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SUMMARY

A model of the structure under the Warramunga Seismic array,
in Northern Australia, was deduced from a study of the surface
wave dispersion. The waves had periods of a quarter to one and
a half seconds and originated from mine blasts approximately
-thirty kilometres from the array. The dominant mode observed
was tentatively assumed to be the first higher Rayleigh mode.

Dispersion curves were obtained using a number of techniques
and a layered structure, dipping to the south-east was postu-
lated. There was also evidence of a complex structure in the
region of the cross-over point. Both these conclusions are in

agreement with previous work.




INTRODUCTION

In this study, an attempt was made to deduce a structure
beneath a seismic array by observing the dispersion of surface
waves. The signals originated from mine-blasting some twenty
to thirty kilometres distant from the array, and the periods
of the waves were between a quarter and one and a half seconds.

The Warramunga seismic array is situated in the centre of
the Northern Territories, Australia, forty-five kilometres
south-east of the mining town, Tennant Creek. It consists of
twenty Willmore Mark II seismometers, arranged in two arms at
right angles. The arms are approximately twenty-two kilometres
long. The structure beneath the array is believed to be com=-
plex.

Although the aim of the experiment was to improve on
existing structural models, it was more a test of the poten-
tiality of surface wave analysis, since the adequacy of this
technigue applied to complex near surface structures is not

proven.
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CHAPTER I

I PREVIOUS VWORK

Detailed analysis.of teleseismic signals requires a correc-
tion to be applied to arrival times, which is a function of the
crustal structure beneath the array. Ideally, one hopes to be
ablé to assume a homogeneous and symmetrical model. This is
- far from the case at Warramunga.

A 'residual' is the difference between a theoretical’
arrival time for an event (calculated from the standard Jeffrey-
Bullen tables) and the actual arrival time. The trend of
residuals across the Warramunga array are found to be in the
same direction for events located at opposite azimuths. This
suggests that the deviations aré due to the structure beneath
the array and not to errors in the Jeffrey-Bullen tables.

Cleary, Wright and Muirhead (1968) studieq signals from an
event in South Africa and an event in the Aleﬁtian Islands and
used equations developed by Niazi (1966) to calculate a dipping
structure from residuals. They concluded that a layer dipping - -
at 6.5 degrees in a direction of 235 degrees gave the best fit
to the data. They also suggested that particularly anomalous
results for pits B1, B2 and R1 were due to a dipping interface
rising abruptly in the vicinity of the array cross-over point.

Underwood et al (1967) let off a timed explosion near the
end of the Blue line (see Figure 4) and observed refracted P
arrivals at the pits. He concluded that an interface, 0.99
kilometres below the shot? dipped at 5.3 degrees in a direction
of 205.5 degrees and separated strata of 5.42 and 6.10 kilo-

metres per second. However, it is likely that a model involving



a single dipping interface ioc too simple, because good agroo=-
ment was never obtained between models from residual calcula-
tions and Underwood's data.

Corbishley (PhD thesis 1969) studied a large number of
events from all azimuths and deduced a model where the dib of
the layer varied from pit to pit. Two events from exactly
opprosite azimuths should be effected similarly by the structure
under the array but will not be if a dipping layer exists.
Hovwever, if the azimuth is varied until the ray paths are at
right angles to the dip, the difference in residuals of the two
events will be zero. Corbishley plotted delay time (e.ge
residual) against azimuth,for each seismometer and fitted a sine

curve to the data.

Delay Time t = A + BSin (Azimuth + & )

where ;{ = a phase term.

Since Sin (AZ + &f ) is a maximum when AZ = 90° - }5 and t
is a maximum when the azimuth is in the direction of the dip,
Corbishlé& wasg able to deduce a residual for each pit and the
variation of dip over the area. ©See Figures 1 and 2. Figure 2
supports a suggestion by Mulrhead that the structure under the
red arm is more complex than under the blue.

Although Figure 1 is an improvement on previous mbdelst if
still only represents & rough approximation to the actual
structure. Corbishley oﬁtained a better fit by imposing a
double sine curve on his data. This could be interpretel as
evidence for a double leyer. However, the ideal fit would be a
curve with a very complex mathematical expression and the

physical significance is completely lost. Kelly [Personal
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communication to Greenfield and Sheppard: Bul. Seism. Soc. Amer,
1969 Vol. 59 No. 1] has shown that a series of layers dipping
in different directions can give rise to ldentical residuals to
a single layer. ©So no model deduced from residuals can be

I2 GEOLOGY

The array is situated on a relatively flat alluvial plain.
The area where rock outcrops at the surface is a fraction of
the total arca and consequently the geological evidence is very
scanty.

Western and Central Australia were welded into a stable
shield area before the end of Precambrian times. Synchronous
batholiths and highly metamorphosed sediments in the Kimberley
district, West Queensland and to a lesser extent in the Tennant
Creek area, is possible evidence of old mountain ranges in

these regions. These would have given rise to sediments for

.three major geosynclines, the Pine Creek, Warramunga and

Carpentaria geosynclines. [See Figure 3]

An orogeny at the end of the Lower Proterozoic marked the
end of geosynclinal sedimentation and the beginning of the rise
of new moﬁntain chains. ‘These mountains were, in turn, eroded
in the Upper Proterozoic and sediments were deposited in epi-
continental seas. Since then, the region has been covered by
shallow seas in Middle Cambrian and Lower Cretacious times but
there is no evidence of any further major geological activity.

