
rsta.royalsocietypublishing.org

Research
Cite this article:McCarthy C, Savage H,
Nettles M. 2017 Temperature dependence of
ice-on-rock friction at realistic glacier
conditions. Phil. Trans. R. Soc. A 375: 20150348.
http://dx.doi.org/10.1098/rsta.2015.0348

Accepted: 17 August 2016

One contribution of 11 to a theme issue
‘Microdynamics of ice’.

Subject Areas:
glaciology

Keywords:
frictional healing, glaciers, basal sliding,
ice friction

Author for correspondence:
C. McCarthy
e-mail: mccarthy@ldeo.columbia.edu

Temperature dependence of
ice-on-rock friction at realistic
glacier conditions
C. McCarthy, H. Savage and M. Nettles

Lamont-Doherty Earth Observatory, Columbia University, New York,
NY, USA

CM, 0000-0002-5276-5246

Using a new biaxial friction apparatus, we conducted
experiments of ice-on-rock friction in order to
better understand basal sliding of glaciers and ice
streams. A series of velocity-stepping and slide–
hold–slide tests were conducted to measure friction
and healing at temperatures between −20°C and
melting. Experimental conditions in this study are
comparable to subglacial temperatures, sliding rates
and effective pressures of Antarctic ice streams and
other glaciers, with load-point velocities ranging from
0.5 to 100 µm s−1 and normal stress σn = 100 kPa. In
this range of conditions, temperature dependences
of both steady-state friction and frictional healing
are considerable. The friction increases linearly with
decreasing temperature (temperature weakening)
from μ= 0.52 at −20°C to μ = 0.02 at melting.
Frictional healing increases and velocity dependence
shifts from velocity-strengthening to velocity-
weakening behaviour with decreasing temperature.
Our results indicate that the strength and stability
of glaciers and ice streams may change considerably
over the range of temperatures typically found at the
ice–bed interface.

This article is part of the themed issue
‘Microdynamics of ice’.

1. Introduction
The motion of many glaciers and ice streams is controlled
by frictional properties at the bed, which determine
whether and how easily basal sliding will occur.
Reliable sea-level-rise projections require an improved
understanding of ice flow, in particular the slip at the
ice–bed interface, which is currently one of the least
understood aspects of glacier dynamics. Processes taking
place at the ice–bed interface are poorly constrained by
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observation. In situ field measurements at the bed, from boreholes and tunnels, are very limited in
spatial and temporal extent, while bed conditions are expected to vary considerably in time and
space (e.g. [1]). Efforts to obtain sliding rules from field measurements have failed to identify
a consistent relationship describing observed flow rates over time [2]. Variations in sliding
style, including smooth sliding, stick–slip behaviour, slowdowns and switches of flow state, are
attributed to basal processes (e.g. [3–6]) but are not well understood. A clearer understanding
of the controls on sliding rate, including time, temperature and other basal characteristics, is
essential to next-level modelling and forecasting.

Temperature at the base of the glacier is controlled by heat conduction in response to
geothermal heat flux, strain heating within the ice and climate history (e.g. [7]), and has a clear role
in determining the mode and rate of glacier deformation. Herein, we will use the term glaciers to
represent all bodies of ice sliding over a substrate. Warm-based glaciers, those that are above
or at their melting point at the ice–bed interface, are thought to deform by a combination of
viscous flow and basal sliding. The sliding may be tied to the geometry and flow conditions of
a basal hydrological system. Cold-based glaciers, below freezing at the interface, are thought to
be frozen to the bed, deforming through viscous flow in the bulk of the glacier only, rather than
through basal sliding. Glacier sliding is in part controlled by friction of the glacier at the bed, most
probably at the ice–till interface, within the till itself, or at the ice–bedrock interface when till is
absent or variable (e.g. [7]). The frictional interface on which glaciers slide is in many ways similar
to a tectonic fault, and ice sliding over the glacier bed should follow the same rate- and state-
dependent behaviour as tectonic faults, albeit with the temperature dependences appropriate to
the rate-limiting micromechanisms at glacier conditions.

