the bottom 
of the hole. Below thi s sec ti o n, wc recove red a nearly co n
tinuous core of ice from ~4·9 1.5 m to the t i 11 interface a t 
~502 m (Fig. 7), consisting mostl y of clea r, rela ti\'ely bub
ble-free ice, with occasional thin silt laye r . A 30 ' dipping 
sand layer was encountered a t 496.5 m. Between +97.5 a nd 
501 m, two close-se t, sub-parall el, steeply dipping silt- mud 
laye rs o f va ri able thickn ess (averaging 3 ( 111 ) were encoun
tered. They have the appeara nce of mud- silt dikes fi lling ice 
frac tures. Scve ra lthin, mm-scale, mud- silt laye rs occur just 
abO\'C the till interface. Ana lys is showed tha t >60'Yo of these 
layers consist of grains sm a ll er than 44 p,m : silts and clays. 
Deta ils of structure immcdi atel y a t the interface were not 

preserved , a nd some sediments and ice were lost in the dril
ling process. 

About 7.5 m of ice was recove red from the Center hole. A 
6 cm Jayrr o f frozen, poorl y so rted sediments was found 
near the top of the retri eved sample, a layer which m ay ha\'e 
stopped the init ia l hot-water drill from progress ing (Fig. 9). 
The rest of the co re consists of clear ice with occasiona l bub
bles, clumps o f c lay a nd thin silt laye rs. 

Sub glacial t ill 

Till was reached in three of the fo ur holes. Recovery of till 
was extremely difficult, for two reasons. The first was the use 
of pumped wa ter to cool a nd nush the dri ll bit in order to 
pre\'ent the bit from melting, as happened on o ne occasion. 
The stream of water caused the fi ne sediments, sand and e\'en 
grm'el to be washed away from the core ba rrel, pre\'Cnting 
sampling. The other problem involved the clogging of the en
trance of the core barrel with cia ·ts and fragments of rocks 
which then pre\,ented entry o f' a ny furth er ma teri a l. W hen 
using the spring re tainer most o f the materi a l slipped out, 
while the baskc t retainers (Fig. 5) tended to become clogged. 
The probl em of was hing-out can be reduced by using a mini
ma l amount o f water to cool the drill bit, and perhaps by 
using a combinati on of punch-coring and rota ry dri lli ng, 
but this was not done [or the reasons ex plained ea rli er. 

Despite these obstacl es, re tri e \'al of small sa mples of till 
m atrix was a ch ieved on twO occas ions throug h judicious 
dri lling. In additi o n, a va rie ty of rock fi'agments was recov
ered , giving som e indicatio n o f the nature a nd size of c1 as ts 
contained in the till. The clas t-shape class ificati on used 
below is subj ec ti ve, Wc di vided shapes into four categori es: 
rounded, subro unded, suba ng ula r a nd a ng ula r. 

Jlt} hole 
The first sample of intact ti ll m a tri x was recove red in hole 
N L Prior to sampling, the dr ill string was removed from the 
hole, and then reinserted abo ut 60 h later. Either m aterial 
had fa ll en in from the sides, a nd we recored it, o r wc lost 
the lower pa rt o f the hole a nd drill ed a new onc. This i ap
pa rently not uncommon. While recoring, we sampled a sec-
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Hole NI 

Depth, m 

Amphibolite cobble 
Frozen waly .~ed.and and gravel of mixed lithologies 
but moslly amphlbolite; ,ubangular to ,ubrounded 

...... _ ""'___ Pebbles, up to 7 cm, angulill' to .ubrounded Mixed 
lithology, mostly amphiboltte and some diDritic gnei" 

490 

495 

500 

505 

510 

Ice with - 2% dispersed gravel; coarse crysUls 
Frozen poorly sorted.and ilQd gravel of mixed 
lithologlcs but mostly amphibollte; subangular 

Partial recovery; ""GCtlocation of layers in core 
section unknown. 

Ice with .cal~red gravel 

ice 

Ice 

Thin mud/silt layers in clear ice 
Till·ice interface 

t 

Poor recovery: some solid, but mostly gravel. 
pebbles. small cobbles. and bored-through 
boulders. Fines are presumed 10 have been 

Clast.rich till washed out by dnlllng water. One Inloct 

End Drilling 

13 cm long sample of "ti//" ma/ra was 
recovered from near the top of the till section. 
Clast lithologies: prednminandy gabbro and 
amphibolite but also dlOfite. granodioritic 
glleiss. and schisl!;. 

