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Abstract

A comparative analysis was performed on datasets from two Global Seismographic
Network (GSN) stations near the South Pole, Antarctica.  The results of this analysis are
provided and show that there is significant reduction of the background seismic noise
generated by the activities at the Amundsen-Scott South Pole Station as a function of
distance and depth.  Data gathered from site selection work for a new station at South
Pole revealed that the near surface firn layer, having a sharp velocity gradient, tends to
turn seismic energy generated on the surface, back towards the surface, thus trapping the
noise in the upper most layer.  The new seismic station installed below this layer exhibits
substantial reductions in noise levels in both high frequency (> 1Hz) and long period (>
10 sec) bands.  Noise levels in the high frequency band are below the Peterson Low
Noise Model making this the quietest station in the entire network in this band.

1. Introduction

The South Pole has been the location for a seismic station since the International Geophysical
Year (IGY; 1957) and has evolved as the Amundsen-Scott South Pole Station has grown and
moved.  Each of the evolutions of the seismic
station has been only in instrumentation and
has always been collocated (to some extent)
with the actual research station.  However, as
the activities associated with the research
station have expanded, the noise generated
has greatly reduced the resolving capacity of
the seismic station.  Noise from the South
Pole seismic station (identified as SPA for
South Pole, Antarctica) show very high long
and short period noise levels relative to the
Peterson Low Noise Model (LNM).  Figure 1
Shows a typical vertical power spectral
density estimation.  Note the high ramp in the
short periods beyond ~1sec.  This is a key
band for identifying and locating local
seismicity, yet the band is saturated with
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Figure 1: Typical SPA Vertical PSD



local noise.  The long period bands also exhibit a great deal of noise beyond ~20sec.

In the Spring of 1994, we held a meeting with personnel from the Albuquerque Seismic Lab
(United States Geological Survey; USGS), the Incorporated Research Institutions for
Seismology (IRIS), the National Science Foundation (NSF) Office of Polar Programs (OPP),
and the Antarctic Support Associates (ASA) in Denver, Colorado to begin discussions of the
possibility to locating a new seismic station away from the South Pole Station.  We wanted to
determine if it was feasible to create a new facility at some distance from the Pole, and yet, still
benefit from the facility infrastructure.  The result of this meeting was to for us to determine a
scientifically justified location for the new station and then begin looking a budgetary tradeoffs
for the final site selection.

The search for a new seismic station at/near the South Pole thus began in an attempt to improve
upon the noise characteristics observed in Figure 1.  This paper will discuss the methodology
of finding a new location for a seismic station to ensure improved performance within the
budget allowed, and will show that the greatest improvement in performance is found by
emplacing the new station at depth (below the firn layer).  Results of noise surveys, numerical
modeling techniques and a ray tracing exercise will be shown to estimate expected
improvements with distance and depth.  After the deployment of the new station, a one year
comparison of the data from the new station (identified as QSPA for Quiet South Pole,
Antarctica) is made with the existing data from SPA to determine station performance
improvement.

2. The Search for a New Station

We began our search with two noise surveys to measure the attenuation of noise generated by
two different noise sources with distance from the existing stations.  The first experiment was
the recording of the plane that was used to flatten the Skiway (shown in Figure 2).

As the plane was operating, we recorded peak ground motion  as a function of distance from
the SPA vault (velocity in m/sec) in the 2-8Hz band and then projected the trend out to a
distance of ~12km from the noise source.  Figure 3 shows the peak ground motion as a

Figure 2: Skiway plane pulled by Challenger Tractor



Figure 4:  Heavy Equipment operating near South Pole

function of distance.  Note
that the line at ~2*10-8

m/sec is the background
noise recorded at SPA
during a time period with
no tractors operating
(Sunday afternoon) and is
expected to be the most
quiet a new surface station
could be.  Noise levels
similar to a quiet time a
SPA could be found at the
surface  ~12km from the
station.

Another survey was
performed the following
season to better
characterize the noise from

general tractor movement at the South Pole station in higher frequency bands with the goal of
moving the station far enough to minimize the effect of daily tractor activities of the Pole on
the seismic station.  Figure 4 shows a D-7 Caterpillar bulldozer hauling a heavy load near the
Station (fairly typical).  On any particular day during the summer season (Nov-Feb), there will
be 3 or 4 of these heavy pieces of equipment operating at any one time.