Previous experimental studies have elucidated important physics related to the velocity and
temperature dependences of laboratory grown and natural ice-on-ice friction [8–14], ice-on-rock
friction [15–17] and till friction [18] over a broad range of conditions. However, only a few studies
[12,14,16] utilize the formalism of rate- and state-dependent frictional behaviour that is common
in rock mechanics, and which may provide a useful framework for assessing stability and sliding
behaviour of glaciers.

In this study, we perform laboratory experiments to explore the friction parameters of ice–
rock interfaces, presenting our results in the framework of rate- and state-dependent frictional
sliding. We choose a pure-ice–rock interface, which is an end member condition for the many
complexities that may control glacier sliding in the natural world. Building on previous work
that was conducted at a more limited temperature range [16], we focus on the first-order controls
of temperature on strength and stability of ice–rock friction over the range of temperatures
found at the base of glaciers and ice sheets. Information about these parameters will provide a
needed comparison for field observations, and will aid in the modelling and forecasting of glacier
flow rates.

2. Background
The complexities of frictional sliding in laboratory experiments are well characterized by rate-
and state-dependent constitutive friction laws [19–22]. These laws describe the dependence of
friction on sliding velocity and fault state (the time dependence of friction). This framework
has been successfully applied to explain multiple aspects of fault slip including earthquake
rupture, repeating earthquakes, slow slip events and afterslip [23–26]. Glaciers exhibit similar
slip behaviours to faults, but to date there has been more limited application to glacial sliding
[16,18]. The rate–state constitutive equations specify that friction is a function of sliding velocity
and state, such that

μ = τ

σn
= μ0 + a ln

(
V
V0

)
+ b ln

(
V0θ

DC

)
, (2.1)

dθ

dt
= 1 − Vθ

DC
(2.2)

 on March 10, 2017http://rsta.royalsocietypublishing.org/Downloaded from 

http://rsta.royalsocietypublishing.org/


3

rsta.royalsocietypublishing.org
Phil.Trans.R.Soc.A375:20150348

.........................................................

and
dθ

dt
= − Vθ

DC
ln

(
Vθ

DC

)
, (2.3)

where τ and σn are shear and normal stresses, respectively, V is sliding velocity, θ is a state
variable that describes contact lifetime, DC is the critical slip distance that is needed for the
system to evolve from one steady-state friction to another [27], and parameters μ, a and b are
experimentally determined coefficients. Equations (2.2) and (2.3) are two different forms of the
state evolution. Equation (2.2) states that contact evolution can take place even under stationary
contact [19], whereas in equation (2.3) the state variable can only evolve while slipping [21].

The microstructural reasons for time-dependent slip and healing are not entirely understood.
In rocks sliding at relatively low homologous temperature (T/Tm < 0.6) the mechanisms are
believed to be plasticity and diffusion at asperities and subcritical fracture, all of which are
thermally activated processes [28,29]. In terrestrial glaciers (and in our study), homologous
temperatures are T/Tm > 0.9. The dominant mechanism(s), and therefore the time and
temperature dependence, are expected to be considerably different.

3. Experimental method
Polycrystalline ice samples were prepared using an adaptation of the ‘standard ice’ method [30].
In this method, seed ice was ground and sieved between 108 and 250 µm mesh, and packed, in
this case into a rectangular aluminium die. After an equilibrium period held within a zero degree
ice bath, a vacuum was pulled on the packed seeds and deionized water was slowly flooded from
the bottom to fill the pore spaces. The two-phase mixture was then placed on a cold plate in a
freezer (−5°C) with insulation around the sides so that the sample slowly froze from the bottom
up, resulting in nominally pore-free (less than 1%) polycrystalline ice, which, after approximately
48 h at −5°C, experienced grain growth to a uniform grain size of approximately 1.5 mm (figure 1
inset). The die is intentionally oversized and the sample was cut down to 50 × 50 × 100 mm with
a microtome housed in a cold room (−17°C). The sliding surfaces were roughened with a no. 100
grit sandpaper to a roughness average (Ra) of 7 ± 1 µm as determined by a profilometer (Mitutoyo
SF-210). A single grain size was employed in this study because previous studies of ice-on-ice
friction showed no grain size dependence in the range of 2.5–6.0 mm [11].

