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SUMMARY

Various methods of increasing the signal-to-noise ratio of
teleseisms are outlined, If improvement is defined as the ratio of the
number of earthquakes detected before, to those detected after, applying
a particular method, the corresponding improvements in the number of de-
tected earthquakes are deduced as follows: by careful choice of site -
up to 3.0; by frequency filtering - up to 1.7; by random noise reduction
using uniformly effective arrays - about 4.0; by coherent noise cancella-
tion using weighted arrays - about 10.0; and by use of shallow boreholes
for reduction of wind noise - a maximum of 2.0,

It is suggested that resiting the seismographs and frequency-
filtering should be carried out at the Australian Antarctic observatories,
A combined improvement of up to 3.0 is feasible. Square arrays to reduce
random noise could result in a further improvement of 4.0. The total im-
provement could then approach a theoretical limit of 20,0, The cost of
such improvements would not exceed a few thousand dollars,



1., INTRODUCTION

Seismological observatories are usually placed in seismically
noise-free areas so that maximum magnification may be used. Criteria
influencing site selection are: low seismic noise level; homogeneous
geology with few elastic discontinuities; good coupling of the seismo-
meters to bedrock; a distance of at least five miles from a busy rail-
way line, one mile from a busy road, 200 yards from the nearest tall
trees; and a relatively flat area (Birtill & Vhiteway, 1965).

In order to improve azimuth and epicentre determinations of
earthquakes, particularly those occuring in the southern hemisphere,
observatories have recently been built in areas falling far short of
the criteria outlined above. Often the problems of adequate logistic
support and lack of alternative sites preclude any better solution.
This is especially true of Antarctica and the sub-Antarctic islands,
where ice-free and accessible areas are rare.

The problem then becomes one of improving the observed signal-
to-noise ratio (SVN) in order to bring the weaker teleseismic events above
the background noise level., Before any attempt is made to improve S/N,
the noise and signal characteristies of each site must be investigated.,
The general properties of seismic events and noise are outlined in Chapter
2. Work which has been carried out in Britain by the United Kingdom
Atomic Energy-Authority and in the USA under Project VELA UNIFORM, and
vhich contributed towards a nuclear test detection system, has been drawn
upon heavily,

2, THE CHARACTERISTICS OF SEISMIC SIGNALS AND NOISE

The seismic signal

At epicentral distances greater than 20 degrees, teleseismic
events are only slightly affected by the peculiarities in transmission
path or observing station (H.M.S.0., 1965). The dominant frequency of
the signal depends upon its mode of transmission, Periods usuvally recorded
are: P waves - one second; S waves -~ around four seconds: and surface
vwaves - about ten seconds. The accurate determination of epicentres and
depths relies upon P arrival times, and later events are used to confirm
the interpretation,

Analysis of "SCGS Earthquake Data Reports gives the following
variation of* dominant P-phase period (T) in relation to epicentral dis-
tance (A4)

4,deg. T, sec é)deg, T, sec ' A,deg. T, sec
10 0.9 40 0,85 70 0.8

T 20 1.0 50 0.85 80 0.85
30 0.9 60 0,75 30 0.9

A passband centred around one second would pass the P event
almost unaltered. However, if a sharp commencement to the phase is
wanted, the higher-frequency components must not be attenuated tooseve-
rely. A band extending from 0.25 to 2.0 seconds would be more than
ample for anything except local shocks.
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The characteristics of seismic noise

Seismic noise originates from a variety of sources. It may or
may not be coherent., There is a large peak in the spectrum around seven
seconds which has not yet been satisfactorily explained, The total noise
varies considerably from site to site and day to day in amplitude and
other characteristics.

