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The slip of glaciers over the underlying bed is the dominant mechanism
governing the migration of ice from land into the oceans, with accelerating

slip contributing to sea-levelrise. Yet glacier slip remains poorly
understood, and observational constraints are sparse. Here we use passive
seismic observations to measure both frictional shear stress and slip at
the bed of the Rutford Ice Stream in Antarctica using 100,000 repetitive
stick-slipicequakes. We find that basal shear stresses and slip rates vary
from10*to 10’ Paand 0.2to 1.5 m per day, respectively. Friction and slip
vary temporally over the order of hours, and spatially over 10s of metres,
dueto corresponding variations in effective normal stress and ice-bed
interface material. Our findings suggest that the bed is substantially more
complex than currently assumed inice stream models and that basal
effective normal stresses may be significantly higher than previously
thought. Our observations can provide constraints on the basal boundary
conditions forice-dynamics models. This is critical for constraining the
primary contribution of ice mass loss in Antarctica and hence for reducing
uncertainty in sea-level rise projections.

Glacier slip is the primary mechanism governing the migration of ice
fromlandinto the oceans, withaccelerating slip providing a major con-
tribution to sea-level rise'”. Friction at the bed of a glacier fundamen-
tally limits the speed at which theice canslip. This frictionis controlled
by anumber of factors, including bed material, the presence of debris
inbasal ice and hydrological systems that modulate effective normal
stresses. However, basal friction and slip remain poorly understood
or constrained by observations"**. Such observational constraint of
friction and slip is critical for the verification of ice-bed boundary
condition assumptions in ice-dynamics models, which are required
to reduce uncertainty in corresponding sea-level rise projections’®”.
Previous contributions to address this critical observational void
come fromlaboratory-based experiments® ™, geophysical studies'**
and borehole measurements®*, However, to date, there have been
challenges with such approaches. Laboratory experiments provide
insightinto fundamental physical properties of the bed material (rock,
till, debris-bearing or ‘clean’ice)'’ and ice-bed interface interactions™

but are limited by scale and the diversity of natural glacier beds. Geo-
physical studies have measured the insitu bed strength but with sparse
spatial and temporal resolution'*. Borehole measurements of slip are
not only sparse but have not been accompanied by measurements of
shear stress, making quantitative interpretations difficult. The ice
streams and outlet glaciers that contribute the majority of ice flux
into the oceans probably have active, spatially and temporally vary-
ing hydrological systems*?%, perturbing basal friction and slip over
shorttime and length scales. An observational void therefore remains.

Here we address this observational void by using icequakes to
provide spatially mapped, in situ observations of both frictional drag
and slip rate at the bed of an ice stream. These icequakes are gener-
ated by the sudden release of strain at or near the ice-bed interface.
The dataset analysed comprises 100,000 icequakes®’ from Rutford
Ice Stream (RIS), Antarctica (Fig. 1). The icequakes nucleate approxi-
mately at the centre of the ice stream, where the dominant source
of drag is postulated to originate from the bed rather than from the
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Fig.1|Seismic network and icequake data at Rutford Ice Stream, Antarctica.
a, Location of RIS relative to the Antarctic continent. Topography is from
Bedmap2®. b, Map of network with respect to RIS shear margins (yellow dashed
lines). Satellite imagery is Copernicus Sentinel data (2017) retrieved from the
Alaska Satellite Facility Distributed Active Archive Center (10 November 2017)
and processed by the European Space Agency. ¢, Map of the experiment and
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icequake data at RIS from November 2018 to February 2019. Red scatter points
show icequake locations. All icequakes are approximately at ice stream bed”.
Greeninverted triangles show geophone locations. Bed topography dataare
from the literature®. Pink dashed line indicates abed-character boundary from
theliterature®.

shear margins, justified by the width of RIS being an order of magni-
tude greater than its thickness. These icequakes nucleate in clusters
that are highly repetitive (Extended Data Fig. 1), with near-constant
inter-event times of the order of 100s of seconds and icequake clusters
active for hoursto days”. These icequakes are inferred tobe at the bed
from: their hypocentral depths, the consistent flow- and bed-parallel
orientation of their double-couple focal mechanism slip vectors and
full-waveform modelling of a typical RIS icequake source?>**~. The
tight spatial clustering and repetitive nature motivate our use of a
rate-and-state friction law in combination with icequake observations
to investigate the glacier-sliding process. This rate-and-state friction
law** also enables the calculation of other basal parameters including
bed shear moduli and insight into the modulation of glaciological
effective normal pressures.

Observedice-bed friction and slip rate
Theicequake source propertiesandinter-event timesare used in com-
bination with a rate-and-state friction law to calculate: fault effective
normal stress (6); total frictional shear stress, or drag per unitarea(7);
shear modulus (Gy.); slip (d) and slip rate (vy;,) for seismically active
regions of the bed of RIS. Note that fault effective normal stress is not
equivalent to the effective normal pressure conventionally used in
glaciology (Discussion and Methods provide more details). Moreover,
ourresults are unaffiliated with a particular bed material. For example,
measured bed shear moduli could apply to both bedrock or till.
Figure 2 shows these results for arepresentative subset oficequake
clusters. Fault effective normal stress, shear stress and shear modulus
(Fig. 2a-c) vary by orders of magnitude between clusters, even after
accounting for uncertainty. However, these parameters are all confined

within expected physical limits. Effective normal stresses remainbelow
the maximum ice overburden pressure, which is the upper possible
limit for the average effective normal stress over the entire fault. The
observed shear stress ranges from -10*to 107 Pa. If the icequake cluster
locations, or sticky spots, contribute more drag than the surrounding
bed, then sticky-spot shear stresses could theoretically have a much
higher limit than the average bed shear stress. Although bed shear
moduli vary substantially between clusters, the majority of the clusters’
shear moduli agree with two of the few previous seismically derived
in situ measurements, which range from 20 to 70 MPa, from Whillans
Ice Stream™'°, Additionally, measurements do not exceed the shear
modulus of ice.