The sample assembly for this study consisted of a double-direct-shear configuration with the
ice sample as the central sliding block and two stationary rock samples on the sides (figure 1). The
rock type used was Barre granite with a grain size of 1–5 mm. The rock surface was polished with
a surface grinder to Ra = 2.8 ± 2 µm. The rock pieces sit atop two steel bases that were coated with
dry molybdenum powder for frictionless sliding in the horizontal direction. The configuration
allows for a maximum of 50 mm slip.

Friction experiments were conducted using a purpose-built ambient pressure, servo-hydraulic,
biaxial friction apparatus described more fully in McCarthy et al. [31]. The horizontal piston
applied the normal stress, and the vertical piston pushed the central ice piece down through
the stationary rock pieces at constant load-point velocity. Load cells in the vertical and
horizontal pistons (positioned outside the cryostat) and the cross-sectional areas (50 × 50 mm2

and 2 × (50 × 50 mm2)) provided the normal stress and shear stress values, respectively, the
ratio of which is friction, μ. Following a run-in at either 5 or 10 µm s−1 to a displacement of
approximately 4 mm, a combination of velocity steps and slide–hold–slides were conducted
(figure 2). Sliding velocity ranged from 0.05 to 100 µm s−1. An inverse modelling technique
with an iterative least-squares method was used to fit velocity step data to equations (2.1) and
(2.3). Employing a single state variable, we calculated the rate dependence of friction with the
dimensionless parameter a–b (e.g. [32]). This parameter represents the steady-state change in
friction with a change in velocity. By rearranging equation (2.1), we obtain

a − b = �μss

ln(V/V0)
, (3.1)
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Figure 1. Configuration of sample assembly used for ice-on-rock double-direct-shear friction experiments. Thermocouples
(TCs) monitoring temperature were mounted within each side, in air above and below the sample, and embedded within
the rock at the sliding interface. Temperatures used herein refer to the rock-embedded values. Inset: representative initial
microstructure of standard ice sample,with approximately 1.5 mmgrain size and less than 1%porosity. (Online version in colour.)

where �μss is the change in steady-state friction upon a change in velocity from V0 to V (e.g. [22]).
A material with a positive value of a–b is termed velocity strengthening, which indicates a system
that will slide stably. A material with a negative value of a–b is termed velocity weakening, which
indicates that dynamic slip is possible [33].

All runs in this study were conducted at a normal stress σn of 100 ± 10 kPa. We do not explore
the effect of normal stress on friction in this study. However, the values measured here at 100 kPa
are consistent with that of Zoet et al. [16], conducted at 1 MPa. Furthermore, studies of ice-on-ice
friction [11,34] have shown no discernible difference in steady-state friction with σn in the range
20–1000 kPa. We therefore do not expect normal stress to affect the frictional values of the system
explored here.

Following the methods of Dieterich [35], Beeler et al. [36] and Marone [22], slide–hold–slide
tests, which measure frictional healing, were conducted by driving the central sample down
at constant load-point velocity and then holding the driving piston stationary for prescribed
durations, th, before resuming downward motion at the initial velocity. The sliding portions of
the slide–hold–slide experiments were conducted at either 5 or 10 µm s−1 for 100 s and were
punctuated by holds of 1, 3, 10, 30, 100, 300 and 1000 s. At the onset of the hold, friction decays
nonlinearly from a steady-state value due to relaxation of the sample, the testing apparatus and
the assembly (e.g. [19]; figure 2 lower inset). When motion is resumed, friction increases to a
maximum value before returning to steady state. We measured frictional healing, �μ, as the
difference between the friction peak and the pre-hold steady-state friction and frictional creep
relaxation, �μc, as the difference between the last value at the end of a hold and the steady-state
friction before the hold.

All experiments were run at constant temperature. Temperature was controlled with an
insulated aluminium cryostat cooled through a methanol–water mixture passing through heat
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Figure 2. Velocity steps and slide–hold–slide tests for polycrystalline standard ice sliding against two granite blocks at
σ n = 100 kPa and T = −13°C. In this run, velocity steps were conducted after a run-in of approximately 5 mm displacement.
Holds are labelled below by duration in seconds. Top inset: a single velocity step, which is used to determine rate–state
friction parameters (equation (2.1)). Bottom inset: a single segment of a slide–hold–slide test versus time (from the same
data as in the main figure) showing the relaxation of friction at the onset of the hold and the friction peak once sliding
is reinitiated.

exchangers attached to the outside [31]. Type T thermocouples (with a manufacturer’s reported
accuracy of ±1.8°C) monitored temperature at multiple locations within the cryostat, including
one thermocouple embedded in the rock at the rock–ice interface. Some variation (2–3°C) was
measured from top to bottom of the cryostat, so temperatures cited here refer to the temperature
of the rock-embedded thermocouple because it represents the temperature at the interface that
controls sliding properties. Samples and sliding rocks were allowed to equilibrate at testing
temperatures for several hours prior to testing.