_ Multiple sedimentary layers usually produce more noise than
erystalline rock, The quietest sites are found in the centres of con-
tinents, where the néﬁe level can be below one nanometre (nm) in the 1
to 2 Hy band, For example, Yellowknife in Canada (in the centre of a
Precambrian shield) has a noise level ranging from 0.2 to 2 nm; Eskda-
lemuir in Scotland (on extensive Silurian shalé)has a noise level from
3 to 20 nm; and Macquarie Island (to the south-east of Australia) has a
quiet-day noise level of about 100 nm, These correspond to very quiet,
average, and very noisy sites respectively, according to Brune and
Oliver (1959).

For periods longer than one second,noise is governed mainly

by ocean microseisms, whereas below one second wind and cultural noise
predominate. In general one would expect distant sources to generate
-coherent noise and local sources to produce random noise; the noise can
thus be crudely separated into coherent noise above one second and in-
coherent noise below one second., (Toksoz's (1964) work partially con-
firms this hypothesis), This is unfortunate as the methods used to can—
cel coherent and random noise are different in principle, and the P wave
is on the borderline of each. But, as mentioned before, the frequency
spectrum and the type of noise vary from site to site, so that only a
ditailed site investigation can indicate the best method of improving
S/N,

The major types of noise are outlined below:

Microseisms. Study of seismic noise on the ocean bottom and on
land ZBradner & Dodds, 1964) indicates that most microseisms are gen-
erated by ocean storms. Coherence is high at long periods (sreater than
8 seconds), but at short periods (less than 6 seconds) coherent micros-
eisms occur only in short bursts (Toksoz, 1964), Rayleigh waves predo-
minate at long periods, but there are differences of opinion about the
type of wave present at short periods. Douze (1964) interprets the mic-
roseisms as fundamental, first, and third higher mode Rayleigh waves,
while Gupta (1965) and Seriff et al. (1965) believe the noise could be
standing waves of P type arriving at almost vertical incidence, especi-
ally in the band around and below one second, Bradner and Dodds (1964)
also suggest the presence of leaking mode waves, .

Cultural noise. This type of noise is of short period (less than
1 second) and is caused by industry, transport, and other human activities.
Its amplitude varies greatly with time and place,

Wind noise. The wind blowing against hills and trees produces
noise. The noise level depends upon local geology and wind velocity,
Surf noise caused by waves breaking on a nearby beach could be included
in this section. There can be a variation of ten to one in the noise
level over a few kilometres, and a change of three to one can occur in
a few tens of yards.
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Miscellaneous. Low-magnitude events not identifiable as earthquakes
produce noise at periods greater than one second. Local signal-generated
noise due to multiple reflections and refractions within the surface lay-
ers can be considerable. Instrumental noise is always present, but can
usually be kept below the general noise level,

3, METHODS OF IMPROVING S/N

There are many ways of increasing the efficiency of detection
of teleseisms. Some of these are:

21) Careful choice of site location,
2) Frequency filtering,

(3) Arrays to reduce random noise.

(4) Arrays to cancel coherent noise.

5) Arrays using azimuth and velocity filtering.

6) Borehole seismometers,
Each of these will be discussed in turn, and an assessment will be made
of how each one can improve the efficiency of earthquake detection, Only
the order of magnitude of improvement can be assessed, because site pecu~
liarities almest certainly have an effect. ’

Site location

As has been mentioned before, an improvement of ten to one in
S/N can be otained by careful site selection. However, what we are basi-
cally interested in is the best possible location once the general site
has been chosen., Local noise variation of three to one may occur, SO &
careful test of spatial noise variation needs to be carried out to find
the quietest spot.

Weathering can create localised low-velocity layers, which
enhance the noise level. Nearby hills, beaches, or rivers can result
in ‘high levels of wind and surf noise., The noise created by the obser-
vatory buildings themselves is frequently neglected. Much unnecessary
noise is generated by badly designed and located huts. Buffeting of the
huts in high winds can vibrate the piers if there is close coupling bet-
ween hut and pier. Firmly grouting the piers into unweathered bedrock
and the building of low-profile huts or vaults are obvious ways of redu-
cing this type of noise,

If the local rock is poorly consolidated or too deeply weat-
hered to allow the piers to be set in solid rock, use of multiple dete-
ctors to obtain more effective coupling with the earth suggests itself,
This technique is common practice in seismic exploration, but seems to
haye been totally ignored in earthquake seismology.

