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Supplementary Text 54 

 55 
Sensitivity analysis of the rate-and-state friction model 56 
 57 
A number of observations are derived from the icequake observations and input into the rate-58 
and-state friction model. A number of these observations can vary by an order of magnitude. 59 
Extended Data Fig. 5 shows the results of a sensitivity analysis to various observational and rate-60 
and-state model derived parameters. Each parameter is varied by a realistic factor (see Table S1 61 
for the exact values used), in isolation. 62 
 63 
Extended Data Fig. 5 shows that the rate-and-state model is approximately insensitive to 64 
perturbations in 𝑓! and 𝑣/𝑣". Furthermore, although the slip is approximately linearly 65 
proportional to variations in 𝑡#$%&'(&)&$%, the fault-area, 𝐴, and 𝐺*&+, the frictional shear-stress, 66 
𝜏*&+ is invariant to these parameters. Larger, but still less than or approximately linear 67 
relationships are found for earthquake stress-drop, Δ𝜏, seismic moment, 𝑀", and effective-68 
normal-stress, 𝜎+. 69 
 70 
 71 

Parameter Mean value Lower perturbation 
(and factor) 

Upper perturbation 
(and factor) 

𝝉𝒃𝒆𝒅,𝒓𝒆𝒇 358	𝑘𝑃𝑎 n/a n/a 
𝒗𝒔𝒍𝒊𝒑,𝒓𝒆𝒇 0.8	𝑚	𝑑𝑎𝑦+, n/a n/a 
𝒗/𝒗𝟎	 38,900 3,890 (x 0.1) 389,000 (x 10) 
𝝈1 646	𝐾𝑃𝑎 64.6	𝐾𝑃𝑎	(× 0.1) 6.46	𝑀𝑃𝑎	(× 10) 

𝒕𝒊𝒏𝒕𝒆𝒓+𝒆𝒗𝒆𝒏𝒕 603	𝑠 60.3	𝑠	(× 0.1) 6030	𝑠	(× 10) 
𝑴𝟎 2.47	 × 101	𝑁𝑚 2.47	 × 102	𝑁𝑚	(× 0.1) 2.47	 × 103	𝑁𝑚	(× 10) 
𝑮𝒃𝒆𝒅 0.107	𝐺𝑃𝑎 0.0107	𝐺𝑃𝑎	(× 0.1) 1.07	𝐺𝑃𝑎	(× 10) 

A 721	𝑚4 72.1	𝑚4	(× 0.1) 7210	𝑚4	(× 10) 
𝒇𝒄 68	𝐻𝑧 18	𝐻𝑧	(−50) 118	𝐻𝑧	(+50) 
𝚫𝝉 72.0	𝐾𝑃𝑎 7.20	𝐾𝑃𝑎	(× 0.1) 720	𝐾𝑃𝑎	(× 10) 

 72 

Table S1. Average and perturbation values used in rate-and-state friction model sensitivity 73 
analysis. 74 
 75 
 76 
A note on the rate- and state- friction model compared to other deformable-bed sliding 77 
models 78 
 79 
A question that this study raises is could the rate- and state- friction model used for the icequake 80 
sliding analysis be used as the mathematical basis for a new type of sliding law in ice dynamics 81 
models. In this supplementary text we do not attempt to discuss this question, but do provide an 82 
overview of the requirements of a glacier sliding model and a comparison of the rate- and state- 83 
model to a leading sliding law postulated in a recent experimental study 8. 84 
 85 
A glacier sliding law must obey two fundamental principles: the sliding law cannot be unstable, 86 
i.e. it cannot lead to runaway acceleration of ice into the ocean on unphysical timescales; and it 87 
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has to apply to bed-types observed at a glacier, i.e. deformable and/or hard beds. The 88 
applicability to relevant spatial scales is also important.  89 
 90 

