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ABSTRACT. We employed a commercial wireline drill rig to investigate the subglacial
conditions of Black Rapids Glacier, a well-studied surge-type glacier in the central Alaska
Range. The four main goals were: to assess the capabilities of the commercial drilling industry
for sampling subglacial material, to investigate the basal morphology, to determine the sub-
glacial geology and to emplace borehole instruments. The drilling was done in an area where
seasonal and secular variations in speed are large, and where seismic studies suggested the
presence of a till layer. Four holes were drilled at three locations to a maximum depth of
620 m. Three holes yielded samples of basal ice and till, although recovery of the latter was
generally poor. Bedrock was sampled in one or possibly two of the holes. In the area sampled,
the glacier is underlain by a till layer some 4-7 m thick, confirming the seismic interpretation.
It consists of a sandy matrix at least 20-30% of which comprises larger clasts, Limited samples
of the matrix indicate that near the top of the till the porosity is 40%. and that some of the pore
water s frozen. Geologic studies suggest that the drilling area lies to the north of the Denali
Fault, a major tectonic boundary followed by the glacier, and that most of the till is locally

derived with transport distances of <2 km.

INTRODUCTION

Black Rapids Glacier

Black Rapids Glacier is a 40 km long surge-type glacier in
the central Alaska Range. Tt first came to public attention
during its last surge in 1936-37, when the surge front was
observed from the Black Rapids Roadhouse, situated along
the Valdez Fairbanks trail (Fig, 1). There the astounded resi-
dents radioed news of the approaching glacier to the world
(Hance, 1937). An attempt to document the previous surge
history has been made by Reger and others (1993).

The surge behavior and the accessibility of Black Rapids
Glacier have made it an object of intensive scientific study.
In 1970 the U.S. Geological Survey initiated a surveying
program, measuring annual velocities and mass balance.
This program was later continued by the University of
Alaska Fairbanks (Heinrichs and others, 1996). Harrison
and others (1975) measured near-surface temperatures and
showed that Black Rapids is a temperate glacier with a cold
surface layer, about 20 m thick, in the ablation area. Start-
ing in 1982, cameras were placed at up to four locations
along the glacier to measure the velocity of survey poles. In
addition, vertical strain and passive seismicity were re-
corded. In 1993, a more detailed program was started, with
radio-echo soundings (Gades, 1998), hydrological studies
(Cochran, 1995; Raymond and others, 1995) and seismic
detection of subglacial changes (Nolan and Echelmeyer,
1999a, b). In 1996 we hot-water drilled seven holes through
the ice to obtain accurate ice depths and to prepare for the
subglacial wireline drilling carried out in spring 1997, Water
levels in these boreholes were recorded during the summers
of 1996 and 1997.
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Geologic setting

Black Rapids Glacier lies in the central Alaska Range, which
is characterized by glacierized peaks >4000ma.s.l. The
range lies along the Denali Fault, a major tectonic boundary
that extends from southeast Alaska through the Alaska
Range to the Bering Sca. The fault underlies Black Rapids
Glacier in the vicinity of the drilling site. Plafker and others
(1994) consider the fault to be active. Probable rates of dex-
tral Holocene movement average about 15 mma . Estimates
of Quaternary offset on the fault range from 1 to 6.5 km, with
an estimated total displacement of 300-400 km since Late
Cretaceous (Nokleberg and others, 1994). In the vicinity of
Black Rapids Glacier, the fault separates rocks belonging to
the “Aurora Peak” terranc on the north from the “MacLaren”
terrane to the south (Nokleberg and others, 1992). The former
include Cretaccous gabbros, metagabbros, metadiorites,
amphibolites and Silurian schists. The MacLaren terrane is
composed of Late-Cretaceous gneissic granitic rocks, chiefly
granodiorite, quartz diorite and minor granite of the “East
Susitna Batholith”, and of Late-Cretaceous and older schists
and amphibolites. The glacier’s accumulation area is
situated in the “MacLaren” terranc from where it flows north
and then curves to the east into a valley defined by the fault.
The main part of the glacier starts flowing into the fault
valley 14 km from its head and some 2 km upstream from
the drill site (Fig. 1. A major tributary enters at about
23 km, which is below the drill site.

We believe the geologic setting of the glacier is related to
the surge behavior. Post (1969) recognized that surging gla-
ciers in Alaska are not randomly distributed, and that most
of the surging glaciers in the Alaska Range directly overlie
the Denali Fault (his fig, I). Wilbur (1988) did not find a one-
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Fig. I. Outline of Black Rapids Glacier. The diamonds show, from top down, the location of holes N2, NI and Center. The open
circles are located every 5 km along the center line from the head of the glacier, and a local coordinate system s shown (in melers ).
The approximate location of the Denali Fault ts indicated by the dashed line. The glacier is situated just east of the Richardson

Highway and the Trans-Alaska Pipeline.

to-one correlation between glacier geometry and surge
behavior, and concluded that surge behavior was also
related to regional mountain geometry and ultimately to
geologic conditions. A similar conclusion was reached in a
study on glaciers in Svalbard (Hamilton and Dowdeswell,
1996). Work at Findelengletscher, Switzerland, has also
shown a strikingly different velocity behavior on each side
of the glacier (Iken and Truffer, 1997), which may relate to
differences in bedrock geology (Bearth, 1953).