Freguency filtering

A seismograph is a wide-band recorder with a low rate of cut-

off, The bandwidth of a short-period recorder is typically 4 Hz. If
vhite noise is present, then the noise power in unit bandwidth is con-

stant, Narrowing the bandwidth to one-half or one-third of the original
value should reduce the noise power in the same ratio. If the signal is
not affected by the reduced bandwidth, the S/N’should be improved by a
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factor of 2 to 3%, as amplitude is proportional to the square root of
the power. This would increase the number of earthquakes detected by
1.41 to 1.73 times respectively (see Appendix B). A short—period Benioff
seismogravh has a 1.,0-second seismometer and 0.2-second galvanometer;
these result in a 4-Hgz; bandwidth as defined by the 3-dB-down points, If
the galvanometer period is increased to 0.4 second, the bandwidth reduces
to 2 Hz; if increased to 1.0 second, the bandwidth reduces to 1.3 Hz

(see Plate 1),

Narrowing the bandwidth in this way will attenuate the higher
frequencies such that the start of a P phase will be harder to detect.
As the dominant frequency of all teleseismic P waves is around one sec-
ond, the high-freauencv component is fairly small, but not necessarily
unimportant, However, the primary aim of filtering is to detect signals
that would otherwise be lost in the noise, 'Cleaning-up' the signal
often makes the first cycle identifiable even though its start may not
be very clear., Once the first cycle is identified, the start can be
predicted to within a fraction of a second. It is all too often for-—
gotten that an observer frequently cannot tell whether he has identi-
fied the first cycle of an event., As the second cycle is characterist-
ically twice as large as the first, there seems little doubt that many
small-amplitude P phases are wrongly associated with the second cycle,
the first being submerged in the background noise.

- If 'monochromatic® noise is present, use of a notch filter
can greatly enhance the quality of the records obtained, A galvano-
meter with natural period of oscillation equal to that of the noise
will reduce the noise by at least an order of magnitude when placed in
series with the recording galvanometer (Pomeroy & Sutton, 1960), This
technique is particularly suitable for removing the seven-second micro=-
seisms from long-period instrument records, Also, as noted by Birtill
and Whiteway (1965), there are long-period events that are not identif-
iable earthquakes, If the records could be cleaned up sufficiently,
sufficient detail could possibly be seen to determine epicentral dista-
nces, A notch filter could also be used to give higher cut-off rates
at the edges of the passband to remove troublesome microseisms,

Many different types of filtering can be applied. Narrow
passband, higher cut-off rates, and notch filtering are just a few of
the possibilities, With electronic amplifiers, these methods could
easily be used, Inverse filftering to make the background noise white
would become possible, and then the optimum S/N could be obtained with
frequency filtering. Recording on magnetic tape would become a worth-
while proposition and observatory seismology would take a large step
forward.

Arrays to reduce random noise

Much of the noise at periods of less than one second is in-
coherent. This is especially true of wind and surf noise. A detector
array of comparatively small dimensions can be used to reduce such noise,
The dimensions of the array would depend upon the predominant frequency
and velocity of the noise, The seismic noise in the one-second band, as
given by Brune and Oliver (1959), is not isotropic. As the optimum S/W
is obtained with white noise, inverse filtering could be used,
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A study of the improvement in S/N obtainable using multiple
detectors when random noise is present has been made by Denham (1963).
He assumed the noise was isotropic. As long as the bandwidth of the
seismograph is not too large, the assuming of the noise to be white will
enable us to get an approximate idea of the improvement possible, Den-
ham derived the correlation between detectors at various bandwidths for
two cases: white noise with a rectangular spectrum, and noise after
passage through a tuned circuit (Plate 2). A seismograph is equivalent
to a high-gain, low-Q, tuned circuit rather than a rectangular passband
detector. However, both cases give low correlation when d/)L is greater
than 0,5 (where d is the detector spacing and.Aothe wavelength of the
noise at the central frequency of the passband), so the exact equivalent
is not very important.