Slip rates show smaller variations in amplitude, from -0.2 to 1.5
md™, but have higher associated uncertainties due to their depend-
ence onbothshear modulus and fault area. While anumber of clusters
exhibit time-averagedslip rates approximately equal to the steady-state
surface velocity of RIS (dashed line, Fig. 2f)*, other clusters have sig-
nificantly lower seismicslip rates.

Figure 3a-c shows the variation in effective normal stress, shear
stress and slip rate for the entire experiment duration. Histograms of
the stress and slip-rate distributions are shown in Fig. 3d-f. The normal
and shear-stress histograms show a bimodal distribution, with more
than two-thirds of the icequakes having effective normal stresses lower
than-~5 x 10° Paand shear stresses lower than 2 x 10° Pa. Conversely, the
slip rates exhibit a unimodal distribution, tailing off below 0.2 m d™*
andabovel.5md™

Individualicequake clusters switch on and off, being active for the
order of hours to days (Fig. 2). Within single clusters, bed friction and
slipare modulated by signals with dominant periods of -6 to12 h (Fig. 2).
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Fig.2|Allicequake-derived basal sliding parameters through time. Data

are asubset of icequake clusters over the period of 5to 15 January 2019. Each
coloured line represents anindividual icequake cluster. Uncertainties are shown
by shaded regions. a, Effective normal stress. Red dashed-dotted line indicates
the maximum possible ice overburden pressure. b, Total frictional basal shear
stress. ¢, Bed shear modulus. Previous estimates from literature are indicated

by the dashed lines'***. d, Slip associated with individual icequakes. e, Inter-
event time between icequakesin a cluster. f, Equivalent daily slip rate calculated
fromthe seismic slip and inter-event timesind and e. All data are smoothed by
applying a100-event moving-average window. All uncertainties are estimated
using calculus-derived uncertainty propagation methods®, with the uncertainty
of all directly observed parameters defined as the standard deviation in that
parameter. Sensitivity analysis of the rate-and-state model is shown in Extended
DataFig. 5. The spatial distribution of icequakes for one day (day 8) is plotted in
Extended DataFig. 6.

However, although this alludes to tidal modulation of basal friction,
and indeed surface velocities are known to be modulated by tidal
frequencies®**, we cannot decipher aclear relationship between tidal
signals propagated 40 km upstream from RIS’s groundingline and our
signals®. We therefore do not discuss any link with tidal signals further.

The spatial distribution of the temporally averaged basal shear
stress, slip rate and fault radius for each cluster over a7 x 6 kmregion
are shown in Fig. 4. Shear stresses are largest at the clusters farthest
upstream, approximately where the bed properties are inferred to
transition from unconsolidated to consolidated till* (or weakly con-
solidated sedimentary bedrock®) (pink dashed line, Fig. 1) and where
the bed has shorter wavelength topography than upstream that prob-
ablyinhibitsice flow. Average slip rateis spatially consistent across all
clusters. This is expected, as our study site is located near the centre
of the ice stream, with no spatial variation in surface slip rate®. Fault
radius, defining the area of an icequake cluster sticky spot, is also
measured (Fig. 4c). Fault radii indicate that individual seismically
active sticky spots have areas <2,800 m2. Only asmall number of sticky

spots are active at any instant, with the seismically active proportion
of the bed at any given time shown in Fig. 3g. The average seismically
active percentage of bed directly beneath the network is ~0.07%. This
suggests that regions of sufficiently high basal friction to generate
seismicity are confined to the minority of the bed at a given pointin
time, yet support significant basal drag. Regions absent of seismicity
betweenicequake clusters probably also contribute to the basal drag,
presumably providing the dominant source of aseismic drag upstream
ofthe unconsolidated-consolidated sediment boundary (pink dashed
line, Fig. 1). The total drag accommodated by the icequakes averaged
over the whole bed study areawould equate to ~500 Pa, whereas basal
drag inferred from models combined with surface observations is
typically ~50 kPa for RIS, implying that much of the overall drag is
accommodated aseismically.

Implications of friction and slip-rate
observations

The most important, immediate finding of this work is the ability to
observe in situ frictional shear stress and slip rate, the two critical
parameters for constraining the basal drag boundary conditions of
ice-dynamics models. Our approach could be applied to any glacier
thatgeneratesicequakes. Most fast-moving glaciers probably generate
suchicequakes, with the majority of glaciers on which seismometers
have been deployed exhibiting at least some basal seismicity'®**"*,
Seismic tremor associated with sliding can also occur'®*®, thought to
initiate at the boundary between the conditionally stable and unstable
regimes of the rate-and-state friction model®*. Indeed, the premise
of this study was inspired by such observations'. However, due to the
inability to extract both corner frequency and inter-event time infor-
mation from tremor, it cannot be used to measure shear stress and slip
using our approach.

