Journal of Glaciology

£

IGS

Article

Cite this article: Li L, Huang Y, Su N (2023).
Subcritical crack propagation in glacial
quarrying during subglacial water pressure
variation. Journal of Glaciology 69(276),
1071-1079. https://doi.org/10.1017/
j0g.2022.126

Received: 10 May 2022

Revised: 17 December 2022

Accepted: 28 December 2022

First published online: 3 February 2023

Keywords:
Crack propagation; glacial quarrying; water
pressure fluctuation

Author for correspondence:
Lin Li, E-mail: linli2021@protonmail.com

© The Author(s), 2023. Published by
Cambridge University Press on behalf of The
International Glaciological Society. This is an
Open Access article, distributed under the
terms of the Creative Commons Attribution
licence (http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted re-use,
distribution and reproduction, provided the
original article is properly cited.

cambridge.org/jog

Subcritical crack propagation in glacial
quarrying during subglacial water
pressure variation

Lin Li @, Yipeng Huang and Ningchuan Su

College of Civil Engineering and Architecture, Guangxi University, Nanning 530004, China

Abstract

Glacial quarrying stems from the fracturing of subglacial bedrock. Much evidence shows that sub-
critical crack propagation of bedrock is closely related to subglacial water pressure fluctuations.
Here we employ a model that assesses the impact of subglacial water pressure fluctuation on cav-
ity length and subcritical crack propagation, while analyzing the effect of a pre-existing crack
location using a phase-field model (PFM). Our results indicate that the cavity length is reduced
during diurnal fluctuations in water pressure. There are two patterns of subcritical crack propa-
gation on the corner of the step. The first stems from a rapid drop in water pressure. The second
occurs after the water pressure recovers from the fluctuation to the initial steady state. This pat-
tern is a consequence of enhanced stress concentration on the step since the modeled cavity
length exceeds its steady value and has higher efficiency in promoting subcritical crack propaga-
tion. Additionally, based on the PFM results, we speculate that the subcritical crack initiation and
propagation happen on a broader scale, including the ice-bed contact region and its adjacent
region. Our findings imply that the duration of subcritical crack propagation is short and typic-
ally ceases once the cavity length adjusts to reduced water pressure levels.

1. Introduction

Subglacial erosion causes mountain surfaces to be worn down and produces vast amounts of
sediments that are transported into rivers and oceans, changing the biogeochemical balance
(Wadham and others, 2019; Herman and others, 2021). Subglacial erosion is strongly linked
to landscape evolution (Egholm and others, 2009). Two processes govern subglacial erosion
rates: glacial quarrying, which involves the dislodging of large fragments from the subglacial
bed, and glacial abrasion, defined as the wear of rock fragments against the subglacial bed.
Glacial quarrying is recognized as a dominant process (Hallet, 1996; Hildes and others,
2004; Loso and others, 2004; Rithimaki and others, 2005). Field observations reveal that glacial
quarrying was significant with a pre-existing crack or joint set (Rea and Whalley, 1996;
Krabbendam and Glasser, 2011; Hooyer and others, 2012; Glasser and others, 2020).
Additionally, it is suggested that quarrying rates increase with subglacial water pressure fluc-
tuations (Iverson, 1991; Alley and others, 1999; Cohen and others, 2006).

In the past three decades, a series of studies of glacial quarrying has further supported the
view that quarrying stems from fracturing the subglacial bed adjacent to water-filled cavities,
which expand or contract, depending on whether the water pressure is high or low (Iverson,
1991, 2012; Hallet, 1996; Rea and Whalley, 1996; Cohen and others, 2006; Anderson, 2014).
However, direct observations of glacial quarrying are limited due to the difficulty of digging
tunnels into the glacier base to study glacial erosion. Some studies analyze fracture growth
on a subglacial bed through scaled drone-based photos and finite element models
(Woodard and others, 2019).

In general, several quarrying models describe the relationship between the geometry of sub-
glacial bed, subcritical crack growth, cavity length and erosion rates (Iverson, 1991, 2012;
Hallet, 1996; Hildes and others, 2004). These quarrying models estimate the basal stresses
on the corner of subglacial bedrock steps. As the water level falls, the basal stresses increase
with the water pressure decrease in the cavities, and then the subcritical crack growth is esti-
mated by Linear Elastic Fracture Mechanics (LEFM) (Atkinson, 1984; Iverson, 1991; Hallet,
1996). The crack growth determines the subglacial erosion rates in these quarrying models.

As far as glacial quarrying is concerned, the bedrock geometry is commonly chosen
(Iverson, 1991, 2012; Hallet, 1996; Rea and Whalley, 1996; Cohen and others, 2006; Hooyer
and others, 2012; Anderson, 2014), as shown in Figure 1. There are two models to describe
the cavity roof, Kamb’s model and Nye’s theory. Kamb’s model supposes that the ice rheology
is linear and the slope of the cavity roof is small (Kamb, 1987); the cavity height is calculated
based on the cavity length. In comparison, Nye’s theory is based on the closure rate of the
cylindrical cavity in infinite glacier ice (Nye, 1953). According to Kamb’s model and Nye’s the-
ory, the cavity roof geometry is obtained in a steady state. Nevertheless, the glacier is only
sometimes steady and changes every moment. Water level records from boreholes show
dynamic water pressure character, fluctuating on sub-daily scales during the melt season
(Hooke, 1991; Fudge and others, 2008; Sugiyama and others, 2019). This character inevitably
changes cavity geometry and influences subcritical crack propagation. Up to now, there have
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Fig. 1. The cavity profile is assumed to be a part of a circle of radius R. OA and OB are equal in length to R. The velocities of all the points of curve AB are decom-
posed into ice flow sliding velocity Us and cavity closure rate U.. L(t) is the horizontal displacement of these points, and h(t) is the vertical displacement. Their
velocities are L'(t) and H'(t). A pre-existing crack extends 0.1 m into the bedrock. The step height is one meter, and the tread length is 10 m. The melting of
the cavity roof is not included in the computational model. In the steady state, points on the cavity roof have a velocity that is tangential to the roof. But in
the dynamic state, these points don’t move on their tangent due to the deformation of the cavity roof.

been few systematic analyses of the intrinsic connection between
the diurnal fluctuation of water pressure, cavity geometry and
subcritical crack propagation, which is the key to enhancing the
knowledge of glacial quarrying (Iverson, 1991).

This study presents a model that assesses the impact of subgla-
cial water pressure fluctuations on cavity length and subcritical
crack propagation. The study is organized as follows. Section 2
gives the technical parameters, calculating method, numerical
implementation and phase-field method (PFM) simulation,
which involves the cavity length change, the subcritical crack
propagation and the effect of a pre-existing crack location.
Section 3 shows the results, and section 4 carries on the discussion
and model limitations. Finally, the research conclusion is given
with recommendations in section 5.

