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A. See flow law
ablation
effect of debris cover on,
27-28
ablation area, 17
basal melting beneath, 137
compressive flow in, 279
emergence velocity in,
96-97
foliation in, 393-406
lateral moraines in, 101
near surface temperature in,
125, 130-131
temperature profile in, 127,
136, 294-295
transverse surface profile in,
99-100
abrasion
production of fine material
by, 176
rate of, 192
resulting in polishing, 193
accumulation area, 17
accumulation-area ratio, 33
activation
energy, 52-53
enthalpy, 71
volume, 71
albedo
of bare ice, 27
definition, 26
effect of black carbon on,
26-28
effect of debris on, 27-28
effect of dirt cover on, 33
effect on mass balance,
26-28
of snow, 26
Aleutian Low, 40
Allan Hills, 446
Amundson Sea, 360
angle of internal friction,
170-171

Antarctica
accumulation rate, 26
basal drag in, 141
basal temperatures in,
138-141, 142
digital elevation model of,
140
dust in ice, 443
ice streams in, 350, 352, See
also ice streams
mass balance in, 34, 39, 43,
409
Arolla ice tunnel, 328

Athabasca glacier

longitudinal velocity in, 91
sliding speed, 155
transverse velocity in, 100
axes
instantaneous stretching,
389

principal

in strained state, 390

of strain, 390

of stress and strain rate, 14,

271-273

Barnes Ice Cap, 391-393

borehole deformation studies,

346

foliation in margin, 394,
404-406

ice fabrics in, 68

longitudinal cross section,
347

near-surface temperatures in,

125
Pleistocene ice in, 314

recumbent folds in margin of,

400
temperature profiles in, 298
Thule-Baffin moraines on,
108
winter balance on, 31

basal ice
rheology of, 160-161
effect of sediment on,
160-161
bed roughness, 150, 153
controlling obstacle size, 197
sinusoidal beds, 154
white roughness, 155
Bindschadler Ice Stream, 188
Bingham material, 263
bipolar seesaw, 452
Bjerrum defects, 48
black carbon, 26-28
Black Rapids Glacier, 188, 190
Blue Glacier, 155, 199, 338,
341, 396
Bodvarsson effect, 409
borehole
closure of, 327
deformation of, 342-349
Breidamerkurjokull, 188-189
bubbles
Aage of, 438, 447
40Ar/*8Ar ratio in, 446
in Barnes Ice Cap Pleistocene
ice, 347
in basal ice, 160
blocking veins, 199
C in, 444
CO, in, 434-436
defining foliation, 396
in dirty ice, 137
0,/N, ratio in, 439
at pore close off, 312
in superimposed ice, 21
volume of air in, 409
budget (mass)
definition, 22
gradient, 32-34
imbalance, 33
bullet boulders, 249
Byrd Station
debris in basal ice, 137
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ice fabrics, 67

ice temperature, 68

Pleistocene-Holocene
transition, 409

c-axis, 48
calving, 17
of ice shelves, 39
loss of ice by, 34
rates of, 36-38
of tidewater glaciers, 34-36
Camp Century
debris in basal ice, 137
§'80 variations in core, 435
cavities, subglacial
effect of water pressure on,
162-163
formation of, 161
linked, 220-221
role in quarrying, 248-252
seasonal evolution of,
230-231
cirques
erosion of, 252-254
Clausius-Clapeyron slope, 7
climate
continental, 33, 203
maritime, 33, 203
climate change. See also ice core
studies
analysis using perturbation
theory, 416-418
anthropogenic, 2
during Pleistocene, 410-411
at end of Pleistocene, 21
effect on ice shelves, 39
effect on mass balance,
28-32
effect on sea level, 314-317
effect on temperature
distribution, 143
instabilities in response to,
409
kinematic waves, 413-416
response of glaciers to, 408,
411-413
3-stage response, 423-425
effect of diffusion, 420
Green Bay Lobe, 308-311
modeling, 425-428
observations of
Greenland, 429
Nisqually glacier,
429-431

