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Abstract

Observations of glacier slip over till beds, across a range of spatial and temporal scales,
show abundant seismicity ranging from M,, ~ -2 microearthquakes and tremor (sub-
meter asperities and millisecond duration) to M,, ~ 7 slow-slip events (~ 50 km rupture
lengths and ~30 min durations). A complete understanding of the mechanisms
capable of producing seismic signals in these environments represents a strong con-
straint on bed conditions. In particular, there is a lack of experimental confirmation
of velocity-weakening behavior of ice slipping on till, where friction decreases with
increasing velocity—a necessity for nucleating seismic slip. To measure the frictional
strength and stability of ice sliding against till, we performed a series of double-
direct-shear experiments at controlled temperatures slightly above and below the
ice melting point. Our results confirm velocity-strengthening ice-till slip at melting tem-
peratures, as has been found in the few previous studies. We provide best-fit rate-and-
state friction parameters and their standard deviations from averaging 13 experiments
at equivalent conditions. We find evidence of similar velocity-strengthening behavior
with 50% by volume debris-laden ice slid against till under the same conditions. In con-
trast, velocity-weakening and linear time-dependent healing of ice-till slip is present at
temperatures slightly below the melting point, providing an experimentally supported
mechanism for subglacial seismicity on soft-beds. The stability parameter (a-b)
decreases with slip velocity, and evolution occurs over large (mm scale) displacements,
suggesting that shear heating and melt buildup is responsible for the weakening. These
measurements provide insight into subglacial stiffness in which seismicity of this type
might be expected. We discuss glaciological circumstances pointing to potential field
targets in which to test this frozen seismic asperity hypothesis.
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Introduction
The mass balance and stability of the Greenland and Antarctic
Ice Sheets are largely controlled by the dynamics of fast-mov-
ing outlets to the ocean, including outlet glaciers and ice
streams (Bennett, 2003). Ice streams are fast-flowing rivers of
ice embedded in a background of slower moving ice. Even
though stresses driving flow are low, they slip quickly due to
high water pressure and lubrication from till, unlithified sedi-
ment that deforms under shear (Cuffey and Paterson, 2010).
Basal shear stresses are not uniform. Driving stresses are dis-
tributed among regions of very high basal stress, but areas
between experience very low basal shear with almost freely
slipping ice (Joughin, MacAyeal, and Tulacyzk, 2004;
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Sergienko et al, 2014). Areas of high ice-bed coupling are
analogous to fault asperities, but they are not necessarily
correlated with seismic slip. An exception is, particularly,
well-studied Whillans Ice Stream (WIS) and a large asperity
on its ice plain, which fails in tidally triggered slow-slip events
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(accompanied by tremor and basal icequakes), accounting for
most of the total surface velocity in this location (Winberry
et al., 2013). WIS is also one of the few slowing glacial features,
and observations suggest that increasing basal resistance and
stick-slip are the main cause of deceleration (Joughin et al,
2005; Beem et al., 2014; Winberry et al., 2014). Basal seismicity
has been observed in a range of glacial settings responding to
tidal stresses (Zoet et al, 2012), meltwater (Roeoesli et al.,
2016), contrasts in till properties (Smith, 2006), occurring in
both active and shutdown ice streams (Anandakrishnan and
Bentley, 1993), topographic lows of mega-scale glacial linea-
tions (Barcheck et al, 2020), and as stable, migrating, or
short-lived tremor (Kufner et al., 2020; McBrearty et al., 2020),
all suggesting the ubiquity of unstable basal sliding (Umalauft
et al., 2020). Bed conditions are largely inaccessible, but seis-
micity provides the potential to remotely monitor basal evolu-
tion with a sufficient understanding of seismic slip mechanics.

Bed strength is determined by the conditions there to first
order whether ice overlies hard bedrock or soft till (Clarke,
2005). Although, ice streams are assumed to be largely over-
lying till, very few ice-on-till friction experiments have been
published, none showing stick-slip. Experiments on fault mate-
rials have shown that ability to nucleate earthquakes is deter-
mined by frictional properties and elastic stiffness of the
loading medium (Leeman et al, 2016), in agreement with sta-
bility theory (Gu et al., 1984). Specifically, stick-slip motion
requires that bed deformation exhibits two behaviors: (1) rate
weakening or friction decreasing with increases in slip velocity,
allowing acceleration during slip events; and (2) healing,
allowing elastic stress to build up during stick intervals.
Both have been experimentally observed in fault rocks and
gouge (Marone, 1998). Diverse granular deformation tests (tri-
axial, double-direct shear, and ring shear) of till samples
exhibit essentially rate-neutral behavior, suggesting that till
deformation itself is not generally responsible for seismicity,
but some tills could satisfy this criterion (Iverson, 2010).
Ice-till sliding experiments have shown sufficient healing with
holds on tidal time scales (Zoet and Iverson, 2018), but rate
weakening has remained elusive. Zoet and Iverson (2020)
found velocity-strengthening in ice-till slip at the pressure
melting point, explained by a model where shear stress grows
at low velocities, dominated by viscous ice flow around till
grain protrusions or clasts, until shear stress in the ice reaches
the rate-independent strength of till at higher velocities. Those
measurements were made with a high permeability till to
ensure complete drainage. Pore-pressure feedbacks have been
shown to produce velocity weakening from clast plowing in
low diffusivity till, whereby compression in front of clasts
causes lower effective stress (Thomason and Iverson, 2008).
This mechanism is limited to velocities high enough to build
up pore pressure before it defuses away, whereas, porosity will
reach a minimum at a certain compaction speed. As plowing
experiments were done without ice, confirmation is needed
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that till is softer than ice during the velocity range where
the pore-pressure feedback is active, so velocity weakening
is expressed. Lipovsky et al. (2019) measured rate-strengthen-
ing behavior for pure ice-on-till slip at the pressure melting
point up to 30 ym/s (~950 m/yr), concluding that the higher
effective stresses needed for unstable slip would ensure sedi-
ment entrainment, thus debris-laden ice might contribute to
velocity-weakening behavior. This idea aligns with experi-
ments of debris-laden ice on rock showing velocity weakening
at velocities above 16um/s (~500 m/yr) at —3°C (Zoet et al,
2013). These same conditions also exhibited stick-slip cycles
and stress drops, when the apparatus stiffness was lowered
(Zoet et al., 2020). Pure ice-on-rock friction has also been
found to be velocity weakening at temperatures below —18°
C (McCarthy et al., 2017), suggesting subfreezing temperatures
could contribute to seismic behaviors on till beds as well. Basal
freezing and melting have been proposed to regulate the evo-
lution of strength in soft beds, during both stick and slip phases
(Tulaczyk et al., 2000; Christoffersen and Tulaczyk, 2003;
Winberry et al., 2009). We test the effect of temperate and fro-
zen conditions, but other hypotheses for ice-till seismicity,
such as drained, low-porosity till (Anandakrishnan and
Bentley, 1993) and overconsolidated (lodgment) till (Barcheck
et al., 2018), have not been shown experimentally.

The combination of ubiquitous seismic observations across
scales and subglacial settings with a lack of experimentally veri-
fied mechanisms for obtaining this behavior presents an
opportunity for improving constraints on bed processes and
conditions. We conducted a series of experiments testing dif-
ferent potential scenarios of deformation at the base of ice
streams, including wet till-only, temperate pure ice-on-till,
temperate debris-laden ice-on-till, pure ice-on-frozen till, and
debris-laden ice-on-frozen till. We present the first experimen-
tal evidence of velocity weakening in an ice-till slip setting that
of pure ice-on-frozen till at temperatures slightly below the
pressure melting point. We then discuss the relevant conditions
and constraints of this ice sheet basal seismicity mechanism,
representing a testable hypothesis for future field exploration.