Characterization of experimental samples before and after friction tests was performed using
a Leica light microscope housed within a cold room (−17°C). Prior to imaging, a mirror finish
was obtained on the imaged surface using a microtome. Images were taken in refracted light.
Sublimation after microtoming accentuates grain boundaries. From the average of nine positions
within each imaged sample, we used the linear intercept method to determine grain size and Fiji
image analysis software to determine porosity [37,38].

4. Results

(a) Steady-state friction
Figure 3 and table 1 provide the steady-state friction results for polycrystalline ice sliding on rock
as a function of both velocity and temperature. These values are slightly lower than for previously
reported ice–rock friction experiments [15] and comparable to those of Zoet et al. [16]. At these
conditions, there is clear temperature dependence for the steady-state friction at all velocities
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Figure 3. Steady-state friction at various velocities and temperatures. (a) Clear temperature dependence is observed. PMP is
the pressure melting point. Melt was confirmed by microstructure. (b) Friction versus temperature/homologous temperature.
(Error is that associated with type T TC.) For comparison, plot shows results from Zoet et al. [16], who also measured ice sliding
on granite at 10µm s−1, but at σ n = 1.25 MPa. A linear fit through all of the data shows that friction is dependent on inverse
temperature as−0.0182°C−1 (dashed line).

(figure 3a). The range in friction coefficients (from 0.52 to 0.02) is significant over a homologous
temperature range of 0.93 to approximately 0.99. In this range, friction is linearly dependent on
temperature as −0.0182°C−1 (figure 3b).

(b) Frictional healing
Results of slide–hold–slide tests are shown in figure 4. Frictional healing �μ in rocks has been
shown to increase linearly with the logarithm of the hold time as β = �μ/log(time) (e.g. [22,35]).
As is the case with rock friction [39], we find healing is proportional to frictional strength, with the
coldest samples exhibiting the highest friction and greatest healing (figure 4a). However, although
the coldest temperatures of ice have steady-state friction values similar to those of many rock
types (approx. 0.5), the measured frictional healing in ice in this temperature range spans a much
greater range and, at its highest, is orders of magnitude greater than that measured in rock. Similar
large healing values have been observed in ice-on-ice friction experiments in the range of glacier
temperatures [12] and in debris-laden ice [16]. The slope of a line connecting �μ values as a
function of hold times is considered the healing rate, β. We measured β between holds of 3 and
1000 s. The data shown here on a log-linear plot are slightly concave up, particularly at colder
temperatures, suggesting a better fit to log-log, which will be described below. β-values decrease
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Table 1. List of experiments, conditions and measured steady-state friction values.

experiment no. temp (°C)a velocity (µm s−1) ss-frictionμss

C0017 −17 0.05 0.43
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0.5 0.422
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5 0.415
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

50 0.42
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

C0018 −13 0.5 0.38
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5 0.389
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

50 0.405
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

C0019 −20 0.05 0.52
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0.5 0.50
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5 0.518
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

50 0.525
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

C0020 −5 0.5 0.24
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5 0.275
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

50 0.250
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

C0021 PMP 0.5 0.035
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5 0.075
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

25 0.105
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

50 0.130
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

C0026 −18 1 0.452
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3 0.452
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10 0.452
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

C0027 −3 0.5 0.228
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1 0.22
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3 0.22
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10 0.22
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

30 0.22
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

50 0.228
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
aTemperatures are based on the reading from the type T thermocouple embedded in the rock to the rock–ice interface. Manufacturer’s error
for this sensor is±1.8°C.

with temperature as 0.0089°C−1 and range from β = 0.0085 �μ per decade (at the pressure melting
point (PMP)) to β = 0.20 �μ per decade (at −20°C) (figure 4b). Creep relaxation �μc as a function
of hold time and temperature is shown in figure 5a. As with healing, those samples with higher
friction (i.e. those at lower temperature) demonstrate higher rates of relaxation.

