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ABSTRACT. Two seismic arrays recorded in an 11
month field experiment in 1985 the seismicity of Ekstrém
Ice Shelf in the area of an ice rumple and an inlet,
situated respectively about 10 km north-west and 7 km north
ofothe German Algtarctic station Georg von Neumayer (lat.
70 37'S., long. 08°22'W.). Most of the focal depths of the
icequakes considered until now are in the range 5—9 m; the
ice-rumple area shows extremely high seismic activity.
Tensile fracture is the most frequent fault mechanism,
although there are a few shear-fracture events. The ice
rumple’s seismicity provides information on the dynamics of
the ice shelf in this area. A comparison of this time-
dependent seismicity with tides suggests that most of this
seismicity is induced by tides. The most active period of
this seismicity starts at the beginning of low tide and ends
at low tide. The location of the epicentres of icequakes
recorded at that time and the digital recording on tapes of
the seismicity without interruption for 396 h shows a jerky
vertical movement of the ice shelf in response to tides; this
can be interpreted as a kind of "grater effect’, especially at
the southern ice—rock boundary of the ice rumple.

The seismicity in the inlet is much less and tensile
fracture seems to be the only fault mechanism.

INTRODUCTION

The German Antarctic station Georg von Neumayer
(GvN) is situated approximately 7 km to the west of Atka
Bay on Ekstrom Ice Shelf, which is 206 m thick (personal
communication from H. Engelhardt, 1986) and which has a
north-north-east directed annual flow velocity of about
160 m/a (measured by Kahler, adjacent to GvN in 1981;
Kohler, 1981). About 10km to the north-north-west of
GvN, the ice shelf, which is about 100 m thick at that
point, is in contact with some small islands. This produces
ice rumples which are irregularities in the ice plate with a
maximum elevation of about 30 m. The annual flow velocity
in this area was found to be between 25 and 50 m/a
(Kobarg and Lippmann, 1986). Six geophones, five each for
the vertical and one for the vertical and two horizontal
components of ground motion, formed the ice-rumple array
to record the local seismicity of this area. This array,
equipped with Mark L4 geophones (eigenfrequency: 1 Hz),
worked very successfully for a period of about 9 months in
1985 and was positioned around the highest ice rumple
(Fig. 1) in this area; the location of the three-component
recording geophone is marked by "5-7" in this figure.
Moreover, it was possible to erect a seismic station on the
top of this ice feature ("8" in Figure 1). The
frequency-modulated seismic time series was telemetered
from each seismic station to GvN, where is was digitally
recorded on tape for a period of 30s after event detection
with a sampling rate of 148 values per channel per second.
The seismicity was digitally recorded on tape also without
interruption for 396 h in August in order to investigate the

* See Annals of Glaciology, Vol. 12, 1989, p. 206 for an
extended abstract.
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correlation between tides and seismicity; earlier observations
made it clear that there the local seismicity is dependent on
the tides (Kobarg and Lippmann, 1986; Brodscholl,
unpublished).

The seismicity of the inlet area was digitally recorded
on tape for only a period of 30s after event detection.
This was done because no tidal-dependent seismicity was
observed during the first weeks of operating the inlet array.
This array (Fig. 2) was positioned around the end of an
inlet, which is situated approximately 7 km north of GvN.
The five seismic stations were also equipped with Mark L4
| Hz geophones, which recorded only the vertical component
of the ground motion.

THE DATA

More than 70 000 icequakes were recorded on magnetic
tape by the two seismic arrays, and just under 1% of them
occurred in the inlet area. In pre-processing of the data,
the influences of the PCM (pulse-coded modulation)
apparatus and of the seismometers were eliminated from the
data. Calculation of the coordinates of the foci was done in
three steps: (1) a graphical method was used for estimation
of preliminary values for the time of origin I, and the
coordinates of the epicentres; (2) use of the FASTHYPO
computer program (iterative calculation of the coordinates);
and (3) use of the JOINT HYPOCENTRE DETER-
MINATION program (calculates up to 500 events in one
processing). The results of each step are used as basic
values for the calculation procedure in the next step, so it
was possible to ascertain typical errors in latitude and
longitude of the epicentre coordinates of between 12 and
50 m. The velocity structure which was used in the location
programs is given in Table I (after Hoyer, unpublished).
Two icequakes, recorded respectively in the ice-rumple and
the inlet areas, are shown in Figures 3 and 4. The event
shown in Figure 4 is typical of the events in the inlet area.
On the other hand, we found a great variety in the signal
characteristics (signal duration, etc.) of the events of the
ice-rumple area. Only in the ice-rumple area were we able
to record icequakes with different polarity for the onset of
the P-wave (i.e. compression and dilation). Most of the
ice-rumple events begin with an upward motion (a
compression) in the vertical movement of the P-wave,
regardless of the azimuth between seismic station and
epicentre. For the events with epicentres inside the arrays
this means tensile fracture; the observed source-radiation
pattern for the P-wave requires this kind of mechanism.,