volume response, 420-423
without diffusion, 418-420
response time
Johannesson theory,
420-423
Nye theory, 419
Roe and Baker model,
423-425
CO,. See ice core studies
coaxial deformation, 389
Cobol creep, 55
cohesion, 168-169
cold patches, 156-158
Columbia Glacier
bottom melting, 39
retreat of, 39, 317-318
Column model, 131-135
compressive flow, 279
conduits
closure of, 205-207
englacial, 204
equilibrium size, 205
on eskers, 242-243
melt rates in, 212
subglacial
closure of, 329-332
comparison of theory and
field observations,
220
distributed, 216-217
efficient/inefficient, 209
linked cavity, 220-221,
233
Nye channels, 209
Roéthlisberber channels,
209
shape of, 219
on till, 221-232
water pressure in
hard beds, 213-217
soft beds, 223-225
under cold ice, 213
consolidation, 169-170
controlling obstacle size, 153
core recovery, 433-434
Crank-Nicolson, 297
creep
diffusional, 55-56
dislocation, 56
grain-boundary sliding, 56
primary, secondary,
transient, 58
crevassing. See also fracture
propagation to bed, 73, 203

Index

critical state line, 173
cross glide, 52
cross slip, 57
crystal size. See grain size
cumulative strain, 388
calculating, 391
in Barnes Ice Cap, 391-393
parameters describing,
387-388
cylindrical hole, closure of],
320-326

Dansgaard-Oeschger cycles,
410
Dawson’s integral, 125, 133
debris. See dirt
debris entrainment. See erosion
deformation. See strain
deformation mechanism map,
68-70
deformation mechanisms,
55-56
del operator, 119
depth hoar, 21
Des Moines lobe, 173, 183, 354
Des Moines lobe
till strength, 179
Devon Ice Cap, 403
diffusion
grain boundary, 55
self, 55
volume, 55
dilation, of till, 170-171
dirt
in basal ice, 138
in cores of ice-cored
moraines, 107
effect on albedo, 33
effect on ice rheology, 160
in foliation, 395-396
on ice-cored moraines, 109
disintegration ridges, 111
dislocation
climb, 57
cross-slip, 57
density of, 51, 57, 63
edge, 49
generation of, 52
healing of, 70
recovery processes, 57
screw, 49
tangles, 51, 57, 79, 160
Dome C, 433
doughnuts, 111
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drainage systems, subglacial

efficient, 209

inefficient, 209

linked cavity, 220-221
on till, 221-232
spatial and temporal
distribution of, 232

drumlins, 194-196
dry-snow

facies, 20

line, 20

zone, 20

effective normal pressure, 163
electromagnetic forces, on
clays, 169
energy balance
in polar ice sheets, 115-120
advection effect, 115-116
conduction effect, 117-118
strain heating effect,
118-119
energy grade line, 216
energy of liquid-solid interface,
7
Engabreen, 156, 183, 186, 218
enhancement factor
in Barnes Ice Cap Pleistocene
ice, 313-314
in borehole closure, 329
in development of Raymond
bumps, 105
estimates of, 71-72
in Siple Dome, 312
in Whillans Ice Stream
margin, 360
ENSO, 40-42
equilibrium line, 17, 21
altitude, 29-31
equipotential surfaces, 205-208
erosion, 143, See also abrasion,
quarrying, cirques
by abrasion, 192
beside flutes, 196
role in drumlin formation,
194
role of cold patches, 158
error function, 124, 125
eskers, 238-247
conduits on, 242-243
crossing ridges, 238-239
esker heads, 244
esker nets, 244
Katahdin, 240

paths, 238
on valley sides, 239
sediment supply to, 240-242
segments, alignment of,
244-247
Eulerian coordinate system,
116
extending flow, 279

