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ABSTRACT

Preant

The specific attfenuvation factor, Q;q, has been estimated from
seismic Rayleigh waves in the frequency'range 0.015~0.11 Hz. The 95%
confidence limits determine a narrow region around all estimates.

The obgervational éata consists of digitised Reyleigh wave
traces f{rom film chips of the long period vertical component instruments
cof the WWSSN stations. Events used are nuclear explosions in HNovaya
Zemlya, the Lop Nor region of China (Southern Sinkiang Province) and the
Aleutian Islands.

The group velocity and spectral amplitudes are obtained foy
each seismogram»using an improved "pultiple filter technique™. 'QTj
is estimated by a least squares regression fit to the subsecuent amplitude-~
distance plots.

Values_of Q;j are generallj larger when determined from Novaya
Zemlya (.004) than for the Lop Nor test site (.003). The largest values
of Q-1

Y
of high dissipation in the upper mantle sampled by these frequencies alone,

(.009) are found at low frequencies (0.02 Hz), implying a zone

The observed values of Qj; are directly inverted using an
extended Monﬁe—Carlo technigue - "Hedgehog". This successfully inverted the
data from No&aya Zemlya revealing a region of high dissipation coincident
with the low velocity zone, although low velocity is not assumed. The
inversion model showa'Q:: = 002, QE; = 0045 for the uppermost 120 km
-1

and Q' = .007, Qp = «015 (@, = 140, Qg = 65) in the absorption zone

below 120 km.
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Too well I know these godlike ones.
They will that men believe on them,

and that doubt be held sin.

Friedrich Wilhelm Neitzche




INTRODUCTION

I. 9 HEZH

The importance of Q is demonstrated by Knopoff's (1964) statement

"Were it not for the intrinsic attenuatiocn of sound in the earth's interior,
the energy bf earthquakes of the past would still reverberate through the
interior of the earth today'.

It is obvious that after an event has téken place the energy from
it is gradually absorbed by the earth and converted into heat - this is =
normal consequence of the non-elastic phenomenon of dissipative wave propa-
gation.‘ However the means and amounts of this dissipation are generally
not known. The geophysicist is interested in knowing if certain areas
of the earth are better or worse dissipators of seismic energy than éthersg
Such information may throw light on the interiocr of the earth in terms of
the chemistry and physics of materials and mechanisms at depth.

Any seismic wave ié composed of a set of harmonics or a continuous
range of freguencies (f). To quantify the amount of attenuation (dissipation)
suffered by each harmonic we use the attenuation factor Q(f), or more

. s o . -1 L
sensibly we use the specific attenuation factor, § , because this is
gdirectly proportional fto the amount of attenuation.

For a propagating monochromatic wave its attenuation may be

described by an exponential function of the form:

D= exp K;Q F tg gt
,‘x‘[\z/ 2
5,
w = angular frequency (radians/s)
t= travel time.

In terms of frequency, I, and assuming a phase velocity ¢ we have

¢ T2
- | dx \
D=expy w1 / -
, cQ
*1
V4 A
[ s )
I 45 T
N el

where X is the distance travelled.




In terms of a spatial attenuation coefficient, v , we have the

function exp(yx) and so
' y o= :gg? kn |
If we were dealing with standing waves we would measure their
amplitude at a point as it varies in time, essentially a damping factor
of the form exp(vt) is determined. The Qs fér the two possible types of
experiment, QT for travelling or stfor standing waves, are not the same and

Knopoff, Aki et al. (1964) have rigorously shown that

e = C QT

s

where U i1s the group velocity. 1In this work, unless specifically stated,
QT is to be assumed.

From these equations it dis clear that Q is dimensionless and a
measure of the loss or attenuation per cycle of a wave, rather than a
megsure of loss with absolute distance és is the case for the attenustion
coefficient +y . This is simply shown by expressing ¥ in terms of
wavelength A

- - x -1
Yy = Q 3 km

I.2 Q DETERMINATIONS IN THE LABORATORY
| Observational data on @ usually falls into one of three categories:
1 Laboratory experiments on non earth materials
2 Laboratory experiments on earth materials
3 FExperiments on the redl earth |
"with the errors involved increasing from category to category.
"For liquids Q—1’is found to be proportional to the frequency.

Pinkerton (1947) plots against frequency and the straight lines of

o

zero slope which he obtains illustrate the result very well.
The attenuation coefficient, v , for solids is usually found to
be proportional to the frequency and hence values of Q“1 are freguency

independent. This implies the theory of comstancy of Q over all Ifrequenciles.




For example Peselnick and Zietz (1959) measured the Q of Solenhofen Limestone
using compressional pulses in the freguency rénge 3-15 Mc/s and found

it to be 110. More recent meaSQYements by Mason and Kuo (1971) for
Pennsylvania Slate over the fregquency range .01-20 megahertz gave an
approximately constant value.

The concept of constant Q is important because if it is accepted
for the real earth then any deviation from 'normal" Q will imply a change
in substance, physical or chemical. But a distinctiocn must be made beltween
the Q of body waves and surface waves. Yamakawa and Sato (1964) state that
body wave § is a physical constant for a medium whereas surface wave Q
depends on the physical properties and the structure of the medium. The {
of surface waves, like the velocity, may have én “"apparent' frequency
dependence simply due to the geometry of a layered structure.

Other peéple have investigated the joint problem of liguid and
solid; Born (1941), has investigéted sandstone with varying water
contents. Hié pleasing results are that an becomes more frequency
dependent as the water content increases. Q“ is constant for the dry
rock case, Figure I.1 is téken from Born's work.

The disadvantage of these experiments is that they are conducted
at'non—geophysicél frequencies. We are really interested in the range .001
to 10 Hz.

I.3 Q MECHANISHMS

Several mechanisms have been put forward to describe microscopic
Q, and a géod review paper is that of Jackson and Anderson (1970).

Some of the less successful mechanisms involve atomic diffusion
and dislocation mechanisms. The better mechanisms seem to involve

1 paftial melting

2 grain boundary relaxations and

L%

a mechanism of '"high temperature, internal friction background®

(i.e. vacancy creation and diffusion) which obeys
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- A
- < exp (<H/RT)

where H is the appropriate energy reguired for initistion and T is the
: . : =1 -1
absolute temperature. Note that for this mechanism Q « £ .

Processes such as diffusion of dislocaticons and crystal point
defects, fluid floﬁ in pores and phase changes will act to relieve an
applied stress - these are relaxation mechanisms. Energy is absorbed
and then released during consecutive halves of a cycle and this energy
transfer takes a finite relaxation time.

Zener (1948) has shown that if the rate of stress relief is

proportional to stress for constant strain then each of the above processes

creates an internal friction Q-1 of the form
M -M £/t
-1 u

R P
Q = M N
1+(£/7 )
P

M : Tunrelaxed" elastic modulus

MR: relaxed elastic modulus

f ; constant of proportionality between stress and rate of stress relaxaticn.,
If the mechanism is thefmally activated then the relaxation

times are pressure and temperature dependent. We would therefore expect

the internal friction to vary with depth. Allowing for the effect of

. . . -1
temperature on relaxation times alters the above expregsion for ¢ to

L -Hy
7 oxPlgs

an _ Mu_MR
T £ THo 2
u 1+(f eXP(RT))

p

However, it is not possible to state that one particular mechanism is
entirely responsible for atitenuation effects.

Also, a particular attenuation mechanism may be quite strongly
frequency dependent - but if we consider a wide range of chemical and
physical properties (for examplé grain and pore size within the earth)
and a multi componenf,'multi phase system then we may obtain a qu which
is only weakly freguency depgndent° The earth's helerogeneilty may average

a @ mechanism to produce a predominantly frequency independent result.

ey




I.4 © DETERMINATIONE FROM THE REAL EARTH

Experimental measurements of ) for the real eérth differ in their
degree of directness and in the number of secondary effeéts which have to
be considered e.g. reflection coefficients.

Body wave determinations of § usually rely on the spectral
ratios of two distinct seismic wave phases. If we take the spectral ratios
for the phases (from the same event) P and the surface refleéction pP for
recordings at the same station then we have a ch dependent quantity.
The difference between the two phases is caused mainly by the epicentre-
hypocentre structure at the soufce and the loss of energy at the surface
reflection. The surface reflection is an unwanted secondary effect which
when taken into consideration is a source of error. Niazi (1971) used the
technigue to detergine Q(L values for the upper mantle; his results have
been criticised by Buchbiﬁder (1972).

The phases PcP and P have been used to determine Qy in the mantle.
Ibrahim (1971) obtains thé ratio PcP/P and chooses as the best Q values
those &hich reauce the scatter in his data; the technique seems to be effectiv

The work of Kovach and Anderson (1964) produced values for Qﬁ | ‘
using S waves reflected at the core mantle boundary; ScS, sScS, Sc$
sScs2 were observed and QB determined. The surface reflected waves allow
distinct Q@ s to be determined for the upper and lower regions of the
mantle, giving values of 200 and 2200 respectively.

Both of these last two methods assume coefficients of reflection
and obtain Q indirectly by the comparison of two or more different
phases of seismic energy. To determine the degree of attenuation directly
it is necessary to observe the same wave at more than one point.

| The surface waves. from a large earthquake will travel round the

earth several times before they are attenuated down to the noise level -~
hence they may be recorded more than once at the same station. The amplitude

attenuation can then be easily measured from the two consecutive time series.




A disadvantage of this technique is the values of Q being determined for one
very specific path. Kanamocri (1970) made‘measurements for both Love and
Rayleigh waves and found that Q differed considerably for differing great
circle paths. His values for Rayleigh wave QY are 180 + 80 and for love
waves 110 + 40, using Kurile Island earthquakes. A further disadvantage

is that the period range 1s approximetely 150-350 seconds, a range very

much restricted to these large earthquakes. Such long periods are required
for the method because shorter periods are attenuated rapidly with distance.

A different apprcach to the problem is’given in the work.of
Carpenter and Marshall (19970). A nuclear explosion is used as the source
of surface waves and assuming a‘circular radistion pattern the great
circle technique need not be used.’ Instead, there are several recording
stations around the event, but at different distances and = simple plot of
amplitude against distance is obfained, which simply determines Q. This
is discussed in mor; detail later.

A final impértant technique is the observation of the normal
modes of oscillation of the earth; These are of long period and therefore
contain information aboul the earth at depth. lowever such observations
are made at two points in time, not space, and Qs is determined for these
standing waves.

All of these techniques have their particular difficulties. Body
wave techniques involve the determination of reflection coefficients while
surface wave measurements musf necessarily lead to an inversion.problem

when a depth dependence for Q is required.




CHAPTER 1

T —

Te1 The Amplitude of Rayleigh Waves

A general expression for the amplitude A(f) of a seismic Rayleigh

wave (vertical component) in a layered medium is

A(f,r) = K.L(f,d).I(£).5(£).D(£f,r).G(f,r) | 1.1
f = frequency Hz
K = a constant
r = digtance from source
L = amplitude response of layered medium {(depth 4)
I = instrument transfer function
S = source spectral funciion
D = absorpticn term
G = @geometrical spreading correction.

This Rayléigh wave amplitude A(f) is expressed in the freguency
domain (Toksoz, Ben-Menahem and Harkrider 1964 ); the amplitude 4(t) obseryéd
on the seismogram is similar to the above expreseion except the terms are
convolved and not multiplied.

Carpenter and Marshall considered the time domain problem for
an expanding pressure pulse as source. Their work shows that for measurements

of period, T, made directly from the seismogram %that

~ 75 A
QuUT

1/ 1/
e (A ési

A(T) = K' u(du/dT)” n"%ﬁ) exp( ) Te2

where E is the radius of the earth and 4 the angular distance of travel,

This may be rewritten as

au. -% ;
A(T) = (B sin 8)7% U(EA“H) % exp (ZZES) 1.3
1T QuT
where the term in (E sin A) takes account of geometrical spreading, and not
12 ) («'{L 4
fa /sin,AZA implied by equation 1.2. The term U(EA=>) % arises because

aT

the stationary phase approximation has been used to determine the far field
Rayleigh wave shape in the time domain from a {requency domain formulation.

Their measurements were confined %to the appareant period (the time between




successive peaks) and the amplitude for that period, these are strictly
time domain measurements.

1.2 The Time or Freguency Domain?

The question of relative merit of data representation in the
time or frequency domain appears trivial (because both forms are just
different representations of the same data), but it is important. There
are definite advantages to be gained by working in the frequency domain.

We have to consider the effect of instrumentation. The instrumental
response 1is inhergntiy a frequency domain description. We may consider
an input in the time domain to an instrumental "black box" filter andl
observe its output, but to appreciate the change in wavefqrm, and correct
for it, we require a set of magnifications at the different frequencies
and the correqunding phase delays. Correction with these values is
simple division, thé alternative is a leﬁgthy time domain deconvolution
process.

Also, the apparent period measured in the time domain are forced
upon us by the individual record, and more likely than not, they are not
directly comparable between one record and the next. Worse than this, when
an apparent period is measured and a value assigned, say 15s, we are not
certain how many periods are compounding to that waveform. A nominal
value of 15s ﬁay easilybcover the true range 12-19s. To correct for this
paftial dispersion it is necessary to apply the stationary phase correction,
and to accept that the earth is not a perfect Fourier filter.

The stationary phase approximation generates a term for correcting
amplitudes measured from a time series which is of the form

(_:._%)“% T-1 1.4

where R is the distance travelled and equal to‘EA. For a particular

type of explosion, underground or atmospheric, this term is further modified




in its T -dependence and becomes in both cases

"yz (_q_g_ “‘}é T"B/Z

U.R dT) 1.5

As expected the correction is determined by the group velocity and pericd
we are considering and the rate of change in that group velocity. Further,
there is a distance term, Rm%, implying that the longer the path on the
earth's surface thén the greater will be the reduction in time domain
amplitudes due to smearing by dispersion.’

The meaning of term 1.5 is usually hidden and confused by
introducing the geometrical spreading term, (E sin A)-J/{2 (for surface waves)

at an earlier stage, and splitting the term into a geometrical and

digpersive term

-

LU R (d}‘é)“/‘2 ‘B/EJL(E sin A) ’ﬂ

) [E““ L\ sinJ/zA]i_U.T -3/2 dU % J 1.6

However, for the stationary phase correction to hold a cordition to be

fulfilled is (where k is wavenumber)

dBw

"%Ei“"“ < & ' 1.7
d w 3/2 . '

m“?

dk

t

(t

and if this quantity does not converge to such a limit then the method is
invalid (Bgth,‘Nathematical Aspects of Seismology", p.43). Such convergence

is certainly in question near turning points of the dispersion curve, when

2
d
E%' = ,ng = O. Examination of the averaged group velocity curves
dk
published by Oliver (1962), show three turning point regions for which
d3w

—3 is certainly non zero, the one of importance creating the Airy
dk ) -
phase for periods around 18s. Thus, condition 1.7 need not hold and the

Airy phase approximation (Pekeris (1948) considers »rd order phase terms)




may be more appropriate than the simple second order stationary phase
approximation. The Airy phase has been shown to.propagate with a different
dependence on distance then the remainder of the Rayleigh wave (Ewing,
Jardetzky and Press (1957), Pekeris (1948)), and has occasionally been
regarded as a separate phase, Rg, although it is only part of the fundamentgl
Rayleigh mode. The non-Airy phase Rayleigh mode has distance dependence

R_q, the Airy phase depends on R-5/6. Increasing distance makes the Airy
phase stand out from the rest of the mode, hence its mistaken identity

on the seismogram as a unique phase Rg.

Even if the Airy phase is avoided (although it often contains
most of the energy!) a set of values at different "apparent'" periods for
the dispersive term in 1.6_is still inadequate to correct amplitudes
measured from the time series. At a particular apparent périod the @ispersive
expression is a fun;tion of the type of path traveréed by the wave train,
Continental, mixed and oceanic paths assign widely different values to this
expression because of the different dispersion characteristics. Application
of the stationary phase approximation as a ''path type' correction has been
applied by some résearchers, notably Marshall and Basham (1972) to
redetermine Ms values. It is apparent that systematic errors will still
remain‘because the individual epicentre-station path correction was replaced
by an average, for example, all continental paths were averaged as one group
type correction. It would be extremely laborious to determine fhis correction
term for all paths and periods.‘

However, such path corrections are an unfortunate artifact of
amplitude measurements made directly from the partially dispersed time-
series representation of the data. 4 great advantage of working in the
frequency domain is that dispersion expressions 5f the type in 1.6 simply
disappear: this alternative is now considered.

1.3 Amplitudes in the Freguency Domain

Rayleigh waves which have propagated a large distance are of the

-] Q-



form

o«

£(t) = / S(w) £(k ) exp [i(ut - kKR - ) ] du 1.8
where f(t) is an observed seismogram (ignoring the transducing and distorting
instrument effects), S(w) the spectrum of the generating force and kY’
the Rayleigh wave number. This integral could be approximated by the
stationary phase approximation to give the direct observables A(T); the
difficulties of this method are explained above. Alternatively the
seismogram f(t) is Fourier analysed to give

ACT) :,/ °°f(tj exp [-i2sf¢]dt , 1.9

This approach has only been possible since the advent of algorithms to
simplify Fourier transform calculations, and large computers to carry out
the calculations; the lack of these forced the use of previous techniques.

We have nPW‘returned to the simplekform of equation 1.1

A(f,r) = K L(f.,d).I(f).S(f).D(f,r)gG(f,r)
with G(f,r) = (E sin n* |
D(f) = exp(-nfEHcQ)

Thé assumption will be made that the amplitude response of the
layered medium L{f,d) does not introduce a non circular radiation
pattern. Also A(f,r) will be taken as instrument corrected, that is
A(E,2)/1(). |

Therefore, the distance dependence of spectral amplitudes is

A(f,r) = K'(E sin A)-J/2 exp(-nxfEAcQ) 1.10
Brune (1962) has shown for surface waves that the group velocity U rather
than phase velocity ¢ ought to be used in the attenuation expression.
Taking logs gives
log10 [A(f,r) ] + 0.5 log1O(E sin 4) = ~(Q~1)(ﬂfEA/U) + logqu” 1.11

This is the amplitude-distance dependence.expressed as a straight line
X + bY. The amplitudes are corrected for

with the general form "yl;

P
Q
geometrical spreading and the "distance!" term, TfEA/U, condenses the true

-]




distance, frequency and group velocity dependence into one term. The
slope of the line should give estimates of Q°1; and the scatter of points
an estimate of the errors involved. 7

It is worth noting that the dimensions of the Fourier spectra
A(f,r) are length x time e.g. microns seconds, but measurements made
directly from the seismogram have the dimensions of length. This is because
the Fourier amplitudes apply to a continuous function and are really
spectral densities. If one Fourier spectral amplitude & (dimension LT)
is assumed to cover the frequency interval Af (dimension T_1) then the
product A x Af may be related to the amplitudes as measured on the
seismogram.

Also, the validity of the Fourier expansion should be verified for
propagation on the surface of a globe. Brune et al. (1961) have carried
out SOme work with %his purpose in mind. The correct functions teo be used
in a series expansion for a spherical system are thé Legendre polynomials.
Brune et al. (1961) have shown that a Fourier expansion and a Legendre
expansion are almost identical, except at the antipode, where there is a
rapid phase advance of n/2 between the two systems. This implies Hilbert
transformation of a waveform as it goes through an.antipode: Brune et al.
(1961) observed such a change in a model experiment they conducted. However,
at other regions of the global surface the Fourier expansion is an excellent
match to the Legendre. Since none of the surface waves used in this work
were observed for propagation paths of greater length than « these antipodal
considerations need not concern us.

1.4 Factors Necessary to Estimate Q-1

From the discussion of equation 1.11 it is apparent that to
estimate Q,1 it is necessary to measure the following

A(f,r): the Fourier spectral amplitudes for a range of distances.

Jax epicentre-station distance
f: frequency
U: group velocity

=12




and an instrument correction for the spectral amplitudes.
The data used and the measurements taken are discussed in the next

chapter.




CHAPTER 2

2.1 The Data

The records of some large nuclear explosions were chosen for

analysis, these events are listed in Table 2.1 and Figure 2.71. The

emphasis was on atmospheric explosions for the following reasons:

1.

Atmospheric explosions have been of significantly greater
yield than underground explosions and so a better signal-
to-noise ratio will be expected for the available records.
Larger events, atmospheric explosions, are more cfficient‘
generaﬁors of low frequencies than are smaller events. A
large event will therefore sample a greater depth of the

earth.

One earthquake was examined for comparison purposes, this also

appears in Table 2.1 and Figure 2.1. Earthquakes in general were not used,

and explosions preferred, because:

1.

Depth and Origin Time: for explosions the epicentre is usually
gonstrained to zero depth thereby removing a source of error
from the origin time. The origin time is vital for fhe
determinétioﬁ of the wave train group velocitiles and usually
it ig more accurately known for explosions than for
earthquakes.

Radiation patterns: fér the method to be used it is important
that equal or known quahta of radiation energy are emitted
from the source in all directions. It is well known that
earthquakes show various radiation patterns, determined by

the phase concerned; and hence the energy emitted from an
earthquake is a function of{a?imuth.

It is here cthidered that such a radiation pattern is not
sufficiently well known to be removed from the measurements,
in the sense that geometrical spreading may be corrected for
and removed. An explosion intrinsically radiates equal guanta
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EVENT EPICENTRES AND THE WWSSN STATIONS LBED

HER (ATOR PROJECTION ) ‘ ALL BEARINGS CORRECT ANO ORTHOMORPIIC

FIGURE 2.1




in all azimuthal directions, that is if we ignore the lateral
variations in geological structure and the specific attenuation
factor Qw1. Further, it would bé impossible to distinguish-
between anomalous source effects and anomalous lateral
variations of Q-1.

3. Spectral content: Carpenter and Marshall (1970) have
published the source spectrum for atmospheric explosions.
It is approximately a constant, as expected, because intuitively
it is the Fourier transform ¢f an impulse in the time domain.
In determining Q_1 as a function of frequency all frequencies
are of equal interest, therefore it is pleasing to have all
frequencies equally represented in the source épectrum.

A spectral source-layering term for underground explosions,
Su(f),Lu(f,d), has been published (Marshall and Burton 1971) and tﬁis
represents the product of the source spectrum with the amplitude response of
the layered medium at the epicentre. This function can be seen to be
monotonically decreasing for underground explosioﬁs, whereas the similar
function for an earthquake has a minimum turning point (Marshall and Burton
1971 Figures 2 and 4), commonly referred to as a spectral hole. The
hole in an earthquake spectrum is associated with the depth of the
scurce interacting with the source mechanism (Douglas, Hudson and Khembhavi
1971) and therefore no explosion will exhibit such a phenomenon, for this
reason, because they are near surface events. This smoothness of the
underground spectral frequency content means that no particular group of
frequencies in the spectrum will be particularly difficult to investigate
because of suppression at the source.

It should be possible to determine the undergrognd explosion
source function, rather than the source-layering term, by applying‘the

"Common Path' method to & large explosion and the subsequent cavity coilapse.
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The cgvity collapse records from the large Cannikin event are of
sufficient signal-to-noise ratio to encourage such an investigation.

With the events chosen because of the above reasons the available
WHNSSN film chip recordings for the l&ng period, vertical éomponent system
were examined. The WWSSN gives good world coverage with standard
instrumentation.

The records which were digitised are listed in Appendix 1.
In all several hundred records were examined and about 200 of these were
digitiged. Many of the recofds examined were not digitised because of their
~ poor quality, extremely poor signal-to-noise, "knitting" records, coincident
events or simply because the relevant event was not found. Much of the
data obtained from the WWSSN records are of excellent quality, especially
the earlier data recorded with a fast drum speed,

The digi{ised records were sampled every 1.6s, determining a
Nyquist freguency of 0.3125 Hz. The digitising was performed on an AGI
film assessor which was especially suitable for WWSSN film chips. This
machine steps along ﬁhe time axis at equal increments,‘and the digitised
amplitude coordinate was obtained by matching crosswires to the top side
of thg seismogram. Digitising started at a minute marker or at a Known
number of sample intervals before a prominent record feature and continued
until the end of the record. Care was taken to omit any lateral reffactions,
or refléctions of seilsmic energy and fto avold digitising the minute markers.

Measurements were taken from the indiviaual record calibration
pulses and instrument parameters noted,.in accordancé with the work of
Espinosa, Sutton and Miller (1965). - Appendix C describes the calculation
of I(f) from these measurements.

To complete the initial data it is necéssary to know the
epicentral coordinates and the origin times for events. These are

obtained from the PDE cards published by the USCGS. Also the coordinates
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of the WYSSN stations are required, these are published in the WWSSN
-~ handbook (1965).

2.2 Data Analysis

The data analysis falls into two main parts; the determination
of the spectral Fourier amplitudes and the group velocities, followed by
the estimations of Qﬂq using a least squares techgique.

Initial information was obtained using the program GEDESS
(Young and Gibbs 1968). This program calculates the epicentre-station
separation 8° ana allows for the ellipticity of the earth. The progran
also calculates the estimated time of arrival of the Rayleigh 40s period
wave (assuming a velocity of 3,97 km/s) from an epicentre to any recording
station. This helped to find the correct event when other events occurred
on the same record. |

Spectral émplitudes and group velocities ﬁere obtained using
the "Time Series Analysis Program' (TSAP) described in the attached report
(Burton and Blamey 1972). This program was writteﬁ in its present form
especially for this work, its structure will be summarised briefly here
and its advantages described later.

2.241 Spectral Amplitudes

The spectrum x(f) of a continuous time series x(t) is usually

given as the Fourier Transform integral

x(f) = / x(t) exp(~i2nft)dt 2.1,
=0 .
Experimentally sampled data X(t) differs from x(t) in several respects.

Because it is sampled data it is a discrete valued function rather than
continuous, and so the transform integral is replaced by a summation and

the values of f and t become discrete. Further, the range of integration

cannot possibly be infinite. We obtain a function of the form

N-1 _ . .
2(£) = 2;' £(t,) exp (FEEE) (g X 2.2
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when there are N points in the time series. The increment dt is omitted
because it is now only of use as a scaling factor. But it is important
to include the scaling factor, which is the sampling interval, when
converting to absolute values (Enochson and Otnes 1968).

If the value N is increased so that the new N = 2L (integer L)
then expression 2.2 may be rapidly calculated using the Cooley-Tukey
algorithm. It is the combined simplification caused by these algorithms
and the availability of fast computers which make possible the treatment
of data in the frequency domain.

The function Z(fj) in 2.2 is complex; it contains information
about both amplitude and phase for the spectrum. This is discussed in
detail by Burton and Blamey (1972).

The real and imaginary parts of the instrument transfer function,
I(f), may easily be{allowed for by complex division in the frequency démain.

The spectra obtained after allowing for instrumental distortions
are filtered to remove very low fréquencies, that is the fundamental and a
few higherdharmonics. Also the spectra are smoothed, simply averaging eight
congecutive values to give a smoothed value, but moving along in steps
of four values at a time.

Three seismograms illustrating the '"raw" data are shown in
Figure 2.2. The records at Malaga and Kongsberg have good signal-~to-noise; the
one for Kap Tobin is very noisy. The amplitude spectra for these seismograms
after correcting for the instrument transfer function, removal of low
frequencies and smoothing are shown in Figures 2.3-2.5. The Maléga 5pectrum
is excellent data. The spectra for the Kongsberg and Kap Tobin records
show some of the possible sources or elimination of errors.

The spectral values for Kongsberg have'two distinct holes at
frequencies 0.05 and 0.075 Hz. Such spectral holes are not a common

occurrernce but will obviously influence the Q~1 values and brcaden the

confidence limits around these freguencies.  These holes probably result
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Three Typical Seismogranms
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from multipathing between Novaya Zemlya and Kongsberg, causing destructive
wave interferénce at these particular frequencies.

| The spectrum of the very noisy Kap Tobin record is surprisingly
good for the frequency range of intereét, up to O.ﬁ Hz. Tbe signal
spectrum has obviously been separated from the noise, there is a pronounced
microseism peak in- the range 0.15-0.25 Hé. It is quite apparent that
poor signal-to-noise iﬁ the time domain does not necessarily imply
poor signal-to-noise in the frequency domain. The Kap Tobin record
also shows evidence of low frequency bérometric noise around 0.017 Hz,
but this is described later.

These three seismograms illustrate the data ideal along with

factors which will subsequently contribute to the experimental errors.

2.2.2 Group Velocity

The gro&p velocities for the frequencies required were determined
for éach record using the multiple filtering technigue of Dziewonski, Block
and Landisman (1969). The technique used differs from that of Dziewonski
et al. in one important respect, for this work the group velocities were
determined at exact Fourier harmonics to eliminate frequency errors.
The method and the reasons for doing this are described later.

Dziewonski's method uses the formﬁlation vf Goodman (1960) who
investigated the determination of instantaneous.amplitude and phase for
a dispersed time series. It is not sufficient to filter a seismogram
for a set of specific frequencies because the filter output will ailso
be an oscillating signal and its maximum point will therefore be difficult
to determine. Goodman (1960) assigned a non-oscillating instantaneous
amplitude and phase, R(t) and #(t), to a signal A(t) by using the analytic
signal definition |

) ae) - im(t) - 2.3

R(t) e
where ideally H(t) is the Hilbert transform of A(t) and

R(t) = [A%(t) + BB(g)] % | | 2.4
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If the frequency domain filter response to a seismogram is a(f) then
also required is the quadrature filter res?onse h(f). The quadrature
filtering is simply the Hilbert transform (H) of the filter response a(f);
this simply means that the filter response a(f) is advanced by =/2 giving
h(f).
The spectrum of 2.3 may be approximated by the form
1 g(f)

B , 5 a(f) v 2.5

L_—g(f) |g(£) | :]
which improves in efficiency as g(f) »i (Goodman 1960)., However since
the work of Goodman modern fast Fourier transform (F) techniques make
such approximation negligible and the Hilbert transform may easily
be found because

FH (a(t)) = i sign (£) F(a(t)) 2.6
Equation 2.4 gives a non-oscillating signal waveform from which the discrete
instantaneous amplitudes R(t) may be deterﬁined. Figure 2.6 illustrates -
group velocity‘determination at the filter frequency 0.033 Hz for an
atmospheric explosion at Novaya Zemlya (NZA'24.12;62) recorded at Kongsberg.
The relation between the instantaneous amplitudes R(t) and the group velocity
or group arrival time is easily seen. The figures 6, 7 and 8 of Burton and
Blamey (1972) show that the process may be extended to determine group
arrival times and the consequent group velocities for a range of frequencies.

2.3 Reduction of Errors

Of the many possible sources of error in the analysis of the
time series several could be reduced, whilst others had to be accepted.