Our confidencein the frictional shear-stress and slip-rate measure-
mentsis founded partially onthe uncertainty amplitudes but also fun-
damentally onthe agreement between the observed basal slip ratesand
Global Navigation Satellite System (GNSS) derived surface displace-
ment*. This agreement validates assumptions of slip-dominant rather
than deformation-dominant flow at RIS and the use of arate-and-state
model and assumptions of the icequake source properties. The small
discrepancy between the surface and basal slip rates is primarily
due to uncertainty, except for a minority of particularly sticky spots.
These sticky spots exhibit particularly strong frictional drag that sig-
nificantly inhibits localice flow, albeit for short durations of the order
of hours to days.

Observed basal shear stresses are of the order of 10* to 107 Pa,
actingat sticky spots with diameters of the order of 10 to 60 m (Fig. 4).
Basal shear stresses of the order 10° Pa are typical values used in
ice-dynamics models*” and laboratory experiments® for RIS’s sur-
face slip rate of -1.1m d (ref. 33). Basal shear stresses of 10° to 107 Pa
might initially appear inconsistently high compared to models and
experiments*®, However, these high friction sticky spots are spatially
small compared to the total bed area. Our results thereforeimply that
certainicequake clustersaccommodate a considerable proportion of
the total basal drag.

Mechanisms that generate icequakes

We propose that the icequakes are generated by at least one of two
mechanisms or sliding regimes. The presence of two sliding regimes
is motivated by the physical system and the bimodal distributions
observed in Fig. 3d,e. The regimes (Fig. 5) are: regime I, rock-on-rock
frictionbetweenice-entrained clasts and bedrock at the fault interface
andregimell, where clasts plough through till, with failure accommo-
dated by a till-on-till fault interface. Clasts are pieces of rock partially
entrainedinto theice (Fig. 5). The presence of such clasts is discussed
in the literature®>**>°°, The motivations for these clast-based ice-
quake models are that they can explain the rate-weakening friction
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Fig.3|Basal effective normal stress, shear stress, slip rate and seismically
active area of bed for the entire experiment. Coloured lines represent
individualicequake clusters. a, Effective normal stress on the fault. b, Shear stress
through time. ¢, Icequake-derived slip rate through time. d-f, Histograms of the
respective time-series dataina-c. g, Plot of seismically active area of the bed
through time, assuming no clusters spatially overlap within1h of one another.
Uncertainties ina-d are given by the shaded regions. Other labels are as in Fig. 2.
Uncertainties are as defined in Fig. 2.

required to generate icequakes”, that clasts are required to generate
icequakesinlaboratory environments'? and that such icequakes prob-
ably originate within one seismic wavelength of the ice-bed interface®.
We suggest that the highest effective normal stress icequakes exhibit
regime I sliding because this regime allows for the average effective
normal stress over the entire fault area to be concentrated over much
smaller clast-bedrock contact areas. Similarly, we postulate that the
lower effective normal stress icequakes are associated with regime Il
sliding, although we cannot rule out that all icequakes are generated
viaregimel.

Effective normal stress versus effective fluid
pressure

Our resultsimply significant temporal variation in basal effective nor-
malsstress. Full numerical rate-and-state simulations also corroborate
the range of observed normal stresses (Supplementary Information
Section2).Suchincreases and decreases in effective normal stress are
inferred to be caused by corresponding decreases and increases in
basal water pressure'®**2, However, while the icequake-derived effec-
tive normal stresses, G, averaged over the entire fault are equivalent
tothe average glaciological effective pressure, Py = Picc overburden — Puwaterr

within that same fault area, asperities and bed heterogeneity onlength
scales shorter than the fault diameter could significantly perturb local
effective normal pressures. Although all our measured effective normal
stresses remain below the ice overburden pressure, current hydro-
logical models supported by other observations atice streams'™* can-
not reconcile glaciological effective pressures greater than ~0.5 MPa
for expected till porosities, except potentially if they are transient®.
Sparse observations of effective normal pressures at RIS fromborehole
measurements find P = 0.2 MPa (ref. 50), although tillacousticimped-
ance measurements at RIS suggest that dewatering is possible”’. Dewa-
tered till would imply P = Pice overburgen- Similarly, modelling®* and
seismic observations® elsewhere suggest that dilatational strengthen-
ing of'till could also potentially provide a mechanism for generating
such high effective normal pressures. Alternatively, ifthe consolidated
material is actually approximately impermeable sedimentary rock,
then melt cavities formed could beisolated, generating high effective
pressureslocally in between fracture-plucking events®. It is therefore
physically possible to generate sufficiently high effective pressures
transiently. Therefore, our highest observed effective normal stresses
suggesteither that our understanding of bed characteristics and asso-
ciated physical models may have to be revisited, at the very least for
RIS, if we are to adequately describe the transient phenomenathat we
observe at metres to tens of metres scales; or that the rate-and-state
model does not adequately describe icequake physics.

We suggest three possible explanations for resolving the discrep-
ancy between observed and theoretical maximum effective normal
stresses. First, prominent bedrock outcrops could significantly inhibit
ice flow, allowing stoss-side effective normal stresses of the order of at
least1 MPa to develop®. A second explanation again lies with bedrock
outcrops, whereby impermeable bedrock mightinhibit the transport
of fluids, facilitating dewatered regions. A third explanation is that
till porosities are far lower than conceived in current models of bed
properties, possibly supported by till impedance measurements?®.
These suggestions are not exhaustive. We suggest here only that our
results motivate new models to explain such observations.

