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Abstract We identify a unique type of seismic source in the uppermost part of the East Antarctic Ice Sheet
recorded by temporary broadband seismic arrays in East Antarctica. These sources, termed “firnquakes,” are
characterized by dispersed surface wave trains with frequencies of 1–10Hz detectable at distances up to
1000 km. Events show strong dispersed Rayleigh wave trains and an absence of observable body wave
arrivals; most events also show weaker Love waves. Initial events were discovered by standard detection
schemes; additional events were then detected with a correlation scanner using the initial arrivals as templates.
We locate sources by determining the L2 misfit for a grid of potential source locations using Rayleigh wave
arrival times and polarization directions. We then perform a multiple-filter analysis to calculate the Rayleigh
wave group velocity dispersion and invert the group velocity for shear velocity structure. The resulting velocity
structure is used as an inputmodel to calculate synthetic seismograms. Inverting the dispersion curves yields ice
velocity structures consistent with a low-velocity firn layer ~100m thick and show that velocity structure is
laterally variable. The absence of observable body wave phases and the relative amplitudes of Rayleigh waves
and noise constrain the source depth to be less than 20m. The presence of Love waves for most events
suggests the source is not isotropic. We propose the events are linked to the formation of small crevasses in the
firn, and several events correlate with shallow crevasse fields mapped in satellite imagery.

1. Introduction

A wide variety of different types of seismicity associated with glaciers and ice sheets (so-called icequakes)
have been documented in the scientific literature. Icequakes occur when glacial ice experiences brittle defor-
mation resulting in the outward radiation of seismic energy in the form of elastic waves, similar to traditional
earthquakes. Glaciers (including those in the Transantarctic Mountains (TAM) and other alpine regions)
experience high rates of low-magnitude (M< 2) seismicity that is often recordable within the noise environ-
ment only at local distances (1–10 km).

Probably the most common type of icequake, observed in a variety of settings, is that caused by surface
cracking and crevassing [Neave and Savage, 1970]. Seismicity is also often associated with crevasse formation
and propagation [Walter et al., 2009; Mikesell et al., 2012; Röösli et al., 2014]. Icequakes associated with basal
slip or tensile fracture are quite common and often correlate with changes in subglacial water pressure
[Anandakrishnan and Bentley, 1993; Walter et al., 2008]. In Norway, seismicity has been associated with
accelerated basal slipping directly linked to an increase in intake from surface melt [Moore et al., 2013]. In
Switzerland, seismicity has been recorded associated with both surface runoff [Canassy et al., 2012] and
following the outburst of a glacier dammed lake [Roux et al., 2010]. In Greenland, seismicity has been
associated with supraglacial lake drainage events [Carmichael et al., 2015]. At Taylor Glacier in
Antarctica, seismic multiplets triggered by melt are used as a proxy for melt production [Carmichael
et al., 2012]. Icequakes commonly occur as multiplets or repeating events in a variety of settings including
outlet glaciers [Zoet et al., 2012]. A single region can demonstrate different types of repeating icequakes,
such as Mount Rainier where they can be shallow and low frequency representing stick-slip motion at the
base of alpine glaciers [Thelen et al., 2013] or they can be low-frequency events located high on the edifice
and triggered by snow loading [Allstadt and Malone, 2014]. The bases of alpine glaciers are also
susceptible to tensile stresses that produce near-horizontal faults in basal ice layers [Walter et al., 2010].
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Alpine glaciers can experience precur-
sory seismicity to large ice movements
such as ice avalanches as seen on
Iliamna volcano in Alaska [Caplan-
Auerbach and Huggel, 2007]. Seismicity
has been observed in areas beyond
alpine glaciers such as events asso-
ciated with propagating rifts in ice
shelves [Heeszel et al., 2014]. Outlet
glaciers are another typical icequake
location and can produce repeating
rupture from asperities [Bannister and
Kennett, 2002; Danesi et al., 2007; Zoet
et al., 2012] or in other cases microseis-
micity [West et al., 2010; Byers et al.,
2013]. Seismic energy from icequakes
can be used to constrain the seismic
velocity of glaciers and ice sheets [e.g.,
Walter et al., 2015].

Outlet glaciers can also experience a
completely different type of ice seismi-
city that is observed teleseismically in
the long period (30–150 s) band
[Ekström et al., 2003; Tsai et al., 2008;
Chen et al., 2011; Bartholomaus et al.,
2012; Walter et al., 2012]. Tsai and
Ekström [2007] identified numerous
slow glacial earthquakes on Greenland
tidewater outlet glaciers and Nettles
and Ekström [2010] identified several
Antarctic slow events that appear to
result from calving processes. In
Antarctica a new type of large-scale
long period ice seismicity has been
identified on the Whillans Ice Stream
associated with the tidally modulated
stick-slip motion at the base of the ice
stream [Wiens et al., 2008; Walter et al.,
2011; Winberry et al., 2011, 2013; Pratt
et al., 2014].

Most ice seismicity can only be well studied in areas where local or regional seismic networks have been
deployed. Unfortunately, large ice sheets such as the interiors of Antarctica and Greenland present logis-
tical and environmental challenges to seismic deployments and so have not been well instrumented.
However, recent technological developments permit the operation of autonomous seismographs on
remote ice sheets for extended periods of time, allowing previously unstudied parts of the Antarctic inter-
ior to be instrumented and monitored. This study makes use of 26 seismographs operated from late 2008
to late 2009 on the East Antarctic interior, including in most cases over the winter, as part of the
Gamburtsev Subglacial Mountains Seismic Experiment (GAMSEIS) component of the broader
Antarctica’s Gamburtsev Province (AGAP) initiative [Hansen et al., 2010; Heeszel et al., 2013] (Figure 1).
The improvement in instrumentation, increase in the number of sensors, and decreased distance to poten-
tial source locations allow detection and study of seismic sources associated with the cryosphere over
large regions and at lower magnitude levels than was previously possible.