Stability of the rate- and state- friction model 91 
 92 

The rate- and state- model we use to explain stick-slip motion in this study can also 93 
describe steady-state motion at a frictional interface. Theoretically, the parameters in the 94 
governing equations (Equation 5, Equation 9) can describe both hard and deforming beds. 95 
However, the rate dependence of the model could lead to an unstable model that would 96 
be unphysical. There are two components of the rate- and state- friction model that 97 
dictate whether the model is stable, conditionally stable, or unstable 31. The first 98 
component is the (𝑎 − 𝑏) term. If (𝑎 − 𝑏) > 0 then the model is described as velocity-99 
strengthening. 𝑎 and 𝑏 are dependent on material and fault parameters. However, in our 100 
case, (𝑎 − 𝑏) < 0 19, a necessary condition for velocity-weakening behavior, which is 101 
required to facilitate the stick-slip behavior required to generate seismicity 31. The second 102 
model component is more subtle and is the critical effective-normal-stress, 𝜎!4 , the 103 
minimum stress required to move from a stable regime to an unstable regime 31, even if 104 
the material is inherently velocity-weakening, as hypothesized in this study. Therefore, if 105 
the effective-normal-stress can vary above and below 𝜎!4 , then one can generate icequakes 106 
in certain unstable patches at certain times while remaining stable elsewhere.  107 
 108 
To demonstrate the controls on a rate- and state- friction model’s stability, we look at the 109 
parameters governing the value that 𝜎!4  takes (see Equation 15). All the parameters are 110 
dependent on the material properties and 𝜎+ except the fault radius, 𝑅. So, assuming that 111 
the material composition is approximately homogeneous spatially and temporally, then 112 
the relationship between 𝜎+ and 𝑅 demonstrates how a glacier can be stable. Fig. S1 shows 113 
this relationship for three values of R, representing the approximate average, lower and 114 
upper bounds observed in this study. The region below the red dashed line is stable, and 115 
the region above this line is unstable, where stick-slip motion occurs. For the largest 116 
observed fault patches (𝑅 = 30	𝑚), slip is unstable for almost all conceivable effective-117 
normal-stresses. However, for the smaller fault patches (𝑅 = 5, 10	𝑚) the effective-118 
normal-stresses required for the friction law to become unstable are higher than the likely 119 
effective-normal-stresses throughout much of the bed at RIS. This simple theoretical test 120 
therefore demonstrates that a rate- and state- friction law can meet the required stability 121 
criteria if the majority of the bed has low effective-normal-stresses, and those with higher 122 
effective-normal-stresses are much smaller compared to the total bed area.  123 
 124 
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Fig. S2. Effect of fault radius on effective-normal-stress required to initiate stick-slip 126 
behavior. Plot of predicted effective-normal-stress 𝝈4 to critical normal stress required for 127 
failure 𝝈𝒄+++ vs. effective-normal-stress 𝝈4 for various fault radii. The red dashed line 128 
indicates the instability threshold, above which stick-slip behavior theoretically occurs. 129 
 130 
 131 
Comparison to other sliding laws 132 
 133 
Two common glacier sliding laws are as follows, although it is worth noting that there are 134 
many variations on these. The first is the so-called Weertman sliding law 75, which 135 
describes the basal shear-stress as being proportional to the sliding velocity, 𝑢 (= 𝑣" in 136 
our rate- and state- model formulation) and the roughness spectrum of the bed, and is 137 
given by, 138 

𝜏*&+ = 𝛽-𝑢
.
/					(20), 139 

where 𝛽 is a constant, for the shear-stress in the ice flow parallel direction. However, in 140 
certain situations, for example near grounding lines, this law is observed to deviate from 141 
observations 4. More recent models address this discrepancy by introducing a Coulomb-142 
friction limiting condition 4,8,46, which typically take the form, 143 

𝜏*&+ = min D𝛼-	𝜎+, 𝛽-𝑢
.
/F				(21), 144 

where 𝛼 is a constant. This type of model can explain experimental observations 8 and 145 
can apply to both hard (high 𝜎+) and deforming beds (low 𝜎+) 4. 146 
 147 
Fig. S2 compares a specific example latter model 8, to predictions of the rate- and state- 148 
model used in this study. The rate- and state- results in Fig. S2 are calculated using 149 
Equation 7, with 𝑣 = 𝑣0,%#22, an approximation for the maximum possible earthquake 150 
rupture velocity, and 𝑣" equaling the basal sliding velocity. We vary the basal sliding 151 
velocity, 𝑣", to show how the model would describe the shear drag at glaciers with the 152 
same till properties but differing sliding velocities. These results are only included to 153 



Manuscript submitted to Nature Geoscience: Confidential 

5 
 

demonstrate the potential similarities of a popular sliding law with the specific rate- and 154 
state- law used in this study. In presenting these results, we simply wish to convey that 155 
the models are not incompatible and the rate- and state- model does not contradict the 156 
general behavior exhibited by the Coulomb-limited model. For high sliding velocities, >157 
100	𝑚	𝑦𝑒𝑎𝑟(., the two models show similar results. However, the models differ 158 
significantly for sliding velocities < 50	𝑚	𝑦𝑒𝑎𝑟(.. 159 

 160 
 161 

 162 

Fig. S3. Comparison of the simple rate- and state- friction law used in this study to 163 
an experimentally-derived sliding law for deformable beds. Plot of steady-state shear-164 
stress vs. glacier velocity, comparing the rate- and state- model used in this study to the 165 
sliding law described in 8. Scatter points show experimental data points. Solid and dashed 166 
lines show the two sliding laws for two effective-normal-pressures (𝝈4 = 𝟏𝟑𝟔	𝒌𝑷𝒂 167 
without clasts, 𝝈4 = 𝟏𝟓𝟖	𝒌𝑷𝒂 with clasts). 𝒗 in the rate- and state- friction model 168 
corresponds to the shear velocity of till as measured in 14 and 𝒗𝟎 is the average sliding 169 
velocity (x-axis). 170 
 171 
 172 
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