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Glacial Earthquakes

Goran Ekstrém,’* Meredith Nettles,” Geoffrey A. Abers?

We have detected dozens of previously unknown, moderate earthquakes beneath large
glaciers. The seismic radiation from these earthquakes is depleted at high frequencies,
explaining their nondetection by traditional methods. Inverse modeling of the long-
period seismic waveforms from the best-recorded earthquake, in southern Alaska,
shows that the seismic source is well represented by stick-slip, downhill sliding of a
glacial ice mass. The duration of sliding in the Alaska earthquake is 30 to 60 seconds,
about 15 to 30 times longer than for a regular tectonic earthquake of similar magnitude.

Most earthquakes follow a simple scaling rela-
tionship such that the duration of fault move-
ment is proportional to 10*2, where M is the
earthquake moment magnitude. The typical du-
ration of an M = 5 earthquake is 2 s, and an M
= 7 earthquake, 20 s. The short duration of
seismic energy release leads to efficient radia-
tion of high-frequency (f ~ 1 Hz) seismic
waves, and first-arriving, high-frequency P
waves are traditionally used to detect and locate
seismic events. Earthquakes with durations
much longer than normal radiate less energy at
the frequencies used for earthquake monitoring
and may go undetected.

Earthquakes with durations of thousands of
seconds cannot be detected by seismometers
because they do not generate elastic waves.
Such earthquakes have, however, been detected
geodetically (/-5). Very-long-period (1 to 10
mHz) seismic data have been used in attempts
to detect and locate moderate and large (M =
5.0) earthquakes with durations of tens to hun-
dreds of seconds, with ambiguous results (6-8).

Here, we use a recently developed method
(9) to detect and locate sources of long-period
seismic surface waves on a global scale. The
detection and location algorithm has its basis in
standard array-processing techniques. Vertical-
component seismograms from about 100 seis-
mometers around the world are filtered between
35- and 150-s period and phase adjusted to
correct for Rayleigh wave propagation delays
from a given test location to each station. Any
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Rayleigh wave signal emanating from the test
location will then be in phase across the
stations of the global array, and the signals
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can be analyzed for the simultaneous pres-
ence of coherent energy (fig. S1). Continuous
seismic data are analyzed for detections on a
dense grid of test locations covering the sur-
face of the Earth (10).

Application of the algorithm to 3 years of
data, 1999 to 2001, has led to the detection and
location of 7292 events. The smallest earthquake
detected has an estimated magnitude (/7) of M
= 4.6. All but 521 of the events are correlated
spatially and temporally with earthquakes al-
ready reported in various global bulletins of seis-
micity. Of the 521 previously unknown events,
about 450 occur along plate boundaries or in
other tectonically active zones. Many are located
along the ridge-transform system in the Southern
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Fig. 1. Topographic map of southern Greenland and vicinity. The white line shows the location of the
northern mid-Atlantic ridge. Red squares show the locations of detected earthquakes not previously reported
in the earthquake bulletins of the NEIC or the ISC. Five previously unknown earthquakes were detected in the
seismically active region near the plate boundary, and 42 previously unknown earthquakes (4.6 = M = 50)
were detected near the coast of Greenland. White arrows show the horizontal slip azimuths obtained in CSF
inversions of teleseismic data for five well-recorded events (on 19 April 1999, 24 April 1999, 16 August 2000,
15 September 2000, and 28 December 2001; see table S1). The black hexagon at the tip of each arrow
indicates the centroid location obtained in the inversion.

24 OCTOBER 2003 VOL 302 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on March 6, 2012


http://www.sciencemag.org/

Hemisphere, where it is known that traditional
detection methods occasionally fail to detect reg-
ular M ~ 5 earthquakes (7, 12).

Of the remaining earthquakes, 46 are lo-
cated in glaciated areas. Forty-two of the
earthquakes of 4.6 = M = 5.0 are located
beneath Greenland (Fig. 1, table S1), an area
otherwise known for its low level of seismic-
ity (/3). One earthquake is located in the
Denali range, Alaska (Fig. 2), and three earth-
quakes are located on the Antarctic coast.