Figure 1. Location of seismic stations and events. (a) Map showing
location of events and location of stations used in study. Box shows extent
of Figure 1b. (b) Detailed map of events and stations plotted over Mosaic of
Antarctica (MOA) [Scambos et al., 2007]. Red crosses show locations of
mapped crevasses by Byers, et al. (manuscript in preparation, 2015).
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Here we identify a previously unreported
type of icequake, characterized by
high-frequency (1–10Hz) seismic surface
waves traveling in the East Antarctic Ice
Sheet (Figure 2). These events have dis-
tinctive seismic waveforms, including
the complete absence of visually observa-
ble body waves. Some events show only
Rayleigh waves, whereas others show
both Rayleigh and Lovewaves. The group
velocities of the Rayleigh wave arrivals
are on the order of 1.7 km/s, consistent
with the expected propagation velocity
of Rayleigh waves in ice. Dispersion is
apparent on all waveforms (Figure 2)
but the frequency range varies from
event to event, with most showing
amplitudes above the noise level at
frequencies from 1 to 5Hz, and higher
frequencies observable for some events.
Several events are large enough to be
detected across the entire GAMSEIS
array (nearly 1000 km, Figures 3 and 4),
whereas others are only observed on
the closest stations (several hundred
kilometers). Similar, albeit smaller events
located in East Antarctica about 400 km
west of the Miller Range of the TAM
were recorded by instruments deployed
as part of the Transantarctic Seismic
Experiment (TAMSEIS, 2001–2003) experi-
ment (Figure 5). Additional events in this
region with similar waveforms were
triggered by surface waves from the
2010 Mw 8.8 Maule earthquake in Chile
[Peng et al., 2014].

Surface waves with sufficient energy to be detectable across several hundred kilometers of ice sheet have not
been previously identified in the literature, and so their source represents a new type of ice seismicity. Here
we describe the characteristics of these ice events and in particular analyze in detail the two best recorded
events during the GAMSEIS deployment. We will show that these events represent faulting or cracking within
the shallowest part of the firn layer and suggest that they accompany the formation of small crevasse fields
observed in the shallow firn layer, particularly in wind-glazed regions surrounding the central part of East
Antarctica. We use the term “firnquake” for these newly observed seismic sources because they are highly
energetic sources that clearly occur in the firn layer. The term “firn quake” or firnquake has previously been
used to describe several types of sudden phenomena within the firn layer, including “whumpfs” [Sorge, 1933;
Den Hartog, 1982; Johnson et al., 2005; Heierli, 2005], which are sudden collapses within the firn layer. In this
paper we use this term without any assumption about the source mechanism but will review possible inter-
pretations in the discussion section.

2. Data

This study primarily uses data from the AGAP/GAMSEIS project recorded between December 2008 and
December 2009, with additional analysis of some events recorded by the TAMSEIS project in 2002. The
US component of the GAMSEIS project installed 24 seismic stations in the Gamburtsev Mountains of

Figure 2. Examples of waveforms from several station/event pairings.
Dispersed Rayleigh waves are clearly visible on both vertical and radial
components while weaker Love waves are visible as earlier arrivals on the
transverse components. Signals are band-pass filtered between 1 and
5 Hz. Time scales on the x axis are relative to the event origin time.
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East Antarctica (Figures 1 and 4) with
the intent to determine the uplift and
support mechanisms of the subglacial
mountain range [Hansen et al., 2010;
Heeszel et al., 2013]. Each station
included a broadband seismic sensor
installed on a leveled pad with a fiber-
glass insulating cover beneath a rigid
protective dome, at a depth of about
1m below the snow surface. GAMSEIS
stations utilized one of two types of
sensors: either Guralp cold-weather
3T or Trillium T-240 instruments. Data
were recorded by a Quanterra Q-330
data logger at 40 Hz and 1 Hz sample
rates. The equipment was powered
by lead acid batteries recharged by
solar panels over the austral summer
and primary lithium batteries over
the winter, with the batteries and data
logger housed in an insulating box. A
Xeos iridium modem provided state

of health information and small samples of 1 Hz data via satellite connection. Most of the stations
operated successfully over the Antarctic winter, and data return for 2008–2009 was about 90% of the
possible data.
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Figure 3. Record section for event on 31 March 2009. Vertical component
waveforms have been band-pass filtered between 1 and 5 Hz. Time scale
on the x axis is relative to the event origin time. Y axis is proportional to
distance to event epicenter (km).

