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Abstract

The motion of a glacier is largely determined by the nature o f its bed. The basal morphology 
and its reaction to the overlying ice mass have been subject to much speculation, because 
the glacier bed is usually difficult to access, and good field data are sparse.

In spring 1997 a commercial wireline drill rig was set up on Black Rapids Glacier, 
Alaska, to extract cores o f basal ice, subglacial till, and underlying bedrock. One o f the 
boreholes was equipped with three tiltmeters to monitor till deformation, and a piezometer 
to record pore water pressure. The surface velocity and ice deformation in a borehole were 
also measured.

The drill successfully reached bedrock twice after penetrating a till layer, some 5 to 7 
m in thickness, confirming an earlier seismic interpretation. The till consisted of a sandy 
matrix containing clasts up to boulder size. Bedrock and till lithology indicated that all the 
drill holes were located to the north of the Denali Fault, a major tectonic boundary along 
which the glacier flows.

The mean annual surface velocity of the glacier was 60 m a- 1, o f which 20 to 30 m a- 1 
were ice deformation, leaving 30 to 40 m a~L o f basal motion. The majority of this basal 
motion occurred at a depth of more than 2 m in the till, contradicting previously held 
ideas about till deformation. Basal motion could occur as sliding of till over the underlying 
bedrock, or on a series o f shear layers within the till. This finding has implications for the 
interpretation of the geologic record o f former ice sheets, for geomorphology, and for glacier 
dynamics.

The effect of a thick till layer on ice flow and on quantities observable at the glacier 
surface was calculated. These include velocity changes on secular, seasonal, and shorter

iii
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time scales. A mechanism for uplift events and dye tracing responses was suggested. An 
easy surface observation that could serve to clearly distinguish a glacier underlain by till 
from the more traditional view o f a glacier underlain by bedrock could not be identified.
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Chapter 1

Introduction

In spring 1997 a wire line drill rig was set up on Black Rapids Glacier in the central 
Alaska Range. There were two major goals for this drilling effort: to sample subglacial 
material, including basal ice, subglacial till, and underlying bedrock (‘see what’s there’ ) 
and to instrument the boreholes, so the distribution of glacier motion could be described. 
These are the subjects of chapters 2 and 3, respectively. Chapter 4 is a modeling study 
that explores the consequences of having till beneath the glacier and checks whether our 
understanding of till physics is sufficient to explain various surface observations.

Each of these three parts is written in the form o f a paper. Chapters 2 and 3 have 
been accepted for publication in the Journal of Glaciology. Chapter 4 is in preperation to 
be submitted to the same journal. This format explains some of the peculiarities: Each 
chapter contains its own abstract and acknowledgements. The bibliography, however, has 
been combined at the end o f the thesis. Because the chapters are written as stand-alone 
papers, some repetition is inevitable, especially in the introductory part o f each chapter. 
References across chapters are made as Truffer and others, 1999 (Chapter 2) and Truffer 
and others, in press (Chapter 3). The contributing authors are listed in the beginning of 
each chapter. The formatting of the papers was changed to be in accordance with UAF 
thesis requirements.

1
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Chapter 2

Subglacial Drilling at Black Rapids 
Glacier, Alaska, USA: Drilling 
Method and Sample Descriptions

M. T R U F F E R 1. R. J. M O T Y K A 1. VV. D. H ARRISO N 1. K. A. ECHELM EYER1.
B. FISK2. S. TU LA C ZY K 3 

1 Geophysical Institute, 903 Koyukuk Dr., University of Alaska Fairbanks, Fairbanks AK

99775-7320, USA 
-222 W 7th Ave 13, Anchorage A K  99513 

3 Division of Geological and Planetary Sciences, California Institute of Technology,

Pasadena, CA 91125

ABSTRACT1. 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 o f the commercial drilling 
industry for sampling subglacial material, to investigate the basal morphology, to determine 
the subglacial 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

l in press: Journal o f Glaciology, 45(151), 1999

2
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3

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 to 7 m in thickness, confirming 
the seismic interpretation. It consists o f a sandy matrix containing a sizable volume, at 
least 20 - 30 %, of larger clasts. Limited samples o f the matrix indicate that near the 
top of the till its porosity is 40%, and that some o f the pore water is frozen. Geologic 
studies suggest that the drilling area lies to the north o f the Denali Fault, a major tectonic 
boundary followed by the glacier, and that most o f the till is locally derived.

2.1 INTRODUCTION

2.1.1 Black Rapids Glacier

Black Rapids Glacier is a 40 km long surge-type glacier in the central Alaska Range. It 
first caught public attention during its last surge in 1936/37, when the surge front was 
observed from the Black Rapids Roadhouse, situated along the Valdez to Fairbanks trail 
(Fig. 2.1). There the astounded residents radioed the news o f 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 ob
ject 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 University o f 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, about 20 m thick, surface layer in the ablation area. Starting 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 recorded. In 1993, a more detailed 
program was started, with radio echo soundings (Gades, 1998), hydrological studies (Ray
mond and others, 1995; Cochran, 1995) and seismic detection of subglacial changes (Nolan 
and Echelmeyer, 1999a and 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
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Figure 2.1: Outline of Black Rapids Glacier. The diamonds show, from top down, the 
location of holes N2, Nl, and Center. The open circles are located every 5 km along the 
centerline from the head of the glacier and a local coordinate system is shown (in meters). 
The approximate location o f the Denali Fault is indicated by the dashed line. The glacier 
is situated just east of the Richardson Highway and the Trans Alaska Pipeline.
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spring 1997. The waterlevels in these boreholes were recorded during the summers o f 1996 
and 1997.

2.1.2 Geologic setting

Black Rapids Glacier lies in the central Alaska Range, which is characterized by glacierized 
peaks of over 4,000 m in elevation. The range lies along the Denali Fault, a major tectonic 
boundary that extends from southeast Alaska through the Alaska Range to the Bering Sea. 
The fault underlies Black Rapids Glacier in the vicinity o f the drilling site. Plafker and 
others (1994) consider the fault to be active. Probable rates of dextrai Holocene movement 
average about 15 mma~l . Estimates of Quaternary offset on the fault range from 1 to
6.5 km. with an estimated total displacement of 300 to 400 km since Late Cretaceous 
(Nokleberg and others. 1994). In the vicinity o f Black Rapids Glacier, the fault separates 
rocks belonging to the "Aurora Peak' terrane on the north from the 'MacLaren' terrane to the 
south (Nokleberg and others. 1992). The former include Cretaceous gabbros, metagabbros. 
metadiorites, amphibolites, and Silurian schists. The MacLaren terrane is composed o f Late- 
Cretaceous gneissic granitic rocks, chiefly granodiorite, quartz diorite, and minor granite of 
the ‘East Susitna Batholith’, and o f Late-Cretaceous and older schists and amphibolites. 
The glacier’s accumulation area is situated in the "MacLaren’ terrane from where it flows 
north and then curves to the east into a valley defined by the fault. The main part o f the 
glacier starts flowing into the fault valley 14 km from its head, and some 2 km upstream 
from the drill site (Fig. 2.1). A major tributary enters at about 23 km, which is below the 
drill site.

We attribute significant importance to the geologic setting o f the glacier because we 
believe that it is somehow related to the surge behavior. Post (1969) recognized that surging 
glaciers in Alaska are not randomly distributed, and that most of the surging glaciers in the 
Alaska Range directly overlie the Denali Fault (his Figure 1). Wilbur (1988) did not find 
a one-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
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relate to differences in bedrock geology (Bearth, 1953).

2.1.3 Drill site location

The drilling was done in the area between 16 and 17 km from the glacier head (Fig. 2.1). 
This is where the seasonal and longer term variations in speed are largest, and basal motion 
is thought to be large (Heinrichs and others, 1996). Tt is about 4 to 5 km downstream of 
the present day equilibrium line, and lies downglacier from marginal and supraglacial lakes 
(potholes) that frequently drain in early summer (Sturm and Cosgrove, 1990) and cause 
speedup events. The glacier undergoes a spring speed up, typically in early June. Nolan and 
Echelmeyer (1999 a and b) inferred the existence of a subglacial till layer — at least 5 m in 
thickness — from a seismic study. This layer became seismically transparent during speed 
up events. The subglacial seismic changes were observed at the N1 site (Fig. 2.2), where two 
o f the boreholes were drilled. Figure 2.3 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 thickness 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 a relatively small 
part of the glacier, albeit an interesting one.

South Horizontal distance (m) North

Figure 2.2: Transverse profile with borehole locations. The southern-most hole is a hot 
water hole where no subglacial samples were taken. The ordinate axis shows elevation 
above sea level.
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Figure 2.3: Longitudinal glacier profile. Profile of ice surface and glacier bed from the 14 
km to the 20 km index site (Fig. 2.1). The vertical line shows the location of the boreholes. 
Data are from Gades (1998 and unpublished).

2.1.4 Sampling of subglacial till

Basal glacial processes are important to understand glacier dynamics. This has led several 
investigators to take a closer look at subglacial sediments, sampling them and making in-situ 
measurements. For the remainder of this paper we will 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 beneath Ice 
Stream B 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 studies of in-situ subglacial till properties have been 
undertaken on Trapridge Glacier (e.g. Blake and others 1992, 1994: Fischer and Clarke, 
1994), Storglaciaren (e.g. Iverson and others, 1994: Hooke and others, 1997) and Columbia 
Glacier (Humphrey and others, 1993).

With simple borehole instruments, it is only possible to penetrate subglacial till to a 
depth of about 40 cm or less. It is often difficult to assess the exact depth of an instrument
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in relation to the ice-till interface — assuming a sharp interface exists — because the hot 
water drill stirs up the till and can actually drill through fine grained tills. On the other 
hand, debris rich ice can stop the hot water drill above the actual glacier bed.

It is extremely difficult to sample subglacial till. 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 attempts have thus often 
been met with only little success. A split spoon sampler was used on Storglaciaren yielding 
disturbed samples (Iverson, pers. comm.). Blake and Clarke (1991) describe a sediment 
sampler that works by sucking sand and pebbles up into the sampler that was used on 
Trapridge Glacier. This sampler is size-selective, however, and does not yield representative 
samples (Clarke, pers. comm.).

The idea behind our project was to exploit existing drilling technology in an attempt 
to retrieve complete core samples of basal ice, subglacial till and the underlying bedrock. 
This would allow us to study the basal morphology and the bedrock geology. At the same 
time we hoped to use some of the boreholes to install instruments for in-situ measurements 
of borehole tilt and pore water pressure. We feel that obtaining undisturbed samples of 
subglacial till, although very difficult to do, is o f primary importance. Although there is a 
large research effort in modeling till deformation, there are only a limited number of in-situ 
measurements and actual samples.

This paper describes the drilling technology used and an analysis o f the recovered sam
ples. The results from the borehole instruments will be published separately.

2.2 METHODS

2.2.1 Drilling

Drilling into the basal ice, till and bedrock, and the sampling, were done with a commercially 
contracted wireline drill system. The size of the drill rig was determined by the diameter of 
the core sample needed and the portability o f the drill rig. A Longyear Super 38 (Fig. 2.4) 
was selected allowing us to drill to at least 650 m and obtain a 60 mm diameter core. 
This drill is helicopter portable, breaking down into 5 pieces with the largest piece weighing 
approximately 450 kg. Drill rod of HQ size (78 mm inner diameter) was used in the shallower
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holes and NQ size (60 mm inner diameter) in the deepest hole. This was done for safety 
reasons because an HQ string o f more than 600 m was deemed too heavy for the drill rig: 
6866 kg for HQ, as opposed to 4544 kg for NQ. In some cases the narrower drill rod can be 
used inside the larger, with the larger as casing for the hole. Sections o f drill rod, each 10 
ft. (3.05 m) long, were added as drilling proceeded.

The bottom section o f the drill string is called a core barrel (Fig. 2.5). It carries a shoe 
with the drill bit at its end. It 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 material. The advantage of this kind 
of drill is that the inner tube with the core can be retrieved through the drill rod. A sample 
o f ten feet (3.05 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. Sometimes the problem could be 
fixed by raising the entire drill string a few meters and rotating it rapidly. This is not an 
ideal solution, because 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 impreg
nated 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 0.5 
m h_ l , as opposed to 2-5 m h '1 with the carbide bit. A surface-set diamond core bit might 
be a better choice for drilling in ice. Typical drilling speeds in till were about 2 m h-1 and 
in bedrock ~  1 — 1.5m h-1 . Pulling out the core barrel through 600 m o f drill string takes 
about half an hour, provided everything goes well.

Ideally, softer material is sampled with a punch corer. Some core barrel designs combine 
a retractable punch corer with a drill bit. This makes it possible to push the punch corer 
ahead through softer sediments with the bit engaging any harder material. In our case, 
this setup was not often used because the subglacial till contained cobbles of the size o f the 
diameter of the punch corer, and these could easily damage or plug the corer and, hence, 
require pulling the entire drill string.
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Figure 2.4: Picture of the drill rig. As drilling proceeds, tei1 f°ot sections of drill rod are 
lifted up on the tower and then connected to the drill string.
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Inner tube

Core barrel

Drill shoe

Core retainer

Figure 2.5: Schematic drawing of the core barrel. It is the lowermost section of the drill 
string. The drill bit is attached to the core barrel’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.

Because we were only interested in basal material, we predrilled holes into the ice using a 
conventional hot water drill (e.g. Iken and others, 1988), which is much faster and cheaper. 
The water was recovered from the borehole for reuse 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 2 m 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 abandoned the hole at 348 m.

During normal operation the drill rod cases the hole and keeps 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 reasons not entirely clear to us, a smaller 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 removed. Ideally, 
instruments could be introduced through the drill string, which would then be pulled out
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over the instrument cable. Unfortunately our instruments were too large to fit through the 
drill bit. We installed a string o f three tiltmeters and one piezometer at the base o f one of 
the boreholes.

2.2.2 Logistics

A drilling operation o f this kind adds a whole new dimension to field work on valley glaciers. 
Including camp and fuel, a total o f over 40.000 kg o f material was flown to the glacier. This 
was done by a combination o f helicopter and fixed-wing aircraft. The fixed-wing aircraft 
was much less expensive, but loading and unloading was more efficient with a helicopter 
and the helicopter 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 He moved on the glacier using large snow anchors ('dead men7) 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 
expected the drilling to be easier before any accelerated basal motion occurred.

Due to the relatively high standby cost o f this drili rig, it proved advantageous to work 
in two twelve hour shifts. Special arrangements were needed to keep the crew out o f the 
wind and the low temperatures, which at that time o f the year can still 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. 2.4).

2.3 THE DRILL HOLES

Four holes were drilled at three sites on a transverse section: N2, Ml and Center (Fig. 2.2). 
At M2, wireline drilling commenced at a depth o f 336 m and continued through 12 m of ice 
(Fig. 2.6) before the hole was abandoned because of problems with moving the core barrel 
up and down the string. Subsequent inclinometry showed that the hot water drilled hole 
was over 4° out of plumb at some places. We suspect that this was caused by debris rich 
ice or by 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.
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Hole N2

Depth, m 
336 '

337

338 '

342 -

343 '

347

348-

End hot water drilling, begin wireline coring

Bubbly (-5%), granular ice with -0.5% 
dispersed micaceous sand and silt 337

Sediment and pebble Iayi 
Ice with 2-3% pebbles, sand, S t silt
Bubbly ice, 3-4 cm crystals, with -0 .5%  
dispersed pebbles, sand. St silt

Bubbly ice. 3-5 cm crystals, with -0 .5%  338 
dispersed s?nd St silt.

Silty ice, -1 -2  %sediments
Bubbly, cl 
sediments
Bubbly, clean ice, 3-5 cm crystals, —■*- <0.1%

Clean, bubble-free ice, large crystals, 
occasional sediments

Ice with 1-2% dispersed sand St silt 
Clear ice
Pebble layer, mostly amphibolite, 
up to 5 cm, subrounded to rounded 
Clear ice with dispersed pebbles, 
gravel, and sand
Pebble layer, mostly amphibolite. 
up to 5 cm, subrounded to rounded

Hole abandoned

Figure 2.6: Drill log of N2 hole. A combination o f radio echo sounding and seismic mea
surements yielded a depth of 360 m.
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Wireline core drilling at N1 commenced at 488.5 m and eventually reached 510.1 m 
in depth (Fig. 2.7). Hole N1 provides the most complete picture o f the ice-till-bedrock 
structure of the four holes. Drilling through the till presented major challenges. Equipment 
failure and other problems required pulling o f the entire drill string three times before 
N1 was completed, a tedious and labour-intensive undertaking. Each time the drill string 
was removed, till collapsed into the uncased hole, requiring redrilling. Because o f this we 
cased the hole with the wider HQ rod and drilled inside it with NQ rod. In this manner 
we eventually reached bedrock or a large boulder. The hole had to be abandoned when 
the lowest 6 m o f the string was twisted off. This could have been caused by 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. To accelerate the drilling process and 
avoid time consuming wireline coring through ice, hot water drilling was used to penetrate 
all the way to the ice-tili interface, located at ~498.5 m (Fig. 2.8). Thus no ice samples 
were obtained but till was successfully recovered in the first 3 m section o f core below the 
interface. Instruments were installed successfully in the till after the drill string was pulled.