The Alaska earthquake (M = 5.0) occurred
within the regional Alaska Seismographic Net-
work, which in this area normally detects and
reports earthquakes of much smaller magni-
tudes, often below M = 1.0. In addition to
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being recorded well at globally distributed sta-
tions at teleseismic distances, the earthquake
was serendipitously recorded by instruments of
the BEAAR (Broadband Experiment Across
the Alaska Range) experiment (/4), a tempo-
rary deployment of PASSCAL (Program for
Atrray Seismic Studies of the Continental Litho-
sphere) broadband seismometers. These data
provided an opportunity to investigate the
source characteristics of one of the previously
undetected glacial earthquakes in greater detail.

Short-period seismograms for the Alaska
earthquake recorded at the BEAAR array have
unusually small amplitudes. At a distance of
200 km from the epicenter, the maximum short-
period amplitude is only 5% of that of a regular
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Fig. 2. Topographic map of the epicentral area of the Alaska earthquake, showing the locations of
the two BEAAR stations closest to the earthquake (squares) and the earthquake location (circle)
and horizontal direction of sliding (arrow) determined in the CSF inversion. Note the similarity
between the geometry of the Dall glacier (shown by the white bar) and the sliding azimuth.

Fig. 3. Seismograms from the Alaska

glacial event (4 September 1999, BB

Glacial A=214 km

61.1 um/s

15:15:20.0) (top two traces) and a
nearby, tectonic, M = 4.2 earth-
quake (bottom two traces) recorded
at comparable distances (A) by
BEAAR stations YAN and GOO. For
each trace pair, top shows broad-
band (BB) (0.00833 to 20 Hz) veloc-
ity record, and bottom shows fil-
tered long-period (LP) (0.01 to 0.2
Hz) velocity record. Vertical scale is
shown by labeled height of line on
right. The seismograms are aligned
at the predicted P-wave arrival time.
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M = 4.2 earthquake (Fig. 3). Long-period seis-
mograms for the glacial event have large am-
plitudes and show a complex, low-frequency
surface-wave arrival, indicating a source-pro-
cess time of tens of seconds.

The long-period data from the BEAAR ar-
ray were used together with long-period surface
waves from the global network to model the
seismic source. We initially used the Harvard
centroid-moment-tensor (CMT) method (75,
16) to invert for a standard moment-tensor
source. These inversions failed to fit the phase
of the Rayleigh and Love waves for the nine
closest-in stations and did not result in a stable
centroid location. We concluded that a moment
tensor, the standard physical model for earth-
quake sources, was inadequate to represent the
forces active in this earthquake.

Our inability to model the waveforms sat-
isfactorily with a standard, faulting source
model, together with the direct association of
the new earthquakes with major glaciers, led
us to consider alternative models. The long-
period seismic signals from large landslides
have been successfully modeled with single
forces (17, 18). When a slide initiates, the
ground beneath the sliding mass rebounds
elastically up-dip as the sliding mass gains
momentum in the opposite direction. At the
end of the sliding episode, the sliding mass
loses momentum, and a frictional force is
again applied to the underlying ground in the
down-dip sliding direction. We formalize the
inversion for this class of sources following
Kawakatsu (/8) and parameterize our inver-
sion in terms of a centroid single force (CSF).

The CSF inversion leads to a stable result
and a better fit of the synthetic seismograms to
the data than that achieved with the CMT in-
version (/9). In particular, the phase of the
Rayleigh and Love waves is well predicted by
the CSF source. At a few stations located nearly
perpendicular to the sliding direction, the nearly
nodal Rayleigh waves have a minor phase shift
with respect to the model predictions. This may
be caused by a number of factors, including a
spatially extended source, a small change in
sliding direction during the event, or refraction
of the Rayleigh wave as it travels along the
Denali range and the deeper, subducted slab.

The CSF analysis results in an improved
estimate of the location of the long-period
source and the geometry and magnitude of the
active forces. The seismograms provide good
constraints on a location at 62.66°N and
152.43°W. This location agrees with an esti-
mate obtained from polarization analysis of
Rayleigh waves and with short-period P-wave
arrival times at the four closest stations. We
estimate the uncertainty in the CSF location to
be 15 to 30 km. The seismic location is only
~15 km west of the Dall glacier, and we there-
fore believe that the earthquake is likely to be
associated with this glacier. The geometry of
the CSF corresponds to a sliding azimuth of
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138°, consistent with the down-slope direction
of the Dall glacial valley (Fig. 2). The down-dip
slope of the sliding motion is 9°, somewhat
steeper than the glacial valley. This quantity is
less well constrained than the azimuth, and a
horizontal CSF fits the data nearly as well.