Drill-site location

The drilling was done 16-17 km from the glacier head (Fig. 1).
This is the area where the seasonal and longer-term vari-
ations in speed are largest, and basal motion is thought to
be large (Heinrichs and others, 1996). It is about 4-5km
downstream of the present-day equilibrium line, and lies
down-glacier from marginal and supraglacial lakes (pot-
holes) that frequently drain in early summer (Sturm and
Cosgrove, 1990) and cause speed-up events. The glacier
undergoes a spring speed-up, typically in early June. Nolan
and Echelmeyer (1999a, b) inferred from a seismic study the
existence of a subglacial till layer at least 5m thick. This
layer became seismically transparent during speed-up events.
The subglacial seismic changes were observed at the Nl site
(Fig. 2), where two of the boreholes were drilled. Figure 3
shows a longitudinal radio-echo sounding profile (Gades,
1998 and unpublished data). The boreholes were drilled 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 that all the results presented
here describe only a small part of the glacier.

Sampling of subglacial 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. Transverse profile with borehole locations. The south-
ernmost hole is a hot-water hole where no subglacial samples
were taken. The ordinale axis shows elevation above sea level.

closer look at subglacial sediments, sampling them and
making in situ measurements. In this paper we refer to any
unlithified subglacial material as till (Paterson, 1994). Early
observations of subglacial till were made at Blue Glacier by
Harrison and Kamb (1973) and Engelhardt and others
(1978). Samples of fine-grained till with a small clast content
have successfully been retrieved from bencath Ice Stream B,
West Antarctica, with a piston corer (Engelhardt and
others, 1990; Kamb, 1991}, Boulton and Hindmarsh (1987)
studied the till beneath Breidamerkurjokull,
through a tunnel at the glacier terminus. Extensive borehole

Iceland,

studies of in situ subglacial till properties have been under-
taken on Trapridge Glacier, Yukon Territory, Canada (e.g.
Blake and others 1992, 1994; Fischer and Clarke, 1994), Stor-
glaciiren, Sweden (e.g. Iverson and others, 1994 Hooke and
others, 1997), and Columbia Glacier, Alaska (Humphrey
and others, 1993).

With simple borehole instruments, it is only possible to
penetrate subglacial till to a depth of about 40 em or less. It
is often difficult to assess the exact depth of an instrument in
relation to the ice—till interface (assuming a sharp interface
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Fig. 3. Longiludinal profile of ice surface and glacier bed from
the 14 km to the 20 km index site ( Fig, 1). The vertical line
shows the location of the boreholes. Data are from Gades
(1998 and unpublished ).

exists), because the hot-water drill stirs up the till and can
drill through fine-grained tills. On the other hand, debris-
rich ice can stop the hot-water drill above the glacier bed.

Subglacial till is extremely difficult to sample. Unlike the
marine sediments underlying the West Antarctic ice streams,
most glacial till contains numerous clasts of many sizes. Such
clasts will invariably stop or jam piston corers. Sampling at-
tempts have thus often met with little success. A split-spoon
sampler was used on Storglaciiren, yielding disturbed
samples (personal communication from N.R. Iverson,
1998). Blake and Clarke (1991) described how a sediment
sampler that works by sucking sand and pebbles up into the
sampler was used onTrapridge Glacier. This sampler is size-
selective, however, and does not yield representative samples
(personal communication from G. K. €., Clarke, 1998).

The idea hehind our project was to exploit existing dril-
ling technology in an attempt to retrieve complete core
samples of basal ice, subglacial tll and the underlying bed-
rock. This would allow us to study the basal morphology
and the bedrock geology. At the same time, we hoped to
use some of the borcholes to install instruments for in situ
measurements of borehole tilt and pore-water pressure, We
believe that obtaining undisturbed samples of subglacial
till, although very difficult to do, is of primary importance.
Although there is a large research effort in modeling till de-
formation, there are only a limited number of in situ meas-
urements and actual samples.

This paper describes the drilling technology used and
an analysis of the recovered samples. The results from the
borehole instruments will be published separately.