2. Technical parameters and model

The normalized cavity extent and effective stress determine the
far-field tensile stress that drives subcritical crack propagation.
In order to investigate this process, we approximate cavity geom-
etry under steady state conditions, where the cavity radius is
defined by a unique function of cavity length and step height
that is not sensitive to other details of the cavity height profile.
Next, we examine the impact of dynamic water pressure fluctua-
tions on cavity geometry using a time-varying creep closure rate
that captures the effects of changes in effective stress. Based on
cavity geometry characteristics, we obtain the ice normal stress
acting on the rock step by cavity length and then use LEFM to
compute subcritical crack propagation. In a dynamic state, the
range of ice flow sliding velocity is from 100 to 500 myr~". The
amplitude of water level fluctuations is from 50 to 100 m. The
computation of steady and dynamic states is implemented by
using the FORTRAN program. Finally, we use PFM to study
the effect of pre-existing crack location in the COMSOL
Multiphysics software.

2.1. Steady state

The calculation of cavity length is grounded in Nye’s theory (Nye,
1953). It yields the cavity closure rate,

P.\"
U. = <@) R, (1)
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where U, is the cavity closure rate; P, is the effective pressure
(ice-overburden pressure P; minus water pressure P.); B and n
are the ice flow-law parameters in Glen’s flow law (Glen, 1955).
Finally, R is the radius of the cavity.

The parameter value B is based on the field data collected at
the bed of Engabreen in Norway (Cohen, 2000). The value of n
is from laboratory and field data. In this study, we choose n=3
for Eqn (1) according to the previous studies (Cuffey and
Paterson, 2010). There are two different ways of estimating the
value of the cavity radius R: one way is to consider R as the
step height (Walder, 1986; Schoof, 2010), and the other is to con-
sider R as the cavity length (Humphrey, 1987; Iverson and
Petersen, 2011). In order to reflect the geometry features of cav-
ities more comprehensively, an alternative way is developed
(Petersen, 2012), as shown in Figure 1. At a steady state
(Fig. 1a), The cavity profile is assumed to be a part of a circle
of radius R. The circle center is point O. A is where ice separates
from bedrock, and B is where ice reconnects. OA and OB are
equal in length to R.

Theoretically, as glaciers move, the velocities of all the points
of curve AB are decomposed into two parts: ice flow sliding vel-
ocity Uy in the horizontal direction and the approximately consid-
ered cavity closure rate U, in the direction toward the center of
the circle. As a result, we get two equations for the deformation
of the cavity in the horizontal and vertical directions:

j(Us - % Uc)dx = L(t), )
0

j—sz—Lz(x) U.dx = h(b), 3)
0

R

where t is the time interval in which an arbitrary point of the
curve AB moves from point A to the current location, L(f) is
the horizontal displacement of these points, and h(¢) is their ver-
tical displacement. By taking the derivative of Eqns (2) and (3)
with respect to the time interval ¢, we obtain two differential equa-
tions, Eqns (4) and (5).

_ L(t)

U, ——2U.=L), 4)
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Table 1. The basic steps of the algorithm in the steady state (An example in the
supplementary material)

. Set L(t;)=0, h(t;) =0, ti;; — ;=100 s.

. Assume a value R.

. Calculate U, by Eqn (1)

. Calculate L(t;) and h(t;) by Egns (6) and (7) via a loop statement.

. When h(t;) =AC, then calculate a new value R, by Eqn (8).

6. Compare Ry to R, if |[Ry — R| < 0.02 m, then L(t;) is considered to be the cavity
length in the steady state, otherwise, assume a new value R, between R and Ry,
repeat the previous step.

s wWwN =

JE=T®

R U =H(1). )

The Euler method is chosen for the differential equations
above, and then we approximate L (#) resulting in (L(f4q) —
L(t)/(tiy1 — 1) and h (t;) resulting in (h(t,1) — h(%))/(t1 — 1)

L(tiy1) = L(ty) + |:Us - % Uc:|(ti+1 — 1), (6)

VR — LA(1)

h(tiy1) = h(t;) + [ R Uc](ti+l — t). (7)

The value of time interval (t;,; — ;) is the size of every step, yet
the radius R is undetermined. In Eqn (7), the value of h(t)
increases over time; when h(f) = AC in Figure 1, it is equivalent
to a particle moving from point A to point B during the time
of kx(t4; —t), and a corresponding value of L(#) can be
obtained as cavity length; then we have a formula about R from
Figure 1:

2 2
_ 0+ ) ©
(t)
where h(t,) is the step height and L(#) is the cavity length.
Furthermore, it is required that L(#) > h(ty) ; otherwise, the cir-
cle’s center is on AC.
At last, based on Eqns (6-8), we have a cavity geometry in a
steady state. The calculation procedure is presented in Table 1.

2.2. Dynamic state

Previous research finds that diurnal borehole water level fluctua-
tions are remarkable characteristics during the melt season,
whereas water level is high and stable for the rest of the year
(Hooke, 1991; Fudge and others, 2008; Sugiyama and others,
2019).

This study divides the water level into two parts: dynamic level
and stable level. We apply a cosine function model to calculate
effective pressure during water level fluctuations, as shown in
Eqns (9) and (10):

P,=P —P,, €))

w

P.=P,+ |05~ 0.5 2 7t (10)
e = R T T %5600 % 24) "B

where #' is the time span as the fluctuation of water level takes
place, as can be seen in Figure 3b, w is the amplitude of water
level fluctuations, p is the density of water, g is the gravitational
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Fig. 2. Geometry and boundary condition of PFM.

acceleration, P; is the ice-overburden pressure, P, is the stable
water pressure, P, is the effective pressure in stable water level,
P, is the effective pressure in dynamic water level.

In Nye’s theory, Eqn (1) is derived based on Glen’s experi-
ments about the steady state creep of ice (Nye, 1953; Glen,
1955). Therefore it is a reasonable approximation that different
effective pressure P, corresponds to different cavity closure rates
U.. That means the fluctuation of the effective pressure P, can
cause the fluctuation of the cavity closure rate U. by Eqns (1)
and (10). Further, this change of U, influences the value of the
cavity length in Figure 1, thereby changing the value of the cavity
radius R by Eqn (8). Combined with the steady state analysis
method above, the cavity geometry can be presented in a dynamic
state by Eqns (1-10). Figure 1 shows a schematic diagram of cav-
ity geometry in a steady and dynamic state. The calculation pro-
cedure is presented in Table 2.