Figure 4. Detailed map of 2009 events and stations plotted over MOA [Scambos et al., 2007]. Red crosses show locations of
mapped crevasses by Byers et al. [2013].
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We also locate and discuss firnquakes recorded by the TAMSEIS project in 2002, which had been noted earlier
during that experiment but were not recorded well enough for a complete study at that time. TAMSEIS seis-
mic stations were an earlier generation of the polar seismic instrumentation and used standard Guralp 3T
sensors and Reftek RT72-08 data loggers [Barklage et al., 2009]. Lithium batteries were not available so lead
acid batteries were used and recharged by solar panels and wind turbines. These limitations in power meant
TAMSEIS stations could only run when solar power was available to recharge the batteries, thereby limiting
continuous data collection only to 4 or 5 months of austral summer each year. TAMSEIS data in this study cov-
ers January to March 2002 and is limited to six stations (approximately 400 km; Figure 1). TAMSEIS stations are
situated in a linear pattern (Figures 1 and 5), which leads to poor location accuracy; therefore, we have limited
our analysis of the TAMSEIS events to approximate source epicenter and magnitude.

3. Methods
3.1. Detection and Location

We analyzed the 2009 GAMSEIS data for seismicity using the short-term average long-term average event
detector in the Antelope software package [Harvey, 2003]. We first discovered the firnquakes when locations
could not be determined assuming the detected arrivals were conventional P or S wave arrivals. Closer
inspection revealed that the arrivals consisted of Rayleigh waves, as indicated by the retrograde, elliptical par-
ticle motions confined to the source-to-receiver plane.

We then located the events using a grid search algorithm that minimized the L2 misfit in predicted arrival
times, assuming velocities appropriate for Rayleigh waves propagating in the ice sheet. The first Rayleigh
wave arrival time on the vertical component was picked (reminiscent of Pwave picking in traditional location

Figure 5. Detailed map of 2002 events and stations plotted over MOA [Scambos et al., 2007]. Red crosses show locations of
mapped crevasses by Byers et al. [2013].
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algorithms) with a quality of A, B, or C assigned based on the reliability of the pick which was then factored
into the error weighting. We initially assumed that the Rayleigh waves traveled at the 1Hz group velocity
appropriate for the shear wave velocity structure of the South Pole [Albert, 1998]. For well-recorded events,
we also performed a grid search over the Rayleigh wave group velocity to determine if a different velocity
might lead to a better fit. Overall, we found 1.7 ± 0.5 km/s to be an appropriate average group velocity,
although other similar velocities produce only very small changes in event location and origin time. We first
used an equidistant grid of 0.3° (approximately 33 km) centered near the geographic South Pole covering the
entire Antarctic continent to determine an initial location. We then refined the search using a denser grid spa-
cing of 0.05° (approximately 5 km) or 0.02° (approximately 2 km) centered at the initial location for well-
recorded events.

The events recorded in 2002 by TAMSEIS were initially identified as unusual arrivals but they could not be well
located and characterized due to the linear array geometry. In this study we reanalyze all the previously iden-
tified events, some of which were actual earthquakes, in the same manner as the GAMSEIS events from 2009
to constrain event locations using an appropriate velocity structure.

Some events, especially the events recorded by TAMSEIS in 2002, do not have a good azimuthal coverage in
recording stations (Figure 5). To improve the locations, we incorporated polarization information from the
recorded Rayleigh waves in the grid search algorithm whenever an accurate polarization direction could
be determined. Rayleigh waves have a retrograde elliptical polarization in the radial plane (the vertical plane
including the source and receiver), so that polarization measurements provide information on the direction
of the event origin from each station. We determined the azimuth of the origin from the station with a 180°
ambiguity using the polarization of the two horizontal components, determined using eigenvalue decompo-
sition of the correlation matrix [Montalbetti and Kanasewich, 1970]. Then we rotated the waveform into the
polarization plane and plot the particle motion of the Rayleigh wave; a retrograde elliptical particle motion
indicates the correct direction.

The final locations were determined by minimizing the combined misfit function:

E ¼
Xn

i¼1

obsered arrivali " predicted arrivalið Þ2

arrival time σ2i
þ
Xn

i¼1

observed azimuthi " predicted azimuthið Þ2

azimuth σ2i
(1)

Traveltime picks and polarization directions were each assigned a quality rating (A, B, and C) and average
standard deviation values were assigned for each quality. Arrival picks of quality “A” an arrival time standard
deviation of 1.41 s, “B” quality events were assigned 2.24 s, and “C” quality events were assigned 4.0 s.
Similarly, we assigned polarization standard deviations: A quality polarization directions an azimuth standard
deviation of 4°, B quality of 8°, and C quality of 16°. The estimated azimuth standard deviations are large
enough that the solutions are more dependent on arrival times, unless the arrival times fail to adequately
constrain the location. The best recorded events show small errors in both arrival time (average misfit for
high quality picks is less than 2 s) and polarization direction (average misfit for high quality polarization
directions is less than 10°), whereas smaller events with fewer observations and poor signal-to-noise ratios
tend to show larger errors.

3.2. Cross-Correlation Scanner Detection

After locating events initially detected by the GAMSEIS seismicity studies, we identified additional firnquakes
having similar waveforms using a single channel cross-correlation scanner [Stankova et al., 2008]. We used
the waveform recorded at the nearest station from each located event as a correlation detector template
and scanned the rest of the recordings from that station for further events. Using the 26 March 2009 event
recorded at the nearby station P124 as the template waveform yielded nine additional events large enough
to be recorded on more than three stations, and many events recorded on only two stations. Using the other
events as templates did not yield any additional events at a reasonable cross-correlation level. The additional
nine larger events were then located using the methods described above. Table 1 lists all events with well-
constrained locations.