METHODS

Drilling

Drilling into the basal ice, till and bedrock, and the
sampling, were done with a commercially contracted wire-
line drill system, The size of the drill rig was determined by

the diameter of the core sample needed and the portability of

the drill rig. A Longyear Super 38 (Fig. 4) was sclected, al-
lowing us to drill to at least 650 m and obtain a 60 mm dia-
meter core. This drill is helicopter portable, breaking down
into five pieces, the largest weighing approximately 450 kg.
A drill rod of HQ size (78 mm inner diameter) was used in
the shallower holes, and one of NQ size (60 mm inner dia-
meter) in the deepest hole. This was done for safety reasons
because an HQ string of =600 m was deemed too heavy for
the drill rig: 6866 kg for HQ vs 4544 kg for NQ. In some
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Fig. 4. Photograph of the drill rig. As drilling proceeds, 10 ft
(3.05m ) sections of drill rod are lifted up on the tower and then
connected to the drill string,

cases, the narrower drill rod can be used inside the larger,
with the larger as casing for the hole. Sections of drill rod,
:ach 10 1t (3.05 m) long, were added as drilling proceeded.

The bottom section of the drill string is called a core bar-
rel (Fig. 5). It carries a shoe with the drill bit at its end. Tt
contains an inner tube that can be pulled out through the
entire rod by a wire cable; hence the name wireline drilling.
The inner tube is equipped with a core retainer. This can be
either a spring retainer that works through wedging action,
or a plastic basket. depending on the expected sample ma-
terial. A sample of 10t (305 m) or less can thus be pulled
out without taking the entire drill string out of the hole.
The drill rod effectively cases the hole during sampling.
The core barrel is equipped with a latching mechanism for
the inner tube. Failure of this latching mechanism was a
chronic problem that we were unable to diagnose. Some-
times the problem could be fixed by raising the entire drill
string a few meters and rotating it rapidly. This is not an
ideal solution, since it allows the lowest part of the borehole
to cave in and necessitates some redrilling,

Two drill bits were used: a carbide bit to drill through ice
and soft till, and an impregnated diamond-core bit to drill
through till and bedrock. The carbide bit wears out quickly
when used in hard rock, and drilling through ice with the
diamond bit was as slow as 0.5m h ', compared to 2-5mh '
with the carbide bit. A surface-set diamond-core bit might be
a better choice for drilling in ice. Typical drilling speeds were
about 2mh 'indll and ~1-15mh 'inbedrock. Pulling out
the core barrel through 600 m of drill string takes about
30min, provided everything goes well.

Ideally, softer material is sampled with a punch corer.
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Fig. 5. Schematic drawing of the core barrel, the lowermost sec-
tion of the drill string. The drill bit is atlached to the core bar-
rel’s battom. The inner tube is retrievable through the drill
string. Il carries a core retainer at the botlom. 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 allows the punch corer to be pushed
ahead through softer sediments, with the bit engaging any
harder material. We did not use this 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 material, 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 from the borehole for re-
use using a submersible pump. The rotary drill also required
recovered water for cooling and flushing the drill bit. Ice
depths were known from seismic and radar measurements
and hot-water drilling done the previous year. In some holes
we stopped the hot-water drill a few meters short of the bed,
so that basal ice could be sampled as well. The actual ice—till
interface was within 2m of what we expected from hot-
water drilling at N1 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 collapsing and closing the hole. If the drill
string has to be pulled out, a special polymer (“drill mud”)
is pumped into the hole before pulling, This helps prevent
the hole from collapsing for a short period of time. For rea-
sons not entirely clear to us, a lower concentration of the

polymer was also 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 would then be pulled out over the 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

one 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 total of >40 000 kg of material was flown to the glacier, by
a combination of helicopter and fixed-wing aircraft. The
fixed-wing aircraft 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 drill 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 anchors (“dead men”) dug into
the snow. The rig was then pulled using its own wireline
winch system.

Our drilling was performed in late April and early 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. Special
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 rig a large heated
tent was set up, allowing most of the work to be done in
somewhat less harsh conditions (Fig. 4).

THE DRILL HOLES

Four holes were drilled at three sites on a transverse section:
N2, NI and 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 hole
was >4° out of plumb at some places. We suspect 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 N1 commenced at 488.5 m depth
and eventually reached 510.1 m (Fig. 7). Hole N1 provides the
most complete picture of the ice—till-bedrock structure of
the four holes. Drilling through the till presented major chal-
lenges. Equipment failure and other problems required pull-
ing of the entire drill string three times before NI was
completed, a tedious and labour-intensive undertaking.
Lach time the drill string was removed, till collapsed into
the uncased hole, requiring redrilling. We therefore cased
the hole with the wider HQ rod and drilled inside it with
the NQ rod. In this manner we eventually reached bedrock
or a large boulder. The hole had to be abandoned when the
lowest 6 m of the string was twisted off, possibly because of
borehole deformation and/or basal motion.

A second hole at this site, N1A, was drilled to obtain till
samples and to place a string of three tiltmeters and one
piezometer into the till layer. 1o accelerate the drilling pro-
cess and avoid time-consuming wireline coring through ice,
hot-water drilling was used to penetrate all the way to the
ice—till interface, located at ~498.5m (Fig. 8). Thus no ice
samples were obtained, but till was successfully recovered
in the first 3 m section of core below the interface. Instru-
ments were installed successfully in the till after the drill
string was pulled.