fabric
development of, 64-65,
67-68
measurement of, 60-63
multiple-maximum, 67
single maximum, 66
small circle, 64
facies, 20
Findelengletscher, 165-166,
207, 230
finite-difference modeling. See
numerical modeling
finite-element modeling. See
numerical modeling
firn, 17
flow field, 81, 97-99
flow law, 70-72
effect of fabric on, 71-72
effect of fracture on, 78-79
effect of grain size on, 68-71
effect of pressure on, 71
effect of temperature on, 53,
329
effect of water on, 73
Glen’s, 15
flowlines, 97-98, 392
flutes, 196-197
flux, ice, 92
foliation
around conduit, 211
folds in, 397-400
isoclinal, 400-404
in ice sheet margin, 107,
404-406
in longitudinal septa,
396-397
origin of, 393-396
force balance, 332-338
fracture, 73-77
effect on flow law, 78-79
fracture toughness, 75
linear fracture mechanics,
73-76
Frank-Read source, 51
frazil ice, 253, 377

free energy, 19, 59, 160
freezing at bed, 125-126, 136
in overdeepenings, 253
role in erosion, 157
friction
angle of internal, 170-172
rock-to-rock, 197
frictional heating
in basal ice, 134, 191
in basal ice of ice streams,
363
role in basal melting, 39
during surging, 235

gas constant, 53
Gaukler-Manning-Strickler
equation, 210
geothermal heat
role in basal melting, 129
role in ice stream stability,
363-366
warming subglacial Icelandic
lakes, 236
geothermal heat flux, 122
at Dye 3, 292
effect on basal melt rates,
125-126
effect on temperature
profiles, 127
topographic focusing, 137,
195
GISP, GISP2, 433
glacier
cirque, 5
classification, 5
outlet, 6
polar, 6
polythermal, 6
source of water, 2-3
temperate, 6
temperature of, 6-7, 115-122
tidewater, 5
valley, 5
glacier volume
estimate from surface area,
317
Glen’s flow law, 15-16, 70
glide planes, 51
Global Positioning System, 82
global warming, 3, 312
Gornergletscher, 230
grain boundary
impurities on, 54
liquid on, 7, 53
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migration, 59
sliding on, 56, 60
slip on, 51
grain bridges. See till
grain fracture. See till
grain nucleation, 64
grain size (ice), 394
effect of impurities on, 347
effect on rheology, 46, 56, 58,
60, 68-71
variation with depth, 63
Greenland
age of ice, 21
albedo, 26
basal ice, 137
borehole deformation, 346
climate history, 143, 292
dust in cores, 443, 449
folds in basal ice, 403
ice cores, 433
ice deformation, 56
ice-core chemistry, 441-442
kinematic wave, 429
lead in, 2
mass balance, 26, 34, 135,
443
modeling, 313-314
subglacial water, 228-231
superglacial lake drainage,

73
Thule-Baffin moraines in,
106-111

tidewater glaciers in, 37
8'%0, 435, 438
GRIP, 433

heat
advection, 115-116
conduction, 117-118
sensible, latent, 29, 236
heat flow unit, 122
heat of fusion, 125, 157, 377
Heinrich layers, 354
hill-hole pair, 144
Hintereisferner, 23, 31, 426,
427
Holocene ice
rheology of, 347
Hudson Bay, 313
Hudson Strait, 354
hydraulic grade line, 216, 217,
219
hydraulic jacking, 162, 197
hydroelectric power, 3, 156

ice
crystal structure of, 47-48
dating. See ice core studies:
dating
electrical conductivity of, 53
heat capacity of, 8, 54
Pleistocene. See Pleistocene
ice
water content of, 7, 72, 161
ice cap, 6, 8
ice core studies. See also climate
change
ancient atmosphere
composition, 446-447
CO,, measurement of,
434-436
core logging
field, 433-434
laboratory, 434
dating, 436-446
'°Be, 441-442
80 and D,, 437-440
analytical methods,
444-446
chemical variations,
440-441
dust layers, 442-443
layer counting, 436-437
radioactive dating, 444
volcanic events, 441
electrical conductivity, 434,
436
Pleistocene CO, and CH,,
447-449
ice sheet, 6
ice shelves, 366-378
bottom melting, 40, 378
calving of, 376
circulation beneath, 376-378
creep of, 367-373
effect of tides on, 379-382
Larsen, 39, 366, 376
Ross, 39
ice stream shear margins
migration of, 362
stability of, 362-364
ice streams, 112-113
characteristics of, 354
draining to Amundson Sea,
358-360
effect of tides on, 383-385
erosional capabilities of, 168
in Laurentide Ice Sheet, 353
Rutford, 371, 383