If the bandwidth is increased or the Q decreased, the ampli—~
tudes of secondary maxima of correlation are reduced., Further, it is
better to use a few detectors separated sufficiently to obtain random
noise rather than many detectors with only a small positive correlation
coefficient. Then, with the individual detectors weighted to give opti-
mum S/N output, the familiar Jii improvement is.obtained., The optimum
weight%ng may be determined using Birtill and Whiteway's formulae (1965,
p. 477).

A square array of 16 detectors with optimum weighting will
improve the S/N by four to one as long as the signal is in phase at all
points, and will thus increase the number of detectable earthquakes by
about four times. If the dimensions of the array are small compared
with the signal wavelength, there will be only small signal phase diff-
erences across the array, and the S/N improvement will be close to the
theoretical maximum., However, the apparent P wavelength along the
Earth's surface varies with epicentral distance; the Jeffreys-Bullen
travel-time tables show that it variesxg“km at the epicentre to 25 km
at large distances for periods around one second (see Plate 3). The
variation of S/N with distance for detector spacings of 0.25, 0.5, and
1,0 km is given in Plate 4.

The optimum dimensions of the array can be determined only
by a field investigation such as that described by Denham (1963). Tomoda
(1956) gives a method for calculating the correlation coeffiecient that is
good enough for the accuracy required, so little peripheral equipment is
required besides a low-frequency seismic exploration instrument.

Arrays to cancel coherent noise

Wavelength filters may be used to reduce coherent noise,
Noise with wavelengths ranging from twice the dimensions of the array
down to the order of separation of the detectors is greatly attenuated,
the degree of attenuation depending upon the number and weighting of the
detectors and their spatial arrangement.

That noise is coherent implies that it is coming from a dis-
crete source, and hence a fixed direction. The noise source may move
with time, or there may be several sources, so an array with omni-direc-
tional attenuation is needed., A square array with uniformly effective
detectors is a rough approximation to such an array and, as its proper-
ties are simple to derive, this type will be used as an example, The
attenuation of a square array depends on the direction of approach of
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the noise, but for simplicity the response to noise travelling parallel
to a side of the square will be taken as representative. The problem
then reduces to that of a line.of uniformly effective detectors with
noise travelling along the line,

The relative response of 4, 6, and 8 detectors is shown in
Plate 5, where A is the wavelength of the disturbance and d is the
detector spacing, Average response curves give a better idea of the
array response because both signal and noise have wavelength distribut-
ions rather than single values (Graebner, 1960), The law of diminishing
returns with increase in number of detectors rapidly sets in. The limi-
ting case of a continuous detector still has an average response in the
attenuation band of about 0.1, If a square array is being used, the num-
ber of detentors increases greatly for little increase in attenuation,
A four-sqmane to six-square array would be the best compromise, with an
average response of 0.2 to 0.15 in the attenuation band,

The amplitude of subsidiary peaks can be equalised and reduced
to any required value by suitable weighting of the detector outputs, such
as Tchebyscheff polynomial weighting (Holtzman, 1963), Tchebyscheff pol-
ynomial weighting has the advantage of increasing the uniformity of azi-
muthal response as well as improving S/N° The average response of a four-
square array can be reduced to less than 0,1 in the rejection band, but
the rejection bandwidth would be narrowed as a result (Parr & Mayne, 1955).
For large attenuations the sensitivities of the central detectors become
very high compared with those of the outer detectors. This would make
the array prone to disturbance by any random noise crossing the array,

As random noise is always present, variation of detector sensitivities
by more than two to one should be avoided.