3.3. Jackknife Location Uncertainty Estimation

We tested the robustness of our final locations by applying a jackknife estimate of variance [Efron and Stein,
1981]. The jackknife is a simple calculation to help us evaluate the consistency of our solutions and provide an
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estimate of the standard deviation of the location parameters. The jackknife algorithm involves systemati-
cally removing one observation from the grid search input and rerunning the search on the abbreviated
data set. After running the search with each observation removed we then calculated the distance
between the location with all observations and each location with a single observation removed (S(i)).
We followed the calculations of Efron and Stein [1981] to calculate the variance and standard deviation
for the population of solutions:

σ2 ¼ n" 1
n

Xn

i¼1

S ið Þ " S &ð Þ
! "2 (2)

where

S &ð Þ ¼
Xn

i¼1

S ið Þ

n
(3)

We report the 1σ standard deviation (square root of the variance) in kilometers in Table 1.

3.4. Magnitude Calculation

We calculated a local magnitude (ML) for each event by determining the median of the magnitudes calculated
for each individual observation. The local magnitude is given by [Stein and Wysession, 2003]:

ML ¼ log
A
T
þ 2:76 log Dist " 2:48 (4)

where A is the amplitude in microns of the waveforms sampled at period T (we use T=1 s making the first
term simply logA) and Dist is the distance (in km) between source and receiver. Magnitudes are given for
each event in Table 1.

Table 1. Event Information

Date Julian Origin Latitude Longitude Uncertainty Number Number ML
(Month/Day/Year) Day Time (deg) (deg) 1σ (km) Arrivals Azimuths (Median)

01/28/2009 028 01:25:42 "78.80 73.82 2.08 9 9 1.11
03/26/2009 085 09:08:32 "78.79 73.79 11.13 13 10 2.30
03/31/2009 090 18:45:42 "80.29 54.30 27.72 19 18 2.38
04/05/2009 095 07:25:32 "77.60 73.77 39.04 7 5 1.70
04/17/2009 107 11:18:53 "79.89 74.27 66.68 7 6 1.99
04/21/2009 111 06:16:29 "78.69 74.00 2.67 11 8 1.55
04/27/2009 117 10:36:52 "82.43 72.38 96.05 8 5 1.45
05/09/2009 129 06:27:16 "78.57 76.22 8.99 4 4 1.41
06/10/2009 161 08:29:26 "78.66 71.37 4.85 5 5 1.29
07/09/2009 190 02:40:04 "78.82 73.76 5.87 6 6 1.20
07/12/2009 193 15:43:35 "84.93 129.62 30.63 13 11 2.92
08/05/2009 217 04:31:01 "81.37 84.53 71.31 10 4 1.71
08/17/2009 229 18:39:28 "78.09 70.24 6.17 7 5 1.44
10/05/2009 278 00:56:17 "78.76 71.37 9.58 6 4 1.62
10/30/2009 303 13:27:36 "78.10 72.65 16.00 5 5 1.55
11/04/2009 308 00:12:19 "78.35 72.64 3.84 5 5 1.41
11/30/2009 334 00:10:32 "78.84 73.99 10.51 8 7 1.36
12/19/2009 353 02:25:23 "78.81 73.76 2.94 9 8 1.40
01/28/2002 028 08:30:24 "82.72 131.47 2.97 6 6 1.78
01/30/2002 030 09:18:02 "79.93 128.04 4.89 5 5 1.49
01/30/2002 030 19:31:02 "82.02 130.75 2.26 6 5 1.57
01/31/2002 031 06:15:09 "82.03 132.19 <2 6 4 1.46
01/31/2002 031 14:05:44 "81.68 131.47 16.93 5 5 1.24
01/31/2002 031 18:15:19 "81.76 131.12 8.23 5 5 1.52
02/01/2002 032 08:06:42 "81.76 130.42 5.59 5 5 1.41
03/03/2002 034 17:30:29 "80.29 133.84 11.13 5 3 0.39
03/04/2002 035 11:00:25 "82.20 130.73 3.75 5 5 1.58
03/06/2002 037 08:49:56 "81.85 131.47 3.02 5 5 1.52
03/08/2002 039 10:26:53 "82.02 130.75 <2 7 6 1.67
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3.5. Rayleigh Wave Dispersion
Analysis

Analysis of the group velocity dispersion
of the Rayleigh wave trains can help us
further understand the waveforms and
may place important constraints on the
ice velocity structure between the
source and receiver. To achieve this
aim, we performed multiple-filter tech-
nique (MFT) analysis [Dziewonski et al.,
1969] on the vertical component wave-
form for several well-recorded events
(Figure 6). In total we ran MFT analysis
on 57 station/event pairs, some of the
best examples are shown in Figures 6
and 7. The MFT calculates a group velo-
city dispersion curve of the observed
seismic wave for a source with known
distance [Herrmann, 2013]. A narrow
band-pass Gaussian filter is applied to
the data around a series of center fre-
quencies, and the time axis is converted
to velocity. The maximum of the envel-

ope of the filtered signal corresponds to the velocity of the group velocity arrival at each frequency
[Herrmann, 2013].

We inverted the resulting dispersion curve to determine the best shear velocity structure using partial deri-
vatives calculated by frequency-wave number integration (Figure 7). Following Herrmann [2013], we ran an
iterative linearized inversion beginning with a starting input model until the calculated velocity approxi-
mated the observed data. The inversion calculates the misfit between the observed data and the current
model (starting with the initial input model) and adjusts the model with each iteration to reduce misfit.
The procedure requires that layer thicknesses be specified a priori, so layer thicknesses must be chosen to
provide reasonable resolution, which can be checked using the resolution matrix of the inversion. If many
thin layers are used there is significant trade-off between layers and very little velocity resolution in the
individual layers [Douma and Haney, 2013], we therefore adopt a model utilizing 50m thick upper layers
and progressively thicker layers with depth (Table 2). The best fitting models retain some trade-off in the
upper 2–3 layers, as indicated by the resolution matrices (Figures 7d and 7h).