In order to explore the relationship between healing and relaxation, we plot the ratio of �μ to
�μc (figure 5b). Upon reloading the sample after the longest holds at the coldest temperatures,
one or two stick–slips occurred before the system returned to steady state. In figure 5b, we show
which holds demonstrated stick–slip behaviour (symbols with thick black outlines). In general,
the onset of stick–slip corresponds to the conditions (colder, longer holds) in which healing �μ is
greater than relaxation �μc, that is, when the ratio plotted in figure 5b is larger than 1. Previous
studies of ice-on-ice friction observed stick–slip at all times when velocities were ≥ 50 µm s−1
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Figure 4. Results of slide–hold–slide tests: (a) change in friction following a hold versus time of the hold. As with the
steady-state friction, clear temperature dependence is observed with the lowest temperatures displaying the highest healing.
(b) Healing rate, β , versus temperature/homologous temperature. A linear fit through the data from this study shows a
dependence of healing on inverse temperature as 0.0089°C−1. Results from Zoet et al. [16] are shown for comparison.

[10,11]. At the fastest velocities (30 and 100 µm s−1), the experiment at −18°C displayed regular
stick–slip instabilities.

(c) Velocity dependence of ice friction
We determine the rate dependence of ice friction (a–b) through an inverse fit of the experimental
velocity steps using equations (2.1) and (2.3) and an iterative least-squares fitting procedure.
We find a significant temperature control on the rate dependence (figure 6 and table 2). Colder
temperatures are more likely to exhibit velocity-weakening behaviour at most or all velocities,
with the transition from velocity strengthening to velocity weakening occurring around −15°C.
However, we expect that the transition temperature will be highly dependent on sliding velocity
and additional experiments are needed to explore more fully the velocity dependence of a–
b at isothermal conditions. Previous experiments have demonstrated that velocities in the
range 10–300 µm s−1 can exhibit velocity-weakening behaviour at temperatures as high as −3
to −6°C [16].

(d) Microstructure
An example of the initial, as-fabricated microstructure of the ice samples we use is shown in
the inset of figure 1. Classic foam texture is observed with uniform grain size of approximately
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onset of stick–slip corresponds to the conditions (colder, longer holds) in which healing exceeds relaxation (i.e. more than 1;
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Figure 6. Rate dependence of friction, a–b, versus temperature at various velocities. At 18°C (±1.8°C), we observed stick–slip
behaviour at 30 and 100 µm s−1, which is indicated by the grey shaded box. The general trend is from negative a–b (velocity
weakening) at the lowest temperatures to positive a–b (velocity strengthening) at higher temperatures, with the transition at
approximately−15°C.

1.5 mm. Grains are generally equiangular and polygonal, with porosity less than 1%. Images of
samples after testing indicate that for the sample tested at approximately the PMP, although
the interior grains are nearly identical to the as-fabricated grains (figure 7a), the sliding
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Table 2. Velocity dependence of frictional strength (shown in figure 6) as determined from fitting to rate–state equations.

experiment no. T (°C) velocity step a–b

C0010 −8 1–10 0.0157
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

C0017 −17 0.05–0.5 −0.00210
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0.5–5 −0.00182
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5–50 −0.00074
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

C0018 −13 0.5–5 0.00634
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5–50 0.0075
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

C0019 −20 0.5–5 −0.0043
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5–50 0.0019
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

C0021 PMP 0.5–5 0.0188
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5–25 0.0133
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5–50 0.0092
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

C0026 −18 1–3 −0.0026
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3–10 −0.0013
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

interface consisted of elongated grains (perpendicular to the sliding direction), consistent with
recrystallized melt (figure 7b). Water found at the base of the cryostat confirmed melting. Images
of those samples tested at temperatures lower than the PMP demonstrate uniform grain size
extending from the interior to the sliding edge (figure 7c), indicating no melting occurred. Circular
roughness patterns from the initial preparation were still visible macroscopically on the entire
length of the sliding faces for those samples tested below melting (figure 8), though the portion
of the surface that slid against rock had some larger grains visible and patches where the circular
roughening patterns were less evident (figure 8b). Roughness measurements indicate that the part
of the sliding surface that did not slide during the experiment (the top approximately 20 mm) had
a post-test Ra = 3.82 ± 1.04 µm, whereas the area that slid had Ra = 1.20 ± 0.3 µm (compared with
initial Ra = 7 ± 1 µm). Some smoothing of the entire surface is probably due to sublimation, but
the difference between slid and not-slid surfaces is distinct. No surface fractures or visible wear
or gouge were observed in any of the tested samples.