Fig. 7 Section of the . 'VI samples. A combination qfradio -ecllO 
sounding and seismic measure7llents]ielded a depth qf 500 m. 

ti on o rtill about 100 mL in \'olume. It was located within the 
fi rs t 1.0 m be low the ice- till inter face. The fragment was 
mec hanica ll y coheren t when it came o ut, bu t it decayed into 
a slurry aft er exposure to abO\'e-mcl ting temperatures for 
<2 hours. The water content of the sample, defined as the 
ra tio of the \\-e ight of wate r to that 0 (' d ry so il (Lambe and 
\Vhi tman, 1979), was 21 %. The resul ts or a gra in-size 
analysis a re shown in Figure LOa; the sample conta ined 
mostl y sand and had a grain-size distribution simila r to that 
of other basa l tills (e.g. Ji ao Keqin and others, 1989). Only 6 % 
orthe sample is silt and clay, as compa red to 30- 40% cl ays in 
lee Stream B samples (Tul aczyk and o thers, in press). Grain-
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sizes g reater than 2 mm were mostly lithic fragments. The 
large r g ra in-sizes were suba ngular to subrounded, with some 
degree of ro undnes obsen 'ed in grain-sizes as small as I mm. 
Sediment below thi s size was much more ang ula r and pre
dominantl y composed ofindi\ 'idual minera l g rains. 

An undisturbed cylindrical sample, 11 cm by 5 cm, was 
recovered in hole NIA. It was located at the top of the first 
co re below the ice- till interface. Only 1.2 m out of 2.4 m 
were sampl ed, lea\' ing an uncerta inty of 1.2 m for the exact 
location 0 (' the sample. The sample was mechanically 
coherent when il came out, and wc stored it a t sub-freez ing 
tempera tures. Its water content was 29%, a nd the porosity 
was 100/0 . \Vhen the sample was thawed, it turned into a 
slurr y, much like the [\'1 sample described above. Labora
tory measurements showed that the water content at the At
terberg liquid limit was 10%, less than half the observed 
water content. A soil at thi s liquid limit has a strength of 
about 20 kPa (Bm,vles, 1992). Only 4.4% of the sample was 
in the silt a nd clay fraction (Fig. lOb). 

Other, sm aller, pieces of till were closely monitored when 
retri e\·ed . They could easil y be broken apa rt. There were 
some ice c rysta ls on the samples' surfaces. 'Vc believe that 
wc saw interstitial liquid water, however, when breaking 
them apa rt. The ice could ha\'C formed because of the pres
sure release or because of the generally low air temperatures. 

\Ve do not think tha t it would have been p ossible to re
tri e\'e these samples if a ll the water had been in liquid fo rm. 
\Ve therefore conclude th a t some of the water was in the 
form of ice, albeit microscopic in size as ice crystals were 
not observed inside the sp ecimens, even with a hand lens. 
T he ('act th a t the samples could easily be broken apart sug
gests tha t they were not frozen solid in situ. During drilling 
through debris laye rs in basal ice at N 2 and NI, the ice was 
not melted by the drilling. Judging (i'om tha t experience wc 
do no t think that the drilling could have melted a substan
ti al rraction of interstitia l ice. Also, ifice had been melted by 
the drilling, wc would expect a melted outer layer and a 
frozen inne r core. This was not observed. 

Roughl y 165 c1as ts greater than 1 cm were recovered 
from till in holes ;,\1 and N lA, including cores a nd fragments 
of seve ra l 7- 13 cm thick cobbles and bo ulders. The clas ts 
consisted o f 42% (by number) gabbro simil a r to underlying 
"bed rock" (sce bclow), 25% amphibolite, 14% gneissic 
granite, 14% Iight-colored micaceous schist and 5% dioritic 
roc ks simila r to bedrock a t Center (sec below). l\'Iost orthe 
c1as ts were oblong, and subangula r to subrounded, although 
ang ula r a nd rounded c1 as ts were also found. 