Simultaneous recordings of tractor
noise were made at the South Pole
station as well as two remote sites at
~8.5km and 16.5km distance.  Spectral
peaks for 10Hz and 30Hz were selected
to look at how the high frequency
energy dissipated from these noise
sources as a function of distance.
Figure 5 shows a plot of the results of
this noise survey with the 10 and 30Hz
peaks plotted versus distance.  For
reference, the LNM is extrapolated to
these frequencies assuming a flat shape
from 10Hz on up.  Note that the noise
levels at the SPA station in these bands
are approximately –130dB (relative to
10 log[m2/s4/Hz]) during quiet periods.
Therefore, Figure 5 shows that similar quiet noise levels could be seen in this band at distances
from 15-20km from the pole.

Figure 3:  Results of Noise Survey #1 (Skiway Plane)



Figure 5:  Results of Noise Survey #2 (Tractor Noise)

The next step in the site selection process was to model the propagation of noise sources at the
South Pole through models of the snow and ice to determine the effect of distance and depth on
the attenuation of seismic signals.  This calculation was performed by Albert (1997; Cold
Regions Research and Engineering Laboratory).

Properties of the upper levels of the polar ice sheet are from Gow (1963), Gow (1975), and
Patterson (1994) and are shown in Figure 6 below.  Note the high velocity gradient in the top
150 meters as the snow that falls accumulates and begins to sinter, forming firn.  This
relatively stiff material is not quite ice, but has a very high Q (~715, as found by Bentley and
Kohnen, 1976).  As the depth of the firn increases, pressure increases and the firn transitions to
solid ice at ~150m depth.  At this point, the ice is fairly homogeneous in the uppermost
kilometer or so.  Thus, the model used for this analysis consists of a high velocity gradient
layer over a halfspace of solid ice.



Seismic Properties of Firn at South Pole
(interpreted from Albert, 1997)
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Figure 6:  Elastic properties of Firn and Ice for the upper South Polar Ice Cap

The numerical analysis was performed by finding a solution to the depth-separated wave
equation given as:

Where k is the wavenumber, P is the displacement potential and F is the source function.  The
source function is a vertical point force located 10m below the surface.  An inverse Hankel
transform of the solution to this equation gives the solution as a function of radial distance,
depth, and frequency.

The solution for the parameters from Figure 6 and a frequency of 5Hz is shown in Figure 7.
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Figure 7:  Numerical Results for 5Hz Attenuation versus depth and range

Seismic Properties of Firn at South Pole
(from Albert, 1997)
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Figure 8:  Ray-tracing model parameters

Note that as the
range increases,
the depth to the
levels of greater
attenuation become
shallower.  Just
away from the
source, the relative
noise signal that
propagates
outward is ~-50dB
down from the
original
displacement level.
Therefore, an
~90dB decrease in
the noise source

can be expected at a range of ~30km and a depth of ~60m (or ~-40dB lower than expected to
be seen at SPA near the source).  The same level of attenuation can be observed at ~10km if
you go to a depth of ~200m.  This trade off becomes significant as the range at which the
remote station may be supported directly from the South Pole station is most definitely a
budgetary consideration.  The levels of the tradeoffs will be significant in the final site
selection.

As a final study to look at the effect of the firn layer on seismic noise, a ray-tracing model was
built using a simplified P-wave velocity model loosely based on Albert (1997).  Figure 8 shows
the model used for the ray-tracing exercise.

The initial velocity was
estimated to be 1500m/s and
increased with a gradient of
17.14sec-1 to a depth of 140m
and a velocity of 3900m/s
from that depth onward, the
velocity gradient was
estimated to be 0.1sec-1.  A
ray tracing model was created
to view the effect of this firn
layer on rays as a function of
angle of incidence from the
noise source.  Figure 9 shows
that the rays turn very sharply



Firn/Ice Transition

0.05 degree increments of incidence from 22 to 30 degrees

Firn/Ice Transition

0.05 degree increments of incidence from 22 to 30 degrees

Figure 9: Ray-tracing model for firn-ice system

in the firn layer due to the high velocity gradient.  Once into the hard ice layer, however, the
rays “flatten” out and dive more deeply into the ice.  Therefore, at depths just below the firn
layer, the energy density is very low relative to the amount of energy trapped in the firn layer.

Note that the rays drawn are only those angles of incidence from 22 to 30 degrees in .05 degree
increments.  Just below the firn/ice layer for ranges of ~6km to 10km, there are only a few rays
in this model that approach this area of the 160 rays drawn that surround this area.

Figure 10 shows a ray tracing that includes multiple reflections from the free surface for a
variety of takeoff angles which gives an idea of how once the ray is trapped it he firn, it tends
to stay in the firn yet the density of rays just below the firn layer remains low.

