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ABSTRACT. Glacial quarrying remains enigmatic despite being long recognized
as a primary, perhaps the dominant, process by which elaciers erode bedrock. The
rate-limiting process appears to be subglacial rock fracture due to ice-induced

mechanical stresses.

To study this erosional process, a simple model of quarrving is developed for a
glacier sliding over a periodic series ol bedrock steps. Consideration of the balance of
forces at the ice/rock interface and of the rate of cavity closure permits evaluation of
ice-induced stresses on bedrock surfaces, The resulting stress distribution where ice
loads are most concentrated near the corner of bedrock steps is evaluated using a
simple elastic solution for the state of stress in a loaded quarter-plane. Tt is then used to
determine whether fractures in the rock will grow. and to estimate the rate of
progressive crack growth, Based on these erack-growth rates, an index of the quarrying

rate is then calculated as a function of key glaciological variables
and various bed parameters. Considerable incentive exists for

and sliding velocity

cifective pressure

further analysis of quarrying, and for seeking field data to test the model.

INTRODUCTION

Conventional treatments of glacial erosion characteristi-
cally discuss four primary mechanisms: abrasion, quarry-
ing, subglacial uvial erosion, and dissolution (e.g.
Drewry, 1986). In comparison with abrasion and
dissolution, which are relatively well defined and have
been the subject of considerable analysis (e.g. Hallet,
1979: Lliboutry, 1994; Sharp and others, 1995), litde is
known about the other mechanisms.

The importance of quarrying (also termed plucking)
relative to abrasion is essentially unknown (Drewry,
1986). and even its existence has been questioned recently
Lliboutry, 1994). The quarryving phenomenon remains
clusive not only to modelers, but even to those attempting
to define precisely the controlling processes: subglacial
rock [racture, loosening of rock [ragments and evacuation
ol those rock [ragments. Nevertheless, quarrying has long
been recognized as an important erosional mechanism
1) rock
fragments on glaciers and erratics in deglaciated areas
widespreacd

based on diverse geologic evidence, mcluding:

that had to be derived [rom the bed; (2
evidence for subglacial rock fracture on proglacial
bedrock exposures: and (3) occurrence of quarried lee
surfaces on houlders that are embedded in lodgement tills
(Sharp, 1982), as well as on bedrock hills and roches
moutonnées (e.g. Jahns, 1943).

Quarrving also warrants scientific attention because it
can play a crucial role in the generation and maintenance
ol bed roughness, which in principle can profoundly affect
the sliding speed and stability of temperate glaciers (e.g.
[ken, 1981). Unlike abrasion, which tends to smooth the
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bed hecause it is more effective near the tops of bed
protuberances than in depressions. quarrying can rough-
en the bed, thereby permitting the bed micro-relief to
persist in spite of extensive erosion. For instance,
considerable bed roughness is evident on recently
deglaciated bedrock in deeply incised valleys and cirques
where erosion can amount to hundreds of meters of
surface lowering.

Current consideration of abrasion mechanics by the
author directs attention toward quarrying as a key
process from yvet another point of view: as a sustained
source ol abrasive material active over large parts ol the
bed. which is necessary for significant abrasion.
Quarrying also altects the accumulation of subglacial
sedliments, which can influence sliding over bedrock (e.g.
Shoemaker, 1986), and ultimately leads to soft bed
conditions. The widespread realization that sediments,
which can deform or lacilitate sliding at the base of ice
masses. may play a critical role in the dynamics of
glaciers and ice sheets (e.g. Alley and others, 1986,
1967h: Boulton, 1987), and in their response to global
change (Alley and others, 1987a). provides ample
motivation to study quarrving as a primary source of
subglacial sediments. Consideration of sources and sinks
of rock debris at the base ol glaciers is fundamental to
understanding why debris accumulates and lubricates
the bed in certain areas and not in others.