The Center hole was the deepest (about 610 m, Fig. 2.9). 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 o f hot water drilling at 607.5 m. The hot water drill was lowered inside the drill 
rod. thus avoiding pulling o f the entire drill string. Coring recommenced at 614.8 m and 
continued to 621.2 m after penetrating bedrock at 619.5 m.

2.4 RESULTS

2.4.1 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 fractured 
the ice into short centimeter-scale disks.

At N2 wireline drilling stopped several meters above the bottom. At 337-338 m, coring 
intersected two distinctive, several centimeter thick layers of subrounded to rounded pebbles, 
primarily black amphibolite (Fig. 2.6). The pebble layers contained no ice when recovered
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Hole N1

Depth, m

4 9 0 -

Begin wireline coring

495 -

500 -

. Pebbles. up to 7 a n , angular to subrounded. Mixed 
uthology. mostly amphibolite and soraedionoc gneiss 
[ce with -2%  dispersed gravd; coarse aystiis
Frozen poorty sorted s o d  and p a v d  of mixed 
lubologics but mostly anrphiboutc: subangnlar

Partial recovery . exact location o f layers in core 
section unknown.

 fee with scattered gravel

Clear ice

Thin silt layer 

Clear ice

Sand layer dipping 30* 
- Thin silt layer

'  Silty ice

indtnud

Clear ice

cm thick, frozen grey silt

505 -

510

f t

-  Thin mud/stit layers in dear ice 
~TUl-»ce interface

t
-  Till sample

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

Clast'hch Oil washed out by drilling water. One intact 
13 cm long sample o f “a ll'' matrix was 
recoveredfrom  near the top o f the till section. 
Clast lithologies: predominantly gabbro and 
amphibolite but also dionie. granodionac 
gnetss. and schists.

-  Ttll--bcdrodr interface 
^Gabbro “bedrock"

End core

End Drilling

Figure 2.7: Drill log o f Nl hole. A combination o f radio echo sounding and seismic mea
surements yielded a depth of 500 m.
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505 -

Hole N1A

_ End hot water drilling; 
begin wireline coring

Detail

-Till"
50% core recovery. Alternating till 
matrix and rubble layers. Some 
sediments partially or totally washed 
out. See detail.

-Till"
Very poor recovery. Core catcher 
jammed wilh node fragment preventing 
collection of samples.

subangulart 
Till samples

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

501 —

End drilling, hole abandoned

Figure 2.8: Drill log of N1A hole.

and lacked finer grained sediment but were separated by a thin layer o f clear ice containing 
dispersed finer sediments. They were bracketed by ice containing entrained pebbles and 
finer sediments. The ice generally decreased in bubble content and entrained sediments 
with depth below the layers and crystal sizes measured from 3 to 5 cm.

The first section o f core at N1 was only partially recovered but it contained distinctive 
layers o f frozen sediment and a layer o f pebbles (see Fig. 2.7). Sediments finer than coarse 
sand were absent. Pebbles were more angular than those at M2 and included dioritic gneiss 
in addition to amphibolite. A thin ice layer separated two of the sediment layers like at 
N2. No other ice was recovered in this section o f 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 drills to accumulate at the bottom of the hole. Below this 
section, we recovered a nearly continuous core o f ice from ~491.5 m to the till interface 
at ~502 m (Fig. 2.7), consisting mostly o f clear, relatively bubble free ice, with occasional 
thin silt layers. A 30° dipping sand layer was encountered at 496.5 m. Between 497.5 m 
and 501 m, two close-set, sub-parallel, steeply dipping silt-mud layers o f variable thickness 
(averaging 3 cm) were encountered. They have the appearance of mud-silt dikes filling ice 
fractures. Several thin, millimeter scale, mud-silt layers occur just above the till interface.
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Hole “Center” (NQ rod)
Depth, m

6 0 5 -

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

and pebbles.

t
Clear ice with occasional bubbles 
and small clumps o f  clay

-Clear ice with occasional thin silt 
flayers

t
Hot water drilling for 7.2 m

I
Recommence wireline drilling

615

620

tll-ice interface, approximate
30 %  recovery. Stiff, moderately sorted clay, silt, sand,

 gravel, and pebbles: probably till matrix reworked by
Hot water drilling. Diorite clasts in shoe.

Biotite-rich diorite boulder

Very poor recovery. Till with some clasts.

i
-Till-bedrock interface 
Biotite-rich diorite bedrock

End drilling

Figure 2.9: Drill log of Center hole. A combination of radio echo sounding and seismic 
measurements yielded a depth of 620 m.
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Analysis showed that over 60% o f  these layers consist of grains smaller than 44 ^m; silts 
and clays. Details of structure immediately at the interface were not preserved and some 
sediments and ice have been lost in the drilling process.

About 7.5 m of ice was recovered from the Center hole. A 6 cm layer of frozen, poorly 
sorted sediments was found near the top o f the retrieved sample, a layer which may have 
stopped the initial hot water drill from progressing (Fig. 2.9). The remainder of the core 
consists of clear ice with occasional bubbles, clumps of clay, and thin silt layers.

2.4.2 Subglacial till

Till was reached in three of the four holes. Recovery of till proved to be extremely difficult 
because of two factors. The first factor involved the use o f pumped water to cool and flush 
the drill bit in order to prevent the bit from melting, as did happen 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 factor involved the clogging o f the entrance 
of the core barrel with clasts and fragments o f rocks which then prevented entry of any 
further material. When using the spring retainer most o f the material slipped out, while 
the basket retainers (Fig. 2.5) tended to get clogged. The problem o f washing out can be 
reduced by using a minimal amount o f water to cool the drill bit, and perhaps by using 
a combination of punch- coring and rotary drilling, but this was not done for the reasons 
described earlier.

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

N1 hole

The first sample of intact till matrix was recovered in hole Nl. Prior to sampling the drill 
string was removed from the hole, and then reinserted about 60 hours later. Either material 
had fallen in from the sides and we recored that or we lost the lower part of the hole and 
drilled a new one. This is apparently not uncommon. While recoring, we sampled a section
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of till about 100 ml in volume. It was located within the first 1.0 m below the ice-till 
interface. The fragment was mechanically coherent when it came out. but it decayed into 
a slurry after exposure to above melting temperatures for less than two hours. The water 
content of the sample, being defined to be the ratio of the weight o f water to that of dry 
soil (Lambe and Whitman, 1979), was 21%. The results o f a grain size analysis are shown 
in Figure 2.10a; the sample contained mostly sand and has a similar grain size distribution 
as other basal tills (e.g. Jiao and others, 1989). Only 6% o f the sample is silt and clay 
as compared to 30% to 40% clays in Ice Stream B samples (Tulaczyk and others, 1998). 
Grain sizes greater than 2 mm were mostly Iithic fragments. The larger grain sizes were 
subangular to subrounded with some degree of roundness observed in grain sizes as small as 
1 mm. Sediment below this size was much more angular and was predominately composed 
of individual mineral grains.

particle size (mm) particle size (mm)

25 -q 
20 4 n

< - 2 0 - 1.0 0 j0 1.0 2.0 30  40  >  4.5

particle size

<-40 -25  - 1.0 0.5  2 0  35  > 4.5

particle size 4>

Figure 2.10: Grain size analysis o f recovered till samples. They were recovered from the Nl 
borehole (a) and the N1A borehole (b).

An undisturbed cylindrical sample, 11 cm by 5 cm, was recovered in hole N1A. It was 
located at the top o f the first core below the ice-till interface. Only 1.2 m out o f 2.4 m were 
sampled leaving an uncertainty o f 1.2 m for the exact location of the sample. The sample 
was mechanically coherent when it came out and we stored it at subfreezing temperatures. 
Its water content was 29%, and the porosity was 40%. When the sample was thawed, it 
turned into a slurry, much like the Nl sample described above. Laboratory measurements 
showed that the water content at the Atterberg liquid limit (Bowles, 1992) was 10%, less
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than half the observed water content. Only 4.4 % of the sample were in the silt and clay 
fraction (Fig. 2.10b).

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 o f the pressure release or because o f the generally low air temperatures.

We do not think that it would have been possible to retrieve 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 leads us to 
believe that they were not frozen solid in situ. When drilling through debris layers in basal 
ice at N2 and Nl, the ice was not melted by the drilling. Judging from that experience we 
do not think that the drilling could have melted a substantial fraction o f interstitial ice. 
Also, if 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 1 cm were recovered from till in holes Ni and N1A. 
including cores and fragments of several 7 to 13 cm thick cobbles and boulders. The clasts 
consisted of 42% (by number) gabbro similar to underlying "bedrock’ (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; the majority were 
subangular to subrounded although angular and rounded clasts were also found.

Because of the poor recovery, the volume concentration o f clasts greater than pebble 
size is difficult to determine. A minimum can be estimated from the first sample extracted 
from NlA. The thickness of till recovered is about half the 2.4 m drilled. If we assume the 
missing fraction is due to washing away of gravel-size and smaller sediments between the 
intact till pieces, then rocks pebble size or larger would compromise at least 20-30 percent 
of the till at N1A. Presuming bedrock 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
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(~25) were recovered than at Nl and N1A, perhaps because of the narrower diameter of 
the drill core. Alternatively, till at Center may not be as clast rich as Nl and N1A. A large, 
50 cm thick, boulder of diorite composition was drilled through. The remaining clasts 
were predominately 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.

2.4.3 Bedrock

We recovered rock cores from the bottom of two of the drill sites, Nl and Center (Fig. 2.2). 
The rock core retrieved from Nl was 0.6 m in length. Geochemistry and mineralogy identify 
the rock as a two- pyroxene, metal sulfide bearing gabbro. The lithology o f the basal 
rocks most closely resembles the "gabbro of Mt. Moffit' which outcrops at the base of 
Mt. Moffit to the north of the drill site (Nokleberg and others, 1992). Although fractured 
and fragmented by drilling, the core appears to be continuous. However, the core displayed 
significant dissimilarities in pyroxene characteristics between top and bottom suggesting 
the core may not be continuous bedrock, and instead may be boulders overlying bedrock 
of similar lithology. Alternately, the dissimilarities may indicate small scale layering in the 
intrusive.

Fractured but continuous rock core, 1.5 m in length, was recovered from the bottom of 
the Center hole (Fig. 2.9). Grinding between the different pieces o f 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 potassium feldspar but no hornblende. 
The identical chemistry and length o f core argue that the entire sample is bedrock although 
it could also be a single very large boulder. Thus, although Center and Nl are only 300 m 
apart, the lithologies 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 composition that is exposed 6 to 10 km west o f the field site in the Aurora terrane 
on the north side of the fault (Nokleberg and others, 1992). However, Center bedrock 
is distinctly plutonic, 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
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granodiorite of the ‘East Susitna Batholith’ . south o f the glacier (Nokleberg and others. 
1992). Thus, not only do the ‘bedrock1 lithologies differ, they also appear distinctly 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, ranging
up to 1 km or more in width and our drill sites may very well lie over such a shear zone.
Alternatively, the gabbroic batholith exposed at the base o f Mount Moffit to the northeast 
o f the drill site, may extend under the glacier and could be the same gabbro encountered 
at Nl. The latter hypothesis could be tested with further analysis o f each gabbro and 
Ar-dating.

2.5 DISCUSSION

The results presented above lead us to the following questions:

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

(ii) Is the till-water-ice mixture stable?

(iii) 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?

2.5.1 Ice content of the till samples

In the above section we argued that some of the till samples recovered in the uppermost
meter of the till layer at the Nl and N1A boreholes contained ice. The samples were not
frozen solid, since they could easily be broken apart. If the ice was simply a part of the 
solid soil structure, about half o f the water (10 to 15% o f 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
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this is an upper limit, because ice also has a bonding effect that can increase the stability 
of the whole matrix. We are not able to 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.

2.5.2 Stability of an ice-water-till conglomerate

When either one o f the till samples was dried and reconstituted with a water content of more 
than 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 o f a fragile skeleton o f high porosity (higher than a sample consoli
dated in the lab) that is stabilized by the bonding action o f 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 con
nected to a subglacial hydraulic 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 estab
lished and the ice would melt.

Therefore, we sampled till that was potentially unstable in the encountered configura
tion. This unstability 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).

2.5.3 Formation of ice in the till

Two processes allow the formation of ice in till: regelation and freeze-on of water and till 
particles onto the basal ice. Regelation o f basal ice into a till layer was described by Iverson 
and Semmens (1995) who also explored this idea experimentally. They concluded that — 
under conditions similar to those at Black Rapids — one would not expect regelation to 
proceed much further than 1 m 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
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strain heating, but we did not sample any till matrix below 1.2 m from the ice-till interface. 
Thus regelation can possibly explain ice in the till.

A more detailed treatment o f regelation into a till layer shows that a regelation front 
would be very uneven because ice would not regelate into small pore spaces due to surface 
tension effects. This was treated by Everett (1961) and applied to subglacial tills by Tu- 
laczyk (1998). The driving force for regelation is the effective pressure (difference between 
ice overburden and pore water pressure). A simple calculation shows that effective pressures 
o f 100 kPa — typically observed beneath Black Rapids Glacier — would not drive regela
tion through pore spaces smaller than ~  10-6 m. Borehole measurements show effective 
pressures that are one order of magnitude higher during short periods in summer. During 
such times regelation could proceed through passages larger than ~  10~7 m. The recovered 
till was rather coarse however (Fig. 2.10) to use this mechanism to explain the high water 
contents. A knowledge of the size of pore spaces and passage ways would be required to 
settle the question ultimately.

Ice in a water saturated till matrix can also be formed as a consequence o f 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 immediately adjacent low pressure area. This leaves 
cold patches that advect downglacier. Robin (1976) estimates that a temperature anomaly 
of as much as 0.5°C below 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 centimeters of 
interstitial water at the top o f the till layer, which is too little to account for the sam ple 

recovered from near the top o f the layer.
Nolan and Echelmeyer (1999b) proposed large variations in the local overburden pressure 

due to hydraulic jacking. This would happen at times o f high water discharges, such as lake 
drainages, when the subglacial channels are overpressured. A reduction o f 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.

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

In summary, regelation and freeze-on o f cold water could both potentially lead to a 
till-water-ice mixture. The occurrence of water as well as ice can be explained by inhibited 
regelation due to small passages for the former mechanism and differences in the local 
pressure melting point for the latter.

2.5.4 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 
Hindmarsh (1996) and Cuffey and Alley (1996), who find 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 dis
crete shear zones. These shear zones can change position due to water pressure fluctuations 
that diffuse into the till layer. He concludes that a diurnal water pressure variation of 10 kPa 
amplitude would affect a till with a hydraulic diffusivity of about 10-6 m2 s-1 to a depth of 
about 0.3 m. Consolidation tests on Black Rapids till show a hydraulic diffusivity of about 
10~°m 's~l. If seasonal variations are taken into account, then the pressure variation and 
therefore the weak zone can diffuse to the bottom of a 7.5 m thick layer. It is therefore 
plausible that the whole layer is active and that erosion is happening, intermittently, at the 
base of the active till beneath Black Rapids Glacier. This conclusion holds true even if the 
hydraulic diffusivity were almost a magnitude lower. A lower diffusivity should be expected 
in the uppermost ice bearing till, because the above 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

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26

depositional environment. It is possible, however, that deposition is a sporadic process, as 
discussed by Iverson and Semmens (1995). They show that changes in the effective pressure 
and in the sliding speed can change subglacial conditions from regelation into basal till to 
melt out o f basal debris. Regelation and melt out (deposition) are competitive effects. 
Because melt out is a function o f the basal shear stress and basal motion, and regelation is 
a function of the effective pressure, it is possible that deposition only happens at times of low 
effective pressures and high basal speeds (high melt rate), such as in early summer or under 
surge conditions. If massive melt out were to take place during a surge one would expect 
debris to accumulate in basal ice during quiescent conditions. The basal ice is relatively 
clean, however. This argues against such a cycle and the scenario o f 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 at the time of the sampling.