On the basis of Brune’s (1970) stress-pulse model for
the events recorded with respectively upward and downward
motion of the first onset in the vertical movement of the
P-wave at different seismic stations, the far-field spectra
are given by:

s To 1
Ng(w) = RB‘P(S)T?F(E)— (1)
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Fig. 1. Ice-rumple area, about 10 km to the north-north-west of Georg von Neumayer. Arrows indicate
the sites of the seismomelers of this icequake array. This aerophotograph was taken at a height of
about 2.6 km by the Institute of Applied Geodesy, Frankfurt/Main. on 3 January 1986. North is al the

top.

» geophone site with station number(s)

Fig. 2. Locations of the seismomelers of the inlet array
which is  situated about 7 km north of Georg von
Neumayer. North is al the top of this figure. Geophone
sites are marked with asterisks.

TABLE 1. VELOCITY STRUCTURE USED FOR ICE-
QUAKE LOCATIONS

Layer No. v Top of the layer

p

km/s m
1 0.60 0.000
2 1.00 1.430
: 1.50 3.200
4 2.00 5.000
5 2.20 7.200
6 2.50 12.50
7 3.00 26.40
8 3.50 51.40
9 3.74 80.00
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Fig. 3. Icequake recorded by the stations of the ice-rumple
array. With the exception of stations 5 and 7. which show
the horizontal (respectively north—south and easi—wesl)
components of ground motion. all other seismograms show
the vertical component.

where R is the distance to the hypocentre, r, is the radius
of the circular slip zonme, o is the effective stress, f; =
wy/(2m) is the corner frequency, F(g) is a factor which
takes into consideration incomplete stress-drop across the
fault plane, Req, is the source-radiation pattern of the


https://doi.org/10.3189/S0022143000005517

.53
c
o
-.08 ©°
b
"
.30 o~
-.85 r
o
-
-.09 o
=
1.86 L
—.48 4 "
&
=]
-.12 b -
5.0 9.0 0
4 n

2.99

-2.09- -
c
=
-1.02 =
42.85- 30 7.0 9.0 ©
n
-5.0 i n
B.46- c
i 1 y 2
4 —
5.0 7.0 8.0 °
-29.74 w

” Time-Units: (rel.) sec
ImERmS o — rng No): 132

Fig. 4. Typical local event, recorded by the seismometers of
the inlet array. The noise at stations | and 2 was caused
by the high swell on the sea at that time. The epicentre
is about 200 m lo the south of station 5.

S-wave, p is the shear modulus, and v, is the S-wave
velocity.
Defining

Req){S)chroF( £)
050 = fguolw) = 2)
HRW2

we can write instead of Equation (1)

ﬂS,D

agf) = ———. (3)

f.\'
1 +
R

For f << [, Equation (3) is nearly independent of the
frequency f. This means () = ns,o which we call the
plateau (and which is directly proportional to the seismic
moment). For high frequencies, the decay of the spectral
values fg(f), which is caused because of destructive
interference of coherent wave trains, is dependent on the
exponent x. The frequency at which this decay begins is
called the corner frequency fo and provides information
about other physical parameters of the seismic event. To
estimate the plateau ns,u’ the corner frequency f,, and the
exponent x, the S-wave spectra have been fitted 1o
Equation (3) (Fig. 5). The x-values of some icequakes are
slightly different from x = 2, which is obtained from the
theory of Brune (Equation (1)).

