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Experimental & Numerical Sliding Theory:
Stepped Beds with Water Filled Cavities

Zoet & Iverson (2016)

Increasing bed water pressure has a similar effect on 
water-filled cavities as increasing sliding velocity 
(e.g., Iverson, 1991; Hooke, 1991)

Classic Theory (Iken, 1981):
Increasing V (or P) doesn't change drag from the bed 
(Rate Neutral Sliding)

Experimental Results (Zoet & Iverson, 2016): 
Increasing V (or P) decreases drag from the bed 
(Rate Weakening Sliding)

Importance:
Rate weakening sliding laws tend to decrease the 
stability of glaciers (e.g., Schoof, 2005) and greatly 
impact forecasts of sea-level rise.

Form-drag is 
important too!



  

Saskatchewan Glacier
A Natural Laboratory

Photo Credit: L. Zoet

Multi-Tool

~20 cm

Castlegaurd Glacier Forefield
(3 km from site)

In the Literature:
Cathedral Fm: 1-12 m bedding (above)
Pika Fm: 0.1-0.5 m bedding (below)
(Ford, 1983)

Bedding thickness scales step size (e.g., Woodard et al., 2019)
→ Multi-meter scale steps anticipated beneath Saskatchewan Glacier 

~10 m

Saskatchewan Glacier 
Tributary
(~50 m above site)



  

Geophysical Survey Components
● Passive Seismic 

Monitoring: 32 
Instruments

● Active Source Shots: 
4000+ hammer blows

● Refraction & Zero-
Offset Surveys

● Continuous GPS
● Continuous Weather
● Continuous Stream &  

Moulin Stage
● Ablation & Strain Grid: 

3-4 day repeat surveys



  

Event Detection & Location Workflow
● Pre-processing: 80 – 430 Hz Bandpass

● Detection: Moving window kurtosis CRF + noise adaptive 
detection threshold on vertical channels. (McBrearty et al., 2020 
+ Carmichael et al., 2015).

● Association: network coincidence trigger in ObsPy (Kirscher et 
al., 2015)

● Phase picking: adaptation of P-detection routine from Akazawa 
(2004) for P- & S-phases.

● Event location: NonLinLoc (Lomax et al., 2000). Ice-only velocity 
model.

– Events with #data > 20

– VP: 3.7 km/s, from refraction survey

– VP/VS: 1.95,  e.g., Smith et al. (2015)



  

H/V Ice Thickness Modelling

Quarter-wavelength approximation for ice 
thickness holds for azimuthally invariant 
H/V peaks (see Preiswerk et al., 2018)

f
0

Processed with OpenHVSR (Bignardi et al., 2018)

V S ,ice≈1900m / s

Station N117

ĥ ice=
V S , ice

4 f 0

R110R2108

R112 N112

R107
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Proximity 
to upper 
crevasse 
field begins 
to degrade 
azimuthal 
invariance

H/V Peaks 
amplitudes 
do not vary 
with azimuth 
for most 
sites.

Along-Flow Examples
H/V Azimuthal Image & Curves



  

Bed Model & Basal 
Seismicity Rates

Example Basal Event
Near OD#2 Headwall

Ice-bed interface model 
suggests 2x 
overdeepenings (OD), 
~200m in length and 
30-50m in relief.

6616 of 92277 
preliminary event 
locations within 20m of 
ice-bed interface model 

Event rate shows a 
strong diurnal signal.

Average Ice Thickness: 150 m

OD#1

OD#2 Surface 
Elevation 
Artifact

Basal Event Subset, Hourly Rate

H/V + GPS Glacier Geometry Model



  

Forcing 
Characterization

Peak seismic rates:

– Lag peak air temperature 
by 1-4 hrs {A}

– Lag peak stream & moulin 
stage by 1-4 hrs {B}

– Coincide with with rain 
events {B}

– Trail greatest surface 
velocity acceleration by   
1-4 hrs {C}

Seismic quiescence coincides 
with multi-day falling air 
temperatures, stage, and 
displacement residuals. {A,B}

{A}

{B}

{C}



  

Proposed Mechanism:
Transient Response of Lee-Side Cavities

Cavities Shrink in LengthCavities Grow in Length

“Initial” State

P &/or V Decreases

Cavities drain & focus ice loads on 
ice-bed contacts. Favors stick-slip.

Cavities pressurize & locally  
float ice, accommodating load.
Favors stable sliding?

“Initial” State

P Increases
Transient Case
System does not 
adjust quickly enough
(l.t. ~12 hr period)
Load redistributes

P decreases or 
V increases

“Steady State” Case
System adjusts
(g.t. ~12 hr period)
Bed stress remains 
~Constant

The short time-scale (0-8 hr) of changes in water delivery to the bed of Saskatchewan Glacier 
corresponds with rapid changes in the rates of basal seismicity, favoring transient processes.

P &/or V increases



  

Conclusions
● Abundant seismicity at the bed of 

Saskatchewan Glacier indicates rate-
weakening phenomena on hard, step-
shaped beds in a natural setting.

● Rates of seismicity are strongly correlated to 
diurnal melt water supply, trailing peak 
subglacial throughput and accelerated 
glacier motion.

● These observations support consideration of 
transient, rate-weakening sliding 
relationships for stepped beds.



  

Questions?
● Corresponding author

– E-mail: ntstevens@wisc.edu
– Twitter: @nt_stevens

● Plus:
– @lzoet (LZ)
– @WaterAndHazards (CJR)
– @schwantarctic (ES)

mailto:ntstevens@wisc.edu
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