Background

Rate-and-state friction formulation and stability

theory

Stick-slip instability is commonly described in faults using the

empirically derived rate-and-state friction formulation, which

is dependent on slip-rate (or velocity) and one (or more) inter-

nal-state variables (Dieterich, 1979; Ruina, 1983)

u(v(1), 0(t)) = py + aln(@) + bln(
0

V

VOG(t))

c

(1

in which p is the current friction coefficient (shear stress 7
divided by effective normal stress o, overburden minus pore
pressure); v is the current slip velocity, which can change with
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time; y, is the reference friction coefficient (steady-state fric-
tion when v = v;); v, is a characteristic velocity, often chosen
as the lowest experimental velocity or long-term geological dis-
placement rate; D, is the critical slip distance, the distance over
which state evolves to a new steady-state; 6 is the state variable,
commonly interpreted as representing the age of contacts, with
units of time, related to porosity or dilation in granular layers
(Segall and Rice, 1995); a is the parameter that determines the
amplitude of the “direct effect,” the friction change immedi-
ately following changes in velocity; and b determines the
amount friction changes due to state evolution.

There are two primarily used laws for describing state evo-
lution—the aging (Dietrich) law, which evolves in time even
without slip (Dieterich, 1979)

P12 @

dt D,
and the slip (Ruina) law, which requires slip for state evolution
(Ruina, 1983):

do vO vO
= (5 ©

The aging law is the simpler and more often used evolution
law, although, recent studies show that the slip law is consistent
with a wider range of data (Bhattacharya et al, 2017). Other
forms of rate-and-state friction have been developed to incor-
porate theory of subglacial cavity formation on hard beds
(Thegersen et al., 2019), but we focus on conventional formu-
lations in this study.

Steady state is reached over a slip distance D, when the state
variable () relaxes to its steady-state value and the evolution
equation reaches zero. Equation (1) can then be rewritten as

Hss (Vss) =W + (a - b) In (%)) (4)

0

in which p is the steady-state friction value, and v is the steady-
state velocity. For a given set of a and b, their difference (a — b) is
called the stability parameter, and it determines the change in
steady-state friction with a change in velocity. In this way, if fric-
tion increases with an increase in velocity (a — b > 0), it is called
velocity strengthening, and, if friction decreases with an increase
in velocity (a — b < 0), it is called velocity weakening.
Velocity-weakening friction is needed for rupture nuclea-
tion, because, as slip starts to accelerate, the feedback from
decreasing friction promotes unstable acceleration. It is a nec-
essary but an insufficient condition. Stick-slip generation is
produced by a force imbalance between the elastic driving
stress and resistance; friction must reduce faster than built up
elastic energy is released. Thus, instability occurs when the
stiffness of the surrounding medium (k), elastic stress change
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with displacement, is less than a rheological critical stiffness
(k¢p), friction reduction with slip

K<k, = (@) 5)

in which o is the effective normal stress, as defined earlier.
Experiments often need to lower apparatus stiffness to capture
stick-slip (Zoet et al., 2020). Velocity weakening is required to
achieve this condition (k. < 0 when a — b > 0), but, if rupture
is already initiated, inertia or thermal weakening at high slip
speeds can propagate seismic slip through velocity-strengthen-
ing regions. Strong elastic contrasts, such as between ice and
rock, can cause nucleation at nominally slightly stable situa-
tions (k. < k) (Rice et al., 2001), and slow-slip events have
been shown as expressions of conditional stability (k. ~ k)
(Leeman et al., 2016), so this boundary is not a strict limit
but a useful guide for when stick-slip is expected.

The chief advantages of rate-and-state friction is its ability
to describe transient behaviors not at steady state, particularly,
seismic stick-slip cycles, with a large literature of modeling and
experimental studies for a wide range of geological materials
and conditions (Scholz, 2002). Although, not yet widespread,
experimental (McCarthy et al, 2017; Zoet et al., 2020) and
numerical (Thegersen et al., 2019; Minchew and Meyer, 2020)
studies have begun to argue for the use of rate-and-state
friction in glacier settings with unsteady slip velocities.

Methods and Materials

Our experiments used a sample assembly that consists of a
double-direct-shear configuration, with a central sliding ice
block (or steel block for till-only deformation) and two station-
ary side blocks with layers of precompacted till on opposite
sides of the ice (Fig. 1). In this section, we will describe each
of these components (ice and till)—the sample assembly, the
apparatus, and the experimental procedure.

Ice sample types

We created three different types of ice samples. First, a modified
version of the “standard ice” method was employed (Cole,
1979), in which seed ice was sieved between 108 and 250 ym
mesh sieves and then packed into a die layer by layer. The die
was then equilibrated in a zero-degree bath and slowly flooded
under vacuum until all the pore space filled with deionized
water. The two-phase mixture was then frozen slowly from the
bottom up to allow air bubbles to escape and minimize the final
porosity. We also created bulk ice samples, frozen in the same
way but with the die filled only with deionized water, resulting in
large, nonuniform grain size. We find the difference in the fric-
tional behavior between the two types of samples insignificant
(see the Supplement Section S1) and, thus, present results from
mostly bulk solidification samples, as they are much less time
consuming to construct. These rectangular pure ice samples
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are intentionally frozen oversized and cut down to
50 x 50 x 100 mm, with a microtome housed in a cold room
(~ —12°C). The sliding surfaces were then roughened with a
number 100 grit sandpaper using the same procedure as
described by McCarthy et al. (2017), who determined a rough-
ness average (R;) of 7+ 1 ym using a profilometer (Mitutoyo
SE-210).

Lastly, to test the hypothesis that debris-laden ice provides
rock-till friction capable of velocity-weakening behavior and,
thus, seismic stick-slip (Lipovsky et al., 2019), we created a 50%
by volume debris-laden ice sample, as this was found to be the
debris content in which rock debris dominates the overall
mechanics (Moore, 2014). In this case, we followed the method
described previously, but used seed ice of between 250 ym and
1 mm in diameter. This seed ice was packed in the die with even
volumes of Matanuska till grains between 1 and 4 mm in diam-
eter (less than 1/10th the smallest dimension of the ice sample of
50 mm), mixing and compacting layer by layer. Larger till grains
were selected, as they are theorized to be the first to be entrained
in the ice at the lowest effective normal stresses (Meyer et al.,
2018). Also, the transition to debris-dominated “sandy” friction
depends on rock grain size, as larger grains are more likely to
bridge any melt film and protrude into the bed (Emerson and
Rempel, 2007). The ice-debris mixture was then flooded and fro-
zen, following the “standard ice” procedure outlined earlier. This
die was not oversized, so no cutting or roughening was done to the
final sample. The debris on the sample surface creates much
higher roughness than that of the pure ice samples. The roughness
of the samples as fabricated was outside of the profilometer range.

Till source and layer preparation

All experiments were undertaken using till from the Matanuska
glacier—a large (~45 km long) valley glacier flowing north from
the ice fields of the Chugach Mountains in south-central Alaska

4 Seismological Research Letters

(b)

Figure 1. (a) Design and (b) photograph of biaxial cryostat
designed for ice-till experiments. Photo has overset to show the
ice sample below the front Peltier cooler and heat exchanger.
RTD, resistance temperature detector; UHMW, ultra high
molecular weight. The color version of this figure is available only
in the electronic edition.

(Lawson et al., 1998). Matanuska till has previously been studied
for its deformational and frictional properties in a similar double-
direct shear device (Rathbun et al., 2008), allowing direct compari-
son of measurements. As was done in that study, samples were
air-dried and then disaggregated by hand before sieving for
grain-size analysis and homogenization. We also removed all
grains of greater than 1 mm diameter, following the soil mechan-
ics recommendation of having no grains larger than 1/10th the
layer thickness (Head, 1989). This ensured that the layer was
homogenous, and no large particles dominated the mechanical
response. Till characterization and comparison to friction mea-
surements in Rathbun et al. (2008) are included in Appendix A.