The Warramunga group is made up of sandstones, siltstone,

shales, greywacke and mudstone and is extensively intruded by

Precambrian granites. [Reference - The Geology of the Tennant

Dt s e e o —— i e B Al
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Creek One lile Sheet Arca by P; W. Crohn and W, Oldershsaw 1965]
According to Crohn and Oldershaw, in the region of the array,
3,000 fecet of massive sandstone overlies shales and siltstone.
The sediments dip outwards from a granite, suggesting that
intrusion has thrust aside the surrounding structure.

The existence of a granite complex, south of Tennant Creek
énd west of the array is knovn from bore hole data. The major
phases are porphyritic adamellite and gneissic granite and the
complex encloses several large blocks of Warramunga sediments.
The extent of this complex'is not known, but in the immediatp |
vicinity of the array, a large granodiorite mass outcrops at

the surface.
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CHAPTER II

II) SURFACE WAVE THEORY RESUME
The displacement vector of an elastic wave in an elastic

solid can be expressed as the sum of a vector and scalar field.
w = Vg + Uxy
The equations of motion of an elastic s0lid are satisfied if
2 /)
VY T
and §73P = 7%?° EF{;
o¢ and @ are_P and S wave velocities in the medium. The general

solutions of these equations are

: - _ t(wt -Rx) + v,
§ o RN g :

4/ Ll k) - v,z Ll -Rx) + v,z

To obtéin an equation of motion for a plane wave propogating in
plane layers above an infinite half-space, appropriate boundary
conditions are applied to the eguations of motion of each indi-
vidual layer and half-space. The solution is confined to the
surface by specifying that amplitude must tend to zero as depth
tends to infinity (i.e. B,D = O in the half space) and the com-
ponents of stress in the plane of the surface are zero.

At each interior discontinuity, there are, in pgeneral, four
boundary conditions [the continuity of two stress and two dis-~
placement componentsJ. Each boundary condition gives a homo-
geneous linear eguation in the unknowns, and there are as many
equations as there are unknowns. The system of equations has a:

solution if its determinant vanishes and the determinant




A (c,k) w O (x)
defines the Rayleipgh wave
equation.

In the past, the complexities of surface waves have been
attributed to imperfections of elasticity, resonsnce of crustal
columns, scattering or a breakdown of classical wave theory.

It is now clear (Ewing, Jardensky, Press 1959) that layering is
responsible for nearly all surface wave effects. In particular,
velocity is a function of period in equation (X), which is the
definition of dispersion.

Equation (X) has appeared in the literature in a variety
of forms but always as an equation that can be factored and each
factor = O represents a wave type. Two branches of the function
exist corresponding to M1 and Mé type propogation. M1 tybe
particle motion is retrograde elliptical. M2 type is prograde
¢lliptical.

The Rayleigh wave equation may be expressed in terms of
hyperbolic functions. As Tanh x tends to zero, x will tend to
en infinite number of C terms. Thus the function remains
ogcillatory and an infinite number of solutions exist, corres-
ponding to an infinite number of higher modes, subject to the
requirement that ﬁ;><2>[3.- The fundamental Rayleigh mode and
the firat and aecond higher modes'are usually identified with.
M11, M21, M12 modes respectively. [inm where n = 1 or 2,
retrograde/prograde; m = mode number. )

At the short and long period limits, the fundamental mode
phase velocity tends to the phase velocity in the upper layer
.énd substratum respectively. lHowever, the limiting wvalues for

the higher modes are the shear velocity of the upper layer and



substratum.

For the case of a dipping layer or wedge, no exact solution
of the Rayleigh wave eguation has been developed. It is, thero-~
Tore, necessary to approximate a dipping structure to one or
more constant thickness layers. Various workers have found this
approximation to be Jjustified in practice. [Reference: MeEvilly
and Stavder S. J.; Geophysics Vol. 30, April 1965.]

The amplitude of Rayleigh waves decrecases exponentially
with depth; A Rayleigh wave of wavelength, A s 18 entirely
unaffected by the medium at depths greater than A Therefore,
the dispersed surface wave train gives some indication of the
vertical velocity changes in the crust.

A Rayleigh wave train may be considered as resulting from
the interference of an ipfinite number of sinusoidal waves, each
travelling with its own éarticular phase velocity. The dis-
persed wave packet will be continuously changing with time and a
peak with a certsin period and group velocity will continually
reappear as its component sinusoids go through a cycle of con-
structive and destructive interference.

The equation for phase velocity (Reference - Brune, Nafe

:and-Oliver - Journal Geophys. Res. Vol, 65, pp.288) is

Ct - x = (NI é- - g%%) A

[ ¢; is the source phase, N is an integer corresponding to the

number of interference cycles over the propogation time t]
Unless phase at the source is known or neglegted, Phase

velocity can only be obtained by an inter~station method.