PREVIOUS MODELS

Several analyses have addressed quarrying in the context
of current glaciological understanding. Réthlisherger and


https://doi.org/10.3189/1996AoG22-1-1-8

Hallet: Glactal quarrying

Iken (1981) proposed that local basal freezing enables a
glacier to extract rock [ragments from a sufficiently
jointed bed. Such freezing could result from the rapid
opening of large-scale water-filled cavities under high
water pressure, or from the heat-pump effect proposed by
Robin (1976). LExcept near the margins ol temperate
glaciers, where winter temperatures can drop well below
the pressure-melting point (Anderson and others, 1982),
it is unlikely that ice growth could wedge open cracks in
the bed (e.g. Walder and Hallet, 1985), because the well-
buflered thermal regime prevents the build-up of pressure
much above the ambient basal ice pressure. Ice growth

could create higher pressures in bedrock cracks if

temperatures were relatively low there. However, this is
precluded because if cracks were relatively cold, heat
would naturally converge on the cracks, thereby melting
rather than growing ice there,

Hutter and Olunloyo (1981) presented a model for the
generation of high basal stress concentrations at the
periphery of ““cold patches™ where ice is frozen to the bed.
This mechanism could lead to fracture and entrainment,
but only where large pre-existing flaws render the
bedrock weaker than ice. This limitation, which stems
from the similarity of the stress field in the rock to that in
the ice, also applies to Morland and Boulton’s (1975)
analysis of quarrying.

Considerable insight into the physics of quarrying
was gained by Iverson (1991) who used coupled finite-
clement models to analyze stresses both in the ice and in
the rock. He computed ice loads on a single bedrock
ledge, considered important effects of transient pore-
pressure gradients in the bedrock, and presented detailed
numerical results describing the stress field and an index
of the propensity to crack growth under both steady and
non-steady conditions. His results provide a very
instructive quantitative view of the basal conditions,
particularly the water-pressure variations, that are most
[avorable for micro-crack growth, as well as the location
and direction of crack growth. In contrast with previous
maodels, the stresses at the bedrock surface computed by
Iverson (1991) are not identical to those in the glacier
sole. This difference, which arises from ice/bed separa-
tion, is important because it circumvents a persistent
problem [undamental to quarrying: as rocks are
generally more resistant to [racture than ice, how can
ice-induced loads [racture the rock without first
fracturing the ice?

The model [ develop here has much in common with
that of Tverson (1991), in that hoth are centered on the
state of stress induced in bedrock ledges by sliding ice. 1
focus on a simple analytical estimate of stresses averaged
over those parts ol the bed in contact with ice. These
spatially averaged stresses are of interest both because
they can be easily calculated and because the extreme
stresses that tend to dictate crack growth scale directly
with average stresses. Streamlining the stress analysis
greatly facilitates examination of the role of glaciological
parameters in quarrying. It enables me 1o proceed
beyond calculating stress indices, and to evaluate the
rate at which microcracks can grow, which is linked to the
rate of quarrying. Also, I can consider a series ol ledges,
instead of a single ledge cavity pair, which permits
definition of critical quantities averaged over the bed,
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such as the degree of ice/bed separation and an index of
the rate of quarrying resulting from progressive sub-
critical crack growth in bedrock.

I wish to emphasize that Iverson’s (1991 model and
the one presented here are complementary in several
ways. Whereas Iverson’s model can improve my local
stress descriptions, particularly under non-steady condi-
tions, my model delineates how his analysis can be
extended to obtain an index of quarrving rates over large
parts of the bed. In addition, the factors identified in the
respective models as being key to fracturing rock
subglacially can operate synergistically, as mentioned in
the discussion below.

PRESENT MODELING STRATEGY

In view of the complexity of the quarrying process, the
simplest model is sought that permits analysis of the
controlling physics with the conviction that the insight
eained from a judiciously streamlined model far out-
weighs that lost through the required idealizations.

I examine steady sliding over a simple glacier bed
comprising periodic ledges stepping down in the ice-flow
direction, similar to that used by lken (1981) to study
the effect of subglacial water pressure on sliding
velocities. Aside from resembling some actual glacier
beds (e.e. Anderson and others, 1982), this bed
idealization has the following advantages: (1) ice-
induced deviatoric stresses can reach the elevated levels
required to fracture rock, which are considerably higher
than those obtained for low-roughness beds (Nve, 1969;
Morland and Boulton, 1975); (2) in the long term,
quarrying can cause ledge risers to retreat up-glacier at
the same average rate, thereby sustaining the bed
roughness while quarrving is active; and (3) consider-
able insight into glacial sliding and basal hydrology has
already been gained from this bed model (Iken, 1981;
Humphrey, 1987; Kamb, 1987), but it has yet to be
utilized 1o study glacial erosion.