2.3. Subcritical crack propagation

Subcritical crack propagation in rocks is directly affected by the
surrounding environment. According to fracture mechanics, a
crack occurs when the applied force breaks the atomic bonds of
rocks; that is, effective pressure P, induces subcritical crack propa-
gation. In this study, crack propagation velocities are calculated by
the quarrying model of Hallet (Hallet, 1996), based on LEFM
(Atkinson, 1984). Suppose there is a pre-existing crack in the
rock step. Then subcritical crack propagation can be described
by the following equations:

V= W=D _ sy s L
3
1
VZO) KIS_KO

3

/4l
KIZO'd *C, (12)

o

2 2 1

(szg(o-n_Pw):gpe(l_S/>> a-n_PW<0-:’ (13)

Table 2. The basic steps of the algorithm in the dynamic state (An example in
the supplementary material)

1. Calculate L(t;) and h(t;) in the steady state by Table 1 in the first 10 days.
2. Calculate P, by Eqgns (9) and (10) when water pressure fluctuation occurs
after the 10th day

3. Calculate oy, K, V by Eqns (11-13).

4. Calculate U, with the changed P, by Eqn (1).

5. Calculate L(t;) and h(t) with the changed U, by Eqns (6) and (7).

6. Calculate R with the changed cavity geometry by Eqn (8).

7. Go to point 2 and continue to the next time loop until an appointed time is

up
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where V is the subcritical crack propagation velocity, V7 and y are
the growth-law parameters of rock, K. is the fracture toughness of
rock, K is the stress intensity factor of rock, oy is the far-field ten-
sile stress, o, is the ice normal stress acting on the rock step, P, is
the water pressure, (o, — P,,) is the deviatoric stress, o} is the
finite strength of the ice, §’ is the normalized extent of the subgla-
cial cavity which is equal to cavity length divided by tread length
in Figure 1, . is the crack length, the (1/3) K. is the stress-
corrosion limit which determines whether the crack propagation
occurs or not.

The effective pressure P, and the cavity geometry are consist-
ent when the system is in a steady state. Therefore, according to
Eqns (11-13), if K;>(1/3) K, crack propagation occurs and
does not stop, whereas crack propagation never happens if K; <
(1/3) K.

In dynamic state, water level fluctuations change the effective
pressure P, and the cavity geometry. These changes influence
the subcritical crack propagation velocity V and crack propagation
increases the crack length .. In return, a more extended crack
length I, also induces a higher subcritical crack propagation vel-
ocity V. However, if the value of the effective pressure P, is low
enough, crack propagation stops.

2.4. Experiment design

2.4.1. Numerical implementation

Figure 1 illustrates ice sliding over the subglacial bed, with a pre-
existing crack extending 0.1 m into the bedrock. We considered
two scenarios. In the first scenario, it was assumed that the
water level was in a steady state at first and then began to fluctuate
with an amplitude w =100 m, continuing for several months. In
the second scenario, it was also assumed that the water level
was steady initially and then began to fluctuate. However, this
fluctuation continued for just 12 days. After that time, the water
level recovered to the initial level in a steady state. In the two scen-
arios, the initial effective pressure P, was considered 0.4 MPa, the
ice flow sliding velocity was U, and the amplitude of water level
fluctuations was from 50 to 100 m. The other parameters of com-
putation are given in Table 3. Finally, the solution algorithm’s
basic steps are presented in Tables 1 and 2.

To investigate the effect of water pressure fluctuations on cav-
ity geometry and subcritical crack propagation, we mainly present
three types of graphs. The first is about cavity length evolution
with the fluctuation of water pressure. The second is about cavity
roof shape, which influenced cavity length, and the third is about
subcritical crack propagation.

2.4.2. Phase-field model (PFM) simulation
Based on assessing the impact of subglacial water pressure fluc-
tuations on cavity length and subcritical crack propagation, we
study the effect of a pre-existing crack location using the PFM.
The PFM is considered a convenient method to predict crack
initiation and propagation (Bourding and others, 2011; Miehe
and others, 2015). In the PFM, the sharp crack topology is
described as a phase-field parameter:

1, if material is cracked

¢ = { 0, if material is intact (14)

A dimensional phase-field is given approximately by a stand-
ard exponential function:
P(x) = e /b, (15)

where [, is the length scale parameter about the crack, which
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Table 3. Parameter used for the model

Symbol

Parameter (units) Value
Step height Hg (m) 1
Tread length Ly (M) 10
Cavity closure rate Uc (ms™) from Eqgn (1)
Ice flow sliding velocity Us (myr™)  100-500
Effective pressure P. (MPa) from Eqgns (9) and

(10)
Ice-overburden pressure P; (MPa) 3.7
Water pressure P,, (MPa) 2.3-33
Ice flow-law parameter B (Pa s*?) 3.16x 107
Ice flow-law parameter n 3
Cavity radius R (m) from Eqgn (8)
Horizontal displacement L(t) (m) -
Vertical displacement h(t) (m) -
Amplitude of water level fluctuations w (m) 50-100
Density of water p(kgm™) 1000
Density of ice p (kgm™) 917
Gravitational acceleration g (ms™ 9.8
Subcritical crack propagation velocity V(ms™ from Eqgns (11-13)
Growth-law parameters of rock (Westerly — V; (m s™%) 340
Granite)
Growth-law parameters of rock (Westerly y 37.1
Granite)
Fracture toughness of rock (Westerly K. (MPamY?) 174
Granite)
Stress intensity factor K, (MPa m¥?) from Eqn (12)
Far-field tensile stress o4 (MPa) from Eqn (13)
Ice normal stress o, (MPa) -
Finite strength of the ice o} (MPa) 10
Normalized extent of the subglacial cavity S (%) -
Crack length I (m) -
Granite elasticity modulus E (GPa) 60

Granite Poisson ratio v 0.25

Length scale parameter lo (mm) 0.3
Critical energy release rate Ge (J/m?) 0.2
Basal shear stress 7, (MPa) 0.1

indirectly reflects the width of the crack. In this study, we imple-
mented the PFM in the COMSOL Multiphysics software. The
schematic diagram of the model can be seen in Figure 2. The
model’s dimensions equal 8 m in width and 2m in height. In
order to simulate the actual condition, the normal stress o, is cal-
culated by Eqn (13). Basal shear stress 7, has a linear dependence
on debris concentration (Cohen and others, 2005). The values of
debris-bed friction do not typically exceed 0.1 MPa (Cohen and
others, 2005; Cuffey and Paterson, 2010). This paper assumes
that basal shear stress 7, is 0.1 MPa.

a 5. ——U, (100 myr") ——U, (200 myr")
E [ — —U, (300 myr") ———U_ (400 myr")
c 64 A
E=] U_ (500 myr
5 41  ( yr)
7}
z 4
S 34
8 ,1 VAL
1]
T T T T T 1
0 5 10 15 20 25 30
500
400 _t

w

200

100 H

Water level fluctuation (m) o

10 15 20 25 30
Time (day)

Fig. 3. The relationship between cavity length, ice flow sliding velocity and water
level.