Ax - -
AE-NT ()
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distance belwoeen two selsmometers.

difference in arrival time.

period, N = integer.
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II,2 PHASE AND GROUP VELOCITY: PRELIMINARY DETERMINATIONS

FPigure 5 shows &an arrival'at the array of a blast at Peko
mine which is thirty kilometres north of the array cross-over
point, and Figure 6 the same signal after filtering. P, 8 and
Rayleigh wave arrivals are clearly visible, and the diapersive
nature of the surface waves is_apparent from Figure 6. No Love
wave mode can be present 5n the record, as the array consists
entirely of vertical instruments and there is no vertical com-
ponent of particle motion in Love wave propogation.
| Fifteen Peko events were selected from the 1967 hellicorder
records. The analogue information was played out from twenty-
four track magnetic tape. The band-pass filters: available had
a 24 decibell per octave roll off and the records were filtered
at a half to four cycles per'second. Graph 7 shows the phase
response of the‘filters.

The location of the events was checked by calculating
arrival times of S and P waves assuming Underwood's model and an
origin at Peko and comparing observed and calculated arrival
times. Agreement to within one kilometre was obtained in all
cases and this was considered sufficient confirmation of a Peko
origin, particularly as no other mines nearby were believed to
be operationsal.

Underwood obtained agreement between observed and calcu-
lated arrival times to within 0.01 seconds using equation (2)

and his pogstulated model values.

T.0. = (2h CosB® + Aj Cos $j 8in©) Cos i  (bravel time)
1/2 V1

-+ é_“]_ (1—COSZ¢ Sin2@)

v
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h - depth under shot

ﬂU = distance to J“‘ pit
= true dip

5.42 kilometres per second

-
]

V2 6.10 kilometres per second

Using equation (Z) for the Peko events, the calculated and
observed difference in arrival times at separate pits agreed to
within ¥ 0.15 seconds. Therefore the origin time of the
events, calculated from (2Z) was assumed to be 2.75 seconds prior

to the arrival of the P wave at B10 with an error of ¥ 0.10

seconds.

GROﬁP VELOCITY

Normally, the most accurate method of measuring arrival
times and periods from a seismogram is to number the peaks in
the disperasion wave poéket, plot peak number against arriva;
time of the peaks, and smooth.. The gradicnﬁ of the tangent to
a point on the smoothed curve 1s the perlod corresponding to a
particular arrival time. This method was not found to be:satis-
factory for this very short period data’. Any deviations from a
smoothed curve are, in theory, due to measuring inaccuracies or
minor heterogeneities in the earth's crust. For very near sur-
face dispersion, it is less likely that crustal heterogenecities
will be minor, and smoothing at this stage lead to large errors
in the period values, paftiaﬂarly as the periods varied very
little. If higher modes were present, a less regular wave train
would be expected, and smoothing migﬁt have distorted the data.

In addition, there was considerable uncertainty in the numbering
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of the peaks in regions of low signal to noise ratio.

In preference, a method suggested by Crampin [Higher lModes
of Seismic Surface Waves Geophys. Journal Vol. 9, ﬁ96h] was
used. This is not only more exact but provides a direct measure
of the errors inherent in the analysis. The period and arrivali_
time of each crest was measurcd separately and plotted. Figurg
8 shows the plot for nine events at pit Blue One. This graph
was then smoothed and the values from fhe smoothed curve used |
to plot a group velocity against period graph. Figure 8 giyes
a direct impression of fhe errors -in the interpretation-and

defines the error bars in Figure 9.

DISCUSSION OF ERRORS

A'éertain scatter in the arrival time vs period graph is
inherent in the method hecause arrival time is not necessarily
equidistant between two crests. This error was estimated as
¥ 0.1 seconds. The seismograms were measured to an accuracy
of * 0.05 seconds. This is a figure embracing the noisiest
portions of the trace. % 0.02 is a more average estimate.

The error in origin time of * 0.1 seconds hés already been
mentidéned. The phase at the source caﬁ lead to significant
crest displacements, particularly for deep events. Although the
_ origin time is related to the epi-centre, a Rayleigh wave is not
considered to exist until the compressional wave reaches the

surface, or until x » h Tan O [see diagram and Ewing,

Jardensky, Press p.60)
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The source phase is related to position P. This error is knowm
to be small and in this experiment was neglected. [h assumed
to be small.]

The phase shifts due to variations in the seismometer
characteristics would introduce further error. Muirhead (PhD
thesis 1967) carried out a computer simulation of the Willmore
Mk II phase response and found that an error of 0.04 seconds may '
be introduced for a signal of frequency 1 cps. The phase res-
ponse of the filters used in the playout equipment are shown in
FPigure 7. The data has 5een corrected for this shift. Previous
workers have checked the equipment for pen misalignment and the
possible snaking of the tape past the pick-up heads, and have
found the errors to be insignificant.

Any heterogeneity in the crust, céusing reflections and
refractions, or any anisotropy, will give rise to further scat-
ter. This is to be expected for the near surface structure
under investigation. There may also have been slight differ-
ences in location of the events throughout Peko mine and there- -
for slightly different propogation paths,

Near to an event, the surface wave packet is effectively a
fourier transfornm of the source function. As the wave progresses,

the different modes sepafate out., The array is too close to
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Peko for any mode separation to be immediately apparent. The
wave packet may represent the summation of the sinusoids from
various modes. Therefore it i1s reasonable to expect a scatter

in period from a smoothed curve.