2e3.1 Spectral Amplitude Measurements

It was first decided that all spectral amplitudes would be
determined for the same frequency values for the ‘Fourier Harmonics,
irfespective of the record length. Since all records were increased in
length to satisfy the relation N:ZL this wae simply a matter of choosing

a consistent value for L (L=11 was chosen) and so all records were increased
to 2048 points and the Fourier Harmonics are therefore
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FIGURE 2.6 A Group Velocity
Determination from the Instantaneous
Amplitudes at the Filter Frequency
0.033 Hz.
‘ i
A A i
ii (a) The seismogram
» S (b) its arrival
I N I | time scale and
L0920 L1120 L1320 41520 L1720
rm/s 3:;? kn/s = T l (c) the related
4,081 3.083 2.477 2.071 1.979  Velocity scale

(d) The envelope,
R(t), of the
filter response
to the seismogram

(e) the filter
response, A(t),
to the seismo~
gram and

(f) the Hilbert
transform, H(t),
of A(t).

The difference between (e) and (f) is a quarter wave=-
J length advance. The envelope R(t) is formed from the

V modulus of (e) and (f) and gives the instantaneous
# amplitudes.
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Mg -
The sampling interval used is 1.6s and so the Nyquist frequency is
1
f = ———H
NYQ 3.2 °

0.31250 Hz

the fundamental Fourier Harmonic is

£
Af = 4
N/2

~ 0.00305 Hz
and the Fourier Harmonic series is
fj = j x Af (0<j<N/2) , 2.8
Amplitude measurements at these frequencies may be in error
because of
1 Digitising errors
2 Digitising excess record
The instrument correction

Noise

Higher modes

[*ANEAN ) B Y

Fourier analysis preferred to Legendre polynomial.

1 Digitising Errors

t
The first type of digitising error is caused simply by the

machine resolution. The machine used, an AGI Film Assessor, displayed
the x and y coordinates to four significant figures. The last figure

5

(one assessor unit) resolved 10 “m on the film chip. The factor between
a film chip and the original seismogram is an eight fold reduction and so

1 assessor unit = 8.10 ”m of original seismogram
(a.u.)

Any y coordinate was usually repeatable to better than +4 a.u. or 3.10-4m
of original seismogram. An absolute random digitising error of + 0.3 10-5m
for the original sized seismogram is good and no attempt was made to

improve this resolution.
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However, an attempt was made to minimise the introduction of
high frequencies caused by motion of the digitiser between digits during
hand digitising. The introduction of these high frequencies is demonstrated
in a paper by Bogert et al. (1962). The crosswires were always traced
along the top side of the’seiSQOgram ling, this arbitrary decision prevents
the digitising trace oscillating within the thickness of the séismogram
line.

The first digit was al&ays set tc read 5000 a.u. so that thg
digitised trace was on a pedestal. Whenever possible the‘seismogram was
orientated so that the last digit would be the same as the first,; to
eliminate a step effect at the end of the record. During the program
processing the digitised time series was depedestalled by removing the mean.
Also the series was cosine tapered at each end to ensure a smooth junction
between the tracg éhd baseline and avoid spurious high frequency content.

Occasionally a mispunch would occur during digitisiﬁg and the
most significant figure would be omitted. If such a trace was Fourier
analysed then the "spike" caused in this way woul& dominate the spectral
content. So all traces were graphed out before processing by TSAP, and

these glitches removed.

2 Digitising Excess Record

AAny excess of digitised record is only obvious in the time domain
display (with an exception to be discussed later) and can be dealt with
when the digitised trace is first graphed out. Any excess record will
alter the Fourier harmonic amplitudes at the frequencies it contains,
this is normally the higher frequencies because they occur at the end
of the dispersed record. Lateral refractions may be identified by matching
the separation between crossovers for a later part of the time trace
with an earlier section. Such lateral refractions must be removed because

they have not travelled by the direct path from epicentre to receiver.
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3 The Instrument Correction {Described in Appendix C)

The instrument correctionskused assigned a small, but finite,
value for magnification at the low frequencies (less than .01 Hz) whereas
the peak magnification might be several hundred times larger. A nuclear
explosion does not usually produce such low frequencies. - But for the
uncompensated WWSSN seismometer the barometric noise amplitude is proportional
to the square of the period. It was found that these small amplitudes
at low frequencies, when divided by a very small magnification as
instrument correction, dominated the event itself. On réverse transforming
to the time domain, all that could be seen was a large amplitude low
frequency component with a tiny seismogram superimposed onto it! So
ball frequencies lower than 0.0125 Hz were filtered out.

4 Noise

Thé enhaﬁcement'of low frequéncy noise, and its removal, has
been deécribed above. The frequency range of interest is about 0.014<0.1
Hz and any higher frequencies are omitted. An explosion does not produce
energy which propagates for large distances with frequencies much greater
than 0:1 Hz; so the seismic noise peak at about 0.12 Hz is omitted. Fourier
analysis of the trace does separate out the signal from this noise peak
as is shown by Figure 2.2 and Figure 2.5 (seismogram and spectrum). The
frequenéies of interest stand out as a separate peak.and are clearly
diétinguished from the ndise peak, thus eliminating this systematic source
.of noise.

Random noise in the useful frequency range cannot be distinguished,
but a useful frequency range for a particular signal spéqtrum may be
obtained by considering signal-to-noise in the entire range. For example
in Figure 2.5 it is apparént that .015 to .09 Hz is good. A particularly
noisy station may show a noise spectrum generating ground motion of the

order of microns, this may fluctuate down to mpu in a short time (Brune and

Oliver 1959).
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5 Higher Modes

It is assumed in this analysis that only the fundamental
Rayleigh mode is anaiysed, no reason was found to doubt this. If higher
modes were present_théy would disturb the spectral values at high
frequencies. No cohérent high frequency energy was ever found superimposed
onto the seismograms, and no high frequency dispersion branches wefe
found in the group.velocity determinations. The assumption that Fourier
analysis was analysis»of the fundamental mode always appears to be
valid.

6 TFourier Analysis Preferred to Legehdre Polynomials

This has already been described. Because none of the Rayleigh
waves used pass through an ahtipode the Fourier representation is excellent.
If the waves did pass through an antipode only the phase properties
would be incorrect: and this has no bearing on the present analysis.

At this stage of the processing, when the time series has been
depedestalled, cosine tapered, increased to ZL points and Fourier
analysed, it is possible to improve the spectrum by smoothing. Smoothiﬁg
is especially valid because the spectrum is greatlj overdeterminéd. A
typical record of length 500 points (about 13 minutes) has been increased
to 2048 points. The spectrum therefore has four times as many frequency
points or harmonics than are required to uniquely determine it. (Assumiﬁg
that the time series does not contain any frequencies greater than the
Nyquist.) A reasonable smoothing would decrease the number of harmonics
by a factor of four. The smoothing chosen compounds eight values
at a time, but steps along the frequency harmonics four at a time. The
smoothed spectrum is now less erratic for noisy sigﬁals. The smoothing
operation is also designed so that the new frequency values generated
still correspond to the old exact Fourier harmonics, with a step of

4 % Af between each smoothed value.
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The number of harmonics filtered out at low frequencies is 41
(due to the long period noise and ;nstrument response previously mentioned)
and so the available frequency harmonics which are ndn—zero are 42Af up
to the Nyquist. However all the frequency harmonics, from the zero DC
component onwards are smoothed as described above; The harmonics available
after smoothing are

Loas,86f ~ - - - - Nyquist.

But spectral values up to 41Af have been sét to zero and so the
first smoothed harmonic which is not contaminated by this filtering is
48Af;  the smobéhed, uncontaminated harmonics now available are

48af, s248f - - - - - Nyquist
and those selected to be punched out from the computer proceésing are
L8AF-360Lf. There are 79 values in this frequency range 0.015-0.110 Hz.
It latef appears_tﬂat this choice of upper frequency content is perhaps

over optimistic; and is often seriously contaminated by noise.

2.3.2 The Freguencies of Spectral Amplitudés.and Group Velocities

In this section a ﬁodification to the technique of Dziewonski
et al. is described, which was fhought to be desirable in general, and
necessary in this particular study.

The paper by Dziewonski, Bloch and Landisman (1969) describes
their "multiple filter technique'. The points of interest here are

1 The seismogram x(t) is Fourier transformed producing

2 the complex array Z(w) at

3 +the Fourier harmonics %.

4 Centre frequencies for group‘velocity determination are

selected according to a rule of the type
c,n-1'wc,n _= k 7 2.9

5 A range of group arrival times, T is selectéd

DISTANCE

n
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6 Filters of constant Q (ratio of peak frequency to bandwidth)
are formed, the filter or frequency window centred at wn is
wTw, 2
W (w) = exp[}~a("“-“*")
n w
c,n
where the constant ¢ determines roll-off.
There are two separate frequency arrays. The values of the
Fourier harmonics are directly determined by the number of points in the

time series and the sample interval, as before

wy = jx Aw 0<3j N/2
with Ay © “NYQ
N/2

and w is angular frequency.

Centre frequencies are chosen according to @

Jw = k; and so it is
c,u-1 ¢c,n }

unlikely for these centre frequencies to correspond to an exact harmonic.
For the Dziewonski techniéue the harmonic nearest to a given (%;n is chosenv
to replace ué,n in all computation. Dziewonski et al. (1969) stated that "the
maximum deviation of the harmonics from the array frequencies was always
less than 1.5 per cent®.

Thelruie‘for selection of centre frequencies makes the interval

between these frequencies a function of frequency since

Lw - = W - W
cyn c,n c,n-1

Aw

c,n

f

wc,n (1-k)

and the smallest interval occurs at the lowest frequency.

To ensure that two centre frequencies for group velocity
determination are replaced by different Fourier harmonics (if this is not
done then the same group velocity will be assigned) we must have

ch,n > Dw

. 1 k)' “NyQ
e o wc,n bt + > N/2
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Assuming the values:

2x x 0.07 rad s°1

Yeon °
k = 0.95
w = 2% x 0.5 rad s

gives N > 2000

To. ensure that the iow centre freguencies, and therefore gfoup velocities,

are distinct we have a necessary lower limit on the record length.
Further, we may wish to improve the condition that the error

introduced by replacing a centre frequency by a harmonic is less than 1%.

4] -,
e o< 0.01
. wc',n
Thevgreatest possible error in the offset from a filter centre frequency
to a harmonic is %Aw,the best it can be is right; averaging out at

% Aw., So on average W p” wj = % Awand we have
. '

LLw (0,01

an@ using the previous values for QNYQ and wc,n

N > 50.270.5

27[00.01
N > 2500
Even applying these conditions to the above values we find the ratio of

the averége error in a filter frequency to the gap between filter frequencies

is
. A ‘
ratio = —=¢— : .
4A%,n
. . ratio = 1/5

and so this resolution is not too good.
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This discrepancy between.the harmonic frequencies at which
spectral amplitudes are determined, and the filter frequencies for
detérmining group velocities,>may influence any invesfigation of Q_1 as
a function of frequency because Q-1 is determined using amplitudes and
velocities presumed determined at the same frequency. This situation
may be altered quife easily.

First, it is apparent that angular frequency may be replaced
by frequency in all the above calculations so that w5 becomes fj’ which
is a more familiar quantity.

If the selection equation 2.9 is changed to

fc,n - fc,n—’l = k!

)
then by careful choice of £ and k it is possible to match all the

cy1
centre frequencies to exact Fourier harmonics. Then, the above limitations
are removed, and there is no discrepancy between spectral and group

velocity frequencies. We have a frequency selection rule of the form

£ - f. = k't Af
J,D' Jyn=1

where Of is the fundamental. The equation finally used was

f - f

jsn jon-q = 8Of

and the value selected for fj,1 was 48 Af because this exactly corresponds
to the first smoothed harmonic frequency of interest (see before).

Selecting 8Af as the interval ensured that a group velocity was determined
at every other frequency for which a spectral amplitude had been calculated,
giving 40 values in the required frequency rangé. Becauge the interval
chosen is an even number of Afs simple linear interpolation exactly half

way between two adjacent group velocity values genérates the other 39

values required.



This process gives exactly matching smoothed spectral amplitudes
and group velocities, without any frequency errors, by careful choice of
the smoothing operation and selection of the filter centre frequencies
as exact harmonics.

2.3.3 Group Velocity Errors

Errors in simple velocity determination are of the form

The angular distance, A , is accuratély known (Young and Gibbs, GEDESS,
1968) and errors are confined to-measurements of the group arri&al time.
Values of the group arrival time must be within the time span of the
digitised seismogram, however, times assigned to individual samples may
be in error for two reasons:
1 It haé beén assumed that the digitising machine increment
between samples remains constant and
2 the reduction of seismograms to film chips (x8) is exact and
no photographic "shrinkage" takes place.
The first assumption was checked for systematic variations.

3m

There are two time scales in use on film chips, they are 3.10°

3

representing 48s and 3.10 “m representing 96s. Because 1 assessor unit

5

represents 10 “m of film the digitising increments used were 10 a.u. and
5 a.u., both representing a 1.6s sampie interval. A typical 10 minute
record is therefore about 3750 a.u. or 1875 a.u. long. After digitising
such a record and returning to the starting point the starting point
reading was never found to differ by more than 3 a.u. from its original
value, showing remarkable consistency in the long tefm average sample
interval. Any random variations in the sample length were nof evident
when the digitised series was graphed out and so are ignored.

Photographic reduction proves not to be exact. When the digitising

of a record started exactly on the leading edge of a minute marker then
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the number of samples in the first three minutes was noted. Assuming

the sample interval is 1.6s (it has been shown to be at least constant
above) then about 112.5 samples would be expected. The number of samples’
required would occasionally differ by 2 from this figure. Because the |
mechanical sample interval is certainly constant this implies that the
time scales differ because of inexact reduction, by about 1%.

It is possible to exactly determine the time sample interval
by digitising between two minute markers, counting the number of samples,
and hence deducing the interval (DELA). This would lead to an independent
value of DELA for each seismogram, the accuracy being that of the
mechanical sample interval. This was not done because the value of DELA
determines the subsequent Fourier harmonics for a record and it was
desirable to have matching harmonics for all records. To simplify the
analysis this erro; of about 1% was tolerated, rather than eliminated
as was possible.

Consequently, errors in the group arrival time increase with
record length and this %}fects high frequencies éore than 1ow’frequenpies
(because low frequenéies usually arrive first). Considering a wave with
travel time 30 minutes (about,60°) to the first sample, and of length
10 minutes, errors in the group velocity at the latter end of the record

are

fu 6
U 40.60

x 100% = 0.25%

This effect is obviously very small and worth accepting to obtain the
matching Fourier harmonics.

A much larger error may be introduced Ey bursts of noise. The
seismic noise around 0.1 Hz is important in‘thié respect. A dispersed
Rayleigh signal may contain energy around 0.1 Hz, -usually at the latter
end of the signal, but noise energy at the same frequency may be superimposed

randomly on the record. The noise energy may be greater than the modal
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propagated energy and the program technique has no means of distinguishing-
the two. Because the program searches to find when the most energy (of
a particular frequency) arrives, and then assigns a group arrival time
to that peak (see Burton and Blamey 1972) the éorresponding group
velocities may be in considerable error.

Such errors are not serious because obviously if the local
noise amplitude is greater than the propagated wave amplitude then the
spectral Fourier amplitude can no longer be fegarded as a Rayleigh
fundaméntal mode amplitude. These values of amplitude can only be
used to determine Q-1 if the noise may be corrected for at each recording
station. When these errors occur the signal-to-noise ratio for the frequency
domain must be worse than 1:1.

2.3.4 Redetermination of .the End of the Signal

It has_ai}eady been stated that if the record is digitised beyond
the end of the true signal then this excess signal will contribute
erroneously to the signal spectral émplitudes, usually at the higher
frequencies. Once a group velocity curve has been obtained then it is
possible to redetermine the end of the signal., GEssentially noise is
removed which has an apparent velocity less than the slowest determined
group velocity, Us km/s. There are four velocities of interest here for
P to the last

sample VL (noting that the number of samples has been increased to 2L)

a digitised signal. The velocity to the first sample is V

and the velocity to the last true digit before increasing to ZL is VED'

S >V"ED >VL; ideally Us is close to VED 50

that little extra record is present to introduce spurious spectral content.

Their relative sizes are VF >U

The instantaneous amplitudes R(t) described in section 2.2.2 are stored in
a matrix, the E matrix, as a function of both veiocity and filter frequency.
Instantaneous amplitudes for a particular frequency form one column of the
E matrix, and subsequent columns store R(t) for further frequencies. The

maximum of the entire matrix is set to 99 dB and all other values are
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normalised relative to this maximum. The seismogrém of Figure 2.7 recorded
at Lahore (Pakistan) produces the E matrix, contoured at 5 4B intervais,
shown in Figure 2.8. Velocities VF’ Us’ Vep and VL are éasily identified
on this figure. Everything represented on the contour plot, or in
the E matrix, with velocity < 2.26 km/s is meaningless in terms of real
data and represents rounding error. Therefore in the region of 2.26 km/s
the contour lines are closely packed and parallel to the x axis - because
there is a discontinuity between genuine time domain confent and very low
level time domain content outside the observed léngth of the signal time
range. The dB jump in the E matrix representation is about 30 d4B.

| The minimum value of group velocity is about 2.80 km/s. This
particular value is chosen because it is slower than the velocity of the
~highest frequency analysed and this velocity is several dBs down from the
ridge followed by the group velocity curve.  The region between 2.80 and
2;26 km/s, for all freguencies, can only fepresent noise; it is non
propagating energy or lateral refractions. Ideally this region should
not exist, and so the arrival time corresponding to US = 2.80 km/s is
calculated and the digitised record truncated to this new length.
Figure 2.7 shows the alteration in seismogram length and Figure 2.9 the
contour plot for the new E matrix.

Where possible this process‘was applied to all seismograms, to
improve the spectral amplitudes (by lowering their noise content). Howevér
this method cannot imprové the seismogram for velocities within the true
signal range, and only helps to isolate the pure signal.

2.4 Amplitude-Distance Plots and Estimations of 0

For each event the data are now in the form of fundamental
Rayleigh mode amplitudes (approkimated to by Fourier amplitudes) and
group velocities as functioﬁs of frequency-for a set of stations at
varying distances from the epicentre.

Every block of station data is esseﬁtially amplitude and group

velocity as a function of frequency at fixed A , this has to be manipulated
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into the form amplitude and group velocity as a function of A at fixed
frequency, so that spatial Q may be determined. The required plot is
given by equation 1.11 as |
log1o(A(f,r)) + 0.5 log o(E sin 8) = -(Q-1)(ﬂfEA/U(f,r)) + const 2.10
where the left hand side is plotted as ordinate and ®fEL/ U as abscissa.
The slope of the bést line through these points gstimates Q-1. Note that
it is inverse @, not Q, which is physically estimated; the more natural
| and useful quantity of Q-1_will be used.

- Appendix G contains the program AVD which performs this data
manipulation, geometrical spreading correction and estimation of Q-1.
From a measure of the scatter of the data points about the best line

confidence limits for Q“1 are also determined.

2.5 The Best Line

2.5.1  Average éﬁq

Simple linear least squares regression was found to be a very
close approach to the best line fit, and is thus used. The program AVD
contains a subroutine which determines regression coefficients and
henée Q-1 and the confidence limits,

The basic assumption for this regression is that the ordinate
alone contains errors. The present data are a good approximation to
this, the errors in amplitude measurements being far greater than for group
velocity.

This is easily demonstirated by considering surface wave magnitudes.
An underground explosion, MILROW, has average surface wave magnitude
determined by the USCGS as Ms = 5,0, Using the formula

| M = log,o¥ + 2.0 - ' | 2.11
gives the yield Y kton as 1000 kton. The event is large and good signal-
" to~noise is generally to be expected. Ms values are calculated from

formulae of the type

M, = log A(T) + B(A) 2.12
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where B(A) is a distance correction term. Ideally an event gives the same -
Ms value wherever it is recorded, with good signal~to-noise the scatter
should be small and attributable to 10% errors in instrument magnification
and hence in the amplitude A. - The recording at Blacknest of MILROW gave
,MS = 4,52, an apparent deviation from the mean magnitude of 10%‘(Marshall,
Corbishley and Gibbs 1970). This would imply an error in A of 300%,
obviously this is not so., In some way the path between MILROWand Blacknest
is anomalous, the measured amplitude is in error by about 10% but is anomalous
by a much greater margin.

But average Q-1 is being estimated. A reasonably accurate
measurement of amplitude at a station may have a large anomaly margin
from the expected value. ?or least squares fitting purposes such
anomalous deviations must be regarded as "errors'", and as shown above
of the order of TO%ierrors. Also, because the average is sought, any
extremely anomalous values must be subjectively rejected, this was done
rarely. If many events at the same site had been used it would have been
possible to isolate these anomaly margins as station path corrections.

Errors in the ordinate are possibly 10% whilst about 0.25% in
the group velocity. The ratio of errors between the two axes is 40:1,
this is possibly optimistic but an order of magnitude certainly prevails.
Simple linear regression is therefore a good approximation to éhe best
line. A more sophisticated regression fitting is described in Appendix D,
and the errors in reducing this to the present case are discussed there.

It is worth noting that the abscissa term also contains the

variables A and f, errors in the abscissa will compound to form

glxtvo o 66, 8
Hartt A f U

Ignoring OA leaves Of and §U, the importance of ensuring that
group velocity and amplitude are measured at the same exact frequencies
is again apparent.

A tybical plot of amplitude/distance at frequency 0.0525 Hz
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is shown in Figure 2.10, this gave a value of QT{" = .005 + 004, with
95% confidence limits. Student's t for this line is 2.62, significant
at the 98% level, implying that there is good correlation between the
ordinate and abscissa, this reasserts that a line is a good curve to
fit to this data. (The correlation coefficient = -.49.)

Figure 2.10 also shows the deviation of the individual data
points from the least squares line, these deviations are in agreement
>with the‘preceding argument concerning the variation of Ms values.

2.5.2 Assumptions for Linear Regression

Using linear regression with one independent variable assumes
that the ordinate, yij’ is a normal deviate distributed zbout a mean “i
which is of the form o + B (xi - X) with variance O‘ia, and all variances
are equal (Miller and Kahn 1962).

To test gormality it would be necessary to have ni values of
the amplitude (for one frequency) at each station, this would require a
series of similar explosions detonated at the same site.  This cannot be
tested when ni is small és in this study, further, the explosions are all
different and unrepeatable events. To test for equal variances it would be
necessary to apply Bartlett's test, again impossible when ni is small.

The assumption of linearity is adeguately tested by calculation
of the correlation coefficient and Student's t for each line.
2.6 Summarz

- This chapter has described the data used and its analysis

to produce spectral amplitudes and group velocities for the fundamental
Rayleigh mode, both for varying frequency and distance. The data was
“then manipu;ated to produce arrays of amplitude against distaﬁce at a
frequency. The slope of the best line (chosen to be linear regression
with one independent variable) through these data points is the required

estimation of qu.
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CHAPTER 3

3.1 The Estimations of QY”(f)

The techniques described in the previous chapter were used to
produce values of Qq;1 as a function of frequency. This was done for
each of the nuclear explosionslisted in Table 2.1 and one earthquake for
comparison purposes. The 95% confidence limits around each Q.;1(f)
value were also calculated. >Values of Q.;1(f) and confidence limits
are obtained from the best line fit to the amplitude/distance plot for
a particular frequenéy, the program AVD performs this operation and it is
described elsewhere. ,The results of this process are shown in the
‘eight figures, 3.1-3.8, and listed in Appendix B.

Figure 3.8 shows the ny1 values obtained using eleven station
recordings of aniearthquake. As expected these results are very poor,
and obviously this method is not applicable to an earthquake. The major
reason for this is the radiation pattern wﬁich earthquakes usually
possess. Also, earthquakes must necessarily occur in an anomalous
environment; the local Q at source is probably laterally very inhomogeneous.
Confidence limits are therefore very broad for the earthquake.

Nine recordings of the 80 kton "LONGSHOT" underground nuclear
explosion (Marshall et al.‘1966) were used to obtain Figure 3.7. Broad
confidence limits. are again apparent, especially at low frequencies, but
these results are an improvement over the earthquake and use fewer
stations. Broader confidence limits at the lower frequencies are to be
expected because an underground éXplosion contributes more energy to the
higher frequencies. However, in general these results are again poor
probably because "LONGSHOT" occurred in another anomalous region - an
island arc - where lateral inhomogeneities in Q‘are to be expected.

The paper of Barazangi et al. (1972) well illustrétes the unusual

Q variations to be expected in such anomalous regions.
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Figures 3.1-3.6 show well determined Q;j(f) values. These
improvements have resulted for several reasons. Several station recordings
of each event were used, the explosions occurred in "normal' regions
and large explosions with good signél-to—noise were chosen.

It is worth noting that the stations SNG, CHG, JER and IST
were omitted from the atmospheric explosion in China, 17/6/67, becauée
they consistently plotted low on amplitude~distance plots, for example
Figure 5.9. This implies anomalously highly attenuating paths to these
stations? or incorrect instrument responses. All of these paths are
influenced by the tectonically active Himalayas, ﬁresumably a region of
particulafly high Qj; has been traversed.

3.2 The Influence of Noise

3.2.1 Low Freguency Noise

The undefground explosion at Novaya Zemlya shows the expected
’broader confidence limits at low frequencies, which improve for higher
frequencies. Signal-to~noise was generally poorer for this event than the
others, because underground contained explosions‘are generally smaller
than uncontained atmospheric explosions.

It is generally true fér all the events that the confidence
limits broaden at the low frequencies. There are two factors contributing
to this. The spectrum predicted by Carpenter and Marshall (1970) for
an atmospheric explosion is about 7 db down from its peak value atr
frequency 0.02 Hz; also this corresponds to the region of instrument
response roll-off for the vertical component, LP system, of the WWSSN,
and so little propagation energy will be recordea by the seismogram from
the event. Further these WWSSN instruments are barometrically uncompensated
for atmospheric variations, and barometric noise is proportional to the period

squared.
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The net result is that long period energy propagated from an explosion

is recorded at a low magnification and is contaminated by local barometric
noise producing a broadening of the confidence limits at this end of

the spectrum.

3.2.2 High Frequency Noise

For high frequencies the confidence limits narrow to a remarkable
extent. Also, for the atmospheric explosiomszfq(f) tends to zero for
these high frequencies. . This seems to imply that included in the spectral
estimates of the Rayleigh fundamental mode is a large amount of non-
propagating energy, local station noise. Brune and Oliver (1959) have
presented information demonstrating the existence of a long period noisé
peak around 8s period, and this noise peak will extend into and coﬁtaminate
the high frequencie§ in this work., What has been plotted on the amplitude/
distance graphs at high frequencies is the amplitude of the propagating
fundamental Rayleigh mode plus local noise superimposed onto a geometrical
spreading term (which generally increases with distance). The net result
is a set of roughly similar values, decreasing very slowly with distance
and implying little atteﬁuation (er19 0). This result for the atmospherid
explosions is contradicted by the one underground explosion (Novaya
Zemlya) of Figure 3.4which shows reésonable attenuation at high frequencies,
erq = 0.004., This is simply because the underground explosion does
generate propagating energy of high frequencies, whereas the atmospheric
explosions contain very little energy at high frequencies in comparison
to the local non-propagating noise. This raises the problem how much
real data is contained in the results for each event; wup to what frequency
may it be assumed that the energy recorded has been propagated from the

event and a value of spatial ny1 may be assigned?
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Three separate items of information were used to determine the
highest useful frequency contained by eaoﬁ seismogram. For each
seismogram the graphs of unwound spectral phase, spectral amplitudes and
the group velocity curve Wefe required. An example of a typiéal selsmogram
is shown in Figure 3.10, recorded at Kevo from the atmospheric explOSidn
of September 29 1969 at S Sinkiang Province, China. This seismogfam
shows the low frequencies arriving first, but confaminated by the super-
‘position of high freqﬁency noise creating a typical signal-to-noise
problem. Further along the record an Airy phase is seen with an obvious
high frequency content. The Figures 3.11-3.13 show spectral phase, spectrél
amplitudes and the group velocity curve obtained from the Kevo seismogram.
The‘highest useful frequency contained by .the seismogram is now obtained
as follows:

5.2.2.1 Spectral Phase and the Highest Signal Freguency

Figure 3.11 shows unwound spectral phase, that is,
the phase is not allowed to oscillate between -% znd +% but
is made continuous. The subroutine DRUM (Robinson 1966) given by
Burton and Blamey (1972) performs this operation. This phase
curve would be perfect;y smooth for a pure, noiseless signal.
Figure 3.11 is smooth up to frequency 0.125 Hz where a sm;ll
perturbation may be seen, this is the threshold of noise onset
in the frequency domain for this signal. The perturbation marks
the onset of random energy.

3.2.2.2 Spectral Amplitude and the Highest Signal Freguency

Spectral amplitudes are shown in Eigure 3.12. This
graﬁh shows a distinct minimum at 0.125 Hz ﬁhich divides the
spectrum into the two expected regions of signal and noise.
Obviously the choice of this particular point is more arbitrary

than for the phase perturbation, but it does give a good estimate

of the highest available frequency in the signal.
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FIGURE 3,10

A Seismogram Recorded at Kevo, Finland (from an
Atmospheric Explosion At § Sinkiang Prov, China, .
29 September 1969. Distance = 4783 km).
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5.2.2.3 Group Velocity and the Highest Signal Frequency

Figure 3.13 shows a perfectly good group veiocity curve
for the Kevo record. This is expected because the highest
frequency has been demonstrated to be 0.125 Hz and so a represen-
tation which only gees to 0.11‘Hz éhouid be noise free. The
frequency 0.11 Hz had been chosen as the highest frequency to
be analysed and so this particular signal is good for processing
in the entire frequency range of interest.

It has already been shown (section 2.3.3) that the
group velocity curve will 6nly contain spurious values at a
particular frequency if the signal-to-noise ratio is worse than
7:1. This is a weak test to determine the highest frequency
present in the signal, whereas the phase test will be shown
to be fa; more restrictive. |

These three measurements were made for all the seismograms. 
For the phase and émplitude curves a grid,drawn onto a trans-
parent overlay, was used to give accurage measurements;vthis
- made the phase measurements especially accurate. A summary of
‘the results obtained is in Table 3.1. If a higher frequency
greater than 0.11 Hz was obtained from any measurement then it
was subsequently set to 0.11 Hz to form the average for a
particular event because this is the highest fregquency to be
used. The abbreviations A, U and Q mean atmosphefic or under-
ground explosion or earthquake, and NZ represents Novaya
Zemlya, C, explosions ip China etc. The term 3NZA is the average
for the three atmosphericvexplosions at Novaya Zemlya.