The side blocks have a steel plate on the till-facing surface,
with 0.8 mm deep and 1 mm spaced grooves, to insure there is
no sliding on the till-block interface, so that all imposed dis-
placement is on the ice-till interface or within the till layer. We
also machined a grooved central steel block to measure till-
only deformation under equivalent conditions and, thus, by
comparison to the more complex system, isolate the effect of
the added ice-till interface. In a frozen till-only configuration,
the central block groves did not fully couple to the frozen till.
Because the measurement of friction between the frozen till
and steel is not useful for understanding frozen till deforma-
tion, these data are not provided. Because all measurements
were done under nominally wet or frozen conditions, the till
was loaded wet, as it is more cohesive and easier to work with
Number XX« —2021
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that way. In all cases, the till layers were prepared by packing
the till onto the grooved steel plate surface of the side blocks
surrounded by a cellophane tape wall and measured to a height
of 10 = 0.5 mm using a leveling jig. Experiments with till
thickness of 5 mm showed equivalent frictional behavior
(see the Supplement Section S2), so all reported experiments
are with 10 mm layers. Till samples were preloaded by dead
weight to 22 kPa for about 5 min in the leveling jig, which
pushed out any excess pore water.

Using standard practices for double-direct shear of granular
gouges (Rathbun et al., 2008), clear plastic side shields were
attached to the unstressed front and back, whereas, thin copper
shims were attached to the top and bottom of each side block
to retain the nominal shape and surface area of the till during
initial normal stress loading. The three blocks (central ice or
grooved steel and two side blocks with till layers) are stacked
vertically to cover top till surfaces, from here on referred to as
the sample assembly. A thin parafilm sheet was stretched
across the bottom of the sample assembly, to avoid loss of till
grains during deformation, but, pore and melt water is able to
drain freely at atmospheric pressure, as visually observed. The
resistance from the parafilm was measured with the vertical
load cell, to contribute less than 1 kPa to the measured shear
stress, and is independent of driving velocity and displacement
(not elastic).

Cryogenic biaxial apparatus

Experiments were conducted using an ambient pressure, cryo-
genic temperature, servo-hydraulic biaxial friction apparatus
(McCarthy et al., 2016). Modification to the insulating cryostat
and loading procedure was required to load the entire three-
block assembly into the apparatus and precisely control
temperature. The new cryostat (Fig. 1) included plumbing
for circulating chiller fluid into the side blocks and resistance
temperature detector (RTD) ports directly below the grooved
steel plate and till layer, allowing direct temperature monitor-
ing and control, as well as Peltier thermoelectric coolers
directly in front of and behind the ice block to limit melt.
Ultra Precise RTD sensors (Manufacturer: Omega) record
temperature every second, with an accuracy of £0.15°C. The
temperature was measured and controlled directly behind the
till, so reported temperatures are for this location. For temper-
atures above freezing, the ice should be at its pressure melting
point, whereas, the ice should be close to the control temper-
ature when below freezing. The entire cryostat was made of
insulating material, including a fiberglass base, to minimize
heat transfer. A transparent Plexiglas front panel allowed for
monitoring of the interface during the experiment. Cooling
was controlled both by fluid temperature and by manual con-
trol of fluid flow rate to within <0.25°C difference between the
two sides. Oscillations in chiller duty cycle contributed to a
total variance of <0.3°C throughout the hour-long experiment.
Because of these oscillations, we chose to control the till at
Volume XX« Number XX
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temperatures sufficiently far from the melting point, to avoid
uncontrolled melting and refreezing throughout the experi-
ment run time. Figures 2a show the temperature stability of
a representative run.

The horizontal piston applied normal stress by motion of a
thermally insulating Macor rod acting against another fixed
rod on the other side. Load cells located outside the cryostat
measured load on either side. Because of plumbing and RTDs
slightly restricting side block motion, stress changes did not
transfer completely between the two horizontal load cells, with
differences in normal stresses up to ~30%. Thus, reported nor-
mal stresses and friction were calculated from the average
between the two load cell measurements. Measured stresses
are always averaged values over the surface area, so averaging
the two interfaces normal stresses best captures the entire sam-
ple. Because variations in this difference between the two nor-
mal stresses between experiments (most extreme cases for each
sample type are plotted in Figs. S4, S5, and S6) do not appear to
change the frictional behavior, and broader frictional behavior
calculated using either load cell is equivalent (Fig. S7), we do
not believe it represents a significant experimental artifact. The
difference between normal stresses changed with experimental
velocity, so is interpreted to be due to the state of the till layer,
thus providing additional information on the till’s dilation and
compaction (discussed further in the Supplement Section S3).
We found that the load cells were more sensitive to these
processes than was the measured horizontal displacement,
which had a steady inward movement to maintain constant
stress while sample thickness decreased due to ice melt.
This measured displacement was used to estimate melt rate
(~0.25 ym/s at ~0.5°C).

The vertical piston pushed the central ice sample down
through the till layers at a programmed load-point velocity.
A direct current differential transformer provided the displace-
ment feedback. A load cell mounted to the vertical Macor
rod on the outside of the cryostat provided the shear stress
measurement. The vertical load is balanced over both till sur-
face cross-sectional areas on either side of the ice block
(2 x50 x 50 mm?) providing the shear stress, whereas, the
horizontal load is balanced by each cross-section area inde-
pendently (50 x 50 mm?), providing the normal stress, the
ratio of the two gives the friction (u), assuming a y-intercept
near zero, or negligible cohesion to provide shear strength at
zero normal stress. Measuring under a range of normal
stresses, we confirm that cohesion is negligible in most cases,
addressed in Appendix A.

Experimental procedure

A total of 31 friction experiments are presented with various
configurations of till and central block, as provided in Table 1.
We tested the frictional dependence on many conditions
(including till layer thickness, largest grain size, and normal
stress), but this study focuses on the experimental parameters
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that had the most significant effect on friction (load-point
velocity, ice sample debris content, and temperature), other
conditional dependencies are presented in supplemental
material.

The side blocks with wet till were prechilled in a freezer at
~ —12°C for, at least, 10 min, to help stabilize temperature
before loading with ice into the cryostat. The temperature
of the side blocks was monitored and controlled, as it reached
the selected stabilized temperature. Prechilling minimized ice
melt during loading. Once the sample assembly was loaded
into the prechilled cryostat, and temperature stabilized, shear
was initiated. The employed driving protocol consisted of a
long ramp at 10 ym/s for 1000 s (10 mm of displacement),
to allow for elastic loading to a peak friction (particularly
apparent if the till is overconsolidated, see Fig. S4) and tran-
sition to steady-state or critical-state friction. The load point
was then driven for a series of velocity steps at 3, 10, 30,
and 100 ym/s, each for 1 mm of displacement, then back
down to 10 ym/s for a series of slide-hold-slides of 1, 3, 10,
30, 100, and 300 s, for a total displacement of 20 mm.
Experiments (C0134 and C0156) with longer velocity steps
of 2 mm and no slide-hold-slides were undertaken for longer
D, found at frozen conditions. Example experimental runs for
temperate ice-till and till-only configurations are shown in
Figure 2.

Each velocity step was fit to the rate-and-state friction law,
with a single state variable, (equations 1-3) using the MATLAB
(see Data and Resources) graphical user interface RSFit3000 to
invert for best-fit parameters (Skarbek and Savage, 2019).
Representative example fits for a velocity step is shown in
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Figure 2. (a) Example experimental runs for sample C0127, pure
ice-till (blue dotted line) at ~0.5°C, and C0110, till-only (black)
deformation at room temperature (~20°C). The bottom plot
shows the temperature from two RTDs (red dotted line is right
and magenta solid line is left) behind each till layer during the
ice—till (blue) experiment relative to the pressure melting point
(PMP). Both experiments follow the same driving velocities and
hold times as labeled below the ice—till friction. (b) A zoom-in of
velocity steps are plotted as a function of displacement with
velocities labeled, whereas, (c) a zoom-in of the 300 s hold is
labeled to show how healing and relaxation are measured. The
color version of this figure is available only in the electronic
edition.