Index

Siple Coast, 358
speed, 113, 167
temporal changes in, 356
stability of, 364-366
ice-walled lake plains, 112
impurities
effect on ice rheology, 54
effect on sliding, 158-159
incompressibility condition,
8-9
indicator trains, 138
invariant. See tensor
irrotational deformation, 268,
389
isotropic
material, 71
stress, 13

Jakobshavn Isbree, 353
jokulhlaup, 218, 236-237

Kamb Ice Stream, 313, 357,
358, 363, 366, 379
Kangerlussuaq, 110
Kelvin effect, 18
kettled outwash plain, 244
kinematic wave
description of, 412-413
equation, 418
modeling, 427
on Nisqually glacier, 430
on Rink glacier, 429
theory, 416
Kronecker 8, 261

Lagrangian coordinate system,
116, 120
Lake Vostok, 106, 433
landscapes, relict, 145-146
lapse rate, 30, 33
Late Glacial Maximum, 308
latent heat of fusion. See heat
Laurentide Ice Sheet
demise of, 21
ice streams in, 353
model of, 310
modeling, 313-314
temperature in, 246, 309
tunnel valleys beneath, 247
Law Dome, 72
lead, in atmospheere, 452-453
linked cavity system. See
conduits, subglacial
liquid-solid surface energy, 7
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Little Ice Age
advances, 2, 40
initiate folds in Barnes Ice
Cap, 402
initiate Thule-Baffin
moraines, 110
cold snap, 411
effect on Alaskan tidewater
glaciers, 38
near-surface temperature in
Barnes Ice Cap, 298
Storglacidren retreat from,
423
longitudinal coupling, 338-341
longitudinal strain rate
across Siple Dome, 312
effect on basal temperature,
128-129
effect on borehole
deformation, 342
effect on calving, 38
role in balancing b,, 289
role in glacier response to
climate change, 412,
418-420
in a slab, 284-288

MacAyeal Ice Stream, 353, 356,
366
Manning equation, 210
mass balance, 22
Alaskan glaciers, 40
black carbon effect, 28
climate causes of, 28-32
dynamic, 22-23
effect of albedo on, 26-28
effect on sea level, 44
measuring, 23-26
meteorological, 22-23
polar ice sheets, 26
principles of, 22-23
mass, conservation of, 8-9
material lines, 389
megascale lineations, 353
melting
basal, 39-40
base of ice shelves, 39-40
of conduit walls, 205, 211
melting point depression, 7
Mer de Glace, 2
microcracks
in ice, 73
in rock, 248
Milankovitch cycles, 303

Mohr-Coulomb relation, 168
Mohr’s circle, 259-260
momentum balance, 265-266
moraines

ribbed, 146-147

stoss side, 146

Thule-Baffin, 106-110
moulins, 204

n, 46
at low stresses, 56
NGRIP, 433
Nisqually Glacier, 429-431
normal consolidation line, 173
North Atlantic oscillation, 43
numerical integration, 292-293
Crank Nicolson method, 297
finite difference models,
294-298
trapezoidal, 293
numerical modeling
finite difference models
alternating direction
schemes, 297-298
implicit methods, 297
finite element models,
300-302
finite volume models, 302
full Stokes models, 300
goals of, 291-292
initial conditions, 303-304
intercomparison of models,
305-306
non-deterministic models,
306-307
Monte Carlo models, 307
semi-empirical models,
307
non-dimensionalization, 299
sensitivity testing, 305
shallow ice approximation,
299-300
thermomechanical models,
303
tuning, 305
validation, 304
Nye channels, 209

octahedral plane, 14
ore plumes, 138
overdeepenings
drainage through, 253-254
erosion of, 252-254
till in, 254