[ assume that crack propagation is the rate-limiting
factor in glacial quarrving. The other primary process
necessary for quarrying, entrainment of fractured rock
fragments, evidently occurs more rapidly, otherwise such
rock fragments would be abundant in proglacial bedrock
arcas, which is generally not the case. Hence, T do not
consider entrainment further, and estimate the rate of
quarrving by evaluating growth rates of bedrock cracks
and the amount of material likely to be entrained from
the bed once a fracture has propagated sulliciently to free
a block from the bed. While generally insufficient to cause
rapid (unstable) fracture of bedrock, ice-induced stresses,
as will be shown, are likely to be sufficiently high to cause
slow propagation of pre-existing micro-flaws in most
rocks. The rate of such propagation, known as sub-critical
crack growth, can be estimated for a given stress state
using existing empirical fracture-mechanical data [or
rocks (e.g. Atkinson, 1987).

The state of stress in bedrock is obtained by
considering the balance of forces at the ice/rock interface
and the factors determining the extent of cavities. Once
the ice/bed contact stress is evaluated, the state of stress in
the rock can be calculated using standard linear elasticity.
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Herein. I analyze crack growth under steady stresses, and
brielly consider the effects ol non-steady conditions on

quarrving. The analysis of pore-pressure ellects, partic-

ularly those arising from transient gradients in pore
pressure (e.g. Iverson, 1991, is bevond the scope of this

paper.

THE MODEL

The general trend of the bed is horizontal, and it
comprises a series of ledges dipping slightly up-glacier at

a small angle 4 (Fig. 1. Cavities occur down-glacier of

cach ledge where the ice separates from the rough bed.
The convenient choice of a straight rool for the cavity is a
reasonable approximation, provided it is unaflected by
melting due to lowing water or air (Fowler, 1986: Kamb,
1987; Iverson, 1991). Although considerable melting by
running water occurs under temperate glaciers, its overall
cffect on the shape of cavities scattered over the entire bed
can probably be ignored because substantial heat
dissipation is highly localized along a few channels
where water flows vigorously.

CAVITY

BEDROCK

1
»
»

|
|
< >

ICE NS

BEDROCK

Initiation *

Fig. 1. (a) Geomelry of idealized bed for the quarrving
model, (b) Stresses and location of probable fracture
initiation near the corner of a ledge. Quarrying lakes place
when fractures propagate downward from the ice-loaded
surface and coalesce with the planar discontinuities that
define that ledge system, al which point a bedrock block is
liberated and the ledge is propagated up-glacter.

The normal stress imparted by ice on the bed is
central to evaluating crack growth in the bed. The
average of this stress over the area of direct ice/rock
contact, o,, is a key unknown, since it is a particularly
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uscful single measure of the magnitude of ice-loading. To
evaluate a,, the area of ice/bed contact is assumed to be
?\'[ll(l()ll], S0 lhlll i] H]I[)I)(]l'ls ll(l]‘n’li‘l] SLICSSeS l-)“l no N]](”"il'
stresses, in accord with standard glaciological theory
(e.g. Nye, 1969). Relevant basal stresses averaged over
the entire glacier bed include the ice-overburden
pressure I3, water pressure P, basal shear stress 7,
and effective pressure, P, = B, — Py. Balancing forces in
the horizontal and vertical directions and dividing by
the ledge length L measured in the ice-flow direction
(Fig. 1a) yield:

8 tan B =0 (1)
P =o0. (2)

T+ P8 taner — o, (1 —
1n\\"Sdl + (] S SJ)”‘H =

Here, S=S5/L is the normalized extent of ice/bed
separation, and a is the slope of the cavity rool. which
can be defined in terms of cavity size:

A

L—
tano = Ttan 3. (3)

Combining Equations (1) and (2) leads to an overall

equilibrium condition at the glacier bed:

=B — Bl ang= tan . (4)

which is equivalent to lken’s (1981

a, scales inverselv with the extent of subglacial
cavities determined by the combination of hasal sliding
and cavity closure. The rate of closure is itsell a function
of P.. The inclination of the cavity roof'is taken to parallel
the ice-velocity vector obtained by the vector addition of
the sliding velocity, U, and closure velocity, ', assumed
normal to the cavity roof:

U —Csina

oS =——— [
C'cosa

o

The closure ol a cavity that is elongated normal to the ice-
flow dircction. as shown in Figure 1. is similar to the
contraction ol a cylindrical hole in a glacier, a problem
analyzed by Nye (1953). The highly non-uniform stress
field in the vicinity of a rough bed is likely to render the
problems quantitatively distinct. However, it is reason-
able to make the conventional assumption that closure
rates for both situations have the same form (Walder,
1986: Humphrey, 1987; Kamb, 1987), vielding:

=g (6)

where & is a constant and [ is the length of the cavity rool
measured in the ice-flow direction. Substituting Equation
(6) into Equation (5) leads to

F
— bl‘ r{)_

8= —p ¢
kP

(7)
where 6 is the elevation difference between the points of
separation and contact between the ice and the bed
(6~ Stana). A quadratic expression for S is obtained hy
substituting Equation (3) into Equation (7):

S?kP.* + kP.*(L — S)" tan® 8 — U(L — S)tan @ = 0.
(8)
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Knowing the cavity extent 8, a particularly instructive
relation can be obtained for g, using Equation (2):

ol

UHZ-Pi+P’ m

(9)

As expected, the presence ol cavities elevates the ice/rock
stress above the ice-overburden pressure, and the effect is
extreme where ice/bed separation is nearly complete (as
(1-95)—0.

From the standpoint of rock fracture and quarrying, it
is the difference between the normal stress on the ledge
and that exerted on other parts of the bed by water in
cavities that gives rise to deviatoric stresses in the rock.
Based on Equation (2), this difference is simply

1

1 -4

(on — Py) = B (10)

In this simple model, cavity size is primarily dictated
by effective pressure and sliding velocity. and secondarily
by the size and inclination of bedrock steps. At low F..
cavities arc extensive, and very large compressive normal
stresses are concentrated on ledge corners. However. o,
cannot exceed the stress that can be mechanically
sustained by ice.

The state of stress in the ice near the corner of a
bedrock ledge resembles that due to a localized surface
load pressing against and moving along the ice. A
conservative indication of the maximum attainable
contact stress, o,
Hertzian problem (e.g. Frank and Lawn, 1967) for a

can he obtained from the simple

sphere pressed against an elastic half-space with average
pressure a,,. Brittle failure is expected in the ice it @, leads
to tensile stresses comparable to the tensile strength ol ice,
which is on the order of | MPa (Palmer and others, 1983:
Schulson and others, 1984). Por this problem, the
maximum tensile stress is approximately ,/6. hence
o) &6 MPa. No experimental data for temperate ice exist
to validate this ¢!, estimate. However, it is consistent with
recent theoretical and experimental work (Premachan-
dran and Horii. 1994, p.33) that reports indentation
strength, equivalent to o), . of around 5 MPa for ice at
10°C for the lowest strain rates considered (2.3 %10
s '): streneth increases with strain rate, which in this
context, is defined as indentation rate divided by indentor
width. The cited rate corresponds roughly with ice
converging with a 0.1 m portion ol the bed at 100 ma :
The above estimate of maximum contact stress
(o7 =6MPa) in the ice. based on a circular contact
area, is conservative, however. More realistically, the ice/
bed contact area near a ledge corner would be narrow in
the direction of sliding and long transverse to it. For this
contact geometry, the analysis of a concentrated line load
on an elastic hall=space (Timoshenko and Goodier, 1951)
is also relevant. It suggests that for the strictly two-

dimensional model, higher ¢! can be sustained locally

n
because stresses in the ice are all compressive. Thus, for
actual ledges with finite extent in the direction transverse
to ice flow, the highest attainable o) value is likely to
exceed the above 6 MPa estimate. Also, account must be
taken of the supporting role of water surrounding the ice/
bed contact area. Therefore, it appears appropriate to
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constrain (o, — Py) not to exceed ~10MPa, because of
the finite strength of ice.

