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Motion of an Antarctic glacier by repeated tidally
modulated earthquakes
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Between debris-laden glacial ice and bedrock, basal seismicity
can develop that yields information about bed properties1,2,
stress distribution3, outburst flooding4, and crevassing and
calving5–7. Basal seismicity in response to glacial motion
is linked to variations in both stress and lubrication of
bedrock by water and till8,9. Here we analyse data from
the Transantarctic Mountains Seismic Experiment array in
2002–2003 to investigate seismic behaviour at David Glacier,
a large outlet glacier that drains 4% of East Antarctica’s
ice sheet into the Ross Sea. We identify about 20,000
seismic events that are larger in magnitude and duration
than typical for glacial sources and repeat at regular intervals
of about 25min. These events are consistent with stick–slip
behaviour of debris-laden ice moving over a single obstacle of
rough bedrock, modulated by relatively small stress changes
from the ocean tides. In the years before and after the
interval of repeating events, seismic events with irregular
and generally longer intervals were detected at the same
location, and are consistent with combined stick–slip and
continuous sliding of the subglacial interface. We suggest
that the observed transitions in seismicity patterns capture
the dynamic behaviour of the ice stream, and that—despite
lower ice-flow velocities—sliding in the stick–slip regime
enhances subglacial erosion.

David Glacier is a major outlet glacier, draining about 4% of
East Antarctica’s ice (approximately 212,000 km2; ref. 10) through
the Transantarctic Mountains (TAM) into the Drygalski Ice
Tongue in the Ross Sea (Fig. 1a). Velocities increase downglacier,
reaching speeds as high as⇠700m yr�1 near the grounding line11,12.
Measured ice thickness varies greatlywith position, from250mnear
the terminus to 1,800m in the interior12.

The TAM Seismic Experiment (TAMSEIS) array operated from
December 2001 to December 2003, and included 42 broadband
seismometers (Fig. 1b), eight of which were deployed in 2000, and
the remainder in 2001 (refs 13,14). In addition, we used data
from the Global Seismic Network station Vanda (VNDA). All
stations recorded ground displacement at 40 samples per second,
continuously during austral summer months, but switched to
triggered-recording during winter. VNDA recorded continuously
year-round, which was particularly valuable because the triggering
algorithm on the TAMSEIS array was insensitive to the repeating
events. However, those events have a distinct signature that allows
us to identify them on the VNDA record, and we make the
reasonable assumption that source conditions are the same between
summer and winter. In other words, we use the full array’s summer
data for complete analysis, and thewinter-time data fromVNDA for
counting statistics and inter-event timing analysis.
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The continuously recorded summer-time data included both
teleseismic and local events. The local events were dominantly of
a single type, with a highly repeatable waveform (Fig. 2a) and a
mean inter-event time of Ti = 25± 5min (1,500± 300 s; Fig. 2b).
Here we focus on these repeating events, which occurred between
21 June 2002 and 31 March 2003. Most were detected at between
12 and 18 stations, depending on local noise levels. We identified
⇠20,000 repeating events, using a cross-correlation technique with
an automated picker, and confirmed these autopicks with a selected
subset. The remarkable similarity of the waveforms, and a cross-
correlation coefficient greater than 0.9, (Fig. 2c) indicate that they
share the same source location and source mechanism. We suggest
that the same subglacial asperity15,16 repeatedly ruptures in response
to steady loading from the overlying ice, which is modulated by
stress from the tide at the glacier front. A focal mechanism was
estimated on the basis of the first motion of the compressional
waves. The data are consistent with a low-angle thrust fault with
slip in the direction of glacier flow and strike perpendicular to
flow. Similar focal mechanisms have previously been interpreted as
indicating subglacial slip on an asperity or patch3.