INTERPRETATION

Figures 10-13 show the group velocity curves for all the
geismometers. The only trend that emerges [see Figure'8-9] is
a possible lower near surface (short period) velocity to the
north of B6 than to the séuth. The fall in the upper limit cut
off at B8 and B9 simply reflects the fact that short periods
emerge first from the transform of the source function and B9
is a mere 17 kilometres from the mine.

As already mentioned in Chapter One, a granite complex
enclosing 1arge blocks of Warramunga Sediments exists to the
west of the array. Maps prepared by the Bureau of lMineral
Resourses, Australia, tentatively draw in the eastern boundary
of this complex in the region of the array. It is possible that
the lower near surface velocities of B6, B7, B8 and B9 may 5e
attributable to a granite free propogation path.

A programme developed by Harkridef was used to obtain
theoretical dispersion curves for Rayleigh waves propogating
thrbugh a defined horizontal layered crustal model. [see
Appendix Al The density used in the computer models was 2.8
g/cc, constant over the depths considered. Figure 14 shows a
nunber of theoretical curves superimposed on the Blue One group
velocity confidence limits. A component wave with a period T
and velocity C will have a wavelength of (C x T). Due to the
exponential decay of amplitﬁde with depth, it is generally



Pt Pl Tt bl

Pl Pt e ety

punpeing bl S

ot St Tt

St peppetes s

it

. N WY

Rt LI s 1

LI EINIIWIN

LY

'BLUE FOUR™ . i

e T R

I L e VT
—

Scconng |



file:////i/WW

amQ
bo, 1.

CAAMA

——"
Vo
S

S.
Hel

AT

e

T o e b Fene iy liairanin =St

— T TSI . jatmmpn g

T
[Py S G Sp——

HIH

SL:

i




e e vemeaerds ddbad .

» ' Qorzy

2]

e .““..-.llm.l ..'ll..llﬂm_.-i.w

233 a3

: .9.]_ -

) L1,

&'

G

£




CiN&

e m— - — - - -

wEw

(]
1
1
1

RED  Sever

1
R}
=~y
i
|
|




THEORETICAL CURVES.

!

2Km layer
P vel= 4.9476 10 km/s
ist Higher Mode

| .

| Fundamental mode

3-0- Two O75km layers
. P vel=542/5.70/6410 km/,
| R - '
8 Underwood Model
P iF‘und. Mode
N
\Y; !
E g
L {
2.54 - 2 km layer
o Pvel=4.90/ 640
KM[S und- Mode
2’0 ]

5 o 1.0
PERIOD Secs =~ = -~




16

assumed that the wave propogates through a surface layer which
is approximately (2/3 x C x T) kilometres thick. Therefore,
the depth of interest in this problem was roughly three kilo-
metres. |

All the fundamental mode models tried, tended to have their
characteristic group velocity minima in the period range con-
sidered. It is a common feature of seismograms that the envel-
ope of waves with the maximum energy is associated with a mini-
mum of group velocity. This is simply because, in the region
of a turning point, a wide band of periods have approximately
the same velocity and hence the same arrival time. This maxi-
mum amplitude peak (or peaks) is known as the Airy phase.

It is therefore encouraging that the crests with maximunm
amplitude for this data correspond to the group velocity'minimum
of a dispersion curve for an expected average crustal model.
This is not to say that all the computed points can simply be
congidered as Airy phase. Near to the source, the source func-
tion transform and the Airy Phase afe as one. As the wave pro-
gresses, the different frequéncies are effectively emerging from
the Airy Phase.

Figure 14 shows that the best but bylno means unigue fit to
the data were with a first higher mode. In fact no fundamental
mode model gave rise to the required curve steepness over the
period range considered. This suggests that the dominant mode
emerging from the Airy phase may be the first Rayleigh mode.

" 80 the smoothed curves of Figures 10-13 should not be con-
sidered as the dispersion curves of one mode. Rather, they are
more likely to be an average plot of the identifiable arrivals;

the Airy phase, possibly the first higher mode, and in theory
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an infinite number of higher modes that may or may not be
detectable. The prominence of different modes may also vary
from 6ne event to another.

The experiment would have been greatly enhanced if some
method of positive mode identification had been possible. The
simplest method would have been to observe the relative particle
motions in the propogated wave with a three component set of

seismometers. Illowever, no three component set was available.

PHASE VELOCITY
By virtue of the method of calculation, [see equation Y]
inter-station phase velocity is a function of the structure

between the two stations. Considering the earth as a filter:

£,(t) = Hp) £4(¢)

where H(p) is the crustal transfer function.
£5(t)
£,(t)

signal at output : seismometer 2.

signal at input : seismometer 1.

The event should be in line with the seismometers. However, in
this experiment, ray paths to two adjacent seismometers only
diverged by approximately 3 degrees. So it was assumed that the
crustal transfer function was constant over this limited arc.
Twelve events were used to obtain phase velocity dispersion
plots corresponding to : B1 to B3, B3 to B4, B4 to B5, B5 to B6,
B6 to B7, B7 to B8, B8 to B9, B9 to B10. A large scatter was
obtained on all the graphs, effectively masking any possible
dispérsion trend and rendering the graphs uninterpretable. The
available frequency bandwidth was rarely greater than 0.4 to 0.9

seconds. This strictly limits any analysis because only a small

RN S Sl
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portion of a dispersion curve may be identified. As the dis-
tance from the source increases, more frequencies separate out
and the increased bandwidth leads to a more complete dispersion
curve, |

Apzrt from the phase at the source error which cancels out,
causes of scatter would be the same as for group velocity. It
was assumed that the distance between pits was not suffiqient
for the next interference cycle to have emerged and so I in
equation (Y) was always put equal to zero.