Table 3.1 shows that the phasé measurement is the most
restrictive determination of the highest‘frequency, it always

assigns a lower value than either of the other two methods.
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Also note that as expected the underground explosion
at Novaya Zemlya gées to higher frequencies than the atmospheric
explosions at this site. Using the highest frequency obtained
from phase measurements for the three atmospheric explosions,’
3NZA, gives ’0761i:0217 Hz and for the underground gxplosion,
NzU, .0977+.0145 Hz. The validity of the average, 2NZA, is
demonstrated later. If;it is assumed that all events have the
same highest frequency then these values are two samples from
the same population, this hypothesis may be tested by calculating
"Student's t" for the difference between the two means. The
value of "t" obtained is 3,997 which for 95 degrees of freedom
is significant at the 99.99% level. The comparable '"t" values
for the columns headed Amplitude, Group Velocity and Average
Result afe 5.489, 2.744, 4,147 and are significant at 99.99,"
99.9, 99.99% levels respectively. The relatively high frequency
content of the underground bomb is confirmed; the importance
of this‘will be seen later.

Statistical Comparison of the Qi: (f) values

Two types of comparison of the Q;j(f) data are required. The

first comparison uses a single event and takes a Q;ﬁ value at a

particular frequency and compares it to the Qi: values at all the other

frequencies, the process cycles through all the frequencies in turn. This

essentially tests to see if Q;j(f) is frequency dependent, albgit a

pseudo dependence on frequency.

The second type of comparison is between two events. The Q;j

are compared between the two events at corresponding frequencies, to

determine if the values obtained are statistically different.

The values of Q;: have been determined using linear regression

which assumed a line of the type
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where Y and X are amplitude and distance terms, Q';1 and b the line gradient

),

and intercept. A data set of n pairs of observables, (x1i, y1i

approximates to 3.1 but is scattered about it. The confidence limits on

Q 1 values are one instance of this scatter. A second data set, (x

Y 25 Ypil0

will again be of the form 3.1. Whether the two data sets are from
different events, but at the same frequency, or from the same event but at
different frequencies does not matter - the problem is to compare two
regression lines. The theory described by Brownlee (1965, p349--- ) has been
incorporated into the programs CNL and C2L (Appendices E and G) to perform
the comparisons in the two cases.

The first test performed is Fisher's F test on the ratio of
the residual variances about the two regression lines. This test indicates
if both lines are samples from the same parent population, and if this
test is failed (No{ from the same population) then no more tests are

conducted. The second test takes the two values of gradient, that is
-1 -1
QY h amiQYiar

assumes they are equal, and then calculates a statistic to
check this hypothesis. All tests are performed at the 95% confidence level.

In 21l cases failure of a test is indicated by O, success by 1, and a 2

indicates that a test has not been performed.

3.3.1 gg:'1 as a Function of Frequency

The tests on each event to investigaté the regression coefficients
as a function of frequency produce a 79 x 79 triangular matrix (79‘
frequencies were analysed). A typical result sheet for the F test is shown
in Figure 3.14 and this was conducted on the event NzA 24/12/62.

The simple representation of Figure 3.14 quickly produces an
important result. The data distinctly divides into twopopulations.
There is a low frequency population for .0354 Hz and below, and a high
frequency population beyond this point. Each population forms a distinct
triangle, divided by a rectangular area for which no further tests may

be performed because the variances of the two populations are unequal.
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NOVAYA ZEMLYA 247/12/€¢2 ATVMUSFHERIC 26 STATICNS

FIEST KFATRIX

Frequency

0.,01465 2
0.01587 12
0.01709 112
0.01831 1112
0.01953 11112
0.02075 111112
0.02197 1011112
0.02319 10111112

0.02441 000111112
0.02563 0001111112
0.02686 00C111l1112
0.02808 001111111112
0.C2930 0001113111112

. 0.03052 0C011111111112
0.03174 0O0L111111111112
0.03296  L1111111111111112
0.03418 1111111CC0CCC0O012
0.03540 11106C6CCCOCCCO0012
003662 11100000C0C000C0L12
0.03784 11C00CCCCOCCCO001L12
0.03906 010900CCCOCCCNA00L1112

© 0.04028 01C0CCCOCOCCCOCO011112
0.04150 110000C0COCCCO001111112
0.04272° 111000C000C0COC011111112
0.04395  111000C00CCC0O0001L1111112
0.04517 111000C0C0CCCON01111111112
0.04639 010000C0COC0000001111111112
0.04761 00C0CCCOCCCCCO00011111111112
0.04883 0100C0C0COCO00000111111111112

= 0«05005 0CCOCOLCCCCOCI0N01111111111112

©0,05127 0CGOOGCCCCCOCOC001 1111111111212
0.05249 00CO0CCCCCCCCOCCOITI1110118110012
0.05371 00COQCCCCCCCTN000LTL1111111111112
0.05493 (©CC0C0C0COCCCO00011111111111211112
0.05615 0C00COCCGCCCCO0N01L1111131111111112 .
0.05737 0C0000C0OCOCCCH000 111 11111111111112
0,05859 010000C0000000C0011131311111311111112
0.05981 01G0CCCOCOCCCOCO0ILI1II111111121111112
0.06104 0C020000COCOCOCO0L111111112112112221112
0.0622¢ 0C0000GCCCOCCCO0001E111111211 1111113111112

0.06348 01COCCCCCOCCCO000111311111113131111211L12
0.0647¢ 01C00CC0O000CCO00011111113811111112111L11112
0.06592 01C000COCOCCCOCO0LI1I1111121311111211111112

0.06714 C€1C0O0C0000CCCOCOYI11211 1102820 EI1122101212

0.0683¢ 010000C0CCCCCH0N0I1TI2121211121111818122301112
0.06958 0100C0COCO00CC060111131 121111 1120211111221211112
©.07080 0100000009CCOCON0I11T1L1111131111121311 1111212
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0.07324 111000C0CHCCCO00T1L 111121181210 231112128111111212
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0+1062C 000G00COCCOCGONCOCOLTL11C11101 3232224231043 21142232011122252110212210111211112
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FIGURE 3.1k

Results of Inter-Frequency "F" Tests for Nza 24/12/62 (0 Indicates
Test Failed, 1 Test Passed, 2 Test not Conducted).
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It is worth noting Scheffe's (1964) observations concerning the
effects of non—normality‘on the variance ratio. If non-normality is present,
specifiedAby finite kurtosis, then confidence levels are affected. But
inequality of variances has little effect on inferences about means if the
degrees of freedom are equal for the two variances, although inferences
about variances will be seriously affected. However, explanations other
than non-normality seem more likely for the two apparent regions.

It will later be seen that a Rayleigh wave frequency, .0354 Hz,
correspondsto an approximate depth of penetration, 110 kms. This corresponds
to the expected geophysical change from lithosphere to asthenosphere,
where lateral variations in Q;j may 5e widespread. Suqh variations would
influence the variance of any estimate of Q;j. "Also, a subsequent
inversion of this Qi:(f) data shows the presence of a high Q_1 layer, whigh
is only sampled by;the low frequency population.

Instrumental roll-off and the lack of barometric compensation in
the NWSSN seismometers also exacerbate the signal-to-noise problem at low
frequencies, and must lead to increased variance for these Q;ﬁ estimates.‘

The second test, comparing the individual Qi; values or gradienté,
shows that the values in each population are comparable within that
pop&iaéion, but where the F test had failed no comparisons were made.

For this evgnt it therefore appears that two regions of Q;j,
in terms of frequency, have been observed. Fronm Figure 3.1 it is apparent
that the low freguency population is 6f higher Qj:, and experiences
greater attenuation.

A similar division was found for the other events of importance.
The frequency at which the division occurred for each atmospheric explosion,

the major events, is listed below.
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Bvent Low Erequency Poperatson
NZA 24.12.62 .03418 Hz
NZA 27. 9.62 .03418 Hz
NZA 22.10.62 .03540 Hz
CA 17. 6.67 .03662 Hz
CA 29. 9.69 © 03418 Hz

The mean frequency for this table indicates population division at 0.035 Hz.

3.3.2 g3-1(f) Compared Between Events

It is necessary to compare the QY-°1(f) data between separate
events at corresponding frequencies, it may then be possible to pool the
data from such events and improve the results. The program used to carry
out this comparison is C2L, it follows the testing procedure already
described. Comparison‘of the events NZA 24.12.62 and NZ4 27.9.62 produces
the’results shown in Figure 3.15. Columns headed NFTEST, NATEST give the
result of the F test and then the gradient comparison test. If the
gradients are comparable, statistically equal, a pooled gradient and confidence
limits are also formed (otherwise this coluﬁn is set to zero). The number
--of frequencies within the valid range for which the F test failed &hen
comparing two events is summarised for several events in Table 3.2.

The data was then pooled to form the following averages. - The
three atmospheric exblosions at Novaya Zemlya were averaged forming 3Nza,
the two exﬁlosions in China formed 2CA. Finally, all the atmospherié explbsionb
were combined giving 5A. The figures 3.%6 and 3.17 show the individual Qyjq(f);
values, without confidence limits, for the atmospheric explosionsat Novaya
Zemlya and in China. Trends for the three NZA events are very similar and
are reflected in the average 3NzZA (Figure 3.16). The twovevents in China
differ considerably around .038 Hz, this is probably due to the poor signal-
to-noise for CA 17.6.67, but the average 2CA (Figure 3.18) rollows the

general trends of CA 29.9.69 which has good signal-to-noise. v(The combined

Ll
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-0,003529
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Comparison of Regression Values for NZA 2h/12/62
and NZA 27/9/62 at Each Freguency.
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0.0C1183
CsCC1134
0,001060
0.0C1CR0
0,0C102¢C
0.001017
C.,0C1Clr6
0.000954
c.0Ccs83
0.0C1084
c.0C111¢C
0.C01032
0.CC1C0C
0.001044
0.CCLO3C
0.0CN967
0.,000949
0.0€0902
0,000835
0.0Cn827
C.0C079¢C
0.000711
0.CC0794
o.0co8e27
0.000837
0.C00779
C.0CCT55
0.000720
0.0C0727
C.C00798
0.000789
0.000718
0.000716
0.0CC65¢




NZA NZA NZA CA cA NZU
24k, 12.62 | 27, 9.62 22.10.,62 17. 6.67 29. 9,69 7.11.68
NZA
24 12,62 -
NZA
27. 9.62 1 -
NZA.
22.10.62 6 11 -
CA _ : _ )
17. 6.67 7 13 1 ' -
CA
29. 9.69 8 16 1 1 -
NzU
7.11.68 25 27 24 : 23 20 -

Table 3.2 The number of frequencies at which the F test fails for comparison
of two events. The underground explosion NZU 7.11.68 differs

from the atmospheric explosions.
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average for the five atmospheric explosionsis shown in Figure 3.19.)
The averages 3NZA, 2CA and 5A with their appropriate 95% confidenbe limits
are shown in Figures 3.20-3.22.

3.4 Average QA’1(f) Values
Y

3eb.1 gﬁ-1 at Low Frequencies

The figures for 3NZA, 2CA and 5A still persist in showing high

QYT1 at low frequencies. This will later be interpreted as a layer of
greater attenuation at depth.

Broader confidence limits are still apparent at low frequencies,
but this does not necessarily mean that these results are poerer, instead
it is informative. Two populations may have the same mean, bﬁt with
different variances, one population is 'broader" than the other. Samples
from the broader population will contain a wider range of valﬁes and so
the confidence limits on the calculated mean will be wider than for the
other population. Low frequencies penetrate‘deeper intojthe earth than
high frequencies, presumably sampling a wider range of Q—1 values,  Also
the depth to which low frequencies penetrate may be 'expected to contain

lateral inhomogeneities. Both effects broaden the confidence limits and

simultaneously increase their interpretational use!

3.h.2 Q“~1 at High Frequencies
. -3
The tendency at high frequencies is for QYT1 to trend towards

zero. This has already been explained in terms of the propagational

frequency content for each explosion. However, figure 3.23 shows an interesti:

comparison between the atmospheric average 3NZA and the underground
explosion NZU 7/11/68. For NZU the erratic behaviour of the mean and the
very broad confidence limits (Figure 3.4) at low frequencies indicates
little low frequency energy content, but for high frequencies the situation
has obviously improved. Ffém Table 3.1 we expect NZU to contain useful

propagating energy up to about 0.10 Hz, while 3NZA will contain energy up to

0.08 Hz. The curves for 3NZ4 and NZU start to diverge for frequencies around

~45.
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0.08 Hz, 3NZA trends towards zero while NZU gives a reasonable attenuation-
value, @ =1~ 0.004. For frequgncies greater than 0.08 Hz the underground
explosion NZU is probably a better estimator of Q‘;1 than 3NZA, simply
because it does contain high frequency propagating‘energy.

3.5 Summary

The estimated Qalues of er1(f) have been presented for each
event analysed, along with 95% confidence limits. The data for the
separate atmospheric explosions has been combined to form improved'averages,
In all cases the highest useful frequency of propagating energy has been
determined.

In general the ny1(f) values determined from Novaya Zemlya are
greater than %he equivalent values obtained from the explosions in China.
In all cases the attenuation is greater at low frequencies, implying an
attenuating layer ;t depth. It is now necessary tovinvert the nyq(f)

data from a function of frequency for surface waves into a variation with

depth, determining Q(;1 and Q 51 for compressional and shear bodily waves.

-bB.




 CHAPTER 4

k.1 A Theoretical Formulation for the Dissipation and Dispersion of

Rayleigh Waves

For the future purpose of inverting the experimental ny1 data
it is necessary to describe the evaluation of the dissipation parameter
by theoretical means. This will also throw light on Q~1 as an important
earth parameter.

Any expression for the amplitude of a surface wave at angular
frequency w will contain the wave propagation term

exp [i(wt - k . 1) ] b,

Pl

where k is the wave number vector and r the distance. Assuming isotropy
this becomes -

exp [i(wt - kr) ] k.2

If dissipation is present then k is complex, if dissipation  is small
amplitudes may be calculated, using complex k, asif dissipation was not

present. The wave number k beccmes*

k(w) = ko(w) + O0k(w 4,3

where kO is the wave number in the elastic case and is pure real, and

Sk(w) is complex.

*This representation for the wave number was shown to me by J Hudson. This
differs from the work of Anderson, Ben-Menahem and Archambeau (1965) who

use k = k1 + ikZ’ viscoelasticity only introducing an imaginar& term for
dissipation. Allowing &(w) to be complex leads to causally related
informatioﬁ about dissipation and dispersion, the relation is obtained by

Futterman's methods (1962).

~47.




The term &k(w) may be written
Sk(w) = @lw) + i'{(w) L. b
and the term 4.2 becomes | ‘
| exp [i(wt -~ B(wr)] exp [y (w)r] 4,5
As expected y(w) determines spatial attenuation, which we hope to prove
negative, whilst @(w) is a phase term, and v(w) may be rewritten as
y(w) = - w/ZQY( WU (w) 4,6
Group velocity, U, is used for surface waves; the argument is given
by Brune (1962) and Knopoff et al. (1964).
The wave number ko(w) is obtained as solution to the surface
wave equation which involves the earth parameters C% and Bo (compressional
and shear velocities). TFor the elastic half space case this characteristic

~equation is

B 4 2 'l/é
Co2 : Co2 é C°
(3- 62>_4<|.--&-§> <1 -";"2" ) = 0 (Bullen 1965) b.7
A o ° :

C0 is the velocity of the surface waves, and this may be represented by

Fo(k.o’ W O'O’BO) = O , ) ’ l+08
because ko(w) = éL'., When dissipation occurs the visco-elastic wave
o o

number k is the solution of

F(ky, wya, ) = 0 ‘ L,

O

where k, a, B are all complex and o, B are of the form
¢ (W = o+ Sa(w) L.10
If we now assume a plane N layered earth mudel where hl denotes the
thickness of the lth layer then identity 4.9 becomes
F(k, w, By, B) = 0 ‘ 4,11
and adapting a statement by Anderson, Ben-Menahem and Archambeau (1965),

Ok(w) is given by the partial derivative summation
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ako ako -
Si(w) = [ a4 5p J ho12
1= %% 17 9By 1

In the work of Anderson et al. 6@1, 661 are pure imaginary, here they
are complex.

The wave number ko may be determined by appljing equation 4.8
to a layered structure, that is solving |

F (k_, w,h = 0 4,13

17 %1t B1)
The solution for ko is obviously of the form ko(w’hl’(%l’ ﬁol) and so

the derivatives in 4.12 are of the form

0k (uwyhyy a1, 8,)

aaol L, 4

The Thomson-Haskell matrix formulation (Thomson 1950, Haskell
1953, 1964) for surface waves on a layered structure will later be used to
obtain solutions for ko for a chosen layered model. The program, written
by A Douglas, was adapted to produce the derivatives of equation 4.14 by
1vi i kL, . . i
solving equation 13 for k03+ and koa- by using %j+dab followed by

ij—dab and then perturbing the parameters of each layer in turn and re-
solving

F
o ¥o 22

W hl’ %ol :;61j dab' Bol) = 0 415
The small increment dao is added to abj only (and j eventually runs from 1
to N, perturbing each layer in turn) and the new wave number koj+ obtained.

The required derivative is then approximated by

ok ' k. . -k .
o - oj+ ©OJ- 4,16
aabl 1=3 2(1(;1,o
w W
Because ko(w) = Eﬁ%;) a small positive change in ab(@) produces a small
o

negative change in ko(w); the derivatives are always negative.
The derivatives with respect to B are obtained in a similar
manner, and they tco are all negative.

Equation 4.12 may be written in full as

~4g-




(8k(w)) Z(w) % i (8a,) °% ¢g.) ] L
R(6k(w = W) = R(da,) + = ROB.) .17a
| i-3 Laa’ol 10 9B lJ

- . w

Iek(w) = v = S %o 1(sa) + 2K 1(6{31)] b 170
1=1 oa 9B
ol ol
[

By considering small changes in the body wave velocity oy it may be

shown that (Appendix T)
-1

Q - a
I(8aq) = —3‘%—"-{ 4.18a

-1
B : ,
%101 | 4. 18b

1
1(651) 5

fl

here Q;l , le are specific attenuation factors for bodily waves.
The equations 4.18 allow us to express the attenuation coefficient v (w)
of equation 4.17b in terms of physically obtainable guantities, which
was our major obje;tive. |

Further, the R and I parts of 6@1, 651 are causally related and
the treatment described by Futterman (ﬁ962) may be applied. The dissipative
effects (I(&al)) are related to the dispersive effects (R(501))and

applying Futterman's results gives (See Appendix F)

w
o 2 /,
_ _ol -1 Yy = = I(sq,)ln 0w 4,19a
R(601) = - al in (o] T 1 (o]
| Bor -1 9 v
= w2 a7 w 2 1 /
R(&Bl) = Qﬁl 1n 0 = 1(651) nlw L, 19b
where wo, as Kolsky (1956) would have it, is a "disposable constant!.
Therefore substituting in 4.17 we have
#o) = =1n (L) - k. 204
R @ Y ccva
N - ok Q] 3k il
< [ o ol o 1
(@) = L-é-——- = o 4 £L g ] . 20b
= &ol 2 ol 6%1 ol
' w
2 .
6 k(w) = v(w) 0; 1n /wo + i) L, 21

Using knowledge of the specific attenuvation factor (body waves),

ok ‘
the velocity of body waves and the derivatives aao the attenuation

ol
~50=




coefficient y (w) may be calculated for a layered structure. As expected -
the attenuation coefficient is negative, directly determined by the sign of
the derivatives which are always negative. TFurther, if the group velocity

for the model is known then Q;j may easily be calculated from y(w), by 4.6

Q—1(w) _ -ZU(wLA{(w)

4,22

The Thomson-Haskell method determines the phase velocity dispersion
for the model, the group velocity .dispersion is easily obtained from this
by using the usual equation
| du de

U(w) = ik = C + k e L.23

We may take the argument further and calculate the change in the Rayleigh
wave phase velocity caused by dispersion linked, as above, with the
dissipation.

A change in the wavenumber of -0k is linked with a change + 0 ¢

in the Rayleigh velocity Co

: W
k, - Sk(w) = 62—17;6(57 &, 24
- and because
W
kO = "6—'
o
= & w
Sk(w) = % T+ 5C( o)
o o '
L ] 5C
o bk(e) ~ - BEl) b 25
c ,
o
Taking the real parts and rearrangigg gives
C
dc(w) = -'1%— F(w)
Co2 2 w/
o« o 50(0}) = —'T'Y'((d) -{ln' (.00
. (0) = (1 ~ C° " E'l RO
e Clw) = C_ — (@) = 1ln )
-1
’ cluw) = c(1+-4-2—'f-— o ln -+ L. 26
ot ‘ T Vo 7 u(w) M W, ’



This equation is similar to a solution given by Kolsky (1956) for

compressional waves in a rod

6 .
Cle) = C (1 + 8802, o L, o7
o] Y19 (JJO

where tan § may be read as Q;q. The group velocity appears in equation 4.26
because the energy of surface waves travels with this velocity rather than
the phése velocity, and so is required in the attenuation expression 4.6.
This second type of dispersion is a geometrical effect which occurs for
surface waves because longer periods reach to greater depths within the
earth than shorter periods, therefore sampling a different velocity
stfucture. Because a different velocity structure is sampled a diffefent
Rayleigh wave velocity results for each frequency. This does not occur for
body waves because all\frequencies follow the same path, unless scattered
in a frequency dependent manner. So for body waves the phase and group
velocities (hencé the energy velocity for these seismic freguencies) are
almost identical, the difference is caused by dispersion linked to
dissipation which is a small effect.  If surface waves were not dispersed
by geometrical means (as calculated by the Thomson-Haskell technique) then
equation 4.26 would reduce to a form equivalent to 4.27.

It is usuél to calculate Rayleigh wave geometrical dispersion using
Thomson-Haskell matrices with frequency independent body wave velocities.
If frequency dependent body wave velocities are used, and attenuation
is allowed for, (essentially solving equation %4.11) the resulting Rayleigh
wave dispersion cﬁrve has been shown to differ by 1% from the simpler model
(Carpenter and Davies 1966). 1In this study derivatives of the %Ep

o Cuo

type were obtained using the simple elastic Thomson-Haskell formulation
and then the attenuation coefficient calculated ffbm equation 4.20b. Obviously
there are some feedback errors in this process because the derivative

expressed in 4.1%4 should really include attenuation and be of the form

C 52




‘ -1
5k(w,h ,O"'l * .@ 9Q )
l ol l OJl 1+u 27

aa

1
Such considerations were ignored. Also the possibilitywthat the attenuation
frequency relation (equation 4.6) is not linear is ignored, that is relations
of the form 'y(w)xu? (P not necessarily integer) which are considered
advantageous by Strick (1967) are not considered, because the advantages
gained are largely in the theoretical presentation of the attenuation
mechanisnm.

L,2 The Attenuation of Rayleigh Waves on a Half'Space

- :
Before any attempt is made to invert the observed Q.. data into
. i

an attenunation-depth model involving Q;j, Q;; by using equations 4.20b

- -1 -
and 4.22 for +v(w) as a function of Qa1’ Qﬁ and Qyj as a function of «~ (w)

respectively, it would be useful to obtain a simple, if approximate,

relation of the form Q;1 ~ f(Q;1, Q;1). With such an approximate equation
b =
. _ -1
it would be possible to estimate the range of values for Qa1' Q which

p
ought to be considered for inversion purposes.
Equation 4.7 gives the characteristic equation for a Rayleigh
wave in a perfectly elastic half space, this equation has the physical
solution
CO = 0.98 Bo L. 28

Obviously dispersion does not occur with such a model. TFor a homogeneous

viscoelastic half space an expression was obtained by Press and Healy (1957)

-1

relating the Rayleigh wave attenuation to Poisson's ratio,‘QCL

-1
only.

) QB J

Press and Healy obtained their expression by allowing the velocities in

the characteristic equation 4.7 to become complex, their expression is

quite complicated but following Anderson et al. (1965) it may be written as
-1 -1 -1

= m + (1-m) h,2

ey = ma g 9

where m is a complicated function of Poisson's ratio.

However, a much simpler equation may be obtained using the

equation 4.20b for y(w). Rewriting equation 4.20b for a half-space

~-535~




immediately gives

R _a Qe B .
_ 9k o ok g
y(w) = iy > + 35 5 k.30

and assuming a Poisson solid (a=v 3p)

Bk B o1, g
Y'(w) = aB > Y(Qa + Qﬁ ) 4031

Ignoring the dispersive effects of viscoelasticity implies equation 4.28

which will be written, for simplicity of manipulation, in the form

CO = n B 4.32
. . W ‘
. . ‘ k Y.
. -0 1 ow .

Now assuming that = 0, that is non dispersive body waves (which is

experimentally true!) gives

%5- ) b, 34
B ng
therefore
-w 1 -1 -1
W = 22 . 4,
Y0 = 25 @ D 35
which leads to
-1 -1 -1
= Q + L, 36
Q. . g
Before this equation is used it is worthwhile calculating the partial
0 k )
derivatives 0 o o_ to show the limitations of this equation.
Wfaabl aﬁbl v
4.3 Partial Derivatives for Inversion Purposes

As has already been described the partial derivatives were
obtained by using the Thomson-Haskell procedure to solve a layered structure

for the wavenumber koj+’ then perturbing the velocity aojin the jth layer,
ako o ok

and similarly
asoj

W [

¢}

and re-solving for k ., ; hence
o

ma
J- 0q, v

J
be calculated for a range of w. An alternative procedure would be to use
%

the surface wave energy equation described by Jeffreys (1961) and this

has been done by Takeuchi, Dorman and Sato (1969) to perform numerical

-Eq, .



e,

inversion of surface wave data.

The velocity depth model assumed from which the derivatives were
calculated is listed in Table 4.1. This is a simple six layéred continental
type model, chosen because most of the propagation paths used in this work
are largely of continental type. The model is also illustrated in Figure 4.1,1
and its characteristic group velocity curve in Figure 4.2,

The partial derivatives of the wavenumber, ko, with respect to both
body wave velocities for the six layers are shown in Figures 4.3 and L.k,
as functions of frequency. It is immediately apparent that for a given

ok ' ok

is an order of magnitude larger than
9851 abl

layer (value of 1)

This implies, referring to equation 4.20b for the attenuation coefficient
y(w), attenuation of shear waves has a greater contribution to v (w) for

surface waves than .does compressional wave attenuation. (Of course assuming

Q;j, Q;1 are of the same order.) The further implication is
aq g ]
—L 5 : k.37
oQ 8 aQa

which 1s born out by the observations of Anderson et al. (1965).

Two more comments are worth noting about the way the derivatives
change with frequency and as a function of layer depth. The derivatives
show a pronounced negative minimum at a particular frequency, the deeper
the layer the lower tne frequency. This quality is retained even for
the derivatives oﬁ{deep layers with respect to compressional wave velocity,
Figure 4.5 for ;;EL shows this well. This variation is again expectéd
because Rayleigh wgies of‘different frequencies spread their energy through
the layers to different extents. High frequencies are concentrated in the>
upper layers and only influence the derivatives for the upper layers.
Conversely the derivative vélues for high frequéncies in the lower layers

are zero; there is no high frequency energy in the lower layers. Kolsky

has shown in "Stress waves in solids" (1953) that at a depth of one wave-

...55..




Thickness of .

Layer h

P-Wave
Velocit A
e OCl_X 0 1

S-Wave

()2
B1

km T km s Veigciﬁ¥igl a5l /o)
14,0 6.10 3.50 2.29
22.0 6.50 3,72 2.29
22.0 8.06 L.4o 2.51
10.0 8.08 b 46 2.51
55.0 8.121 b 45 2.51

8.50 4,96 2.19

Table 4.1 Assumed Velocity-Depth Model
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length into an homogeneous halfspace the vertical amplitude of motion

has fallen to 0.19 of its value at the surface. For example a Rayleigh
wave period 60s at a depth of 250 km is propagating with about 20% of its
surface vertical amplitude. This deptﬁ value is regarded as the extreme
limit of penetration of the waves used in this study; +this is an obvious
limit to the inversion range of depth.

The second comment arises because the deeper layer derivatives
are much smaller than for shallower layers. For an homogeneous half space
the shallower depths therefore have greater effect on the summation for
y(w). For inversion over all frequenCies‘into a depth model the upper layers
are better resolved (because they are more heavily weighted by the
derivatives). This is later of importance when direct "Hedgehog" inversion
is used.

To summarase, the two éets of derivatives should be regarded as
two dimensional weights varying with frequency and depth. When an
attenuation model is postulated which varies with depth, the derivatives
weight the model, shaping it and forming a result which may be compared
to the observed.

L,h Simple Qualitative Inversion of the Q—1(f) Data

Y
Using the assumed velocity-depth structure, and the related

partial derivatives, makes it possible to invert Q;1(f) into an attenuation

model of QZS, Q—1 with depth. For the six layered attenuation structure

B

to be used this requires twelve independent values of Q-1B . It is

(e )]
desirable to reduce this number to six by assuming a simple relationship
between Q;: and Qéq for all layers. Anderson et al. (1965) and Kanamori

(1970) have suggested the adhoc relations

- _ - ’ ;
-1 -1 | I

Burton and Kennet (1972) suggest using
: y ‘ )
U = % (%)2 Q! 4.39 C3
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because this has a physical interpretation: no attenuation attributable to

(Ll 2 - =1

the bulk modulus. The values of %—(§40 * and hence the ratio Qﬁl
1 -1

are listed in Table 4.1. Q@

Not forgetting the influence the partial derivatives have on the

calculation of Q;?(f) for the real earth we may now take equation 4.36

‘further. Using the condition, C1, Qé1 = 2.25 Q;1 gives
-1 -1
= 9 . L{'o L}‘O
QY 325Qa

A very simple qualitative inversion is now possible. The figures
. . -1 '
3.1 to 3.6, and in particular 3.18 and 3.19 for average QY (f), show that
Qt;(f) for higher frequencies is about 0.003 but for lower frequencies it

may reach 0.009. Using the approximation of 4.40 this gives

. -1 - Y '
Depth Qu QB QY Frequency
Shallow | 0.001 0.002 0.003 High
Deep 0.003 0,007 0.009 Low

Obviously the tentative conclusion is a region of greater
attenuation at depth, which is only sampled by thé penetrating low
frequencies. The partial derivatives have been ignored in the above
approximations, but the way in which they weight the deeper layers (previously

described) will make larger values of Q-1 at depth difficult to resolve.

4.5 Model Inversion of the qu(f) data

It is possible to attempt inversion by trial and error. FA model
may be postulated, guided by the simple qualitative inversion above, and
the Q;?(f) it would generate may be calculated. It was decided to model
Q:S because this parameter is more abundant in the literature than QE;.

The computer program QRALEY (Appendix G) was written to calculate
Q;1(f) for any postulated model of Q;1 with depth and any simple relationship
between Q;1 and QE; may be used in this program.