5. Discussion
The frictional behaviour of ice has long been known to be greatly dependent on temperature
and velocity [15,40], with a complicated ‘map’ of frictional behaviour over temperature–velocity
space. At very high velocities (more than 10−3 m s−1) and temperatures (more than −10°C),
frictional heating is great enough to melt the ice surface and provide a lubricating film, providing
very low friction [8,41,42]. At very low temperatures (less than −100°C), frictional sliding has been
attributed to elastically deforming asperities that undergo shear failure [10]. Intermediate speeds
(approx. 10−5 to 10−4 m s−1) have shown the highest frictional values (e.g. [12,15]. Temperatures
at the base of all terrestrial glaciers and ice sheets are believed to be within the range of −20°C
and melting (e.g. [7]). And although rates of ice motion vary considerably from a few centimetres
per year near the ice divides to a few kilometres per year on fast-moving glaciers and floating ice
shelves [43], it is in this intermediate range (100–300 m year−1 or approximately 10−5 m s−1) that
many ice streams flow. The fast-moving ice streams are currently demonstrating the most rapid
change over the widest area, and represent the greatest impact on total ice sheet mass balance
[44]. Therefore, for this study, we have focused on relatively high temperatures and velocities,
those appropriate to terrestrial ice streams, in order to provide frictional values for ice sliding
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Figure 7. Light microscope images of two samples post testing. (a) Grain interior of the PMP sample is nearly identical to the
as-fabricated sample (figure 1 inset); (b) cross-section image of the sliding edge of PMP sample shows large, elongated grains
consistent with melt and recrystallization (rock would be stationary and to the left of the image). (c) Cross-section image of
the sliding edge of a sample (tested at −3°C) that did not melt. Polygonal foam texture extends to the edge indicating no
melting/recrystallization. No visible cracking was present. Long straight lines in all images are due to microtome cuts during
imaging preparation. Dashed white lines outline individual grains. (Online version in colour.)

on rock as a function of temperature that can be used in predictive models of flow, stability and
mass balance.

Our results, like those of previous studies (e.g. [16]), show that ice–rock friction follows the
same rate–state-dependent laws that govern fault mechanics. Although velocity dependence of
friction is significantly smaller than temperature dependence, it determines the sliding style. By
analysis of velocity steps, we discern temperature dependence for the transition from velocity-
strengthening to velocity-weakening behaviour (figure 6). Temperature dependence of friction
has been observed in certain rock/gouge types (e.g. [45–48]). The ability of the different rock
types to heal is a function of the overall strength [29,39]. Our experiments, through variation
in temperature instead of rock type, show a similar result. The temperature dependence of
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sliding
direction

(a)

(b)

Figure 8. Lightmicrograph images of a sample after testing, looking in the direction normal to sliding, at conditions below the
melting temperature. Random criss-crossing striations from sample roughening are clearly evident. Panel (a) is an uppermost
portion of that face that did not slide during the test (we did not run the full 50 mm that the sample size allows). Panel (b) is
a portion that slid. In (b), striations are still visible but many have been overprinted by grain growth, possibly capturing the
direction of sliding (small arrow). (Online version in colour.)

steady-state friction and healing yield similar values, implying that the increase in healing
with decreasing temperature is a function of the overall strength of the interface. However, the
temperature dependences of friction and healing described here are at least 10 times greater
than that observed for rocks. The homologous temperatures explored here (and experienced by
terrestrial glaciers) are much higher (T/Tm > 0.93) than those explored in rock friction studies and
we expect the dependences and mechanisms to be different.