If effective normal stresses are related to P, at sticky spots, then
they provide an observational foundation for calibrating basal fluid
pressures assumed in laboratory experiments®, ice-dynamics models*’
and glacier basal hydrology and tidal forcing®*.

Enhanced knowledge of RIS bed conditions

The considerable variation in bed properties observed at RIS are pre-
sented as anexample of the enhanced knowledge of the bed properties
that our approach provides. First, for the unconsolidated till (label 1,
Fig.5) and much of the more-consolidated material (Iabel 2, Fig. 5), the
effective normal stresses are too low to generate the unstable stick-slip
conditions required for icequake nucleation. Within consolidated
regions (label 2, Fig. 5), there are small zones that become seismically
active if the effective normal stress is sufficiently high (label 3, Fig. 5).
These sticky spots turn on and off, modulated by changes in effective
normal stress, bed strength and bed material.

Frictional shear stress at anindividual sticky spot can vary tempo-
rally by up to an order of magnitude and spatially by several orders of
magnitude. This variation occurs over the order of hours and 100s of
metres. Thisimplies that there are both tilland bedrock outcrops, com-
bined with anactive hydrological system or permeable bed capable of
suchvariable spatialand temporal variations in basal fluid pressure. The
regions exhibiting the highest shear stresses are at the upstream edges
oflocal topographic highs near the unconsolidated-consolidated bed
boundary (label 5, Fig. 5). This is probably because resistive stresses
of these materially stronger, topographic highs can accommodate
more basal drag. Some regions of consolidated bed might contain
pockets of melt water (label 4, Fig. 5). However, we cannot observe
such a phenomenon using seismicity as these patches would have an
approximately zero shear modulus.

Nature Geoscience


http://www.nature.com/naturegeoscience

Article

https://doi.org/10.1038/s41561-023-01204-4

a b c
78.12 = 78.12 782
N tn
¥ R
& ° \ 3 & 3\
o ol” o o s
§ 78.16 @% AN %:J 78.16 § 78.16 - %a BN
5 C C%% % v § E g% % W
(8 v
. okm 1km 2km 2 km \ Okm Tkm 2km
782 A ‘ ; 782 & ‘ ; 78.2 M . .
84.2 84 83.8 84.2 84 83.8 84.2 84 83.8
Longitude (° W) Longitude (° W) Longitude (° W)
r— C— e——
10° 10° 10° 10° 107 0 05 10 15 2.0 0 10 20 30
Shear stress (Pa) Slip rate (m d™) Fault radius (m)
Key, all plots
[ — . e @

-40 -20 0 20 40
Residual topography (m)

10 20 30
Fault radius (m)

Fig. 4| Spatial variability in average basal shear stress, slip rate and fault
radius for the clusters. a, Average shear stress for the clusters. b, Average slip
rate for the clusters. ¢, Average fault radius for the clusters. Residual topography

data are from ground-penetrating radar (absolute topography in Fig. 1c)*. Size
of scatter points indicates fault radius. Green inverted triangles indicate the
locations of the network of receivers used in this study.
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Regimeland regime Il are shown schematically, with regime I being clast-on-rock
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Broader implications for ice-sheet sliding

Our results show that much of the basal drag at an ice stream can be
accommodated withinsmall zones of significantly higher-than-average
friction. This could have a profoundimpact on howsliding is formulated
inice-dynamics models. However, although friction varies significantly,

average basal slip rates remain predominantly stable at RIS. This is
encouraging for current modelling efforts because if the temporally
and spatially averaged slip rates are approximately constant, then
perhaps such models are not required to be sensitive to small-scale,
rapid variations in bed friction. Our observations quantify the highly
variable bed properties over a sufficient duration required to test
such ahypothesis.

Anotherimportant questionto address is how our approach could
beimplemented atice-sheetscale. One could deploy temporary seismic
arraysonimportantice streams and outlet glaciers for short durations.
Anumber oftargeted deployments would allow verification of the link
between surface and basal velocity at ice-sheet scales?.

Afurther question that this study raisesis could arate-and-state
friction model used for the icequake-sliding analysis also be used as
amathematical basis for informing sliding laws used inice-dynamics
models more generally. Such models have recently been proposed
to describe surging glacier behaviour®*’, which have been validated
at laboratory scale'>" and evidenced from seismic observations®.
The rate-and-state model meets the conditional stability require-
ment, not allowing runaway acceleration of a glacier (Supplemen-
tary Text). Our results and the other recent works cited here suggest
that rate-and-state friction models could be used to inform future
glacier-sliding laws more generally.

Finally, these icequake observations can aid the understanding
of earthquake mechanics more generally. Even the smallest magni-
tude icequakes (M,, = —1.5) have high signal-to-noise-ratios and so
could elucidate any lower limits on the fundamental size of earthquake
nucleation for given fault properties®°°. Additionally, icequakes in
this study have stress drops that vary with magnitude, contrary to
magnitude-invariant stress drops observed for larger earthquakes®'.

Our findings show that icequakes can provide the critical obser-
vations required to constrain the highly variable friction at the bed
of an Antarctic ice stream. Applying such observational constraint
to ice-dynamics models would reduce uncertainty in corresponding
sea-levelrise projections.