Figure 3. We fit both the aging (equation 2) and slip (equa-
tion 3) laws to most examples, with similar fitting parameters,
but there are some cases that we were not able to find a slip law
fit, so we report parameters for the aging law. For this study, we
are only interested in the general range of fitting parameters, so
this choice makes little difference to our findings.

We find a range of rate-and-state friction parameters for
experiments with nominally equivalent conditions (those listed
in Table 1—sample type, temperature, normal effective stress,
till layer thickness, largest grain size, and sand content). There
are experimental errors associated with each of these, so, to
better constrain the range of potential parameters, we average
repeated measurements. The 13 equivalent experiments of
pure ice-till at melting conditions are underlined in Table 1,
average and standard deviation of parameter values are pre-
sented in Table 2, and example fits are provided in the
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TABLE 1

Experimental Parameters for All Runs, Those Presented in Figures Have the Figure Numbers Listed below the
Sample Numbers, Whereas, the 13 Experiments Averaged for Table 2 Are Underlined

Normal Till Layer Largest Till Sand

Sample Numbers Ice Type or Temperature Load Thickness Grain Size Content
(Figure Numbers) Till-Only (°Q) (kPa) (mm) (mm) (% by Mass)
C0091 (S2, S3) Till only ~20 100 5 0.6 36
C0094 (S1-53, S8) Till only ~20 100 10 0.6 36
C0095 (4b, S1-S3) Bulk pure ice-till ~0.5 100 10 0.6 36
C€0096 (4b, S2, S3) Bulk pure ice—till =05 100 5 0.6 36
C0097 (4b, S1-S3) Bulk pure ice—till =05 100 10 0.84 40
C0098 (4b, S1-53) Bulk pure ice—till =05 100 10 0.84 40
C0099 (7b,d, S5) Bulk pure ice-till ~-3 100 10 0.84 40
C0100 (S1-S3, S8, S9) Till only ~0.5 100 10 0.84 40
C0103 (S1-S3, S8) Till only ~20 100 10 0.84 50
C0104 (4b, S1-S3) Bulk pure ice—ill ~05 100 10 0.84 50
C0105 (2, S1-S3, S8) Till only ~20 100 10 0.84 20
C0106 (4b, S1-S3) Bulk pure ice-till ~0.5 100 10 0.84 20
C0107 (4b, S1-S3) Bulk pure ice—till =08 100 10 1 100
C0108 (4a, 6, S1-S3, S8) Till only ~20 100 10 1 100
C0109 (4b, S1-S3) Bulk pure ice—till ~0.5 100 10 0.064 0
C0110 (2, A1-A2, S2, S8) Till-only ~20 100 10 0.064 0
CO0111 (A1-A2, S1-S3) Bulk pure ice-till ~0.5 150 10 1 43.2
C0112 (A1-A2, S1-S3, S8) Till-only ~20 150 10 1 43.2
C0113(5b, A1-A2,51-S3,58)  Till-only ~20 50 10 1 43.2
C0114 (4b, A1-A2, S1-53) Bulk pure ice-till =05 100 10 1 432
C0118 (4b, S1-S3, S4) Bulk pure ice—till =05 100 10 1 432
C0123 (4b, B1-B2) Bulk pure ice—till =05 50 10 1 43.2
C0124 (4b, S1-S3) Standard pure ice— ~0.5 100 10 1 432

till
C0125 Debris-laden ice-till  ~0.5 100 10 1 43.2
C0127 (2-4, 6) Standard pure ice— ~05 100 10 1 432

till
C0128 (5, 6) Debris-laden ice-till ~0.5 100 10 1 43.2
C0134 (6, 7a,b) Bulk pure ice-till ~-3 100 10 1 43.2
C0151 (B2) Bulk pure ice-till ~-3 50-150 10 1 43.2
C0156 (5, 6) Debris-laden ice-till ~=3 100 10 1 43.2
C0157 (B2) Debris-laden ice-till  ~0.5 50-350 10 1 43.2
C0160 (B2) Debris-laden ice-till ~=3 50-350 10 1 43.2

Supplement Section S5. The other types of experiments  each. Order of magnitude estimates are provided for calculat-
(debris-laden ice and frozen temperatures) are only interpreted

for general behavior, because they were only run two times

ing rheological critical stiffness, but we do not report a specific
range of rate-and-state friction parameters in these cases.
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Figure 3. Example velocity step (from 10 to 30 um/s) from sample
C0127 and rate-state friction fits obtained with RSFit3000. This is
representative of all melting temperature (~0.5°C) ice-till mea-
surements in which b is very small or negative. Black lines are the
data; the red dashed line is the aging law fit; and the blue solid
line is the slip law fit. The fits and parameters for the two
evolution laws are not significantly different in this and most
other cases, but there are examples when we were unable to fit a
slip law fit, so we report aging law parameters. The color version
of this figure is available only in the electronic edition.

Results

Pure, temperate ice-till steady-state velocity
dependence and healing

Figure 4 shows results from a series of ice-till and till-only
experiments at temperatures above the pressure melting point
(—0.0074°C at 100 kPa using the Clausius—Clapeyron equa-
tion). We ran a till-only experiment at this temperature, but,
as expected, wet till has little temperature dependence when it
is above freezing (see the Supplement Section $4), so reported
experiments in this section for till-only deformation were
undertaken at room temperature (~20°C). We found a range
of friction values for our eight temperate till-only measure-
ments, so the till-only sample with the closest friction value
to the highest velocity ice-till friction was selected for ice-till
and till-only comparisons, discussed further in the Supplement
Section S4. As shown in the literature for many natural tills

(Iverson, 2010), we find that the wet Matanuska till has slightly
rate-strengthening friction (Fig. 4a). The addition of an ice-till
interface gives greater velocity dependence, and larger relaxa-
tion and healing (Fig. 2). The steady-state friction at each
velocity is determined by taking mean friction for each velocity
step, once steady state is reached; the standard deviation, over
these same time periods, provide error bars (Figs. 4a, 5b, and
6). Both the healing (Zoet and Iverson, 2018) and steady-state
velocity dependence (Zoet and Iverson, 2020) are comparable
to those measured by meter-scale ice-till measurements at the
pressure melting point; differences in the apparatuses are dis-
cussed in Appendix C. We find measurable healing, fitting with
a cutoff time (¢,) healing relation for change in friction (Ayu) as
a function of hold time (t;,)

Ap = ﬁln(% n 1), 6)

in which f is the healing rate parameter. Our healing shows a
lower cutoff time (¢, ~ 10 s) and slightly higher healing rate
(B ~0.021), than in meter-scale samples at the same driving
velocity (t, ~64 s and 8~ 0.019) (Zoet and Iverson, 2018;
Fig. 4c). We find no clear trend with velocity for the stability
parameter a — b (Fig. 4b). Table 2 provides averages of all
parameter values obtained from fitting 53 velocity steps across
13 experiments. These are the first reported rate-and-state fric-
tion parameters for ice—till slip in the literature and can, thus,
provide useful inputs to rate-and-state models applied to these
environments (Minchew and Meyer, 2020). As a reference, fit-
ted a and b parameters are much less than those of a pure ice-
on-rock system, whereas, D, fits here are orders of magnitude
larger (C. McCarthy, et al., unpublished manuscript, 2021, see
Data and Resources), although, D, is very poorly constrained
when b is small, because very little evolution occurs.