Figure 9 provides an indication of the mechanisms controlling friction and healing. We plot
frictional healing β from our study and those of several other ice and rock studies as a function of
homologous temperature. By plotting in this way, a general trend and grouping of high and low
healing with homologous temperature becomes apparent. The different regions (separated with
the dashed lines) are probably due to different healing/friction mechanisms, as follows.

At high homologous temperature (essentially 1) are experiments that were conducted at the
pressure melting temperature. These show very low healing rates (figure 9). In these samples,
a layer of melt at the interface must inhibit contact growth and cohesion needed for healing.
In these studies, the melt was produced because of the temperature and the normal stress. The
PMP comes from the Clausius–Clapeyron equation, and for ice is �TPMP/�P = 0.078° MPa−1.
However, depression of the melting temperature calculated using the pressure with the entire
sliding surface area A is very small (less than 1°C). We observed melting at temperatures lower
than this (more than −3°C), suggesting pressure concentrated at the real area of contact (that
of asperities) Ar is important. (A more detailed exploration of melting due to frictional heating
and contact area is planned, but is beyond the scope of this paper.) Some studies at lower
temperatures have achieved comparable low friction with high velocities that result in frictional
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Figure 9. Healing rate versus homologous temperature from this study and other studies on ice and rock. Ice–rock data at PMP
from Zoet et al. [16]; ice–ice data from Schulson & Fortt [12]; sea ice from Sukhorukov & Loset [49] Quartz from Katayama et al.
[50]; and granite from Nakatani [51] and Mitchell et al. [46]. All other data are from this study.

heating sufficient to produce a drop in friction [15,42]. The presence of a fluid film over what is
probably the entire sliding interface lubricates it, greatly reducing the frictional resistance.

In the high homologous temperature range (but below melting; figure 9) is a region displaying
the highest healing levels. These data are from our study of ice–rock and other studies of ice–
ice [12,52]. In this regime, healing probably occurs as the contact area of asperities increases
due to high-temperature creep (e.g. dislocation creep). The increase in area with hold time
thereby creates an increase in shear resistance to sliding. The reduced roughness we observe on
the sliding surface for these samples is an indication that, during the experiment, the grooves
made from roughening with sandpaper were relaxed. The curvature in the lines of the log-linear
plot of figure 4a indicates that the mechanism for healing is probably not the low-temperature
exponential mechanism(s) typical of rock friction, but rather a power-law form consistent with
high-temperature deformation of ice. This finding is consistent with the asperity creep-based
model put forth in [11] and [12], and described in more detail by Schulson [52] in which
deformation within a narrow surface zone predicts a power-law dependence of �μ on hold time.
Their model relates the ratio of the real area of contact to apparent area, Ar/A, to hardness,
which thus provides the same inverse temperature dependence observed here. Although the
healing at this high homologous temperature is related to high-temperature power-law creep (e.g.
dislocation creep), the sliding itself is still in a frictional regime in which τ = μσn, as evidenced
by similar friction values between our study and those of [16] (which were at σn = 1 MPa).
Theoretically, at high enough normal stress, this would cease to be the case and the system
would transition to a fully viscous process of sliding, but we do not observe that transition
here. Importantly, we do not see evidence of melting and refreezing, nor of microcracking in
this high homologous temperature regime below the melting temperature, which are mechanisms
suggested by theory and previous studies. Rather, our indication from samples tested from −20°C
to −3°C is that they slide frictionally, without the aid of a melt layer, and display a measurable
friction coefficient that varies linearly with temperature.

As Schulson & Fortt [12] point out, the inverse temperature dependence of healing breaks
down at intermediate temperatures (arbitrarily drawn in figure 9 at T/Tm ≈ 0.76) and the reverse
is observed. At homologous temperatures lower than approximately 0.7 healing rates in ice
are low and similar to those of rock. At such low homologous temperatures, healing has been
attributed to low-temperature exponential creep of asperities (e.g. pressure solution) (e.g. [29]). In
studies of ice sliding on ice at low homologous temperature, friction was found to be independent
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of temperature, roughness and sliding rate, and under those conditions a purely elastic–brittle
mechanism for friction has been posited, related to fracture [9,10,12].