The Center hole was the deepest (about 610 m; Fig. 9).
The NQ rod was used to reduce the weight of the drill string
Wireline coring of ice began at 602.0 m, but was abandoned
in favor of hot-water drilling at 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 and continued
to 621.2 m after penetrating bedrock at 619.5 m.
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Fig. 6. Section of the N2 samples. A combination of radio-echo sounding and seismic measurements yielded a depth of 360 m.

RESULTS

Basal ice

Ice samples were obtained from near the bottom of three of

four holes drilled. However, only at N1 was ice retrieved
from the ice till interface. The coring process commonly
[ractured the ice into short, em-scale, disks.

At N2, wireline drilling stopped several meters above
the bottom. At 337-338 m, coring intersected two distine-
tive, several em thick layers of subrounded to rounded peb-
bles, primarily black amphibolite (Fig. 6). The pebble layers
contained no ice when recovered, and lacked finer-grained
sediment, but were separated by a thin layer of clear ice con-
taining dispersed finer sediments. They were bracketed by
ice containing entrained pebbles and finer sediments. The
ice gencrally decreased in bubble content and entrained
sediments with depth below the layers, and crystal sizes
were 3—5 cm.

The lirst section of core at NI was only partially recov-
ered but contained distinctive layers of frozen sediment and
a layer of pebbles (see Fig, 7). Sediments finer than coarse
sand were absent. Pebbles were more angular than those at
N2 and included dioritic gneiss as well as amphibolite. A
thin ice layer separated two of the sediment layers. No other
ice was recovered in this section of the core. It is possible
that the sediments and structure are artifacts of the hot-
water drilling that preceded the wireline coring, as it causes
most of the sediments it drilled to accumulate at the bottom
of the hole. Below this section, we recovered a nearly con-
tinuous core of ice from ~491.5m to the till interface at
~302m (Fig. 7), consisting mostly of clear, relatively bub-
ble-free ice, with occasional thin silt layers. A 30" dipping
sand layer was encountered at 496.5 m. Between 4975 and
30l m, two close-set, sub-parallel, steeply dipping silt-mucd
layers of variahle thickness (averaging 3 cm) were encoun-
tered. They have the appearance of mud-silt dikes filling ice
fractures. Several thin, mm-scale, mud-silt layers occur just
above the till interface. Analysis showed that >60% of these
layers consist of grains smaller than 44 ym: silts and clays.
Details of structure immediately at the interface were not
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preserved, and some sediments and ice were lost in the dril-
ling process.

About 7.5 m ofice was recovered from the Center hole, A
6em layer of frozen, poorly sorted sediments was found
near the top of the retrieved sample, a layer which may have
stopped the initial hot-water drill from progressing (Fig. 9).
The rest of the core consists of clear ice with occasional hub-
bles, clumps of clay and thin silt layers,

Subglacial till

Till was reached in three of the four holes. Recovery of till
was extremely difficult, for two reasons. The first was the use
of pumped water to cool and flush the drill bit in order to
prevent the bit from melting, as happened on one occasion.
The stream of water caused the fine sediments, sand and even
gravel to be washed away from the core barrel, preventing
sampling. The other problem involved the clogging of the en-
trance of the core barrel with clasts and fragments of rocks
which then prevented entry of any further material. When
using the spring retainer most of the material slipped out,
while the basket retainers (Fig. 5) tended to become clogged.
The problem of washing-out can be reduced by using a mini-
mal amount of water to cool the drill bit, and perhaps hy
using a combination of punch-coring and rotary drilling,
but this was not done for the reasons explained carlier.

Despite these obstacles, retrieval of small samples of till
matrix was achieved on two occasions through judicious
drilling. In addition, a variety of rock fragments was recov-
ered, giving some indication of the nature and size of clasts
contained in the tll. The clast-shape classification used
below is subjective. We divided shapes into four categories:
rounded, subrounded, subangular and angular.

N1 hole

The first sample of intact till matrix was recovered in hole
NL Prior to sampling, the drill string was removed {rom the
hole, and then reinserted about 60 h later. Either material
had fallen in from the sides, and we recored it. or we lost
the lower part of the hole and drilled a new one. This is ap-
parently not uncommon. While recoring, we sampled a sec-
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amphibolite but also diorite, granodioritic
gneiss, and schists,

Clast-rich till

End Drilling

Fig. 7. Section of the N1 samples. A combination of radio-echo
sounding and seismic measurements yielded a depth of 500 m.

tion of till about 100 mL in volume. It was located within the
first 1.0 m below the ice till interface. The [ragment was
mechanically coherent when it came out, but it decayed into
a slurry after exposure to above-melting temperatures for
<2 hours. The water content of the sample, defined as the
ratio of the weight of water to that of dry soil (Lambe and
Whitman, 1979), was 21%. The results of a grain-size
analysis are shown in Figure 10a; the sample contained
mostly sand and had a grain-size distribution similar to that
of other basal tills (e.g. Jiao Keqgin and others, 1989). Only 6%
of the sample is silt and clay, as compared to 30-40% clays in
Ice Stream B samples (Tulaczyk and others, in press). Grain-
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sizes greater than 2mm were mostly lithic fragments. The
larger grain-sizes were subangular to subrounded, with some
degree of roundness observed in grain-sizes as small as I mm.
Sediment below this size was much more angular and pre-
dominantly composed of individual mineral grains.