The type of noise present has a great influence on the dimen-
sions of the array. As mentioned in Chapter 2, there is disagreement on
this point. Let us assume that the coherent noise is predominantly fun-
damental Rayleigh waves, in order to obtain an idea of the probable im=
provement, At short periods (around one second)g Rayleigh waves have a
velocity of about 3.5 km/s for continental sites, and about 2,0 km/s for
oceanic sites, Adopting a passband of 0,25 to 2.0 seconds, and a noise
velocity range of 2,0 to 4.0 km/s, the noise wavelength may range from
0.5 to 8.0 km. Setting the upper limit of the noise wavelength at the
rejection band half-power point A/d = 8 for a four-square array (from
Plate 5), the spacing of the elements must be one kilometre, making the
array 3 x 3 km. The higher-frequency noise will tend to be more inco-
herent, and so will be reduced owing to the spacing of the detectors.

In other words, the array output is not likely to be saturated by wind
and surf noise with wavelengths shorter than the minimum wavelength of
the rejection band.

At one Hz, the P-phase apparent wavelength ranges from 8 to
25 km (Plate 3). Therefore, the higher-frequency components at short
distances will be removed, but the effect at normal teleseismic distances
will be small, For example, at 5%, the lower half-amplitude point for P
waves will be 0.8 s, at 20° about 0,6 s, and at 500 about 0.4 s (Plate 6),
By decreasing the size of the array, the higher-frequency content of the
P waves may be retained,

The 3 x 3-km array will reduce the noise within a wide bandwidth,
However, it is unlikely that the full range of Rayleigh wave velocities
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will be present at any one site. For example, at oceanic sites noise
velocities are unlikely to exceed 2.5 km/s at P-wave periods. Adopting
the same pass band as before, the greatest noise wavelength would be

about 5 km., A detector spacing of about 0.5 km would be needed to set

the upper limit of the noise wavelength at the half-power point, DP-phase
periods above 0.4 s would be passed for local quakes, and periods above
0.2 s for teleseisms (Plate 6). The small dimensions of the array and

the high noise level usually present at island sites would make the method
most attractive,

Improvements im S/N of 5:1 for uniformly effective arrays and
10:1 for Tchebyscheff polynomial weighted arrays are feasible without
the arrays becoming excessively large or requiring any very sophistica~
ted peripheral equipment. A d.c. amplifier is about the only piece of
equipment needed that is not at present in use at most observatories,
so.costs could be kept low. The number of earthquakes detected would
then go up by 4 to 8 times the present level.,

Arrays for azimuth and velocity filtering

If the output of each detector is recorded separately, the
outputs can later have variable time delays introduced. This allows
one to search for events of specified velocities and direction of ap-
proach. Very large improvements in signal detection capability may be
obtained by using cross-correlation techniques, Such a method requires
that the azimuth and distance of each event are known, or the outputs
are swept for velocity and azimuth, Considerable peripheral equipment
. such as multi-channel magnetic tape recorders, time delay units, cross—
correlators, and possibly a computer are required to take full advantage
of this technique (Birtill & Whiteway 1965).

An observatory in a populated area could possibly use a phased
array on line, but a station in a more isolated area would need to carry
several weeks' or months' records on tape for analysis elsevhere, such
as a computer centre, The present procedures of observatorv seismology
require rapid reduction and transmission of data. Ve are mainly intere-
sted in improving s/N at noisy, and usually isolated, sites so phased
arrays neednel be considered further.