Using (Brune, 1970)

2,34,
Folis) = ——— (4)

2nr,
where v; is the S-wave velocity (= 3.74 km/s), r, is the
radius of circular fault area, and f(S) is the corner
frequency of S-wave spectra, we make estimates of the
radius of the fault area which are in the range 15-70 m as
considered so far.
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Fig. 5. Spectrum of an integrated S-wave seismogram of an
ice-rumple event and the best fit with Egquation (3). The
corner  frequency (marked by arrows) of 1lH:
corresponds (o a radius of the circular focal area of
about 61 m.

First estimates for the seismic moments are made using
(Aki and Richards, 1980)

w

1
M = 4mpRyv: ——— | udt 5
0 P Vp RG(P(P) L (5)

where M, is the seismic moment, p is the density
(= 0.85g/cm®), R is the distance between the seismic station
and the hypocentre, Iy is the arrival time of the P-wave, by
is the arrival time of the S-wave, Rg,(P) is the source-
radiation pattern of the P-wave, and u is the real
displacement.

For all events, the mean value

RB(P(P) = (6)

SR RS

was used. To be able to calculate the integral of the
P-impulse of the real displacement (which means that any
influence of the apparatus and the seismometers has been
excluded), the seismograms (velocity-proportional regis-
trations) had to be integrated. The seismic moments of the
icequakes which have been interpreted so far are in the
range 10*-10%8 N m.

Provided that the logarithm of the ratio A/T
(A: maximum displacement amplitude, 7:period) and of the
distance to the hypocentre are directly dependent on the
magnitude M in a linear way, we have

A
M= # azlog; + aglog R (7)

with a,, a,, a, constants, [4/T] = pum/s, [R] = km.
In the literature (e.g. Bath, 1981), the factor a, is set
to 1. We do the same for reasons of simplification. With

M' = M — a;, Equation (7) becomes
A '
log; = M' — aglogR. (8)

The regression leads to
a; = 1.989 = 0.32 (9)

and

A
M = a + logJ—, + 1.98910gR . (10)
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Seismic activity in the ice-rumple area is mostly dependent on the tides. To show also that

maximal seismic activity occurs al the beginning of low tides, the tidal values of this time are plotted

at  the top of this
I gal = 1 cm/.s2.

figure. Short segment

The recording of the South Sandwich Islands earthquake on

28 July 1985 (M}, = 4.8) made it possible to connect
Equation (10) with the Richter magnitude. For the
icequakes, Equation (7) vields:
A
M = —2437 + Eog} + 1,989logR . (11)

This leads to icequake magnitudes between —1.82 and +0.51.

TIDAL-DEPENDENT SEISMICITY OF THE ICE-RUMPLE
AREA

The seismicity of this area was not only recorded for
30 s after event detection but also during a 16.5d interval
with a sample rate of 78 wvalues per second per station.
The last experiment is to investigate the observed
tidal-dependent seismicity.

The rate of seismicity (i.e. numbers of events per time
unit) is represented by the 1 min mean values of the square
of the amplitudes. The mean values of the seismic time
series recorded at station 8 are presented in Figure 6.
Because the recordings are proportional to velocity, these
mean values are a measure of the seismic energy released.

Comparing the data series of the accelerations due to
tides and the mean values of the square of the amplitudes
(Fig. 6), it is evident that the highest seismic activity is
recorded during the time between high tide and low tide.
Moreover, comparing corresponding recordings from the
other seismic stations, the beginning of an active period (i.e.
time interval of extremely high seismicity) is dependent on
the site of the seismic station; often the start of an active
period is first recorded at the ice-rumple top station
(station 8), followed by the stations to the south and later
on by the stations to the north of the ice rumple. Such
"time delays" can be in the range of up to 20—40 min. The
locations of some epicentres of the icequakes, recorded at
the beginning of such an active period, are shown in
Figure 7. Calculation of the epicentres marked by "A" in
Figure 7 was possible because of the three-component
recordings of station "5-7", though these events were
recorded only by this station. The hatched area in Figure 7
(around station 8) gives the possible sites of epicentres of
events which are recorded only by this vertical component
station. For the calculation of the distances to the
hypocentres for these events,

s
R = vy (12)
o Vg
with R as the distance between station 8 and the
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the recording on the top of the ice rumple.