An undisturbed cylindrical sample, 11em by 5 em, was
recovered in hole NIA. It was located at the top of the first
core below the icetill interface. Only 1.2 m out of 24 m
were sampled, leaving an uncertainty of 1.2 m for the exact
location of the sample. The sample was mechanically
coherent when it came out, and we stored it at sub-freezing
temperatures. Its water content was 29%, and the porosity
was 40%. When the sample was thawed, it turned into a
slurry, much like the NI 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 this liquid limit has a strength of
about 20 kPa (Bowles, 1992). Only 44% of the sample was
in the silt and clay fraction (Fig. 10b).

Other, smaller, pieces of till were closely monitored when
retrieved. They could easily be broken apart. There were
some ice crystals on the samples’ surfaces. We believe that
we saw interstitial liquid water, however, when breaking
them apart. The ice could have formed because of the pres-
sure release or because of the generally low air temperatures.

We do not think that it would have been possible to re-
trieve these samples if all the water had been in liquid form.
We therefore conclude that some of the water was in the
form of ice, albeit microscopic in size as ice crystals were
not observed inside the specimens, even with a hand lens.
The fact that the samples could easily be broken apart sug-
gests that they were not frozen solid in situ. During drilling
through debris layers in basal ice at N2 and NI, the ice was
not melted by the drilling. Judging from that experience we
do not think that the drilling could have melted a substan-
tial fraction of interstitial ice. Also, il ice had been melted by
the drilling, we would expect a melted outer layer and a
frozen inner core. This was not observed.

Roughly 165 clasts greater than lem were recovered
from till in holes N1 and N1A, including cores and fragments
of several 7-13 cm thick cobbles and boulders. The clasts
consisted af 42% (by number) gabbro similar to underlying
“hedrock™ (see below), 25% amphibolite, 14% gneissic
granite, 14% light-colored micaceous schist and 5% dioritic
rocks similar to bedrock at Center (see below). Most of the
clasts were oblong, and subangular to subrounded, although
angular and rounded clasts were also found.

Because of poor recovery, the volume concentration of
clasts greater than pebble size is difficult to determine. A
minimum can be estimated from the first sample extracted
from NIA. The thickness of till recovered is about half the
24m drilled. If we assume the missing [raction is due to
washing away of gravel-size and smaller sediments between
the intact till pieces, then rocks pebble size or larger would
comprise at least 20-30% of the till at NIA. Assuming bed-
rock was reached, we drilled through 7.5 m of till at NL

Center hole

Till from the top of the Center hole appears to have been
reworked by hot-water drilling judging from the moderate
sorting the sediments displayed upon recovery. Far fewer
clasts (~25) were recovered than at NI and NIA, perhaps
because of the narrower diameter of the drill core. Alterna-
tively, till at Center may not be as clast-rich as at NI and
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— Till matrix: goariy sorted clay,
silt, sand, an grgvel; clasts

4 >subangular to subrounded,

vy,

Till samples

Pebbles, cobbles, and boulders
accumulated in core tube from
washing out of interstitial sediment;
clasts subangular to subrounded.

Fig. 8. Section of the N1A samples.

Depth, m i End hot water drilling;
- begin wireline coring
e
el Tl
bz = 50% core recovery, Alternating till
500 —*2=_1 [T ~matrix and rubble’layers. Some
i sedlmcntsd paljt]la]ly or totally washed
e out, See detail.
- o
——e ||
=
= “Til
. Very poor recovery. Core catcher
=~ = - jam%%;ﬂ with rucl?fragment preventing
L g collection of samples.
Feasl
= End drilling, hole abandoned
505 —|
Hole “Center” (NQ rod)

Begin wireline coring

65— fggz;;% ﬁocgrly sorted silt, sand, gravel

T

Clear ice with occasional bubbles
and small clumps of clay

Depth, m

"~ Clear ice with occasional thin silt

/ layers

Hot water drilling for 7.2 m

Recommence wireline drilling
/Till-ice interface, approximate
30 % recovery. Stiff, moderately sorted clay, silt, san
ol fYI_ Ape a‘k%',d byd'

—gravel, and pebbles: ‘probably till matrix reivor
ot water drilling. Diorite clasts in shoe.

615

——Biotite-rich diorite boulder

Very poor recovery. Till with some clasts.

——Till-bedrock interface

#20 “Biotite-rich diorite bedrock

End drilling

Fig. 9. Section of the Center samples. A combination of radio-
echo sounding and seismic measurements yielded a depth of
620 m.