https://doi.org/10.1017/jog.2022.126

Journal of Glaciology

1075

1.0 = 1.0 1.0-
. [ The firsthour of the 11thday B 2 k [ The 12thhourofthe 11thday. © o k [ The 24th hour of the 11th day
d 1 2 3 4 5 & E 8 9 10 e 1 2 3 5 6 7 8 9 10 f 0 1 2 3 4 5 6 ¥ 8 9 10
Eo E € w
£ L The first hour of the 12th day) = o \ The 12th hour of the 12th day] = os _ﬁ [ The 24th hour of the 12th day
=] © o 2
6 1 2 3 4 5 6 7 8 9 10 5 1 2 3 5 6 7 8 9 10 =0 1 2 3 4 5 6 7 8 9 10
gzT o T 56 I
55 The first hour of the 20th day] 0s The 12th hour of the 20th day| s The 24th hour of the 20th day
¥ 2 3 o s 6 L 8 9 10 ° 1 2 3 5 6 7 8 9 10 o 1 2 3 4 5 6 4 8 9 10
Length (m) Length (m) Length (m)

Fig. 4. Cavity roof shape on the 11th, 12th and 20th day with the water level in Figure 3b (Us=500 myr™%).

In the COMSOL simulation, we chose six pre-existing cracks
along with the bedrock. Granite’s material parameters can be
seen in Table 3, including elasticity modulus E, Poisson ratio v,
length scale parameter I, and critical energy release rate G.. We
set a high-density mesh in the vicinity of the propagating crack
in order to properly resolve the phase field. The maximum
mesh element is 0.3 mm. In addition, we selected the model’s bot-
tom as a fixed constraint. The boundary loads can be seen in
Figure 2. There are no constraints and no loads on the other
boundaries. To improve the convergence, we set up a segregated
solver sequence. The number of iterations is set to be 3 to meet
computation accuracy.

With the same stress and critical energy release rate, these
cracks’ propagation can be compared to each other and give us
valuable information about the quarrying process.

3. Results

Figure 3a shows the relationship between the cavity length and the
ice flow sliding velocity during subglacial water pressure varia-
tions. Figure 3b shows the corresponding change at the water
level. We suppose the initial effective pressure P, is 0.4 MPa. It
is approximately equal to an ice thickness of 404 m with a
water level of 330 m. At first, the cavity length remains constant
at a stable water level. Then, after the 10th day of the simulated
calculation, the water level begins to have a diurnal fluctuation
with an amplitude of 100 m, which causes a change in the cavity
length. As shown in Figure 3a, the cavity length is much less dur-
ing the water level fluctuation, and higher ice velocities lead to
greater cavity lengths. Furthermore, changes in cavity length
and water level fluctuations are not synchronized in Figure 5,
the former lags behind the latter.

Figure 4 shows the cavity roof shape on the 11th, the 12th and
the 20th day corresponding to the water levels shown in Figure 3b.
The cavity length significantly decreases on the 11th day when the
water level begins to decline in Figures 4a-4c. On the 12th day,
the cavity length is generally stable in Figures 4d-4f. Combining
Figures 3a and 4g-4i, we can see that diurnal changes in cavity
length are the same every day after the 20th day.

—— Water level
S ety Cavity length
|
= 3304
kel F32
T E
2 3004 <
S -3.0 5
= 5
T 270 =
5 L28 2
5 ]
5 2404 o
(]
L26
=
T T T T T T
20 22 24 26 28 30
Time (day)

Fig. 5. The lag effect between the cavity length change and the water level fluctu-
ation (Us =500 myr™).
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Figure 6a shows cavity length changes with water level going
from a steady state to a fluctuating state, then back to a steady
state. The water level is in a steady state at first and then begins
to fluctuate with an amplitude of 100 m. This fluctuation con-
tinues for just 12 days. After that time, the water level recovers
to the initial level in a steady state. Comparing different states
in Figure 6a, we can find that the cavity length is longer after reco-
vering the water level. Figure 8a shows the cavity closure rate
change based on water level fluctuation in Figure 8c, the ice
flow sliding velocity is 500 myr~", and the change of the cavity
radius is in Figure 8b. In Figures 7a-7i, we can see the change
in the cavity roof shape; the corresponding water level fluctuation
can be seen in Figure 6b. At first, the water level is steady, and the
cavity roof shape is an approximate triangle in Figure 7a. When
the water level begins to fluctuate, the cavity is compressed, and
its roof shape is a wavy pattern because of the diurnal change
of the water level, as shown in Figures 7b-7d. After the fluctuation
of 12 days, the water level recovers to the initial steady state.
However, during the recovery process, with the water pressure ris-
ing, the front part of the cavity roof shape remains much plumper
than that in the steady state. This significant difference can be
seen between Figures 7a and 7f. When the ice flow moves from
left to right, the plump front part causes a gradual increase in
the cavity length, which exceeds that in the steady state on the
28th day. The fundamental reason for the overshoot in the cavity
length is the closure rate in Figure 8a. After the water level
recovers, from the 23rd to the 26th day, the cavity closure rate
is continuously lower than that in the first ten days. In
Figure 1, the vertical velocities of the points of curve AB are com-
ponents of the cavity closure rate. This indicates that the cavity
roof’s contact with bedrock is delayed by the reduced vertical vel-
ocities. However, the cavity length is too long to maintain this
unique cavity roof shape for a long time because the increased
cavity length leads to a higher cavity closure rate in Eqn (1). In
the end, the cavity length returns to that in the steady state.
The evolutionary processes above can be seen in Figures 7a-7i.

a —U, (100 myr") — U, (200 myr") — U, (300 myr™)
104 — U, (400 myr") — U, (500 myr")
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Fig. 6. The relationship between cavity length, ice flow sliding velocity and water
level.
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Fig. 7. Cavity roof shape with the water level in Figure 6b (Us=500 myr™).

Using Hallet’s model (Hallet, 1996) and LEFM, we calculated
the subcritical crack propagation velocity, described in Figure 1.
In the first ten days, there is no subcritical crack propagation in
the steady state due to the low effective pressure. With the
water level fluctuation, two subcritical crack propagation patterns
are presented. The first occurs when the water level falls in the
first fluctuation cycle on the 11th day in Figure 9a. At that
time, the effective pressure is higher than that of the steady
state. Figures 9a and 9b show that the first pattern of subcritical
fracture propagation coincides with the initial decrease in water
level. When the water level drops for the first time on the 11th
day, the effective pressure and the ice-bed contact area increase
simultaneously. However, the more significant effective pressure
prompts subcritical crack propagation, while the greater ice-bed
contact area produces opposite effects. Only in the first drop in
water level, the effective pressure increases more. Meanwhile,
the ice-bed contact area increases a little. After the 12th day,
the effective pressure increases periodically. However the shorter
cavity length leads to greater ice-bed contact area in Figure 3a.
This is why the first pattern of subcritical crack propagation hap-
pens in the first drop of water level on the 11th day.