Most of the wide scatter may be attributed to the measure-
, hent error. Since a difference of two values was being
measured, the limits guoted of * 0,02 and % 0.05 seconds be-
come, by the summation of errors * 0.03 and * 0.07 secconds and
this gives rise to possiblo velocity uncertaintios of 0.06 and

0,15 kilometres per second reapectively.

In this chapter, the limitations of standard eye-ball
techniques applied to near event, short period data have been
discussed. So far,_all that has been revealed is a suggestion
that the surface wave dispersion might have resulted from a
structure approximating to the Underwood model. For the remain-
der of the-study, the techniques of fourier analysis and velo-
city filtering were applied to the data in an attempt to

indreasé the observable bandwidth and separate out the modes.
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CHAPTER III

III,1 THE SEPARATION OF MODES BY VELOCITY FILCERING

The fundamental requirement for any further analysis 1is the
separation of the modes. Essentially, the modes differ in
velocity, and an array of seismometers enables data to be fil-
tered in azimuth and velocity using delay/sum/correlation tech-
niques. No sharp correlation would be expected, since the
surface wave velocities varied over the array area. However,
summation results in a signal to noise gain of Jﬁu_ where N is
the number of seismometers [gain approximately 4.3 for Warfamungaj]

and 1£ was hoped that arrivals disguised in the noise might be

~ revealed.

Velocity filtering was carried out, using a specialised
hybrid computer, the Aldermaston Seismic Array Data Analyser
(SADA). See Apvendix B1. Runs were carried out for two events,
with and without initial filtering at a half to foup cycles per
second. PFigures 15 and 16 show two of the outputs. Figure 15
shows correlation centred at 3.1 kilometres per second and
slight correlation around 2.2 to 2.4 kilometres per second. The
same trend is reflected in the unfiltered total sums of Figure
16.

It is tempting to interpret these results as evidence of
two modes. However, SADA assumes a plane wave front whereas the
azimuths from Peko to different pits vary by up to 37 degrees.
So, a curved wave front modification was written into the SADA
programme [ace Appendix B2] and the two events were run again.
The dominant wave packet still correlated strongly at approxi-
mately 3.1 kilometres per;second. The second correlation was

less well defined but still observable.
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It is possible that the secondary peak could be due to
coherent nolse or a refraction of the surface wave at some major
vertical structural discontinuity. However, subject to this
uncertainty, it is tentatively concluded that the lower veloclty
peak may corréspond to the fundamental mode and the major cor-~
relation to the dominant first Rayleigh mode. The actual velo-
city values have little siénificance as they only represent some

kind of weighted mean over the entire area of interest.
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III,2 GROUP VELOCITY DETERMINATION DY FOURIER MBETIIODS

A technique copable of resolving complex signals which are
composed of several periods, arriving at a recording station
almost simultaneously has been developed by Dzienonski, Bloch
and Landismann [Bull. Seism. Soc. Am. Feb. 1969). 1In addition,
the fourier analysis incorporated in the method enables broader
portions of the dispersion present to be recovered than is
observable by eye. Two Peko events were analysced using a pro-
gramme based on this method which was written by C. Blamey and
A. Douglas [UKAEA Blacknest]. |

Thé seismograms, filtered at a half to four cycles per
second were digitised at an interval at 0.078 seconds. It
would have been prefepable to avoid the phase distortion caused
by filtering, for at the time of use, no iﬁstrument correction
option had been written into the programme. However, the
nuiquist frequency sampling interval required for an unfiltered
record would havé been outside the limits of the equipment
available. The traces a% each pit in the array were analysed

1

separately.

'AMPLITUDE SPECTRA

Figure_17 shows the amplitude spectra of an event for sig-
nals arriving at pits B4, B3, B4, B6, B8, B9, R1, R5 and R9.
The instability at high frequencies is due to digitising error.
The Rayleéipgh wave energy is peaked at approximately 1.5 cycles
per second and the sharp decrease in amplitude to the right of
the peak is due to the high frequency cut off of the play out
filter. All spectra have a minimum at approximately 0.7 cycles

per second and a secondary'peak at the lowerfrequency end of the
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spectrum. _
The general pattern of these spectra is adequately explained
by Figures 418 and 19. Figure 18 shows the noise spectrum at
Warramunga plotted as the tétallsums of the spectra at all the
seismometers. [Reference - A.W.R.E. Report - A compsrison of
the short period seismic noise at the Four UKAEA type arrays
and an estimation of their detection capabilities] The plot
was obtained from analysis of thirty minute samples of back-
ground noise taken from the 1966 records. Note the minimum at
0;6 cycles per second. PFigure 19 shows the seismometer response,
the playout filter response and the noise spectrum superimposed
on each other. The amplitude values of the three curves are
arbitary. Figure 20 shows the resultant of Figure 19 alongside
the amplitude spectrum at B8. From the good agreement, it is
concluded that the secondary peak on all the spectra is due. to
microseismic noise. Any extension of a group velocity curve

above 0.7 cycles per second (1.l second period) and below L

cycles per second (0.25 seconds period) must therefore be ignored.