Debris-laden, temperate ice-till steady-state
velocity dependence and healing

Figure 5 shows results from experiment (C0128) of debris-laden
ice (as described in the Ice Sample Types section) slid against a
till layer, at the same temperate conditions (~0.5°C), velocity,
and normal stress as the pure ice experiments reported earlier.
The results show slightly higher friction values than those of pure
icetill. The measured friction in the debris-laden ice-till system

TABLE 2

Best-Fit Rate-and-State Aging Law Parameters from Fits to Velocity Steps Using RSFit3000

b = Standard
Deviation

a = Standard
Deviation

0.029 + 0.017 -0.0066 + 0.023

a - b = Standard
Deviation

0.035 + 0.032

k = Standard
Deviation (um-1)

D, = Standard
Deviation (um)

144 + 139 0.0052 + 0.0065

Mean and standard deviation of parameters are from 53 steps in 13 samples of pure ice at ~0.5°C. All a - b values are plotted as a function of velocity in Figures 4b and 10;

example fits from four experiments are provided in the Supplement Section S5.
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is equivalent to till-only friction at high velocity (>30 ym/s), but
is lower at low velocities (<10 ym/s), exhibiting a clear velocity-
strengthening behavior (Fig. 5b). The results also show little
healing compared with the pure ice case (Fig. 5a vs. Fig. 2¢).

Pure and debris-laden ice on frozen till velocity
dependence and healing

Lastly, we report a set of pure ice-till and debris-laden ice
experiments at temperatures slightly below freezing (-3°C).
McCarthy et al. (2017) showed that ice on rock friction
increased, and the stability parameter decreased with decreas-
ing temperature. We find a more dramatic change in friction at
subfreezing temperatures, with friction levels increasing above
1 for both pure ice-till and debris-laden ice-till cases (Fig. 6).
Although, the debris-laden ice-on-till friction remains roughly
velocity neutral (Fig. 5a,c), we find the first clear velocity-weak-
ening behavior at velocities above 10 ym/s (~330 m/yr) in
pure ice-till slip at —3°C. The velocity steps show much longer
D, at these frozen temperatures (Fig. 7a), making it harder to
reach steady-state friction. We do not have enough subfreezing
experiments for averaging rate-and-state parameters, but the
fits from the —3°C steps are well constrained, showing negative
a — b values above 10 ym/s that decrease further with increas-
ing velocity (Fig. 7¢c). Zoet et al. (2013) found similar velocity
dependence, but less change with velocity, for debris-laden ice
on rock at —=3°C. These conditions also exhibit healing at longer
Volume XX« Number XX
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Figure 4. (a) Steady-state friction velocity dependence for sample
C0108, till-only (at room temperature ~20°C), in red filled tri-
angles and sample C0127 pure ice-till (at ~0.5°C) in green open
circle. Values are the mean during steady state at each velocity,
and error bars are the standard deviation during that period. The
transition model (equation B2) in orange dotted line (Zoet and
Iverson, 2020), calculated using T mm the largest till grain size
and till-only friction coefficient, and the rate-and-state steady-
state friction model (black solid line; equation 4) with a — b
calculated from the mean of all fitted steps and holds from this
experiment (a — b = 0.0344) are also plotted. (b) Rate-and-state
friction a — b parameters from 13 experiments of equivalent
conditions show no clear velocity dependence for pure ice-till at
~0.5°C. Error bars are from the error best-fit parameter.

(c) Change in peak friction above steady state due to healing as a
function of hold time in green open circles, compared with that
found in Zoet and Iverson (2018) (blue filled circles). Our data are
at ~0.5°C and 100 kPa normal stress, whereas, Zoet and Iverson
(2018) is at ~0°C and 150 kPa, both measurements used

10 um/s slides. Both are fit to cutoff time with equation (6), rate
parameters are comparable between the two experiments, but
our cutoff time was less (10 s vs. 64 s). The color version of this
figure is available only in the electronic edition.

hold times (Fig. 7b), with friction change increasing linearly
with time (Fig. 7d), thus, unable to be fit with a cutoff time
relation (equation 6).
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Steady-state velocity-strengthening models for
pure ice and debris-laden ice on till at melting

We find that frictional sliding of ice on Matanuska till under
melting conditions (both pure and debris-laden) is velocity
strengthening. Although, this behavior is specific to the till
tested, it has also been shown for pure ice on two other tills
—one primarily sand (~65%) (Zoet and Iverson, 2020) and
the other ~13% sand (Lipovsky et al, 2019); the tested
Matanuska sample has an intermediate sand content (~43%).
This range of grain-size distributions suggests that till per-
meability does not greatly change the overall rate dependence,
but some till lithology and textures have measured rate weak-
ening consistent with inferred stress drops at WIS (Iverson,
2010). Further ice-till experiments with relevant till samples
are needed to assess when rate weakening is possible.

Figure 4a shows the close fit to the rate-and-state steady-
state friction law (equation 4), consistent with the velocity-
independent stability parameter (Fig. 4b). We also compare
with a relation derived from simple physical models for the
flow of ice around surface obstacles at low velocities that tran-
sitions to clast plowing causing rate-neutral till deformation at
higher velocities (equation B2; orange line in Figs. 4a and 5b)
(Zoet and Iverson, 2020). The transition model is a functional
fit to these two physical models, in which the transition speed
is that in which the two shear stresses are equivalent (more

10 Seismological Research Letters

(C0128) till experiments. (a) Steady-state velocity dependence of
debris-laden ice on frozen (blue squares) and temperate (green
squares) till in comparison to till-only (C0100) in green triangles.
At frozen temperatures, friction is high and relatively velocity
neutral, whereas, above freezing high-velocity friction reaches till
strength, but still fits the lower steady-state friction at low
velocities, as predicted by transition model (equation B2; Zoet
and Iverson, 2020) calculated for 4 mm largest grain size, as
plotted in orange. (b) Friction evolution (green) of debris-laden
ice on temperate till (C0128) with velocity steps and slide-hold-
slides labeled, velocity strengthening and lack of healing is clear.
(c) Friction evolution (blue) of debris-laden ice on frozen till
(C0156) with velocity steps labeled, rate-and-state b-value is now
positive, whereas, friction maintains relatively velocity neutral.
The color version of this figure is available only in the electronic
edition.

details in Appendix B). The model was derived to explain their
steady-state velocity data for meter-scale experiments with and
without large clasts, so the agreement of our data supports
application of the model to a range of scales and relevance
of these centimetre-scale experiments.

The transition model was developed for melting tempera-
tures and will always give velocity-strengthening behavior, so
cannot be applied to seismic slip. However, the model is
appealing for the lack of fitting factors or need for direct
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Figure 6. Temperature dependence of steady-state friction in
debris-laden ice—till (C0156 at —3°C and C0128 at 0.5°C), pure
ice—till (CO134 at —3°C and C0127 at 0.5°C), and till-only (CO100
at 0.5°C, and C0108 at 20°C) experiments. The two temperate
till samples (CO100 and CO108) are the highest and the lowest of
eight measurements, showing the natural variability in till friction,
not temperature dependence (see supplemental material for all
till-only data). Colors and fill, as labeled in legend, refer to
experimental temperature, while, square are debris-laden ice-till,
circles are pure ice-till, and triangles are till-only. The color
version of this figure is available only in the electronic edition.

ice-till slip measurements, instead inputs are independently
determined experimental parameters (such as effective normal
stress) and physical properties of the ice (viscosity, thermal
conductivity, latent heat) and till (strength and largest grain
size). For the model plots in Figures 4a and 5b, the only param-
eters that are varied are till strength (from till-only measure-
ments) and largest grain size. Although, grain size follows
directly from the sieve size, the till strength is more ambiguous.
Our till-only friction coefficient varied by about 0.1 between
our eight temperate measurements, so we have to select a sam-
ple to match the ice-till measurements; this selection is dis-
cussed further in the Supplement Section S4. The agreement
between the transition model and rate-and-state steady-state
law within this experimental range supports rate-and-state
friction’s relevance to these settings.