The starting model for the velocity inversion was based on a study by Albert [1998] of the seismic velocity and
density of ice in a borehole 10 km from the South Pole (Table 2). South Pole is located on the interior of the
East Antarctic ice sheet a few hundred kilometers from the GAMSEIS array, with roughly similar temperature
conditions and so represents a reasonable approximation to the ice sheet in the study region. Average values
for glacial ice [Albert, 1998] were used for depths greater than 200m. Velocities were inverted using both an
ice half-space and a model with ice over a rock half-space. However, as the Rayleigh wave eigenfunctions are
entirely in the ice layer for the observed frequencies and East Antarctic ice thicknesses, our final models use
ice velocities for the half-space and do not contain a rock layer. The dispersion curves are able to fit the data
very well for most of the stations (Figures 7c and 7g). We used only the well-fit data in our further investiga-
tions and modeling.

3.6. Reflectivity Synthetic Calculations

Wemodeled the waveforms associated with several station event pairings following the reflectivity methods
of Kennett [2001] in order to constrain the source depth. This method calculates the complete seismic
response for a specifiedmoment tensor source mechanism and a given 1-D velocity, density, andQ structure.
We estimated a QP of 200–400 and a QS of 90–180 for Antarctic ice based on values reported in various stu-
dies [Gusmeroli et al., 2010; Peters et al., 2012]. We compared several different velocity and density structure

Figure 6. Example of processing window for multiple-filter technique
(MFT) analysis [Herrmann, 2013] for the 26 March 2009 event recorded
at station GM05. Colors and contours represent spectral amplitude; hot
colors are highest amplitude. Black symbols represent local peak spectral
values after a 2-D search over group velocity/period grid, with square
symbols representing the highest peaks. White symbols are selected
dispersion values.
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inputs. The first model was adapted from Albert [1998] for all ice layers with preliminary reference Earth
model for underlying rock layers. We also tested structures taken directly from the MFT dispersion curve
inversions. Most structures from the dispersion curve inversion show one or more slight low-velocity zones,
we additionally modified such structures to only allow velocity to increase with depth. The final model for the
26 March 2009 event recorded at station P116 is shown in Table 3, with upper crustal layers from a global
velocity model added.

Although the general arrival times and characteristics of the waveforms can be well fit, the complex, high-
frequency nature of the dispersed arrivals, and the deviation of the actual ice structure from the path average
1-D structure used here prevent an exact match between the observed and calculated waveforms. Thus, we

Figure 7. Examples of inverting the observed dispersion curves for shear velocity structure for two station/event pairs.
(a) Waveform for event on 26 March 2009 recorded at station N198 (203 km distance). Time scale on the x axis is relative to
the event origin time. (b) The input model (blue) and final s velocity inversion model (red). (c) The fit of the calculated
dispersion curve (line) to the data (triangles). (d) The resolution matrix for the s velocity inversion, indicating that the top
three layers and the bottom half-space layer are not independently resolved. (e) Waveform for event on 31 March 2009
recorded at station GM05 (116 km distance). (f) The input model (blue) and final s velocity inversion model (red). (g) The fit
of the calculated dispersion curve (line) to the data (triangles). (h) The resolution matrix for the s velocity inversion,
indicating that the top two layers and the bottom half-space layer are not independently resolved.
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computed the envelope function of
both the observed and the synthetic
waveforms and compared the ampli-
tudes. To evaluate the likely source
depth, we computed reflectivity syn-
thetic waveforms for hypothetical
sources at different depths (from the
ice surface to middle-to-lower ice layers)
and compared them to the observed
seismograms (Figure 8). These tests
were done for a variety of possible
moment tensors including strike-slip

and dip-slip double couple sources as well as implosion sources in order to ascertain if there is a significant
difference in the amplitudes of surface and body waves with variation in source mechanism.

4. Results
4.1. Locations

We locate events in two general areas controlled by the location of the individual arrays. There are 18 events
recorded by enough stations to be well located in 2009 (Table 1), with all events occurring within the confines
of the GAMSEIS array (Figure 4). Table 1 lists only the events large enough to be observed on multiple sta-
tions. Many events detected by the cross-correlation scanner in the vicinity of station P124 (Figure 4) are
too small to be observed on additional instruments and therefore cannot be located. Event magnitudes
range between ML 1.11 and 2.92, with an average magnitude of ML 1.66. Many of the event epicenters are
well constrained, with jackknife uncertainties of less than 10 km.

The events occurring in 2002 are closely grouped about 400 km from the TAM and within 300 km of the
TAMSEIS stations (Figure 5). These events are typically smaller than the events recorded in 2009 (see ML

column in Table 1), are detected at closer distances to the stations, and the duration of the dispersed signal
is slightly shorter (Figure 2b versus Figure 2a). Event magnitudes range from ML 0.39–1.78 with an average
magnitude of ML 1.42. Table 1 lists only the events that were recorded by enough stations to obtain well-
constrained locations, but many more small events were recorded on one or two stations. The number of
events per day in 2002 varies greatly and shows some characteristics of swarms, on some days as many as
10 events can be observed while on other days no events are detected. Unfortunately, the recording stations
form a linear array except for one station which is slightly offline (Figures 1 and 5), which frequently gives two
possible locations, one on each side of the line. Due to this station configuration we use the polarization
direction and the retrograde particle motion of the recorded Rayleigh waveforms to better constrain
event locations.