The good agreement also suggests that the source function
is an impulse with a flat frequehcy spectrum. This is to be
éxpected for a mine blast, |

Figure 17 shows the overall consistency of the amplitude
spectra -in comparison with the deviations in spectrum B1. It
‘was mentioned in the theory that some inhomogeneity may exist
under the cross-over point. Therefore a possible cause of the:
modulation of the B1 spectrum may be interference of reflected
and refracted waves scattered from a complex strucﬁure.

[Reference Pilant & Knopoff Bull. Seism. Soc. Amn. Vol. 54]
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GROUP VisLOCITY

The outvut from the computer is a group volocity/poriod/
energy matrix. TFigure 21 shows the matrix for pit B1 with
" relative energy contoured at 5 dB intervals. A ridge in this
piot represents a dispersion curve. The plot shows that one
mode 1s very dominant at these periods although there i1s some
evidence of a lower mode emerging at the bottom right hand
corner. Figure 22 shows the curve of the dominant ridge for
" two events, superimposed on the group velocity plot of Chapter
Two. The trend of the group velocity curves for the two events
were similar at all the pits. The difference in velocity values
was attributed bredominantly to the error in origin time and
position. Ideally, an experiment of this type needs timed
explosions.

Figures 23-26 are the group velocity curves for the arrivals
at each pit. The curves could be subdivided into three general
types; a positive gradient with a point of inflection at
approximately 1.0 second as in B4, B3, B9, R1, R2, R6; a well
developed maximum followed by a negative gradient as in B7, B8,
R3 and R5; a smooth curve.with one well developed minimum as in

R4, R6 and R10. o

It must be emphasised that the entire analysis is based on
the assumption that the theory for waves in a horizontally
layered medium may be assumed to apply to near surface, inevit-
ably complex structures of dipping, undulating and possibly
faulted beds. Phase changes have been shown to occur due to
back scattering from a dipping interface [(Knopoff and Mal;

Journ. Geophys. Res. Vol. 72 pp.1769] and when a wave crosses a
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vertical discontinuity [Alsop; Journal Geophys. Res. Vol. 72
pp.2169]. There must be a'point when apyproximating to a simple
theory looses its validity. In this study it has béen assumed
that to a weve of approximately three kilometres wavelength,

the structure appears to have the required simplicity.

INTERPRETAT ION |

| The following interpretation is essentially gualitative
and not unique. No definite proof has been given of the mode
type observed. An incorrect assumption'hére, would completely
invalidate any conclusions. Iurthermore, the error bars on the
velocity values are large (see Figure 22) which limits exact
quantitative analysis even if the correct mode has been chosen.
llowever, the change in the shape of the curves across the array
is significant.

A wide variety of models were fed into the Harkinder pro-
gramme starting with the Underwood values, Thé only fundamental
mode model whose theoretical curve came near to fitting the data
was MODEL F. (see next sheet) See Figure 29. The inflection

point has to be neglected in this interpretation, S8ince model F

approximates to Underwood's model, this égain raises the prevail-.

ing doubt about mode type. However, all other fundamental mode

theoretical curves fitted very badly. They had broad minima at

1.0 seconds or above and were too slowly varying. Further

analysis was therefore restricted to the first higher mode.
Having made this assumption of mode type, it was possible

to suggest an explanation for the various features of the graphs.

The higher mode phase velocity curve of a 1ayef over a half

space tends at its extremities to the shear velocities in the




. THEORETICAL HODELS

oc kn/sec [3 kn/sec
A
2.0 km 4.9k 2¢65
7,0 km 5.60 ' BeR?
6.50 2s75
B
. 7.5 km SANE
505 km -
Cc
2.0 Ikm SAME
L.,0 km .
D
2.0 km : Lok 2.05
1,0 km 5¢35 2.09
" 6.50 3.75
E
1.5 km SAKE
4.5 ki
All are for First Rayleigh lode.
F .
0.15 km 5.42 3.13
0.75 km 5.70 3,28
6.10 3452

Fundamental Mode.

All densities ate 2.8 g/cc.




KM/s
3-2-

3O

PHASE VEL

THEORETICAL - CURVES

FIG

. 27

m

28

GROUP
VEL

kew/s

2:9-

28~

.S




U ' v
304 |
GRovP v
" VEL
ke[S
FiG~ 30

28+

md
. a.
~

Bl B2 B3 -~ B4 B5 B6 B7 B8 B89 B IO

KM

POSTULATED MODEL

FIG 31




25

two media. The position of maximum gradient is midway between
these values. On differentiation, the resulting group velo-
city curve has a minimum corresponding to the maximuwn phase
velocity gradient. In general the shape is little different
for a three layer model. However, as the thickness of the
middle layer increases, only the longer periods will be "aware"
of the existence of a lower discontinuity. The shorter periods
only propogate through azlayer over a half-space. The result
is a point of inflection:in the phase velocity curve. [See
Figure 27.] The differential of a point of inflection (i.e.
' the group velocity] is a maximum. For a lesser distortion in
the phase velocity curve, the resultant group velocity maximum
is less well developed and eventually becomes a point of inflec-
tion.

Therefore, B1, B3, B9, R1, R2, R6 and R8 are assumed to be
the result of a three layer structure, B7, B3, B3 and B5 a
three layer structure with a thick middle layer and B4}, B6 and
B10 a layer over a half space.