Online content
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Methods

The icequake dataset

This study uses 100,000 icequakes at the bed of Rutford Ice Stream
(RIS), Antarctica. An example of such anicequake arrival can be found
in Extended Data Fig. 1. These data were collected over the period of
November 2018 to February 2019. The icequakes are detected using
QuakeMigrate **** and relocated using NonLinLoc®*. A full description
of the detection, location and clustering analysis of this seismicity
can be found inref. 29. The hypocentral depths, orientation of focal
mechanisms and full-waveform modelling provide us with confidence
that these icequakes are associated with sliding within one seismic
wavelength (-10 m) of the bed****,

Observable parameters from stick-slip icequakes

Earthquake source models canbe used to calculate the size of the earth-
quake, its duration, the fault radius and the shear-stress drop associated
with the release of seismic energy. These observable parameters are
required for any analysis of frictional behaviour at the bed of glaciers
usingicequakes. The methods we use to obtain these parameters from
the icequake signals are described below.

Seismic moment. The seismic moment, M, of an earthquake is pro-
portionaltothe energy released by that event. Seismic moment release
canbe defined as®

4nmpu?rQ,

My=-——t 0 )
° Arad,icfree-surface

where p is the density of the medium at the earthquake source, v; is
the velocity of the seismic phase i (P or S), ris the hypocentre receiver
distance, Q, is the long-period spectral amplitude, A,,4, is the ampli-
tude of radiation of seismic phase i for the particular source receiver
azimuth and take-off angle and C,cc.currace iS the free-surface correction
term, which depends upon the angle of inclination of the seismic phase
arrival at the surface. For this study, we assume typical ice values of
p=917kgm>,v, . =3,841ms™, v, =1,970 ms™. A,,4,is calculated as
describedinref. 20, based on the assumption that all the icequakesin
this study are double-couple sources with strikes aligned with the ice
flow direction. This assumption is based upon previous observations
at Rutford Ice Stream®****°, Q, is calculated by fitting a Brune source
model to the noise-removed spectrum of the icequake®.

Corner frequency. The spectrum of anearthquake contains more infor-
mation than just the long-period spectral amplitude. If one assumes
that an earthquake’s spectrum can be described by a Brune model®,
then one canalso measure the corner frequency, f,, of the earthquake.
However, an earthquake’s spectrum is also particularly sensitive to
seismicattenuation. Seismic attenuation, often described by the quality
factor, Q, reduces the amplitude of an earthquake spectrumnonlinearly
acrossallfrequencies. If path attenuationis poorly constrained, thenit
canleadtodetrimental uncertainty in the measured corner frequency,
asevidenced by the trade-off between Qandf, in the Brune model®®

_ Qoe_”fé

=—7
£
1+(7)

where Q(f) is the amplitude of the spectrum for a certain frequency f,
and tis the travel time.

To obtainanaccurate measurement of corner frequency, we there-
foreusealinearized spectral ratios method to constrain Q. This spectral
ratios method isolates the path effects fromthe source effects. Anexam-
ple of the linearized Brune model fit and the observed spectrum for an
exampleicequakeisshownin Extended DataFig.1c. We obtain estimates
of Qfromthismethod of the order of 200 to 800 (Extended Data Fig. 2b),

Q) )

whichareinagreementwith other measurements for Antarcticice®. This
thenallows equation (1) to be fit to the earthquake spectrumwith only Q,
andf,asvariables. We find that the icequake corner frequencies at RIS fall
approximately within the range of 40-100 Hz (Extended Data Fig. 2c).

Fault radius and stress drop. One can estimate the fault radius, R, and
stress drop, Az, of an earthquake from the corner frequency.

The relationship between corner frequency and fault radius, R,
is given by®®

- _ . B
fc—kiﬁ, 3)

where f.isthespherically averaged corner frequency for the earthquake,
Pistheshear-wave speed near the source and k;is aconstant relating the
spherically averaged corner frequencies for a specific fault model for
the seismic phase i. Here we use the fault model of ref. 69, which gives
ky=0.38 and k= 0.26 for a rupture speed of 0.98 . We let S equal the
shear velocity of ice (1,970 m s™ (ref. 30)). For clast-on-bedrock slip
(regimel, Fig.5), thisis valid as rupture will propagate through the bed-
rockandtheicethatthe clasts areembedded within, withus only observ-
ing the rupture propagation throughtheice. For till-on-till slip (regime
I, Fig. 5), our assumption of S is probably an overestimate, resulting in
an overestimate of fault radius. As the seismic properties of the till are
unknown, we are limited in assigning alower value of Sfor any regimell
events. We assume asymmetric circular fault for this analysis. We there-
fore calculate average corner frequencies for each event based on the
corner frequencies observed atallreceivers. The potential effects of the
symmetric circular fault assumption are shown inref. 70.

The uniform stress drop of an earthquake can then be found using
the fault radius and the relationship given by ref. 71

7 Mo

AT = E E (4)

We now have allthe observable parameters required to constrain
africtionmodel at anicequake source.