NIA. A large, 50 cm thick, boulder of diorite composition
was drilled through. The remaining clasts were predomi-
nantly biotite-rich diorite, similar to underlying bedrock,
plus quartz pebbles, micaceous schist and granodiorite.
The till layer at the Center hole was 4.5 m thick, 3 m thinner
than at NL

https://doi.org/10.3189/50022143000001350 Published online by Cambridge University Press

particle size (mm)

1 0.1

|IIlIlTT T [\I[I!’llE
20 =
2 15 3
10
5
0
<-20-10 00 10 20 30 40 >45
. particle size ¢
particle size (mm)
10 1 0.1
14 ‘:.I ]IIII'II'I T Iilllfl‘ T ‘\I!lll'\;
12 < =
10 3
® : 3
4
2 =
0 3 f
<40 -25 10 05 20 35 =45
b

particle size ¢

Fig. 10 Grain-size distributions of lwo pieces of Lill matrix
recovered from (a) the N1horehole and ( b)) the N14 borehole.

Bedrock

We recovered rock cores [rom the bottom of two of the drill
sites, N1 and Center (Fig. 2). The rock core retrieved from N1
was 0.6 m long. Geochemistry and mineralogy identify the
rock as a two-pyroxene, metal-sulfide-bearing gabbro. The
lithology of the basal rocks most closely resembles the
“gabbro of Mount Moffit” which outcrops at the base of
Mount Moffit to the north of the drill site (Nokleberg and
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others, 1992). Although f[ractured and fragmented by
drilling, the core appears to be continuous, However, it dis-
played significant dissimilarities in pyroxene characteristics
between top and bottom, suggesting it may not be
continuous bedrock, but instead boulders overlying bedrock
of similar lithology. Alternately, the dissimilarities may in-
dicate small-scale layering in the intrusion.

Fractured but continuous rock core, Lhm long, was re-
covered from the bottom of the Center hole (Fig. 9). Grind-
ing between the different pieces of bedrock had occurred
during the drilling. Geochemistry and mineralogy of rock
samples taken from the top, bottom and middle of the core
are essentially identical: a two-pyroxene, metal-sulfide-
bearing, biotite-rich diorite with minor quartz and potas-
sium feldspar but no hornblende. The identical chemistry
and length of core imply that the entire sample is bedrock,
although it could also be a single very large boulder. Thus,
although Center and N1 are only 300 m apart, the litholo-
gies of “bedrock” samples from the two drill sites appear to
be distinctly different. The closest possible nearby relative to
Center bedrock is metadiorite of somewhat similar compo-
sition that is exposed 6-10 km west of the field site in the
Aurora terrane on the north side of the fault (Nokleberg
and others, 1992). However, Center bedrock is distinetly plu-
tonic, not metamorphic. No diorite occurs to the south or
upstream of the drill sites. The closest possible relatives in
MacLaren terrane rocks are the gneissic granodiorite of
the “East Susitna Batholith”, south of the glacier (Nokleberg
and others, 1992). Thus, not only do the “bedrock™ lithologies
differ, they also appear distinetly different from mapped
outcrops upstream of the sites. Given the dextral offset along
the Denali Fault, the bedrock encountered in the drill holes
could be slivers that have been displaced long distances
from their point of origin, and may have no relationship to
rocks surrounding the glacier. Megascale faults such as the
Denali usually have broad shear zones, up to 1 km or more in
width, and our drill sites may well lic over such a shear zone.
Alternatively, the gabbroic batholith exposed at the basc of
Mount Motffit to the northeast of the drill site may extend
under the glacier and could be the same gabbro encoun-
tered at NI The latter hypothesis could be tested with
further analysis of each gabbro and Ar-dating,

DISCUSSION

The results presented above prompt the following questions:
(1) How much ice is contained in the till?
(ii) Is the till-water-ice mixture stable?
(111) How was this ice formed?

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

(v) What is the origin 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 argued that some of the till
samples recovered in the uppermost meter of the till layer
at the N1 and NIA borcholes contained ice. The samples
were not frozen solid, since they could casily be broken
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apart. If the ice was simply part of the solid soil structure,
about halfof the water (10-15% of the total sample’s weight)
would have to be in solid form in order to keep the water
content below the liquid limit. We think this is an upper
limit, because ice also 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 distributed in the till.
This is an important question and relates to the stability of
the till-water—ice mixture.

Stability of an ice—water-till conglomerate

When 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 supersaturated at zero
effective pressure (difference between overburden and pore-
water pressure). That leaves us with two possibilities:

(a) The till consists of a fragile skeleton of high porosity
(higher than a sample consolidated in the laboratory)
that is stabilized by the honding action of the ice. There
would be grain-to-grain contact and the soil skeleton
would fully carry the overburden pressure.

(b) Some of the ice helps bear the overburden pressure. If
the interstitial water is connected to a subglacial hy-
draulic system it would presumably be at a lower
pressure and therefore have a higher melting point. Heat
flow from the water to the ice would be established and
the ice would melt.