The lithology of the till clasts indicates that the erosional source is somewhere within 
2 km upstream of the drilling site, above which point the glacier bends to the south and 
overlies different bedrock, south o f the Denali Fault. Alternatively, the till could have been 
supplied from one of the northern tributaries with transport distances of up to 12 km. 
Only 14% of the recovered 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 is therefore of local origin and was 
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 till matrix 
also suggest that the transport distance of the till is not very long (Haldorsen, 1981; Hooke 
and Iverson, 1995). Clasts o f boulder size were encountered in the till. They indicate that 
plucking is occurring upstream of the drill site (Rothlisberger and Iken, 1981; Hallet. 1996). 
The lithological diversity o f the recovered clasts indicate that the bed upstream of the drill 
sites must be relatively inhomogeneous, reflecting the diversity o f the bedrock around the 
glacier.
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2.5.5 Debris layers in basal ice

Basal debris layers, separated by clean ice, occurred as high as 12 m above the bed. Law
son and Kulla (1978) and Strasser and others (1996) encountered a similar situation at 
Matanuska Glacier. Their isotopic study suggests that the ice was refrozen melt water, 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 within a short 
distance of the drilling site. The debris encountered in our cores does not look surficial. 
because it is of similar lithology as the underlying bedrock and because it shows signs of 
abrasion and crushing. Some of the layers closer to the ice-till interface 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 three 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).

2.5.6 Implications for surge behavior

The possible instability o f a till-water-ice mixture discussed above could relate to the surge 
behavior. However we have sampled such a till at only one location and it could be a very 
local phenomena.

The most striking result o f 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 evacuation occurred in the two years of the surge and the bulk in 
probably only two 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 is 
unclear whether the high erosion rates are a prerequisite rather than a consequence of the 
surge behavior.
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2.6 SUMMARY

VVe have shown that a commercial wireline drill rig is capable of drilling in a subglacial 
environment under an ice thickness of up to 600 meters. The problem o f basal motion can 
be overcome by drilling early in the season and by reducing the drilling time to a minimum. 
Early season drilling also ensures a more solid working surface, when we could move the 
drill rig across the glacier. There are substantial difficulties in sampling subglacial till. A 
combined punch corer -  rotary 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 has to be used judiciously: too much o f 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. Nl lies within the Denali Fault zone, while Center 
may be a tectonic sliver that is not exposed on either side o f the glacier. The tectonic shear 
zone is at least 300 m wide, possibly as much as 1 km. 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 o f the till.

A till layer of 7.5 m at Nl and 4.5 m at Center was encountered, confirming the predic
tions of Nolan and Echelmeyer (1999a and b). The till is o f local (north o f the Denali Fault) 
origin, with only 14% of the clasts originating south o f 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 ice-till interface). This ice could have been formed 
by regelation or freezing of cold water. The till contains a minimum o f 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 o f samples just below the interface is 20-30%, much higher than 
the liquid limit, suggesting the presence o f  ice. Such an till-water-ice mixture is potentially 
unstable.

Debris layers in basal ice were encountered as far as 12 m above the ice-till interface. 
Immediately above the interface at Nl, steeply inclined mud dikes were sampled. They
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either represent flow along shear planes or recently filled-in basal cracks.
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Chapter 3

Glacier motion dominated by 
processes deep in underlying till

MARTIN TR U FFER, W ILLIAM  D. HARRISON a n d  KEITH A. ECHELMEYER 
Geophysical Institute, 903 Koyukuk Dr.. University of Alaska Fairbanks, Fairbanks AK

99775-7320, USA

ABSTRACT1. Black Rapids Glacier is a 40 km long, surge-type glacier in the central 
Alaska Range. In spring 1997 a wire line drill rig was set up at a location where the 
measured surface velocities are high and seasonal and annual velocity variations are large. 
The drilling revealed a layer of subglacial ‘till5, up to 7 m thick, that is believed to be water 
saturated. At one location a string of instruments, containing three dual-axis tiltmeters 
and one piezometer, was successfully introduced into the till. The tiltmeters monitored 
the inclination o f the borehole at the ice-till interface, 1 m into the till, and 2 m into the 
till for 410 days. They showed that no significant deformation occurred in the upper two 
meters of the till layer, and no significant amount of the basal motion was due to sliding of 
the ice over the till. The measured surface velocity at the drill site is about 60 ma_I, of 
which 20-30 m a_l can be accounted for by ice deformation. Almost the entire amount of 
basal motion, 30-40 m a-1 , was taken up at a depth in the till greater than 2 m, possibly 
in discrete shear layers, or as sliding o f till over the underlying bedrock. We propose that 

'in  press: Journal o f Glaciology
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the large-scale mobilization of such till layers is a key factor in initiating glacier surges.

3.1 INTRODUCTION

Early models of basal motion commonly assumed that glaciers were underlain by clean 
bedrock. Some borehole studies, however, showed the presence of a layer of sediments 
beneath the ice (Engelhardt and others, 1978). The importance of such a layer for glacier 
dynamics was demonstrated by the work of Boulton and Hindmarsh (1987) who measured 
the positions of strain markers and pore water pressures in a sediment layer beneath the 
terminus of Breidamerkurjokull in Iceland, and by Echelmeyer and Zhongxiang (1987), who 
measured the distribution of basal motion in a tunnel at the terminus o f Urumqi Glacier 
in China. Interest in till deformation was stimulated by the evidence for a water saturated 
till layer beneath Ice Stream B (Blankenship and others, 1986) that was interpreted to be 
soft and deforming (Alley and others, 1986)2. In a subsequent drilling effort samples of the 
underlying till were recovered and high basal water pressures — within about 160 kPa of 
the ice overburden pressure — were measured (Engelhardt and others, 1990).

Although the importance of subglacial till in glacier motion has been recognized, there 
remains controversy about its rheology. Boulton and Hindmarsh (1987) concluded that 
till was deforming like a nearly linear viscous fluid. Kamb’s (1991) tests on Ice Stream 
B samples suggested a highly non-linear behavior. Iverson and others (1998) summarized 
several shear tests carried on to high strains in a ring shear apparatus. They show a shear 
strength of the material that is essentially strain rate independent, i.e. a Coulomb-plastic 
rheology. The consequences of such a rheology for subglacial material has been examined by 
Tulaczyk (in press) and Tulaczyk and others (subm.). They and Iverson and others (1998) 
also pointed out that a Coulomb-plastic rheology can produce distributed motion in a till 
layer.

Several instruments have been developed for in-situ studies of subglacial sediments: 
borehole cameras (Harrison and Kamb, 1973), tiltmeters, pore pressure transducers, drag 
spools, and ploughmeters (Blake and others, 1992, 1994; Fischer and Clarke, 1994). Work 
with a combination o f such instruments has suggested that — at least in some cases —

2In this paper we will call all unlithified subglacial material ‘till’, irrespective of its origin.
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episodes o f fast motion are caused by sliding of ice over till and not by till deformation 
(Hooke and others. 1997). Engelhardt and Kamb (1998) used a tethered stake to conclude 
that a majority of the observed surface velocity at Ice Stream B was due to sliding of ice 
over till, or possibly deformation o f a very thin (3 cm thick) till layer.

Observations of subglacial till have also been made in tunnels cut into the ice in the 
terminal area of glaciers. Boulton and Hindmarsh (1987) observed distributed motion in 
the uppermost 50 cm of the till that accounted for 80-95% of the observed glacier mo
tion. Echelmeyer and Zhongxiang (1987) showed that 60-85% of the motion o f sub-freezing 
Urumqi No. 1 Glacier in China was due to basal processes: enhanced deformation o f ice
laden till, motion across discrete shear planes, and basal sliding at the ice-till interface. 
Motion across shear bands and planes accounted for 10-25% of the total glacier motion. 
Sliding of ice over bedrock or till, till deformation and faulting within the till, and perhaps 
even sliding of till over underlying bedrock have all been suggested as mechanisms of basal 
motion (e.g. Knight. 1999. his Fig. 7.1). although the relative magnitudes o f these processes 
remain uncertain.

In this paper we use data from one location on Black Rapids Glacier. Alaska, to investi
gate the contribution of basal motion to the observed surface motion of the glacier. Detailed 
measurements allow us to ascertain where in the basal layer this component of motion is 
occurring. The implications of our findings are then discussed in terms of till deformation 
and also surge initiation.

3.2 SETTING

Black Rapids Glacier is a 40 km long surge-type glacier in the central Alaska Range. It 
last surged in 1936/37. The glacier has been investigated since the early 1970s by the U.S. 
Geological Survey, the University of Alaska Fairbanks and the University o f Washington. 
Heinrichs and others (1996) describe the glacier in its quiescent state. More recent work 
includes a seismic study (Nolan and Echelmeyer, 1999a, 1999b) in which changes in the 
seismic return signal on very short time scales — as little as half an hour —  were observed. 
They could only explain this observation with drastic changes of the overburden pressure 
on a water saturated till layer, at least 5 m thick. These changes occurred as a result o f the
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draining of marginal lakes.
In spring 1997 a wire line drill rig was set up about 15 km from the head of the glacier 

in an effort to sample basal ice, subglacial till and underlying bedrock (Truffer and others, 
1999). This is the area o f the glacier where the velocities are high, where large seasonal 
and annual velocity variations are observed (Heinrichs and others, 1996), and where the 
above mentioned seismic study was carried out. The glacier’s maximum thickness is over 
600 m at that location, and the surface slope is about 2°. Drilling to bedrock was successful 
in two places, where we measured a thickness o f the till layer o f 7.5 m at N1 and 4.5 m 
at Center (Fig. 2.1, Truffer and others, 1999). Basal ice. containing some dirt layers, was 
clearly separated from the underlying till. The upper few centimeters or decimeters did 
contain some ice, however. A recovered sample o f till matrix from the top of the till layer 
underwent several soil engineering tests (see 3.4.3).

A string of three tiltmeters and one piezometer was installed in borehole N1A (Fig. 2.1). 
At that location the ice thickness was 499 m. This paper concentrates on the results of this 
borehole experiment.

3.3 METHODS

In this section we discuss the methods used to measure surface motion, ice deformation, 
motion of the underlying till, and water pressure. The results are reported in the next 
section.

3.3.1 Surface motion and deformation of the ice

The glacier’s surface motion at the drill site was measured over various time scales. The 
annual displacement of the borehole marker was measured by resection with a theodolite. 
In June 1997 a GPS receiver recorded the position of a nearby stake four times a day for 
three weeks. Upstream o f the drill site a camera has taken one picture a day since 1986 to 
record the motion o f a pole.

Internal ice deformation in borehole N1 (located 10 m to the north of N1A) was measured 
with a retrievable inclinometer that was equipped with two mutually perpendicular tilt 
sensors and a compass. The inclinometry was performed on three occasions: 16 May, 1
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June, and 28 June 1997.

3.3.2 Measurements within the till

Three tiltmeters were installed near the bed and in the till; the uppermost at the ice-till 
interface, and the others at 1 m and 2 m below the interface (Fig. 3.1). This distance was 
measured from the top of the borehole down, as well as from the bottom up. The total 
length of the borehole was very well known from the wireline drilling. The two methods of 
measurement were in excellent agreement. The elastic properties o f the instrument cable 
were measured prior to installation, and the 1.5 m stretch of the cable due to a 20 kg load 
at its end was taken into account. The buoyant weight of the cable was 20 kg. Potential 
errors result from additional stretching of the cable due to its own weight, the buoyancy 
of the steel weight in a drill mud of a density unknown to us, and from the possibility of 
caving in of parts o f the borehole before instrument insertion. These errors add up to a 
maximum of 0.5 m in the position of the instruments.

The instruments were mounted on a cable of 1.3 cm diameter (Cortland Cable Company) 
that was designed to stretch up to 30% before breaking. We used dual-axis electrolytic 
tiltmeters (Fredericks) with a measuring range of 0° to 30°. A datalogger (Campbell 21X) 
recorded tilt along both axes, which was converted to total tilt and azimuth (Fig. 3.2). 
Changes in azimuth cannot be distinguished from rotation o f the instrument around its 
own axis, because no compass was used. We assume that such rotation is small because it 
would induce torsion in the short section of cable between the individual instruments. The 
tiltmeters were mounted in 16 cm long cylindrical pressure cases, 7 cm in diameter.

Pore water pressure was measured with a vibrating wire piezometer (Geokon) 0.5 m 
below the ice-till interface. The instrument had a range of 7 MPa and a resolution of 3 
kPa. Borehole water levels were also recorded with a pressure transducer at 150 m below 
the glacier surface. This transducer was less accurate and subject to systematic errors.
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Figure 3.1: Postion of the instruments. Schematic drawing of the borehole instruments and 
their position in the borehole, as discussed in the text.
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Figure 3.2: Dual axis tilt measurement. Tilt is measured along two axis (dotted lines). It 
is then converted into total tilt and azimuth (bold lines).

3.4 RESULTS

3.4.1 Surface displacement and ice deformation

The average annual surface velocity was about 60 m a _l at the borehole location. This 
implies a surface displacement of almost 70 m for the 410 days of borehole data collection. 
The position of a marker 300 m to the south of the drilling site was measured with a 
theodolite and an EDM until JD 155. and then four times a day using GPS methods. 
Fig. 3.3a shows the horizontal velocity. The spring speed-up on 7 June and several other 
events are prominent features of the record. The one on 21 June was a result o f the drainage 
of a marginal lake upstream of the drill site, observed by an automatic camera. These events 
are very well resolved, as the GPS derived velocities have an error of less than 6 cm d-1 
(see error bar in Fig. 3.3a).

Only the lowermost 100 m of the inclinometry record could be interpreted because, 
apparently, the borehole was too wide in its upper part to yield meaningful results. Under 
the assumption that the upper part of the borehole does not contribute significantly to the
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June

Day of the year 1997

Figure 3.3: Velocity, water pressure and tilt, a) Velocity measured with theodolite and 
EDM (before JD 155) and GPS methods (thereafter), b) Water pressure measured 0.5 m 
below the ice-till interface. Total tilt o f the tiltmeters at c) the interface, d) 1 m and e) 2 
m below it. Note the different scales on the ordinate axes.
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total deformation, we derived deformational speeds of 19 m a-1 for the period between 16 
May and 1 June, and of 23 ma-1 for the period between 1 June and 28 June. On 7 June 
1997 the annual spring speed-up occurred and the surface velocity of the glacier rose by a 
factor of three (Fig. 3.3a). This did not significantly affect the results o f the inclinometry. 
A second estimate o f deformational speed can be obtained from winter velocities. Minimum 
observed velocities amount to 35 ma-1 . This is an upper estimate for the deformational 
speed, because there is reason to believe that basal motion is occurring year round (Heinrichs 
and others, 1996). A third estimate of about 30 m a-1 was obtained by using a model based 
on Kamb and Echelmeyers (1986) longitudinal averaging method. For the remainder of 
the paper we will assume that 20 to 30 m a-1 is due to deformation of the ice. This implies 
basal motion o f 30-40 m a-1 .

3.4.2 Measurements in the till

Tiltmeter and piezometer data were recorded from 8 May 1997 until 22 June 1998. when 
water flooded the datalogger box. Data gaps resulted from using up the storage module's 
memory in summer 1997 and loss of battery power in winter 1998 (Fig. 3.4). We had 
expected the cable to break during one of the early speed up events in spring 1997. The 
fact that data were still being recorded well over a year after initiation of the experiment 
came as a major surprise.

Fig. 3.5 shows the tiltmeter records in a projection of the tiltmeter axis on a horizontal 
plane. The total change in tilt between the first and the last measurement is 3.4° for the 
uppermost, 4.9° for the second, and 1.8° for the lowest tiltmeter, implying 13 cm of basal 
motion over the uppermost 2 m of till.

The small values of total tilt, the fact that the cable was still intact after 410 days, and 
the estimate of 35 to 45 m of basal motion during that time interval lead us to conclude 
that the majority (50 to 70%) of glacier motion occurred below the lowermost tiltmeter, 
i.e. below 2 m in the till (Fig. 3.6).

At times there appears to be larger tilt but this tilting seems to be a reversible phe
nomenon. The tiltmeter at 1 m below the interface shows one jump of about 15° on JD 207, 
and then several excursions later on, all in the same direction (Fig. 3.4 and 3.5). All of the 
tiltmeters show diurnal variations at some times. No permanent tilting is associated with
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Jui Sep Nov Jan Mar May Jul

Day of the year 1997

Figure 3.4: Total tilt and water pressure. Total tilt a) at the interface, b) 1 m below, and
c) 2 m below. Azimuth is not shown in this graph, d) Water pressures measured at 0.5 m 
below the interface (solid line), and at 150 m below the glacier surface (dotted line). The 
borehole waterlevel record was converted to pressure at the position of the piezometer in 
the till. They overlap from JD 180 to JD 195, when a shift in the waterlevel record occurs.
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Figure 3.5: Stereo plots of tilt. The total path of the tiltmeter axis projected on a horizontal 
plane (i.e. the x-y plane in Fig. 3.2. a) Tiltmeter at the interface, b) 1 m, and c) 2 m below. 
The open circles mark the start and the open squares the end of the record. The circles are 
contour lines of total tilt.