Using arate-and-state friction law for deriving frictional shear
stress and slip fromicequakes

Calculating shear stress. Earthquakes are typically generated as
the result of stick-slip frictional instabilities at a fault interface®. We
hypothesize that icequakes associated with sliding at the bed of a
glacier can be described by a similar model. For our investigation, we
assume that the fault interface is at or near (<1 wavelength) the ice—
bed interface. Schematic diagrams describing the model are givenin
Extended DataFig. 3. Within this framework, we can apply the following
rate-and-state friction law given by ref. 32

r:[yo +aln(%)+bln(g)]& 5)

where risthe total frictional shear stress, 11, is the steady-state friction
coefficient at v = v, v is the slip velocity, v, is a reference velocity,
defined inthis case to be the backgroundslip rate, aand b are material
properties, Zis the characteristic slip distance over which the system
returns to steady state and renew surface contacts and @ is the state
variable. The variation of the state variable, 6, through time can be
defined by the ageing or the slip laws’, given by

00 v, .

%= 1- = (aging law), (6)
00 vl (VoY .
%= - In (§) (sliplaw). @
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Thestate variable, 0, represents the characteristic contact lifetime
of afault. To apply the rate-and-state model to the stick-slip icequake
system in a mathematically tractable way, we assume that the state
variable of the system is constant over the duration of an icequake
cycle, thatis, a—f = 0through all time during a cycle. For a destructive
frictional failure process, 8 probably changes with time during earth-
quake nucleation and as the fault heals. However, for the icequake
generation mechanisms proposed in this study (Fig. 5), damage at the
fault interface that affects the frictional properties is probably less
significant than at traditional earthquake faultinterfaces. This lack of
damage is evidenced to some extent by the highly repetitive nature
of the icequakes®*?’. We assume that at least part of the icequake patch
is near steady state, or approximately at steady state if it slips suffi-
ciently fast. A caveat to this is that some of the icequake patch could
have remained below the steady-state sliding limit, which we do not
explore this here. Overall, we deem the approximation of ‘;—f =0
betweenindividualicequakes as acceptable in this case. This assump-
tion can be used to find the state variable, 6, as an expression of v, &
fromeither the ageinglaw (equation (6)) or the slip law (equation (7)),
whichbothyield

(8)

<l

Equation (5) can then be reduced to a rate-dependent friction
law, given by

= p0+(a-b)ln(%)]a ©)

The coefficient of frictionin equation (9) can then be thought of as
U=, +Au,where i, is the static friction component, and the dynamic
friction component, Ay, is given by

Ap:(a—b)ln(%), (10)

whichwhenmultiplied by the effective normal stress, ¢, canbe assumed
asequal to theicequake stress drop (equation (13)).

One canthen parametrize equation (9) insuch awaysothatitcan
be solved for individual icequakes. We take y1,=0.4,a=5x1072and
b=15x107fromref.19. We approximate the ratio of the instantaneous
sliding velocity to the reference velocity, i as

v__()

—=— an

© )
Linter-event

wheredis the slip associated with an event (unknown), Tis the slip dura-
tion, which we approximate to be equal to the inverse of the icequake
corner frequency, f.”, and £, er.evenc iS the time between two consecutive
icequakes. The correspondence of these parameters to the stick-slip
cycle is shown in Extended Data Fig. 3b. With this parameterization,
the velocity ratio then becomes

v

o 12)

=fc Linter-event-

Assuming that the friction at the interface is velocity weakening
and therefore unstable, one can then assume that the dynamic part of
equation (9) is equal to the stress drop measured during anicequake,
A1 (ref. 74). One should note that this assumption implies that all the
dynamic stress release during slip is accommodated seismically (red
shaded region of Extended Data Fig. 3b). However, there is also fric-
tional shear stress present that cannot be measured directly using

stress-drop measurements. We also assume a seismic radiation effi-
ciency of 1, whichis obviously an approximation, with the actual seismic
radiation efficiency unknown. Although the radiation efficiency will, in
reality, be <1, due to thermal heating and the generation of additional
surface areaduring abrasion, fracture tip energy and other phenomena
such as off-fault cracking are probably insignificantin comparison to
standard earthquakes”, so we deemour first-order approximation as
reasonableinthis case. For tectonic earthquakes, the seismic radiation
efficiency typically might be of the order of 0.1 (for example, see ref. 76).
If the icequake seismic radiation efficiencies were similarly low, then
this would be approximately equivalent to reducing the magnitude
of M, by afactor of 10. Sensitivity analysis in the Supplementary Text
suggests that suchareductionin M,would reduce the shear stress, 7, by
anorder of magnitude, but the slip velocity, vy;,, would be reduced only
by afactor of 3. Assuming velocity-weakening friction and a radiation
efficiency of 1resultsin the definition of the effective normal stress at
the faultinterface, given by

At

(a—b)ln(i).

o= 13)

Once we know the effective normalsstress, o, we can find the overall
shear stress on the fault, 7, from equation (9).

We emphasize that the effective normal stress, o, is the normal
stress on the fault, whichis not necessarily equivalent to a traditionally
defined glaciological effective pressure, P.g = Picc — P,acer- The fault
effective normal stress, o, is the effective normal stress that acts over
the fault area, A, derived from the earthquake corner frequency
(equation (3)). The actual normal stress acting through clastsin contact
with the underlying contact surface might increase the normal stress
acting through these clasts (sliding regime I, Fig. 5). However,
fault-average normal stress, 6, must be equal to the average glaciologi-
cal effective pressure, P, over the same area of the bed.