Because of poor recover y, the volume concentration of 
clas ts g reater than pebble size is difficult to determine. A 
minimum can be estim a ted from the first sample extracted 
from NIA. The thickness of till recovered is about half the 
2.4 m drill ed . If wc assume the missing fracti on is due to 
was hing away of gra\'eI-size a nd small er sedi ments between 
the intac t till pieces, then rocks pebble size or la rger would 
comprise a t lcas t 20- 30 % of the till at NIA. Assuming bed
rock was reached, we drill ed through 7.5 m of till at NI. 

Cent er hole 
Till from the top or the Center hole appears to have been 
reworked by hot-water drilling judging from the moderat e 
so rting the sediments di splayed upon recovery. Far fewer 
c1asts ("-'25) were recovered than at NI a nd NIA, perhaps 
because of the narrower di ameter of the drill co re. Alterna
tively, till at Centcr may not be as clast-rich as at NI and 
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Depth, ID 

Hole NIA 

End hot water drilling; 
begin wireline coring 

714ftI' and others: Subglacial drilling at Black RajJids Glacier 

Detail 

"Till" ______ 
50% core recovery. Alternating till -

= ;"'1"-- Till matrix: poorly sorted clay, 

:::;

Silt, sand, ana gravel ; clasts 
sub angular to subrounded. 

matrix and rubble layers. Some 
TlU samples sediments partially or totally washed 

00'. S" ""H. ~ 
Pebbles! cobbles, and boulders 
accumu ated in core tube from 
washing out of interstitial sediment; 
clasts subangular to subrounded. 

505 -

"Till" 
Very poor recovery. Core catcher 
jammed with rock fragment preventing 
collection of samples. 

End drilling, hole abandoned 

501-

Fig. 8. Section of/he .vi A sa//ljJles. 

Hole "Cente.'" (NQ .'od) 

Depth, m 

605 

t 

Begin wireline coring 
- Frozen, poorly sorted silt, sand, gravel 

... '"'r"· 
Clear ice with occasional bubbles '"'r" ",mp' or 0", 

--Clear ice with occasional thin silt /13yers 

Hot water drilIing for 7.2 m 

... 
Recommence wireline drilIing 

J, /iIl-ice interface, approximate 

30 % recovery. Stiff, moderately sorted clay, silt, sand, 
-gravel, and pebbles: probably till matrix reworked by 

not water dillIing. DlOrite clasts in shoe. 

t 
--Biotite-rieh diorite boulder 

veJ poor recovery. TilI with some clasts. 

l 
--Till-bedrock interface 

--Biotite-rich diorite bedrock 

/ End drilling 

Fig. 9. Ser/ioll qf/he Cm/er Jam/Jles . . 1"1 combillation qfradio 
echo sounding al/d seismic measurements ),ielded a dejJth oJ 
620m. 

:\flA. A large, 50 cm thick, boulder of' di orite composition 
was d rilled thro ug h. The rema ining clas ts were p redomi
na ntl y biolite-rich diorite, sim il a r to underlying bedrock, 
plus quartz p ebbl es, micaceous schist and g ra nocliorite. 
The till laye r a llhc Center hole was 4.S m thick, 3 m thinner 
tha n at NI. 

a 

~ o 

b 

25 
20 
15 
10 

5 
o 

14 
12 
10 

8 
6 
4 
2 
o 

particle size (mm) 

1 0.1 

< -2.0-1 .0 0.0 1.0 2.0 3.0 4.0 > 4.5 

particle size ~ 

particle size (mm) 

10 1 0.1 

<-4.0 -2 .5 -1 .0 0.5 2.0 3.5 > 4.5 

particle size ~ 

Fig. 10. Grain -si::.e distribll/ions oJ two jJieces of till matri \ 
rerOl'eredjrolll ( a) the . \ 'f borehole alld ( b ) the. r /_ l boreftole. 

Bedrock 

\ Ve reco\'ered rock co res from the bot (0 111 of two of the drill 
sites, NI and CC-Iller (Fig. 2). The rock core rClri evecl from N I 
was 0.6 m long. Geochemist ry and minera logy identif'y the 
rock as a lwo-pyroxene, metal-sulfide-bearing gabbro. The 
litho logy of the basal rocks most closely resembles the 
"gabbro of Mount M offit " whi ch outcrops at the base of 
YIount l\loffil lO the no rth of the drill site (:'~o kleberg a nd 
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others, 1992). Although fractured and fragm ented by 
drilling, the core appears to be continuous. However, it dis
played significant dissimila riti es in pyroxene characteristics 
between top and bottom, suggesting it may not be 
continuous bedrock, but instead bo ulders overlying bedrock 
of similar lithology. Alternately, the dissimilarities may in
dicate small- ca le layering in the intrusion. 