Figure 3.6: Inferred distribution o f glacier motion. The diagram shows the inferred dis
tribution of glacier motion over the 410 day measurement period. 50-70% of the observed 
motion occurs below 2 m in the till, either on a series of shear bands or at the till-bedrock 
interface.
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speed-up events (Fig. 3.3), although the lowermost tiltmeter seems to react to the spring 
speed-up. and the uppermost and lowermost instruments show strong, but reversible spikes 
prior to the large speed-up event on 21 June (Fig. 3.3).

Fig. 3.4d shows the pore water pressure record. For about two months water pressures 
were simultaneously measured in the borehole at 150 m below the glacier surface. These 
measurements show that the piezometer in the till stayed hydraulically connected to the 
borehole for at least that long, as no phase lags and no attenuation of high frequency 
variations were observed. The transducer at 150 m below the surface is subject to systematic 
errors which explains the shift after JD 195.

3.4.3 Engineering properties of a till sample

A cylindrical till matrix sample of 11 cm length and 5 cm diameter was recovered from 
the top of the till layer in hole N1A. The sample contained some ice and a water content 
of 29% was measured after letting it melt. Sieving showed that only 6% of the samples 
weight is in the silt and clay fraction (Truffer and others, 1999). The remoulded till was 
tested in a triaxial apparatus and an oedometer. In addition, an Atterberg liquid limit of 
10% was determined in a liquid limit testing device (Bowles, 1992). Table 3.1 summarizes 
the results. The friction angle <p and the apparent cohesion ca define a linear relationship 
(Coulomb friction law) between the sample strength r and the effective pressure a':

r  =  ca +  o' tan(^) (3.1)

(e.g. Lambe and Whitman, 1979). The low apparent cohesion is expected for a granular 
material, but previously measured friction angles on glacial till were typically smaller than 
30° (Iverson and others, 1998). Our high value reflects the low silt and clay content (Lambe 
and Whitman, 1979) and the high angularity (data by D.B. Simmons shown in Julien, 
1995, his Fig. 7.2), although it might have been caused by a few large particles that were 
not removed before the test. The in-situ diffusivity of the till is likely to be lower than that 
measured in the oedometer due to the inferred presence of ice in the uppermost part of the 
till (Truffer and others, 1999).

Ring shear testing was done by Slawek Tulaczyk at the California Institute of Technology 
to test the strain rate dependence of the shear strength. The shear strength increased by
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soil density 2200 kg m-3
water content 29%
liquid limit 10%
friction angle 40°
apparent cohesion 1.3 kPa
hydraulic diffusivity 1.5 • 10_o m2 s-1

Table 3.1: Engineering properties o f a till sample from borehole N1A

only 2 kPa (from 21 to 23 kPa), as the strain rates were varied over two orders of magnitude, 
reflecting a highly non-linear nature o f the till. The slight increase in shear stress may reflect 
strain rate induced variations of effective pressure, and not a viscous effect (Kamb. 1991: 
Tulaczyk and others, in press).

3.5 DISCUSSION

In this section we will first discuss alternative interpretations of our data, and then give a 
tentative explanation for short term fluctuations in the record. After discussing a mecha
nism that can explain motion on shear layers deep within the till, we go on to discuss the 
glaciological consequences of these findings, in particular on erosion and the surge mecha
nism.

3.5.1 Alternative interpretations of the data

In the above section we have concluded that the majority of the observed surface motion 
originates from deeper than 2 m below the ice-till interface. We have considered several 
other possibilities, such as failure o f the instruments, pulling of the instruments out o f the 
till, and misinterpreting a dirty basal ice layer as water-saturated basal till. None of these 
possibilities can satisfactorily explain the results. If, for some reason, the instruments were 
placed in the basal ice rather than in the till, a steady tilting of much higher magnitude 
would be expected. The most likely alternative interpretation is that a substantial amount 
of basal motion occurs as sliding at the ice-till interface (Fig. 3.7). This could be the case
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under three conditions. First, the uppermost tiltmeter would have to be placed far enough 
from the ice-till interface not to be affected by the sliding motion. This is a possibility due 
to the uncertainties in the emplacement (see section 3.3). Second, the sliding motion would 
not have destroyed the cable. In principle, this is a possibility. If the induced stretch could 
be taken up over the entire length o f the cable, it could stretch up to 150 m, substantially 
more than the 35 to 45 m required from basal motion. It seems rather unlikely, however, 
that the cable survived such an intense shearing environment for well over a year, a view 
shared by the manufacturer (Jack Dower, Cortland Cable Company, pers. comm. 4/99). 
And. third, the instruments would have to be firmly emplaced in a very strong till. If they 
were not firmly emplaced, they would be pulled out of the till and into the ice. Although 
ice deformation accounts for only half or less o f the total surface motion, tilting rates at 
the bottom of the glacier are expected to be significantly higher than those recorded by the 
tiltmeters. If they had been pulled out o f the till, one after the other would have recorded 
higher tilting rates. If the till was not strong, the instruments would be dragged through 
the deformable till, again causing appreciable amounts of tilting in one instrument after the 
other. This is not observed. On the other hand, the tiltmeter at 1 m below the interface, 
exhibits several excursions o f up to 15° of tilt. Also, the lowermost tiltmeter jumps by 
about 5° on ‘25 May 1998 (Fig. 3.4). At about this time the spring speed-up, which was 
not recorded in 1998, is expected to happen (Fig. 3.3). The other tiltmeters do not record 
this event, or at least not as clearly. This observation fits very well with the idea of shear 
layers just below the instruments, but not so well with the idea o f a strong till and a sliding 
interface between the ice and the till.

3.5.2 Short term fluctuations

We tested the idea whether a diffusing water pressure wave affected the till strength (Fischer 
and others, 1998) and thus some of the structure in the tiltmeter record (Tulaczyk, 1998; 
Tulaczyk and others, in press). We made the assumption that the pore water pressures 
in the till are driven by a fluctuating water pressure at the ice-till interface. The water 
pressure beneath a valley glacier normally drops to a minimum in summer, once a good 
drainage system is established (Fig. 3.4). This increases the effective pressure in the till and 
makes it stronger. Underlying till will still be at higher pore water pressures and therefore

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



44

Figure 3.7: Position of the instruments if sliding is dominant. Most of the basal motion 
would occur on a discrete sliding plane at the ice-till interface or in a thin layer o f sediments 
just below this interface.

lower effective pressures. It will deform more readily. We modeled pore water pressures in 
the till by numerically solving the one dimensional diffusion equation

dp _
dt vdz2 (3-2)

(de Marsily, 1986), where p is the pore water pressure and Cv the hydraulic diffusivity 
of the till. The measured water pressures were prescribed at the top of the till layer — 
interpolating through the data gap and assuming the pressure has a periodicity o f one year. 
A zero gradient of hydraulic head was assumed at the bottom. We then compared the 
modeled results with a smoothed record o f measured tilts (Fig. 3.8). The largest changes in 
tilt are observed at the time when the low water pressure wave reaches the corresponding 
tilt meter, but otherwise the correlation between the two curves is not strong. The best 
agreement between the curves was obtained when a hydraulic diffusivity o f 3 - 10- ' m2s-1 
was used, and five day averages of tilts were plotted. The diffusivity is somewhat smaller 
than that measured on a sample (10~° m2s-1 ), but due to the inferred presence o f ice in 
the uppermost part of the till layer, we expect that the lab test overestimated the hydraulic

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



45

diffusivity (Truffer and others. 1999).
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Figure 3.8: Modeled, pore pressure and tilt, a) Observed water pressure used as input for 
the model, b) and c) Modeled pore water pressures and averaged total tilt (step plot) 1 m 
and 2 m below the interface.

Although the overall measured tilt rate is negligibly small to affect surface motion sig
nificantly, each of the tiltmeters indicates periods of high strain rates, both positive and 
negative. Such variations have been observed before (Blake, 1992), and have been inter
preted as elastic effects, due to changing local basal shear stress (Iverson and others, 1999) 
or effective stress (Tulaczyk, in press). Such, elastic effects are predicted by an elastic-plastic 
soil model if stress changes are not large enough to exceed a previously reached maximum 
(e.g. Wood. 1992). Nolan and Echelmeyer (1999b) concluded that lake drainage events 
cause hydraulic jacking and temporary changes in local ice overburden pressure. Together 
with changes in the pore water pressure and local shear stresses, rather dramatic switches 
in the stress state should be expected.

It should be kept in mind that the small scale features in the tiltmeter record are much 
harder to interpret because the tiltmeters are connected with a cable. The cable allows for

Jun Aug Oct Dec Feb Apr

Day of the year 1997
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a certain amount of interaction between the instruments and some o f the tilting could be 
due to pulling on the cable.

The tiltmeter record indicates that basal motion due to shearing in the upper 2 m of 
the till amounts to only 13 cm in 410 days. 50 to 70% of the glacier’s surface motion is 
occurring more than 2 m beneath the ice-till interface. The total tilts reported above are 
somewhat fortuitously small, since tilts as large as 20° are observed (Fig. 3.4). A uniform 
tilt o f 20° would still only amount to 0.7 m of basal motion, a negligible amount.

3.5.3 Motion deep in a till layer: other observations

Direct observations of the distribution o f motion in till layers have been made in tunnels 
near the glacier terminus (Boulton and Hindmarsh, 1987; Echelmeyer and Zhongxiang, 
1987). The latter observed shear bands in the frozen subglacial till beneath Urumqi Glacier 
in China, and concluded that 10-25% of the total surface motion occurred on such bands. 
The present study concludes that an even larger amount of motion can occur deep in 
the till layer of a relatively fast moving temperate glacier. In retrospect, several other 
observations also fit into this picture. Harrison and others (1986) used borehole TV on 
surge-type Variegated Glacier, and were surprised that they did not manage to measure 
significant motion across the ice-till interface. Iverson and others (1999) attributed the lack 
of significant till deformation in the upper 20 cm of the till layer to sliding o f the ice over 
the underlying till, but did allow that it could also be due to motion deeper in the till.

In a study of the Puget glacial lobe Brown and others (1987) concluded that ’basal 
motion was confined to the ice-bed interface or to distinct faults within the substrate', 
and that ‘shearing along discrete shear zones is evident and may amount to significant 
displacement’ (Brown and others, 1987, page 8994). Hiemstra and Van der Meer (1997) also 
concluded that glacial deposits from Wijnjewoude in The Netherlands contained discrete 
horizontal to sub-horizontal shear zones, along which strain was focused. Astakhov and 
others (1996) reported observations o f shear bands in West Siberian permafrost that was 
formerly overlain by glaciers. The occurrence of such discrete shear zones in glacial deposits 
has thus become textbook knowledge in glacial geology (e.g. Menzies and Shilts. 1996, page 
48), although it has not been possible to show the amount of displacement that occurs in 
such zones.
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Alley (1991) presented arguments for widespread till deformation beneath the Lauren- 
tide ice sheet. This contrasts with the view of Clayton and others (1989) who argue against 
pervasive till deformation on the basis o f till stratigraphy. It is also often assumed that 
coherent thrust sheets imply a frozen bed (e.g. Mickelson and others, 1983). The results 
presented in this paper might help resolve these paradoxes by allowing slip across discrete 
planes deep within unfrozen till layers. Such deep-seated slip may also help explain obser
vations o f large till sheets (up to 1000 km2) which have been displaced up to *250 km with 
little apparent internal deformation (references on page 328 in Van der Wateren. 1995).

Discrete shear zones are also observed in shear tests on granular materials (e.g. Mandl 
and others, 1977).

3,5.4 Is till deformation at a depth of over 2 m physically plausible?

The question of till deformation is intimately linked with that of the strength of the ice- 
till interface (Brown and others. 1987; Alley. 1989; Tulaczyk. 1998; Iverson. 1999). These 
studies show that this strength depends on the size of clasts and the grain sizes of till, and 
on the effective pressure at the interface. An interface between ice and coarse clast-rich 
till, such as the one encountered beneath Black Rapids Glacier, is expected to have a high 
strength, thus making till deformation more probable. The inferred presence of regelation 
ice in the upper part of the till (Truffer and others. 1999) only serves to make this coupling 
stronger.

Tulaczyk (1998) described three different models o f basal motion over a water saturated 
till: sliding over the till, shear deformation at a depth that is determined by the minimal 
effective pressure (overburden minus pore water pressure), and shear deformation at a depth 
determined by the minimum of the past maximum effective pressure. The last model, ’the 
perfectly over-consolidated till*, takes into account the memory of a granular material. 
When subjected to a shear load, a granular material will exhibit a peak strength that is 
determined by the maximum effective pressure it has experienced since it was last disturbed. 
If this maximum is higher than the current effective stress, the till is called overconsolidated 
(Clarke, 1987). The maximum effective pressure is the difference between the overburden 
pressure, which increases linearly with depth in the till, and the minimum in water pressure 
over a given time period at a certain depth. This minimum water pressure increases with
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depth due to diffusion. To model the depth-dependence o f the maximum effective pressure 
throughout the year, the water pressure was calculated by solving Equation (3.2) for a 7 
m thick till of hydraulic diffusivity Cv — 3 - 10- 'm 2s-1 and density ptm =  2700 kg m-3 . 
Figure 3.9 shows the resulting annual maximum effective pressure as a function o f depth. 
A strong decrease in the first 2 m is followed by a broad minimum at around 3.5 m and an 
asymptotic decrease that reflects the increasing overburden pressure. The position o f this 
minimum in the annual maximum effective pressure reflects the position o f the smallest value 
of peak strength, and marks a likely place for a shear layer. Using a hydraulic diffusivity 
of Cv =  10~° m2s-1 (Table 1) places such a layer even deeper in the basal zone, at 4.6 m 
below the ice-till interface.

3

Figure 3.9: Maximum effective pressure as a function o f depth. Overburden pressure in
creases linearly with depth. The annual minimum of the water pressure was calculated by 
solving a diffusion equation.

In a proper model of basal motion, the strength of the till-bedrock interface has to be 
considered as well. It is possible that this interface is rather smooth, and that it is the 
weakest point in the basal ice - till - bedrock system. Sliding o f till over bedrock has been

effective pressure (MPa)
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discussed by Cuffey and Alley (1996) and Hindmarsh (1996).

3.5.5 Erosion and till mass balance

The glacier’s main accumulation area lies to the south o f the Denali Fault from where 
it crosses into the main fault valley about 3 km upstream of the drill site. In Truffer 
and others (1999) we concluded that about 85% of the till sampled in the boreholes was 
derived from the northern side of the fault. On the northern side or along this fault the 
glacier extends between 7 km (ice divide) to 12 km (head o f the westernmost tributary) 
upstream from the drill site (Fig. 2.1). If between 2 m and 7 m o f till were to be carried 
along at the rate of the basal motion, the average upstream erosion rate would have to 
be 4-30 mm a-1 . This is somewhat higher than what is thought to be typical of alpine 
glaciers (e.g. Bennett and Glasser, 1996), but agrees well with the high rates foimd in 
Southeast Alaska (Hallet and others, 1996). Humphrey and Raymond (1994) found that 
the erosion rate on Variegated Glacier was directly proportional to the ice velocity. They 
calculated a dimensionless erosion rate — the ratio o f erosion rate to ice velocity — on the 
order o f 10-4 for Variegated Glacier, and they showed that a similar rate was found for 
Glacier d’Argentiere and Breidamerkurjokull. If this ratio applied at Black Rapids Glacier, 
an erosion rate of 6 mm a-1 would result, just at the lower limit of the above estimate. 
It is possible that sliding of till over the underlying bedrock is the erosional mechanism 
for supplying this substantial amount of till (Cuffey and Alley, 1996; Hindmarsh, 1996). 
The presence of large clasts and boulders in the till (Truffer and others, 1999) shows that 
abrasion cannot be the only erosional mechanism, however, and plucking has to occur as 
well.

3.5.6 Implications for the surge behavior

Black Rapids is a surge-type glacier and naturally the question arises if our observations can 
bring us a step closer towards understanding surge behavior and initiation. The fast motion 
during the 1982/83 surge o f Variegated Glacier was accompanied by water pressures close to 
overburden (Kamb and others, 1985). Dye tracing experiments indicated a complete switch 
from a fast to a slow drainage system between non-surge and surge condition (Brugman, 
1986), and large volumes of water were released at times o f decreasing velocities (Humphrey
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and Raymond. 1994). This has also been observed at the surge termination of the Kolka 
Glacier (Krenke and Rototayev, 1973) and the West Fork Glacier (Harrison and others, 
1994). Kamb’s (1987) model o f a switch from a drainage system consisting of R-channels 
to a linked cavity system can account for these observations. It assumes that the glacier 
is underlain mainly by clean bedrock, however, most likely a significant oversimplification 
(Harrison and others, 1986: Humphrey and Raymond, 1994: Truffer and others, 1999).