Borehole seismometers

The amplitude of fundamental Rayleigh waves decreases with
depth below the Earth's surface. Therefore, Rayleigh wave effects can
be reduced by placing the detector down a borehole. The problem is
vhether seismic noise is made up predominantly of Rayleigh waves, As
mentioned before, there is still lack of agreement on this point. Work
by Gupta (1965) and Seriff et al. (1965) certainly shows that the noise
level passes through several minima with increase in depth. The depths
of the minima depend upon the period of the noise, At a period of one
second, the first minimum occurs at about 1.5 km,

Unless the detector is placed at a depth carefully determined
from a study of the noise variation down the hole within the passband,
little improvement could result, By placing detectors at depth and on
the surface, mixing could be used to reduce the noise, By applying a
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fraction of the surface noise with a complete reversal of phase to the
output obtained down the hole, a very large increase in S/N could be
obtained, Theoretically, the noise could be totally eliminated. However,
as more than one mode of noise certalnly ex1sts, only partial cancellatlon
could be obtalned,) o
. Phase reversals also take place with increase in depth, so
great care must be taken in siting the borehole detector to prevent des-
tructive cancellation of the signal also,

Wind noise is usually in the 0,2-second period range, so is
malnly confined to the near-surface layers. In areas with high wind
noise, improvements of ten to one in S/N can be obtained with boreholes
only a few hundred feet deep (Thirlaway, pers, comm,). It must be rem-
embered that shallow holes will improve S/N only on days of high wind,
so the average increase in S/N will be much less., At Wilkes about one-
fifth of the days may be termed windy, so the average improvement in
earthquake detection would be perhaps 1.2, At Mawson about half the
days are affected by katabatic winds, and the improvement would be
about 2.0.

4., CONCLUSIONS

(1) By careful choice of the detector sites within the local area,

by the grouting of detectors to bedrock, or by use of multiple detectors
if necessary, the number of detected earthquakes may be increased by a
factor of about 3. At observatories with instrument vaults, moving to

a better site would be expensive and time consuming; but where huts are
used, the removal would present comparatively few problems. Furthermore,
the observatories using huts are in the Antarctic, an area critical to
improved azimuth and epicentre determination, and the improvement possible
would be more significant than elsewhere,

(2) Increasing the galvanometer period to one second should result
in an improvement of 1.7 or so. This alteration would give the greatest
single improvement for the effort involved. Using notch filter galva-
nometers at places such as Wilkes would improve the quality of long-period
records considerably, again with little effort involved,

(3) If incoherent noise is the major part of the noise spectrum,
improvements of 4.0 to 6.0 are possible with four-to six-square arrays.
To keep the cost low, low-frequency geophones and d.c. amplifiers should
be used.

. o
(4) An improvement of 5.0 may be achieved with a uniformly effe-
ctive four—square array when coherent noise is present. The technique
would be most ‘suitable at oceanic island sites as the dimensions of the
array may be kept small and the effect of signal phase differences over
the array thus kept at a low level,

55) Assuming that considerable peripheral equipment is available
mlti-channel tape recorders and possibly a computer) improvements of
10.0 are possible. This is feasible only at a large station on the
Australian mainland, and the necessary finance would run into hundreds
of thousands of dollars.
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(6) At sites suffering from almost continuous high winds, shallow
boreholes could give improvements of up to 3.0 or so. Mawson, with its
daily katabatic wind, would be a suitable test site. At our present

state of knowledge, deep boreholes would not be justified, particularly

as a similar order of improvement could be obtained by other techniques
(see 1 to 5 above) at about one-tenth of the cost.

5. RECOMMENDATIONS

(1) Thorough investigations of noise should be carried out at
Macquarie Island, Mawson, and Wilkes,

(2) The seismograph huts should be relocated at the quietest
points, and the short-period galvanometers should be replaced by one-
second galvanometers. These two stops alone would increase the num—
ber of detectable earthquakes by a factor of about 5,

(3) The use of arrays to reduce incoherent noise, particularly
that due to high winds and surf, should be seriously considered. The
number of detectable earthquakes could be increased by up to five times.

(4) The possible use of shallow borehole seismometers at Mawson
should be investigated further. However, if the above recommendations
are adopted, a borehole would probably prove to be an uneconomic prop-
osition, .