Table 3. Structure Model From Inversion of the 26 March 2009 Event Recorded at Station P116 and Used for Reflectivity
Synthetic Modelinga

Depth (km) P Velocity (km/s) S Velocity (km/s) Density (g/cm3) Qp Qs

0.00 1.974 1.011 0.456 200 90
0.05 2.736 1.412 0.638 200 90
0.10 3.415 1.740 0.796 400 180
0.20 3.416 1.740 0.796 400 180
0.30 3.537 1.800 0.824 400 180
0.55 3.550 1.807 0.827 400 180
0.80 3.560 1.813 0.830 400 180
1.05 3.747 1.905 0.873 400 180
2.60 5.814 3.208 2.594 1350 600
15.02 6.816 3.909 2.893 1350 600

aDepths denote the depth of the top of constant velocity layers.

Table 2. Starting Model for S velocity Inversiona

Depth (m) P Velocity (km/s) S Velocity (km/s) Density (g/cm3)

0 2.909 1.491 0.691
50 3.382 1.745 0.800
100 3.927 2.000 0.945
200 3.927 2.000 0.945
300 3.927 2.000 0.945
550 3.927 2.000 0.945
800 3.927 2.000 0.945
½ Space 3.927 2.000 0.945

aDepths denote the depth of the top of constant velocity layers.
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4.2. Rayleigh Wave Dispersion Results

The dispersion analysis generally results in models that show an increase in shear velocity with depth.
Velocity typically increases from 1.2 to 1.4 km/s in the upper 50m to around 1.8 km/s by 100–200m depth
and then remains fairly constant through the rest of the ice layers. Even slower velocities are likely present
in the upper few meters of the firn but cannot be resolved with this data. We find variation in the velocity
dispersion between events and even between stations in a single event. This is to be expected as the indi-
vidual station/event pairings reflect the unique path traveled. As the thickness of the firn layer and there-
fore overall compaction of the upper layers is variable, we should anticipate lateral variations in the shallow
velocity structure. Small variations in the determined velocities may also result from uncertainties in the
event locations. The largest frequency range we observe is from approximately 0.8 Hz to 10 Hz (Figure 7),
but in most cases a narrower range of frequencies is visible above the noise level.

The dispersion analysis demonstrates that the observed waveforms are compatible with the known shear
velocity structure of the ice sheet, and also shows that there are regional variations. The results suggest that
the low-velocity firn layer of East Antarctica varies in thickness from aminimum of 100m up to a maximum of
200m (Figures 7b and 7f). Our findings agree with the results from van den Broeke [2008] showing that the
firn layer in East Antarctica is slightly more than 100m. We can also see from the results that shear velocity
is laterally variable (compare Figure 7b to Figure 7f).

4.3. Reflectivity Synthetic Modeling

One conspicuous characteristic of the observed waveforms is the complete absence of body wave arrivals
observable above the noise level, as the signals are dominated by the surface waves. We attempt to replicate

Figure 8. Depth determination from synthetic modeling. (a) Plot of the ratio of maximum Rayleigh wave tomaximumbody
wave amplitude for the 26 March 2009 event recorded at station P116 (113 km distance) compared to the same ratios for
synthetics. The observed ratio between Rayleigh wave amplitude and the background noise level is 11.7, as indicated by
the dotted red line. Synthetics consistent with the data should be near or above this ratio. Other lines show the ratio of
synthetic Rayleigh to body wave amplitudes with increasing depth for four source types. The ratio of synthetic Rayleigh
wave to body wave amplitude approach the ratio of observed Rayleigh wave to noise for the shallowest sources (h< 50m).
(b) Observed data and synthetics calculated for various source depths for the same event and station used in Figure 8a.
Waveforms are vertical component with a 0.9–5 Hz band-pass filter applied, normalized to maximum value. An implosion
source is used to generate synthetics. Times on the x axis are relative to the event origin time. (c) Detail of upper 50 m of
Figure 8a. (d) Observed data and synthetic waveforms calculated for various source types at 50m source depth for same
event and station used in Figure 8a. Waveforms are vertical component with a 0.9–5 Hz band-pass filter applied, normalized
to maximum value.
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this observation with the synthetic seismograms and thereby use it to help constrain the source depth. We
compare the amplitudes of body and Rayleigh waves observed in the modeled waveforms to those recorded
in the observed vertical component noise and Rayleigh wave for several stations recording our largest events
(Figure 8). The amplitude of the noise in the observed seismogram represents the largest possible body wave
arrival, and thus the ratio of Rayleigh wave to noise amplitude represents a lower bound on the observed
Rayleigh wave to body wave amplitude ratio. The Rayleigh wave to body wave amplitude ratio decreases
with increasing source depth for the synthetic seismograms (Figures 8a and 8b). Therefore, in order for a
source depth to be appropriate, the ratio of Rayleigh wave to body wave amplitude in the synthetic must
be greater than the ratio of Rayleigh wave to noise amplitude in the observed waveforms (Figure 8a). Only
synthetic seismograms for the shallowest source depths, at depths less than about 20m, match the failure
to visually observe body wave arrivals above the noise level on the records, suggesting that the source depth
must be extremely shallow.