Calculating slip. The second glaciologicallyimportant parameter to
measure atthebed is the slip and hence the basal slip rate. To calculate
slip, we assume that while an individual icequake cluster is active, all
(or at least the vast majority of) slip is accommodated seismically.
Thisis probably the case for RIS, as evidenced by the close agreement
between surface slip rate and seismically measured basal slip rates
(Fig. 2f). Calculating the basal slip, d, from anicequake is challenging
because one first has to determine a method of estimating the bed
shear modulus, G4, because the slip is given by

_ Mo
GpeaA

14)

where M, is the seismic moment released by an earthquake and A is
thearea of the fault.

The bed shear modulus, G, is calculated by assuming a further
behaviour of the rate-and-state friction law. This behaviour is that an
earthquake cannucleate onlyifitisin the unstable regime. In this study,
we assume that the temporally averaged driving shear stress at the fault
varies over longer timescales than the icequake inter-event time, with
the shear stress at which the fault fails governed by the effective normal
stress acting on the fault, 6. The approximately constant inter-event
time between individual consecutive icequake pairs (Fig. 2e) within a
single cluster validates this assumption. The effective normal stress at
which afaultbecomes unstableis defined as the critical normal stress,
o., with velocity-weakening behaviour prevailing above this stress.
Although earthquakes can occur only in the unstable regime, the
remarkable consistency in event time and stress drop between tens to
hundreds of consecutive icequakes allows us to make the assumption
that for a given normal stress, the icequakes probably fail at approxi-
mately the critical normal stress, o.. This hypothesis is probably the
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result of an approximately homogeneous distribution of till grain sizes
that makes anice-bed fault far more homogeneous thana traditional
earthquake fault, which exhibits significantly higher randomness. If
we make this assumption, then the equation governing o, can be writ-
tenasanequality rather than alower bound. o, is then given by ref. 32

— _ ki 1 Udriving N ki

%=p_at -0 “b-a s

where 17 Ugyying is the product of the radiation damping parameter and
theload velocity and nvy/# represents the inertial stability limit". For
our system we find nuvy/< «k/% for all g,. This term can therefore be
dropped in equation (15). k is the spring constant of the system
(Extended DataFig. 3a), which is given by

k=21 16)

where G'is the effective shear modulus of the bimaterial interface" and
Rhereis theradius of the fault, which can be found from the icequake
corner frequency, if assuming asymmetric, circular fault®’°. However,
this equation still has two unknowns: G, the effective shear modulus
that we require to calculate the slip, and &, the critical slip distance,
otherwisereferred to as the state evolution distance. For the purposes
of this study, we approximate & to remain constant butallow G to vary
with effective normal stress, which from granular material theory””
isassumed to take the generic empirical form

G*=Ad"+C, 17)

where A, n and C are constants to invert for. We use a least-squares
approach to minimize the function

(Ao"+O) <

- (18)

f(o_c,R,a,b,A,n,C,g)=ln< )—In(R@,

where ¢, and R vary for each icequake and A, n, Cand & are varied to
minimize the function. g_ is taken to be the effective normal stress for
the first 100 icequakes when a cluster becomes active, as calculated
using equation (13). These parameters are found to be A =22,000,
n=0.78,C=8,200 Paand & = 7.7 x 10 °m, with the result of the mini-
mizationshownin Extended DataFig. 4. Now & can be substituted into
equation (15) to find k, which can then be used in equation (16) to find
the bimaterial shear modulus, G'. It should be noted that (a - b) and £
trade off in both equation (18) and equation (15), therefore if the
assumed (a - b) is different to the real value, then it will affect the
magnitude of Zbut not the value of kand hence G'. The shear modulus
of the bed, G,.4 can then be found using the Poisson ratios of ice (1/3)
and till (0.49), which gives G = 3.5 G,..4 (ref. 19). Granular material the-
ory, oratleasttherelationship of equation (17), is thought to still hold
for clast-over-bedrock sliding because the shear modulus will still be
related to some exponent, n, of 6, evenif that exponent were -0.

Equation (14) can then be used to find the slip, d, associated with
asingleicequake, for the effective normal stress applied to the fault at
that particular time. We also calculate the approximate slip rate associ-
ated with these highly repetitive icequakes. If one assumes that all the
slip when an icequake cluster is active is accommodated seismically,
thenone can calculate the slip rate per day, v,

d
Uslip = t (19)

inter-event

The methods described above allow us to calculate the total shear
stress, 7, and theslip, d, at the bed. These two parameters can provide
observational constraint onice-dynamics models of ice streams.