A simple model (M1) was found which approximates the curvé shape

for the ng(f) values averaged for five atmospheric explosions shown
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in Figure 3.19, that is the model generates roughly constant Q;j in the
frequency range 0.03~0.09 Hz and Q;ﬁ increases for lower frequencies.
This model shows a high value, QZ: = 0.008, for the deepest layer.
Model M1 was compared to four other models. All five models
are listed in Table 4.2. The models attributed to Teng, Anderson et al.
and Kanamori have been adapted (to fit the layers in this study)vfrom fhe
Qa, values listed in Ibrahim's (1971) paper. The model.M2 represents a
simple decrease of attenuation with depth, this phenomenon might be
expected due to increased compaction of material with depth. The control
model M1 is regarded as a reasonable picture of the observed data. All
five models were compared for the three conditional equations between
Q;' and Q;: specified by equations 4.37-4.39, The results are shown
in Figures 4.6-4.8.
The modeiE of Kanamori and M2 are untenable for all three
conditions. Decre;sing attenuation at low frequencies is found by M2,
while the Kanamori values are too large. Teng's model ié unsuitable given

conditions C1 and C3 but using Q;ﬁ = Q&q

it is a possible model, although
the onset of increasing Q;j at low frequencies occurs at too high a
frequency (0.05 Hz). Anderson's model has possibilities but the peak

at low frequencies, rather than a smooth inerease of Q;1, tends to make it

unacceptable.

L,6 Conclusions

An expression has been obtained from which the specific attenuation
factor Q;1(f) for Rayleigh waves may be calculated.

For the calculation of Q;1(f) it is necessary to assume a velocity-
depth structure, for which partial derivatives of the type ?ﬁf%- are
o

calculated. An attenuation model for Q;1 with depth is then postulated;

2 .
q 1
al

are regarded as weights which shape thé attenuation model, forming a surface

a
and a condition of the type Qé; = %~(§i-) assumed. The derivatives

(h).

 wave qu(f) from body wave Q;1B
3§

¥
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A model M1 was found which apprbximates to the observed data.
This model was compared to four other models, all of which were found to
posseés very individual characteristics. The model M1 Qas the best match
to the data and condition C3

P
was retained because it has physical meaning.

However trial and error model fitting of this nature is very
inadequate because it gives little idea about the model accuracy. It is
not possible to say by how much an individual layer in the model may be
prerturbed before the resulting Q;j(f) is incompatible with that observed.
Also the accuracy of the obgerved data, expressed by the 95% confidence

limits of figures 3.20 to 3.22 has been entirely ignored. A direct method

of inversion, using this additional information, is desirable.




CHAPTER 5

5.1 'Hedgehog'! - Direct Inversion

S5¢1e1 Introduction

Many data inversions - the matching of a particular depth
dependent model to observed data at thé surface of the earth - produce
simple line models. The inversion attempts to show a simple one-to-one
correspondenée between surface results and depth dependent variables.

This would only be possible for the present data if the inherent variability
in the Q;j data, expressed by the confidence limits, was neglected. Any
inversion of Q;1 must produce a plot of Q;1, varying with depth, and with

a range of QZE values for any depth. It is important to realise that

errors alone need not explain a range of Q;ﬁ at a particular depth; it

is realistic to expect a laterally inhomogeneous earth. The narrow confidencek
limits obtained in &hapter 3 have geophysical meaning and do not just contain
experimental errors.

To invert the Q;j surface wave data it ;s necessary to postulate
models in some form of Q space. "The difference between Q= «» and Q=1450
is not significant at present, since one is in fact comparing reciprocals
of these quantities." This was stated by Knopoff (1969) and succintly
explains why all models considered here are in inverse Q space.

5.1.2 "Hedgehog!

&ny depth model in Q-1 space may be used to postulate Q;1 at
the surface by using the equations in Chapter 4. Once the postulated values
for the surface have been obtained then a comparison may be made with
the surface observed data.

It is necessary to distinguish between experimentally observed
data and theoretically calculated values. The symbols Q;; and Q;ﬁ,
for observed and theoretical values respectively, make this distinction,
and as a function of frequency Q;g(fi)'Will become Q;;i. (i;1 ««. NFA).

The goodness of fit for a particular model, compared to the observed

data, may be quantitatively defined using thekequations
B0~
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The quantity AQ;;i relates to the confidence limits determined for each

#alue of the observable Q-1

. . If a' and o' are arbitrarily set to
yoi

values a and o and an inequality imposed‘on equations 5.1 and‘5.2, then
these equations either accept or reject a particular model (Burton and
Kennett 1972).

The Monte—Caflo technique may be used to generate random models
and equations 5.1, 5.2 used to select the acceptable ones. However, this
shows ro unity in the inversion models. Nor does it indicate, except by
the density of accgptable modelé in Q-1 - depth space,. any breadth of fit
for a particular dépth. l '

The Hedgehog program, once a good»model'has been found by
Monte-Carlo in continuous valued Q-1 space, then moves onto a mesh or
network of discrete values in Q-1 spéce. If the knot it has moved to is
acceptable then all adjacent knots are tested until a boundary between good
~and bad models is reached. In this way the program determines a region
of connected inversion solutions to the observed data and creates an
area of fit rather than individual points. After compléting one region the
program returns to the Monte-Carlo technique to look for further solutions and
regions outside those already found, until the entire region of search has
been exhausted or sufficient models tested. The region of search is choseﬁ
by imposing geophysically realistic values on the Q—j space for each layer
of the model. |

The values of AQt;oi calculated in‘Chapter % are the 95%
confidence limits on Qjﬂ . .y and values were determined for 79 frequencies.

ol

Altering a and o changes the precision to which a model must fit the

-




experimental data. If a=1.0 then models must Lie within the 95% confidence
Jimits. For other confidence .levels the value of a depends upon the
degrees of freedom for that particular event.

A typical Hedgehog network N1 used in this work is shown in
- -1
i ° Yrert

was chosen as gero. It is possible to improve resolution

Table 5.1. The values of 6Qn1 are used to increment from Q

-1

In all cases QLOW

of the inversion model by choosing a fine net, this presents problems
because a fine net implies many knots and therefore many models to be
tested. Monte~Carlo tyée'inversion is only possible because the computation
time involved in calculating Q;; and testing against Q;;i is minimal,

1000 models can be tested in 4‘seconds. Un one occasion a quarter million
models were fested by the program in 15 minutes,'however this did not
facilitate inversion, because it also rejected the gquarter million models!
The precision to wgich the models fit the data, and the fineness of the

net creating the models must be cémpatible.

5.2 Inversion’
5.2.1 The General Model

The six layered velocity-depth model and partial derivatives

of Chapter 4 are used. The relation
-1 “1\* -1
= . l=1o-n6 .
QB-L %<Bl> Wl 5.3

is used for the six layers tobreduce the number of Q~1 variables to six.
Inversion was attempted for three sets of Q;;i data:
1 3NZA The average formed from the three atmospheric explosions
at Novaya Zemlya (Figure 3.18). |
2  2CA The average from the two atmospheric explosions ét

S Sinkiang Prov. China (Figure 3.18).

3 B5A The average of all five atmospheric explosions (Figure 3.1¢

p—fminh

The underground explosion was not included in 3NZA because it has been shown

to be a different statistical population (Chapter 3). Table 3.1 shows




““““ Table 5.1

N1
Layer Q;: LOW Q;? HIGH |8Q""
1 0.0 0.01 .001
2 " 0.008 "
3 " 0.008 t
A " 0.01 "
5 " 0.01 "
6 " 0.02 0.002
N3
Layer | g, LoW | Q' HIGE | 6Q
1 0.0 0.008 | 0.002
2 " n "
3 " 0.014 | 0.003
I " 0.016 "
5 " " "
6 " 0.02 0.004

O

HEDGEHOG NETS

(Q;j Parameter Space)
N2
-1 A -1
Layer Q, Low Qg HIGH| &¢q
1 0.0 .0105 | .0015
2 " .0075 "
3 " 1" 1
4 1" L0105 "
5 " . 006 . 001
6 " .02 002
N&
- o -1 -1
Layer Qq Low Q. HIGH 5q
1 0.0 .005 .002
2 " Tt 1
3 " .01 . 003
L " " 1"
5 " .016 .00k
-6 " .02 .005
x5
-1 % -1 "1
Layer Qa LOW QG‘HIGH 6Q
1 0.0 . 008 .00k
2 " . 008 . 00k
b " .012 .006
5 " .005 .002
6 " .020 .010




that these data sets only contain useful information up to a certain

highest frequency. The frequency range used and therefore the number of

Q;li values for each group is
3 o | Somben o | rreanoncy mange 5 | G,
Values
3NZA 81 «0147-,0806 55
2CA 63 .0147~.,0855 59
SA 144 0147-,0830 57

For two reasons the removal of higher frequencies is beneficial
for direct inversion. The depth of penetration for surface waves depends
on wavelength. Therefore high freguencies will only contain information
about the upper layers of the earth, whereas low frequencies contain

information about both the upper layers and greater depths. Further,

ok ok
the shape of the weighting derivatives - = < (see Figures 4.3,
' %1 aﬁ%l

L.4) used to calculate theoretical Q;l' for the models, would heavily bias

the resolution towards the upper layers, because of the large derivative
’ 3k

o)
a%:l

to frequency .0623 Hz, shows more equal weighting for the various layers.

values at high frequencies. Figure 5.1 for the major derivative - up
To include high frequencies is to weight the inversion model towards the
upper layers, at the expense of resolution at depth. A spread of energy
throughout all layers is required for gobd inversion.

5.2.2 Inversion of 3NZA

The models were tested against the data for several levels of
precisioh, also different nets were used to improve and confirm the
results. The range of figures 5.2-5.5 show the inversion models,found
using net N1, for different confidence levels oﬁ the observed data.

Figure 5.2 accepted models fitting within 90% confidence limits,
- a narrow band of fit, using a = 0.833. Only two Monte-Carlc models, and

no Hédgehog connected region, are obtained out of the 80,000 random models

~63-
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tested.

Two independent regions of fit are found using N1 and 95% confidence

limits, these are shown in Figures 5.3 and S.4. A fit to very broad
confidence limits, 99%, was tried using nets N1 and N2. This produces
Figures 5.5 and 5.6; execution of the program was finished in each case
before the entire region had been delineated because far too many solution
knots were being found to be of any use. The Hedgehog regions of Figures
5.3 and 5.4 reprecent the best inversion of the data from the Novaya
Zemlya atmospheric explosions.

Three solutions, chosen as typical examples from the two Hedgehog
regions, are shown in Figure 5.7. Table 5.2 lists the three models.
All these models show a layer of high attenuation in the upper mantle,
as did Burton and Kennett using one event. This again supports the theory
of a highly attenugting zone corresponding to the Gutenberg low velocity
zone, without assuming any such iow velocity during model fitting.

Table 5.2 Three Typical Solutions for 3NZA

Model A Model B Model C Depth to
Layer Qa-1 3 é-'] Q (;-1 { QB—’) Q C:’I‘ Q {;—1 Laye}I;mBase
1 .002 | .00456 | .001 .00228 .002 | 00456 14
2 +002 | 00458 | ,003 | .00687 | .002 | .00458 36
3 .002 | .00503 | .001 | .00252 | .002 | ,00503 58
L .002 | .00501 | .001 | .00251 | .006 | .01504 68
5 .002 | .00500 | .003 | .00749 | .001 | .0025 123
6 .008 .01?62 <006 | .01322 | .008 | .01762 o

Model A shows the upper 120 km to be of uniform low attenuation material,
overlying the zone of high absorption. Model C shows a similar distribution
but with a strongly attenuating perturbation around 70 km. This type of
model was generally characteristic of the second Hedgehog region shown

in Figure 5.4,

-6l
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The other model, B, shows a more gradual onset of the absorption
zone below 70 km. Also, Model B shows a region of slight absorption
around 30 km depth. This region is influenced by the combined effects of the.
Conrad and Mohorovicic discontinuities. Apart from any real changes of Q—
in these regions a discontinuity will tend to increase the value of
observed an. Any discontinuity will scatter and diffract enérgy, increasing
the path length, and therefore magnifying the effectivenéss of any
‘spatial Q-1. Such effects cannot be separated from the truly dissipative
characteristic of the materials and must be included in these estimafes.
Model B shows a crust and uppermost mantle well suited to the propagation
of seismic energy, overlying a region below 70 km of increasing dissipation
until a "zone of low Q" is reached.

Burton and Kennett resolved a separate Hedgehog region which
showed a zone of ve;y high Q between 15 and 70 kus depth, this is because
the region of search was described in Q rather than Q.1 space. Comparing

the following sequencies of values explains this.

Q space Q 100 | 300 500 700 900 1100
-1 -

Q = space 2| .01 .008 | 006 | .oo4 | .oo02 0

Equivalent Q Q 100 | 125 167 250 500 o

Models in @ space give better resolution at the high Q end of the range;
however the step from Q=100 to Q=500 is far more significant than from 500
to 1100 and is not sufficiently well resolved. Because the attenuation
factor per wavelength is 7(Q—1 models should prefefably be in Q-1 space.
This procedure ﬁore accurately describes the physical éhenomenon of
digsipation. |

5e2e3 Inversion of 2CA and 5A

The inversion of these two data sets produced much poorer results
than for 3NZA. Using the net N3 and 50% confidence limits for 2CA produced
Figure 5.8, Nk and 40% confidence limits for 54 produced Figure 5.9. In
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both cases the entire region was not obtained because too many aéequate
knots were discovered before completion of the region. However, using
L42.5% and 30% confidence limits for 2CA and 5A respectively, produced no
solutions.

The conclusion is that the region of search and the nets used
are inadequate to perform suitable inversion. Examination of figure 3.18 for
average Q;; from the two explosions in China provides an explanation.
There is a minimum point around .038 Hz implying a region of‘very little
dissipation. The minimum covers the frequency range .03-.05 Hz, outside
this range normal values of Q;; are obtained. The rule has already been
stated that the depth of penetration at a frequeﬂcy corresponds to a
wavelength, because the wave amplitude has:fallen to 20% its surface
value. This gives a range of depth penetration of about 80-130 kms.
Frequencies higher than .05 Hz only penetrate to 80 km, and return nérmal
values of Q;;. The lower frequencies which sample all zones of the earth
above 130 km, return anomalously low values)of Q;g. Obviouély layer 5
of the inversion model (68-123 km) must consist of very low Q_1. The
nets N3 and N4 have not placed a sufficient.constraint on the Hedgehog
séarch in layer 5, and have allowed unrealistically large values of Q—1
for these depths to dominate the inversion. Further the lower frequ;ncies,
less than .03 Hz, which sample all depfhs of the model must be sampling
very high Q“1 below 130 km to produce the Q;; values of Figure 3.18.

A further inversion was attempted using the net N5. This net
restricts the Q—1 of layer 5 to a maximum value 0.005, also this net is
coarser than those previously used. Inversion of 2C using 49.8% confidence
limits produced Figure 5.0, and 33.2% coﬁfidence limits on SA produced
Figure 5.11. Some improvements are obtained but the picture is still
unsatisfactory and the Hedgehog region ill defined. When the data from
Southern Sinkiang is introduced we are led to the conclusion that the

general model of section 5.2.1 must be questioned.
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Local variations of the crustal thickness and lateral hetercgeneity
introduced by the Himalayas will influence the inversioﬁ. The paths from
Southern Sinkiang to CHG, SNG, JER and IST have already been omitted
due to particularly anomalous behaviour. So it is possible that the
velocity-depth model (Figure 4.1) is inappropriate for the éeneral region

of the propagation paths around Southern Sinkiang. Also the assumed
-1
g

inversion tecﬂnique which may be inadequate for this region.

relation of Q;1 to @ (equation 5.3) is another limitation on the general
A fubure inversion which varies the parameters which are here
fixed may well provide the solution.

5.3 Interpretation

Backus and Gilbert (1968) point out that the resolving power of
any gross earth data is limited. ‘The uncertainty of an earth parameter
for a layered model will increase if an attempt is made to increase the
depth resolution by using thinner layers. The delta-type resolution
functions of Backus and Gilbert were calculatedkby Der et al. (1970) fof the
determination of shear velocity in the crust and upper mantle from surface
-wave observations. Der et al. concluded that a five layered model for
the upper 130 km of the earth gave acceptable resolution and eliminated
instability due to an excessive number of layers - the inversioﬁ model used
here also hes five layers and data obtained from the fundamental Rayleigh
~wave mode. Inclusion of a thin fourth layer (10 km) in the present
inversion illustrates certain aspects';f this resolutiog nroblem. The
Hedgehog‘solutions of figures 5.3 and 5.4 show that the Q:: values in
the fourth layer are the most uncertain, whereas Q;: is comparatively well
resolved in the remaining thicker layefs. With this resolution in mind it
is possible to consider the implications of the Q-1 values in the variocus
layers.

The majgr features of the three typical solutions for 3NZA (Figure
5.7) have already been deséribed, but certain details of these models may

not be adequately resolved. High Q’1 around 60 xm in model C is uncertain,
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as is the‘distinction between models A and B. All of the models show
clearly resolved high values for Q-1 at depth, and médel A may be regarded
as the general continental Q-1 model which excludes any excessive detail.
The inversion has provided substantial evidence for a zone of dissipation
below about 120 km. . If the usualiy éccepted low velocity zone (Press 1970a)
had been included the resolution of the discontinuity in Q_1 would have
been further enhanced.
Press (1970b) failed to find low density associated with low
shear vclocity in the earth, and concluded that high density (3.5 gm/cc) was
the ¥ule over substantial intervals between depths of 7?0 km and 370 km.
Both incipient melting of the rocks and interstitial water content may
provide an explanation for a zone of low Q and low velocity associated
with high density. The results of Born, illustrated in the intfoducﬁion;
show that a very sm;ll percentage of ihterstitial water occurring as a
free phase in the rock causes a significant increase in the decrement
(decrement is proportional to Q-1). Incipient melting will have a similar
effect. Spetzler and Anderson (1968) examined the NaCl-HzO binary system
and found that a, B, ch and Q’B vary slowly as the eutectic~temperature
is approached from below, and then suddenly drop at the eutectic by 9.5%,
13.5%, 48% and 37% respectively (1% NaCl). The shape of the liquid inclusions
determines the amount of melt necessary to obtain the required velocities,
0.1% melt maybe sufficient and this would have a negligible effect on density.
If the oceanic geotherm is assumed, melting is not possible above
90 km (Anderson and Sanmnis 1970) unlesé water is present to reduce the
sélidus melting temperature. The continental geothepm gives much smaller
temperatures at corresponding depths (approximately 25OOC lesé) and therefore
implies the solidus temperature is only reached at a greater depth. Lambert
and Wyllie (1970a, b) have investigated a peridotite mantle model with

0.1% Yy weight of water and came to the conclusion that the '"beginning of

melting should occur at about 60 km for normal oceanic geothermal gradients,
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énd at about 110 km for normal shield geotherms'.

Mineralogical variations may cause a low velocity zone but
incipient melting is Green andbRingwood's (1970) preferred explanation.
The region of anomalously high dissipation which is here found to start at
the expected lithospherefasthenospheré junction, combined with a low velocity
zone, makes it difficult to cénceive of an alternative explanation to
incipient melting and interstitial water content.‘ This lends support
to Ringwood's (1969) concepts of the composition of the crust and ﬁpper
mantle.

Ringwood's pyrolite modél for the upper mantle in continental
regions proposes a zone of dunite-peridotite over pyrolite, the
transition occurring aroﬁnd 100-200 km. Partial melting causes the lower
melting-point components to segregéte upwards, and this is obviously
influenced by variations of temperature with depth. Variations in seigmic
velocity may occur because of these chemical and pﬁysical zoning effects.
However, these effects are not sufficient to explain the large shear wave
velocity va;iations, and negative velocity gradiénts, which occur for the
low velocity zone.

Incipient melting would cause a low velocity zone. However. at
depths of 100 km the pressure causes the degree of pyrolite melt to be
very sensitive to temperature, and therefore ﬁnstabie magmas might result;
Water may stabilise this mechanism. A small quantity of water (0.1%) will
lower the melting point and make itbdiffuse. A mechanism with a diffuse
melting point is stable because a large temperature variation will only
cause a small change in the degree of partial melt. Such a zone of
incipient melting explains the anémalous dissipation:found by the inversion
for depths around 120 km, and why it may occur'in conjﬁnction with a low

‘velocity zone.
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CHAPTER 6

Concluding Comments
The inverse problem of seismology has been described by many
people (Keilis~Borok and Yanovskaja 1967) but it is still very topical.
Some measure of motion at the surface of the earth is obtained, the motion
presumably caused by a particular source, and %he problem is to obtain
the variation within the earth of the elastic parameters k and V) (bulk
modulus and rigidity), the density p and the dissipation constént Q. Thesé
are the four fundamental quantities of seismology. From these the
velocities of bodily waves (P and S) may be determined and related to
travel times on the seismog;am. An understanding of the often ignored
second axis of the seismogram,kamplitudes, reqﬁires knowledge of the
attenuation constant Q and the generating source. However, velocities and
“density are often &nown to a few per cent whereas Q is rarely known so well =~
but it is still an equally fundamental and intfinsic property of rocks which
influences the propagation of seismic waves as characterised by the seismogram;
For example dynamic damping (Q) allows us to calculate amplitude variation
with distance from the source as a function of frequency. On the other
hand static properties of rocks exemplified by creep also relate to the
internal friction @ (Lomnitz 1957), and creep is very important on the
geophysical time écale in regions of large tectonic stress - plate subduction
zones are én obvious example. Further, a quantitative knoﬁledge of the-Q
causing amplitude-distance variation by damping would help us to estimate
source functions of various events and perhaps thereby elucidate the source
mechanism.. Source eluqidation £s important -to seismology because such
knowledge is necessary for earthquake prediction and control, and it is
directly relevant to the earthquake-explosion discrimination problem,
Heterogeneity of the earth is also of great importance and this
has appeared in several ways in this work. The average values of Q:: for

the atmospheric explosions in Novaya Zemlya and China both show larger
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valdes of QT; at the lower frequencies, implying vertical heterogeneity
in the form of a strongly dissipative layer at depth. Such a zone of "low
Q" may be caused by incipient melting stabilised by the presence of small
quantities of water, this is congruous with Ringwood's (1969) ideas concerning
the low velocity zone of continental regions at the corresponding depth.
Also thé attenuation of Rayleigh waves for those propagation paths radiating
from Novaya Zemlya is greater for all frequencies than for the paths
investigated for the explosions in Southern Sinkiang Province, an example
of lateral variation.“Further,~the attenuvation~depth models attributable
t0 several authors appear to be very dependent on the data source or
region used.,

The existence of a widespread low Q zone has wider implications
in general geophysics. If platé theory is tovbe accepted then a discontinuity
between the mobile‘lithosphere and the‘asthenosphere is a necessary
prerequisite. A discontinuity caused by incipient melting, which implies
low shear stress, would facilitate sliding motioﬁ. This discontinuity would
be expected at different depths HHr oceanic and shield environments because
the geothermal gradients differ. Kanamori (1970) has used surface wave
phase velocity data to show that the major difference between the oceanic
and shield environments must lie within the upper 200 km. Using the definition
that the lithosphere ends where the shear velocity drops below 4.5 km/sec
has led to thickness estimates of about 70 km for the suboceanic lithosphere
and twice as much for the subshield lithosphere (Kanamori and Press 1970,
Press 1970a). The discontinﬁity in Q around the depth of 120 km is perhaps
aclear estimate of the thickness of the lithosphere under continental regions.

There is scope for extending the present téchnique into other régions
where the ali important assumption of the radially symmetric explosion
source function would be equally useful. The French test site in thé Pacific
now gives the opportunity to determine oceanic Q~1 and the thickness of the

suboceanic lithosphere. The large underground explosion CANNIKIN is of
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sufficient yield (5 Mt) to give records with good signal-to-noise.
CANNIKIN is ideally situated in the Aleutian Island Arc to investigate the

L both parallel and perpendicular to the arc and over

lateral variations of @
oceanic and continental pathe. Such data should be useful for the
understanding of tectonic processes occurring at arcs.

It is also apparent that the lateralrvariations‘indicated by this
wcrk,’and the extremities of the low Q zone, need resolving in greater
detail. Perhaps body waves will provide this resolution. Frasier and’
Filson (1972) have determined P Wave Q o and obtéined.distinctly different
results for different paths:. Douglas et al. (1972) have shown the effects
of anomalous dissipation manifest in particular seismogram records.

Douglas et al. also state that with a knowledge of tQ;1 (travel time %t and
Q; the average Q—j for a particular path) the source function of explosions
and earthquakes ma& be estimated; the difficulty is tQ;1 is not usually
known. It is difficult to estimate the source function itself, but a simple
source parameter is available as the surface wave magnitude scale Fs. The
amplitude A(T) of a surface wave at period T is measured in the time domain
directly from the seismogram and used in estimating MS. The Ms values are
influenced by several phenomena; two of major importance are the nature

of the source spectrum generating the waves and heterogeneity of the earth
experienced by those waves. Obviously there will be considerable differences
between earthquake and explosion spectra (Marshall 1870). Regional variationsf
in surface wave amplitudes have also been demonstrated by Marshall and
Basham (1972). These variations were mainly attributed to dispersion
effects in the different paths sampled and so they introduced a strictly
time domain path correction term P(T) to compensate the Ms values between
different regions. A term allowing for geometfical spreading and dissipation ;
with distance must also be included. Marshall and Basham used near surfaée

events and measured A(T) from the most prominent period in the record which

would therefore be around EOS, and so their distance dependent term could
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assume a constant value of 300 for Q. But deep focus earthquakes appear
very rich in long periods and this work has shown that Qi: increases for
frequencies around 0.02 Hz (50s). A direct use Qf the Q;1 values found
here would be to adapt a magnitude scale for deep focus earthquakes to
include a dissipation correction term dependent on the frequency.

The attenuation of bodily waves needs further research. More
-1
B

using P and S waves. This is difficult because for a given frequency the

-1
investigations are reqguired into the relationship between Q(L and Q

wavelength of S waves is much shorter than for P waves, and therefore even
if spatial Q_1‘is the same for both, S will be attenuated far.more with
distance than P.

In this chapter an attempt has been made-to indicate the general
significance of the results obtained relative to earth structure. However
the general need ana usefulness of incfeased knowledge of Q—1 in many

fields of research is still very much apparent.
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APPENDIX A

The WWSSN Recording Stations Used for Each Event

All the WWSSN stations used for each event are listed. For an
event the distance between each recording station and the hypocentre is
expressed in degrees, radians and kilometres. These angular distances,
A?, were calculated using the program GEDESS (Young and Gibbs, 1968).

The geoﬁetrical spreading term used to correct thé amplitudes
at each station is also listed. The term is (E sin A)1'é where E, the
radius of the earth, is taken to be 6371 km.

The maps in Figures A.1 to A.L show the distribution of recording
stations around each event.

A list is included expanding the station abbreviafions for all
the WWSSN stations used. .This list also indicates the region where the

station is sited.

.