Once the contact stress is estimated, the stress state in
the bed can be calculated, making the widely accepted
assumption that rock can be adequately modeled as a
linear elastic material. Focusing on the area near a ledge
corner where ice loads are most concentrated, the stresses
in the rock must he close to those in an infinite elasuc
quarter-plane due to a normal stress applied near the
corner. According to Hetényi’s (1960) analysis of the
quarter-plane problem, tensile stresses could reach magni-
tudes of ~2(a, — P, )/3 close to the corner but directly up-
glacier of the ice contact zone. This amounts to about
6 MPa (with (g, — Py)~ 10 MPa), which approaches the
tensile strengths of tough crystalline rocks without
macroscopic flaws, which generally range from 10 to
20 MPa. A considerably lower tensile stress would sullice to
fracture any rock with sizable pre-existing cracks.

The state of stress in the rock can be related to its
[racture behavior by introducing the stress intensity
factor, Ki, which provides a measure ol the stress
concentration at critical areas, the tps ol pre-existing
cracks. Here 1 consider only the opening mode for
idealized penny-shaped cracks of radius e oriented
perpendicular to the direction of maximum tensile stress
helow the rock surface. For this situation

_l.
oy ik (11)

™

where T is the far-field tensile swress (T ~2(oy, — Py )/3).
Above a critical K value, Kje, fractures will grow
unstably. At stress-intensity levels considerably below K
but above a minimal value known as the “stress-corrosion
limit”, crack growth occurs progressively. This limit,
which is expected based on thermodynamic considera-
tions (e.g. Segall, 1984), has not been unambiguously
detected in the laboratory, because practical limitations
seldom permit K} to be less than ~0.6Kjc. Indirect
estimates of the stress-corrosion limit in rocks (Segall,
1984) suggest that it is above ~1/3Kjc. Because of the
relatively modest deviatoric stresses typically arising
subglacially, I wish to take into account a finite stress-
corrosion limit to calculate crack-growth rates, v., by
using the following expression that 1s consistent with sub-
critical crack-erowth data (e.g. Atkinson. 1987):

K: 3 S
V. = I [expy (‘—,[ = l) — exp Yy (——) , Ki>=Ke
i 9 3

1
ppa= 0, Hyps §I\—[(' (12)

where 14 and  are material parameters obtainable
graphically from a plot of crack-growth rate v (on a
logarithmic scale) vs I\"f. once Ko is known (e.e. Walder
and Hallet, 1985). Equation (12) converges with the
simpler expression commonly used for empirical data well
above the stress corrosion limit (Atkinson, 1987 ):

ve = EKp" (13)

where m 1s 40+ 10 and £ is a constant dependent on rock
type.
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Because tensile stresses are highest at the rock surface
directly up-glacier ol the ice contact zone, and are aligned
in the ice-flow direction and parallel to the floor of the
subglacial cavity, cracks are most likely to originate there
and grow transverse to ice flow. Observations of ledges

and joint sets exposed by the recent retreat of Grinnell

Glacier suggest that quarrying there is the product of

[racture propagation that is strongly favored both along
and perpendicular to bedding planes. It is, therelore,
reasonable to assume that near-surface cracks would
propagate downward normal to the surface and to the
sliding direction until they encounter a relatively weak
zone parallel to the bedding: crack growth could then
accelerate along the bedding plane. This would then
liberate a rectangular block from the loaded corner of a
ledge (Fig. 1b) and redefine the ledge riser slightly up-
glacier of its previous position.

The volume of rock [reed from the bed per unit length
transverse to ice {low 1s simply the height of the ledge
times the ice contact area (L — S). Quarrying events are
likely to be sporadic because long periods of slow crack
growth would generally be necessary belore fractures
completely isolate a bedrock block. Assuming that crack
propagation is rate-limiting, the long-term average
volume of rock quarried per unit time, per unit distance
transverse to the ice-llow direction would be 7 (1 — §") L
(the bar represents an average). Dividing this by the
ledge length vields the long-term quarrying rate averaged
over the entire bed:

Q=w(1-9). (14)

Due to competing effects, crack-growth rates may not
vary a great deal as they propagate: the stress-intensity
[actor increases with crack size, e, but diminishes with
distance from the ice/rock interface as the far-field tensile
stress decreases. A first-order estimate can be obtained by
simply substituting . evaluated at the ice/rock interface
for the average in Equation (14). T emphasize that this
estimate becomes progressively poorer as cracking
proceeds, because the growing crack increasingly influ-
ences the state of stress in the rock, causing it to diverge
[rom the assumed stress state.