If this interpretation is correct, the data confirﬁs
expectations of a general structural dip towards the south-west.
Figure 31 may be an approximation to theltruth. Curve B9 sug-
gests a three layer model,'curve B8'and B7 a progressively
deepening lowér discontinuity as the maximum becomes more
developed. By B6 the lower discontinuity is too deep to bve
detected and the siructure is again effectively a layer over a
half-space. B1, B3 and R1 again suggest a three layer model
80 the presence of a further layer is a possibility. The
region of the cross-over poilnt will be dlscussed sgain later..

Since the group velocity curve is a function of the whole
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i wave path from the source, the model in Figure 31 is only fea-
" 8ible since Peko is someway to the west of the Blue 1ine and
propbgution paths vary from pit to pit.
- The Red line data is similar to the Blue. If R6 to RS
reflect a three layer structure and R3 and R5 a thickening middle
layer, then again one can postuléte a dip towards the cross-
over point as suggested by Corbishley. The three dimensional
model would then have a general dip in a roughly south-westerly
direction. Although this interpretation is far from unique, it
is at least in broad agreement with previous work.

Figure 27 shows the variations in phase velocity brought
about by relatively minor changes in the structural model.
Figures 28, 29 and 30 show the fitting of theoretical curves to

the data., To obtain phase velocity cur?es with the necessary

point of inflection to produce a group velocity maximum, it was
necessary to postulate a low velocity middle layer with a large
velocity step at a relatively deep second discontinuity.
'Unfortunately Underwood's model requires a velocity of 6.10
kilometres per second at depths corresponding to the low velo-
city middle layer. So there is an.incompatability here that
~1s difficult to resolve. |
However, the velocities of models C and E 6f L.94/5.35 to

5.60/6.50 kilometres rer second are again in reasonable agree-

ment with previous work, particularly in view of the necessary

horizontal layer approximation.
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ITI,3 PHASE VELOCITY DETERMINATION BY FOURIER HITHODS

Two further attempts were made to obtain phase velocity
dispersion curves, since inter-pit phase velocity is dependent
solely on the point at issue; the structure directly beneath
the array.

Signals at a selection of pits were digitised and fourier
analysed with a fast fourier computer programme, written by A,
Douglas (U.K.A.E.A. Blacknest). Phase velocities were calcu-
lated from the phase spectra using standard theory, first pro-
posed by SAto [Bull. Earthquake Res. Inst. Tokyo Univ. 33-U48
1955] for pits B1 to B3, B4 to B6, B6 to B8 and B3 to BIO.

The phase spectra first had to be smoothed. tPilant and
Knopoff Bull. Seism. Soc. Am. Vol. 54 1964].

Results obtained were-susbect. The dispersion curves con-
sisted of violent velocity inversions and maxima and minima
which would represent the most unlikely structures. Calcula—
tions were repeated without smoothing the phase spectra, incdse
this had introduced undue distortion. In all cases, completely
unphysical results were obtained.

It would seem that phases are too variable at these short
periods for Sato's method to be applicable. Alternatively, a
wide scatter of phase velocities might result from the computa-
tion for a wave train made up of more than one mode. Smoothing
might then distort the values into the sharply varying curves.
In any event, the method and the results were discarded.

However, some success was obtained using a phase velocity
programme written by C. Blamey and A. Douglas (U.K.A.E.A.

Blacknest) and based on a method developed by Bloch and Hales

[Wew Techniques for the Determination of Surface Wave Phase
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velocities : Bull. Seism. Soc. Am. Vol. 58 No. 3, June 19681.
The output is again a matrix and Fipgure 32 shows the phase
velocity curves at four locations with the confidence limits
ags the three decibell energy points along the dominant rigae.
Two features are worthy of note. Iirstly, no confirmation
exists for the suggestion made in Chapter Two that there ig a
lower near surface velocity at the north end of the blue line}
‘Secondly, there is an apparent inversion at the cross-over
point, clearly seen in B3 to R2 and to a lesser extent in B3
to B1., In a region where reflections and refractions of a sﬂr-
face wave occurs, an excentric dispersion curve is to be expec-
ted. Therefore, Figure 32 is possibly added confirmation of

the anomalous nature of the cross-over point structure.
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CONCLUSION

The structural model deduced from surface wave dispersion
studies is in general agreement with existing models. The
qualitative and approximate nature of the conclusions is not a
reflection on the limitations of the analytical method. Ruther
it emphasises the need for a planned experiment, instead of an
analysis of some vaguely convenient mine blasts. The full
potentially of the method could be realised if the experiment
wefe repcated with timed explosions located all round the array
and with some three component sets of seismometers to observe_
particle motions and identify the mode types. Ideally, the
experiment could be carried out in conjunction with a seismic
reflection shoot. ’