Inter-event timing was modulated by the ocean tide at the
grounding line of David Glacier (defined as the location where
the ice goes afloat and produces the Drygalski Ice Tongue; Fig. 3).
Such modulation has been observed on ice streams that have
relatively flat surfaces with slopes of order 10�3 (0.06�; refs 17,18),
but has not previously been reported on steep glaciers (David
Glacier averages a surface slope angle of ⇠0.02 (1.1�) from the
grounding line to the seismic asperity19, although local slope could
be much higher owing to the proximity to the David Cauldron20).
The rupture location is approximately 25 km from the grounding
line10, and 55 km from the point Drygalski Ice Tongue emerges into
the Ross Sea. The shortest inter-event times, probably the times
of highest flow speed, occur just after low tide, and the longest
inter-event times are just after high tide. The delay between low-
or high-tide and the corresponding change in inter-event times at
the asperity is approximately 70min, estimated through analysis
of the entire repeating data set using a tidal analysis program21

that is based on a harmonical analysis of ocean tides. Falling tide
probably reduces the back-pressure of water on the ice front, with
the resulting acceleration transmitted to the asperity in roughly an
hour (note that the Drygalski Ice Tongue is largely in hydrostatic
equilibrium year-round and therefore the bulk ocean tide at the
grounding line is the critical parameter). Events associated with the
longer inter-event times typically had slightly larger magnitudes,
consistent with fault-plane healing in the interseismic period,
although with variability at certain times (Fig. 3). We observe little
difference between summer and winter tidal modulation, despite
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Figure 1 | Study area and locations of TAMSEIS seismic stations. a, LIMA
imagery of David Glacier with epicentre location (red dot). b, The TAMSEIS
array consists of installations (yellow circles) arranged in three segments:
the 16-station linear sub-array oriented East–West with 20 km spacing; the
17-station sub-array oriented north-northeast–south-southwest with
80 km spacing; and the nine irregularly spaced stations plus the GT station
VNDA (orange diamond) along the Ross Sea coast. The resolved focal
mechanism (blue/white circle) of a low-angle thrust fault is plotted at the
location of events at David Glacier.

the seasonal change in sea ice in the Ross Sea. However, although
the spring-neap cycles are clear in the tidal modulation, we observe
notable change over the few spring-neap cycles within a season.
We thus are not confident in the ability to detect and isolate an
annual sea-ice signal because few-month changesmay reflect several
influences, and particularly changes in the debris concentration of
ice moving over the asperity.

The P-wave arrival times of the ⇠1,000 events in the manually
analysed subset were used to calculate the source epicentre, and
all were located within a ⇠10-km-radius circle centred on 75.4� S,
160.6� E (Fig. 1a), consistent with the locations from the autopicked
data (although these data naturally had greater scatter, reflecting
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Figure 2 | Seismicity recorded at David Glacier. a, A representative seismic
record of an ⇠220 min period from station E018 in the TAMSEIS array and
station VNDA, which is part of the Global Telemetered Southern
Hemisphere Network. b, A distribution of inter-event timing over the ⇠300
day period of regular repeating events, with standard deviation in white
bars. c, A stack of 10 waveforms from station E018 indicating a high degree
of similarity between events.

the variable quality of the pick times). For both manually and
automatically picked data, the epicentral scatter approximately
equals the uncertainty, fully consistent with origin from a single
asperity. The ice thickness at this location, well upglacier of
the grounding line on David Glacier, is ⇠1.8 km on the basis
of radio-echo sounding data from several kilometres away11,12.
Ice flow speed is ⇠510m yr�1 at the nearest measurement site
(approximately 10 km away), and the surface slope is ⇠1.1�

estimated from satellite altimetry19. This location is also within the
10 km uncertainty bounds of the location where similarly sized
events (although irregularly spaced in time) were reported20 in
2003–2004 (the DW site of ref. 20), suggesting a similar origin.
The three separate sites identified in ref. 20 lie within our 10 km
error estimate, but we consider the DW site to be the most likely
source of our seismicity because it was themain contributor to their
seismicity record and also exhibited self-similar waveforms.

We estimate the source seismic moment M0 from the P-
wave spectrum following ref. 22. We fit the spectrum of the
compressional-wave arrival with a function that has a constant
low-frequency (�0) level related to themoment, and an!�2 roll-off
at frequencies higher than the corner frequency (fc = 0.35Hz
is related to the source rupture area), obtaining an average
M0 = 7.6⇥ 1011 Nm and Mw = 1.8. The source area of a simple
rupture can be estimated from the corner frequency if the
rupture speed is known. (Effectively, interference between energy
radiated from the rupture centre and margins reduces the total
high-frequency energy.) A range of rupture speeds (V

r

) from 150 to
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Figure 3 | Comparison of inter-event spacing to tidal amplitude and event
magnitude. a, A subsection of the time series demonstrating the
correlation between the inter-event spacing and the tidal amplitudes. b, A
positive trend exists between the inter-event time and magnitude of
⇠11,000 events that have calculated magnitudes.