A note on assumptions. A number of assumptions are made to make
the derivation of basal shear stress and slip from icequake observa-
tions and a rate-and-state friction model mathematically tractable.
Extended Data Table 1 summarizes all the assumptions made. There
are several assumptions that warrant particular emphasis. The firstis
the assumption that all slip at an individual sticky spot is accommo-
dated seismically while that cluster is active. The highly repetitive
nature of theicequakes (Extended DataFig.1andref. 29), with approxi-
mately constantinter-event times between consecutive icequakesin
acluster, isindicative of the stability of each sticky spot (Fig. 2), justify-
ing this assumption. Second, a Brune model*® is assumed to describe
the earthquake source characteristics. Whereas such amodelis prob-
ably an approximation for the complex physics of earthquake rupture,
itisacommon assumption for other earthquake studies that is prob-
ably also avalid approximation for the stick-slip icequakes presented
here. Third, we approximate that the time derivative of the state vari-
able in the rate-and-state friction model, 2, equals zero during an
individual icequake cycle. This approximat‘ion is valid if slip on the
fault is sufficiently fast and if little damage occurs at the fault, com-
pared to more complex earthquake faults. Obviously, this is only an
approximation, as damage does probably occur at the fault, at least
for the clasts-over-bedrockslip case (regimel, Fig. 5). We also assume
that (a - b) is constantin space and time. This is probably not the case,
but without this assumption, there are too many unknowns to solve
for. We show in Supplementary Information Section 3 that assuming
afixed (a - b) and the approximated amplitude of (a — b) do not sig-
nificantly affect our findings, especially the calculation of slip rate.
Furthermore, an underestimation bias in slip may be introduced by
the assumption of no fault frictional heating. Fault frictional heating
would reduce the seismic radiation efficiency from our approximation
of one”. The final assumption we emphasize here is that we assume
thattheicequakes at the beginning of anicequake cluster nucleate at
approximately the critical normal stress for nucleation, o, rather than
at some arbitrary value above it. The icequake slip calculations are
dependentupon this assumption. This assumption would not be valid
for sporadic earthquakes on complex faults, as shear stresses could
build to different values before failure for each earthquake, even with
constant effective normal stresses, due to fault heterogeneity. Nor
woulditnecessarily be valid if the driving shear stress were perturbed
over time scales shorter than the inter-event time, for example, by
interactions with othericequake clusters. However, although icequake
faults still exhibit a degree of heterogeneity due to aninhomogeneous
distribution of clasts, this heterogeneity has negligible impact upon
the consistency of both the inter-event times and shear stresses
between consecutive icequakes at agiven sticky spot (Fig. 2). Further-
more, there are only asmallnumber of active icequake clusters at any
giventime, which are spatially isolated from one another. The consist-
ency in inter-event times and shear stresses observed in our data, in
agreement with similar, laboratory-generated icequakes™, provides
us with confidence in our assumption of icequakes nucleating at the
critical nucleation stress, g..

Data availability

All the seismic data used in this analysis will be deposited in the IRIS
seismological data repository. The icequake catalogue used for this
analysis is available from the UK Polar Data Centre®, with details on
how this catalogue was constructed given in the peer-reviewed pub-
lication®. The results of this work are shared via an online repository
(https://doi.org/10.5281/zenodo0.7870307).

Code availability

All the fundamental code used in this study is available open source.
QuakeMigrate® was used for icequake detection, NonLinLoc for ice-
quake relocation® and SeisSrcMoment for the moment magnitude
and other source parameter analysis®*.
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Extended Data Fig.1| Examples of icequake waveforms and spectra. of the network. Red line indicates P-phase arrival. Blue lines indicate S-phase
(a) 30 minutes of continuous data for the Z component of station R3030. arrivals. Grey shading represents uncertainty in the data, defined as + the
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Extended Data Fig. 2| Quality factor (Q) and corner frequency (f,) distributions for the icequakes in this experiment. (a) Histogram of Q. (b) Histogram of f_c.
Values for eachicequake are averaged for all individual station observations.
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Extended Data Fig. 3 | Schematic Fig. describing the rate- and state- frictional
model as ablock-slider model. (a) Diagram of the block-slider model, showing
the driving shear-stress, 7, the effective normal stress, 6, and the system spring
constant k. (b) Accumulated shear-stress vs. time for a series of consecutive

icequakes. (c) Shear-stress at the fault ata particular time as predicted by the
rate-and-state model®’. (d) The stick-slip icequake cycle, with the numbers
corresponding to the relevant stress states labelled in (b). This last diagram is
based upon that originally presented for tremor-like slip at Whillans Ice Stream®.
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Nature Geoscience


http://www.nature.com/naturegeoscience

https://doi.org/10.1038/s41561-023-01204-4

Article
-78.12°
Ice \ A\ | TN
flow AN )
V. ’- v
N\, v E\
v LY o v
v v. v v
-78.16° v VS ,
YT ® v
v " v v 4
vV e v
v v d
\ Okm 1km 2km
-78.2°
-84.2° -84° -83.8°

| —
-40-20 0 20 40
Residual topography (m)
Extended DataFig. 6 | Icequake hypocentres for one day of activity, from Fig. 2. Coloured scatter points correspond to icequake hypocentres for 00:00 8" January
2019 to 00:00 9" January 2019 (day 8, Fig. 2, main text). Colours are the same as for the clusters in Fig. 2.

Nature Geoscience


http://www.nature.com/naturegeoscience

Article https://doi.org/10.1038/s41561-023-01204-4

Extended Data Table 1| Summary of assumptions made in this study

Assumptions:

Typical seismic properties of ice

All icequake DC radiation patterns aligned with ice flow direction

Icequake source model assumed to be described by a Brune model

Faults are circular and symmetric

Fault interface within one wavelength of ice-bed interface

State variable is constant over duration of an icequake cycle (except when doing numerical
simulations)

Stress-drop of an icequake equals the dynamic friction coefficient cycle (except when doing
numerical simulations)

Seismic radiation efficiency equals 1

All slip is accommodated seismically while an icequake cluster is active

Icequakes nucleate only just beyond the conditionally-stable to unstable transition
Assume that the bed shear modulus can be described by granular material theory

Assume (a-b) is constant through all space and time (except when investigating allowing (a-b)
to vary)

Summary of assumptions made in this study.
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