F'ractured but continuous rock core, 1.5 m long, was re
cO\'ered from the bottom of the Center hole (Fig. 9). Grind
ing between the differen t pieces of bedrock had occurred 
during the dr illing. Geochemistry and mineralogy of rock 
samples ta ken from the top, bottom and middle of the core 
are essenti all y identica l: a two-pyroxf'l1 e, metal-sulfide
bearing, biotite-rich diQl' ite with minor quartz and potas
sium feldspar but no hornblende. The identical chemistry 
and length of core imply that th e entire sample is bedrock, 
although it could also be a single very large boulder. Thus, 
although Center and NI are only 300 m apart, the litholo
gies of "bedrock" samples from the two drill sites appear to 
be di stinctly different. The closest possible nearby relative to 
Center bedrock is metadiorite o f somewhat sin,ilar compo
sition that is exposed 6- 10 km west of the fi eld site in the 
Aurora terrane on the north side of the fault (Nokleberg 
a nd others, 1992). However, Center bedrock is distinctl y plu
tonic, not metamorphic. No diOt' ite occurs to the south or 
upstream of the drill sites, The closest possible rela tives in 
MacLaren terrane rocks a rc the gneissic granodiorite of 
the" East Susitna Batholith", south of the glacier (Nokleberg 
a nd others, 1992). Thus, not only d o the "bedrock" lithologies 
diffel~ they a lso appea r di stinc Ll y different from m apped 
outcrops upstream of the sites. Given the dextral offset a long 
the Denali Fault, the bedrock encountered in the drill holes 
could be slivers that have been di splaced long di stances 
from their point of origin, and may have no rela tionship to 
rocks surrounding the glacier. M egascale faults such as the 
Dena li usually have broad shear zones, up to I km or more in 
width, a nd our drill sites may well I ie over such a shea r zone. 
Alternatively, the gabbroic ba tholith exposed at the ba e of 
Mount Moffit to the northeas t of the drill site may extend 
under the glacier and could b e the same gabbro encoun
tered at NI. The latter hyp othesis could be tested with 
further analysis of each gabbro a nd Ar-dating. 

DISCUSSION 

The results presented above prompt the following questions: 

(i) How much ice is contained in the till ? 

(ii ) Is the ti ll- water- ice mixture stable? 

(iii ) How was thi s ice formed? 

(iv) What can we infer about erosional and depositional 
processes? 

(v) What is the origi n of the debris layers in the basal 
ice? 

(vi) What are the implications for the surge behavior? 

Ice content of the till samples 

In the previous section we a rgued that some of the till 
samples recovered in the uppermos t meter of the till layer 
at the NI a nd NIA bore holes contained ice. The samples 
were not frozen solid, since they could easily be broken 
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apart. If the ice was simply part of the solid soil structure, 
abo ut half of the water (10- 15% of the total sample's weight ) 
would have to be in solid form in o rder to keep the water 
content below the liquid limit. We think this is an upper 
limit, because ice a lso has a bonding effect that can increase 
the stability of the whole matrix. We cannot give a lower 
limit. Also, it is not clear how the ice is di stributed in the till. 
This is an importa nt question and rela tes to the stability of 
the till- water--ice mixture. 

Stability of an ice-water-till conglOInerate 

vVhen either one of the till samples was dried and reconsti
tuted with a water content of > 11 %, it essentially turned into 
a slurry. This means that the sample is supersatu rated at zero 
effcctive pressure (di fference between overburden and pore
water pressure). Tha t leaves us with two possibilities: 

(a ) The till consists of a fragile skele ton of high porosity 
(higher than a sample consolida ted in the laboratory) 
that is . tabili zed by the bonding action of the ice. There 
would be grain-to-grain contact a nd the soil skeleton 
would fully carr y the overburden pressu re. 

(b ) Some of the ice helps bear the overburden pressure. If 
the interstitial water is connected to a subglacia l hy
draulic system it would prcsumably be at a lower 
pressure and therefore have a higher melting point. H eat 
flow [i'om the wa ter to the ice would be establi shed and 
the ice would melt. 