The combination of recommendations 1 to 3 could result in
a maximum improvement of 20, As the various techniques tend to have
conflicting requirements e.g., narrow passband for frequency filtering
but a wide passband reduces secondary maximums in random noise cancel-
lation, possibly 10 to 15 would be the maximum achievable improvement,
This corresponds to a reduction in magnitude of the smallest detectable
earthquake of 1.2 to 1.5,
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APPENDIX A

TECHHICAL DETAILS CONCERNING RECOMMENDATIONS

The cost of resiting seismograph huts is difficult to determine,
However, Wilkes is being moved to a new camp site and new huts are being
provided, the Macquarie Island seismograph hut is scheduled for replace-
ment within the next few years, and ANARE would be prepared to resite the
Mawson observatory if required (Brown, pers. comm,), Of course, if arrays
are used, seismometer huts are not strictly necessary. In the first few
years of a test array, it would be best to obtain comparisons between
normal observatory seismographs and array results.

Frequency filtering can be arried out by replacing the present
galvanometers with one-second period galvanometers., The cost of such
galvanometers is not likely to exceed $350,

A square array of 16 detectors at 0.5 km and 1,0 km spacings
would require 7.5 and 15 km of wire respectively. If simple twinflex
wire was suitable, this would cost $400 to $750. Twinflex wire could
only be used if there were no pick-up from magnetic disturbances, ligh-
tning, and radio transmissions; i.e., the wire must be laid in such a
way that there are no inductive effects, At Macquarie Island, rodent-
resistant wiring would probably be required. A preamplifier at the
array would reduce any pick-up effects.

There are two possible methods of instrumentation for the array:

(1) Normal seismometers summed and fed into the usual
type of galvanometer, i.e, a slight variation of the
usual seismograph layout where the single seismometer
is replaced by a group.

(2) Seismic prospecting geophones summed, possibly after
preamplification, and fed into a d.¢. or v.l.f. amp-
lifier followed by a suitable galvanometer. Any nece-
ssary filtering could be carried out in the amplificat-
ion stage.

Technique 1 could prove very expensive, The cheapest seismometers
available are Willmores, costing about $800 each. The 16-detector array would
cost $13,000 for the seismometers alone. Geophones, on the other hand, are
comparatively cheap, prices ranging from $10 for the subminiature type to
about $200 for the more sensitive low-frequency type. It is obvious that
geophones plus an amplifisr costing perhaps $400 would be a far more econo-
mical proposition, The decision then rests upon whether the geophones are
sufficiently sensitive in the 1-Hz band to give output voltages above the
amplifier noise level,

The relation between earthquake magnitude M and ground amplitude
A is '

Mo = log,,(4/T) + q(4,n)

vhere T is the P-wave period (here assumed 1 second) and Q is the distange-
depth factor defined by Gutenberg (Richter, 1958)., Plate 7 shows the variation
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of P-phase ground amplitude (in nanometres) with distance for a magnitude
5 earthquake at normal depth (33 km), derived from Richter's Fig, VIII-b.
An average amplitude of 10 nm could be adopted at teleseismic distances.
The approximate ground amplitude and number of earthquakes occurring
(H.M.S.0., 1965, Fig, 13) are tabulated below as a function of magnitude.

Magnitude % No., of earthquakes =2 M
4 1 nm 12,000
5 10 nm 1,400
6 100 nm ' | 160
7 1000 nm ~ . 20

If an earthquake can just be detected when S/N = 1, then the
approximate noise levels at an observatory can be deduced from the num-
ber of teleseisms detected each year (See Appendix B)., The noise level
varies considerably during the year, reaching a maximum in summer and a
minimum in winter. At Wilkes for example, the number of earthquakes de-
tected each month ranges from 25 to 100 associated with a noise level
range from 10 to 50 nm; i,e, ratios of roughly half to twice the average
level, .