1,000m s�1 (refs 23,24) yields fault radii of 175–1,200± 15m; we
consider 350m to be a useful order-of-magnitude value based on a
best estimate of local V

r

= 400m s�1 from the means of refs. 23,24.
The events are near the head of David Glacier where its width is
poorly defined; we estimate the width to be 10 km, which means
that the asperity represents roughly 2–10%of the glacier width.

Slip-event displacement D can be estimated from the seismic
moment through M0 = µ⇥D⇥A, where A is the fault area and
µ = 3.0 ⇥ 109 Nm�2 is the estimated bed rigidity3. This yields
D= 0.1–2.6mm. The mean event spacing of 25min gives just over
21,000 events per year, so the velocity associated with the regularly
spaced seismic events is ⇠3–70m yr�1. This probably represents all
of the motion of the rock debris in the ice (see below), with the rest
of the velocity arising from internal ice deformation.

VNDA and the full TAMSEIS array show essentially identical
events both before and after the year of repeating events, but
with longer and irregular spacing. The transition from irregular to
regularly repeating events occurred gradually over⇠5 days from 21
to 25 June 2002, and the transition back to irregularly spaced events
occurred over⇠11 days from 20 to 31March 2003.

Available data cannot resolve whether the quakes occur within
ice, within rock or between ice and rock, but the physical
understanding and analogy to other sites suggest seismic motion
of clast-bearing ice over bedrock. Ice creeps or regelates (pressure-
melting and refreezing) around clasts restrained by friction with
bedrock25–27, whereas the clasts may remain fixed, stick–slip or
move continuously. As event magnitude increases with waiting
time between repeating events, indicating fault healing, but not
between sparse events, it is likely that some aseismic sliding
occurs between sparse events. The transition into and out of
repeating events then may represent advection of basal ice with

differing debris concentrations over the asperity, although other
hypotheses are possible.

Average ice surface velocity should increase in transitioning
from fixed clasts to stick–slip behaviour to continuous sliding,
and the spatial pattern of velocity should include greater shear
around an asperity when it is stuck than when it is sliding.
Thus, detailed velocity measurement over the asperity, especially
if they span a transition in inter-event rupture timing, would help
test our interpretation.

The stick–slip regime has a lower ice-flow velocity than smooth
sliding, and a higher velocity than static clasts, so understanding
the controls on these transitions will allow more accurate simu-
lation of ice motion.

Erosion by abrasion increases with clast velocity26; however, it
is likely that the velocity decrease in going from smooth sliding
to stick–slip behaviour is less important than the increase in
damagemechanisms associated with the higher stresses and varying
velocities of the stick–slip regime28, so stick–slip behaviour is likely
to enhance abrasion.

Stick–slip behaviour is also likely to favour bedrock erosion
through block plucking from the lee (downglacier) sides of local
bedrock highs29,30. The drag from clasts moving over the local highs
can contribute to breaking blocks loose, so the transition from
kinetic friction to generally higher static friction associated with the
onset of stick–slip behaviour allows higher stresses. Perhaps more
importantly, a seismic event will rapidly enlarge water-filled lee-side
cavities, lowering the water pressure in the cavities compared with
water in bedrock pores or cracks, and thus promoting crack growth
in bedrock through hydrofracture30.

Most subglacial events reported so far are smaller than those
we observe beneath David Glacier. The overall distribution of
subglacial events, in time, space and size, is still poorly known owing
to limited sampling. The potential effects of stick–slip behaviour on
ice motion and basal erosion, and the ability of basal seismicity to
reveal even fairly subtle variations in velocity, suggest that further
sampling will provide notable insights into glacier behaviour, and
perhaps to earthquake behaviourmore generally.

Methods
All data used in this study are available at www.iris.edu/SeismiQuery.
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