Therefore, we sampled till that was potentially unstable
in the configuration we encountered. This instability could
be temporal — ice in till was formed at some earlier time in
a different flow regime and is now melting— or spatial,
where ice is being formed upstream and melting out at 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 (Heinrichs and others, 1996).

Formation of ice in the till

Two processes allow the formation of ice in till: regelation
and frecze-on of water and till particles onto the basal ice.
Regelation of basal ice into a till layer was described by Iver-
son and Semmens (1995) who also explored this idea experi-
mentally. They concluded that under conditions similar to
those at Black Rapids, one would not expect regelation to
proceed much further than Im into the till layer. At this
depth, the downward migration of the ice front would be
roughly balanced by melting due to the geothermal heat
flux and strain heating, but we did not sample any 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 regelation of ice into a till
layer shows that a regelation front would be uneven because
ice would not regelate through small passages due to surface
tension effects. This was treated by Everett (1961) and applied
to subglacial tills by Tulaczyk (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
benecath Black Rapids Glacier, would not drive regelation
through pore spaces smaller than ~10 % m. Borehole meas-
urements show effective pressures that are one order of mag-
nitude higher during short periods in summer. During such
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times regelation could proceed through passages larger than

~10 “ m. The recovered till seems too coarse, however (Fig,
10), for this mechanism to be used to explain the high water
contents. A knowledge of the size of pore spaces and passage-
ways would be required to settle this question.

Ice in a water-saturated till matrix can also be formed
because of cold patches, where the local temperature is
below the pressure-melting point. In general, there are
more heat sources than heat sinks beneath a glacier
(geothermal heat, strain heating). Drake and Shreve (1973)
proposed a heat-pump effect: water that is melted in high-
pressure areas flows away and does not refreeze at the im-
mediately adjacent low-pressure area. This leaves cold
patches that advect down-glacier. Robin (1976) estimated
that a temperature anomaly of as much as 0.5°C helow the
local melting point could extend about 2 m into the basal
ice. Such a cold layer would only be enough of a heat sink
to freeze a few em of interstitial water at the top of the till
layer, which is too little to account for the sample recovered
from near the top of the layer.

Nolan and Echelmeyer (1999b) proposed large vari-
ations in the local overburden pressure due to hydraulic
Jacking. This would happen at times of high water dis-
charges, such as lake drainages, when the subglacial chan-
nels are overpressured. Reduction of the overburden
pressure would raise the melting point and some water
would freeze. One should expect this ice to melt again as
the ice relaxes and the overburden is effective once again.

Réthlisherger (1968) suggested that water derived from
an arca where the glacier is thicker (and the melting point
lower) could flow downstream and freeze there, because it
would be below the local melting point. The drilling site is
Jjust downstream of a maximum in ice thickness. Between
the location of maximum thickness and the drilling site
there is a decrease in ice thickness of 11 m and a drop in bed-
rock elevation of 3 m (A. M. Gades, unpublished data). The
ITm change in thickness causes a change in the pressure-
melting point of about 0.0073 K. This is slightly more than
the warming of the meltwater that would be expected due
to the loss ol gravitational energy. However, these numbers
are all well within the margin of error of the radio-echo
sounding — about 10 m — and we cannot make any definite
conclusions in this regard,

In summary, regelation and freeze-on of cold water
could both potentially lead to a till-water—ice mixture, The
occurrence of water as well as ice could be explained by
inhibited regelation due to small passages for the former
mechanism and differences 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 depositional
environment, unless erosion is occurring underneath the till
layer. Erosion of bedrock by a till layer has been modeled by
Culley and Alley (1996) and Hindmarsh (1996), who found
that erosion under a till layer will not happen unless basal
motion is very high or the substrate very weak. Tulaczyk
(1998) treats subglacial till as a plastic material containing
clasts. He predicts the existence of discrete shear zones,
which can change position due to water-pressure fluctua-
tions that diffuse into the till layer. He concludes that a diur-
nal water-pressure variation of 10kPa amplitude would

affect a till with a hydraulic diffusivity of about 10 *m”s
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to a depth of about 0.3 m. Consolidation tests on Black
Rap]ds‘. (;l'lut'r tll show a hydraulic diffusivity of about
10°m”s . If seasonal variations are taken into account,

the pressure variation and therefore the weak zone can dif-
fuse to the bottom of a 7.5 m thick layer. It is therefore plau-
sible that the whole layer is active and that erosion is
happening, intermittently, at the base of the active till be-
neath Black Rapids Glacier. This conclusion holds true even
if the hydraulic diffusivity is almost an order of magnitude
lower. A lower diffusivity should be expected in the upper-
most ice-bearing till, because the ahove-mentioned tests
were done on unfrozen samples,