Therefore, we sampled till that was potentially unstable 
in the configuratio n we encountered . This instability could 
bc temporal - ice in till was formed at sOllle earli er time in 
a different Oow regime and is now melting - or spa ti al, 
where ice is being formed upstream and melting out a t the 
drilling site. If such a hypothetical instability is more than a 
local effect, it could relate to observed velocity variations on 
different time-scales (H einrichs a nd others, 1996). 

Formation of ice in the till 

Two processes a llow the formation of ice in till: regelation 
a nd freeze-on of water and till particles onto the basal ice. 
R egelation o[basa l ice into a till layer was described by Iver
son and Semmens (1995) who al 0 explored this idea experi
mentally. They concluded that under conditions similar to 
those at Black R apids, one would not expect regelation to 
proceed mLlch further than I m into the till layer. At this 
depth, the downwa rd migration of the ice front would be 
roughly balanced by melting due to the geotherma l heat 
flu x and strain heating, but wc did not sample a ny till 
matrix below 1.2 m from the ice- till interface. Thus regela
tion can possibly explain ice in the till. 

A more detailed treatment of regela ti on of ice into a till 
layer shows that a rege lation front would be uneven because 
ice would not regelate through sm a ll passages due to surface 
tension effects. This was treated by Everett (1961) and applied 
to subglacial tills byTulaczyk (in press). The driving force for 
regelation is the effective pressure (difference between ice
overburden and pore-water pressure). A simple calculation 
shows that effective pressures of 100 kPa, typically observed 
beneath Black R apids Glacier, would not drive regclation 
through pore spaces smaller than ~IO 6 m. Borehole meas
urements show effective press ures that a re one order ofmag
nitude higher during short periods in summer. During such 
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times regelation could proceed th rough passages larger tha n 
~ 10 7 m. The recovered till seems too coarse, however (Fig. 
10), fo r this mechani sm to be used to expla in the high water 
contents. A knowledge of the size of pore spaces and passage
ways would be required to settl e thi s ques tion. 

Ice in a water-satura ted till matrix can also be formed 
because of cold patch es, where the local temperature .is 
below the pressure-melting point. In general, there a re 
more h eat sources tha n heat sinks beneath a glacier 
(geo therm al heat, stra in heating). D rake and Shreve (1973) 
proposed a heat-pump e ffect: water tha t is melted in high
press ure a reas fl ows away and does no t re freeze at the im
medi ately adj acent low-press ure a rea. This lea\'es cold 
patches that advect down-glacier. Robin (1976) estima ted 
tha t a temperature a nomaly of as much as O.5°C below the 
loca l melting point could ex tend abo ut 2 m into the basal 
ice. Such a cold layer wo uld only be eno ugh of a heat sink 
to freeze a few cm of interstiti al wa ter a t the top of the till 
laye r, which is too littl e to acco unt fo r the sample recove red 
from nea r the top of the laye r. 

Nola n and Echelmeyer (1999b) prop osed large va ri
ations in the local overburden pressure due to hydraulic 
j acking. This would happen at times of high water di s
charges, such as lake dra inages, when the subglacial chan
nels a re o\'erpress ured . Reducti on o f the overburde n 
pressure would ra ise the melting point and some wa ter 
wo uld freeze. One should expect thi s ice to melt again as 
the ice rel axes and the ove rburden is effecti ve once again. 

R i::i thli sberger (1968) suggested tha t "vater deri ved from 
a n a rea where the g lacier is thicker (and the melting point 
lower ) could fl ow downstream and freeze there, beeause it 
would be below the local melting po int. The drilling site is 
just downstream of a m ax imum in ice thi ckness. Between 
the locati on of maximum thickness a nd the drilling site 
there is a deCt"ease in ice thickness of Ilm a nd a drop in bed
rock elevation of 3 m (A. M . Gades, unpublished data ). The 
llm change in thickness causes a cha nge in the pressure
melting point of about 0.0073 K. This is slightly more tha n 
the wa rming of the meltwa ter that wo uld be expected due 
to the loss of gravita ti ona l energy. H owever, these numbe rs 
a re a ll well within the m argin of error of the radio-echo 
sounding - about 10 m - and we canno t m a ke any definite 
conclusions in this rega rd. 

In summary, regel a tion and freeze-on of cold wate r 
could bo th potenti a ll y lead to a till- wa ter- ice mi xture. The 
occurrence of water as well as ice co uld be explained by 
inhibited regcl ati on due to small passages fo r the former 
mecha ni sm and differe nces in the local pressure-melting 
point for the latter. 