Pure ice heals more than debris-laden ice, linear
time dependence at —3°C

Our pure ice-till experiments at melting temperatures show
subtle but measurable healing, following a pronounced relax-
ation (Fig. 2). These results are of similar order to that found at
the meter scale (Zoet and Iverson, 2018), as shown in Figure 4c.
The lower cutoff time at our high melt rates could help deter-
mine the healing mechanism (Nakatani and Scholz, 2004).
Volume XX« Number XX
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However, the debris-laden ice experiments show little to no
healing, compared with the pure ice experiments at the same
temperatures (Figs. 2a and 5a). In contrast, Zoet et al. (2013)
found healing in debris-laden ice on rock increased with debris
content. We also see less healing in till-only deformation com-
pared with the clean ice (Fig. 2), so our till-till and debris—till
contacts experience much less healing than ice-till contacts at
these conditions, unlike the debris-rock contacts in Zoet et al.
(2013), potentially due to the compliance of the till substrate
relative to rock. Healing is commonly attributed to increasing
real contact area during holds due to plastic contact deforma-
tion, consistent with our findings, as ice contacts are able to
flow and grow more easily than debris contacts. These experi-
ments suggest that debris-laden ice does not increase the
likelihood of basal seismicity for a given temperate soft-bed
condition, in fact, it might suppress some of the requisite
behaviors.

The slide-hold-slide results for pure ice on till at —3°C show
significant healing, particularly, at the longest hold time (300 s;
Fig. 7d). The healing values below that time are consistent
with those of temperate ice-till from this study, as well as those
from ice-on-rock at pressure melting conditions (Zoet et al.,
2013; McCarthy et al., 2017). However, at 300 s, healing is con-
sistent with ice-on-rock healing at subfreezing temperatures
(McCarthy et al, 2017). Functionally, the data can be fit to
a linear relationship between friction change and hold time
(Fig. 7d). It is not clear at this stage whether the linear fit rep-
resents a unique healing mechanism or if sufficiently long hold
times are needed to observe the healing rate. If this was the
case, longer hold times might show that this linear region
conforms to a cutoff time fit of higher 3, consistent with
ice-on-rock.

Frozen asperities velocity-weakening mechanism
Only for experiments at temperatures below freezing do we
observe velocity weakening in pure ice-till slip (Fig. 6). To
our knowledge, these experiments report the first measure-
ments of this behavior for ice on till. Both, the pure ice-
and debris-laden ice-on-till friction, increases markedly (above
values of 1) at freezing temperatures, and cohesion remained
negligible (Appendix A). The other main difference we see at
subfreezing temperatures is much longer evolution distances to
achieve steady state (D,), such that we needed to increase the
length of velocity steps significantly (to 2 mm) to reach steady
state (Fig. 7a). The sustained frictional evolution to obtain
lower friction at higher velocities suggests a mechanism that
requires long displacements.

We appeal to a frictional heating melt lubrication mecha-
nism similar to that proposed by Zoet et al. (2013). This is con-
sistent with observations of stability parameter decreasing with
increasing velocity (Fig. 7c), as more heating, and, thus, melt,
should be generated at higher slip velocities. The friction values
at high velocities are still very high (above 1), so there is most
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likely not a completely lubricated interface, but any melt
generated from these higher rates should cause weakening.
In contrast to melting temperatures, where any additional melt
does not provide significant change in lubrication, cases with-
out free melt (such as frozen) or well-drained (as in dewatered
till hypotheses) frictional melt can have a weakening effect with
increases in velocity. Because frozen till likely has a very low
permeability, any melt generated can build up and significantly
lower effective normal stress. Large displacements (D,) are
required to fully realize this weakening and reach a new steady
state.

Broad estimations of the frictional heat generation, given
the bulk shear stress multiplied by total slip duration, do
not provide significant energy to raise a diffusion length thick-
ness of ice to the bulk melting point from —3°C; calculation
provided in Appendix D. Yet experiments at lower shear
stresses for equivalent slip durations and temperatures have
reported evidence of melt (Zoet et al., 2013; McCarthy et al,
2017), suggesting stress concentrations on surface asperities
cause higher than bulk shear stresses (increasing the local fric-
tional heating) and normal stresses (decreasing the pressure
melting point). In Appendix D, we calculate that stress concen-
trations on asperities the size of our largest till grains could
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Figure 7. (a) Ice-till at —3°C (C0134) velocity-weakening frictional
evolution (blue) for velocities above 10 um/s, with temperature
in each RTD plotted on the right y axis. Experiment had only
velocity steps, 2 mm each, to reach steady state due to large D..
Inset in the upper right shows the rate-and-state friction fits for
the 30-100 um/s step. (b) Ice-till at —3°C (C0099) slide-hold-
slides show healing at longer hold times; again, temperature
from each RTD is plotted on the right axis. (c) Rate-and-state
friction best-fit stability parameter for each step that reaches
steady state, as a function of the velocity stepped to, for C0134
(plotted in blue open circles), compared with data from Zoet et al.
(2013) (red filled circles), natural (16% by weight) debris-laden
ice from Engabreen Glacier, Norway on Westerly Granite, also at
-3°C but 1.25 MPa of normal stress. The other experiment at
—3°C (C0099) did not reach steady state for each step, so the fits
and parameters are very poor. Positive a — b at 10 um/s is a step
up from 3 um/s, whereas, the lower one is a step down from
100 um/s. Error bars given by the inversion to show the range of
parameters that can fit the data. (d) Healing from C0099 (plotted
in blue open circles), exhibiting linear dependence on hold time
(note logarithmic axis scale), at least in this range of holds, as
opposed to the logarithmic dependence that is commonly
reported and found at melting temperatures (green closed
circles), same data and cutoff time fit as Figure 4c. The color
version of this figure is available only in the electronic edition.
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reach the pressure melting point, if the real area of contact is
less than 13.5% of the apparent contact area (relatively large at
these low normal stresses), using an asperity flash heating model
(Rice, 2006). Other thermal processes, such as premelting (Dash
et al., 2006), could contribute to observed weakening as well.

Frozen critical stiffness estimation from rate-and-
state friction parameters
The experiments provide estimates for the rate-and-state fric-
tion parameters needed to estimate the rheological critical stiff-
ness (k.), which must be greater than the elastic system
stiffness to generate unstable slip (equation 5). This value can
be compared with the RSFit3000 inversions of apparatus stiff-
ness to understand what experimental conditions we would
need to observe stick-slip cycles. Given the measured a — b of
order —0.1 (average of 10-30 and 30-100 ym/s steps shown
in Fig. 7c), experimental effective normal stress o ~ 100 kPa,
and D, ~500 ym (again the average of these steps), we
use equation (5) to estimate rheological critical stiffness
k., ~0.02 kPa/um or 1 x 10° N/m in traditional stiffness units
or in friction/um ~ 0.0002 ym™!. The velocity steps in this
experiment gave an average stiffness of ~0.01 um™! (consistent
with those found averaging melting temperature experiments
given in Table 2), but significantly greater than the estimated
rheological critical stiffness, explaining why stick-slip instability
was not observed in our experiments. To measure stick-slips at
these conditions, we would need to significantly reduce the stift-
ness of the apparatus. This low value of subcritical stiffness is
mostly due to the very large D, as a — b~ —0.1 is an order
of magnitude lower than that reported in Zoet et al. (2013).

The stiffness (k) of subglacial conditions has not been stud-
ied in the field, but estimates of seismic patch size (L) and the
softer of ice or till shear modulus (G) provide bounds using the
following relation:

G

k= T (7)

Estimates of these quantities are not independent though, as
seismic inversions of slip and patch size require the shear
modulus. Because we expect frozen till to be about the same
modulus as ice, we use the ice modulus (G ~ 3 GPa), but esti-
mates of till shear modulus can be more than 3 orders of mag-
nitude lower (Hudson et al., 2020). This gives a subglacial
stiffness (k ~ 3 x 10° N/m) more than 4 orders of magnitude
larger than our estimated critical stiffness, for small (meter-
scale) microseismic asperity patches and still more than an
order of magnitude higher (k~ 3 x 10° N/m) for asperities
as large as the ice stream thickness (~1 km). This simple model
fails for asperities larger than the ice stream thickness, because
the adjacent ice is not able to accommodate the interevent
strain, upstream and downstream regions are involved
(Winberry et al., 2014). Besides the uncertainty in the relevant
Volume XX« Number XX
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shear modulus, effective normal stress in the field is also
unknown. Our experiments employed a low effective normal
stress (0 ~ 100 kPa) assumed for ice streams with significant
pore-water pressure, so one way to potentially explain this dis-
crepancy is with much higher normal stress due to frozen pore
water. This discrepancy between stiffness estimates further
highlights the significant constraint on basal conditions that
seismicity could provide.