Limits of the Ice Rumples
= Epicentre

Fig. 7. Locations of epicentres of ice-rumple events,
recorded at the beginning of an active seismic period of
this area (see text). North is at the top.

hypocentre, (., as the arrival time of the P-wave with
wave-velocity v_, and Ly as the arrival time of the S-wave
with wave ve?o ity wvg, was used. These events show
extremely small maximum amplitudes (<0.05 pm/s).

At the high point of a seismically active period, the
greatest seismic energy (1 min mean values) was recorded at
stations "5-7" and 8. For example, the ratio of mean values
at the maximum of the active period on 6 August is

station 2 :station 4:station 6:station8 = 1.0:3.6:83.2:60.7.
(13)

Figure 8, which presents the section marked by the
two dashed lines in Figure 6, shows clearly that these
seismically very active periods are not characterized by
continuous high activity but by short bursts of high activity
(duration mostly 2—4 min), and intervals of relatively low
activity, especially at the beginning and end of such a
period. This suggests a kind of "grater effect" at the
ice—rock boundary; because of high friction at this
boundary, there seems to be a jerky vertical movement of
the ice shelf in response to tides.

RESULTS: MODEL IDEAS

The seismic events recorded in the inlet and in the
ice-rumple areas are based on different kinds of
ice-dynamic processes in these areas; in the inlet area, they
are caused by the separation of parts of the ice shelf
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Fig. 8. Seismic activity in the ice-rumple area and its dependence on the tides. Plot of the marked
section in Figure 6. The seismically very active periods are characterized by short bursis of high
activity and intervals of low activity which implies a kind of "grater effect” at the ice—rock boundary.
I gal = lcm/s2,

ice-rumple area. More than about 90% of this seismicity is
dependent on tides; the most seismically active periods are
N oeadjy during the period between high tide and low tide. During
this time, up to 140 icequakes per minute were recorded at
station 8. Because of the north-north-east directed flow of
the ice, a relative motion of the ice at the ice rumple as
shown in Figure 10a is to be expected, which is parallel or
anti-parallel to the relative motion vector shown in
Figure 10a, dependent respectively on situations. During the

N
F

&
T

relative motion

e .._> ZZ rock

Fig. 10. See text. The relative motion of the ice plate at
the beginning of low tide is shown in Figure I0a,
respectively, by a right-down arrow and by right—left

Ice Shelf — rel. motion vector

Fig. 9. In the inlet area. icequakes are caused because of half-arrows for the process of rupture at the rock—ice
the separation of parts of the ice shelf: the focal boundary. Figure 10b represents the situation  shortly
mechanism of these events is lensile fracture. No tidal before the end of low water.

dependency of the local seismicity was observed. Because
of the tides, the whole of the inlet is raised in a uniform

VE’?'[?(’Q! movement. . 5 - . .
time between high tide and low tide, this vector has a

component which is directed anti-parallel to the flow-
velocity vector; in the area south of this ice rumple we can
expect a build-up of more stress in the ice in a relatively

(Fig. 9), and the focal mechanism of these events is tensile short period of time compared to the average for the area.
fracture. No tidal dependency of the local seismicity was Indeed, the highest seismic activity in this area is measured
observed; because of the tides, the whole of the inlet is by those seismic stations situated in this part of the ice
raised in a uniform vertical motion in these areas. rumple (see Equation (8); stations 6 and 8; and Fig. 11).

Compared with the seismicity in the inlet area, Because of the friction between the ice and the rock, the
extremely high seismic activity is observed in the focal mechanism of the events caused by this process is a
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Fig. 11. Locations of epicentres of ice-rumple events,
recorded during an active seismic period.

shear mechanism; the first onset of the P-wave recorded by
seismic station 8 (see Fig. 1), which was situated at the top
of the ice rumple, indeed shows dilation, which is
consistent with a shear mechanism. At almost low water,
when the ice shelf is again in good contact with the rock
beneath and the water level decreases further, we also
record icequakes which are near the surface as shown in
Figure 10b and whose focal mechanism is tensile fracture.
The focal mechanism of "single events"., i.e. events
which have not been recorded within such seismically very
active time periods and with epicentres in the array area, is
also tensile fracture. The events with hypocentres near the
surface can be associated with the opening of crevasses.
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