Erosional and depositional processes 

The till thicknesses of 4.5 and 7.5 m suggest a depos itiona l 
environment, unl ess erosion is occurring underneath the till 
laye r. E rosion of bed rock by a till laye r has been modelcd by 
Cuffey a nd Alley (1996) a nd Hindma rsh (1996), who found 
that eros ion under a till layer will not happen unl ess basal 
motio n is very high o r the substrate ve ry weak. Tulaczyk 
(1998) treats subglac ia l till as a pl as ti c materi al containing 
clas ts. H e predicts the existence of di scre te shea r zones, 
which can change position due to wa ter-pressure flu ctua
ti ons tha t diffuse into the till layer. He co ncludes that a diur
na l water-pre sure \'a ri a tion of 10 kPa a mplitude wo uld 
a ffec t a till with a hydra ulic diffusivity of about 10 6 m2
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to a depth of about 0.3 m. Consolidation tests on Black 
Rapids Glacier till show a hydraulic diffusivity of about 
10 6 m 2 s '. If seasona l vari a ti ons are taken into acco unt, 
the press ure va riation and therefore the weak zone can dif
fu se to the bottom of a 7.5 m thick layer. It is therefore plau
sible that t he whole laye r is active and tha t eros ion is 
happening, intermittentl y, at the base of the active till be
neath Black Rapids Glacin. This conclusion holds true even 
if the hydra ulic diffusivity is a lmost an order o f m agnitude 
lower. A lower diffusivity should be expec ted in the upper
mos t ice-bearing till , because the above-menti oned tes ts 
were done on unfrozen samples. 

If there is no erosion be neath the till laye r, then the drill 
site must be situated in a depositional environme nt. It is pos
sible, however, that depositi on is a sporadi c p rocess, as di s
cussed by Ive rson and Semmens (1995). They showed that 
changes in the effective pressure and in the sliding speed can 
change subglac ial conditions from regelati on into basal till to 
melt-out o f basal debris. R egclation and melt-out (deposi
ti on) a re competitive effec ts. Because melt-out is a function 
of the basal shear stress and basal motion, a nd regclation is 
a function of the effective pressure, it is possibl e that deposi
tion happens onl y at times oflow effecti ve pressures and high 
basal speed s (high melt ra te), as in early summer or under 
surge conditions. If massive melt-out took place during a 
surge, one would expect debris to acc umulate in basal ice 
under quiescent conditions. The basal ice is rela ti\ -ely clean, 
however. This a rgues against such a cycle, and the scenario 
of erosion occ urring underneath a till layer would therefore 
seem more likely. Note also t hat the presence of ice nea r the 
top of the till layer indicates that melt-out and dep os ition are 
not taking place, at leas t during sampling. 

The litho logy of the till clasts indicates tha t the erosional 
source is :::;2 km upstream of the drilling. ite, a bove which 
point the g lacier bends to the south and ove rli es different 
bedrock, so uth of the Dena li Fa ult. Only 14% of the recov
ered clas ts were deri\ ·cd from that a rea. Th ese could have 
been deri ved supraglacia lly, a lthough some rounding was 
observed , suggesting contact with a basal traction zone. 
The vas t maj o rity of the clas ts a rc therefore o f local origin 
and were eroded from the b ed, since the 2 km di stance 
wo uld not be enough to transport surficia l debris to the 
bed. The moderate rounding of clas ts a nd the rel a ti vely 
coarse till m atri x also suggest that the transp ort di stance of 
the till is no t very long (H a ldorsen, 1981; Hooke a nd Iverson, 
1995). Clas ts of boulder size were encountered in the till. 
They indicate that plucking occ urs upstream o f the drill site 
(Ri::i thli sbe rger a nd Iken, 1981; H a llet, 1996). Th e lithological 
diversity o f the reco\'ered clasts indicates tha t the bed up
stream or the drill sites must be relatively inhomogeneous, 
reflecting the diversity of the bedrock around the g lacier. 