Pacific decadal oscillation, 43
Pb, in atmosphere, 452-453
Penobscot River, 240
percolation
facies, 20
zone, 20
perfect plasticity, 263
permafrost, role in glacier flow,
308-311
permeability
of glacier ice, 199
of till, 177, 188, 382
perturbation techniques
applied to changes in ELA,
30-31
applied to changes in glacier
profile, 416-418
Peyto Glacier, 42
piezometric head, 216, 221
Pine Island glacier, 353, 358
plane strain, 264
maximum shear stress in,
265
stresses and velocities in
non-linear material, 288
perfectly plastic material,
274-284
Pleistocene ice
dust in, 443
folds in Barnes Ice Cap, 402
impurities in, 313
isotopic ratios in, 110
rheology of, 314, 347
plowing, in till, 182-184
polygonization, 61, 63
pore close off, 20
precipitates, subglacial
CaCO0s, 159
Si, 193
preconsolidation test, 173
premelting, 7, 53-55
pressure
effective normal, 163
melting point, 7
separation, 162
principal axes. See axes
prismatic plane, 51
profile
transverse surface, 99-101
pyramidal plane, 51

quadrature, 293
Gaussian, 293
quarrying, 248-252
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R channels, 209
radiation
black body, 32
gradient, 33
solar, 26, 29
rate-limiting processes,
56-57
climb, 57-58
definition of, 57
drag, 57
other slip directions, 59
Raymond bump, 102, 103, 312
recrystallization, 60-64
dynamic, 59
by grain growth, 63
by nucleation of new
grains, 64
by polygonization, 63
migration, 64
regelation
contribution to sliding,
150-152, 152
effect of impurities, 158
into subglacial till,
184-186
regelation layer, 155
Roman lead smelting, 2
Ross Ice Shelf, 112
calving from, 39, 374
grounding zone, 351, 378
rotation
of ice crystals, 64
in simple shear, 267, 390
of strain axes, 271
Rothlisberger channel, 223
Rutford Ice Stream, 362

satellite interferometry, 82
sea level
effect of collapse of West
Antarctic Ice Sheet,
360
effect on ice streams, 312
estimate of future rise,
314-317
twentieth century rise, 3,
43-44
shallow ice approximation,
299-300
shape factor, 90
shear
pure, 62, 64, 65, 66, 389
simple, 62, 65, 66, 118, 276,
329, 342, 389

shear stress, basal, 84-86

calculation using force
balance, 332-338

SI units, 5

sintering, 19

Siple Coast, 112

Siple Dome, 102, 357, 436
modeling of, 312-313

sliding
effect of cavities on, 161
effect of impurities on, 159

effect of rock-to-rock friction

on, 156
effect of water pressure on,
162-166
Nye-Kamb roughness, 154
by plastic flow, 152
by regelation, 150-152
speed, 154
stress, 149-150
at subfreezing temperatures,
193-194
tests of theories, 155-156
weaknesses of theories,
156-160
slip line field, 280
snow drifting
effect on budget gradient,
23
effect on velocity field,
105-106
Storglacidren, 162
break through curves, 229
effect of N, on ug, 165, 167
englacial drainage in, 204
longitudinal cross section of,
219, 253
map of, 336
moulins in, 204
surface speed of, 230
till rheology, 171, 179, 181
Ty, 422
stoss side moraines, 145
strain, 266-269
cumulative, in a glacier,
391-393
definition, 12
ellipse, 387-389
logarithmic, 12, 269
notation, 12
transformation of, 269-271
strain heating, 118-119
in basal boundary condition,
132

Index

strain rate
definition, 12
effective, 14
equation for, 267
longitudinal. See longitudinal
strain rate
octahedral shear, 14
principal axes of, 271-273
stratigraphy
radar, 101-105
snow, 21
use in dating ice, 21
stress
comparison of theory with
measurements,
289-290
definition, 10
deviatoric, 13, 260-262
effective, 14
equilibrium, 265-266,
332-338
in a slab on a uniform slope,
274-275
nonlinear material,
284-288
perfectly plastic material,
275-280
non-hydrostatic, 13
octahedral, 14
principal, 14, 259
principal axes of, 271-273
sign convention, 10
transformation of, 256-258
yield, 12
stress intensity factor, 74-76
striations, 192-193
summation convention, 261
supercooling, 218, See also
frazil ice
superimposed ice, 21
surging, 232-236
drainage mechanisms, 235
thermal mechanisms,
235-236
Svartisen Subglacial
Laboratory, 156, 160