' Noise level (nm)
Observatorxv o No, of earthqugkes ‘Average lMaximum Mindmum
Macquarie Island 100 - 160 320 - 80
Mawson 600 26 50 10
Wilkes 600 25 50 10

A well designed transistor amplifier will have a noise level at
the input of the order of 1 microvolt, while a valve amplifier can usually
be built to give a noise level of 0,1 microvolts. For convenience, let us
adopt an amplifier noise figure of 1 microvolt. Some representative geophone
sensitivities are given bleow,

Resonant freq, Sensitivity Sensitivity at 1 Hz

Geophone (uz) T (Volt’/cm/sj Amplitude Voltage
HS=10-1) '
BV-17 ) o S °%0 :
HS-10 2 1 150 T
TIC 5 1 20 50

EVS-10 10 0.6 3 300

It can be seen that under average conditions for all Antarctic
observatories, the TIC geophone would be sufficiently sensitive. Only
on quiet days at Wilkes and Mawson when the noise level drops to 10 nm
will the amplifier noise become significant., If the noise is random,
the array output would then be 4 x 0.2 microvolts or %gut 1 microvolt,



-13=

the same order as the amplifier noise. An individual geophone signal of

0.1 microvolts would then just be detectable (signal output of 1.6 micro-
volts compared with a total noise figure of 1.4 microvolts)., This mini-

mum signal level corresponds to a ground movement of 5 nm, or about 2500

observable earthquakes per year.

It should be noted that six or so EVS-10 miniature geophones
could be substituted for each TIC to give the same results, Problems
of impedance matching might then arise, but by choosing series-parallel
connexions in the right fashion, a reasonable impedance could be maint—
ained. The cost of miniature geophones is so low that this may be a
more economical solution, With 5-or tO-Hz geophones, a passband of 1
to 5 Hz would be obtained if a one-second galvanometer is used. Filters
to narrow the bandwidth for reasons given in Chapter 3 should therefore
be used. The amplifier might possibly be saturated by high-frequency
noise,so input filters may be necessary.

If lower-noise-level sites are found, higher-sensitivity
geophones, more geophones, or lower-noise-figure amplifiers would be
called for, With sufficient power, a valve amplifier would be the
cheapest solution by far, It might then, however, be difficult to
use preamplification, as the power requirements would rise rapidly
with the number of geophones.

The cost of a 3 x 3-km array would then be about $800 for
wiring, $200 for the amplifier, perhaps $1600 for the geophones, and
$400 for the galvanometer: a total of $3000. To test the effectiveness
of such an array only abort $1000 would be required, as the geophones
could be borrowed from B.M.R.'s seismic section and an available galva-
nometer used. For 0,5-km spacing a test array would cost only $500,
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APPENDIX B

RELATION BETWEEN IMPROVEMENT AND S/N

Let us assume that the smallest earthquake that can be detected
has a-signal-to-noise ratio of unity. Using the subscripts u and i for
unimproved and improved detector arrangements respectively, S/N?for signal-
to-noise ratio, A for amplitude of smallest earthquake detectable, and n
for number of earthquakes detected,

(s/N)i _ A,
(s/m), - A

The number of earthquakes n occurring per year of magnitude
= M over the whole Earth has been determined €mpirically as

logn=J-Db M (H.M.S.0., 1965, Fig. 13)
where the magnitude M is defined in terms of ground amplitude A as
M=K+ log A - (Richter, 1958, p. 359)

and where J, b, and K are constants. The constant b is approximately
equal to unity. Because thege is not much variation. in the level of

the graph in Plate 7 from 30  onwards, the number of teleseisms recorded
down to a certain magnitude may be taken as n for a station not in an
active seismic belt.

Hence n oc.1/A

Hence gSZNZI s E];
(S/N)u Nu

and as improvement is defined as ni/nu

Improvement = §S(N}i“
(s/M)u
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