Ice stream setting and glaciological implications
Freeze-on is one mechanism that can cause high shear stress
asperities in ice streams (Stokes et al, 2007). Topographic
highs and regions of thin ice increase heat loss where “islands”
of cold-based ice could freeze till in areas tens of meters to kilo-
meters in horizontal extent (Lliboutry, 1987), consistent with
subglacial seismic asperity scales (Aster and Winberry, 2017).
Although, the rapid motion of ice streams favors basal melting,
if thinning exceeds the supply of ice from upstream, downward
advection of cold ice will cause localized freezing basal condi-
tions (Hulbe and MacAyeal, 1999). Evidence for freeze-on has
been found in boreholes of active and shutdown ice streams
(Kamb, 2001) as well as inferred from paleo-ice stream beds
(Stokes and Clark, 2001). Although, frozen conditions are asso-
ciated more commonly with either shutdown ice streams
(Kamb, 2001) or slow-moving parts of ice sheets (Bell et al,
2011) than active fast slip, ice streams are expected to have
significant frozen bed area (Joughin, Tulaczyk, et al., 2004).
The freeze-on thickness (10-14 m; Carsey et al, 2002) at
Kamb Ice Stream (KIS) and contemporary rates (4.2 mm/yr;
Kamb, 2001) suggest that freezing conditions likely began
before shutdown ~150 yr ago, presumably contributing to
the large-scale flow changes. KIS also currently exhibits signifi-
cantly more basal seismicity than upstream regions of neigh-
boring, active WIS (Anandakrishnan and Bentley, 1993),
supporting the association of seismicity with frozen conditions,
although, seismicity observations do not extend to preshutdown
times, and the downstream WIS ice plain has extensive seismic-
ity (Winberry et al., 2013). Stick-slip has been suggested to con-
trol the ice stream deceleration process (Joughin et al., 2005), so
improved understanding of its mechanisms will enhance predic-
tions and seismic monitoring of future ice stream changes.

Overall, because of the importance of lubricating melt water
in rapid basal slip, differences in till drainage, porosity, and, thus,
stiffness are commonly used to explain ice-stream basal move-
ment, including seismicity. For example, Anandakrishnan
and Alley (1997) prefer a dewatering mechanism, whereby,
shear localizes as till porosity decreases, for shutdown and seis-
micity in KIS, but they cannot rule out a contribution from
freezing. Because our frozen measurements are only slightly
below the pressure melting point, its dry nature is key for achiev-
ing velocity weakening. However, our experiments suggest that
higher initial friction from freezing might be important for
consistent seismic behavior.
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We propose that regions of freezing conditions could pro-
duce subglacial seismicity as well as high shear stresses. This is
a testable hypothesis, because relatively large areas that exhibit
seismicity on the ice sheet bed can be investigated through field
campaigns to study both their seismicity, and the englacial
temperature and strain rate structure. The englacial tempera-
ture structure would indicate whether the bed is frozen. Our
experiments show that frozen bed conditions represent a dra-
matic increase in basal shear stress, roughly doubling the fric-
tion from temperate conditions. These asperities can then be
compared with seismic estimates, where available, and tested
for thermodynamic plausibility of freezing with ice stream flow
models. Another exercise to test this hypothesis would be to
explore how frozen bed regions evolve under different slip
and hydrological conditions in ice stream beds. Findings could
be compared with basal seismic observations, which vary in
their temporal evolution, either repeating in the same location,
migrating, or disappearing (Kufner et al, 2020).

Conclusions

We present the first experimental confirmation of velocity-
weakening friction in ice-till slip, achieved at frozen temper-
ature (-3°C). In contrast, we find that pure ice-till and
debris-laden ice-till slip at melting temperatures are velocity
strengthening, in agreement with recent measurements of
pressure melting point ice-till slip (Lipovsky et al., 2019),
with and without clasts, and consistent with mechanistic
models (Zoet and Iverson, 2020). Although, debris-laden
ice has been proposed to be a key component of seismicity
in soft-bed environments (Lipovsky et al, 2019), we do
not find support for this, and the lack of observed healing
suggests high debris-content might inhibit stick-slip cycles
in till-based glaciers. Because large displacements and high
velocities are needed to evolve to the weakened steady-state
friction, we suggest that built-up frictional melt is the cause of
rate weakening in frozen, low permeability till. Frozen experi-
ments also show strong healing. Multiple mechanisms are
likely responsible for the wide-ranging scales of subglacial
seismic observations, and laboratory experiments are needed
to assess each hypothesis, fully exploiting the constraints pro-
vided on seismic bed conditions. To date, experiments have
shown velocity weakening in ice-bed friction for debris-laden
ice-on-impermeable rock at subfreezing temperature and per-
meable rock at the pressure melting point (Zoet et al., 2013),
pure ice-on-impermeable rock at subfreezing temperature
(McCarthy et al., 2017), and, now, pure ice-on-till at subfreez-
ing temperature. Clast plowing has also been shown to cause
velocity weakening in till, but without viscous ice, which
could potentially mask the pore-pressure feedback, whereas,
temperate, pure and debris-laden ice-on-till, and imper-
meable rock consistently show velocity-strengthening. These
findings suggest that some seismic ice stream asperities may
express frozen conditions.
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Data and Resources

The datasets generated for this study will be found online at doi:
10.6084/m9.figshare.14192669. Supplemental material is uploaded
as a separate file, including discussion, figures, and captions. www
.mathworks.com/products/matlab (last accessed December 2020).
The unpublished manuscript by C. McCarthy, R. M. Skarbek, and
H. M. Savage (2021). Effect of periodic sliding velocity on ice friction,
Frontiers in Earth Science: Ice Sheet Shear Margins in Warming
Climate: Process and Trends.
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Appendix A

Till characterization and comparison to Rathbun
et al. (2008)

We measured a simplistic grain-size distribution, separating
grains above and below 64 ym, as the lower boundary of
sand-size grains. After removing the large grains >1 mm, our
Matanuska site 3 sample has 43.2% sand fraction by mass,
somewhat smaller than the 87.2% and 54.8% found for
Matanuska sites 2 and 4, respectively, after the same removal
procedure (Rathbun et al., 2008).

We compare our measured friction and cohesion of
Matanuska till to measurements of other samples from the
same till in Rathbun et al. (2008). They measured the till shear
strength over normal stresses from 50 kPa to 5 MPa, finding
both samples fit a linear relationship with friction angle of
31.4° or 0.61 friction coefficient and 16.6 kPa of cohesion,
despite different grain-size distribution. This cohesion is con-
sidered negligible, as has been found for a variety of tills
(Iverson, 2010), but cohesion has not been explored for ice
on till friction. We measured a relatively small range of low
normal stresses (50-150 kPa) for temperate ice-till and till-
only deformation, as well as frozen ice-till configurations, con-
firming negligible cohesion in both the till-only and ice-till
temperate cases (Fig. Al). Surprisingly, although, frozen ice-
till has significantly higher friction coefficient (from ~0.55 to
~1.27), the cohesion remains negligible (Fig. A2). We also find
remarkably similar friction coefficient (0.62) as that reported
in Rathbun et al. (2008), further supporting the frictional
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Figure A1. Shear stress as a function of normal stress measured at
10 um/s load-point velocity. Till-only deformation shown in red
triangles gives friction coefficient y = 0.62, compared with 0.61
reported for till samples from the same glacier (experiment p571
plotted in green triangles) at 1-2 um/s, with linear fit to data over
a wide range of normal stresses (50 kPa to 5 MPa) (Rathbun et al.,
2008), and ice—till (4 = 0.55) at 10 um/s in blue circles. Both fits
show near zero y-intercept, confirming negligible cohesion, less
than found by Rathbun et al. (2008) for dry till. Rathbun et al.
(2008) did not measure Matanuska till saturated, but, measured
Caesar till under both dry and saturated conditions, finding that its
dry cohesion (29.6 kPa) disappeared (-6.5 kPa) when wet, con-
sistent with our results. Error bars were calculated from standard
deviation of shear and normal stress during steady state. The color
version of this figure is available only in the electronic edition.

insensitivity to till grain-size distribution. The ice-till has
somewhat lower friction (0.55), as expected. If the ice-till inter-
face is stronger than the till, than till deformation should domi-
nate the resistance. All further reported experiments were
controlled at 100 kPa of normal stress, although, the discrep-
ancy between left and right load cells causes some variation in
the mean normal stress, as reported.