NOVAYA ZEMLYA  27/9/¢2 ATPCSPHEKIC 28
NSTAT = 28 NFa = 1% AL = 40,
STATON DATA RO. . DELTAD
ALQZCCCY CCcos 79.10
AVU/ 3010 27 36.60
ARE/GO1L €czs 114.60
BEL/CO15 €o3s ©5.490
B ILCL? cCca7 91.80
BRS/CC13 €639 ¢3.10
BLAZCO1S C0al &4.4C
due/sQ021 €043 . 94 .80
CAR/CO02« CCas &81.50
CIR/0C 30 €Cu9 61,40
UAL /0022 ccsl T1.20
HNR /0044 €Cs57 103.70
LONZ005E CCél 59,20
LPB/CO6C Co63 1i3.50
LuBsene? €065 71.00
PNG/CCBe cr3 100.30
NUELCLS2 Cr7 44,80
hAB/CCSA €075 96.70
Tul /70115 <013 43.10
TRN/OLLS «1r 86.10
Lyp/sco2s Ca47 24.30
GLL/ICO43 €c55 65,30
1$7/905¢C ey 35.10
KEV/OQS2 €Cs59 9.00
RoN/DCES «ol 21450
MDS/C00617 €Co7 54.50
huh/CCB1 €07l 17.20
wES/0322 €C79 57.70
ROVAYA ZEMLYA 22710762 ATMLSPHERIC 27
NITAT = 27 NFA = 1¢ AFL = 49
STATIUN DATA NOD. DELTAD
ARE/(O1) €C3) 115.70
636/C014 ccs} 671.50
vEC/CCLE {CE3 67,00
bhP /CCLT (CES 92.90
BLA/CCLS CCES ©5.60
BUG/CIZY (Cst 95.9¢
CAR /D024 (€S53 £3.60
CAL/OCDZZ ey ) 12,30
VUG/C02e (€S9 66440
GIL /(042 cicr 66440
LUN/COSE €1c3 60,10
LPB/CCEC Cl04 114.90
LuUB/sCOC2 €1¢5 T2.10
MAL/00¢E C1¢s 46,50
KAR/CCEE €17 69.30
»aS/CCEeT c1cs 53.60
NHAZCCTE €1¢9 68.60
NJR/CCEL €110 171,20
63C/C0es (4893 T1.40
PHG/CCEE Cl12 $9.60
QUE/LCS2 Ci13 43.70
scp/oic1 Cila 61.60
WES/0122 €115 58.80
ALv/CCcC? €021 T1.2G
BKS/CGLE CCer 69.00
CuprcL2s Css 24.60
KON/COSE €162 21.90

STATICNS

T = 2.056

DELT AR

1.2235
0.6388
2.C0001
1.1502
1.6022
1.1886
1.1240
1.6546
1.5272
1.07106
1.2427
1.8099
1.c332
1.9679
1.2392
1.75(6
0.7819
1.6877
0.7522
1.5027
0.4241
1.1397
06126
0.157}%
0.3752
1.0210
0.3002
1.0C71

STATICAS

T = 2.0060

DELT AR

2.0193
1.1781
1.1694
1.6214
Fe1449
1.6738
1.5484
1.2619
1.1589
1.1589
1.0489
2.9054
1.2584
0.6116
1.2095
1.0402
1.1973
0.3002
le2462
1.7383
0.7027
1.c751
1.0263
1.2427
1.2043
0.4294
0.38722

DISTANCELKMS)

1794.8
4C69.7
12742.9
1227.7
10207.7
T512.4
T1€0.9
10%41.3
9129.6
6827.4
7517.1
11520.9
65E2.7
12¢€€5.1
1854.8
111%2.8
468Y.5
10752.5
4£152.5
$£73.9
2702.0
Tz€1.0C
36C2.9
1¢co.8
2250.7
65C4.9
1512.6
6415.8

CISTANCE(KNMSY

12€¢5,.2
75¢5.7
745041
10220.0
T12%4.4
10¢€3,6
S$821.9
8€29.4
T2E3.2
T2€3.3
6€82.8
127176.3
8C17.1
5170.¢&
1iC5.8
€eet.2
T€28.0
1512.¢
1529.2
11075.0
48£9.2
6049, ¢
6528,2
1517.1
T€7244
2712%.4
2425,2

Pagy ¢

SOQRTUESSIHI{DELTAR)}

17.40
61.63
T6.11
T€.26
16.80
T6.88
15.80
75.68
15.78
14.79
17.66
Te.67
73.98
T€.32
11.61
TS.17
62.00
7%5.55
65.98
16.73
51.20
1¢€.08
60,53
31.57
4E.32
73.70
43.40
73.38

SORT(E*SIN(DELTARY)

15T
16,72
C 16,58
15,77
7617
1¢.61
T T€. 81
1191
26,41
Te 41
74,32
1€.02
71,86
61.98
11%.2¢
74,13
11.02
§2.4C
11,71
7¢.26
6E€.34
14,85
12,82
17.66
1112
51,50
" 4Ei15




NIVAYA ZEMLYA 24712762 RIMCSPHERIC 20
KOTAT = 2¢ KFA = 75 ML = 40

STAT fun DaTA NC. DELTAD
ARE/CCCY €c2s 62,50
BLGZCCCT w23 71.20
ARE/CTYL £33 116,20
YEC/CCLS tlle 67.50
BHP JCCYT 1y 93,30
bKS/LCTe ciiw 68.8C
BLAZECES 3% 65.90
GDH/CC 4L c122 30,70
GOL /et &: 123 66,40
(53 PAVISETS o125 35.30
KON/ QsE €124 22.7¢C
LPB/CULC €1z% 115,50
LP5/70¢) €134 B9.70
LB /COE 3 €131 72,20
MAL/ZCOES €122 47.30
T /011 €13 44,20
Tk /0112 €137 £7.60
VAL/CizZ1 C133 35.00
wIt/c124 C13y 93.50
CAR/3224 €120 84,10
LAH/Ote 27 43,00
LON/ZCCSe €123 59.90
MNS/CCED c123 53,90
QUE/SCSZ C13n 43.80
wr/ic2s cr21 25.30
HAR /CL4% €124, - 102.50

KUVAYA ZEMLYA 7/11/68 UNDERGRCLAD 18

NSTAY = 18 RFA = EA e = 40

STATION DATA NO. DELTAD
ATL/COlzZ Ci43 69,93
BAG/OOL 4 {144 67.51
bLA/COLS (145 65,57
CEG/O02E {146 59.85
CuP/CC2s Cra7 24457
ESK/7C038 Clas 29.23
FLUZ003¢S €149 65.60
HL (/0045 €150 60,17
15770050 ci1s2 34.70
JER/COEL Cc151 42.91
KON/Z0Q55 €153 21.90
HAY/COCS €154 53.51
KSH/CCT) €155 - 37.24
GxF/o0ce? C156 69,67
SRKE/01C4 €158 43,84
$TU/01¢S C159 31.08
¥aprsolic €l&0 35,66
LUR/QL2¢€ Clet 34,47

STAYICAS

T = 2.064

CELY AR

1.1083
1.2427
2.0281
1.1781%
1.6264
l.2008
1.1502
0,.5358
1.1589
0.6161
0.3%62
2.0159
1.5656
1.2601
0.8255
0.7714
1.5289
0,6109
1.7366
1.5551
0.7505
1.0455
140455
0.7645
0.4416
1.7690

STATICAS

T = 2,120

DELTAR

1.2205
1.1783
l.1444
10446
0.4288
0.5102
1.1449
1.0502
0.6056
0.7489
0.3822
0.9339
0.6500
1.2160
0.7652
0.5529
0.6224
0.6016

DISTANCELKMS)

1C€0.$
15171
12520.8
1505, 7
10274.5
7650,2
1227.7
3413.7
72€3,32
3625.2
28241
12643, ¢
9574.2
8C78.3
5259,5
4514.8
97407
3851.8
11C€3.5
$6C7.5
47614
6EECLG
CEEC.6
4670.3
2€13.2
11267,

DISTANCE(KMS)

1715.5
T8C6.8
T291.0
£€55.0
27:2.%
325042
125444
6£50,¢
38%58.5
4711 .4
24635,2
5550.0
4140.9
1246.9
4€74.6
3€22.1
39€5.2
3822.9

o

SORT(E*SIAIDELTARY)

78,51
17.66
75.61
T€.72
7%.75
77.07
TE.26
57.03
T€.41
6C. 68
4%.58
1£.83
1¢.82
11.88
6€.43
6€.65
1¢.78
60.4%
15.27
15,81
€£,92
T4, 24
14.24
[ TTI
5z.18
1€.87

SORTLE*SINIDELTARY)

138
T¢.72
T¢€.16
T4,22
S5l.41
55.78
€17
14,34
6l.22
€5.88
4€.75
T1.57
€2.09
Th.29
6,43
51.84
6(.9%
6€. 05

qe 2,



LHIKY 1H/0/67  é4 STATILANS
NITAT » 24 KFA = 1< ML = 42
STATION VATA NCo LELTAY
RRK/0é4 1(cc 42,90
TuL/0ils 1¢Co 67.81
SHK/Q114 1ccr 34,41
STU/GliCs 1¢C8 5%.13
Skl/clicCs 1Cs 32.04
KTG/31CC 1C12 53445
PIL/(CS] 114 69,89
NUk/(CEl 18 43,63
ESK/CC2E 1C33 59,22
ATu/scCcy2 1€40 44443
TRL/C117 18Cs 53.57
St/ 0Lc2 1cil 231.01
NJIRZCCTS ICly S5ce33
hAl/sCCTa 1c21 63.506
RAL/CCES 1c23 b4.38
KON/TOEE ic25 5118
Kevsios:e 1cer 43.05
COH/GTAC 1231 6T.04
coprLLEY 1C335 5C.38
oL /ccae 1C36 65.62
CHL/CC2t 1c3? 70.19
6AG/COl4 1€38 3c.10
AwU7CILC ical 55.22
rAEZOCC] 1042 54 .86
SNG/o0s8 1022 34.R)
CHGI0O26 1038 23.27
JER/0051 1028 44,17
1€v7005¢ 1029 44,59
CHINKY ~ 26/67¢€5 39 SYATICKS
NSTAT = g NFA = 19 AFL = 40
SYAVION DATYA NC, DELTAC
AAE/CCCE 1043 54.86
ALK S0002 1044 27.16
ALQ/CCCY 1045 163.29
AREZODIL 1047 150.82
ATL /0012 1048 106.02
ATusCco13 1049 49,95
BEC/CO1S 1051 103.50
B S/Cole 1052 86.55
BLA/CCLO 1053 101.93
CAR/O024 1055 124.62
COR/CO20 1058 90.10
DAV/CCI3 1859 46.35
BUG/CO38 1061 96.94
RO/CC2S 1062 100.88
GNH/C040 1063 67.04
GED/C04) 1064 99.85
1s7/00%0 1066 44.99
JER/DOE]L 1067 44,17
KEV/COE2 1068 43,05
MAT/COCq 1072 37.82
NA 170074 1074 63.56
KIG/C1ce 1077 58.85
WL /70118 108¢C 67.81
wi/ci1y 1081 53.57
- ADL/0C10 1046 55,22
BAG/OC14 105¢C 36:10
BlIG/co21 1054 132.47
CHGsC026 1056 23.27
€L /cozs 1057 65,62
JCT70035 1060 108.64
KL /70045 1065 27.69
LAH/00%06 1¢69 15.33
KBL/COST 107C 17.39
LIN/0OSE ey 88,54
MAN /COE6 1073 37.73
NIR/COT% 1075 52433
QUE/0062 1076 21.17
STU/s/C1C9 1078 55.18
TAB/0110 1079 33.30

T =2 2.¢70

CELT AR

V.7330
1.1t 35
0.6008
0.9631
05592
1.0271
1.2198
0.7 15
1.0330
D.8714
0.5350
Q5063
0.5133
1.1093
reZi36

0ub933’

JeTo14
l.1701
0.L350
1.3453
l.2250
0.6301
J.9¢38
0.9515

0.6075
0.4061
0.1709
0.7852

T = 2.026

CELT AR

0.957%
1.6958
1.8027%
2.6323
1.8504
0.8718
1.80¢4
1.6851
1.7790
2.1750
1.5725
0.8090
1.6919
1.7607
1.1701

1.7427 -

6.7852
0.7709
0.7514
0.6601
1.1093
1.0271
1.1835
049350
0.9638
0.6201
243120
0.,4061
1.1453
1.8961
0.48233
0.2676
0.303%
1.5453
0.6585
0.9133
0.3695
0.9631
0.5812

DISTANCE(KMS])

4€7C.2
7t40.1
L2 Py
61:5.1
2€€2.7
LE43,E
17114
L33 PR
€SE5.C
SEf4,2
565¢.7
222548
SE18.8
TCET.E
7770.3
€€5C.5
4TE6LY
1484, 8
SE5T .8
Teco.¢
TEC4. €
4Cla.l
€140.2
€1C0.1

3870.7
2581.5
4911.5
500247

DESTANCE(KMS)

€1CC.1
10803.7
1148%5,.3
16171C.4
11788.8
58%4.2
115Ce.7
1012£5.6
11234,1
12€27.1
10018.7
Sic2.¢
10716.2
112117.3
T4ch.5
111C2.E
£CC2.7
4911.5
ATEELS
42C%. 4
TCET.5
EEA2,E
T84C.1
565¢€.7
614C.2
4C14.1
1433C.0
2E€7.5
T25€.¢
1208C.2
3C715.C
17C4.¢
1622,7
984%.2
416%.4
SEle.8
23%4,.C
613¢,7
3c2.8

Fega &

SURTIE*SIA(DELTARY)

5,26
T¢.81
ec.cC
12.32
5€.14
1%.84
Ti.25
e€.3C
12,98
6¢.83
Ti.06C
£t.58
11.C3
7¢.53
17424
7C.45
££. 65
1¢.55
1¢.3¢C
334
142
£1.27
12,34
Tzl

60.3}
50417

66,63
67.11

SCRICE#ST MCELTLFY)

12.18
19.51
78.74
55.713
18.25
69.83
18,71
19.56
18.95
12.41
15.82
67.90
18.53
19.10
T6.59
19.23
67.11
66,63
65.95
62.50
15.53
13.84
16.81
T1.6C
12.34
61.27
68,55
50.17
T6.18
17.70
S4.4t
41404
43.64
79.81
62.44
Ti.01
47.97

12,32
59.14



ALEUTIAN ISLANDS 29/1C/65 1LCKG SHCTY 9 STATICAS

NSYAT = < NFA = 1¢ AL = 40 T = 2.365
STATION DATA NC. DELTAC CELY £
BLAZCC1S 2CCL 67.70 1.1816
uC /0027 2002 35.00 0.6109
oLsoo0ze 2C(3 21.69 0.3786
RO/70039 20C4 61.13 1.0669
HNR/0048 2005 62.86 1.0971
KAY/00€64 2CC6 32.55 C.5681
NOR/0CT8 2eC? 46094 0.8193
06070082 20ce 67.77 1.1828
Py G/o086 20CS 66,61 1.1626
VUAKE | 17/6/07 11 STATICNS

NSTAT = 11 NFA = 19 NFUY = 40 T = 2.260
STATUN DATA N1 OELTAD DELTAR
SHAZ0103 1010 38.41 0.6704
Yul/so0u93 1013 26459 0.4641
G5C/70085 1015 41.19 0.7189
OXF/COE3 1016 41,39 G.7224
KNAZOOTS 1029 28.53 0.4979
KIP/0053 1024 58.22 l.0le1
GED/CO4) 1030 50.17 O.8750
HLusC037 1032 45,08 0.7868
LUG/003¢ 1034 45.10 0.7871
TRNZULLSY 1004 45,606 0.7969
TUC/011s 1003 37.06 0.6468

DISTANCE(KNS)

18219
3861.8
2411.8
6767.3
6989.7
3€1S.4
5215.¢
152€.7
T4CéL7

DISTANCE(KMS)

4271.0
2956.7
4580.1
4602.4
3172.4
6473.8
5578.6
5012.7
. 5014.9
5077.2
4120.9

?Qq: [

SORVIEXSTR{DELYARY)

T6.78
60.45
48,52
T4 69
5.3¢C
5855
66.23
T6.19
16,41

SORT(E*SINI{DELTAR))

62.91
53.40
64,77
64,90
55.16
73.59
65,95
67.17
67.18
67.50
6l.26
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World Wide Network of Standardized Seis

mograph Stations Used

Station
Number

1
2
7

-10

11

12,

13

14

15

17
18
19

21

24

26

27

28

29

30

32

33

35

36

38

29

10
14

In This Study

Station Name

Addis Ababa, Ethiopia
Ann Arbor, Michigan
Albuquerque, New Mexico
Aquila, Italy

Arequipa, Peru

Atlanta, Georgia
Athens, Greece

Baguio, Philippines
Bermuda, Coiombia

Balboa Heights, Panama

Berkeley, (Strawberry) California

Blacksburg, Virginia
Bogota, Colombia
Caracus, Venezuela
Chiengmai, Thailand
Coppermine; Canada
College, (Fairbanks) Alaska
Copenhagen, Denmark
Corvallis, Oregon
Dallas, Texas

Davao, Philippines
Jgnction, Texas

Dugway, Utah

Eskdalemuir, Scotland

Florissant, Missouri.

Godhavn, Greenland

Georgetown, Washington, D.C.

...?5...

Abbr.
AAE
AAM
ALQ
AQU
ARE
ATL
ATU

BAG

BHP
BKS
BLA
BOG
CAR
CHG
cMC
COL
cop
COR
DAL
DAV
JCT
DUG
ESK
FLO
GDE
GEO



Station
Number

L3

45
48
50
51
-
53
55
56
57
58
60
61
63
64
65
66
67
68
71
74
76
78
79
81
82
83
85
86

Station Name

Golden, Colorado

Hong Kong, China
Honiara, Guadalcanal, Solomon Is.
Istanbul, Turkey
Jerusalem, Israel
Kevo, Finland

Kipapa, Hawaii
Kongsberg, Norway
Lahore, Pakistan
Kabul, Afghanistan
Longmire, Washington
La Paz, Bolivi&

L; Palma; El Salvador
Lubbock, Texas

Matsushiro, Japan

Malaga, Spain

Manila, Philippines
Madison, Wisconsin
Songkla, Thailand
Meshed, Iran

Nairobi, Kenya
Nhatrang, South Vietnam
Nana, Peru

Nérd, Greenland
Nurmijarvi, Finland
Ogdensburg, New Jersey
Oxford, Mississippi
Goldstone, California

Port ﬁoresby, New Guinea

=76

Station

GOL
HKC
HNR
lIST
JER
KEV
KIP
KON
LAH
KBL
ION
LPE
LPS
LUB
MAT

‘MAL

MDS
SNG
MSH
NAI
NHA
NNA
NOR
NUR
0GD
OXF
GsC

PMG




Station
Number

M

92

93

ok
100
101
102
103
104
109
110
114
115
117
118
119
121
123
124
126

222

Station Name

Porto, Portugal
Quetta, Pakistan
Quito, Ecuador

Rabaul, New Britain
Kap Tobin, Greenland
State College, Pennsylvania
Seoul, Korea

Spring Hill, Alabama
Shiraz, Iran
Stuttgart, Germany
Tabriz, Iran

Sﬁiraki, Japan

Toledo, Spaiﬁ

Trieste, Italy
Trinidad, B.W.I.
Tucson, Arizona
Valentia, Ireland
Weston, Massachusetts
Windhoek, South Africa
Lormes, France

Kirkenes, Norway

=77~

Station

Abbr,
PTO
QUE
QUI
RAB
KTG
SCP
SEO
SHA
SHI
STU
TAB
SHK
TOL
TRI
TR
TUC
VAL
WES
WIN

. LOR

KRK



APPENDIX B

The Estimations of @ - from Seismic Rayleigh Waves
Y

The values of the specific attenuation factor determined at 79

frequencies are listed for eight events, the values from the earthquake
merely demonstrate the unsuitability of such an event. Confidence
limits at the 95% level are also quoted.

For the eight individual events the intercept of the regression
'line is also listed. So for each amplitudeodistaﬂce plot the regression
line is entirely determined.

Three sets of average Qqu values are also included. The events
averaged are

17 The three atmospheric explosions at Novaya - Zemlya

2 The two atmospheric explosions at § Sinkiang Prov., China.

3 A1l fi%e atmospheric explosions.

Graphs of all fhese ngq values, and confidence limits, have

been described in Chapter 3.

- 78w
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APPENDIX C

The Instrument Resgsvonse

Each Rayleigh wave train used in this work was recorded by a

long period, vertical component instrument of the World-wWide

Standard

Seismograph Network (WWSSN). It is necessary to correct these seismograms

for instrumental effects which influence both amplitude and phase. The

corrections applied to the seismogram in the %time domain for

ins trumental

magnification and group delay time - which must necessarily be introduced -

have been described by Brune, Nafe and Oliver (1960). The group delay

time, tu’ at angular frequency w is

: aP(w)

u d w

where #(w) is the phase shift caused by the instrument. This usually

amounts to several, seconds and may significantly affect the measured group

velocities.

In the frequency domain the complex selsmogran spectrum Alw) is

corrected for instrumental effects by using the complex instrumental transfer

function I(w) and dividing at each frequency to form

(w)

I{w)

=

At(w) =

I(w) contains both amplitude and phase information

and may be

obtained by several methods, but not all are possible or convenient in

the present case. If the seismograph system constants are known then I(w)

‘may be calculated algebraically. Each seismogram contains a
pulse - the system response to a step of acceleration - this
analysed and I(w) obtained directly. This latter process is

because it is difficult to digitisé sharp calibration pulses

calibration
may be Fourier

difficult

to sufficient

accuracy. Fufther, the calibration pulse is introduced while the seismometer

is operational and recording ground motion, and therefore must contain

noise superimposed onto the calibrating pulse. Alternatively the blanket

response quoted by the WVSSN for all seismographs may be assumed. But

_79-




examination of calibration pulses on several film chips from different
stations shows great differences in ampliﬁude and phase response for
different instruments. Arn individual correction for each seismogram is
required. Mitchell and Landisman (1969) advocate a "least-squares inversion"
technique to determine seismograph constants and hence I(w), but this
is too time consuming when 200 seismogréms are involved. An alternative
techniqﬁe proposed by Espinosa, Sutton and Miller (1962, 1965) was
eventually chosen.

Espinosa et al. (1965) have determined a set of analog standard
transient responses to a step of acceleration which would be shown by a
variety of instrument systems, each with specified characteristic paranmeters.
Appendix VI of Espinosa et al. contains a computing program written by
Brune which obtains I(w) by choosing the standard transient respoense, from
a library of 78, which bést matches the transient observed on the seismogram. :
A least squares‘deviation is calculated between six points measured from
the observed transient and the analogous points on the standard library
transients, the seismograph parameters correspoﬁding to the best fitting
transient are then used to calculate I(w).

The six necessary measurements are shown in Figure C.1 which
is taken from Espinosa et al. (1965). The time points P1 to P6 are
measured from the initial break time of the calibration pulse. All the
measurements are made from a baseline which takes into account the lateral
motion of the recording peﬁ on the drum. It is also necessary to know the
mass of the seismometer (kg), the motor constant of the seismometer in
newton/mA and the calibration current in mA. All the instruments have a
seismometer mass of 11.2 kg and the motor constant and calibration current
are marked on each film chip in the appropriate. units.

Brune's progrém was adapted and incorporated into the subroutine
WWSSN and is listed with the program TSA? (Burton and Blamey 1972). The

measurements P1 to P6 were taken when the Rayleigh wave train was digitised

~80-




230

< Yo

Yioo |

SE_AS USED FOR COMPUTER

COMPARISOH

e

{SIENT RESPONSE CASES




and the same digitising units of measure were used. These megsurements

are scaled to the appropriate absolute values within the subroutine WWSSN.
Four typidal instrumental magnification cﬁrves calculated by

this method are shown in Figure C.2. These correspond to the stations

AAE, COP, MDS and QUE when they recorded the event NzZA 24/12/62.

According to the film chips the nominal magnification at 20s period for
these stations is 750, 750, 1500 and 3000 respectively. These absolute
valves of magnification have been ignored in Figure C.2 to illustrate

the discrepancy between instruments of the position of the peak period
response. This shows a surprising variation between systems which are
supposedly standard. A blanket WWSSN instrumental response would have
hidden this source of error and have been inappropriate in work reguiring

amplitude determinations for a wide range of recording stations.
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APPENDIX D

Least Sguares fitting of "the best' straight line

The “"best line" appropriate to the experimental data

The variation of amplitude with distance for Rayleigh waves has:

already been expressed in a linear form. An amplitude term (log1O(A'VE sind))

w EAL 1o o
U €10

plotted as the ordinate variable Yi against a distance term
or abscissa variable Xi yields values of the specific attenuation factor
Q ~1. The gradient of the plot is the negative value of QY-1' For each
of the j events analysed there are n:j stations or nj pairs of points

(Xi, Yi). If a and b are the best gstimates of the gradient and intercept

formed from these points then

-

Y. = aX, +b $21 oo n D.
1 1

The method used to determine a and b depends on what is known about
the errors in Xi.aﬂd ¥.. Adcock (1880) determined a and b by minimising
"the sum of the squares of the normals from the n points to the required
line". However, this is a special case and has tacitly assumed that the
weights w(Xi), w(Yi) assigned to Xi' Y, are equai.

Other methods are particularl& applicable to cgrtain types of
data. The papers by McIntyre et al. (1966) and Brooks et al. (1968)
assume knowledge of errors or standard deviation at each point, that is

for each point (Xi, Yi) the values (GX )y Oy ) are also known. TFor their

i i 86

application, determination of the best isochron for Rb87/Sr "~ isotope
ratios, each ratio is itself the subject of an experiment and so the
errors (oki, UYi ) are well determined at each point. Adjustments to obtain
the best line are then made aleng the diagonal to the rectangle of sides
Gxi'dyi at each point.

There are many possible simplifying assumptioms, like the above,
which can be made. The paper by D York (1967) depicts the geometrical

implications of many of these assumptions. 'For example the often used

assumptions that the Xi are exactly known (w(Xj): o) implies that all
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ad justments made to obtain the required line are necessarily parallel
to the y axis.
York (1966) has obtained a "least squares cubic" equation for

the gradient a when both Xi and Yi are subject to errors.

WZUZ '
3 ii .2 WUV, W _
’ a Z mw(Xi) 2a Z wl(; i a[z w(X }Z 5 1 ;= D2

i
and
_— w(Xi)w(Yi)
1 aaw(Y )+w(Xi) D3
ZWlx )

X o= = | DA
i i ‘

- oy, |

Y = TR _ D5
i'i

qi = Xi - X : v D6

Vi = Y- ¥ ‘ . D7

Obviously equation D.2 is not really a cubic, but an estimate of a in
equation D.3 reduces it to one. Equation D.2 may then be solved for the
gradient.

It is useful to rewrite equation D.3 as
w(Yi)

W, = ) » b8
aq ——t )41
‘ %:w(x.) :
i .

We expect values no greater‘than .01 for the specific attenuation factor,
Q;?, of Rayleigh waves; this is of course equal to the gradient for the
experimental data. Further, it.has already been’shownrthat errors in the
amplitude term are far greater than in the distance term for the data
used. Equation D.8 becomes ’

w(Y )

i - __u((u(Y )\

wxo )




with wlY,) <«<w(X,) : D.10
i i .
therefore
W, ~ w(Yi)
The errors caused by this approximation are obviously negligible for the
present case.
Returning to equation D.2 we note that the first two terms are‘

-k
6 and 10 respectively and contain the term 1/w(Xi), these

of order 10
may be safely neglected with respect to the third term which is of order

10-2. Equation D.2 therefore becomes
2

2 ~ |
(Y, ))V :
;N i i _ g
af'g 0 (Y005 - 2 w(X,) ]' - @ (3,)0,V, D.12

and using condition D.10 the second term may again be neglected giving

%}MY.)U.V. v
a = L 121 : D.13
Foly, U,

This result is the one which would be obtained from the simple
regression of '"y" on "x", The weights w(Yi) were all set to unity
because for the experimentally aetermined values of amplitude there was
no reason to do otherwise.

Regression Formulae

The derivation of formulae relevant to regression calculations
are to be found in many books on statistics, for example J T Ractliff's
"Elements of Mathematical Statistics" (1967). The formulae used in this
work are listed below, |

The points on the regression line corresponding to (Xi’ Yi)

are(x, , y. ) with x, = X., the line is
ir® Jir ir i

V. = ax, +b s T D.14
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In addition to the previous notation the regression formulae
are written in tefms of variances (var) and covariances (cov) whenever
possible, because the abbreviations VAR and COV are used during
calculations in the computer subroutine LSTSQR.

Formulae are listed in the order in which it is reasonable to

calculate them for computing purposes.

Lu
var(Xx,) = =i
i
;E
s1"3_
var(Yi) = e
J
EU,V
cov(X., Y.) = .k
i i n,
J
cov(X. ,Y,)
a _ i
var(X.)
b =-f.-a3(-,
i i

the product-moment correlation coefficient, r

cov(X v Y, )

Jvar(X )var(Y )

the residual sum of squares about the regression line, RSS

RSS = zz(Yﬁ - Vi 2 = (1-r )n var (Y )

(1- rz)var(Y )

var.a (n- 2)var(Xi)
N
var b = var a ;
J

confldence limits on a and b requlre Studentts g w1th nJ-Z degrees of

freedom at the appropriate confidence level and are

a+ t v var a

-85~
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and

b + tYvar b D.25

the scatter about the calculated regression line is

RSS
Yip, = a X, v bx b —— D.26
J
The Subroutine LSTSQR is incorporated into the program AVD to determine
values of the specific attenuation factor and confidence limits. Values
of the correlation coefficient, r, indicate how reasonable a fit a
line gives to the data. For zer§ cdrrelation between the Xi and Yi
(n,-2)
| el D.27
(1=-r7)

is distributed as Student's "t' with (nj-2) degrees of frgedom. (Miller
and Kahn, 1962, p112.) The significance of r for each line is calculated
in this way.

The values of Q;1 and confidence limits are listed in Appendix B

for each event.
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APPENDIX E

The Comparison of Two Regression Lines

For the two regression lines (j=1 or 2)
Yiir T X by E.1
Yoir T 2% Y
with N, n, points each it is often necessary to compare them to determine
if the observables (in, in) come from the same population, have the
same gradient aj and the same intercept bj' If all three comparisons
show equality then the two lines are statistically the same line.

For amplitude-distance plots these comparisons will have
geophysical significance. The first comparison will demonstrate if the
energy from an event, at two frequencies or over two paths, has sampled
similar environments. The further tests indicate if the attenuation differs
and if the event éize (or energy between frequencies) differs.

Statistics for making these comparisonsare described by K A Brownlee 
(1965) and the relevant tests and formulae are listed below.

For each regression the residual sums of squares may be

estimated as

n,
‘ P ’
L G-ty ~ >
y
, cov(X ,v.) . ,
= n, var (Y.,) - ————ado_d_ E.4
3 J var(Xj)

and the mean squares estimated as

i id
55 = - E.5

L If the two sets of data are samples from the same population then the two
' 2 . .
values S? are estimates of the same variance o . and Figher's variance

ratio "F" test may be performed to test this hypothesis.

P =z e NFTEST E.6

8P




If this test is passed 02 is estimated by

2
5 (n1—2)s1+(n2-2)3§
SA == ~ E-?

n1-2 + n2-2

If the gradients are equal then a1~a2 is normally distributed about zero

with variance

2 2
var(a_~a.) = g + 2 E.8
1 %2 n1var(X1) | navar(XZ)

and the variable

a.1—a

2 %
T 7
S [<Wn1var(x1) >+ ('—T""navar x2)>] NATEST E.9

is distributed as t with (n1+n2—4) degrees of freedom. This variable

gives the second test.

If a, and a, are the same then a joint-esfimate may be obtained.

n cov(Xq,Y1) +n

; COV(XE’YE)

2
n1var(X1) + navar(XZ)

E.10

As might be expected this equation is similar to the analogous equation
(D.18) for the gradient of a Single regression line, for the comparison of
two such lines the analogy must. occur throughout.

The variance of the joint gradient is

2

var(a) = g E. 11
n1var(X1) + navar(xz) )

. 2 ’
and o 1is estimated from the new residual sum of squares

n.‘(cov(X,],Y,'))2 similar term
- e

RSS = n var(Y1) - var(X1) in X5, ¥,

1

which has n1+n2—3 degrees of freedom, the analogy with the equations D.20
to D.22 is again obvious.
If the gradientsare equal it is possible to test for complete

equality of the lines, which depends on equality of the intercepts. The
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statistic to be tested is

(bsz) - a(X1—X2)

7 1. T % 5\© 7
s [:;:' + H; + (X1~X2) /(n1var(X1)+nava?(X2)) jT

‘which is distributed as t with n1+n2~3 degrees of freedom. The new S

NBTEST E.13

is determined from the new RSS of equation E.12.

These statistics are used in the computer programs C2L and CNL.
The terms NFTEST, NATEST and NBTEST are used in these programs to both
indicate the result of’a particular test and as a switch for subsequent
tests. The values O, 1 or 2 are assigned to NFTEST indicating that the
test was\failed, paséed or not performed. Obviously, if the values O
or 2 are obtained then subsequent tests may be switched off, |

The Average Gradient for Several Regression Lines

The average Q:j values subsequently determined for several
events (nE events) required estimation‘of the average gradient for several
regression lines. Such averages ﬁere determined irrespective of the
individual population variances (the results of NFTEST) although any
discrepancies were noted.