The second pattern of subcritical crack propagation occurs
after the water level recovers from the fluctuation to the initial
steady state on the 28th day in Figure 10a. In this pattern, the
effective pressure is the same as that of the steady state, while
the contact area between ice flow and bedrock is smaller. The rea-
son is due to the excessive length of the cavity, which exceeds that
in the steady state, as shown in Figures 7a and 7g. The excessive
length derives from the lower cavity closure in Figure 8a, which is
described above. Because of the smaller contact area, the subse-
quent growing stress intensity factor triggers subcritical crack
propagation. As illustrated in Figures 6, 7g and 10a, the water
level fluctuation ceases on the 22nd day, but the cavity length con-
tinues to grow until the 28th day, delaying the spread of the sub-
critical crack.

In Figure 10, the water level amplitudes 60, 70 and 80 m have
their maximum crack extension length. Nevertheless, when the

as,
£
o
o
o
D
b
E
x
0 T T T T T 1
c 0 5 10 15 20 25 30
_ E 5004
© = 400
>
8§ 30— \AAAAAAANNN—
& ® 200
5 2 1004
»_? 0 T T T T T 1
0 5 10 15 20 25 30
Time (day)

Fig. 8. The cavity closure rate with water level (The dashed line is the average cavity
closure rate, Us =500 myr™Y).

https://doi.org/10.1017/jog.2022.126 Published online by Cambridge University Press

water level amplitudes are 90 and 100 m, according to Eqns
(11-13), higher ice normal stress o, leads to a larger intensity fac-
tor Kj. Subsequently, the larger factor K increases the subcritical
crack propagation velocity V and the crack length .. In turn, the
crack length I. promotes the larger intensity factor Kj. At last, the
positive feedback leads to unstable crack propagation. We note
that there is only one crack propagation pattern in Figure 9a,
while two patterns are shown in Figure 10a. This is because,
with the continuation of diurnal fluctuations, the cavity length
never returns to recover to the pre-fluctuation level in
Figure 3a, and the subcritical crack propagation of the first pat-
terns stops growing in Figures 9a and 10a.

After finishing the calculation of the cavity length change with
water level fluctuation, we chose the geometry of Figure 7g as our
simulation object in the PFM because the pre-existing crack most
likely extends in that environment. For the geometry shown in
Figure 7g, the normal stress o,, is 6.38 MPa, the basal shear stress
Ty is 0.1 MPa, and the length of the ice-bed contact region is 1.3
m. Through the COMSOL Multiphysics software, we obtained the
evolution paths of six pre-existing cracks. Figure 11 shows the
schematic diagram of PFM. Figure 12 shows the difference in
the evolution paths of the six pre-existing cracks. When the pre-
existing crack is in the ice-bed contact region, as seen in Figures
12e and 12f, crack propagation does not occur. However, if the
pre-existing crack is on the cavity side of the ice-bed contact
region or its edge in Figures 12b-12d, the crack grows, while
the extension length is negatively correlated with the distance of
the pre-existing crack from the ice-bed contact region.

4. Discussion and model limitations
4.1 Model limitations

In this study, we consider one meter of step height and 10 m of
tread length. The outcomes of crack propagation will differ
depending on how the subglacial bedrock step is shaped. For
example, a shorter tread length leads the cavity to span to the
next step, and effective pressure would change correspondingly.
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Fig. 9. Subcritical crack propagation with water level fluctuation. The first pattern of
crack propagation occurs when the water level falls in the first fluctuation cycle.
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Therefore, further studies should focus on the different kinds of
subglacial bedrock steps and their crack propagation. Moreover,
this study is based on an approximation that different effective
pressure P, corresponds to different cavity closure rates U.. If
there is a time delay between P, and U, this asynchrony would
change the results. Therefore, we recommend conducting add-
itional research to test the relationship of effective pressure P,
and cavity closure rate U, with water level fluctuation, which is
essential to evaluate crack propagation.

In the model of Nye, cavity roof is arc shaped when water pres-
sure is constant. Our study shows a wave-like shape because of
subglacial water pressure fluctuation in the cavity roof.
Although a change in water pressure can affect the shape of the
cavity roof, there is currently no evidence to support this wave-
like pattern. It is necessary to investigate the subglacial cavity dur-
ing the melt season, in which water pressure changes daily. In
addition, the cavity radius R is calculated based on step height
and cavity length in Eqn (8). However, the cavity roof is not a
symmetrical circular borehole in a dynamic state, as shown in
Figures 4 and 7. This means the cavity radius R is just an approxi-
mation of the cavity geometry. Another uncertainty is the cavity
closure rate of the points near A and B in Figure 1. We assume
that all points of the cavity roof have the same closure rate accord-
ing to Eqn (1). As the cavity roof evolves in the model, there is no
consideration of mass or mass balance. The cavity roof can freely
‘sink’ beneath the bedrock level: at this stage, the points on the
cavity roof beneath the bedrock are disregarded and not used in
further computations. Therefore, more accurate models should
be proposed in the future.

The PFM in the study gives us a valuable reference on the
effect of a pre-existing crack location. We chose the cavity length
and stress in which the pre-existing crack most likely expands
after the water level recovers from the fluctuation to the initial
steady state. The normal stress o, is 6.38 MPa, and the basal
shear stress 7, is 0.1 MPa at that time. Nevertheless, these stresses
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Fig. 11. Crack paths in PFM (The figure is a portion of Fig. 12d).
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are insufficient to cause crack initiation or propagation in the
PEM if the critical energy release rate G, is too high. Hence we
chose a relatively low value. Figures 12b-12d indicate that the
crack will probably spread in this area. Currently, no studies
have been done on determining the reasonable value of the critical
energy release rate G in subcritical crack propagation.

4.2 Cavity length

In this study, we chose Nye’s theory. Kamb’s model also applies to
the dynamic state with water level fluctuation (Kamb, 1987).
However, in Kamb’s model, cavity roof shape is determined by
cavity length. It means that the same cavity length leads to the
same cavity roof shape at any time. Yet, in Nye’s theory, when
the water level fluctuates, the cavity roof shape changes with
time, even with the same cavity length. This suggests that Nye’s
theory is more suited to describe the dynamic state.

Through numerical modeling, the study presents the details of
cavity length change and subcritical crack propagation during
subglacial water pressure variations. This result is consistent
with field observations. Research has also found that cavity length
changes lag behind the water level fluctuation in Figure 5. The lag
effect stems from the change in the cavity closure rate. In Eqn (1),
two parameters determine the cavity closure rate, the effective
pressure P, and the cavity radius R. When the water level falls,
or rather, the effective pressure P, begins to rise, it should trigger
the cavity to close. Nevertheless, the cavity length or radius R is
still small, so the cavity closure rate is not large enough to com-
press this cavity, according to Eqn (1). In other words, cavity
length keeps increasing until there is a reversal, as shown in
Figure 5. When the water level rises, the same lag effect can be
seen between the change in cavity length and the water level
fluctuation.