In addition to shedding light on behaviour at the base of glaciers, these results have
implications for the base of the seismogenic zone in faults and below, where the transition from
velocity weakening to velocity strengthening is not well known. As T/Tm > 0.9 is difficult to obtain
in studies on rock, ice can act as an analogue to study frictional strength and whether ruptures
can penetrate to those depths.

6. Implications for glaciers
The experiments run here were conducted at conditions of normal stress, temperature range and
velocity comparable to glaciers and ice streams. Frictional interfaces at actual glaciers are more
complex, with substrates that vary from entrained debris to distinct frozen or wet till layers. These
variations in sliding interface will be systematically explored in future studies. However, this
study provides temperature and velocity dependences in a simplified system, which provides
initial constraints on frictional behaviour at the ice–rock interface.

The clear temperature dependence of steady-state ice friction has implications for the
conditions under which basal sliding can occur. Normal stress at the glacier bed is controlled
by the weight of the overlying glacier minus the pore pressure at the base, so that the effective
normal stress is often of the order 10–100 kPa [7]. The driving force for sliding is the gravitational
potential of the upstream ice and is typically around 50–150 kPa, but with considerable variability
and a range from approximately 10 to approximately 400 kPa [7]. The results in figure 3 and
the relationship τ = μ(T)σn can be used to determine whether sliding can occur assuming ice
sliding on bedrock. For instance, with an effective normal stress of 100 kPa and a driving
stress of 50 kPa, a glacier could slide at temperatures as low as approximately −18°C. For a
driving stress of 20 kPa, the temperature would need to be above approximately −3°C in order
for frictional sliding to occur. The temperature dependence of ice–rock friction has important
implications for deformation of warm- and cold-based glaciers, though to fully understand glacial
deformation we clearly need a more thorough understanding of ice rheology in addition to
frictional characteristics over the appropriate temperature range.

Earthquakes at the glacier bed have been observed in ice-stream [53,54], outlet-glacier [5,55]
and mountain-glacier [56] settings. Most authors interpret these events to be the result of stick–
slip behaviour at ‘sticky spots’, which are believed to be analogous to asperities on tectonic faults,
though some basal events probably result from crack opening or closing [57]. We expect our
results to help inform interpretation of these earthquakes and their role in glacier deformation,
particularly as many such events appear to occur where bedrock rises or changes in topography
may result in thinner or no till at the bed. Some of the best-known basal-sliding events, those
reported at Whillans Ice Stream in Antarctica by Bindschadler et al. [58] and later workers
(e.g. [59–62]), appear to show healing behaviour qualitatively similar to that we observe in our
laboratory results. Following a large ‘hold’, or stuck phase, slip events at Whillans are larger than
after short holds [60]. The slip behaviour there appears to have evolved over the last several
years [61], for reasons that are not yet completely clear. Accounting for viscoelastic [63] and other
effects, such as till compaction [6,64], will also be important in this setting, but our results provide
constraints that will allow progress beyond previous, necessarily simplified, models [60] of the
intriguing behaviour of the Whillans Ice Stream and other glacier stick–slip settings. Our results
will also aid in inference of bed properties from macroscopic observations of sliding style. In
particular, the very high healing rates we observe even in the absence of till or debris should
inform interpretation of a wide range of glacier stick–slip events.

7. Conclusion
Our laboratory experiments demonstrate that changes in temperature over the range from −20°C
to the PMP exert a first-order effect on ice-on-rock friction. Steady-state friction increases with
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decreasing temperature at a rate of 0.018°C−1, while frictional healing increases with decreasing
temperature at a rate of 0.0089°C−1. The healing rate, β, is greater than that found for rocks,
including for rocks at large values of homologous temperature. Microstructural evidence of melt
is present at the PMP, but is absent at the other temperatures we study. Healing below the
PMP thus appears to be due to some process other than melting and refreezing during shear.
Velocity-stepping experiments show that ice transitions from velocity-strengthening to velocity-
weakening behaviour at approximately −15°C, although the transition is also dependent on
sliding speed. Our results indicate that ice friction changes significantly in both strength and
stability over the temperature range (−20°C to PMP) observed at the base of glaciers and ice
streams on Earth and should be taken into account in interpretation of modes and rates of glacier
sliding. Experiments of the type we perform here may also be used to improve understanding of
rock-based fault systems near the brittle–ductile transition.
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