RESULTS

Calculated quarrying rates are illustrated in Figure 2 for
two distinct rock types for which relatively good data exist
on sub-critical crack growth. They were obtained using
Equations (14) and (12) with the material parameters
used by Walder and Hallet (1985). The quarrying rate is
such an extremely sensitive function of the state of stress in
the bed, that quantitatively correct quarrying rates
require knowledge of hasal stresses with unrealistically
high precision. Hence, the calculated quarrying rates
should not be viewed as quantitatively reliable: rather,
they serve as physically based indices of quarrying rate
useful in defining the influence of glaciological para-
meters.

For the glacier and bed conditions represented in
Figure 2. the model yields quarrying rates that are
negligible outside a relatively narrow P, range of 0.1-

https://doi.org/10.3189/1996A0G22-1-1-8 Published online by Cambridge University Press

Hallet: Glacial quarrying

(o]
-~ -1
- a 1000 ma
-]
&
E
'
g -
©
[
= 31
=
=
E
S o
(=]
Ly
=)
= 16
5]
: A
'3 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Effective Pressure (MPa)
3
- =1
- b 125 250ma
@ 62
£
E 2 -
@
-
@
(-4
=]
2 M
=
e
=
o
=]
=3
— 0
]
=
)
-
-1 - T T T T T
0.0 0.2 0.4 0.6 0.8

Effective Pressure (MPa)

Fig. 2. Calculated index of quarrying rate as a_function of
sliding velocity and  hasal effective pressure.  Model
parameters were ledge width: L= 10m: (read slope:
sin 3=0.2; and cavity closure-rate constant: 5a '
MPa ”, which reflects standard rheological parameters
( Paterson. 1981). Empirical fracture-mechanical data
(from Walder and Hallet. 1983) were used for: (a)
Westerly Gramite with 20mm cracks, and (b) St Pons
Marble with 10 mm cracks.

I MPa. Starting with high P. conditions that are
unfavorable for extensive ice/bed separation, the calcu-
lated crack-propagation rate increases dramatically with
decreasing I because of the resulting expansion of
cavities that, in turn, concentrates the eflective ice load
a, — Py on ledge corners. Quarrying rates peak under
conditions ol extensive cavitation. with B. typically
ranging from 0.1 to | MPa, while ice-induced loads are
curtailed to the highest value dictated by ice strength.
These rates appear reasonable as they range up to a
fraction ol a meter per vear under optimal conditions,
which is consistent with maximal inferred erosion rates
Hallet and others, 1996). At very low to vanishing values
of F., the quarrying rate must diminish to zero because
the area of the bed influenced by high ice loads vanishes,
while the ice/bed contact stress remains at the flinite level
dictated by ice strength. Where F. reaches zero over

wn
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much of the bed, no quarrving is expected because the
elacier would eflectivelv float.

No ideal data set is available to test the principal
model results, that quarrying is particularly active for
conditions of small hut finite eflective pressure and high
sliding velocity (Fig. 2). Such conditions have been well
documented [or several fast moving glaciers, including
Variegated Glacier (Humphrey and Raymond. 1994),
Columbia Glacier (Humphrey and others, 1993) and lce
Stream B (Engelhardt and others, 1990). Characteristics
of these glaciers may have litte relevance to the quarrying
model, however, because considerable data suggest that
they are underlain not by bedrock but by a deformable
debris layer. A relatively deformable dll layer, such as
that inferred to underlie Iee Stream B (e.g. Alley and
others, 1986), would effectively shield the rock from the
direct action of the glacier and inhibit the formation of
subglacial cavities, rendering quarrying unlikely. Never-
theless, 1 wish to stress that the nature ol the bed of any
glacier is generally only known [rom rather sparse
information, hence undeformable bedrock may underlie
significant parts of these glaciers. Moreover, one can
aroue for the occurrence of substantial areas of eroding
hedrock under glaciers overriding a debris layer over
bedrock, because an active and distributed source of
sediment is required to sustain a delorming layer of
debris. Keeping this in mind, I cautiously examine
relevant data [rom Variegated and Columbia Glaciers,