4.3 Subcritical crack propagation

Based on a dynamic simulation of water level fluctuation, this
research identified two crack propagation patterns. As shown in
Figure 10, the second one has higher efficiency in promoting sub-
critical crack propagation. The mechanism of two crack propaga-
tion patterns means glacial quarrying happens within a short
time. Most times in a year, it stops. This study assumes only a
short melt season with diurnal water level fluctuation. However,
if there are several short melt seasons at intervals of a few days,
crack propagation will occur much more often. This implies
that glacial hydrology has a more complex impact on quarrying
rates.

Previous studies mention the effect of water pressure within
cracks (Iverson, 1991; Hooyer and others, 2012). Field observation
indicates that the water pressure within the crack is likely import-
ant (Hooyer and others, 2012). Water pressure in the cavity and
the crack are different from each other during water level fluctu-
ation. When water pressure in the cavity drops abruptly, the
internal water pressure of the crack does not reduce immediately,
and the pressure difference promotes subcritical crack propaga-
tion. In our LEFM, the effect of water pressure within the crack
most probably happens during the first crack pattern. If the differ-
ence of water pressure between the cavity and the crack signifi-
cantly impacts crack extension, we might underestimate the first
crack pattern’s length. However, when water pressure in the cavity
rises rapidly, the water pressure change does not affect the second
crack pattern because this difference in the value of water pressure
happens at that moment of water pressure rising in the cavity. The
delayed subcritical crack propagation indicates that there is suffi-
cient time for the water pressure to equalize inside and outside of
the crack.
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To examine the effect of pre-existing crack location on subcrit-
ical crack propagation, we used PFM in COMSOL Multiphysics
software. According to Figures 12b-12d, pre-existing crack propa-
gation happens on the cavity side of the ice-bed contact region or
its edge. However, this location of crack propagation is beyond the
scope of LEFM of glacial quarrying. The LEFM is based on tensile
stress close to the corner of the ice-bed contact region (Hallet,
1996), while PFM predicts crack initiation and propagation
using a scalar phase field. Although the two methods produce dif-
ferent predictions for crack evolution, the validity of LEFM and
PFM has been confirmed by experiments (Cohen and others,
2006; Miehe and others, 2015). We emphasize that the LEFM
and PFM models are approximate theories about crack propaga-
tion. A reasonable speculation is that the subcritical crack initi-
ation and propagation happen on a broader scale, including the
ice-bed contact region and its adjacent region.

Glacial quarrying is a complicated process. Some -earlier
research uses the Weibull probability distribution of bedrock
strength to calculate the erosion rate of quarrying, which assumes
that the strength depends on its weakest component (Iverson,
2012; Ugelvig and others, 2018). In these theories, the mean vol-
ume eroded is half the ice-bed contact region. By comparison, our
model analyzes subcritical crack initiation and propagation based
on sliding velocity, bedrock characteristics and water pressure
fluctuations. Although this crack propagation model cannot be
applied directly to the calculation of quarrying rates, it does pro-
vide a description of crack initiation and subcritical crack length.
Moreover, the PFM finding suggests the location of the pre-
existing crack propagation beyond the ice-bed contact region. It
implies that the location of crack propagation on the surface of
bedrock is subject to a probability distribution. We now know
relatively little about the ice-bed contact region and its adjacent
region. Further research might contribute to calculating the
mean volume eroded of bedrock based on statistical probabilities.

4.4 Evidence from a glacier surge

Currently, fast glacier motion, such as glacier surges, provides
clues to the crack propagation patterns mentioned above. In
some glacier surges, high velocities are correlated with a high
water level. Field survey results also indicate a high sediment out-
put during glacier surges (Hallet and others, 1996; Benn and
Evans, 2010). An essential feature of the surge of Variegated
Glacier is that the water pressure rose rapidly to a level near or
greater than the ice-overburden pressure and then began a slow
decline after reaching the peak. The process continued for a day
or two, with a sliding velocity of 100-300 cmd™" (Kamb and
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Engelhardt, 1987; Raymond, 1987). For example, during the 5th
mini-surge of Variegated Glacier in 1980 (Raymond, 1987),
water levels quickly rose almost 150 m and maintained at 100 m
for two days; this is exactly the characteristic of water level fluctu-
ation concerned with the second crack propagation pattern in
Figure 10. It could be speculated that if the subcritical crack
propagation happened during the surge, the second pattern
might account for a considerable proportion of damage.
Additionally, compared to the first pattern, the second pattern’s
water level changes are more effective at promoting crack propa-
gation, which should, in theory, result in a high quarrying rate.
Despite a high sediment output in the surge of Variegated Glacier
(Humphrey and Raymond, 1994), more research is needed to ana-
lyze the distribution of sediment’s grain sizes (e.g. Crompton and
Flowers, 2016) and identify how much of it was produced by
quarrying and abrasion (Riithimaki and others, 2005).

5. Conclusion

We have presented an assessment model to analyze cavity length
and subcritical crack propagation in glacial quarrying with water
level fluctuation. In this model, the Euler method was used to
solve the differential equations that describe cavity size, and sub-
critical crack propagation was estimated by LEFM. The results
have shown that the cavity length is much less in periods of
water level fluctuation because of the higher cavity closure rate.
The water level fluctuation and the cavity length variation are
not synchronized. Moreover, suppose the water level recovers
from the fluctuation to the initial steady state. In that case, for a
short time the cavity is longer than it was during the initial steady
state. With the water level fluctuation and recovery, there are two
patterns of subcritical crack propagation. The first one stems from
the rapidly increasing effective pressure when the water level falls
during the first fluctuation cycle. The second one happens once
the water level returns to the initial steady state following the fluc-
tuation. By comparing the two patterns, we have shown that the
second is more effective at promoting subcritical crack propaga-
tion. The findings suggest that if crack propagation relies on
water level change, this propagation will happen in the short
term and cease once cavity length is reduced sufficiently for the
stress intensity factor to fall below the stress corrosion limit.

Based on assessing the impact of water pressure fluctuations
on cavity length and subcritical crack propagation, the effect of
a pre-existing crack location was analyzed. The result of PFM
implies that the subcritical crack initiation and propagation hap-
pen on a broader scale, including the ice-bed contact region and
its adjacent region.
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Overall, this study’s results provide new insights into subcrit-
ical crack propagation during subglacial water pressure variations.
Further research is required to understand better the relationship
between the two patterns of subcritical crack propagation, the
subglacial water pressure variations and the interior features of
the ice-bed contact region.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/j0g.2022.126.

References

Alley RB, Strasser JC, Lawson DE, Evenson EB and Larson GJ (1999)
Glaciological and geological implications of basal-ice accretion in overdee-
penings. Special Paper of the Geological Society of America, 337, 1-9. doi:
10.1130/0-8137-2337-X.1.