We suggest that a switch in the drainage system is not the cause but rather an effect o f 
fast glacier motion. Surges could be initiated by the large scale mobilization of subglacial till. 
This would happen as basal shear stresses exceed a critical value (Boulton and Jones, 1979: 
Clarke and others, 1984). Increasing shear stresses have been observed on Variegated Glacier 
prior to the 1982/83 surge (Raymond and Harrison, 1988). An efficient drainage system, 
such as one consisting of R-channels, will presumably be destroyed by high basal motion, 
causing a switch to a slowly draining system, such as the distributed ‘canals’ suggested by 
Walder and Fowler (1986), with a substantial amount of water storage and high basal water 
pressures. This makes sustained fast motion possible. The sudden release of the stored 
water will cause an abrupt slow down or an end to the surge. The interaction between 
the subglacial hydraulic system and basal motion in the context o f till mechanics is not 
understood well enough to elaborate further.

The mechanism suggested here is in accord with observations made on the surging 
Variegated Glacier, and it emphasises the role of a subglacial till layer. It establishes the 
presence of a highly erodible glacier bed as a necessary, but not sufficient condition for 
glacier surging, as has been proposed before (Wilbur, 1988: Hamilton and Dowdeswell, 
1996). A glacier geometry that allows the build-up of high basal shear stresses is possibly 
a second necessary condition.

3.6 CONCLUSION

Results from surface motion measurements, borehole inclinometry, and tiltmeters installed 
in the till beneath Black Rapids Glacier reveal that between 50% and 70% of the observed 
surface motion occurs at depths in the till layer greater than two meters. This study was 
conducted in the most active area of the glacier, where the observed surface motion is large.
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and where a 7 m thick subglacial till layer exists. It is possible that the basal motion is 
occurring on a system o f discrete shear zones or at the till-bedrock interface. Shear zones at 
relatively large depths can be explained with a simple model o f "perfectly over-consolidated 
material’ and diffusion of water pressure into the till.

The small-scale structure of the tiltmeter record cam be tentatively explained, although 
the interpretation is much more difficult and involves more assumptions. At any rate, the 
majority o f the observed tilting events are reversible, and the total measured tilt corresponds 
to only 13 cm o f basal motion (within the 2 m sampled) over the 410 days of measurements, 
as compared to the 70 m observed at the surface.

The observation that the upper part of the till layer is not deforming substantially 
is difficult to reconcile with a viscous model o f the till which would require decreasing 
deformation rates with depth. The heterogeneity o f the subglacial till (Truffer and others, 
1999) cautions against applying simple continuum mechanical concepts to the study of this 
material.

The results o f this field study have implications for the interpretation of the geologic 
record, such as far-traveled till sheets and the pervasive deformation versus soft till debate 
on the southern Laurentide Ice Sheet.

Our observations suggest that the large-scale mobilization o f subglacial sediments plays a 
dominant role in the surge mechanism. Such mobilization could occur as the glacier reaches a 
•surge geometry’ at which a critical basal shear stress is reached. Taking a broader view, the 
mechanisms o f velocity variation on several time scales observed on Black Rapids (Heinrichs 
and others, 1996) and many other glaciers (Willis, 1995) also need to be examined within 
the framework o f our observations, but to do so is beyond the scope o f this paper.

This study, among many others, shows the importance of basal processes in the under
standing of glacier dynamics. It could be argued that a knowledge o f till rheology is at least 
as important as that o f ice rheology, and that the till mass balance, perhaps conventionally 
considered within the realm of glacial geology and geomorphology, is as important to the 
dynamics of the glacier as is the more familiar surface mass balance. More specifically, our 
study shoes that it is important to consider the full extent of the till layer, and not just the 
uppermost few centimeters. This is a challenge to both field and theoretical studies.
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Chapter 4

Implications of till deformation on 
glacier dynamics

M ARTIN TRU FFER, KEITH A. ECH ELM EYER a n d  W ILLIAM  D. HARRISON 
Geophysical Institute, 903 Koyukuk Dr., University o f Alaska Fairbanks, Fairbanks AK

99775-7320, USA

ABSTRACT1 The dynamics of glacier motion are governed, to a large extent, by the 
properties of the basal interface. In this paper we address the interaction o f a glacier with 
a layer o f till at its bed in an attempt to test whether our physical understanding of till is 
sufficient to explain general features o f observations made on Black Rapids Glacier, Alaska. 
We also investigate whether or not a till layer leaves a clear surface-observable signature in 
the dynamics of the glacier. Towards this end we use a finite element ice-flow model with the 
basal boundary condition determined by a Coulomb failure criterion for the till layer. We 
show that simple ‘till physics’ can be used to describe secular (decadal), seasonal, and short 
term (hours to days) velocity variations. Expansion and contraction o f an extensive till 
layer (~  5 m thick) can possibly explain surface uplift events and dye tracing results. The 
data and our analysis, however have not resulted in the identification o f a clear signature 
of the till layer in the surface dynamics o f the glacier.

'This chapter will be submitted to the Journal o f Glaciology
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4.1 INTRODUCTION

4.1.1 Motivation

Observations on many glaciers suggest that till may be common beneath them, yet most 
models o f glacier behavior are based on the physics of a sharp ice-bedrock interface. We 
know that till is present under parts of many valley glaciers and ice streams, and that it 
is often actively deforming. It is therefore important to put forward a glacier model that 
is based on a consistent picture of till physics. Towards this goal, we investigate whether 
our understanding of till is sufficient to explain at least the general features of surface 
observations. We also attempt to identify a possible signature of a till layer, that is. a 
characteristic surface observation that would allow a clear distinction between a glacier 
underlain by deforming till from one underlain by clean bedrock.

4.1.2 Previous work

Field studies o f valley glaciers underlain by till have been concentrated on Trapridge Glacier 
and Storglaciaren. Hooke and others (1997) and Fischer and others (1999) have shown that 
the coupling of ice and till becomes weaker during times of faster basal motion. However, 
we have not found this to be the case beneath Black Rapids Glacier, Alaska (Truffer and 
others, in press). On this glacier the differential motion across the ice-till interface could 
have been, at most, a small fraction of the required 30 to 40 m annual basal motion.

Modeling studies involving subglacial till have often been based on the assumption that 
basal till is deforming viscously (see Paterson, 1994 for many references). This is in direct 
contrast to deformation studies on small samples that indicate a Coulomb-plastic rheology 
(Kamb, 1991; Iverson and others. 1998; Tulaczyk and others, in press). These latter authors 
also offer some explanations of observed features in tiltmeter records in terms of an elastic- 
plastic till model. Clarke (1987) laid out a frame work to describe till in the context of 
soil mechanics. Our observations beneath Black Rapids Glacier support the laboratory 
studies, and provide additional evidence that, at least in some cases, till does not follow a 
viscous rheology (Truffer and others, in press). In this paper we will use a perfectly plastic 
rheology for till, consistent with our observations. We therefore assume that there is no 
till deformation if the basal shear stress is below the failure strength o f the till, and the
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strength of the till is independent o f the deformation rate. We will explore such a model in 
the context of glacier motion and hydrology.

A whole spectrum of basal conditions, ranging from several meter thick till layers to 
relatively clean ice-bedrock interfaces, are probably encountered in nature. Many of the 
observations discussed in this paper have previously been discussed in the context of a 
clean ice-bedrock interface. We are addressing the other end of the spectrum in this paper.

4.1.3 Black Rapids Glacier

Black Rapids Glacier is a 40 km long glacier in the central Alaska Range. It is a surge-type 
glacier that is presently in its quiescent phase. It has been investigated in detail since 1973, 
with measurements of mass balance and velocities (Heinrichs and others, 1996), hydrological 
studies (Cochran, 1995: Raymond and others, 1995), radio echo sounding (Gades, 1998), 
seismic studies (Nolan and Echelmeyer. 1999a and b), a drilling program (Truffer and others. 
1999) and a till deformation study (Truffer and others, in press). The drilling program has 
revealed a 5 to 7 m thick till layer and the seismic study has suggested that it is at least 
locally abundant, the seismic signature being about 40.000 m2 in extent. The seismic study 
also found that the properties of the till layer can change rapidly throughout the till layer. 
The deformation study showed that a majority of the measured surface motion occurs at 
the bed and that this basal motion is occurring at a depth of more than 2 m below the 
ice-till interface. Recent observations also include high resolution (four times a day) surface 
velocities and vertical motion at three poles along the glacier, measured with GPS methods.

Most of these studies were focused on the area of the drill sites, because large velocity 
variations have been observed there. Figure 2.1 shows a map of the glacier and the location 
of the boreholes. The names of the boreholes used in this paper are Nl, Center, and Si. 
from north to south (Fig. 4.2). The depth at the center of the channel is 620 m.

4.2 FLOW THROUGH A GLACIER CROSS SECTION

In this section we will discuss the flow through a transverse section of the glacier simulated 
using a finite element (FE) model. The modeled transverse bed geometry was derived from 
a radio echo sounding profile at 15.5 km from the glacier head, close to drill sites. This
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model is used to calculate the glacier’s response to changes in driving stress and subgiacial 
water pressure.

4.2.1 Boundary conditions

The shear strength t s of a till layer along the transverse perimeter of the glacier channel is 
related to the effective pressure a  through a Coulomb failure criterion:

rs — ca +  tan 0 - a (4.1)

where 0 is the angle of internal friction and ca the apparent cohesion. The effective pressure 
a =  p0—pw is the difference between the overburden pQ and the water pressure pm. The pore 
water pressure depends on the water pressure at the ice-till interface and changes within 
the till, as discussed below. The apparent cohesion ca is neglected here. It is usually a 
negligible quantity, on one sample from Black Rapids Glacier we measured 1.3 kPa (Truffer 
and others, in press). The name ‘apparent cohesion’ results from the observation that 
Equation 4.1 is not strictly valid near zero effective pressure, at which the shear strength 
of a granular material is actually zero (Wood, 1990).

Equation 4.1 defines a relationship between the shear strength and the effective pressure. 
The material properties of the till are determined by the friction angle 0 (and the cohesion). 
In the remainder of this paper we will call a till 'stiffer' or ‘weaker’ if its shear strength 
changes as a result of changes in effective pressure. No change in material properties is 
implied with this terminology.

The distribution of water pressure along the glacier bed is determined by the nature of 
the subglacial drainage system. Walder and Fowler (1994) have proposed that water drains 
through shallow ‘canals’ in the till. They obtained a direct relationship between water 
flux and pressure which favors a distributed drainage system. This relationship, however, 
is a direct consequence of their assumption that canals have a depth independent of their 
width, an assumption open to question (Hooke, 1998). Nevertheless, we expect a distributed 
drainage system in the study area, which is in the upper ablation area near the maximum 
retreat of the snowline. Drainage is expected to be more distributed in the upper regions 
of the ablation area than lower in the ablation area, where it should be more channelized 
(Fountain and Walder, 1998).
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Data from boreholes show that water pressure can vary greatly over short distances 
(Hubbard and others, 1995: Murray and Clarke, 1995). Hubbard and others (1995) sug
gested that lower, but more variable pressures were measured along a "preferential drainage 
axis', where drainage was dominated by flow through a subglacial channel. Higher and 
more constant pressures were found in adjacent areas, where flow was interpreted to occur 
through a distributed system.

No such drainage axis was inferred on Findelengletscher, where Been and Bindschadler 
(1986) found very nearly equal levels of the water table in eleven connected boreholes, 
except that the water table dropped slightly towards the margins.

On Black Rapids Glacier we have water pressure records from two boreholes. Center 
and N1 (Fig. 4.1) o f more than 300 days. The sensor at N1 was measuring pore water 
pressure in the uppermost part of the till, while the sensor at Center was located a few 
meters above the glacier bed and could have been affected by borehole closure. Water levels 
are generally higher at Center. A shorter record from a borehole farther south (SI) shows 
water levels closer to those measured at Center. The differences are relatively small, and 
as a first model we assume a constant depth to the water table across the glacier surface. 
Our model requires that the water table be between the levels measured at N1 and Center, 
as shown below.

We assume that changes in basal water pressure affect the bed evenly. While many 
measurements show this to be incorrect (as mentioned above), it is still a reasonable as
sumption when considering changes that happen over time scales that are longer than a 
few days. We will therefore not use this assumption when discussing velocity variations on 
shorter time scales.

The assumption o f a constant depth to the water table across the section (Fig. 4.2) leads 
to an effective pressure o f

a{x) = p a -  pw =  picegh{x) -  pwg(h(x) -  H ) (4.2)

where h(x) is the ice thickness as a function of the transverse coordinate x, and H  is the 
depth of the water table below the glacier surface. The glacier surface was at a nearly 
constant elevation across the transverse section.

Reynaud (1973) used a finite difference model with the same type o f Coulomb friction law
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Day of the year 1997

Figure 4.1: Water pressure. Water pressure in holes Nl (solid line) and Center (dotted line)

N l Center SI

N o r th  transverse coordinate (km) S O U th

Figure 4.2: Cross section of Black Rapids Glacier used in the FE study. H  is the depth of 
a hypothetical water table below the glacier surface. The location o f the boreholes is also 
indicated.
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(Eqn. 4.1) for the boundary condition in a flow model of a transverse section o f Athabasca 
Glacier. He specified this boundary condition as an ad hoc solid friction law in an attempt 
to reproduce the flow measured by Raymond (1971) in this section. We approach it from 
a much different direction, using the knowledge that till is present under some glaciers 
and that it deforms as a Coulomb plastic material. Some of Reynaud’s (1973) results are, 
however, directly applicable to our till-based model.

4.2.2 The finite element method

The finite element (FE) code developed by Echelmeyer (1983) is employed for modeling 
power law creep. This model allows the calculation o f all three components of the velocity 
field in a plane section, but is restricted to cases where out-of-plane stress and deforma
tion gradients are zero. The code has been extensively tested against analytical solutions 
and against Nye’s (1965) numerical results (Echelmeyer. 1983), and these tests have been 
repeated by different users.

This FE code was used to calculate the out-of-plane velocities for a cross section of 
Black Rapids Glacier, restricting the in-plane velocities to be zero, that is no transverse or 
vertical velocities (u =  (0,0,u)). A power law rheology was used with an exponent n =  3 
and flow parameter .4 =  6.79 • 10~24Pa_3s_l (Paterson. 1994). The glacier geometry was 
derived from radio echo sounding (Gades, 1998 and Gades, pers. comm.). Figure 4.3 shows 
the grid used. The till layer was simulated by adding a thin layer of elements to the lower 
boundary o f the FE grid. The bottom nodes of these boundary elements were kept at 
zero velocity. In a first run the boundary elements were kept several orders of magnitude 
stiffer than ice. The resulting bed-parallel shear stress at the bottom of the ice was then 
compared to the calculated failure stress o f the till (Eqn. 4.1). If the shear stress exceeded 
failure, the corresponding boundary elements were made softer. Iteration continued until 
the shear stress was at or below failure along the entire perimeter of the glacier channel. The 
stiff elements at places where the basal stress was below the failure strength resulted in zero 
basal motion. This then effectively made a mixed boundary condition, a Neumann condition 
(u=0) along parts o f the bed (the margins’) and a Dirichlet condition ( ^  =  2Arf) along 
the remainder o f the bed.
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X

Figure 4.3: Finite element grid. The thin layer o f boundary elements along the glacier bed 
cannot be seen clearly at this resolution, z-direction is into the plane.

4.2.3 Calculated flow through a cross section 

Base m odel

The FE model was run for different values of the water table H. friction angle 0 and the 
surface slope a. The goal was to choose a best-fit model that would serve as a base to 
calculate the effects of different forcings, such as changes in water table or driving stress. 
This 'base’ model was chosen to match the measured mean annual surface velocity close to 
the center of the glacier, which was 60 m a~L in 1997/98, and the measured deformation at 
the bottom of the Nl borehole. The best fit was obtained for a surface slope of 1.40° (or 
0.024), a water table of 55 m below the surface and a friction angle of 30°. Figure 4.4 shows 
a contour plot o f velocity for the base model. Calculated ice deformation in the Nl borehole 
is shown in Figure 4.5 which also includes measured deformation rates at the bottom of the 
hole. Meaningful inclinometer measurements could only be made in the lowest 100 m of 
the borehole (Truffer and others, in press). Agreement between measured and calculated 
centerline speed, and between measured and calculated borehole deformation is ok.