T term, 333
temperature
basal in Antarctica, 138-141
distribution along a flowline,
135-137
mean annual near surface,
130-131
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temperature boundary
condition
bed, 122-123, 125-126
surface, 124-125
temperature profile
ablation area, 129, 294-295
accumulation area, 127-128
beneath divide, 121-126
effect of vertical velocity on,
128-129
far from divide, 131-135
response to climate change,
143
seasonal variation, 295-296
tensor
invariants of, 260
in plane strain, 264-265
rank of, 11, 256
rotation rate, 268
strain, 12, 267
strain rate, 12
symmetric, 11
velocity derivative, 268
texture, 60, 61
thermal conductivity
ice, 117, 120
rock, 151
thermal diffusivity, 118
thin section, 60
thrust features, 311
blocks, 197
hill-hole pair, 144
slab entrainment, 190
Thule, Greenland, 106, 110
Thule-Baffin moraines. See
moraines
Thwaites glacier, 358
tidewater glaciers, 6, 34
calving from, 34-36
retreat of, in Antarctica, 411
unstable retreat of, 38-39
till
consolidation of, 169-170
Coulomb plastic behavior,
181
deformation of, 166-172
dilatant hardening, 177
role of pore water, 177
depth of deformation in, 191
dilation of, 170-171, 178,
382
flow law for, 178-182
grain bridges in, 174-175

grain fracture in, 175-176
granulometry of, 175-176
plowing, 182-184
rheology of, 177-178
sediment transport in
deforming, 168
strength
failure, 168, 171
fundamental, 171
residual, 171
ultimate, 171
yield, 171
void ratio of, 172-174
tiltmeters, 181, 189
transformation of snow to ice,
18, 19
transverse till scarps, 145
Tresca yield criterion, 262
trimline, 90
triple point, 7, 7
tunnel closure, 213, 327-329
tunnel valleys, 247-248

uniaxial compression, 64
units, 5

unloading-reloading line, 173
Urumgqi Glacier No. 1, 161, 194

Variegated Glacier, 220
surge of, 233, 234
veins, 6, 200
energy balance in, 202
water flow in, 156, 199
velocity
balance, 83-84
effect of drifting on,
105-106
horizontal
comparison of theory and
measurements,
91-92
depth variation of,
86-88
depth-averaged, 92
in valley glaciers,
88-90
measurement of, 82-83
submergence/emergence,
96-97
vertical
beneath divide, 96
variation with depth,
93-96

velocity distribution
comparison of theory with
measurements,
289-290
in a slab on a uniform slope
nonlinear material,
284-288
perfectly plastic material,
281-284
viscoplastic material, 263
viscous heating in water, 205,
213, 237, 246
void ratio, 172, 177
von Mises yield criterion, 262
Vostok, 66, 433
Lake Vostok, 106

water content of ice. See ice
water equivalent line, 216,
218
water flow
englacial, 204
in veins, 199-202
subglacial
on adverse bed slopes, 218,
253
on hard beds, 213-217
on soft beds, 221-227
water pressure
during surges, 233-235
effect of A on, 216
effect of bed slope on,
216-218
in conduits on till, 223-225
in pore water
Des Moines Lobe, 174
near conduit, 363
role in erosion, 144
role in plowing, 198
role in sliding, 314
water table in firn, 203
West Antarctic Ice Sheet, 42,
350
collapse of, 360, 385
ice streams, 354
wet snow zone, 20
Whillans Ice Plain, 383
driving stress, 353
stick-slip movement, 382
till permeability, 382
Whillans Ice Stream
driving stress, 353
grounding line wedge, 186
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shear margin, 356, 361 till rheology, 179, 180 till, 171
migration of, 362 preconsolidation stress, 180  yield stress, 12, 263

speed of, 113, 356 Younger Dryas
stability of, 364-365 yield criterion, 262-264 age, 21
subglacial channel spacing, Tresca, 262 change in b, at end of, 21,

227 von Mises, 262 443, 445
till beneath, 167, 169-170,356  yield strength, 263 cold snap, 411
till deformation, 187-188 ice, 76 end of, 449-451
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