Anderson RS (2014) Evolution of lumpy glacial landscapes. Geology 42(8),
679-682. doi: 10.1130/G35537.1.

Atkinson BK (1984) Subcritical crack growth in geological materials.
Journal of Geophysical Research 89(B6), 4077-4114. doi: 10.1029/
JB089iB06p04077.

Benn DI and Evans DJA (2010) Glaciers and Glaciation, 2nd Edn. London:
Hodder Education, 801p.

Bourding B, Larsen CJ and Richardson CL (2011) A time-discrete model for
dynamic fracture based on crack regularization. International Journal of
Fracture 168(2), 133-143. doi: 10.1007/s10704-010-9562-x.

Cohen D (2000) Rheology of ice at the bed of Engabreen, Norway. Journal of
Glaciology 46(155), 611-621. doi: 10.3189/172756500781832620.

Cohen D and 5 others (2005) Debris-bed friction of hard-bedded glaciers.
Journal of Geophysical Research 110, F02007. doi: 10.1029/2004JF000228.

Cohen D, Hooyer TS, Iverson NR, Thomason JF and Jackson M (2006) Role
of transient water pressure in quarrying: a subglacial experiment using
acoustic emissions. Journal of Geophysical Research 111, F03006. doi: 10.
1029/2005JF000439.

Crompton JW and Flowers GE (2016) Correlations of suspended sediment
size with bedrock lithology and glacier dynamics. Annals of Glaciology
57(72), 142-150. doi: 10.1017/a0g.2016.6.

Cuffey KM and Paterson WSB (2010) The Physics of Glaciers, 4th Edn.
Oxford, UK: Elsevier, 693p. doi: 10.1016/C2009-0-14802-X.

Egholm DL, Nielsen SB, Pedersen VK and Lesemann J-E (2009) Glacial
effects limiting mountain height. Nature 460(7257), 884-887. doi: 10.
1038/nature08263.

Fudge TJ, Humphrey NF, Harper JT and Pfeffer WT (2008) Diurnal fluctua-
tions in borehole water levels: configuration of the drainage system beneath
Bench Glacier, Alaska, USA. Journal of Glaciology 54(185), 297-306. doi:
10.3189/002214308784886072.

Glasser NF and 5 others (2020) Modification of bedrock surfaces by glacial
abrasion and quarrying: evidence from North Wales. Geomorphology 365,
107283. doi: 10.1016/j.geomorph.2020.107283,

Glen JW (1955) The creep of polycrystalline ice. Proceedings of the Royal Society
of London Series A 228(1175), 519-538. doi: 10.1098/rspa.1955.0066.

Hallet B (1996) Glacial quarrying: a simple theoretical model. Annals of
Glaciology 22, 1-8. doi: 10.3189/1996A0G22-1-1-8.

Hallet B, Hunter L and Bogen JE (1996) Rates of erosion and sediment evacu-
ation by glaciers: a review of field data and their implications. Global and
Planetary Change 12, 213-235. doi: 10.1016/0921-8181(95)00021-6.

Herman F, De Doncker F, Delaney I, Prasicek G and Koppes M (2021) The
impact of glaciers on mountain erosion. Nature Reviews Earth ¢&
Environment 2(6), 422-435. doi: 10.1038/s43017-021-00165-9.

Hildes DHD, Clarke GKC, Flowers GE and Marshall SJ (2004) Subglacial
erosion and englacial sediment transport modelled for North American
ice sheets. Quaternary Science Reviews 23, 409-430. doi: 10.1016/j.quas-
cirev.2003.06.005.

Hooke RL (1991) Positive feedbacks associated with the erosion of glacial
cirques and overdeepenings. Geological Society of America Bulletin 103,
1104-1108. doi: 10.1130/0016-7606(1991)103<1104:PFAWEO>2.3.CO;2.

https://doi.org/10.1017/jog.2022.126 Published online by Cambridge University Press

1079

Hooyer TS, Cohen D and Iverson NR (2012) Control of glacial quarrying by
bedrock joints. Geomorphology 153-154, 91-101. doi: 10.1016 /j.geomorph.
2012 0.02 0.012.

Humphrey NF (1987) Coupling between water pressure and basal sliding in a
linked—cavity hydraulic system. In Waddington ED and Walder JS eds. The
Physical Basis of Ice Sheet Modelling (Proceedings of the Vancouver
Symposium, August 1987), vol. 170. Oxfordshire, UK: IAHS Press, 105-119.

Humphrey NF and Raymond CF (1994) Hydrology, erosion and sediment
production in a surging glacier: Variegated Glacier, Alaska, 1982-83.
Journal of Glaciology 40(136), 539-552. doi: 10.3189/50022143000012429.

Iverson NR (1991) Potential effects of subglacial water-pressure fluctuations on
quarrying. Journal of Glaciology 37, 27-36. doi: 10.3189/50022143000042763.

Iverson NR (2012) A theory of glacial quarrying for landscape evolution mod-
els. Geology 40(8), 679-682. doi: 10.1130/G33079.1.

Iverson NR and Petersen BB (2011) A new laboratory device for study of sub-
glacial processes: first results on ice-bed separation during sliding. Journal of
Glaciology 57(206), 1135-1146. doi: 10.3189/002214311798843458.

Kamb B (1987) Glacier surge mechanism based on linked cavity configuration
of the basal water conduit system. Journal of Geophysical Research 92(B9),
9083-9100. doi: 10.1029/JB092iB09p09083.

Kamb B and Engelhardt H (1987) Waves of accelerated motion in a
glacier approaching surge: the Mini-surges of Variegated Glacier,
Alaska, USA. Journal of Glaciology 33(113), 27-46. doi: 10.1017/
s0022143000005311.

Krabbendam M and Glasser NF (2011) Glacial erosion and bedrock proper-
ties in NW Scotland: abrasion and plucking, hardness and joint spacing.
Geomorphology 130, 374-383. doi: 10.1016/j.geomorph.2011.04.022.

Loso MG, Anderson RS and Anderson SP (2004) Post-Little Ice Age record
of coarse and fine clastic sedimentation in an Alaskan proglacial lake.
Geology 32(12), 1065-1068. doi: 10.1130/G20839.1.

Miehe C, Hofacker M, Schinzel LM and Aldakheel F (2015) Phase field
modeling of fracture in multi-physics problems. Part II. Coupled
brittle-to-ductile failure criteria and crack propagation in thermo-elastic—
plastic solids. Computer Methods in Applied Mechanics and Engineering
294, 486-522. doi: 10.1016/j.cma.2014.11.017.

Nye JF (1953) The flow law of ice from measurements in glacier tunnels,
laboratory experiments and the Jungfraufirn borehole experiment.
Proceedings of the Royal Society of London Series A 219(1139), 477-489.
doi: 10.1098/rspa.1953.0161.