The measured surface slope is somewhat larger than the one from our base model. 
Heinrichs (1994) reports about 1.5° and GPS measurements in spring 1999 gave an average 
slope of 1.75° over a distance of 4 km. The lower value used here reflects to some degree 
the compressive longitudinal stresses that act to reduce flow velocities. These stresses are 
attributed to the inflow of a major tributary (Locket tributary) 7 km downstream and show 
up as a decrease in speed as the tributary is approached from above.
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Figure 4.4: Velocity contour plot. Velocity (in m a~l) contour plot for a  =  1.40°. H = 55 m 
and 0 =  30°. The flag shows the approximate position of the Nl borehole. Dashed contours 
are at 5 ma-1 ) increments, dotted at 1 m a-1 increments from 65 to 69 m a_ l . The units 
on the axis are km.

deformation rate (ma*')

Figure 4.5: Calculated ice deformation at the Nl location. The dots show measured values 
at the bottom of the borehole.
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Our best-fit value o f 55 m for the depth to the water table below the surface is about 
5 m higher than that measured during winter at Nl, and it is about 17 m lower than that 
measured at Center (Fig. 4.1). This places our best-fit water depth in between the two 
measured winter-time average values. Note that we have not investigated the effect o f a 
water table that is at a variable depth across the glacier surface, because our water pressure 
coverage was so sparse.

The best-fit friction angle was 30°. This is somewhat lower than the 40° measured in 
the lab on a sample of Black Rapids till (Truffer and others. 1999). but is somewhat higher 
than the 27° that has been reported as typical for valley glacier tills (Iverson and others. 
1998). It is noteworthy, however, that the difference in surface velocities resulting from 
variations of within these values is small, as discussed below.

Figure 4.6 shows a transverse profile across the glacier surface. A velocity profile mea
sured in late winter 1993 was scaled to the mean annual speed at the center (Fig 4.6). This 
scaling is not inappropriate, because the shape of the transverse velocity profile does not 
change through periods of varying velocity (Fig. 4.7).

The measured and the calculated transverse velocity profiles diverge significantly, espe
cially at the south side. This is partly due to a tributary that enters the glacier at that 
location from the south. Another tributary enters the glacier upstream of the study area 
from the north. The model does not account for this. However, we are only interested in 
general features of the flow, and in the response to different changes. For this purpose our 
base model is sufficient. We will now discuss the values of these model parameters.

4.2.4 Sensitivity

Table 4.1 shows the percentage change of the centerline velocity in response to variations 
in surface slope, depth of water table and friction angle.

The large sensitivity of the surface velocity to changes in slope is due to the low value 
of the overall surface slope. The flow law exponent n =  3 results in a percentage velocity 
response that is about three times as large as the percentage change in driving stress (~7% 
in table 4.1). This is borne out in the model. The response is actually slightly larger than 
that because an increase in driving stress also results in some additional till failure.

The response of the surface velocity to changes in depth to water table will be discussed
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transverse coordinate (km)

Figure 4.6: Transverse velocity profile. Modeled transverse profile o f velocities is shown 
by the solid line. The dots are measurements from summer 1993 scaled to the modeled 
centerline velocity.

North (m) South

Figure 4.7: Measured scaled transverse velocity profiles. Scaled transverse profiles measured 
in spring 1993. before and during the spring speed-up and during a lake drainage event. 
The shape of the profiles does not change significantly. Profiles are scaled to the centerline 
velocity of the spring speed-up event.
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surface slope a +0.1° +23%
a ~  1.4° -0.1° -22%

depth o f water table H -5 m +18%
H  ~  55m +5 m -24%

friction angle 0 -5° +3%
0 ~  30° +5° -4%

Table 4.1: Sensitivity o f modeled velocity. Sensitivity o f the maximum surface velocity 
(right column) to changes in surface slope, depth of water table and friction angle.

below as a possible explanation for seasonal velocity changes.
Table 4.1 shows that the friction angle is not a critical parameter. It is possible, however, 

that deformation is occurring on clay-rich shear layers, which would have a considerably 
smaller friction angle. This possibility is not further investigated here.

We arbitrarily defined a ‘plug1 flow width parameter as the transverse distance over 
which the velocity is within 10% the centerline velocity. The sensitivity analysis showed 
no appreciable changes in the plug width occur due to changes in any o f the parameters 
discussed above. It was therefore not possible to match the measured plug width within 
the parameter limits o f this model (Fig. 4.6). A more variable plug width could possibly 
be obtained by lifting the restriction o f a constant water table or by relaxing the no-slip 
boundary condition at the glacier margin. However, this was not investigated.

4.3 VELOCITY VARIATIONS

In this section we will discuss velocity variations at time scales o f decades, years, and hours 
to days. At each scale, we will present observational data from Black Rapids Glacier and 
then suggest possible mechanisms in terms of simple till physics, using the model velocities 
calculated above.
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4.3.1 Secular variations

The positions o f several stakes on Black Rapids Glacier have been determined once or twice 
a year since 1973. Figure 4.8 shows the resulting mean annual velocity at 14 km from the 
glacier head, some two kilometers upstream from the study area. It is an updated plot from 
Heinrichs and others (1996). The mean annual velocity did not steadily increase during the 
quiescent phase, as it has done on the archetypal surge-type Variegated Glacier (Raymond 
and Harrison. 1988). Instead, the velocity went through an eleven year cycle with changes 
up to 40%. The current trend is one of decreasing speed. This secular variation is related to 
changes in driving stress, but the magnitude of it is too large to be explained by changes in 
deformational speed only (Heinrichs and others, 1996). Other markers at 8. 11. and 20 km 
show similar changes, the one in the accumulation area (8 km) with a significantly reduced 
amplitude. There is, o f course, no evidence that these velocity variations will continue in a 
cyclical fashion.

80 i- ~

. i
—  i■ii

iii
 ]

1975 1980 1985 1990 1995 2000
YEAR

Figure 4.8: Secular velocity changes. Mean annual velocities at a site close to the drilling 
area. This is an update o f the plot from Heinrichs and others (1996).

Figure 4.9 shows the calculated centerline velocity as a function of depth o f water table 
for different values o f the surface slope. It demonstrates that an increase in surface slope, 
and thus driving stress, has a larger effect when some o f the till is at or near failure. When 
the water table is at a depth o f 85 m, then none of the till is failing and the flow is purely
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deformat ional. An increase in surface slope from 1.4° to 1.6 ° results in a velocity increase of 
16 m a '1. The same increase at a depth of water table of 55 m results in a velocity increase 
of 36 ma-1 . A large velocity response can thus occur — at the surface and at the bed — 
due to geometry variations, without changes the subglacial hydrology. This is because none 
of the additional stress can be accommodated in areas where the till is already at failure, 
which causes the additional stress to be transferred to the sides, increasing the deformation 
rates there. These ideas are discussed in more detail in section 4.5.1.

effective pressure at Center (MPa)
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Figure 4.9: Velocity vs. depth o f water table. Surface velocity is plotted as a function of 
depth of water table (or effective pressure at Center). The curves are drawn for different 
surface slopes.
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4.3.2 Seasonal variations

The surface velocity o f many temperate glaciers varies seasonally (Willis, 1995). On Black 
Rapids Glaicer the seasonal pattern was measured at several locations on the glacier by 
using time lapse photography, following methods o f Harrison and others (1992). The step 
plot in Figure 4.10 was obtained by averaging all the available monthly velocity averages 
of a pole about 2 km upstream from the study area to obtain a "typical" seasonal variation. 
Similar variations were observed 6 km downglacier and — at a reduced amplitude — 6 km 
upglacier. The camera was in operation intermittently between 1986 and 1996. but for each 
individual month, only four to six different monthly average speeds exist.

Apr Jun Aug Oct Dec Jan

Day of the  year

Figure 4.10: Calculated basal motion. The step plot is a compilation o f camera data at a 
site 2 km upglacier from the study area. The dotted line results if speed-up events are left 
out of the record, as explained in the text. The smooth curve shows velocities calculated 
from modeled water pressures at 4 m below the top of the till.

Typically, velocity increases in spring and early summer, as melt and rain water enters 
the glacier's hydraulic system and reaches the glacier bed. In late summer the speed de
creases, and it reaches a minimum in early winter. Thereafter the speed slowly increases 
throughout the rest o f the winter. The high average monthly velocities in early summer 
are caused by a series of short-lived but high amplitude speed-up events, such as those 
shown in Figure 4.11. These events are responsible for about 10% of the annual glacier 
motion, as determined from GPS measurements in early summer 1997. We will discuss 
them separately in the following section, and first address the "low frequency’ behavior, or
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the seasonal velocity variation without the speed-up events (dotted line in Fig. 4.10).
In Truffer and others (in press) we presented a model of a perfectly over-consolidated 

till (Clarke, 1987) that predicted till failure 4 m below the ice-till interface. If failure is 
indeed occurring at that depth, then the failure strength o f the till rs should vary with 
water pressure, pw, at that same depth in the till (Eqn. 4.1). This variation in strength will 
then result in changing surface velocities as indicated in Figure 4.9.

To investigate the effects o f changing water pressure at depth in the till following changes 
in pw at the ice-till interface, we numerically solved the one-dimensional diffusion equation 
(de Marsily, 1986)

<«>
where pw is the water pressure, z the vertical coordinate positive downward, and t the 

time. Cv is the hydraulic diffusivity, which was taken to be 3 - 10“ ' m2s-1 (Truffer and 
others, in press). We assumed a hydrostatic pressure gradient at the bottom of the 7 m 
thick till layer. At the top o f the till (ice-till interface) we applied the measured water 
pressure at Nl (Fig. 4.1) shifted up by 0.1 MPa, or 10 m of water level, as discussed in 
section 4.2.3 and 4.2.1. Following our conceptual model of water input and pressure, we 
assumed that pw was a harmonic function o f time with a periodicity o f one year. Peak 
water pressures at the ice-till interface occur in spring and early summer when the drainage 
system occasionally gets overloaded. Later in the summer, as a good drainage system is 
developed, the annual minimum is reached. Water pressure stays high and varies little 
through late fall and winter.

The assumptions in this model are that water pressure in the till is governed by a purely 
diffusional process, hydraulic properties are isotropic and constant with depth in the till and 
laterally, and that the water pressure is uniform over large horizontal distances compared 
to the thickness o f the till layer. This allows us to use the one-dimensional model given by 
Equation 4.3.

The water pressures obtained at 4 m depth in the till were then converted to depth to 
the water table, and a time-varying effective pressure was calculated. The corresponding 
surface velocity was obtained by using a quadratic fit to the results shown in Figure 4.9 for 
depth to water table versus calculated surface velocity. A surface slope o f 1.4° was used.
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The resulting velocity curve is shown as the smoothly-varying solid line in Figure 4.10. 
The seasonal velocity curve (without the speed-up events) has a larger amplitude than the 
modeled curve, but the timing of the velocity minima in late fall coincide. Deformation 
deep in a till layer together with diffusion of water pressure in the till is thus a reasonable 
mechanism to explain the late fall velocity minimum, at a time when water pressure at the 
bottom of the ice is generally high (Fig. 4.1).

4.3.3 Speed-up events

In late May or early June Black Rapids Glacier typically goes through a spring speed-up 
event during which velocities increase by about a factor of three (Nolan and Echelmeyer. 
1999a: Truffer and others, in press: Fig. 4.13). In subsequent weeks, several other speed-up 
events occur, such as the one shown in Figure 4.11. Our observations indicate that they 
are usually — if not always — a result o f enhanced water input, such as the drainage o f a 
marginal lake or a pothole, or a long period of rainfall.

Figure 4.11: Lake drainage event. A speed-up event caused by the drainage of a marginal 
lake, a) velocity measured with GPS methods, b) vertical position minus the downhill 
movement, also measured with GPS methods, and c) water pressures measured in boreholes 
N1 (solid line) and Si (dotted line). The bars at the left show the respective errors.
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A seismic study on Black Rapids Glacier has shown that a till layer of at least 5 m 
thickness became seismically transparent during a speed-up event (Nolan and Echelmeyer. 
1999a.b). These authors attributed this to a temporary change from a fully water saturated 
till to a saturation o f about 95%, caused by a temporary decrease in local overburden 
pressure. This decrease occurred because a marginal lake drained, over-pressuring the 
drainage system and the glacier was locally lifted up. reducing the overburden pressure in 
adjacent areas through an elastic bridging effect.

This scenario has the following effects on the glacier-till system. In areas where the 
subglacial drainage system is over-pressurized the ice and till are completely de-coupled. 
In adjacent areas the overburden pressure decreases and thus the effective stress decreases, 
reducing the local shear strength o f the till (Eqn. 4.1). Because the driving stress still has 
to be balanced at the 'wetted" perimeter, basal shear drag is transferred to other areas, such 
as the sides of the glacier, or possibly areas up- or downstream.

Thus, a possible scenario for the speed-up is the following: The central part of the 
channel is subject to a decreased shear strength of the till (as pa and therefore a decreases), 
transferring drag to the margins. This increased marginal shear stress leads to enhanced 
ice-flow through the non-linear rheology, and thus higher velocities (see 4.5.1). The weaker 
central part is due to a loss of ice-till coupling in places where the water drains, and it is 
due to lower overburden pressure and thus strength in adjacent areas. This elastic bridging 
effect can only last for relatively short times. The sudden change in overburden pressure 
is reflected in the sudden change in seismic properties (Nolan and Echelmeyer. 1999a,b), 
which revert to 'normal" conditions after a period o f hours.

4.4 TILL VOLUME CHANGES

A granular material will react to changes in effective pressure by expanding or contracting, 
and storing or releasing o f water. These till thickness changes, if large enough, should 
be noticeable at the glacier’s surface. In the following sections we will test whether till 
expansion can be related to upward motion (uplift events) and discuss dye tracing results 
from Black Rapids Glacier in this context.
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4.4.1 Uplift events

Speed-up events on Black Rapids Glacier are often accompanied by periods o f upward 
vertical motion (Fig. 4.11). The magnitude o f these events is on the order of 10 cm of 
uplift. Vertical motion events have been reported from many other glaciers as well (see 
summary by Willis. 1995).

The amount of expansion A z  o f an element o f length Lz is determined by the compress
ibility coefficient a„:

Az  =  —a vL: A a  (4.4)

where A a  is the change in effective pressure (de Marsily, 1986). Typical values of 
compressibility for a till are between 10~6 Pa-1 for a clay-rich till to 10-9 Pa-1 for a sandy 
till (de Marsily. 1986). If the till layer is divided into m layers o f height the change in
thickness of the entire layer (of thickness L(t)) in a time step A t  is an integral approximated 
by the following sum

z = m  m

AL(t)  =  £  (A z)t(f) =  t) (4.5)
t=i i

where (A r)i(i) is the thickness change at depth zt. To obtain the actual till thickness 
as a function o f time. AL(t) has to be integrated over time.

To calculate the till thickness changes, a(z.t) and hence pw(z. t) has to be known. We 
used the same diffusion model described above (4.3.2) and the water pressure measured in 
the Center borehole (Fig. 4.1) as a boundary condition at the ice-till interface, and calculated 
the water pressure distribution in time and depth o f till. The calculated variation o f till 
thickness is shown in Figure 4.12 and compared to the measured vertical position of a surface 
marker with the downslope component removed. This was obtained with GPS methods and 
measured in the vicinity o f the Center borehole. Note that the variation o f till thickness is 
only shown for the short period of time when vertical motion was recorded, although it was 
calculated for the entire year.

The uplift events associated with lake drainages could potentially be explained by the 
expansion of a till layer, mostly o f its uppermost part, because the water pressure variations 
do not diffuse far into the till. However, this requires a compressibility o f 10-6 Pa-1 , which
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Figure 4.12: Expansion of the till layer. De-trended vertical position (solid line) o f a pole 
at the center o f the channel and calculated expansion and contraction of the underlying till 
layer (dotted line). A compressibility o f a v =  10~6 Pa-1 was used.

is high considering the granular nature of recovered till (Truffer and others. 1999). The 
spring speed-up event could not be matched with the till expansion model. This might be 
an indication of its different nature: While lake drainage events happen a short distance 
upstream from the study site, the spring speed-up is triggered downglacier and propagates 
up the glacier (Fig. 4.13).

The total amount of till expansion is proportional to the compressibility o f the till 
(Eqn. 4.5). The range of probable compressiblities spans three orders of magnitude. A high 
compressibility could account for the entire vertical motion of a lake drainage speed-up 
event, whereas the lower end of the plausible range would render till expansion negligible.