Appendix B

Transition model of Zoet and Iverson (2020)
Detailed model derivation can be seen in the supplemental mate-
rials of Zoet and Iverson (2020), but here we provide the math-
ematical form of the transition model plotted in Figures 4a and
5b. First, the transition speed (1), in which shear stress on a clast
from ice flowing around it (Nye, 1969), equals the shear stress
resisting that same clast size (R), largest till grain size in cases
without clasts, plowing through till (Iverson, 1999):

G + o) (NEN)
4y = ( 1R+ RRa) ’ B

(2 + Ngk)
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Figure A2. Shear stress, as a function of normal stress, measured
at 10 um/s load-point velocity, including debris-laden and frozen
temperature samples. Ice—till at —3°C exhibits much higher shear
stresses, giving a friction coefficient more than twice as high, but
it still shows negligible cohesion. The debris-laden ice samples
have significantly higher surface and thus show some cohesion
(~33 and 5.6 kPa for frozen and temperate temperatures,
respectively). The debris-laden ice on frozen till is the only sample
with any considerable cohesion, but the limited, very low normal
stress data points (50 kPa) suggest that the friction coefficient
may increase at low normal stress toward the origin, consistent
with the change in contact area expected from Hertz contacts on
hard surfaces (Thompson et al., 2020). The color version of this
figure is available only in the electronic edition.

in which 5; = 3.2 x 10'? Pa - s is the ice effective dynamic vis-
cosity, a = 0.25 is the fraction of clast radius above the ice-till
interface, kg = 27m/4R, C; = C,,K/L is the regelation param-
eter, in which C,, =7.4x107® K/Pa is ice’s melting point
depression with pressure, K = 2.55 w/mK is the mean thermal
conductivity of ice and rock, and L = 3 x 10% J/m? is the volu-
metric latent heat of ice, Np = 33 is the till-bearing capacity
factor estimated from a theory of cone penetration for soils, N =
100 kPa the experimental normal stress, and k = 0.1 is the pres-
sure-shadow factor. A low value is chosen to represent the rege-
lation dominate behavior expected for clasts under ~0.11 m.
Zoet and Iverson (2020) took the mean of a range of clast
sizes to find a functional form with a more gradual transition
between the two simplified physical models, providing a slip law:

Uy 1/p Uy 1/p
=Nt , = , B2
7 an(<p)(ub +”z) or y m(ub +ut) (B2)

in which 7, is the basal shear stress (1;,/N is the friction coef-
ficient), ¢ is the till friction angle such that i, = tan(¢) is the till
friction coefficient (assumed rate-insensitive), u;, is the basal slip
speed or load-point velocity in our experiments, and p ~ 5 is the
slip exponent.
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Appendix C

Comparison of ice—till experimental apparatuses
Another deformation type that is used to make ice-till slip meas-
urement is ring shear. The chief advantage of ring shear, in gen-
eral, is that it allows unlimited displacements, whereas, these
experiments are limited to ~20 mm of total displacement per
experiment. Although, both configurations include wall friction
from till confinement, the double-direct shear configuration also
needs to confine the till layer in the direction of shear, which
needs to be flexible to allow till deformation. Ring shear appa-
ratuses, for example, the [owa State University Sliding Simulator
(Iverson and Petersen, 2011), tend to be meter-scale, so they
may better represent natural scales by allowing maximum till
grain sizes of 6 mm, as well representative clasts and longer
drainage paths (Thompson et al., 2020), as opposed to 1 mm
in our centimeter-scale double-direct shear experiments. The
larger scale also allows more imbedded measurement sensors,
such as distributed sets of thermistors and fluid pressure sensors.
The large ice ring is able to keep a stable temperature close to the
pressure melting point, but it is difficult to change temperature
with its large thermal mass. Larger scale experiments take much
longer to evolve to frictional steady state, necessitating experi-
ment durations of days to weeks, and the need for smaller melt
rates. Our experiments, however, are each about an hour long.
This shorter run time allows us to run a suite of experiments to
test the reproducibility of results and dependence on a range of
conditions independently. By comparing findings across these
laboratory scales, we hope to build more confidence in the
results and their applicability to the field scale.

Appendix D
Frictional heating, diffusion length, and
temperature rise calculations
We estimate the bulk temperature rise due to frictional slip in
our frozen experiments to evaluate the potential for melt gen-
eration. We use the 100 um/s step in Figure 7a as a frozen
example in which bulk shear stresses are the lowest (y ~ 1.1,
giving 7 ~ 110 kPa for 100 kPa normal stress) and thus mini-
mum frictional heating. Bulk frictional work per unit area (Wy)
can be calculated from the bulk shear stress (t ~ 110 kPa) and
slip distance (d = 2 mm) over which it is applied:
Wy = d. (D1)
This gives 220 J/m? as the thermal energy generated by fric-
tion, which goes into the temperature rise of the ice. The thick-
ness of ice (h) that experiences this heating can be estimated
using the diffusion distance that heat reaches during the dura-
tion of the step (t = 20 s)

h = /Dt (D2)

18 Seismological Research Letters

in which D ~ 107 m? /s is the thermal diffusivity of ice, giving
an ice thickness of 4.5 mm. The temperature rise (AT) can then
be estimated using heat capacity (C, = 2.04 k] /kgK) and den-
sity (p = 917 kg/m?®) of ice:

Wy
AT = ——~03K
pCyh

(D3)

This suggests that local stress concentrations may be neces-
sary to explain observed weakening that increases with velocity.
The bulk shear and normal stresses are measured over the entire
nominal area of interfaces, but it is known that all surfaces have
much smaller real area of contact. Local stresses are concen-
trated on these asperities, producing enhanced frictional heating
(Wy) and pressure, which would decrease the melting point.

We estimate the temperature change (AT) on real contacts
(asperities) with stress concentrations, using an asperity flash
heating model (Proctor et al., 2014)

AT = T, vd’
pC, VD

(D4)

in which 7. is the contact shear stress (the bulk shear stress 7
times the apparent contact area over real contact area A/A,),
v = 100um/s is the slip velocity, and d is the contact diameter.
We use the largest grain size (1 mm) as an estimate of asperity
diameter (d). We do not have a measure of the real area of
contact, so we use this relation, along with ice’s melting point
depression with pressure C,, = 7.4 x 10~ K/kPa, to estimate
the fractional real area of contact needed for temperature rise
to reach melting from the experimental temperature ~3°C,
AT ~ 3K - 0(A/A,)C,;. Solving for inverse fractional real area
of contact (A/A,)

3K
oC,, +-% ,/ﬁ
pr pC, Y nD

or 13.5% fractional real area of contact (A,/A). Under these
stress concentrations, the melting point would lower ~0.55 K,
and frictional heating would raise the ice temperature the rest
of the ~2.45 K to reach melting. So, melting should occur on
local asperity contacts, given a real area of contact less than
13.5% of the apparent area of contact, which is likely, given

AJA, = = 73.9, (D5)

the low experimental normal stress. For reference, mated ten-
sile rock fractures were measured to not reach that level of frac-
tional real contact area until normal stresses of ~3 MPa or
higher (Saltiel et al., 2017).
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