Debris layers in basal ice 

Basal debri s layers, separated by clean ice, occ u rred as high 
as 12 m above the bed. Lawson a nd Kull a (19 78) a nd Strasser 
and others (1996) made a simil a r findin g a t M atanuska 
Glacier, Al aska. Their isotopic study suggests tha t the ice 
was refrozen meltwater, a t least parti a ll y surface-derived. 
Boulton (1979) suggested th a t basal debris laye ,"s can form as 
a res ult o f the three-dime n ional fl ow around bedrock 
bumps. H owever, we drill ed imo an area or mass ive till and 
do not believe that bedrock was exposed to th e ice near the 
drilling site. The debris encountered in our co res does not 
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look surficia l, because its lithology is similar to that of the 
underlying bedrock a nd because it shows signs of abrasion 
and crushing. Some of the layers closer to the ice- till inter
face a re steeply inclined (up to 60°) mud layers that could 
have formed by filling in basal cracks. Such layers would 
rota te to a dip of 30° dipping layer in abo ut 3 yea rs under 
the stra in rates expected. If the basal ice is deforming under 
simple shear, these layers must be fairly fresh . Alternatively, 
thrust faults could explain the debris layers (e.g. Rabus and 
Echclm.eyer, 1997). 

Implications for surge behavior 

The possible instability of a till- water- ice mixture dis
cussed above could rel ate to surge behavior. However, we 
have sampled such a till at only one location and it could 
be a very loca l phenomenon. 

The most striking result of the drilling is the thickness of 
the till layer encountered, sugge ting la rge erosion rates, 
either now or in the past. Humphrey and Raymond (1994) 
observed erosion rates of 0.3 m of bedrock in 20 years on 
Variegated Glacier. About two-thirds of the sediment eva
cuation occurred in the 2 years of the surge, and the bulk 
in probably onl y 2 months. Black R apids Glacier las t surged 
in 1936- 37, when a significant amount of erosion could have 
happened in a simil a r manner. In both cases, however, it is 
unclear whether the high erosion rates a re a prerequisite o r 
a consequence of the surge behavior. 

SUMMARY 

We ha\'e shown that a commercial wireline drill rig is capabl e 
of d rilling in a subglacial em'irol1ment under an ice thickness 
of up to 600 m. The problem of basal motion can be over
come by drilling earl y in the season a nd by reducing th e 
d rilling time to a minimum. Ea rl y-seaso n drilling a lso en
sures a more solid working surface, wh en wc could move 
the drill ri g ac ross the glacier. There are substa ntial difficul
ti es in sampling subglacial till. A combin ed punch corer/ro
tary drill would probably be an ideal combination for thi s 
task, but cobbles the size of the co re diameter make the use 
of such a system diffi cult. ''''ater for cooling and flushin g 
must be used judiciously: too much of it will wash out a ll 
the fine material, and too liLLie will eventu a lly cause melting 
of the drill bit. Successfully latching the inner tube to the 
core barrel presented a problem never quite so lved. As our 
experiences have shown, drilling and sampling subglacial 
till is as much an art as it is a science, even for commercial 
drillers. 

Bedrock was recovered at two sites. NI li es within the 
Dena li Fa ult zone, while Center may be a tectonic sli ver th a t 
is no t exposed on either side of the glacier. The tec tonic 
shear zone is at leas t 300 m wide, possibly as much as I km. 
The pec uli a r se lling of the glacier, which crosses the fault 
about 2 km upstrea m of the drilling site, allows us to make 
some concl usions about the origin of the till. 

A till layer of 7.5 m at NI and 4.5 m at Center wa. encoun
tered, confirming the predictions of Nolan and Echclmeyer 
(l999a, b), The till is of local « 2 km upstream ) origin, only 
14% of the clas ts originating south of the fault. The degree of 
rounding indicates a cer tain amount of travel in the basal 
zone. Ice-bearing till was sampled nea r the top of the till 
layer ( ~ 1. 2 m bclow the ice- till interface ), This ice could have 
been formed by regelation or freezing of cold water. The till 
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contains at least 20 % of cl asts tha t are pebble size and la rger. 
The till matrix is mostly sandy with a very low clay and silt 
frac tion. The water content of samples just below the interface 
is 20- 30%, much higher than the liquid limit, suggesting the 
presence of ice. Such a till- wa ter- ice mixture is potenti ally 
unstabl e, 

Debris layers in basal ice were encountered as fa r as l2 m 
abO\'e the ice- till interface. Immediately above the interface 
at NI, steeply inclined mud di kes were sampled. They repre
sent either fl ow along shear pla nes or recentl y fill ed-in basal 
cracks. 
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