We discussed the possible drastic reduction in overburden pressure in some areas (section 
4.3.3) . This would also result in a reduction of effective pressure and therefore in till 
expansion. For a 5 m thick till layer (found at Center) and a very low compressibility 
(q„ =  10-9 Pa-1 , a temporary reduction in local overburden of 2 MPa would result in 1.0 
cm of instantaneous till expansion.

Uplift events could also be caused by vertical strains. The question is difficult to settle, 
because vertical strain rates can change with depth in magnitude and sign (Balise and 
Raymond, 1985: Gudmundsson, 1997; Gudmundsson and others, 1997). Longitudinal strain
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Figure 4.13: Spring speed-up. The spring speed-up at 13 km. 16 km, and 22 km from the 
glacier head. The event travels upglacier. 16 km is close to the location of the drill site. 
Velocities were measured with GPS methods.
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rates measured at the surface o f Black Rapids Glacier were an order o f magnitude too small 
to account for the observed uplift. This, together with more detailed measurements on 
other glaciers (Iken and others. 1996). leads us to conclude that vertical straining of the ice 
is unlikely to explain the entire observed vertical motion.

4.4.2 Dye tracing

Dye was introduced into a draining lake during a drainage event on Black Rapids Glacier 
in spring 1993. Cochran (1995) sampled the proglacial stream for dye concentration. She 
found an initial peak in dye return, but only a small fraction of the total dye input was 
output during that event. Several other peaks in dye concentration followed in the next 
three weeks, always after another speed-up/lake drainage event had occurred.

The model of till expansion and contraction presented above offers the following ex
planation for this observation: As water pressures rise (and the glacier speeds up), till is 
expanding and storing water, and with it some dye. When the till contracts again, wa
ter and with it some dye is released and drains into a channel. This mechanism of water 
storage in the till could probably be substantiated with more detailed measurements in 
the proglacial stream, such as electric conductivity or a chemical analysis that would show 
extensive contact with till.

4.5 DISCUSSION

We will first discuss the transfer o f shear stress along the glacier perimeter, a crucial idea 
in this paper. In a second section we will shortly discuss how similar surface measurements 
have been explained in an ice-bedrock model.

4.5.1 Transfer of basal shear stress

We have put forward a model of glacier-till interaction based on a simple Coulomb-plastic 
failure criterion for till, defined broadly as unlithified granular material. This allows us 
to explain velocity variations on different time scales. In our model all of these variations 
are caused by increasing bed-parallel shear stresses at the glacier margin, causing larger 
deformation rates. Three mechanisms for such a stress increase have been identified: (a)
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an increase in driving stress, (b) an increase in water pressure, and (c) short term changes 
in local overburden pressure. They are illustrated in Figure 4.14 and explained in the 
following.

Stress at 9  ; Lateral 9  Center
channel I-* deformation i  —- velocity
flanks : ■ rates

stress at center
pgh sina of channel

pressure pressure
(B) ' (Cj

Figure 4.14: Diagram of stress re-distribution. The diagram shows stress transfer mech
anism as explained in the text. ‘+ ’ signs indicate a positive correlation and signs a 
negative correlation, e.g. an increase in water pressure leads to a decrease in till strength 
at channel center. (A), (B) and (C) correspond to the three causes for velocity changes, as 
described in the text.

A characteristic property of a perfectly plastic material is that it cannot accommodate 
any stress above its failure strength. If a perfectly plastic till is at failure under parts of the 
glacier and the driving stress is increased, the additional stress has to be accommodated at 
other parts of the bed, such as the glacier margins. We propose that velocity changes on 
decadal time scales are caused by such variations in driving stress. The extreme case of this 
scenario is if marginal stresses get large enough to exceed the breaking strength of the ice. 
The glacier would presumably shear off its margin and a surge could be initiated.

We also propose a mechanism for seasonal velocity variations. In Truffer and others
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(in press) we showed that till deformation is happening several meters below the ice-till 
interface. If the water pressure distribution in the till is governed by diffusion, then a few 
meters below the top of the till it will by dominated by a cycle with a period of one year and 
a minimum in early winter. This water pressure cycle causes a cycle o f till strength variation. 
If water pressure rises, the till gets weaker. Some of the driving stress is then transferred 
from the locations of the weaker till to the margins, or possibly some combination of the 
margins and any remaining "sticky spots’ . This will again cause higher marginal deformation 
rate and therefore a higher centerline velocity. Figure 4.15 shows the stress redistribution 
and the resulting velocity contours when the depth to water table is raised from 70 m to 55 
m. The stresses drop in the center and rise at the flanks of the channel.

Figure 4.15: Stress re-distribution. The top panels show the stress (left) and velocity (right) 
contour lines for a depth to water table o f 70 m. The bottom panels show the same contours 
for a depth to water table of 55 m. The bold line indicates the area of till at failure. The 
units on the axes are kilometers. Velocities are in ma-1 and stresses in bar (1 bar =  100 
kPa).
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Velocities also vary on time scales of hours or days. We know from a seismic study 
(Nolan and Echelmeyer. 1999a,b) that the till layer undergoes rapid changes in seismic 
properties. Following these authors, we suggest that the glacier is locally lifted up because 
parts of the drainage system are over-pressurized. This reduces the overburden pressure in 
adjacent areas through viscoelastic bridging effects and makes the till weaker. Again, stress 
is transferred to the sides, causing larger deformation gradients there and higher surface 
velocities.

Traditional analysis has treated velocity variations by considering deformational and 
basal motion to be linearly independent conditions to overall motion, that is utotai — «def +  
ubasal- Our analysis shows that this is not correct. Changing basal stress conditions (both 
sigma and ts) can produce greater basal motion at the center of the channel and — at the 
same time — higher deformational velocities at the margins. This situation is analogous to 
that encountered at the well-lubricated Siple Coast ice streams in West Antarctica, where 
a very weak basal till layer causes a transfer of the overall resistive drag to the ice stream 
margins (e.g. Echelmeyer and others, 1994).

4.5.2 Till versus bedrock

Observations of fluctuations in surface speed and elevation similar to the ones discussed in 
this paper have been made on many other glaciers (e.g. Willis, 1995). Some of these glaciers 
probably have a relatively clean ice-bedrock interface, while others may have a substantial 
till layer at their base. While we have focused on the explanation of these phenomena in 
terms of changes within the till layer found beneath one section of Black Rapids Glacier, 
it is also possible to explain some of them in terms of a model in which clean glacier ice 
overlies bedrock. Such explanations have been developed in the past, and we discuss a few 
of them here.

Secular velocity variations have been explained by long term changes in the subglacial 
drainage system, such as the inter-connectedness of cavities (Iken and Truffer, 1997). Such 
changes could occur as a reaction to geometry changes. Kamb (1987) has introduced a sta
bility parameter that describes the stability o f a distributed versus an arborescent drainage 
system. This parameter depends — among many other things — on the basal shear stress. 
Geometry changes could therefore trigger a switch in drainage systems and with it vari
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ations in basal velocities. He proposed this as a possible mechanism for surge initiation 
on Variegated Glacier. It should be noted, however, that borehole drilling in that glacier 
indicated that the ice-bedrock interface was not clean o f  debris (Harrison and others, 1986).

Hodge (1974) related water storage to seasonal velocity changes. Kamb and others 
(1994) also found that water storage was a good control variable for basal motion on shorter 
time scales, such as the speed-up events on Columbia Glacier. This has been explained in 
terms of bed separation and cavity formation (Lliboutry, 1968). Cavity formation and water 
storage at the glacier bed is commonly assumed to be responsible for uplift events (Iken 
and others, 1983, 1996), although the contributing effects o f vertical strain can be difficult 
to estimate from surface measurements alone (Balise and Raymond, 1985; Gudmundsson, 
1997: Gudmundsson and others, 1997).

This shows that similar observations find explanations in an ice-bedrock as well as an 
ice-till model. We have not succeeded in identifying a characteristic signature of a basal till 
layer in surface measurements. As far as the velocity distribution in a transverse section is 
concerned, this can already be recognized by comparing modeling results of Reynaud (1973) 
and Harbor (1992). They used a friction law and a sliding law, respectively, and obtained 
similar results to ours. One therefore needs to exercise care when making inferences about 
the ice substrate from glacier dynamics.

4.6 CONCLUSION

Black Rapids Glacier and possibly many other glaciers are underlain by till. We have shown 
that treatment of till as a Coulomb-plastic material can. at least in principle, explain many 
of the glacier dynamics features observed on Black Rapids Glacier and elsewhere. These 
include velocity variations on time scales of decades, years, and hours to days.

We have also calculated the expansion and contraction o f a till layer in response to water 
and overburden pressure variations. This expansion can possibly explain observed vertical 
motion events, although the uncertainties o f the in-situ till compressibility are large. Water 
storage and release in response to this expansion and contraction can explain dye tracing 
results obtained in an earlier study on Black Rapids Glacier (Cochran, 1995).

We have not managed to identify a clear surface-observable signature of a till layer in
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the dynamics o f a glacier. Many surface observations seem to find plausible explanations 
in an ice-till model, but they can also be explained in terms o f an ice-bedrock model with 
a changing hydraulic system. An appealing feature of our glacier-till model is that glacier 
velocity can change appreciably without requiring dramatic changes in the subglacial hy
draulic system. Such changes are often difficult to explain.

Glacier velocity changes will always be a result o f changing basal stress conditions, such 
as those outlined in section 4.5.1. This is independent o f the model for the glacier substrate. 
It is therefore not legitimate to treat deformational and basal motion as independent vari
ables.

4.7 ACKNOWLEDGEMENTS

This work was supported by grant OPP 9423477 o f the National Science Foundation and 
in part by a grant of HPC time from the Arctic Region Supercomputing Center.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Bibliography

Alley, R. B., Water-pressure coupling of sliding and bed deformation: II. Velocity depth 
profiles, Journal of Glaciology, 55(119), 119-129, 1989.

Alley. R. B., Deforming-bed origin for southern Laurentide till sheets?, Journal of Glaciol
ogy. 57(125), 67-76, 1991.

Alley. R. B., D. D. Blankenship, C. R. Bentley, and S. T. Rooney, Deformation of till 
beneath Ice Stream B, West Antarctica, Nature, 522(6074), 57-59, 1986.

Astakhov, V. I., F. A. Kaplyanskaya, and V. D. Tarnogradsky, Pleistocene permafrost of 
West Siberia as a deformable glacier bed, Permafrost and Periglacial Processes, 7, 165
191, 1996.

Balise, M. J. and C. F. Raymond, Transfer of basal sliding variations to the surface of a 
linearly viscous glacier. Journal of Glaciology, 51(109), 308-318. 1985.

Bearth, P., Geologischer Atlas der Schweiz 1:25’000, Atlasblatt 29 (Zermatt). Schweiz. Geol. 
Kommission (Kummerli & Frey AG), Bern, 1953.

Bennett, M. R. and N. F. Glasser, Glacial Geology, Ice Sheets and Landforms. John Wiley 
and Sons, Chichester, U.K., 1996.

Blake, E. W., The deforming bed beneath a surge-type glacier: Measurements of mechanical 
and electrical properties, Ph.D. thesis, Univ. of British Columbia Vancouver, 1992, 179
p p .

Blake, E. W. and G. K. C. Clarke, Subglacial water and sediment samplers, Journal of 
Glaciology, 57(125), 188-190, 1991, Correspondence.

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



81

Blake, E. W., G. K. C. Clarke, and M. C. Gerin, Tools for examining subglacial bed defor
mation, Journal of Glaciology, 55(130), 388-396, 1992.

Blake, E. W., U. H. Fischer, and G. K. C. Clarke, Direct measurement o f sliding at the 
glacier bed. Journal of Glaciology, ^£7(136), 595-599, 1994.

Blankenship, D. D.. C. R. Bentley. S. T. Rooney, and R. B. Alley, Seismic measurements 
reveal a saturated porous layer beneath an active Antarctic ice stream. Nature. 322 
(6074), 54-57. 1986.

Boulton, G. S., Processes of glacier erosion on different substrata, Journal o f  Glaciology, 
55(89), 15-38, 1979.

Boulton, G. S. and R. C. A. Hindmarsh, Sediment deformation beneath glaciers: Rheology 
and geological consequences, Journal of Geophysical Research, 92{B9), 9059-9082. 1987.

Boulton, G. S. and A. S. Jones, Stability of temperate ice caps and ice sheets resting on 
beds of deformable sediment, Journal of Glaciology, 5J(90), 29-44, 1979.

Bowles, J. E., Engineering properties of soils and their measurement. McGraw-Hill. Inc., 
fourth edition, 1992.

Brown, N. E.. B. Hallet, and D. B. Booth, Rapid soft bed sliding of the Puget glacial lobe. 
Journal of Geophysical Research, 92(B9), 8985-8997, 1987.

Brugman, M. M., Water flow at the base of a surging glacier. Ph.D. thesis. California 
Institute of Technology, 1986.

Clarke, G. K. C., Subglacial till: A physical framework for its properties and processes, 
Journal of Geophysical Research, 92(B l), 9023-9036, 1987.

Clarke, G. K. C., S. G. Collins, and D. E. Thompson, Flow, thermal structure, and subglacial 
conditions o f a surge-type glacier, Canadian Journal of Earth Sciences, 21, 232-240, 1984.

Clayton, L., D. M. Mickelson, and J. W. Attig, Evidence against pervasively deformed bed 
material beneath rapidly moving lobes of the southern Laurentide Ice Sheet, Sedimentary 
Geology, 62, 203-208, 1989.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



82

Cochran, O. D., The subglacial hydraulics o f the surge-type Black Rapids Glacier, Alaska: 
a schematic model, Master’s thesis, University o f Alaska Fairbanks, 1995, 42 pp.

Cuffey, K. and R. B. Alley, Is erosion by deforming subglacial sediments significant? (toward 
till continuity), Annals of Glaciology, 22, 17-24, 1996.

de Marsily. G., Quantitative Hydrogeology. Academic Press. Inc., 1986.

Drake. L. D. and R. L. Shreve, Pressure melting and regelation o f ice by round wires, 
Proceedings of the Royal Society o f London, Ser .4, 532(1588), 51-83, 1973.

Echelmeyer. K. A.. Response o f Blue Glacier to a perturbation in ice thickness: theory and 
observation, Ph.D. thesis, California Institute of Technology. 1983.

Echelmeyer. K. A. and W. Zhongxiang, Direct observation of basal sliding and deformation 
of basal drift at sub-freezing temperatures. Journal o f Glaciology, 33(113), 83-98, 1987.

Echelmeyer, K. A., W. D. Harrison, C. Larsen, and J. E. Mitchell. The role o f the margins 
in the dynamics of an active ice stream, Journal of Glaciology, 43(136), 527-538, 1994.

Engelhardt, H. and B. Kamb, Basal sliding o f Ice Stream B, West Antarctica, Journal of 
Glaciology, 44(147), 223-230, 1998.

Engelhardt, H.. N. Humphrey, B. Kamb, and M. Fahnestock. Physical conditions at the 
base of a fast moving Antarctic ice stream, Science, 248, 57-59, 1990.

Engelhardt, H. F., W. D. Harrison, and B. Kamb, Basal sliding and conditions of the glacier 
as revealed by bore-hole photography. Journal of Glaciology, 23(84), 469-508. 1978.

Everett, D. H., The thermodynamics o f frost damage to porous solids, The Faraday Society, 
Transactions, 57, 1541-1551, 1961.

Fischer, U., G. K. C. Clarke, and H. Blatter, Evidence for temporally varying ’sticky 
spots’ at the base of Trapridge Glacier, Yukon Territory, Canada, Journal o f Glaciol

ogy, 45(150), 352-360, 1999.

Fischer, U. H. and G. K. C. Clarke, Ploughing of subglacial sediment, Journal of Glaciology, 
43(134), 97-106, 1994.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



83

Fischer, U. H., N. R. Iverson, B. Hanson, R. L. Hooke, and P. Jansson, Estimation of hy
draulic properties o f subglacial till from ploughmeter measurements, Journal of Glaciol
ogy, ^(148), 517-522, 1998.

Fountain. A. G. and J. S. Walder. Water flow through temperate glaciers. Reviews of Geo
physics. 36{3), 299-328, 1998.

Gades, A. M., Spatial and temporal variations of basal conditions beneath glaciers and ice 
sheets inferred from radio echo soundings, Ph.D. thesis, Univ. o f Washingtion. 1998. 192
pp.

Gudmundsson, G. H., Ice deformation at the confluence of two glaciers investigated with 
conceptual map-plane and flowline models. Journal of Glaciology, ^5(145), 537-547, 1997.

Gudmundsson, G. H.. A. Iken, and M. Funk, Measurements o f ice deformation at the 
confluence area of Unteraargletscher, Bernese Alps, Switzerland, Journal of Glaciology. 
43( 145), 548-556, 1997.