If there is no erosion beneath the till layer, then the drill
site must be situated in a depositional environment. It is pos-
sible, however, that deposition is a sporadic process, as dis-
cussed by Iverson and Semmens (1995). They showed that
changes in the effective pressure and in the sliding speed can
change subglacial conditions from regelation into basal till to
melt-out of basal debris. Regelation and melt-out (deposi-
tion) are competitive effects. Because melt-out is a function
of the basal shear stress and basal motion, and regelation is
a function of the effective pressure, it is possible that deposi-
tion happens only at times of low effective pressures and high
basal speeds (high melt rate), as in early summer or under
surge conditions. If massive melt-out took place during a
surge, one would expect debris to accumulate in basal ice
under quiescent conditions. The basal ice is relatively clean,
however. This argues against such a cycle, and the scenario
of erosion occurring underneath a till layer would therefore
seem more likely. Note also that the presence of ice near the
top of the till layer indicates that melt-out and deposition are
not taking place, at least during sampling.

The lithology of the till clasts indicates that the erosional
source is <2 km upstream of the drilling site, above which
point the glacier bends to the south and overlies different
bedrock, south of the Denali Fault. Only 14% of the recov-
ered clasts were derived from that area. These could have
been derived supraglacially, although some rounding was
observed, suggesting contact with a basal traction zone.
The vast majority of the clasts are therefore of local origin
and were eroded from the bed, since the 2 km distance
would not be enough to transport surficial debris to the
bed. The moderate rounding of clasts and the relatively
coarse (ill matrix also suggest that the transport distance of
the till is not very long (Haldorsen, 1981; Hooke and Iverson,
1995). Clasts of boulder size were encountered in the till,
They indicate that plucking occurs upstream of the drill site
(Réthlisberger and lken, 1981; Hallet, 1996). The lithological
diversity of the recovered clasts indicates that the bed up-
stream of the drill sites must be relatively inhomogeneous,
reflecting the diversity of the bedrock around the glacier.

Debris layers in basal ice

Basal debris layers, separated by clean ice, occurred as high
as 12 m above the bed. Lawson and Kulla (1978) and Strasser
and others (1996) made a similar finding at Matanuska
Glacier, Alaska. Their isotopic study suggests that the ice
was refrozen meltwater, at least partially surface-derived.
Boulton (1979) suggested that basal debris layers can form as
a result of the three-dimensional flow around bedrock
bumps. However, we drilled into an area of massive till and
do not believe that bedrock was exposed to the ice near the
drilling site. The debris encountered in our cores does not
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look surficial, because its lithology is similar to that of the
underlying bedrock and because it shows signs ol abrasion
and crushing. Some of the layers closer to the ice—till inter-
face are steeply inclined (up to 60°) mud layers that could
have formed by filling in basal cracks. Such layers would
rotate to a dip of 30° dipping layer in about 3 years under
the strain 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
Echelmeyer, 1997).

Implications for surge behavior

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

The most striking result of the drilling is the thickness of
the till layer encountered, suggesting large 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 only 2 months. Black Rapids Glacier last surged
in 1936—37, when a significant amount of erosion could have
happened in a similar manner. In both cases, however, it 1s
unclear whether the high erosion rates are a prerequisite or
a consequence of the surge behavior.

SUMMARY

We have shown that a commercial wireline drill rig is capable
of drilling in a subglacial environment under an ice thickness
of up to 600 m. The problem of basal motion can be over-
come by drilling early in the season and by reducing the
drilling time to a minimum. Early-season drilling also en-
sures a more solid working surface, when we could move
the drill rig across the glacier. There are substantial difficul-
ties in sampling subglacial till. A combined punch corer/ro-
tary drill would probably be an ideal combination for this
task, but cobbles the size of the core diameter make the use
of such a system difficult. Water for cooling and flushing
must be used judiciously: too much of it will wash out all
the fine material, and too little will eventually cause melting
of the drill bit. Successfully latching the inner tube to the
core barrel presented a problem never quite solved. 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 lies within the
Denali Fault zone, while Ceenter may be a tectonic sliver that
is not exposed on either side of the glacier. The tectonic
shear zone is at least 300 m wide, possibly as much as 1km.
The peculiar setting of the glacier, which crosses the fault
about 2 km upstream of the drilling site, allows us to make
some conclusions about the origin of the till.

Atill layer of 7.5 m at Nl and 4.5 m at Center was encoun-
tered, confirming the predictions of Nolan and Echelmeyer
(1999a. b). The till is of local (<2 km upstream) origin, only
14% of the clasts originating south of the fault. The degree of
rounding indicates a certain amount of travel in the basal
zone. Ice-bearing till was sampled near the top of the till
layer (<1.2 m below the icetill 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 clasts that are pebble size and larger.
The till matrix is mostly sandy with a very low clay and silt
fraction. 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-water—ice mixture is potentially
unstable.

Debris layers in basal ice were encountered as far as [2m
above the ice—till interface. Immediately above the interface
at N1, steeply inclined mud dikes were sampled. They repre-
sent either flow along shear planes or recently filled-in basal
cracks.
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