The CSF analysis yields an estimate of the
twice-time-integrated active force couple,
which in the mass-sliding model can be inter-
preted as the product of mass and distance (18).
For the Dall glacier event, the value of this
parameter is 1.3 X 10'* kg m, corresponding to,
for example, the displacement of 10 km?® of ice
by 13 m. We are, however, not able to place
independent constraints on mass or distance, so
movements of larger or smaller masses over
shorter or longer distances are equally consis-
tent with our results. The difference between
the earthquake origin time determined from the
short-period seismograms and the centroid time
is 26 s. Examination of the local long-period
seismograms and visual comparison with syn-
thetic waveforms generated for different source
durations indicate that the earthquake duration
was longer than 30 s and shorter than 60 s. We
used a source-process time of 40 s in the inverse
modeling of the waveforms. The derived source
parameters are not sensitive to the duration
within the range 30 to 60 s.

Examination of several of the newly detect-
ed earthquakes beneath Greenland (Fig. 1) indi-
cates that they are analogous to the Dall glacier
carthquake, and we infer that they are examples
of a previously unknown class of earthquake
associated with rapid mass movement in gla-
ciers. We speculate that the dynamics of the
seismic events are controlled by stick-slip mo-
tion of the glacier along its basal surface and that
the phenomenon involves the displacement of a
large mass over a relatively short distance.
Microearthquakes occur in association with gla-
ciers (20, 21), and some have been linked to
sliding motion on so-called sticky spots (22—
24), which represent patches of resistance to slip
along the glacier base. Rapid variations in pore
pressure at the glacier base (25) or the nonlinear
weakening of a deforming till (26) may generate
conditions for rapid lowering of the effective
friction, growth of a slipping patch, and sudden
large-scale motion of the glacier. Whether the
newly detected earthquakes belong to a distri-
bution of glacial slip events with well-defined
size-duration and size-frequency relationships
remains an open question.

A seasonal variation in the frequency of
glacial earthquakes on Greenland is seen in the
data (table S1), with fewer events occurring
from January to March than during the rest of
the year. The small number of earthquakes
detected on Antarctica as compared with
Greenland also suggests that climate influences
the conditions necessary to cause or trigger
glacial earthquakes. Surface melting, which is
widespread in Greenland during the summer
(27), is likely to cause increased water pressure

at the base of the glacier (28) and may be one
important trigger for the earthquakes. Addition-
al investigations, such as by continuous Global
Positioning System monitoring and close-in
broadband seismic recording, are needed to elu-
cidate further the physical processes responsi-
ble for these glacial earthquakes.
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Air Pollution and Climate-Forcing
Impacts of a Global
Hydrogen Economy

Martin G. Schultz,* Thomas Diehl,’ Guy P. Brasseur,’
Werner Zittel?

If today’s surface traffic fleet were powered entirely by hydrogen fuel cell technology,
anthropogenic emissions of the ozone precursors nitrogen oxide (NO,) and carbon
monoxide could be reduced by up to 50%, leading to significant improvements in air
quality throughout the Northern Hemisphere. Model simulations of such a scenario
predict a decrease in global OH and an increased lifetime of methane, caused primarily
by the reduction of the NO, emissions. The sign of the change in climate forcing caused
by carbon dioxide and methane depends on the technology used to generate the
molecular hydrogen. A possible rise in atmospheric hydrogen concentrations is unlikely
to cause significant perturbations of the climate system.

It is now widely accepted that the increased
combustion of fossil fuels since the industrial-
ization of the Western world has led to unprec-
edented changes in the chemical composition of
Earth’s atmosphere, with multiple consequenc-
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es for regional air quality and the global climate
system (/, 2). For example, despite efforts in
several countries to control emissions from car
exhaust and stationary sources, the hemispheric
background concentrations of tropospheric
ozone did not decline after 1985, when catalytic
converters were introduced in the United States
and Europe (3, 4). On the contrary, many
regions in the world have observed a serious
degradation of air quality over the past de-
cade, due to increased motorized traffic and
industrial emissions (5).
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