The formulae of Brownlee were generalised to give

np
"~ n, cov(X.,Y.)
L 3 3’73 | |
a = D! . , © E.14
ng
Z n, var(x.)
. J J
J
with variance
2
var(a) = g E.15
n
E
Z' nj yar(Xj)
J .

and 62 is now estimated from the total of the residual sums of squares

ne ne. nj(cov(Xj,Yi))2
RSS = ~ n - e .
2%; ; var(Yj) % var(Xj) : E.16
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n
E N
which has (n,=-1)-1 degrees of freedon,
7 9y &

J ,
These formulae are used in the program QBAR which is listed in

Appendix G along with the programs C2L and CNL.
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APPENDIX F
1 - Broof 1
To obtain the relation between the imaginary part of a bodily
wave velocity and the specific attenuation factor:
For a body wave we have the wave propagation term
exp [ i(wt - kx) ] F1.1

where Y is angular frequency, t is time, k the wave number and X is the

distance travelled. The phase velocity o = w/k and so we have
exp [i(wt - -‘-"3’5 ) ] F1.2

and ignoring time dependence
. WX
exp [ =1(==) ] F1.3

If the velocity o is complex of the form

a = a +’I (8 a) : F1. 4

l: wx(a I(6 a))
(a2
-3 wx -wxI(Sa)
= e ——— e Fi.5
[ ] [

and the attenuation coefficient, ¥y is therefore

then we have

v - "l_dIé&G:) . v F1-6
% .
But the attenuation coefficient, in terms of the specific attenuation
factor Q;J -1
fﬂan
Y = T F1,7
o

where f is frequency, and.so

I(8a) =’ aé 2 F1.8
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F2 Proof 2

Dispersion and dissipation are éausally linked. To obtain
‘the relation between the real part of a body wave velocity and the specifié
attenuation factor:

Futterman's (1962) equations relating the real and imaginary

parts of the refractive index n(w) are (Futterman's equations A-131 and

A-141)‘
R(n(a;) = n(e)) = %p/”-l—(—g-ﬁ-‘iﬁlﬂ du F2.1
: o O - W ’
R(n(o) - n(w)) = -E'P/ Lnl)) do F2.2

For a body wave velocity a (compressional wave) with R and I parts we may
write

o = a + B ‘ ‘ F2.3
where

da, R(6a) + I(dq) Fo.4

and using Futterman's formulation

Rlalw) - &(«)) = %P]“l%—(—“-’—a)-)—ﬁ’ aw F2.5
o w-(d,l
R(a(o) - al(w)) = %-P/. liéfiﬁﬁl dw F2.6
W
Jo . - .

Futterman makes the assumption that there is no attenuation for

infinite frequencies, that is

0 (o) = o, _ F2.7

and so
R(@(w1) - alw)) = R(6alw)) - o F2.8
R(a(o) - g(=)) = R(Sa(o))  F2.9

If we make the assumption that the dispersive effect of dissipation is
very small then
a(u) ~ alo) V ' F2.10
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and equation F2.6 is adequate to estimate R(Sa( w)) which gives

Rv(éa(w)) = -2-P/ LG alw)) dw F2.11
'}“ (A)
o} .
but -1
,Qg,q'o
I(oa(w)) = > F2.12
therefore
o =1 .
R(Salw)) = -17-)[-/ Qa % duw ¥2.13
o W
-1
aoQa w
R(ba(w)) = : = In /“’o F2.14

The lower bound frequency W, is inserted to eliminate the singularity. -

Similarly, for shear waves of velocity B
-1

R(6B(w)) = "9—7{'@“ in w/wo _ , : F2.15




APPENDIX G
S et =)

Computer Program Listings

This appendix contains the listings of six brograms used in this
study. The large program TSAP, which determines spectral amplitudes
and group velocities, is listed by Burton and Blamey (1972). The major
subroutine HH of the Hedgehog inversion program was developed by
Mr B L N Kennett and Dr V P Valus. Many of these programs produce graphs
using a Stromberg-Carlson 4060 plotter; seferai of the routines used
to produce graphs are taken or adapted from Young and Douglas (1968).
All of the programs are written in Fortran IV for the AWRE IBM 360/75
computer,

The listing of each bprogram starts with a comprehensive block
-of comment cards. These cards detail the puzpose, method of use and
the output of the programso only a brief description of each program
is given here.

The six programs are:
M1 s
This program takes the theoretical equation for the variation
"of Rayleigh wave amplitude with distance from ah event énd:ﬁts a simple
regression line to the observed data. The variation of Rayleigh wave
amplitude with distance is such that ,
| AMPLITUDE TERM = Q;1 X DISTANCE TERM + CONSTANT
therefore the gradient of the regression line estimates é;1. Confidehce
limits on Q;1 are calculated. So that the various regression lines may
be compared the pbrogram calculates the regression line parameters for
future use, these are: the mean and variance of the abscissa and ordinaté,

and the covariance.

2 CNL
3 C2L
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4L QBAR

These three programs use the theory and formulae of Appendix E.

The data are the regression line parameters provlded by the program AVD, '

The program CNL uses the regression line data at each frequency
from a single explosion. The regresslon line at one frequency is compared
to the lines at every other frequency; this process cycles through all
‘the frequencies in turn.

C2L compares the regression line data at one frequency from one
explosion with the corresponding data at the same frequency from a seecond
explosion. The data for two distinct explosions are therefore compared
at all the available matching frequencies.

The last program of this set, QBAR, determines the average
- gradient for several regression lines. Average Q;j and confidence limits
are therefore obtained for each frequeney using several explosions instead
of ene, this is irrespective of the yield of the individual explosions,

5 QRALEY | |

Theoretical ealculations of the specific attenuation function
Q;j(f) of Rayleigh waves are carried out by this program for a chosen
layered model. The model must comprise values of the body wave velocities
 and SpelelC attenuation factors for each of the NOL layers, that is a.,,

1
-1

sy Qag QB for 1:1...NOL.

Three frequency dependent terms must also be known. The group

velocity U(f) must be known for the layered model at each frequency of
ok &k

interest. Derivatives of the wavenumber, . o] and 0 , must be
oq opB
ol ol

known at each frequency and for each layer. Finally, a condition may be Writtg

into the program uniquely relating Q— and QB The theory from which
(f) is calculated is given in Chapter kL,

6 HEDGEHOG

The Hedgehog procedure inverts the observed ’ Raylelgh wave specific

attenuation factor Q (f), which is frequency dependent, into a depth
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dependent attenuation model for Q:: and Q;:. A velocity-depth model

k ok _ . .
and values of U(f), 0 o |, 0 » similar to those used in the modelling

ac%l aBol

for QRALEY must also be assumed.
The Hedgehog process described by Burton and Kennett (1972)
differs from usual Monte-Carlo techniques in that after obtaining an

acceptable model by a random process the next model is not selected

at random but is chosen by an organised process - the aim being to delineate

a region of connected solutions rather than an assortment of haphazard

and unconnected solutions.
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AVD

9 AMPLITUUE/BISIANCE FLOTS AT SLVERAL FrEQUENCIES.
tv##*m*a##*#*tﬁ»*o#vm#ﬁﬁ##v«#u#&**#vtmm«*o#vuﬂ*##m

CALCULATES THE SPECIFIC ATTENUATINN FACTGK FOR KAYLETGH WAVES,
#ttv#*###**t*%#vﬁvr&#v#***$¢¢*##k*ttt*#ctﬁ*«kn*#*##ﬁ*ttk&#**#&
THIS PRUGRAM TAKLS THE FCUATION
LUG(A*SURT(E*SIN(UELTA)))=(QML)*(*PI*E*DELTA*F/U)GCONSTANT
AND FITS

VY = CMIEX 4 CONSTANT ¢

WHICH 1S A SIFPLE REGRESSIUN L IHE

A SPECTRAL AFPLITLDE 1IN MICRON®S ECONDS

E RADILS OF EARTH = 6371KM

DELTA  ANGULAR SEFERATION CF EVENT-RECORDING SITE

M1 THE SPECIFIC ATTENUATION FACTOR FOR RAYLEIGH WAVES
F FREOLENCY HZ

u GROUF VELCCITY kM/S

THE TERM SCRT(E*SIN(UELTA)) CURKECfS A FOR GEUMETRICAL SPREADING

.

*##t***####**i*ﬁ#*t8#&#*#*##*at*ﬁt#k*tt:vktnw#*&t**##*#*t#*t#*&t**

INPUT
LA L3

THE FCLLOWING CARUGS ARE FEAD N
L AN SC40&C CARD RECULFED FOR GRAPHICAL QUTPUT
2 TITLE(L) TITLE FCR THE EVENT BEING PROCESSED
3 NSTAR.NFAvNFUrT

NSTAT NUMBER GF STATIONS FOR THE EVENT

NF& NUFBEK GF AVPLITUDE VALUES,A,AT SPECTRAL FREUUENCIES FA

NFU NUFBER OF GRCLP VELICITIES Uy AT SPECTRAL FRECUENCIES 4
THE GFOUP VELCCITY FREQUENCILS MUST CJRRESPOND TU THE
FIRSYTSTHIRD,FIFTH AMPLITUDE FREQUENCY ETC.

T STLDENT'S *T+ CN NSTAT-2 DEGREES OF FRELDOM TO DETERMINE
CONFIDENCE LINITS

% STATNUI D JCELTACI) «TFILEALT)
STATN  RECORDING STATION NAME
DELTA DISTANCE (DEGREES) BETWEEN EVENT-RECCPDING STATIUN

S5 & BLUCK CF KhFA CAKDSEACH CARD CONTAINING
FACLY AMTEX(T )

FA FREQLENCY FCR THE SPECTRAL AMPLITUDES
AMTRX  THE SPECTRAL AMPLITUDLS

6 A BLOCK CF NFU CARDS,LACH CARD CONTALINING
FULIY JUMTRX(T 4 J)

Fu FRECUENCY FCR THE GROUP VELOCITLES
UMTRX THE GROUP VELCCITY

’

THE BLOCK OF CARDS 4,5,6 1§ REPEATED FOR EACH STATION,NSTAT BLOCKS

tt*#**##t**t*‘#ﬁ*tﬂ**%w#1#$*tttkt*tﬂt*#kt#&8#*#&**k**!*#t**tt##*tt

ouTPUTY
LEE T2

PRINTQUT
ERGYA Bk

1 A SUMMARY OF STATICA NAMES s EPICENTRE-STATION SEPERATIGN
AND GECHE TRICAL SPREADING TERM

2 THE AMPLITUDE SFECTRLM AND GKCUP YELCCITY FOR EACH STATIDN

3 THE AMPLITUDE/DISTANCE TERMS FOR EACH FREOUENCY AND THE
BEST LINE FIT

4 A SUMMARY OF INVEKSE Qs INTERCEPTS OF THE BEST LINE AND 95P.Ce
CONFIDENCE LIMITS 3R EACK FREJUENCY

PUNCHOUT
AR e

L AMPLITUDE/DISTANCE TERMS FGR EALH EPEQUENCY (IF REQUIRED)
2 INVERSE & VALUES INTERCEPTS AN I5PCe CONFIDENCE LIMITS AT




TR A e

EACH FREQUENCY
3 REGALSSICA FAREMETERS FOR EACH A0 LINE E.G. MEAN GF *X% Anp tye
VARTANCES AN CCOVAREANCE (CARUS USED IN PROGRAMS (2L AND CNL

GRAPHS
LES T '3

L AMPLITUDE JOISTANCE FCR EACH FREQUENCY ([F REQUIRED)
2 INVERSE Q VALUES AND 95P.C. CONFIUENCE LIMITS

#*#t***#&*?t##&l&ﬁi#&tt*&“‘****ﬁ#*t#v&#ﬂtt#tt*t*t####*tnt##&ﬁ&#**t**
*t#t**#**mv*w«ttkw*####»z»u'**xvzw&*:#«a**tuvtztu*##a#:**tn#xm&tu*#n#ﬂk

C
C
C
C
C
C
C
[
4
C
[
C
C
C
C
C
c
C

COMMUN /GRFF/ TETLE(2CH, XMAKX, XMINy YMAX s YMIN, INDX+ INDY, [IND,

11007, aNSTRI. IF, XLIMIT, YLIMIT, SCALX, SCaLy

DIMENSTON ANTPXZAC.QQ)'UWTRX(40.99)vFA(Qv)'FU(99)'TITLEA(GD"
DEL]A!QO).DELTAR(QO)'GEUHSP(QQI'DIST(LO).STATN(QOI'
X2(40’99)vY2(4C|99)'X1(#0)ch(40l'
TEMPQ(QQ}cC”l(S?).QL[M(?9)9!NT(99).INTLIML99)'
XdAR(G?).YBAR(GQ).VARX(?Q)vVAkY(99).CbVXY(99)

REAL INT,INTLIM

REAL*B TETLESTATNGTITLE S

REAL®8 DUMMY, ELANK

DATA BLANK/8H

W R

CALL sCLIBR

Pl=4,0%ATANLL.G}
OT0R=P1/180,0
E=6371.0
DO 990 1=6,:0
TITLE (L) =8BLANK

SJ0° CONTINUE .
CAtL CATXN(TITLE(lé)vDUP#Yl

T e
C
c INPUT DATA
[ -
[

998 READ (5-l‘EkU=99§)(TIILE(I)’I=6|153

1 FURMAT(1CAS)

PRINT ZolTITLE(TL) 41=26,416)
2 FORMAT(lHl'//-ICX'ICAB.ZCX-AB.//)

RE&D LOsNSTAT oNFALNFL,T
10 FURMAT(3110,F1C,5)

PRINT LS50 NSTATAMFAGNFL,T »
15 FURMAT (10X, *NSTAT =P 154vEXs INFA =P l5e5Ke T NFU =7, 15,54, 7 =t eFb6a3}

READ ZQ.STATN(I).UELTA(l!yT[TLEA(l)
20 FURMAT‘AB‘F12-5v2X1A3)

KEAD 25.(FA(!).LPTRX(1'1)|I=1-NFAJ
25 FORMAT{2E15,7})

READ 25.(FU(II-LMTR)(1.Il'I=1'NTU)

D3 30 J=2,NSTAT
READ ZC-STAYk(J).DELTA(J).TITLEA(JI
RLAD 450 (AMTR XU ys 1) 4121, AFA}
READ 450 LLMTR LUy L) 4121 4 AFY)
“5 FURMATULS X E1E, 7} -
30 CONTINUE
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DO 110 J=1,N57AT
DFLTAR(J)=DTOR¥DhLTLIJl
DESTIUI=DELTAR( o) *E
GEUMSP(J)=SUPT(E*SXK(DELTAR(J)))
110 COUNTINUE
PRINT 4«6
40 FORMAT(//-ICX.'STATICN‘.11X"DATA NU-'vllXo'DELTAD'llZX"DELTAR'y
’ ‘lllX.'ulSTANCt(KFSl':lCX.'SDRT(E*S[N(UELTAR))'-//)
PRINT 47.(5TA1A(J)¢TITLEA(J)iDELTA(J)qOLLTAR(J)'UIST(JJ'G&DMSP(J)c
14=1,NSTAT)
47 FORMAT(LOXeA0 ¢ 12K488, QX.Fb.2-12X.F6.4v121'F8.1-IZXvFIZ.Zl
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BDJ 60 J=1,NSTAT
DI 7C¢ I=1.NFU
TEMPULT)=LMTR X (U, 1)
70 CONTINUE
DO 86 1=2,NFU
uMTkX(J.Z*l—2)=(TL"PU(l)#TEMPU([*[))/Z.O
UMTRX Lo 2% 1-1 0= TEMPULT)
82 CINTINUE
60 CONTINUE
DD 65 U=l NSTAT
PRINT 66, STATN()
66 | FUK%AT(IHI-//'ICX'AHc/yICX-’ """"""" T/ lOX 1 ENDEX 2o FREQUENCY 3,
TAMPLITUDLE 4.GhCLP VeLCCITYY, /7)) -
PRINT 67,01 kit l)sA«"TRX(J,H.UMTQK(J.I’,K=1H‘JFA)
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FURMATE30164F6,5,2613,5))
CONTINUE

ELGL10=0,42426
FACI=PIvELGLO

U 90 I=).NFA

FAC2=FACI*FA(])

DO 10C J=1,nSTAT
XZ(J'l):FACZ*C[ST(J)/LMTRX(J.Il

CONTINUE

CONTINUE

00 120U I=1,NFA

DO 130 J4=1,AST4T
Y&(J'l)=ALGGlC(AMTRx(Jvl))*ALDGIO(GEOHSP(J))
X1{J)=x2{J, 11}

YIldl=Y2(y,1)

CONTINUE

PRINT 125,FAC(1})
FOKNAT(IHL:/'IGX|'AVPLITUDE/DISTANCE PLUT AT FREQUENCY =% ,Fg,5,¢ (
IHZ Y 77)

PRINT léb-(J'kl(J)qYl(J).J=l;NSTAT)
FORMAT(3(I5,2E15,71)

PUNCH 127,Fatl}

FORMATIFL5.7, "HE AVELTTUDE/DISTANCE FACTORS®)
PUNCH 128'(X1(J)oYl(J).J.IqSTATN(J)-TITLEA(J):J=].NSTAT)
FURMAT(ZEIS.?-XEX-!S:‘A/C'vZX'IB'ZX-A8|4K.A8l

CALL LSTSER(XI-Y}gNSTATvCHl(I)vINT(!l.R.xBAR(X)-YBAR(Ii'OLlM(l)c
llNTL!M(I).SDY1PCnTsVARX(l).VARY(I).CDVXY([))

OMLCE)==CMYL (1)
ANSTR1=1.C

YMAX=6,0

YMIN=1,.0

CALL CARGRF(XisYl+NSTAT)

Catt T5P(130,48,42)

CALL C4nZOH

PRINT 70C
FURMATUPFREGUENCY (HZ2) =+
CALL C4O02CFUFALE)7,4)

- CALL ENDFME

CONTINUE

AMPLITUDE/DISTANCE FLCTS SUMMATION UVER ALL FREQUENCIES.
D0 14D J=1,NSTAT

X1{J1=0,0

Yl(J}=0.0C

DO 150 I=14NFA

X =X exZ0J, 1)

YI(J)=Y1(J3+APTRX(J-Il*ANTRX(J.l)

CONTINUE

XPESE=X1 () /NFA

ANFA=NFA
Yl(J)=O.5*ALOGlC(Yl(JI)OALOGIO(GEUMSP(JJ/SORT(ANFA))
CONTINUE

PRINT 135 .
FJRMAT(!HI'//-IGXq'AVFLITUDE/DlSTANCE PLOTS SUMMATION® /7]
PRINT 1260 0Je X1 UUDeYL0d) od=1,0STATY

PUNCH 136

FORHAT(IﬁXr'AFPLITUDE/D!STANCE PLOTS SUMHATION®)

K=NFA+]

PUNCH lZB.(Xl(Jl.Yl(J)quK.STATN(J)yT[TLEA(Jl.J=l-NSTAT)
CALL L>TSOR(X1.Y1.NSTAT'CHl(K).INT(K)'R'XBAR(K)'YBAR(K).ULIM(K).
lINTL]H(K)vSDYYDCyT'VARX(K)-VAQY(KIyCDVXY(K))
OMI(K)==QM1(K)

ANSTR1=1,¢C

YMAX=6,0

YMIN=1.0

CALL CARKGRF{X1+YL,NSTAT}

CALL TSP(13C,48,42)

CALL C4020H

PRINT 701

FURMAT(YAMPLI TUCE/DISTANCE PLOTS SUMMATION®}
CALL ENDFME ’

PRINT 2,(TITLE(I)sI=€416)

PRINT 1SiNSTAT NFASNFL,T

PRINT 160

FURMAT(Z 20" FREQ. (HZ) INVERSE O & LIMITS INTERCEPT 4 LI
IMITS Y1e /1)

PRINT 170-(l.FA(l)vCVl(l)cOLlM(l)0lNT(l)leTLlM(l’vl=lcNFA!
FURWAI(Z(IG.FG.5,F13.5rF9.51F11.4.F8.hp10X)J

PUNCHOUT
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PUNCH lo(f[TL{lf’vl*évlS’

PUNCH 10,454

PUNCH lﬂ()y‘FA(l)\yC"H(“-CLIM([“{"‘T(I);XNT‘L(M(I):K|I=19NFA)
FURMAT(Fl().7"er‘vL15.7;15l

CAaLL QURAPH(FA:CvaLLlF'hFA,

PUNCH 1.(TITLE(I)-1=6.15)

PUNCH ICWNFA

PUNCH XQC.‘FA(IJ.ASTAT.XEAR([I'YdAR(l’OVARX(()'VARY(I,'COVKY(l)t
Lisl=1,nNFa}

rOQMi\T“"’.EvI375513.5:15,

GO TO 993

CALL FINTSH

RETURN

END

SUBKUUT INE LSTSCR(X.Y.N.A.B.R'XBAR.YUAR'SDATPC'SDBTPC;SDYTPCeT'
1VAQX'VARY.CDVXY)

DETERMINLS THe SIMPLE LINEAR REGRESS 1ON LINE ~ e7y4¢ BEST LINge

#ﬂ*t*#**&***t4##***#‘#**i**k8**#*#*#**&*#&**t*******0****#******#*
tt#v$*vntk#v&a*#*tt*w#*t¢*k«#v#n*t**vm*t&*vv*#**##**a#**u*tt*tt&ta

DIMENS 1N XN} Y(N)

SUMX=0.0
SUMY=3,0
SUMXX=g,0
SuMYY=n,0
SUMXY=0,0

DO 10 j=1,N
SUMX=SUMX*X(K)
SUHY=SUWY+Y(I)
SUMXX:SUMxxox(I)*X(I)
SUHYY:SUHYYGY(I)*Y(I)
SUMXY=SUHXY+X(1)*Y(I)
CUNTINUE

EN=N
EN2=EN~2,C

XBAR=SyUMX/EN

Y3AR=SUMY/EN

VA&X=SLMXX/EN~XEAR*XBAR
VkRY=SUWYY/EN—YELR*YEAR
CUVXY=SUMXY/EA—beR*YBAR

SDX=SORT(VARX)

SDY=SQKT(vaRry) -

A=COVXY/VARX
B=YBAK-A%XBAR
R=A*SJRT(VARX/VARY)

RR=RxR
FSS=LJ*VARY*(].C-&R)
PARAH=RSS[(EKZ*EA*VARX)

SUYTPC=T‘SORT(RSS/EN21
SDATPC:TVSORT(PARAP)
SDBTPC=T*$O%T((FARAP‘SLHXX)/EN)

PRINT ZOaXBAkqVAtX.SDX.YEARvVAKY;SDY.A;SUHT9C|8|SDBTPC'

IR.STUUT.SUYTPC

FURMAT(//&X-'*EAN CF x =',Fl¢.5.le.'VARIANCE OF X =" F11.5,15x,

1 STANDARD DEVIATION CF x ="F10.5.//'8X"MEAN JFY SCeFiC.5,16K,

2 VARIANCE 0F y ='.F1C-5.16X.'STANDARD DEVIATION OF v ='4F10,5,

3/1/151K"GRADIENT A =0,F13,4, OUR—';F13.b|///,50K"INT&FCEPT B o=,

4F13,04¢ 0UR~'.Fl3.6q///v8K.'P§UDUCT MAMENT CORRELATION CUEFFICIENT
='-F6.2.5X-'§TLUtNTS T =t.Ff5,.2, :

65X Y*SCATTER [A CALCULATED v VALUES =1,F10,5)

RETURN
END

SUBRLUTINE CORAFRIX Y ,2,0) !
GRAPHS VALUES OF Ve YLD, CONFIDENCE LIAITS v 2011, AT FREQUENCIES x1]9,
KEQUIRLS THE FrCGRAN CARGRPE TO PRGDUCE GRAPHS ,

SEL AWKE KEPLKT NC. C-41/63 (JeBYIUNG & AJDIUGLAS)

t###t*v**aa*#vvv*#avt:nmt&vmthu**#tva*****m#&*n«v&m¢*tmva:v¢v*vv*
V***#***###**‘ka9!4"-‘*#V@*'ﬁ‘#n“‘l**¢’3\ﬁl*ﬁﬁrﬁﬁ#ﬂ”&?v*#*ttt%“-!“#*t‘ﬁl‘**t*#*#t

CIOMHUN 7GKEF 7 TITLE(2¢), XMAX: XMIN,YMAX, YHING [NDX, INDYs IND,




11037, ansrry, PR xtIMIT, YUIMIT, scarx, SCaLy
DIMENSTON XlN).Y(Al.l(hl,YLI”lE!.XATLlM(Z)
KEAL®3 TiTLE
IND=}
AD0T=9
ANSTR1=1,0
IF=3
KMAX=0,0
XHIN=0,0
YMAX=0,0) 75
YMIN=0,0
CALL CARGRF X ,¥ N}
c NOW OVERGKAPH THE 52,C, LIMLTS,
4 NEW CARGRF PAKAFETERS,

IND=2

IDOT=32

ANSTR1=2,0

U0 199 1=1,N
YLIM(2)=Y(!)*Z(IJ '
YLIH(l)=Y(lJ-l(U
XATUIM(2)=x(]

XATLIM(X)=x(I)

CALL CARGRF(XATLIM'YLIV.Zl
190 CUNTINyE

RETURN

END

NEW CARGRF

C
C
C
C
C
C
c .
[ FROM THE cayL CARGRF{X,v,N) THIS PACKAGE PLUTS N POINTS

C THE CARTESIaAN CC-ORDINATES OF THE ITH POINT BEIng SPECIFIED as
C XCIYav(r)

C

C

THE OPTIuUNS ARE SET By USING TdE COMMON =

COMMON /GRFF/ TITLE (2¢y, XMAX, XMIN, YHAX, YMIN, INuX, 1nDY, INDy
Livor, ANSTRL, Ik, XLiMET, YLIMET, SCALX, SCALY

THE TITLE ARRAY CARRIES INFORMAT IO FOk ANNOTAT Ing THE pureyr
GRAPH. THis ARRAY MysY pg SET UP as FOLLOWS ~

TITLE(1) =)
o JICCATALINS 24 HOLLERTITH CHARACTERS GIVING THE UNITS
TITLE(3) - )¢ THE AESCISSAE

.TITLE(4I JCCRTALNS 16 HOLLERITH CHARACTERS GIVING THE UNITS
TITLE(S) 1GF TRE ORDINATE

TITLE(e) -

. ICOCNTAINS g0 HOLLER] TH CHARACTERS GIVing A TITLE 1O
« 1THE GRAPH

TITLE(15) -}

TITLEL1¢) ~CCRTAIAS @ HILLERITH CHAKACTERS GIVING DATE oF
FROCESSING

TITLE(LY) ~CORNTAINS g HOLLERITH CHARACTERS GIVING TME OF
; FRCCESSING

TITLE(18) ~)

. MUNUSED

TITLE(20} -)

XMAX JSET BCTH ECUAL IF PROGRAM TQ CHOOSE THE A6SCISSAE
XMIN )SCALE, CTHERWI SE SET T3 CHOSEN LIMITS OF ABSCISSAE SCALE

1SET BCTH ECUAL IF PROGRAM Ty CHONSE THE OKDINATE SCALF
YHIN YOTHER KL SE SET 10 CHUSEN vaLuEes OF UROINATE SCALE

INDX Is A INCICATC® Fepr PLOTTING THE ABSCISSAE ON A LOG scaLe
INDX=] ABSCISSAE Cn LINEAR SCALE
INDX=2 ABSCISSAE (A LOG SCALE

IND IS aN IMDICATCR FgRr CONTRULLING FRAME CALLS -
IND=1 CaxGrE CALLS ACVFLM AND PLOTS ON A NEW FRAME
=2 CARGRF PLCTS €N THE CURRENT FRAME

IDCY IS The $C4020 Cene OF THE REQUIRED PLOTT ING SYMBOL

ANSTR1 INCICATES RHETHER THE PLOTTED POINYS HAVE 10 BE JUINED up
ANSTR] =1, PCINTS NCT JOINED
=24 PUIANTS JCINED
IF SPECIFIFS TYPE CF OLTPUT
LF=1 outeyy o MICRCFILHM .
=2 OUTPLY gn HARD (Cpy
=3 GUTPLTY CN BCTH MICROGFILM AND HARD Copy

REWRIVIEN py JeBLYCUNG FOR THE IBM 360/75 UN-03/04s7, .

SUBROUTINE CARGRE (XY 1)

OIMENSTON X{NYe Y(N)

C
[
c
c
C
C
C
c
[
[+
c
C
[
C
C
C
C
[
C
[
C
C
C
c
C
C
C
C
C
C
C YMAX
C
C
C
[
[
C
€
[
C
C
C
<
C
C
C
c
C
[
C
c
C
[+
[
C
C
C
[4
C
C
C
C
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220
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319

320

330

CUMMON /GRFE/ TITLE(2CH, xmax, XMENG YMAX, YHMIN, INDX: INLY,
LIDOT, ANSTRL, 1F, XLIKET, YLIMIT, SCALXy SCALY

KEAL*B TITLE.CATE
KEAL*4 lNSTRlpJClN/GHJCIh/.BLANKI&H /

INTEGER % 4 PLACEX'DLACEY'KPLOTIvXPLOTZ,Y?LOleYPLUTZ'XPDS'YPUS

CaLlL BATIMIDATE «TITLE(17))
FFCIFY12,2,41

IF(IF~413,3,2

IF=3

FFUINDONE 251D =1
IF(INDX.NF.ZDINDX=1
IF(INOY.NE.2)1NOY=1
LFLIOOT o GT.63010CT=48
INSTRYI=40IN
IF(ANSTRI.ECol.)lNSTRl=BLANK

60 TO (30,101 +1MDX
PUSXT=POSMING X, N}

DO 20 I=1,N

TFOXCEY LT PLSXTIX(T) =PCSXKT

X{IV=ALOGLIO(X (] }) .

CUNT INUE , *
GO TO (6044C1 INDY

PUSYT=POSMIN{ YeN)

D0 50 I[=1,N

FECYCL LT PUSYTIV () =pCSYT

YOLI=ALOGYIO(Y (] ])

CUNTINUE

G3 TO (10C420C) «IND

lF(XMAX—XHIN)llC,lZCollC
XMX=XMAX

XMN=XMIN

GJ TO 13¢

CALL AMAXIX,N XKX}

CALL AMINIX, A, XFN)
lF(YMAX-YMIN)lQC.lSC;I#O
YMX=YMAX

YMN=YMIN

GO YO: i60

CALL AMAXIY . N,YMX)

CALL AMINIY . N,YEN)

CALL ADVELM{IF)

CaLy SCALEN(X'XLIMIT|SCALX,PLACEX.XFACTR.N:XMX.XHN'
Catt SCALEN(Y-YLI”!T-SCALY.PLACEY.YFACT&|NpYMK.YMN)
XPLDTI:(X(II~>LIN[T)*SCALXGIZB.
YPLUTI=923.~(Y(l)-YLlPIT)*SCALY

FFINJNEL2) IDCT=]

IFIN.GT. €31 I£0T=0

CALL PLOT(XPLCTI,IDCT.YPLUTl’

DO 239 1=2,N

TFAN.NEL2) TDCT=]

IFIN.GT.63) [Cot=¢

XPL372=(X(I)-XLINIT)‘SCALX+123.
YPLUT2=923.-(Y(I)—YLI#[T)‘SCALY

CALL ?LOT(XPLCTZ:!DC7vYPLOT2)
lF(INSTRI-JDXK)ZEO'ZICvZZO

CALL VECTCR(XPLCTIqYFLCTl'XﬂLOTZ'YPLOTZ)
YPLUTI=YPLOT?