The results of all this work show that vast improvements could be realized if the new seismic
station were located at a range of 12 – 20km from the current station and ideally placed below
the firn ice transition.  There are tradeoffs between going further or going deeper, so the final
site selection and emplacement depth was determined by the NSF with their proposal to fund a
station with power and communications at a distance of 8km from the pole.  To obtain
equivalent noise reduction of the 12km distance, we decided to place the seismometers at a
depth of 300m.

Figure 10:  Seismic Noise trapped in the Firn layer (multiple reflections)



3. Data from New Seismic Station

Over the 2001-2002 and 2002-2003 season, construction on the new South Pole Remote Earth
Science and Seismological Observatory (SPRESSO) was completed at a distance of 8km from
the South Pole Station.  The first experiment to be placed at the SPRESSO was the new
seismic station QSPA.  This station consists of 2 seismometers placed at a depth of ~275m and
2 surface instruments place in a shallow (~4m) vault. (Figure 11 shows photo montage of
SPRESSO construction)

The result of the new station data are shown in Figure 12 in terms of the background noise
recorded at the new station (QSPA) versus the old station (SPA).  Plots show QSPA vertical
and horizontal mean PSD estimates as a function of period in the top two plots (respectively)
and PSDs for SPA data for the same time periods on the bottom part of the plot.  Spectral
means were calculated for 37 Sundays worth of the quietest data I could find (Sundays are
typically when all heavy machinery is shutdown).  PSDs for the same time intervals were
calculated for QSPA and SPA and averaged over all the samples taken (1600sec time
windows).  Instruments compared are both Guralp CMG-3T with a surface model at SPA and
the borehole model at QSPA.  Plots show the mean PSD with +/- one standard deviation.

Figure 11:  Construction of SPRESSO and Installation of QSPA



Figure 12:  Comparison of PSD plots from QSPA and SPA for the same time periods measured on 37
Sundays (Quiet times)

The most significant item to note in these plots is that the new station QSPA noise levels fall
BELOW the LNM in the band of ~1.5Hz to 10Hz.  The LNM was defined as the lowest noise
recorded from any station in the global network at the time of the study (1993).  Therefore,
QSPA is the quietest seismic station in the world in this band for both vertical and horizontal
instruments.

To better compare the differences between these two stations, Figure 13 shows the difference
between SPA and QSPA for each period (along with +/- one standard deviation).  Note that
anything above zero in these plots are where the noise levels of QSPA are quieter than those
recorded at SPA on the same instrument.  In the short period bands, the QSPA site is 40-50dB
quieter than SPA.  Long period records show less improvement for the vertical instrument (top
plot) with an average improvement of 8dB.  The horizontal long periods, however, are
improved dramatically (~45dB).



The improvements at QSPA are
not strictly limited to the
instrument at depth.  The surface
instrument (Streckeisen STS-2)
also shows marked
improvement over SPA surface
instruments.  Figure 14 shows
the PSD from SPA Surface
(10/BHZ), QSPA Surface
(20/BHZ) and QSPA Deep
(10/BHZ).  Although the surface
instrument is not nearly as quiet
as the deep instrument, there is
still substantial improvement
from the SPA instrument.  This

Figure 13:  Spectral differences between SPA and QSPA (positive numbers indicate QSPA quieter than
SPA).  Horizontal scale is Period in seconds

Figure 14:  Comparison of Surface SPA to Surface QSPA and
SubSurface QSPA



shows that although QSPA surface instruments still observe the noise from the station that is
trapped in the firn layer, the amplitude of the noise is greatly diminished due to attenuation and
geometrical spreading.

Figure 15 shows an example of what this low background noise level can gain for us.  The
small event shown in the QSPA record (top time series) has a peak-to-peak amplitude of
~0.5:m/sec.  This small event cannot be seen at all in the SPA record.  The S-P interval for this
event is ~5sec placing it ~30-40km from the South Pole.  These small events have never been
seen at this station before and perhaps tell us something about the seismicity of this relative
aseismic continent.

4. Future Work and Opportunities

A great amount of work is to follow up this tremendous new asset.  A cataloging of events will
begin next to not only look at small local events, but also to start identifying small teleseismic
phases that are interacting with the inner core (near antipodal events from the arctic ridge).
Long-term observation of these events may grant us insight into higher resolution images of
the structure of the inner core.

Also, work has begun on the design of a potential 2-D and 3-D array at the South Pole to best
take advantage of the super quiet nature of this site design.  Image the resolution of a stack sub-
firn array of seismometers near the pole.  Fantastic opportunities.

Figure 15:  Small event seen on QSPA but buried in the noise at SPA
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