Conditions of small but finite eflective pressure and
high sliding velocity, which favor rapid quarrying, were
well documented during the surge of Variegated Glacier
by Humphrey and Raymond (1994). There the sediment
(lux in proglacial streams is consistent with extreme
erosion rates amounting to about 0.3 m per 17 year surge
cvele (Kamb and others, 1985; Humphrey and Ray-
mond, 1994). This flux includes a rough estimate ol
bedload that makes up about half of the total sediment
vield, and is presumably composed largely of quarried
material. They estimated that two-thirds of this sediment
was delivered to the glacier [ront during the surge (1-2
vears), but had no information on when the sediment was
produced subglacially. As conditions for quarrying arc
particularly favorable during the surge, while being
singularly unfavorable hetween surges because of slow
sliding and relatively high P.. it is reasonable to infer that
the surge is a period of both exceptionally high sediment
yields and rapid erosion. With this inference, the
corresponeing short-term vallev-wide quarrying rates
are likely to be on the order of 0.1ma ~ during the
surge. These rates are in accord with model values of
maximum quarrying rates, assuming that quarrying is
responsible for a large proportion of the sediment
production.

The normal stress required for significant fracture of a
loaded ledge corner is approximately 5 MPa for many
lithologies. Such values are reached where cavities
separate approximately 90% of the bed [rom the ice, a
at ellective
pressures of 0.2 and 0.7 MPa for ledges 10 and 1 m apart,

condition that arises for sliding at 100ma

respectively. Such low effective pressures are not
unreasonable even under thick glaciers where over-
burden pressures approach 10 MPa. For example,
measurements at Variegated Glacier (Kamb and others,
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1985) and Columbia Glacier (Humphrey and others,
1993) suggest that very rapid ice motion can be associated
with P, < 0.1 MPa. Thus, at least for these glaciers,
periods of fast basal motion and extremely low /.. which
are conducive to rapid erosion according to the model,
are indeed plausible.

QUARRYING UNDER NON-STEADY
CONDITIONS

Substantial temporal variations in crack-growth rates are
expected in part bhecause subglacial water-pressure
variations, which are common (Engelhardt and others,
1978: Kamb and others, 1983], cause changes in the
normal stress on rock surfaces and transient pore-pressure
oradients in the bedrock. The dependence of crack-
orowth rates on deviatoric stresses is so sensitive that crack
erowth during briel periods with conditions favorable for
cracking is likely to be important. This would include
P. is in the critical 0.1-1 MPa
range; (2) water pressure drops abruptly, causing a large

periods during which (1)

fransient increase in (g, — Py) (e.g. Iverson, 1991); and

3) deviatoric stresses are temporarily enhanced by the
passage of a clast in forceful contact with the bed.

The importance of short-duration stress events for the
long-term average crack propagation rate (e.g. Lliboutry,
1965) can be demonstrated casily. Consider a crack that
propagates at a constant rate ¢ due to a steady imposed
tensile stress ay. 1 now determine the average rate at
which that crack will grow assuming the ledge is exposed
for short durations to a stress o. that exceeds ay. The

length of a crack at time £ is

cC=q = Vn([ = Al\rh) = I/.tx]\r'rf,;‘ (15)

where N and f, are the number and duration ol load
events, and v, is the crack-growth rate during high-stress
periods. Using the simpler expression for the instanta-
neous crack-growth rate (Equation (13)), the time-
averaged crack-growth rate is

e ;{1+f7’[(:—)~1] } (16)