Haldorsen, S., Grain-size distribution of subglacial till and its relation to glacial crushing 
and abrasion, Boreas, 10, 91-105, 1981.

Hallet. B., Glacial quarrying: a simple theoretical model. Annals of Glaciology, 22. 1-8, 
1996.

Hallet, B., L. Hunter, and J. Bogen, Rates of erosion and sediment evacuation by glaciers: 
A review of field data and their implications, Global and Planetary Change, 12, 213-235. 
1996.

Hamilton, G. S. and J. A. Dowdeswell, Controls on glacier surging in Svalbard, Journal of 
Glaciology, ^2(140), 157-168, 1996.

Hance. J. H., The recent advance of Black Rapids Glacier, Alaska, Journal of Geology, 45, 
775-783, 1937.

Harbor, J. M., Application of a general sliding law to simulating flow in a glacier cross
section., Journal of Glaciology, 33(128), 182-190, 1992.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



84

Harrison, W. D. and B. Kamb, Glacier bore-hole photography, Journal of Glaciology, 12(64), 
129-137, 1973.

Harrison, W. D.. L. R. Mayo, and D. C. Trabant, Temperature measurements on Black 
Rapids Glacier, Alaska, 1973, in G. Weller and S. A. Bowling (eds.), Climate of the 
Arctic, pp. 350-352. 1975.

Harrison. W. D.. B. Kamb. and H. Engelhardt. Morphology and motion at the bed o f a 
surge-type glacier, in Hydraulic effects at the. glacier bed and related phenomena. Inter

national workshop. 16-19 September 1985, Interlaken, Switzerland, Nr. 90 Mitteilungen 
der Versuchsanstalt fur Wasserbau, Hydrologie und Glaziologie, ETH Zurich, pp. 55-56. 
1986, abstract.

Harrison, W. D.. K. A. Echelmeyer. D. M. Cosgrove, and C. F. Raymond. The determina
tion of glacier speed by time-lapse photography under unfavorable conditions. Journal of 
Glaciology. 55(129), 257-265, 1992.

Harrison, W. D., K. A. Echelmeyer, E. F. Chacho, C. F. Raymond, and R. J. Benedict, The 
1987-88 surge of West Fork Glacier, Susitna Basin, Alaska, U.S.A.. Journal o f Glaciology. 
40( 135), 241-254, 1994.

Heavner, M. J., Optical Spectroscopic Observations of Sprites, Blue Jets, and Elves: Inferred 
Microphysical Processes and Their Macrophysical Implications. Ph.D. thesis. University 
of Alaska, Fairbanks, 1999.

Heinrichs, T. A.. Quiescent phase evolution o f a surge-type glacier: Black Rapids Glacier. 
Alaska, USA, Master’s thesis, University o f Alaska Fairbanks, 1994, 207 pp.

Heinrichs, T. A., L. R. Mayo, K. A. Echelmeyer, and W. D. Harrison, Quiescent-phase evo
lution of a surge type glacier: Black Rapids Glacier, Alaska, U.S.A., Journal of Glaciology, 
42(140), 110-122, 1996.

Hiemstra, J. F. and J. J. M. van der Meer, Pore-water controlled grain fracturing as indicator 
for subglacial shearing in tills, Journal of Glaciology, ^5(145), 446-454, 1997.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



85

Hindmarsh, R. C. A - Sliding o f till over bedrock: scratching, polishing, comminution and 
kinematic-wave theory, Annals of Glaciology, 22, 41-47, 1996.

Hodge, S. M., Variations in the sliding o f a temperate glacier. Journal o f Glaciology, 13{69), 
349-369, 1974.

Hooke. R., B. Hanson. N. Iverson, P. Jansson, and U. Fischer, Rheology o f till beneath 
Storglaciaren, Sweden, Journal of Glaciology, J3(143). 172-179, 1997.

Hooke, R. L., Principles o f glacier mechanics. Prentice Hall, Upper Saddle River, New 
Jersey, 1998.

Hooke, R. L. and N. R. Iverson, Grain-size distribution in deforming subglacial tills: Role 
of grain fracture, Journal of Geology, 23(1), 57-60, 1995.

Hubbard, B. Y., M. J. Sharp, I. C. Willis, M. K. Nielsen, and C. C. Smart, Borehole water- 
level variations and the structure of the subglacial hydrological system of Haut Glacier 
d ’AroIla, Valais, Switzerland, Journal of Glaciology, J 1(139), 572-584, 1995.

Humphrey, N. F. and C. F. Raymond, Hydrology, erosion and sediment production in a 
surging glacier: Variegated Glacier, Alaska, 1982-83, Journal o f Glaciology, 136), 
539-552, 1994.

Humphrey, N. F., B. Kamb, M. Fahnestock, and H. F. Engelhardt, Characteristics o f the 
bed of the lower Columbia Glacier, Alaska, Journal of Geophysical Research, 33(B1), 
837-846, 1993.

Iken, A. and R. Bindschadler, Combined measurements of subglacial water pressure and 
surface velocity o f Findelengletscher, Switzerland: Conclusions about drainage system 
and sliding mechanism, Journal of Glaciology, 32( 110), 101-119, 1986.

Iken, A. and M. Truffer, The relation o f subglacial water pressure and velocity of Finde
lengletscher, Switzerland, during its advance and retreat, Journal o f Glaciology, J3(144), 
328-338, 1997.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8 6

Iken. A., H. Rothlisberger, A. Flotron, and W. Haeberli, The uplift o f the Unteraargletscher 
at the beginning o f the melt season -  a consequence of water storage at the bed?, Journal 
of Glaciology, 29{ 101), 28-47, 1983.

Iken. A., K. Echelmeyer, and W. D. Harrison, A lightweight hot water drill for large depths: 
experiences with drilling on Jakobshavns Glacier, Greenland, in Proc. International Sym

posium on Ice Core Drilling, Grenoble. France. 1988, October 1988.

Iken, A., K. Fabri, and M. Funk, Water storage and subglacial drainage conditions in
ferred from borehole measurements on Gomergletscher. Valais, Switzerland. Journal of 
Glaciology, .£2(141), 233-248. 1996.

Iverson, N. R., Coupling between a glacier and a soft bed. II. Model results, Journal of 
Glaciology, .£5(149). 1999.

Iverson, N. R. and D. J. Semmens, Intrusion of ice into porous media by regelation: A mech
anism of sediment entrainment by glaciers, Journal of Geophysical Research, 100(B7), 
10,219-10,230, 1995.

Iverson, N. R., P. Jansson, and R. L. Hooke, In-situ measurement o f the strength of de
forming subglacial till, Journal of Glaciology, .£0(136), 497-503, 1994.

Iverson. N. R., R. W. Baker, and T. S. Hooyer, A ring shear device for the study of till 
deformation: Tests on tills with contrasting clay content, Quartemary Science Reviews. 
16. 1057-1066, 1997.

Iverson, N. R., T. Hooyer, and R. W. Baker, Ring-shear studies o f till deformation: Coulomb 
plastic behavior and distributed strain in glacier beds. Journal of Glaciology, .£.£(148), 
634-642, 1998.

Iverson, N. R., R. W. Baker, R. L. Hooke, B. Hanson, and P. Jansson, Coupling between 
a glacier and a soft bed. I. A relation between effective pressure and local shear stress 
determined from till elasticity, Journal of Glaciology, .£5(149), 31-40, 1999.

Jiao, K., B. Zheng, and Q. Ma, Particle composition of glacial deposits in the West Kunlun 
Mountains, Bulletin o f Glacier Research, 7, 153-159, 1989.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



87

Julien, P. Y., Erosion and sedimentation. Cambridge University Press. Cambridge. UK, 
1995.

Kamb. B., Glacier surge mechanism based on linked cavity configuration of the basal water 
conduit system. Journal of Geophysical Research. 92{B9), 9083-9100, 1987.

Kamb, B., Rheological nonlinearity and flow instability in the deforming bed mechanism of 
ice stream motion. Journal of Geophysical Research, P6(B10), 16585-16595, 1991.

Kamb. B. and K. A. Echelmeyer, Stress-gradient coupling in glacier flow: I. longitudinal av
eraging of the influence o f ice thickness and surface slope. Journal of Glaciology, 32{111). 
267-284, 1986.

Kamb. B.. C. Raymond, W. Harrison, H. Engelhardt, K. Echelmeyer. N. Humphrey, 
M. Brugman, and T. Pfeffer, Glacier surge mechanism: 1982-1983 surge of Variegated 
Glacier, Alaska, Science, 227. 469-479, 1985.

Kamb, B., H. F. Engelhardt, M. A. Fahnestock, N. Humphrey. M. Meier, and D. Stone. 
Mechanical and hydrologic basis for the rapid motion of a large tidewater glacier: 2. 
Interpretation, Journal o f Geophysical Research. <?5(B8), 15.231-15,244, 1994.

Knight. P. G.. Glaciers. Stanley Thornes (Publishers) Ltd. Cheltenham. U.K., 1999.

Krenke, A. N. and K. P. Rototayev, A surge of the Kolka Glacier and its hydrometeorological 
consequences, IAHS, 107, 1160-1171, 1973.

Lambe, T. W. and R. V. Whitman, Soil mechanics. John Wiley and Sons, New York. 1979.

Lawson, D. E. and J. B. Kulla, An oxygen isotope investigation of the origin of the basal 
zone of the Matanuska Glacier, Alaska. Journal of Geology. 86, 673-685, 1978.

Lliboutry, L. A., General theory of subglacial cavitation and sliding of temperate glaciers, 
Journal o f Glaciology, 7(49), 21-58, 1968.

Mandl, G., L. N. J. de Jong, and A. Maltha, Shear zones in granular materials. Rock 
mechanics, 9, 95-144, 1977.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8 8

Menzies, J. and W. W. Shilts, Subglacial environments, in J. Menzies (ed.). Past glacial 
environments: sediments, forms and techniques (vol. 2), pp. 15-136. 1996.

Mickelson, D. M., L. Clayton, D. S. Fullerton, and H. W. Boms, The late Wisconsin glacial 
record of the Laurentide Ice Sheet in the United States, in S. C. Porter (ed.). Late- 
Quartemary environments of the United States, vol. 1. The Late Pleistocene, pp. 3-37. 
Minneapolis. University of Minnesota Press, 1983.

Murray, T . and G. K. C. Clarke, Black-box modelling of the subglacial water system. Journal 
of Geophysical Research, 100{B7), 10.231-10,245, 1995.

Nokleberg, W. J. and ten others. Preliminary geologic map of the Mount Hayes quadrangle, 
eastern Alaska Range, Alaska, Technical report, U.S. Geological Survey Open-file Report 
92-594, 1992, 1:250*000 plate.

Nokleberg, W. J.. G. Plafker. and F. H. Wilson, Geology o f south-central Alaska, in 
G. Plafker and H. C. Berg (eds.), The geology o f Alaska: Boulder, Colorado, Geologi
cal Society of America, The geology of North America, volume G -l, pp. 311-366. 1994.

Nolan, A. N. and K. A. Echelmeyer. Seismic detection o f transient changes beneath Black 
Rapids Glacier. Alaska. Part I: Techniques and observations. Journal of Glaciology, 
^5(149), 1999a.

Nolan, A. N. and K. A. Echelmeyer, Seismic detection o f transient changes beneath Black 
Rapids Glacier, Alaska. Part II: Basal morphology and processes. Journal of Glaciology, 
45(149), 1999b.

Nye. J. F., The flow of a glacier in a channel o f rectangular, elliptic or parabolic cross-section. 
Journal of Glaciology, 5(41), 661-690, 1965.

Paterson. W. S. B., The physics of glaciers. Pergamon Press, Oxford, third edition, 1994.

Plafker, G.. L. M. Gilpin, and J. C. Lahr, Plate 12: Neotectonic map o f Alaska, 1 sheet, 
scale: 1:250’000, in G. Plafker and H. C. Berg (eds.), The geology of Alaska: Boulder, 
Colorado, Geological Society of America, The geology of North America, volume G-l. 
1994.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



89

Post, A., Distribution o f surging glaciers in western North America, Journal of Glaciology, 
5(53), 229-240. 1969.

Rabus. B. T. and K. A. Echelmeyer. The flow of a polythermai glacier: McCall Glacier. 
Alaska. U.S.A.. Journal of Glaciology, ^5(145), 522-536. 1997.

Raymond, C. F.. Flow in a transverse section of Athabasca Glacier, Alberta. Canada. 
Journal of Glaciology. 10(58), 55-69. 1971.

Raymond, C. F. and W. D. Harrison, Evolution of Variegated Glacier. Alaska. U.S.A.. prior 
to its surge. Journal of Glaciology, 34(117). 154-169, 1988.

Raymond, C. F.. R. J. Benedict, W. D. Harrison. K. A. Echelmeyer, and M. Sturm. Hy
drological discharges and motion of Fels and Black Rapids Glaciers, Alaska. U.S.A.: 
implications for the structure of their drainage systems. Journal of Glaciology, ^1(138), 
290-304, 1995.

Reger. R. D.. A. G. Sturmann. and J. E. Beget, Dating moraines o f Black Rapids Glacier. 
Delta River valley, central Alaska Range, in D. N. Solie and F. Tannian (eds.). Short 
notes on Alaskan geology 1993. pp. 51-59. Fairbanks. AK. Alaska Division o f Geological 
and Geophysical Surveys, 1993, Professional paper 113.

Reynaud. L., Flow of a valley glacier with a solid friction law. Journal of Glaciology. 12(65). 
251-258, 1973.

Robin, G., Is the basal ice of a temperate glacier at the pressure melting point?. Journal of 
Glaciology, 15(74), 183-196, 1976.

Rothlisberger, H., Erosive processes which are likely to accentuate or reduce the bottom 
relief o f valley glaciers, in General assembly of Bern (25 sept. - 7. oct. 1967). pp. 87 -  97. 
IAHS, 1968, Publication No. 79.

Rothlisberger, H. and A. Iken, Plucking as an effect o f  water pressure variations at the 
glacier bed, Annals of Glaciology, 2, 23-28, 1981.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



90

Strasser, J. C., D. E. Lawson, G. J. Larson, E. B. Evenson, and R. B. Alley, Preliminary 
results of tritium analyses in basal ice, Matanuska Glacier, Alaska, U.S.A.: evidence for 
subglacial ice accretion. Annals of Glaciology, 22, 126-133, 1996.

Sturm, M. and D. M. Cosgrove, An unusual jokulhlaup involving potholes on Black Rapids 
Glacier, Alaska Range, Alaska, U.S.A., Journal of Glaciology. 36{ 122), 125-126, 1990, 
Correspondence.

Truffer, M., R. J. Motyka, W. D. Harrison, K. A. Echelmeyer, and S. Tulaczyk, Subglacial 
drilling at Black Rapids Glacier, Alaska, U.S.A.: drilling method and sample description, 
Journal of Glaciology, ^5(151). 1999, in press.

Truffer, M., W. D. Harrison, and K. A. Echelmeyer, Glacier motion dominated by processes 
deep in underlying till. Journal of Glaciology, in press.

Tulaczyk, S., Ice sliding over weak, fine-grained tills: dependence of ice-till interactions on 
till granulometry, in D. M. Mickelson and J. V. Attig (eds.). Glacial processes: past and 
modem. 1998, GSA special paper 337.

Tulaczyk, S., B. Kamb, R. Scherer, and H. F. Engelhardt, Sedimentary processes at the base 
of a West Antarctic ice stream: constraints from textural and compositional properties 
of subglacial debris. Journal of Sedimentary Research, 68, 487-496, 1998.

Tulaczyk, S., B. Kamb, and H. F. Engelhardt, Basal mechanics of Ice Stream B. West 
Antarctica. I. Till mechanics, Journal of Geophysical Research, in press.

Van der Wateren, F. M., Processes of glaciotectonism, in J. Menzies (ed.), Modem 
glacial environments, vol. I. Processes, dynamics and sediments, pp. 309-336, Oxford. 
Butterworth-Heineman Ltd, 1995.

Walder, J. S. and A. Fowler, Channelized subglacial drainage over a deformable bed.. Jour
nal of Glaciology, ^0(134), 3-15, 1994.

Wilbur, S., Surging versus nonsurging glaciers: a comparison using morphometry and bal

ance, Master’s thesis, University of Alaska Fairbanks, 1988, pp. 113.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



91

Willis. I., Intra-annual variations in glacier motion: a review. Progress in Physical Geogra
phy, 19(1), 61-106, 1995.

Wood. D. M., Soil behaviour and critical state soil mechanics. Cambridge University Press, 
Cambridge, 1990.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