XPLOT1=XPLGT2

CONTINUE

GO TO (3CCe40C)+IND

CALL VECTOR(115,9$23,1CC3,923)
CALL VECTOR(123,931,123,43)

00 310 I=1,11

XPDS=203+(I~1)%¢gC
YPOS=43+(]~-1}28¢C

caLL VECTORIXFGS1923¢XPUS(93])
CALL VECTOR{LISYPGS¢123,YPOS)
CUNTINUE

D3 370 1=1,3
XL[M=XLIMIT#FLCAT(1~1)thACTR*4.
GU T (330,32C)INDX
XPOS=924¢(]~1) %320

CALL TSP(XPOS 6E4942)

CALL CA02CE(LC¥%XLIM,1] 44)

GO TO 340 .
XPUS=20¢PLACE X%5¢ ([ ~] %320,

CALL T3P(XPCS 14E,942)

CALL C4D20FIXLIFP,13,PLACEX)
YPOS=915-(1~))x2p¢C
vL1M=YL1v11+rLOAT(:—l)*YFACTR*«.
GO 1O (36C.35CH,(NDY

CALL TSP(28:4€,YPJIS)

CALL CAU2CE(LCR8YLIF 1] o)

GO TO 37u

CALL TSP(1244¢,YP0S)

CALL C402CGF(YLI¥,13,FLACEY)
CUNTINUE

11U,

%
%

*uk
L2 2]



iF(TXTLE(lG).hE.DATE)GC 1L 400
CALL TSPUT6Cy48,554)

CALL HORAM(TI‘LE(l’sd4l

CaLL TSP(4B448,29])

CALL VERAM(T!TLE(Q).A&)

CALL TSP{130,48,23)

CALL HORAM(TITLE(b)vSO)

[aNu)

400 RETURN
END
SUBRUVUTINE SCALEA(X.XLXNIT,SCALXv[PLACE.FACTOR'N.XMAX'XMIN)

COMPUTES SCALIAG VALUES FOR CARGRF

s XN a¥el

DIMENSION X(N)
DOUBLE PRECISION XRG:+RyFACT, S

XRG=XMAX~ XMIN
IF(XRG.LT..GOCCCODOC[)XRG=1.0DO

R=0,000

i IF(XRG.LT.(IC.ODC**R“CCCOOOOOOI)) L0 TO 2
K=R+1,000
GO TO 1

2 FACT=(10.0DO*$(R-1.GDC)*.OOOOOOOOOIZSI
$=0.000

3 IF(XRG.LE.FACT*(Z.CCC‘*S)) GC TO 4
$=S+1,000
GO TO 3

4 FACTUR=(FACT*(2-000*35)1*10.OD~2

XLIMIT=FLUAT(lF!X(XNlh/FACTJR))*FACTOR
lF(XHIN‘LT.XLIHIT)XLIPIT:XLIMIT—FACTDR
SCALX=B0,/FAC IGR

IPLACE=12,-R

IF(IPLAGE.LT-I)IPLACE=1

RETURN

END

FUNCTION POSMIN (XeN)

FINDS MINIMLM PUSITIVE VALUE OF ARRAY X

DIMENSION X(n)

[ W o N Ve

DO 1 KQ=1,N
TFOXIKU) W LE.0.01G0 TC 1
GO0 10 5 '
. 1 CONTINyE
PRINT 6
6 FURMAT(IBEHIAh ARRAY FRCH WHICH THE SMALLEST PUSTITIVE VALUE wWAS RE
YOUESTED FoR GRAPHING wAS ALL NEGATIVE 'YOUR y0s HAS THEREFORE BEEN
2 TERMINATED} :
CALL FINISH
CALL EXIT
5 KP=KQ
2 IF{KU-N12,4,4
3 Ku=Kyu+l
IF{X(KOI LEJC.O)GE 1C 2
lF(XlKP)—x(KO))Z.SuS
4 POSMIN=X{KP)
RETURN
END
SUBRDUTINE AMAX (XeNyXNMAX)

FINDS MAXIMUM VALUE CF ARRAY X

DIMENSION XN}

[ B e ¥ e XN )

K9 = 1
KP = kg

LE(KO -N13,4,4

KQ = KQ + }

IF(XIKP) ~ X(KQ)1245,5

4 XMAX = X(Kp)

RETURN

END

SUBROUTINE AMIN (XeNyXFIN}

W

FINDS MINIMUM VALUE CF ARRAY Xx

DIMENSION XN} .

o [ s X a¥al

KO
Ke KO
TF(KO-NY31444
KQ = KO « |
TE(X(KP) - X(KQ11245,5
4 XMIN = X({Kp) .
RETURN
END

1

W
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CNL

MATN MULTIPLE COWMPARISCN GF RSGRESSIGN LINES,
MEBEFERERB S AXEECURE R REREFS S DR LA A IR b ok bk

COMPARES RESIDUAL VARIANCES,GRACIENTS & INTERCEPTS FOR KEGRESSINON LINFS

REFLRINC
MR ATk &

KA BPOD

A TYPICAL REGRESSIIN LINE 1§ GF THY FCRM

TWO SUCH LINFS AKE TO BT COMPARED,EACH LINE HAS N PCINTS

PRINTS OUT MATRXCES CF COMPARISCN WHICH CCNTAIN THE NUMBERS 0

CaMPAR
CIMPAR
COMPAR

NFTFSY
NETEST
NBTEST

3
*

WNLEE  *STATISTICAL THEORY & MSTRCCOLOGY!

Y = AX + B¢

Y VARTABLEZ WITH EPRCRS

X INDEPENDENT VARTARLEND €f RGRS
A

B

GRADIENT
INTERCEPT

1SON=0 TEST FALLED
ISCHN=1 TEST PASSSD

ISCN=2 TYEST N2T CCADUCTED

TEST FCR EQUALITY (CF
TEST FOR EGQUALITY CF
TEST FCR EQUALITY CF

RESTOUAL VARIANCES CF LINES

2AC COMPARISON
GCCD CCMPARISON
NC-COMPARISCN

GRADIENTS OF LINES
INTERCEPTS GF LINES

P349-- (WILEY 65}

1 0r 2

*#*****#***#t*t##*K&**ﬁ#*#tk#*t‘***t*tﬁ#t*&###tttt#*##v#i*##*##ttt»

INPUT
Lk

1 TITL

"4 TITLE FOR THE DATA BEING FRGCESSFC

2 FTAR
FTaB
Ta
T8

3 KFA

THE

.

£(1) N

LYsFTABLZ4TA,TR

Ll = FTABLZ = F(N=24h~2]}
= TI(2N-4)
= T(2N-3)

NUMBER OF REGRESSIIN LINES (THE AUMBER €F FREQUENCIES)

FISHER®S t¢Ft
STUCENT'S: *¢T?

STURENTYS ¢T8

4 A BLCCK CF NF4 CARDS,EACK CARPE CCATAINING

FREQEIN Ny XBAR(T) 9 YBARCT) ¢VARX{ L}y VARYLI 4 COVXY(T)

FREQ
N

XBAR
Y3AR
VARX
vARY
cavx

FREQUENCY HZ

NUMBER QOF PGINTS FCR LINT,HENCE DEGRFES 'OF FREEDOM

MEAN CF 'X4
PEAN CF tye
VARIANCE OF 1xs
VARTANCE OF 1yt

Y COVARIANCE QF 1x' g

tyt

**ﬁt#*#ﬁ**x##*#ﬁ**ttt##3#**t##*#*ﬁ*ﬁ*#*v##¢v##*#****t##*##*&ﬂ**ﬁ*#

CuTPUTY
L3 2

PRINTOULT
kR

THT
THZ
CTHE
THC

W

INPLT DATA

NFTEST ATRK=oom- CCMPARTSCN
NATEST MATRIX=mmm- CCrPARTSCN
NBTEST MATRY Xmemmm CCPPARTSCN

OF VARTANCE
OF GRADIENTS

CF

INTERCEPTS

R R E AR R R e A KDL MRS R A C B Z T AN CH BB D RARFE N R R RS AR dok AR AT Boke
R R b R S e e R P T S e e St LT

DIMENSION FREJUT3) 4 XBAR(TO) 4 YPAR(T9) ¢ VARKX(TY) VARY(T9)y COVXYL TT Y,

FLAL®R T

ALT9) 4B (T9) ¢ VRSSITO)

NETESTUTI o791 W NATESTLTG T9)  NRBTEST LTG5 79%

TIVLE(2D)
TTLL sDUMMY




[aXsXakeXel

993

ves
=

20

[aXa)

g NaXaNal

ﬁ(ﬂf\ﬂ(ﬂ(\f\ﬁ(ﬁr&n(\(\ﬁ(\fﬁﬁ<ﬁ(5f\ﬁ

30
31

40
50

60

v
80

85
S0

100
110

140

150

999

Cate CATIMITITLE(16) ,DUMMY)

INPUT PATA

REAJ(5.IC,INP=9QQ)(TITLE(X);!=6:15)

PEINT S5, (TITLEI) 4 126,16}

PEAD S5, FTAPLY,FTABL2,TA,TD

PEINTS  FTABLL FTABL2,TA,TB

ECRMAT(4F 10, &

FORMAT(10AG )

FEAD 2CyNFA

PEINT 20 4NF4

FORMAT(IX,15)

2LAD 30y(FRFQ(I)qN.XRAR(l)'YPAR(I),VARX(I).VAPY(l)'COVXY(Ily
1 I=14.NFA)
PRIHT?Is(FREC(I).N,XBAQ(!),YEbR(l)yVARX(l)vVARY(l)'CDVXY(il,
1 I=14NFA)

FORMAT(F7,5,13,5F13.5)

FOPMAT(IXeF1.5,13,5E13,5)

07 50 I=1,NFA
DO 40 J=1,HFA

NFTESTHI  J)y=2

MATISTII u0=2

NBTUSTUI J)=2

CONT INUE

CINTINUE

DO 60 I=1,NFA

CrLL RFGE(H.XBAR(I)yYBAR(I)rVARX(I):VARY(II9COVXY(1|'A(I)|B(Ilv
1 VEsSsSin))

CUNT INUE

DO 8L I=2:NFA

K=1-1

DO 7C J=14K

[ AR FTLST(VRSS(I)vVRSS(J)'FTABLl.FTABLZyNFTEST(I'J)qNSXZE'F)
TFANFTESTUI 4 0).F 0410 CALL CLINZSH

1 TA.T&.H,H.XEAR(!!.XBAR(J),YEAR(I)'YBAR(J)yVﬂRX(I)pVAQX(J)y
2 VARYUI),VARY(U),
3 COVXY(I).CDVXY(J)yVRSS(I):VRSS(J);AAEh'VARA,
G NEVEST(Y ¢}y NBTEST(I,J1)

CONT TNUE

CONTINUE

PRIINT 35, (TITLE (1) ,1=6,161
FHQHAT(QHL,/,10X.10A8.23X'A8p/)

PRINT 90

FORMAT{GQOX, *FTEST MATRIX®,/})

D0 1€0 I=1,NFA

PRINT 1101(NpTEST(I|J,1J=lll)

CONT INUS

FOPMAT(1CX,7911)

PRINT 85, (TITLE(I}41=6,16)

PRINT 120

FORMATLAUX, YATEST (GRAGIENTS) MATRIX® 4/}
DO 130 I=1,NFA

PEINT 110, UINATEST(I ) 4J=],1}

CONTINUE -

PRINT . ESeUTITLEL]) ,126416)

PEINT 140

FORMATI4GX, *BTE ST (IMTERCEPTS) FATRIX® ¢/}
DO 150 I=1,nFA

PEINT 110¢(NRTESTIL ¢J) yJ=1,1}

CONTINUE

GC 10 998
RE TURN
END

SUBPOUTINE HEGR(h.XBAR,YPAR.VARX'VA?Y,CCVXY;A;B'VFSS)
FOR THE REGRESSICN LINE 'Y = Ax + BT THIS CALCULATES

A THE GPRADIENT
e THE INTSRCEPT :
VRSS THE VARIANCE CF THE RESICUAL SuM OF SQUARES

GIVEN~~w-~

N THE NUMBER OF LINE POINTS

XEAR MEAN CF txe

YEAR MEAN OF sy

VAR X VARTANCE QOF txt

VARY VARTIANCE OF #vye

CIVXY COVARIANCE CF #xv & sye .

##*tﬁ###k#*k**v#ﬁ#*¢n¢t$*$$*F#t#$&ﬂ***#*tt*t*ﬁtﬂ##**#ﬁ*t**#t#ﬁ#**t
t*#tt*****#*****#**tt*##t*#tttti&ﬁ*#tﬁ**t#*#&###*#&###*t#kv***ﬁ*t*

A=CIVXY/VARX
B=YBAR- A% X7 AR

EN=N

EN2=EN=2.0
RES=EN*VARY-SN®A$COVXY
V& SS=RSS/EN?
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o

RETURN :
END

SUBROUTINE F1EST(VXvVZpFTABLl'FTABLthFTFSTvNSTZEmF)

FQUALITY OF VARIANCTS
R 2ok o K o3 ool e R

THIS SUHROUTIHC‘PEQFCRHS FISHER®S ¢F¢ YEST CN THE VARIANCES V1 & V2

SLYS NFTeSY TO ¢ IF TEST FAILED,TO 1 {€ TEST PASSED

ﬁ*#n**#*tﬂ#*ﬁ*ﬂ#t{**###t*t#ﬂkﬂﬁﬁ*ﬁnn*t*t‘tﬂt#ﬁﬁﬁt$¢¥v#t*#n*m****tt
t#ﬂt##**tmt#tﬁ#*##*t**#*nt*n*tu#m****#*t#»*tvvu*#tn**##**k*#t*t*tﬁ

IF(V1.6T.v2) G0 TO 1 ‘
F=Vv2/vl

NSIZ2E=2

FTABLI=FTABL2

63 1o 2

F=V1/vZ

NS1ZE=]

IF(F.LT.FTABLY) GD VO 3 !
NFTEST=0

GO 10O &

NFTFST=}

RETURN

END

SUB2OUTINE CL!NFS(TA.T%;NI,N?.XBARI'XEAPZ|YEAR1,YEARz.VARXI.VARX2¢

lVARY]yVARYZ.COVXYl,COVXYZ,VRSSlngSSZy%'VARAvNATESTvNBTEST)

1

COMPARES Twl RIGFESSICN LINES
HERCRREIREE RAKK KRR E AR E kK

FIRST THE PRUGRAM CCMPARES THE GRASIENTS OF TwWO LINES.IF THESE
ARE STATISTICALLY THE SAME IT THEN COMPARES THE INTERCLPTS

1T ASSIGNS THT VALUES 0 , 1 CF 2 TC NATEST(CCMPARE GRACIENTS) AND
TO NBTEST(COMPARE INTERCEPYS)
CCHPART SCN=0 TEST FAILED EAD COMPARISCN
COMPARTSON=] TEST PASSED €00N CCMPARISON
CCMPARI SIN=2 TEST NCT CONCUCTED A CCHPARISCN

*t#t*#***##nt##tt*t##**t##*##**##***ttﬁtQ#*k##*tttt###&#vt*t**tﬁt*
tt#*t**#t$¥#tt**Xt#***v****ﬁ*#t*tt*#¢t$*t**t#*t*tt**t#x**t#t&**t*%

NATEST=0
NBTEST=2

EN1=N1
ENI2=EN1~2.0
EN2=N2
EN22=EN2~-2.C
SQXX1=EN1®*VARX]
SQAXX2=FHN2%*VARX2
SQYY1l=cNl®vARY])
SQYY2=EMN2EVARY2
SAXY1=FNI*COVXY]
SQXY2=EN2%CCVXY2

VRSS=(ENI2% VRESS14EN22%VRSS2) Z(ENL 24EN22 )

S=SQRT(V255)

ATEST=(A1-A2)1/(S*((1.0/5QXX11¢(1.0/5CXX21)}

ATEST=ABS(ATEST])

IF(ATEST.LT.TA) NATEST=]

IFLMATEST.EC. 01 RETURN

NBTEST=0

SQXY=SQXYI+SOXY2

SQXX=SUXX1+SQIXX2

A=SQXY/SQXX

RSS=({EN]2+EN22) *VRSS

VARA=RSS/ { (ENL+EN2-3,0) £5gXX)

S=SORTIVAKA®SQXX) ’

DIF=XBAR L~ XBAR? . .

BTEST=UYBAR 1~ YBAR2=ADIF) /{S*SORT((1 0/ ENLI+ {1 0/EN2) ¢L (CIF£DIF)
7SAXX) b}

BTEST=ABS(BTEST)

TF(RTEST LT T6) NBTEST=1

FETUR N

END
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car,

MAIN COMPARTSON CF PAIRED REGRFSSICN VALUES FOR NFA PAIRED LINES
FREEUERRERE G ETEMAT R RN F AR RN A AR R C B AR RL R 0 0o o e b o

COMPARES RESIDUAL VARIANCES,GRADIENTS & INTERCEPTS FQOR REGKESSION LINES

REFERENCE
X ok kK

KeABROWNLFE  *STATISTICAL THECRY & MLTHCDOLCGY® P34G-w (HILEY 65)

A TYPICAL REGRESSION LINE IS OF THE FCR¥
Y = AX 4+ B ¢

VARTABLE WITH [RRCRS
INDEPENDENT VARIABLE,NO ERRCRS
GRAJIENT

INTERCEPT

D > ow <

Trd SUCH LINES ARE TO BE COMPARED,THE LINES HAVE A1 AND N2 PDINTS

PRINTS OUT RESULTS OF COIMPARISCK WHICH ARE THE NUMBERS O v 1 OR 2
COMPARISCN=0 JEST FAILED EAL CCMPERISCN

CCMPAP ISUN=1 TEST PASSED GCLD COMPARISON
COMPARISEN=2 TEST NUT CCADUCTED NC COMPARISCN

NFTEST TEST FOR EQUALITY CF RESIDUAL VARIANCES CF LINES
NATEST TeST FOR ZGWUALITY OF GRADIENTS OF LINES
NBYEST TEST FCR ESQUALITY OF INTEPCEFTS CF LINES

t#**#**#*t*tt**#*t*#**t*****t**t*$$#v‘##i‘v#t**tt9*4#4*‘#%##**#3&&

INPUT
LI

1 TITLECT)
& TITLE FOR THE REGRESSICN CATA

2 NFA
THE NUMHER OF PAIRS OF LINES TO BE CCMPARED

3 A BLOCK OF NFA CARDS.EACH CARD CCANTAINING
FREQUIY 4 NCITeXBARUL 1) s YEARCL ) s VARX(T 4 J1 VARY (T, 314 CCVXY (14}
FREQ FREQUENCY HZ
N NUMBER 0OF POINTS FOR LINESHENCE DEGREES OF FREEDOM
XBAR MCAN OF txe*
YBAR MEAN CF ty:e
VARYX VARTANCE NF s yv¢

VAKY VARTANCE CF 'Y
COVXY COVARIANCE QF X 4 sys

THE CARPDS 1-~3 APE REPEATED FGR THE SECCND RLOCK CF DATA TO FORM
NFA PAIRS OF LINSS

4 FTAGLL,FTABL2,TA,TB

FTABLY = FINI-2,N2-2) FISHER'YS *F¢
FYABLZ = F(N2-2,N1-2) FISHER®S tF¢
TA = T{NLI#NZ2~4} STUDENT'S ¢T¢
8 = TIN14N2-3) STUGENT®S *T¢*

e R R S o s 2L 3 B 2 g L R Y

ouTPUTY
PR Y

PRINTOUT
PSR R 233 ’
1 THE INPUT DATA ’
2 A TARLE OF FREQUENCY VALUFS GRAJTENT LINE LyGRACIENT LINE 2,
FESULTS UOF FIESTATEST AND BYSSY AND THE NEW RESULTANT GRADIENT
- C1F FOFMED) AND CONFIDENCE LIMITS UN IT

tt*###tﬁt&mv**#tﬁﬂt*#ﬁ#*t*#tt##tﬁwntﬂﬂﬁ»t*ttﬂt#‘ﬁwt&##*ﬁ*ﬂﬁv*#*ﬁtm
R R R R T R AN KRR E RGN K AR UT R AR R RS R AR SRR GG E R GRSkt
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998

10

20

30

40

50

60

65
66

67

70

80
90

999

DIMTNSICN FREQ(79),
N(Z).XHAPI2{79),YBAR(?.?Q)yVARX(Zq?Q),VARY(Z.?Q),
CUVKY(2'7Qiyﬁl?'79)'H(Z-VQ)'VRSS(2'79)1
ANEN(?Q)vVANCd(79)yCTkLIM(79)r
NFTEST(79)yNATEST(7Q)yNBTfST(791q
TITLFE2,20)

FEAL¥3 TITLL 4DUNMY

00 40 1=1,2

CALt DATIM(T]TLE(I,I&),UUMMY)

AW A e

FEAD (5:10,ENU=999)(TITLE(I:J)’J=6'15)

PRINT bs:(TITLc(I’J)rJ=6ylb)

FORMAT(10A8])

READ 20,NFa

PPINT 20,NFA

FORMATI1X,19)

READ 3))(FREC(J)vN(l)yXBAR(I'J):YBAR(I)J)vVARX(X,Jl.VQFY(IrJ)'
1COVXY (T, J1yd=1,NFA)
PRINT31'(FQEQ(J):N(I);XBAK(I;J)1YGAP(Xle|VARX(!'J)|VAPY(]|J1'
LCOVXY(Tyd)yd=1,4FA)

FOKMATIFT7.5,13,5513, 5)

FCRMLT(lX,FT.5.Iﬁ'5Fl3o5)

CONTINUE

FEAD 5CsFTABLYFTABL2 ,TA,TB

PRINT 50:FTARLY yFTABL2,TA,TB

FORMAT(4F10.5)

N0 60 J=1,NFA
NFTFST(J}=2

MATEST{J)=2

NETEST(J)=2

ANEW(J)=0.9

VARER{J)=0.0
CCONLTMUUY =0, 0

CONTINUT

PRIMT 65, (TITLZ (1413 4126,16)

PRINT 664 (TITLZ(2,1)4126,16)

FORMATULHL, /110X 1548,20X,48)

FORMATOLI0X, 19A8,29X,A8, 771

PRINT &7

FORMAT{26X, YFREGUENC Y a1 A2 NFTEST | NATEST NB
ITEST  Ncw GRADIENT 4 LIMITSY,/)

90 90 J=1,4FA

DO 70 1=1,: . .

CALL Renn(u(l).xaAR(l,J».vaAR(I,J).vaxx(r.J).VARv(x.Jl.ccvxv(l,J).
TAUL 0 80100 o VESSIT gl )

CONT INUE .

CaLL FTEST(VESS(L,J)vaSS(Z,J),FTAdLl,FTABLZ;NFT[ST(J).NSIZE-F)
TFUNFTESTLU).0Sya1) CALL CLINES
l(TA.TB.V(l),N(Z)'XBAR(l.J)'XEAR(Z,J)yYﬁAF(l,J).YEAR(Z'J)'
ZVA?X(I,J).VAFX(ZyJ),VARY(I.J)'VAFY(21J),CGVXY(I:J).C?VXY(ZyJ).
3VRSS(1,J).VQSS(2,J)vANEN(J).VANSh(J);
ANATESTIJ) 4 RBTEST (Y}

TF(NFTEST( U}, EQal) CONLIMUJ) =TB*SCRT(VANEW(J] )

PRINT RO'JyFREJ(J).A(lyJi.A(Z.JJ.NFTEST(J).NATEST(J).NBTEST(J).
TANEA (I, CORLIML )

FORqAT(zox.Ilo.3x,3F10.6.17.2110.5x.2F10.6)

CONT INUE

G0 TD 993 ..

RETURN

END

SUBROUTINE REGR(N.XEAR,YBAR,VARX;VARY;CCVXY:A'S'VQSS)

FOR THE REGRESSION LINE 'y = AX + BY THIS CALCULATES

A THE GRADIENT

B THE INTERCEPT

VRSS  THE VARIANCE OF THE RESICUAL SUM OF SQUARES
GIVEN-—-=

N THE NUMBER OF LINE POINTS

XBAR MEAN CF o4

YBAR MEAN OF sy

VAR X VARTANCE QF sxe

"VARY VARTANCE OF *yr

COVXY COVARIANCE CF rxt g 1ye

*#t*t*t*k**##******ﬁ*#v*ﬂ##*&*ﬁ*#ﬁ*ﬂvt****#**###‘t*t#t*ﬂ***#&t*tt*
***#t#4***#***&#**#*#&***k***t##*t*tt*#*&*v***v#*ﬁ**##**t*#**tt#tt

A=COVXY/ VAKX
B=YBAR-A%XBAR

EN=N

ENZ=EN-2.0

RES=eN* VARY~EN®AXCOVXY.
VRSS=RSS/EN2

FECTURN

END




A0 OO [gXaXa e

amo0n

faXal el R N N e Y e N o R N e N W e Y u Te

SUBPOUTINE FTFST(VIyVZ'FTABLlyFTABL?'NFTESTyNSIZErF)

EQUALITY OF VARIANCES
R R KK KRk bk Kk

THIS SURROUTINE PERFORMS FISHER'S ®Fs¢ TEST QN THE VARTANCES V1 & v2
SETS WFTZST TO 0 IF TEST FAILEDsYO L IF YEST PASSED

#*é**#*ﬂ*t#**t***t*ﬁ¢t$#***$**¢##¢*¢tﬂﬂ#t#&#****tt*tt#****kt##*#**
V********#*****ﬂ***t*#t***ﬁ#t***#*#****##**t*&$*t$*k*ﬁk$***&t*v**k

IF(V1.GY.v2) 6O TO }
F=v2/Vvi

NSIZE=2
FTABL1=FTABL2

GO Tg 2

F=vl/v2

NSIZ2E=]1
IF(F.LT.FTABLYY GO T 3
NFTEST=9Q

GO Y0 4

NFTEST=)

RETURN

END

SUBROUTINE CL]NFS(TA;TB:NXvNZsXEARlyXBAFZ'YBARl.YBARZ:VARXI;VAPXZ:
1VARY11VARY2¢COVXY1rCDVXYZvVRSSl|VRSSZ1A;VAR&1NATEST'NBTEST)

COMPARES Tw0 REGRESSICN LINES
LR L L T T 3 P T

'F!RsT THE PROGRAV COMPARES THE GRADIFNTS OF TWO LINES.IF THESE
ARE STATISTICALLY THE SAME IT THEN COMPARES TH: INTERCFPTS

IV ASSIGNS THE VALUES © 1 1 CR 2 TC NATEST(CCMPARE GRADIENTS} AND
TO NBTESTI(COMPARE INTERCEPTS)
CLMPARI SON=0 TEST FAlILED EAC COMPARISCN
CCMPARTSON=1 TEST PASSFD GCAD CCHPARISON
COMPARI SON=2 TEST NOT CONOUCTED AC CCMPARLSON

#***#****&**#t##t*******t**##*t#’)t'**’t-x*i*ttﬂ?ti*t##Vttt*t#t*##*t&#!
t******#******ﬁ**ﬁt*****‘*#*#t#tt**#tt##t#ﬁt*tkt**#**t*‘tt#ttt:ttt

NATEST=0

. NBTES1=2 .

ENI=N1
EN1Z=FN1-2.C
EN2=N2
EN22=EN2-2,0
SUXX1=EN1*VARX]
SQXX2=EN2% VAR X2
SUYY1=ENL1#VARY]
SQYY2=EN2¥VARY?2
SUXY1=FN1*¥CCVXYL
SQXY2=EN2%CCVXY2

VRSS=UENL2% VRSSL+EN22¥VRSS21 /{EN] 2 +EN22 )
S=SQRTIVRSS)
ATEST=(A1—A2)/(S*((1.0/SQXX1)+(l.O/SCXXZ)))
ATEST=ABS{ATEST)

IF(ATEST LT, TA) NATEST=)

IFIRATEST.EQe0) RETURN

NBTFST=0 ‘
SUXY=5QXY1+50xXY2

SQXX=SQXX14SQXX2

A=SQXY/5QXX

RSS=(ENLI24EN22) xvaSS
VARA=RSS/ L {ENL+EN2~3,0) *SQXX)

S=SQRT{VARA*SQX X} ‘
BIF=XBARI-XPAR2 .
BTEST=(YBA§1—YBAR2~A*DIF)/(S*SQK7((1.0/&Al)+(l.0/EN21+((DIF‘D[F)
1 /SQXX) 1)
BYEST=ABS(BTEST}
TFIBTEST LT TB) NBTEST=]
RETURN

END
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QBAR

AVERAGE GRADIENTS FOR A SET QF REGRESSICA LINFESmmwe—u AVEPRAGE QI
k*#&*#*wﬁt*#twvtttt**#*#*vt&##*#&t##tt##tt&t*****ﬁ#**vmt*ut#t#

QI 1S THE SPECIFIC ATTENUATICA FACTCR FCR RAYLEIGH WAVES

THIS PROGRAM CALCULATES THE AVERAGL GRACIENT FOP SEVERAL SETS OF
REGRESSICN LINES

FOR NDATA BLOCKS OF DATA {EVENTS),EACH 8LOCK CORTAINING NFA
REGRESSION LINE PARAMETERS (FRCM AMPLITULE~DISTANCE PLOTS AT NFA
FREQUENCTES Y THE PROGRAM CALCULATES NFA AVERAGE GPACLIENTS (AVERAGE
INVERSZ Q VALUES;QI,AT NFA FREQUENCIES) CONFIDENCE LIMITS ON THE
AYERAGES ARE ALSO OBTAINED.

NOTE
e T ;

THIS PROGRAM REJUIRES THE SLBPCUTINE»=mmw

SUBROUTINE REGR(A:XBARuYBAR.VARX.VAPY:CCVXY'AcEyVRSS)

v#ﬂ#**#k*##*t****#*##*t*ﬂ*##t*tt**#iﬂ#4*1t*ﬁ##t#t#Qﬁtv##ﬂt***###*#

INPUT
Rk . .