Because m is so large (m ~40), short-duration stress
perturbations, even if very infrequent, could significantly
alfect the long-term crack-growth rate. For example,
taking (ft«/t) to be 10 ', which corresponds roughly to a
single | h stress event per vear, would double ¢ for a
stress perturbation only 25% above the steady value.
Rapid drops in basal water pressure of up to 1 or
2 MPa recorded in glacier boreholes (Engelhardt and
others, 1978; Kamb and others, 1985) are particularly
interesting in this context. Assuming that such records
reflect comparable declines in water pressure at particular
sites on the bed, the support of the glacier provided by
basal water would be temporarily reduced. thereby
increasing the ice load on the bedrock near these sites.
Importantly, the inerease in normal stress on the bedrock
can greatly exceed the drop in water pressure. LFor
extensive cavities expected under very low effective
pressures, the transient increase in normal stress can be


https://doi.org/10.3189/1996AoG22-1-1-8

related simply to the extent of cavitation S" and the
magnitude of the water-pressure drop: Ag, = AP,
(1—-5". Thus, for example, for cavites covering 90%
of the bed, a 1 MPa drop in water pressure would
theoretically increase the normal stress by 9 MPa,
Although such high-stress events would be short-lived
because the cavities would contract rapidly, they are
likely to figure importantly in subglacial rock fracture by
clevating the deviatoric stresses into regions ol very rapid
crack growth. Temporal variations in water pressure are

also central to Rothlisberger and Tken's (1981) model of
analysis of

debris entrainment and Iverson’s (1991
quarrying. However, in contrast with both Iverson’s
and my model, Rothlisherger and Tken's work stresses the
importance of rapid increases in water pressure that cause
drops in normal stress, thereby inducing supercooling and
basal [reezing.

I note that the finite strength of ice moderates the

magnitude of stress transients. For the configuration of

loads shown in Figure 1. the stress ceiling of a, "
(~10 MPa, as discussed carlier) severely limits the
contact stresses under conditions of extreme cavitation.

particularly during transient increases in effective stresses.

CONCLUDING REMARKS

I have examined a simple scenario in which ice-induced
stresses can cause sub-critical crack growth permitting
detachment of bedrock fragments, and have developed a
physically based functional relationship between quarry-
ing rate and glaciological parameters. Low effective basal
pressures (0.1 1 MPa) and fast sliding emerge as the
dominant glaciological conditions favoring glacial quar-
rying because they induce extensive ice/bed separation
and highly concentrated stresses where ice contacts the
bed. This result is consistent with data reflecting rapid
crosion by [ast moving glaciers with low hasal effective
stress.

The results I have obtained to date are promising in
that they contain much of the important physics and are
able to produce reasonable quarrying rates in all rocks, as

long as they contain microcracks on the order of 1 10 mm
in length. My theoretical study to date provides strong
motivation for incorporating results [rom Iverson’s (1991
detailed analysis of stresses near ledge corners to further
develop the quarrving model, This would generalize the
model o include potential crack growth closer to step
corners, rather than only up-glacier from where ice
regains contact with the bed, and under a broader range
of conditions owing to the tendency for normal stresses to
focus at the corners. This generalization would render the
model less restrictive because it would  considerably
broaden the range of basal conditions conducive to
active quarrying. Other promising goals are to integrate
the quarrying model with models of other erosion
processes, and to seek field validation.

One troubling aspect of the present model formulation
is that quarrying rates depend on basal stresses in such an
extremely sensitive fashion that quantitatively correct
quarrying rates require knowledge of basal stresses with
unrealistically high precision. Hence, the calculated
quarrying rates should not be viewed as heing quan-
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titatively reliable: rather, they serve as physically based
indices of quarrying rate useful in defining the influence of
glaciological parameters. This characteristic renders it
difficult o use the model in simulations of landform
development (e.g. Oerlemans, 1985; Harbor and others,
1988) or of glacial denudation, because basal conditions
cannot be defined precisely. The latter renders studies of
sediment yield from glacial catchments the most promis-
ing source ol quantitative information on erosion rates.
However, much of this extreme sensitivity is artificial: it
reflects the highly idealized perfectly periodic bed
geometry and the treatment of water pressure as being
uniform over the bed. Promising model improvements
that would moderate the present model sensitivity
include: (1) a more realistic bed geometry with a
spectrum of roughness elements: (2) spatially non-
uniform o, and P,: and (3) explicit treatment of
transient effects due to pore-pressure variations in arrays
of bedrock microcracks, as suggested by Iverson (1991 .
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