In general there is no evidence to suggest that the stan-
dard techniques of dispersion analysis may not be applied to
periods less than two seconds. However, the behavibur of sur-
face waves when the structure deviates significantly from hori-

zontal layering is little discussed in the literature but is

- vital to the further deyelopment of short period surface wave

analysis.
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APPENDIX A

HARKRIDER'S COMPUTER PROGRAMIE FOR TIHE DEIERNINATION
OF THEORETICAL DISPERSION CURVES

The theoretical basis for the programme is essentially as

outlined in the first part of Chapter Two. The programme sets

up the métrix equation which is a function of the phase velo- -
city, wave nunber and the four elastic constants of the crustal
layers. An initisl phase velocity and wave number value has to

be specified in the data and the computer carries out an itera-

tive proceedure, adjusting the phase velocity until the func-

‘tion eguals zero. Then a new wave number value is specified

and the process is repeated. Group velocity is obtained from
the differentiation of the phase velocity curve. Having
iterated onto the first root of the function, the programme,
if required, will look for the next higher root, specified by
the requirement that zero will be approached from the opposite
sign to the first root. These results define the first higher

mode. The programme only caters for a horizontal layered

model.
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APPENDIX B

1. SADA !

The seismic array data analyser consists essentiélly of
an analogue input, an analogue digital converter, a digital
arithmetic section and a display section. Data is fed in on
multi-channel I'.ii. magnetic tape, demodulated, filtered and
equalised. The data is then multiplexed, digitised and fed
directly into a core store. The read out from the core store
is controlled by a programne held in a separate store., The
programme calculates the delay times for each pit,

Tn = - [ xn Sinc 4+ Yn Cos oc ]
Vv -V

oC = azimuth, x, y = position co-ordinates
of the pits

for a range

of_velocities and azimuths. The programme input is on punched
cards.

The phased digital data is then fed to a’digital adder.,
The partial sums of the red and Dblue iipe are éross-correluted
and the result is converted back té analogue, de-multiplexed
and fed into the display section. The display consists of
twenty traces, corresponding to twehty different valﬁes of

velocity and azimuth.

2. SADA PROGRAMME CURVED WAVE FRONT HODIFICATION

In the diagram below of the curved and plane wavefront,

P = r=r Cos;f



 J -
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The delay time correction to be applied to each selgmometer is

therefore,'
Tn = ™ (1 - Cos¢n) /v
where n is the distunce to pit n from the source,

~ ¢n = (AZIMUTH data reference point - AZIMUTH n)

S

curved wioue

N P\ome wouve

(0,0)

Therefore the corrected delay time is

T = - zn SinXDRP | ¥n CosXDRP ] - f-;[ 1-Cos (DRPLKn) ]
v \
CORRECTION FACTOR.

A subroutine was written that calculated the correction factor,
Values of Mn andOn were obtained from a programme, incorpora-
ted as an additional subroutine, which calculated the azimuths
and distances between two points on the earth's surface, given
the latitudes and longditudes of the points. A DO loop was
then written into the main SADA programme which called up the

two subroutines and provided the relevant adjustment to each

delay time.
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APPENDIX C
INTERPRETATION OF THE CROSS~OVER POINT #AGNKTIC ANNOHALY

Figure 33 shows a portion of the ae$dmagnetic map pro-
duced by tne Bureau of Mineral Resources, Australia, in 1962.
Total magnetic intensity is contoured at 50 gamma intervals.
[Pennant Creek - S.E : G 237-14 June 1962] The contours are
widely spaced over the rest of the array area. |

The profile X-X was interpreted as resulting from a rise
in a magnetic basement, using an itera@ive programme developed
by Al-Chalabi [Durham Univ. personnal communication 1969].

The programme required no parameters to be specified other
than a general initial shape and simply iterated towerds a fit.
The result obtained cannot be unique but does represent a '
plausible model.

The depth of 2.16 kilometres agrees with other work lsce
main text] and a similar basement rise was postulated by
Cleary et al to explain anomalous cross—over point residuals.
It is also interesting to note that Corbishley's dip directions
at the cross-over point are directly in line with the trend of

the magnetic anomaly.
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APPENDIX D
SURFACE WAVE ATTENUATION

The specific attenuation factor, Q, is the reduction to a
dimensionless form of the more usual ﬁeasures of attenuation.
Knopoff [Revs. of Geophys. 1964 Vol. 2 Wo. L] has shown that,
for homogencous material, Q@ may be considered to be indepen&-
ent of freguency. It follows that any variation of Q@ with
frequency will Dbe reflecting Q as a function of depth.

Tsai and Aki (Bull. Seism. Soc, Am. Vol. 59 pp.275 1969)
calculated inter-station Q@ with surface waves of period range

15 to 50 seconds using the expression:
an = Yf(rp-ry)/ Inl a1 [sin 81’ )
5 [ A2 {8in A 2 ]
\"here rys To

Dys A

distance from source to stations in kilometres

distance from source to stations in degrees.

2
the amplitude spectra.

Amplitude of frequency component, fy read from

U = group velocity at frequency fq.

This same expression was applied to the Peko data using the
amplitude and group velocity values from the group velocity
programmé (chapter III,2). If the amplitude spectra at these
periods are too seriously modulated by surface effects or if

the structure is too inhomogeneous, this simple equation com-

pletely looses its validity.

Figures 34 and 35 show the § plots for pits B1 to B3 and
Bl to B7. The values of Q are arbitary since no scismometer

corrections were applied. A much more rigorous approach would
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be necessary before a meaningful interpretation is possible.
However, the results are encouraging. As expected, instability
occurs at the short periods and the graphs have a similar mini-
mum at 1.2 and 1.1 secconds respectively which may reflect the

dipping layer postulated in Chapter III,2.
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