Petersen BB (2012) An Experimental Study of Ice-Bed Separation During
Glacial Sliding. Ames, IA: Jowa State University. doi: 10.31274/
etd-180810-2078.

Raymond CF (1987) How do glaciers surge? A review. Journal of Geophysical
Research: Solid Earth 92(B9), 9121-9134. doi: 10.1029/JB092iB09p09121.
Rea BR and Whalley WB (1996) The role of bedrock topography, structure,
ice dynamics and preglacial weathering in controlling subglacial erosion
beneath a high-latitude, maritime ice field. Annals of Glaciology 22, 121-

125. doi: 10.3189/1996A0G22-1-121-125.

Riihimaki CA, MacGregor KR, Anderson RS, Anderson SP and Loso MG
(2005) Sediment evacuation and glacial erosion rates at a small alpine gla-
cier. Journal of Geophysical Research 110, F03003. doi: 10.1029/
2004JF000189.

Schoof C (2010) Ice-sheet acceleration driven by melt supply variability.
Nature 468, 803-806. doi: 10.1038/nature09618.

Sugiyama S and 7 others (2019) Subglacial water pressure and ice-speed var-
iations at Johnsons glacier, Livingston Island, Antarctic Peninsula. Journal
of Glaciology 65(252), 689-699. doi: 10.1017/jog.2019.45.

Ugelvig SV, Egholm DL, Anderson RS and Iverson NR (2018) Glacial
erosion driven by variations in meltwater drainage. Journal of
Geophysical Research: Earth Surface 123(11), 2863-2877. doi: 10.1029/
2018JF004680.

Wadham JL and 7 others (2019) Ice sheets matter for the global carbon cycle.
Nature Communications 10(1), 1-17. doi: 10.1038/s41467-019-11394-4.
Walder JS (1986) Hydraulics of subglacial cavities. Journal of Glaciology 32

(112), 439-445. doi: 10.3189/50022143000012156.

Woodard JB, Zoet LK, Iverson NR and Helanow C (2019) Linking bedrock
discontinuities to glacial quarrying. Annals of Glaciology 60(80), 66-72. doi:
10.1017/a0g.2019.36.


https://doi.org/10.1017/jog.2022.126
https://doi.org/10.1017/jog.2022.126
https://doi.org/10.1130/0-8137-2337-X.1
https://doi.org/10.1130/0-8137-2337-X.1
https://doi.org/10.1130/0-8137-2337-X.1
https://doi.org/10.1130/0-8137-2337-X.1
https://doi.org/10.1130/G35537.1
https://doi.org/10.1029/JB089iB06p04077
https://doi.org/10.1029/JB089iB06p04077
https://doi.org/10.1007/s10704-010-9562-x
https://doi.org/10.1007/s10704-010-9562-x
https://doi.org/10.1007/s10704-010-9562-x
https://doi.org/10.1007/s10704-010-9562-x
https://doi.org/10.3189/172756500781832620
https://doi.org/10.1029/2004JF000228
https://doi.org/10.1029/2005JF000439
https://doi.org/10.1029/2005JF000439
https://doi.org/10.1017/aog.2016.6
https://doi.org/10.1016/C2009-0-14802-X
https://doi.org/10.1016/C2009-0-14802-X
https://doi.org/10.1016/C2009-0-14802-X
https://doi.org/10.1016/C2009-0-14802-X
https://doi.org/10.1038/nature08263
https://doi.org/10.1038/nature08263
https://doi.org/10.3189/002214308784886072
https://doi.org/10.1016/j.geomorph.2020.107283
https://doi.org/10.1098/rspa.1955.0066
https://doi.org/10.3189/1996AoG22-1-1-8
https://doi.org/10.3189/1996AoG22-1-1-8
https://doi.org/10.3189/1996AoG22-1-1-8
https://doi.org/10.3189/1996AoG22-1-1-8
https://doi.org/10.1016/0921-8181(95)00021-6
https://doi.org/10.1016/0921-8181(95)00021-6
https://doi.org/10.1016/0921-8181(95)00021-6
https://doi.org/10.1038/s43017-021-00165-9
https://doi.org/10.1038/s43017-021-00165-9
https://doi.org/10.1038/s43017-021-00165-9
https://doi.org/10.1038/s43017-021-00165-9
https://doi.org/10.1016/j.quascirev.2003.06.005
https://doi.org/10.1016/j.quascirev.2003.06.005
https://doi.org/10.1130/0016-7606(1991)103%3C1104:PFAWEO%3E2.3.CO;2
https://doi.org/10.1130/0016-7606(1991)103%3C1104:PFAWEO%3E2.3.CO;2
https://doi.org/10.1016 /j.geomorph.2012 0.02 0.012
https://doi.org/10.1016 /j.geomorph.2012 0.02 0.012
https://doi.org/10.3189/S0022143000012429
https://doi.org/10.3189/S0022143000042763
https://doi.org/10.1130/G33079.1
https://doi.org/10.3189/002214311798843458
https://doi.org/10.1029/JB092iB09p09083
https://doi.org/10.1017/s0022143000005311
https://doi.org/10.1017/s0022143000005311
https://doi.org/10.1016/j.geomorph.2011.04.022
https://doi.org/10.1130/G20839.1
https://doi.org/10.1016/j.cma.2014.11.017
https://doi.org/10.1098/rspa.1953.0161
https://doi.org/10.31274/etd-180810-2078
https://doi.org/10.31274/etd-180810-2078
https://doi.org/10.31274/etd-180810-2078
https://doi.org/10.31274/etd-180810-2078
https://doi.org/10.1029/JB092iB09p09121
https://doi.org/10.3189/1996AoG22-1-121-125
https://doi.org/10.3189/1996AoG22-1-121-125
https://doi.org/10.3189/1996AoG22-1-121-125
https://doi.org/10.3189/1996AoG22-1-121-125
https://doi.org/10.1029/2004JF000189
https://doi.org/10.1029/2004JF000189
https://doi.org/10.1038/nature09618
https://doi.org/10.1017/jog.2019.45
https://doi.org/10.1029/2018JF004680
https://doi.org/10.1029/2018JF004680
https://doi.org/10.1038/s41467-019-11394-4
https://doi.org/10.1038/s41467-019-11394-4
https://doi.org/10.1038/s41467-019-11394-4
https://doi.org/10.1038/s41467-019-11394-4
https://doi.org/10.3189/S0022143000012156
https://doi.org/10.1017/aog.2019.36
https://doi.org/10.1017/jog.2022.126

	Subcritical crack propagation in glacial quarrying during subglacial water pressure variation
	Introduction
	Technical parameters and model
	Steady state
	Dynamic state
	Subcritical crack propagation
	Experiment design
	Numerical implementation
	Phase-field model (PFM) simulation


	Results
	Discussion and model limitations
	Model limitations
	Cavity length
	Subcritical crack propagation
	Evidence from a glacier surge

	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