We generate synthetic waveforms for several generic faults including dip-slip (both normal and reverse),
strike-slip, and implosion (explosion sources produce the same waveform as implosion source with opposite
polarity). Additional double couple sources are tested for a variety of fault strikes, dips, and slips. We also test
the moment tensor for a Mode I tensile crack opening which is essentially a combination of a compensated
linear vector dipole source and an implosion/explosion source [Stein and Wysession, 2003]. All tested source
mechanisms show observable body waves and decreases in the ratio of Rayleigh wave to body wave ampli-
tude with depth further supporting our conclusion of a very shallow source (Figures 8a and 8c). We investi-
gate a variety of depths (1m, 5m, 10m, 25m, 50m, 75m, 100m, 150m, 200m, 250m, 300m, 400m, 500m,
and 750m) for our best station/event pairings. We then calculate the ratio of the amplitude of Rayleigh wave
to body wave for each depth (Figure 8a). The ratio decreases with increased depth for all mechanism types,
and only for the shallowest depths (10–20m) do the synthetic ratios approach the observed ratio of Rayleigh
wave to background noise. For a given focal mechanism we can see that increases in source depth produce
corresponding increases in body wave amplitudes relative to surface wave amplitudes. By 750m, body wave
amplitudes are larger than associated Rayleigh wave amplitudes (Figure 8b). Synthetics calculated with
different source mechanism types are relatively similar for these shallow source depths suggesting that
variations in the body/Rayleigh wave amplitudes are controlled by source depth (Figure 8c). From these tests
we estimate the depths of the events to be in the upper 10–20m of the firn layer.

5. Discussion
5.1. Event Characteristics and Locations

We locate 18 events on the East Antarctic Plateau and 11 events close to the TAM, most of them with a 1σ
uncertainty less than 15 km (Figures 1, 4, and 5). These events are small (ML 0.39–2.92) but much larger than
crevassing events recorded in other glacial settings [e.g., Walter et al., 2009], and the events are recorded to
much larger distances than typical crevasse-related icequakes. The event waveforms show no visually obser-
vable body waves, unlike crevassing events observed on smaller glaciers at closer distances [Neave and
Savage, 1970; Walter et al., 2009]. These characteristics indicate we are likely looking at a previously unre-
ported type of icequake. Alternatively, these events may simply be larger icequakes occurring in a novel
environment, on the interior of a continental ice sheet, resulting in unique waveforms.

Temporal seismicity variations such as diurnal or seasonal patterns can provide important constraints on the
causative mechanism and have been reported for icequakes on Mount Erebus, where they are attributed to
temperature variations in the uppermost firn layer [Rowe et al., 2005]. The 2002 data set is limited to 3months
in the late Austral summer, so is of limited usefulness. However, the 2009 data set extends throughout an
entire year, so should provide some information on seasonality. The 2009 firnquakes occurred throughout
the year in all weather and solar conditions. The only months with no firnquakes were February and
September. There is some evidence for a seasonal pattern, as the highest activity rate occurs from 26
March to 9 May, when 7 out of the 18 events occur within a 45 day period. This time period corresponds
to the onset of the polar winter, so may indicate some connection to seasonal temperature cycles, but a
larger data set will be necessary to confirm this hypothesis.

There are two areas of high event density. A majority of events from 2009 are located to the geographic
northwest of station P124 as the ice slopes downward toward the Lambert Graben (Figure 4) andmost events
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from 2002 are also closely grouped to the south of station N084 (Figure 5). Both of these areas have a dense
population of wind-glazed crevasses and steeper surface slopes [Byers et al., 2013; L. C. Byers et al., manuscript
in preparation, 2015]. It also should be noted that events in these two areas at times exhibit swarm-like beha-
vior, although most of the events during swarm periods are too small to be located with a high degree of
accuracy and as such are not reported in Table 1 or shown in our figures. Several events are scattered beyond
the densely crevassed areas, especially within the GAMSEIS array, but all of these events appear to be iso-
lated, at least within our study period. Areas of multiple firnquakes seem to correlate well with areas of high
crevasse density. There are no similar firnquakes found in a seismicity study of West Antarctica [Lough, 2014],
where there are no reported wind-glazed crevasses. This study has similar station coverage and event
detection capability to the GAMSEIS array and so should readily record firnquakes if they are present. Thus,
we conclude that firnquakes occur much more frequently in East Antarctica, or may be unique to the region.

5.2. Source Depths

The synthetic modeling leads to one main conclusion: the source must be located in the upper 10–20m of
ice. Such a shallow depth (consistent with the depths assumed in other crevasse seismicity studies such as
Neave and Savage [1970]; Chichowicz [1983]; and Walter et al. [2009]) necessitates a source near the top of
the firn layer and precludes the possibility of either a basal or midice source. We further conclude that our
claim that the source must be located in the upper 10–20m of firn is robust, even if a wide variety of source
mechanisms are considered (Figures 8a and 8c). This depth suggests that the firnquakes may likely have a
surface expression at the top of the firn layer that could be observed in satellite photos.

5.3. Interpretation in Terms of Ice Sheet Processes

The observations here provide important constraints on the causative process of the firnquakes. We initially
considered the possibility that the firnquake waveforms resulted from a phenomenon sometimes previously
referred to as firnquakes but more often termedwhumpfs [Sorge, 1933; Den Hartog, 1982; Johnson et al., 2005;
Heierli, 2005]. Whumpfs consist of sudden firn collapse events that may propagate for up to several
kilometers. Detailed field observations are lacking but it is suggested the propagation velocities of whumpfs
can vary greatly from 6m/s up to 330m/s, with total source durations on the order of 10–100 s [Truman, 1973;
Den Hartog, 1982; Heierli, 2005]. Since the waveforms observed here show frequencies ranging from 1 to
10Hz they must involve source durations on the order of a second or less, thus making it unlikely that the
waveforms result from the long-duration whumpfs previously reported. In addition, most of the sources
described here show Love waves and are thus inconsistent with isotropic or vertical single-force sources,
which are the likely source mechanisms for whumpfs. Another inconsistency between whumpfs and
firnquakes is that whumpfs are most often reported as individual events while the events reported here have
shown swarm-like behavior [Sorge, 1933; Den Hartog, 1982; Johnson et al., 2005; Heierli, 2005]. While we are
not able to completely rule out the possibility that whumpfs produce the observed firnquake waveforms,
the previously described characteristics of whumpfs as well as the spatial association of firnquakes with
crevasse fields suggest a crevasse source instead.

Most of the shallowest icequakes previously studied in other environments are associated with traditional
crevasse formation [Neave and Savage, 1970; Walter et al., 2009]. In alpine glaciers, where most previous
crevasse seismicity studies have focused, crevassing often affects only the uppermost 20m or so of ice
[Walter et al., 2009]. However, the East Antarctic Ice Sheet is many times thicker than the alpine glaciers
previously studied and flowing under completely different velocity, slope, and bed conditions producing a
completely different strain regime so there is no reason to expect identical behavior in crevasse formation.
The icequakes reported here should therefore be expected to show variation in characteristics when
compared to previously reported seismicity associated with crevassing.

We investigated the possibility that firnquakes are associated with ice deformation features on the surface,
such as large-scale crevasse fields, especially those that border ice streams and form where ice flows over
large changes in topography. No such features are visible on Landsat Image Mosaic of Antarctica satellite
imagery of the event locations. In addition, velocity maps show the events all occur in regions of low surface
ice velocity and low strain rate [Rignot et al., 2011]. However, many events coincide with mapped small-scale
surface crevasses located on wind-glazed ice surfaces (Figures 1, 4, and 5) [Byers et al., 2013]. Both the 2002
and the 2009 data sets show many of the events clustered spatially in close proximity to a concentration of
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small crevasses (Figures 4 and 5). The correlation between small-scale surface crevasses and seismic events
suggests the two are linked, and this is consistent with the observed very shallow source depth. It is also inter-
esting to note that neither do we observe any firnquakes in West Antarctica nor have any been reported to
date, and no wind-glazed crevasse features have yet been identified in West Antarctica [Byers et al., 2013]. We
therefore expect that firnquakes are rare or absent in West Antarctica as wind-glazed crevasse features have
not been identified there.

Byers et al. [2013] interpreted the wind-glazed crevasse features as the result of tension imposed on randomly
oriented preexisting cracks within the wind-glazed surface. They are smaller features than traditional
crevasses located on the margins of ice streams or associated with large changes in glacier elevation.
Wind-glazed surfaces, denoted by their polished appearance, are found on the leeward slopes of ice sheet
undulations and megadunes in areas of near-zero net surface accumulation resulting from persistent kata-
batic winds [Scambos et al., 2012]. Vertical cracks, termed “macrocracks,” have been observed at many areas
on the plateau most likely linked to areas of low net surface accumulation (such as wind-glazed surfaces)
[Severinghaus et al., 2010]. Macrocracks can enlarge due to sublimation and potentially form the observed
wind-glazed crevasses. Macrocracks are small compared to many types of crevasses, only about 10 cm wide
and are thought to form as a result of thermal contraction during the winter when snow that is sufficiently
hardened can support the buildup of tensile stress and eventually fracture [Severinghaus et al., 2010; Byers
et al., 2013]. The high rate of firnquake activity at the onset of the Antarctic winter during March through
May is consistent with a thermal contraction origin for many of the events. The shallow depth of the
firnquakes is also consistent with their association to the shallow macrocracks, which are thought to aid air
circulation through the East Antarctic firn layer up to a depth of 23m [Severinghaus et al., 2010]. Although still
subject to confirmation, a compelling case can bemade for associating the firnquakes with the formation and
enlargement of contraction cracks near the surface of the ice sheet in wind-glazed terrains.

6. Conclusions

We report a previously undocumented type of seismic source in the upper snow layers of the East Antarctic
Ice Sheet that we denote as firnquakes. We detected events in two different field deployments on the East
Antarctic interior: the 2009 GAMSEIS deployment and the 2002 TAMSEIS deployment. The seismic signals
are measurable at distances of nearly 1000 km and are characterized by dispersed 1–10Hz Rayleigh waves,
with no observable presence of direct P and S arrivals. Analysis of the Rayleigh wave dispersion yields shear
wave velocity structures that are compatible with shear velocity structures known from ice cores. These
results demonstrate that the waveforms represent Rayleigh waves propagating entirely within the ice sheet.
Waveformmodeling shows that these arrivals must have been generated by sources within the firn layer, and
probably in the upper 20m. Due to the shallow event hypocenters and correlation to mapped crevasse
locations, we propose they are most likely associated with crevassing in regions of persistent katabatic winds
and surface glazing. Future follow-on studies of the source moment tensors may yield further insight into the
physical processes causing these events.
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