1 NDATA
THE NUMRER CF BLOCKS OF DATA{EVENTS)ITO BE AVERAGED

()

TA

STUDENT!S ¢T¢ T DETZRMINE CONFIDINCE LIMITS CN THE AVERAGE QI
THE DEGREES OF FREZJOM AREmmmwn THE SUM OF THE NUMBER OF POINTS
FCR LACKH LINE,MINLS THE NUMPER UF FVENTSyMINUS CNE

3 TITLECT, 5}
A TITLE FOR ONE BLOCK OF REGRESSION [ATA (FOR ONE EVENT]
4 NFA

THE NUMBER OF REGRESSIIN LINES PER EVENT (FOR FREQUENCIES F)
NFA MUSTY 3E THE SAME FGCR EACH EVENT

5 A BLOCK CF NFA CARDS;EACH CARD CCNTAINING
F‘J‘lN‘l’yxaAR(IlJ)IYBAR(IIJ,'V&RX(I'J)IVARY(]'J’ICCVXY(I'J,

F FREQUENCY HZ

N AUMBER OF POINTS FOR LINE.HENCE DEGREES OF FREEDOM
XBAR MEAN JF ext

YEAR MEAN CTF sye

VARX VARTANCE OF tx¢

VARY VARIANCE GF tyt

COVXY  COVARIANCS OF s1x1 & sys

THE CARDS 3-~5 ARE RZPEATED FOR €ACH OF THE NCATA BLOCKS (EVENTS)
TA FNRM NFA AVERAGES

**#******#**##ﬂ##t*#v*#tt#*tt*ﬁt*k#tt*##*##ﬁt'##ﬂnt##***#*#tt*#tt#

0uTPUT
*E kKL%

PRINTCUT
LE I T T3 2T

1 THS INPLT DATA
2 A TABLFE OF FREQUFNCY,AVERAGE Q1 ANC CCNFICENCE LIMITS

PUNCHOUT
"ok X AR KK A

1 THE AVIRAGE VALBES IF Q1 ANC CCNFIDENCE LIMITS AT FREQUENCIES
F ARE PUNCHED DUT

o

t#v!***#“*4****$$¢ﬁ#*#**#**t***ﬁ#&n#*ﬂ**i*tﬁ#*ﬂt&&*t#l###vﬂ&#tﬁ***
##*ﬁ**##****ﬁt#ik*t###&*#k*tﬂtn#ﬁﬁtﬁttﬁﬂ$*v###ﬁt##**&ﬁv*#&ﬁ*#v**&#

DIMENSTON =80},
1&(9).XHAR(9.BO).YW\Q(9¢GO)pVARX(9|ﬂO)¢VAFY(9'BO§'




a2z EeXalel

998

11

20
25

30
31
40

SO0

60

10

(2R aEa R o NaNa ale)

26
80

85
90

s X aNaNe]

92
95

999

2CDVXY(9.80),A(9;RO)cVRSS(QySC)y
3ANEH(8J)'VANLh(ﬂC).CCNLIM(8C)‘
4TITLEN9,20) 0041 (80,
SEN(Q’VENWZ(Q)'SJXX(Q)'SQYY(Q)VSCXY(Q'
REAL*8 TITLE,DUMMY

READ (5,1C4,END=959) NDATA
FURMATILXy19)

PRINTI1yNDATA

FORMAT(1HY41X,19)

READ 20,7TA

PRINT3I1,7TA

00 40 I=1,NDATA

CaLL DATIMITITLELI416) ,DinMNy)
KEAD SO+ (TITLE(T 4J) 43=6,15)
PRINT 250 (TITLE(T44) 1 d=6,16)
FIRMAT(10AS)
FGQMAT(1H1110X110A3'20X1A8)
READ JOyNFA

PRINTIC,NFA

READ 30'(F(J)'N(I|1X6AR(11J),Y%AR‘!IJ)vVARX(I,J)yVARY(I'J),
1COVXY UL J)sd=1,NFA)
PQINT3I:(F(J,1N(I"XBAR("J,IYBAQ(’QJ,1VAFX(”J"VARY(IIJ)'
1COVXY(1,d)5J=1,NFA)

FORMATY{ F1e5413,5%13,5)
FORMATC(IX F745,1345E813.5)
CONTINUE

D0 70 J=1,NFA
SQXXNU=0,.0
SYYYNU=0.0
SAXYNUY=0.0
DENNM =0,0

RSS =0.0

DU 60 I=1,NCATA

CALL RFGR(N(I).XBAR(]'J)deAR(I,J),VARX(l'J)yVARY(I:J)|CCVKY(11J!'

1 A{I+J13B,VRSSLT44))
EN(TI=N(T)

ENM2(I)=EN(T1)~2,0
SQXXNU=FN(!)*VARX(X|J)4SQXXNU
SQXYNU=5N(I)*CGVXY(I1J)*SQXYAU
RSS=EAM2CI1#VRES{], J) +RSS
DENDOM=ENM2{ 1 1+DENOM

CONT INUEF

ANEW(J1=SQX YKL/ SQXXNY

AMYI () ==ANER(J)
VANiN(J)=RSS/((DFNOM&NDATA-I-C)*SCXXNU)
CCNLIH(Jl:TA*SQQT(VANEH(J)l
CONTINUE

DO 80 I=1,NCATA

IFtl «EQs1) PRINT 25¢4TITLE(14J) 44=6,16)

1FCI «NEGL) PRINT 2oy (TITLENTyJ) yU=6416)

FORMAT{1X,10Xs10AR,20X,4A8) '

CONTINUE

PRIMNT 85

FORMAT(/42{26X,9FREQ, (HI} INVERSE Q & LIMITS® 410X} /)

PRINT 90.(!;F(!)yQQ“l(I)'CONLIP(I)'1=11NFA)
'FURMAT(Z(ZOX.!5'F9.5oF11.61F10.61101)l

PUNCHOUT

PO 92 1=1,NDATA

PUNCH 20+ (TITLELT 0] 4 J=6,15)

PUNCH 95:(F(IlyQRMl(ll'COhLIN(I)plf[=1'NFAI
FORMATUFL10. 795X42E15.7,30%X,15)

GO Y3 998
RETURN
END
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THIS PROGRAM MAKES THECRET]CAL CALCULATIONS OF THE ATTENUATION
COEFFICIENT ¢GAMMA ,AND THE SPECIFIC ATTENUAT ION FACTOR, VI, FOR
RAYLEIGH WAVES AT NPERPT FREQCUENCTIES.AN ATTENUATION MODEL WITH NOL
LAYERS IS REQUIRED,

THE PROGRAM USES THE EQUAYIONS

GAMMA = SUM (0. S:DRBYDA®A®QAL ¢ 0.5%0KBYDB*B#Q8B) )
CVER LAYERS

Ql = (-LxGAMFA}/(PI%FREQ)
GAMMA  THE ATTENUATICNA COEFFICIENT
A THE VELOCITY GF COMPRESSIONAL BODILY WAVES
QAT THE SPECIFIC ATTENUATION FACTOR FOR COMPRESSIONAL WAVES
DKEYDA THE PARTIAL OERIVATIVES OF  THE WAVENUMBERy Ky WeRoT. THE
COMPRE SSTONAL VELOCITY,A
8 THE VELCCITY CF SHEAR BODILY HAVES
a1 THE SPECIFIC ATTENUATION FACTOK FOR SHEAR WAVES
DKBYDB THE PARTIAL CERIVATIVES OF THE WAVENUMBERyKs W.R.T, THE
SHEAR VELOCITY,R
oI THE SPECIFIC ATTENUAYION FACTOR FOR RAYLEIGH WAVES
v THE GRCUP VELOCITY
FREQ FREGLENCY k2
**1“:*ﬁ***#*#*t##***#t*ﬁtt**t#**tﬂ&#v*#**#*#(&t#**##*tt#####**#‘t##*t

INPUT
LT 22

THE FOLLOWING CAKDS ARE READ IN
L AN SC4060 CAKD TC PRCDUCE GRAPHS
2 TITLE (D) '
A TITLE FCR THE MCDEL UNDER CONSIDERATION
3 GRAPHILI)
A TITLE FOR THE GRAPH OF GAMMA AS A FUNCTION OF FREQUENCY
& GRAPHZLI)
A TITLE FCR THE GRAPH UF O1 AS A FUNCTION OF FREQUENCY.
S NOL«NPERPT

NaL THE NUMBER CF LAYERS IN THE MODEL |
NPERPT THE MUMBER CF FREQUENCIES TO BE USEw

6 A BLCCK CF ANCL CARDSEACH CARD CONTAINING
QAI(I) QBI(])
0Al THE SPECIFIC A%TENUAY[ON FACTOR FOR COMPRESS TONAL

WAVES IN EACH LAYER
uBl THE SPECIFIC ATTENUATION FACTOR FOR SHEAR HAVES IN
EACH LAYER

7 A BLOCK CF NDL CARDSEACH CARD CONTAINING

ALL1.B(1) _ ‘
A COMPRESSIGNAL BODILY WAVE VELOCITY FOR £ACH LAYER

B " SHEAR BGOILY ®WAVE VELJGCITY FOR EACH LAYER
B8 A BLOCK CF NPERFT CARDS.EACH CARD CUNTAINING
FREQ(I},ULI)

FREY FREQUENCY HZ
u GRCULF VELCCITY

9 A BLOCK CF RPERPT CARDS,EACH CARD CUNTAINING NGL VALUES
DKBYDA (1,4 J) o

UKRYDA PARTIAL DERIVATIVES OF THE HAVENUMBERs Ky WoRoTW A FOR
EACH LAYER -AND AT EACH FREQUENCY

10 4 BLOCK GF WPERPT CARDS,EACH CARD CONTAINING NOL VALUES
DKBYOB (1, J) ’

OKBYUB PLRTIAL OERIVATIVES UF THE WAVENUMBER( Iy WoR.Te K FOR
EACH LAYER AND AT EACH FREQUENCY
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NOTE THAY THE ABOVE CARDS 2 TO 10 MAY BE REPEATED FOR ANY
NUMBER OF MODELS

ﬁtﬂ*#**ﬁtﬁ*t*@t‘*t‘*&tﬁ#‘a#&t*t*ﬂtn###*tﬁt&*#&mﬁ#&#***#*#*vﬁ#**#*w

ouTeUT ‘ .
L2 23 233
PRINTOUT
LEE 2333
1 THE ORIGINAL MODEL GF AsB,0AI.QB1
2 THE GKOUP VELCCITY CURVE
3 A TASBLE OF THE PARTIAL DER[IVATIVES WoR.T. A
4 A TABLE GF THE PARTIAL DERIVATIVES W.R.T. B8
5 A SUMMARY TABLE CF GAMMA.AS A FUNCTION OF FREQUENCY
& A SUMMARY TAELE CF OI AS A FUNCTION OF FRLQUENCY
PUNCHOUT
L2 228 2 X

1 THE VALUES CF Wl AND FREGUENCY ARE PUNCHED QuT

GRAPHS
E 222 3% 3
1 THE GROUP VELOCITY CLRVE
2 THE ATTENLATICN CCEFFICIENT AS A FUNCTION. GF FREQUENCY
3 THE SPECIFIC ATTENUATION FACTOR AS. A FUNCTION OF FREQUENCY
4 THE DERIVATIVES FCR EACH LAYER AS A FUNCTION OF FREQUENCY

(IF REQUIKED)

***#*#***#*tt#tt#tt*#t#*#*#*¥$***#*#t#R*ﬁt##*k*t#*#**ﬂ*#*********t
##t#*##**##**#*#**#*#v*‘#**t*****#*##**#*####*#vtt**t**&#&#*&#ttt*

DIMENSINON U(9C)vPERICD(QC).GAMMA(QOI.QI(90)'FREO(90)
DIMENSIUON TITLE(ZO)'GRAPHI(ZO)'GRAPHZKZOI
DIMENSION CERIVA(S0} +CERIVEL90)

COMMON /LAYEK!A(ZO)'B(ZO!'OAI(ZO).081(20)'DKBYOA(90.10)'
1 .

B CKBYDB{S0,10} ¢NOL
REAL#8 TITLE2GRAPHI +GRAPHR ,DUMMY
CALL SCLIBR
NGRAPH=2
READUS5+1 +END=SOSIITITLE(I} 41=6415)
READ 1+4(GRAPHI(I} 126,15}
READ 14(GRAPHZUI) 11=26,15)
FOGRMAT(10AB)
CALL DATIM(TITLE(L6)DUFNY)
CALL DATIM{GRAPh1(LlE) ,DUMMYS
CALL DATIMIGRAPHZ(16} ,DUFMY)
PRINT 2o(TITLELLY,1=6,16)
FORMAT{LH1¢/7/412CX¢1CA8 420X+ A8)

-_----__-_-__..-_----_------—------—---__-------_-----—---—--»-,--

READ 3+¢NULAPLRFT
FORMAT(2110}
PRINT 4 NOLNFERPT

© FORMATU///30X," NLAYERS = 1,15,10X«"NPERPT = tyi51

READ S, (OAL(L)CBI(I} 1=1,NOL)
READ 5,0A{L)4BI{I)4I=14NOL)
FORMAT(2F10.5}

READ 6+ (FREQUI)4Ul1},I=]1 NPERPT]}
FORMAT(2F10.6}

DU 7 I=1,NPERFT .
READ 9, {DOKBYDA({L+J} 4d=1,AO0L}
CONTINUE

DD 8 1=]1,NPERFT

READ 9.(DKBYDB(IvJd) ¢J=1,N0OL}

.CONTINUE

FORMAT(6F12.9)

CONDITION

OBI(1Y¥=2.,29%QA1 (1)
QB1(2})=2,29%0A1 (2}
QBI(31=2.51%0AI(3)
OB1(41=2,51%04] {4)
OBI(5)=2,51%CAl(5)
OBI(61=2.19%041(6)

DO 10 I=1,NPERPTY
GAMMAT=0.0

CALL ATTEN(GAWMAT, [}
GAMMAL L ) =GAMMAT




10 CONTINUE
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PRINT 20 (TITLECL) (12€,416) : ’
PRINT 4 NOLNEFERPT
PRINT 148 '
PRINT 149.(J.A(J».8(J».cnx(J).oax(J:.J=1.N0L)

1486 FORMAT(//.IOX.‘ALAYER',SX.'A"IQX.'B"13X.'QA!‘.IZX.‘QSI'p/l

149 FORMAT(BX,15,4F15,5)

c

PRKINT 1}

L FURMAT(1H14//,1CXe'FREQUENCY 4 GROUP VELOCITY®,/,
1 L ¥ o e tet/)

, PRINT 12, (1,FREC(II,U(1) =] ,NPERPT)

12 FURMAT(L0X11242%0F8.642X 4F9. 6}
PRINT 145

145 FORMATUIHL¢/7/41CX, *DERI VAT VES WeReTe ALPHA (DK/DALPHA}',/,
l 10)’(1' """""""""""""""""""""""" '1//’
DO 13 I=1,NPERPT

13 PRINT 167 L1, (DKBYDALT+J )y d=14NOL)}
PRINT 146

146 FORMATUIHL¢// 1CXy*DERTVATIVES WeRoTo BLTA (DK/DBETA)Y (/s
1 e e/l
DO. 14 I=1(NPERPT

14 - PRINT 147001+ (DKBYDB(I+dled=1,NOL))

147 FORMAT(L0X41243X,6F14.9) -
CALL GRAPHIFREQ,UNPERPT +TITLE,0)

€ e e o e e e e e e e e et e e e e
C .
c GRAPH GAMMA{I} v FREC(])
c ........................
c

PRINT 15

15 FORMATULHI.//430Xs SSUKMARY TABLE OF GAMMA(L)/FREQID 47
1 B3O g e el Yy
2

: 2EX ' CALC, AC. FREQ GAMMA® ¢/}
PRINT lbq(lnFREC(I)‘GAHNA(l)1I=1-HPERPT) .
16 FDRMAT(ZBX.15-SX}F10.512XsF10.5)

c
CALL GRAPH(FREQ)GAMMA NPERPT yGRAPHL s 1}
L e - -
C .
c CALCULATICN CF CI FCR RAYLEIGH WAVES OF A PART LCULAR FREQUENCY,
C ...............................................................
c GRAPH RAYLEIGh CI(I} V FREQ(I]
€ om0 D
[
PRINT 17
17 FORMATULHL//43CX, "' TABLE OF RAYLEIGH QICII/FREQUI)?,/
1 B0 o e e e e a7
2 28X 1CALC. NO. FREQ RAYLEIGH QI(I)4,/)

PI=4,0%ATAN(].,0)

D0 18 [=1,NPEKPT .

01(1)=(*I.O*U(l)*GANNA(!))/(PI*FREQ(I))
18 CONTINUE

PRINT 19v(InFREC(IloCl(I!-lnlvNPERPT)

[alaXaNaXsel
o
<
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o
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PURCH Lo (TITLE(I) 41=6415)

PUNCH 3,NPERPT

PUNCH l9v(I'FFEC(1).Cl(llnI=IqNPERPTl
19 FDRMAT(ZBX;I5qSX.FlC.ScbX-FlO.S)

CALL GRAPH(FREQ(CIyNPERPT.GRAPHZ;l)

e o ot e e o v e o i e -——— -

GRAPH DERIVATIVES (IF RECUIRED)

OO0 o

IF(NGRAPH.NE. 1) GO TC 191
NGRAPH=NGRAPH 4]
DO 191 J=1¢NOL
DO 192 [=1,NPERPT
DERIVALL}=DRBYDA(, 4}
DERIVBITI}=DKBVDB(I,J)}
192 CONTINUE
CALL GRAPH(FREQ,OERIVA:NFERPT«TlTLE:O)
CaLL GRA?H(FREO.DER!VB'NFERPT.TITLE-O)
191 CONTINUE
CALL ADVFLM(3)
CALL ENDFME

GO 10 100
999 CALL FINISH

RETURN

END

SUBROUTINE ATTEN!GAKMAT, NPER}

CALCULATES ATTERUATICH CCEFF, AT NPER PUINT OF FREQ OR PERIOD.
VALUE RETURNED 1§ wemem GAMMAT,

OO A0 ee
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3#****&#ti$##*t#*#%***t##t#**!**ﬁ#&#k**#****t#:t*t*###t*#*«ﬁ*t*&t*
*W‘t##&***&**#*#v##*#t$#t**t*&###**#**t#*ﬂ###*#vtt#k**#t**t****tﬂk

COMMON /LAYEﬁ/A(ZO)tB(ZO)'OAl(ZO)'QBI(ZO).DKBYDA(QOnIO)-
1 CKBYDB (904100 NOL

CALCULATE GAMPMAT

GAHMAT=0,0

DU 1 I=1,NOL

'GAMMAT=GAPMAT¢DKBYDA(NPEP.ll*A(l)*O.S“QAI(I)

1 +DKBYDE(NPER'X)*B(I)*O.S*OBI(I) "
CONTEINUE

RETURN
END

SUBROUTINE GRAPRIX Y Ny TITLE NAME }

1 SUBROUTINE GRAPHS A VALUES OF X AGAINST Y.
2 IF NAME=0 THE GRAPH IS UNTITLED.
IF NAME=1THEN TITLE MUST BE READ IN AND SDATE CALLED
BEFORE THIS SUBROUTINE IS CALLED.
-3 CALL SCLIBR ESSENTIAL IN MAIN PROGRAM,
4 REQUIRES THE PRGGRAM CARGRF TO PRODUCE GRAPHS.
SEE AWRE REPCRY AD. (~41/68 (J.B.YOUNG & A.DOUGLAS)

**tt****#**&*###*#**tﬂt#ﬂ*ﬁ*t*k#***##t#ttt#*#t*ﬂ#t##xttt#ﬁ##tiﬁttt
####*##*******V###*$$#&t**ﬂt$t¥*##t&*tt*mtttttt&&#&ttv*tk*t&t&t*#t

COMMON fGRFF/ AIITLE(ZO)'XMAX'XM[N.YMAX.YHIN.!NDX.lNDY.[ND'lOOf'
lANSTRl-IFvXLlPlquLIP!T:SCALX'SCALY

DIMENSION X(NJ},Y(N)
DIMENSION TITLE(20).8TITLE(20)} .
REAL¥%8 TITLE.ATlTLE,BTITLE.DUHMY'BLANK

DATA BLANK/8H /
DATA BTITLE/&4CHFREQUENCY (HZ} AMPLITUDE 7/

DO 1 I=17.,20
TITLE(I}=BLANK
CONTINUE

DO 5 1=1.5
TITLECL)I=BTITLE(I}
CONTINUE

I1F (NAME.EQ.1) GC TC 2

DO 3 I=6,15

TITLE(I)=BLANK

CONTINUE

CALL DATIMUTITLEL16]) (DUMIY)
CUNTINUE

DO 4 I=1,20
ATITLECT)=VITLEL])
CONTINUE

SET CARGRF PARAFETERS

INDX=]
INDY=)
IND=0
1D0T=42
ANSTR1=2,0
IF=3

XMAX=0.0
XMIN=0,0
YMAX=0,0
YMIN=0.0

CALL CARGRF (XY 4N}

RETURN
END
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THIS PROGRAM INVERTS THE CBSERVED SPECIFIC ATTENUATION FACTOR AS
AFUNCTION OF FREQUENCY FCR RAYLEIGH HAVES INTO AN ATTENUATJON
MODEL AS A FUNCTICN CF DEPTH

REFERENCE

0o e ok Rk k%

PeW.BUKTON & BoLoNoKENNETT TUPPER MANTLE ZONE OF LOw Of
(NATUKE PRYS. SCI. 238 PPBT-90)
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AND YO V.P.VALLUS

**********######*##ﬁ#t**#***##**##$¢*#**#*tt***#**#*tt******t*t***
INPUT
L 222 ]
THE FOLLOWING CARDS ARE READ IN
I TITLEL(T)
A TITLE FCR THE DATA CURRENTLY BEING INVERTED
2 K
FOR K REAC IN THE NUMBER OF LAYERS +NOL¢ IN THE MODEL
3 A BLOCK CF NOL CARDS,EACH CARD CONTAINING
LIH!TI(I)-LlHlTZ(i)sSTEP(l)
LIMITYI THE LOWER LIMIT ON TH: SPECIFIC ATTENUATION FACTOR
FCR A LAYER (COMPRESSIONAL WAVES)
LIMIT2 THE LPPER LIMIT CN THE SPECIFIC ATTENUAT ION FACTOR
FOR A LAYER (COMPRESSIUNAL wWAVES)
S5Tep THE INCREMERT USED TO STEP ALONG FROM LIMITL TO LIMITZ
4 STAPE RANKyINTLsINT2.N,NMAX,ALG

SEE SUBROLTINE HH FCR EXPLANATION
NMAX-N IS THE NUFVBER CF MJIDELS TO BE TESTED

5 KUOL«NPERPT

NOL THE NUMBER CF LAYERS IN THE. MODEL
NPERPT THE NUMBER CF FRECUENCIES TO BE USED

6 A BLUCK CF NGL CARGS.EACH CARD CONTAINING

A(I}.B(])
A COMPRESSICNAL BODILY WAVE VELOCITY FOR EACH LAYER
B SHEAR BODILY RAVE VELOCITY FOR EACH LAYER

T A BLCCK CF NPERPT CARDS,EACH CARD CONTAINING
FREQL1) U (1)

FREQ FREQUENCY H2
U GRCUF YELCCITY -

8 A BLLCK GF NPFRPT CARDS.EACH CARD CGNTAINING Nul VALUES
DKSYDA (L J)

DKBYDA PARTIAL DERIVATIVES UF THE WAVENUMBER+ Ky WoR.T. A FOP
EACH LAYER ANC AT EACH FREQUENCY

"9 A BLUCK Cf NPERPT CARDS,EACH CARD CONTAINING NuUL VALUES
DKBYDB {1, 3}

DKBYDB PARTIAL DERIVATIVES OF THE HAVENUMBERs Ky WeR4T. B FOR
EACH LAYER AND.AT EACH FREQUENCY

10 A BLCCK GF APERPT CARDS.EACH CAHD CONTAINING
OMI(TI ) PRES (I}
[PLY] THE CBSCRVED VALIIES FOR THE SPECIFIC ATTENUATION
FACTCRS CF RAYLEIGH JAVES
PRES CONFIDENCE LIMITS ON THE QMI

11 AMAX,ASUM




C
C
C
C
C
C
C
C
[
C
C
C
c
C
C
C
C
C
C
C
[
C
C

[aEaNaXeNe!

OO0 OOMNOANOOANAA

51
52
53

103
105

106

109

110

21
20

!

PRECISIGN MEASUXES OGN THE FIT OF ANY HODEL TESTED
SEE REFERENCE BURTCN & KENNETT

t###*tt#ﬂ#ﬂ#*#*‘*Qt##*n#**&*###t*#***‘ﬁv*#‘t&ﬁtk##*é#&#*&**i*‘*#*#

QUTPUT
AR

PRINTQUY
HHAK R R

THE PRINTCLY LISTS GCCO CONNECTED REGIONS FOUND BY 'HEDGEHOGY AND
GOUD POINTS QLFSIDE THE CONNECTED REGIONS (FOUND BY MONTE~CARL O}

***t***#*###*¢#$¢t##*$*$ﬂ#*##ﬁ**#*#**##*t*ﬁ###*k#&##k#**##*#****t*
*t##*l#*#****$$*****#*k#l*#t###2*lt&*tt&t*t*t**‘t*t#tt#t#tt*#*&#*t

INTEGER STAPE ,RANK.ALG

REAL LIM[TI(ZC)leNITZ(ZC)vSTEP(ZO)

COMMON /HRG/ KnLXHITl-L[F(TZvSTEP»STAPE:RANKr

LTINTLoINT2 N NFAXSALG .

COMMON /LARA/A(ZOlvB(ZO)sDKBYDA(BO'IO)'DKBYDB(BOQIO)'NOL
COMMON /PERO/FREQIBC) UL BO) 4 NPERPT

COMMON /TEMP/ TA(BO'IO)vTG(dO)'QMl(GOI.PRES(BO);ASUM'AMAX
REAL*8 TITLE(12}

CALL DATIVMOTITLEC(LIL) o TITLE(L2))

READ 14 (TITLE(I)sI=1,10)

FORMAT(1ICAS)

PRINT Zo(TITLECL) +121,11)

FORMATCOIHL// 51CX11CA8,2CXsA84//}

READ(5,51) X

FORMAT (13}

READ(5,521 ((LIPITI(Il'LIMITZ(l)ySTEP(X))nl=vil
FORMAT(3F10.5)

READ(5,53} STAPESKARK,INTIsINT2,N NMAX,ALG
FORMAT(T161

READ(541C3) NCL«NPEKPT

FORMAT(2110)

READ{S5+105) (A(1)4BU{I}eI=]¢NGL)
FORMAT(2F10.5) :
READ(5,106) {FREC(LD LI} +I=1,NPERPT)
FORMAT(2F10,6)

00 7 [=1.NPERFT

READ(5,1C09) (CKBYDA(Is4) ¢J=14NOL)
CONTINUE

OC 8 1=1,NPERFT

READ(54109) (CKBYDB (I +d) yJ=1,NQL}
CUNTINUE

FORMAT(6F12.9)

READ(54110) CCHICL) ePRES(I) o I=]1NPERPT)
READ(S¢106) AKAX,ASLY
FORMAT(15X42E15.7)

PI = 4.0%ATAN(1.C)

00 20 I=1,NPERPT

TG =~UlI)/{FL#FREC(]])

00 21 J=1,NCL

T8 = 0.5%A(JI*DKBYDAILJ)

TA(I«J) = TC+Ce375%ALJ)%ALJI £DKBYDBA [+ JI/B(S)
CONTINUE

CONTINUE

CALL hn -
RETURN
END

SUBROUTINE EST(K,PCGINT RESULT) ~
SUBROUTINE GF CCMPARISCN FOR A POINT

RESULT=0 IF PLINT IS GCCO ONE
RESULT=1 IF PCINY IS EAD ONE

*###*t**t**ﬁ##kt*t&*#b*ﬁ1***#4&*3&*#******t#***t**#t*#t*t**$t$$*#t
*tk**t****ﬁvv8¢$$#¢$$$ﬂ*ak¥¥*¥t*ttttt**#*ﬁt#****t*ﬂt***##ti**##*ﬂt

SUBROUTINE EST(K.GAI¢RESLLT)

INTEGER RESULLT

COMMUN /LARA/L(ZO)'SIZCI.DKBYDA(SO,iOJ.DKBYDU(SO'IO)'NOL
COMMON /PERG/FREQ(BO) U BD) y NPERPT

COMMON ZTEMP/ TA(80¢10)¢16(80):OMK(EOl'PRESlBOi'ASUﬁ.AHAX
DIMENSION QAJ(K)0BI(61,CRI(80)

RESULT=1

DO 30 I = J,NCL
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30

32

34
31

36
317
38

49
50
51
39

BELII=0ALCII¥3,0%A01)%A 1)/ (64,0%8(11%8(])])
CUNT INUE .

ASUM = 3.0

BMAX = ).0

D0 31 I1=1.NPERPY .
GAM = 0,0 ’
DO 32 J=1,NOL

CAM=GAMSTA(T, yb¥iAl (J)

CONTINUE .

URICLY = TG(l 1%CaY

JS = (URICEY-CMICT)Y/ZERESCTY

BSU4 = BSUMeus#(CS

TFEBMAX-ABST0S) 134, 34,431

BMAX = ABS(JS) !

NMAX = |

CUNTINUE

PNP = FLOATINFERPT)

BSUM = SUKT(3SUF/PAF}

IF(AMAX~B¥MAX) 37,35,35

TE(ASUM~BSUM) 37,36,3¢

KESULY = 0

EF{RESULT-C) 25,38,3%

WRITEL6,49)

APITE(os5C) FESLLTIBSLK (AMAX ¢BMAX

WRITE(6e51) CAL.CBI

FUORMATULIX P RE SULT SLMOEV ~  HMAX MAXDEYE)
FORMATIIX 1 €eF1Cebe164F10.61

FURMAT(6F14,5)

RETURN

END

SUBKOUTINE HH

PURPCSE

TESTING POINTS AND KNCTS IN VARFABLE SPACE
BY A CUOMSINATICN OF MCNTE-CARLO AND
HEDGEHGG METHODS ’

PARAMETEKS '

K ~NUMBER €F VARIABLES
LIMITL -LCaER LIMITS CN VARIABLES
LIMIT2  -UPPER LIMITS CN VARIABLES
STEP -STEPS ALONG VARTABLES

~ STAPE ~STATE CF A TAPE

STAPE = 0 = TAPE 1S EMPTY
STAPE = 1 - TAPE IS BUSY
RANK ~KANK CF NEIGHBCLR KNITS
Nt} ~INTERVAL BETWEEN REWRITING ON A TAPE., AFTER
ESTIFATIIN CF INTI KNOTS BY HEUGEHMCG METHOD TAPE
. . witL Bt REWRITTEN ‘

INT2 ~INTERVAL JETwEEN PRINTING {1, 124 I3
N “INITIAL NUMBER CF A RANDOM PUINT ’
NMAX ~LAST RUMSER CF & RANDOM PJINT

ALG ~ALGURLITHM CF wCRK

ALG=1 - M_NTE-CARLD METHOD 'INLY FGR CHOICE OF NEw PCINTS

ALG=2 ~ MONTE~CARLQ METHID ONLY FCR CHOICE OF NEw KNOTS

ALG=3 ~ SEARKCH BY MUNTE - CAKLO METHOD F0k GOOD PUINT.,
THEN GC 1D HEOGEHIG METHUD

AlG=4 - SEAPCH BY MOATE~CARLJI METHGL FOR GUCDL PGINT,
THEN AEAREST KNOT IS ESTIMATED. LF KNUT IS 600D
GC YC HECGEHUG METHUD

ALG=5 -~ SEARCH BY MONTE-CARLD METHOD FOR GOUD KNUTS,
THEN GC 10 HEDGEHNG METHOD

SUBROUTINES USEL
EST (K¢ PCINT+ RESULT } - SUBROUTINE UF CGMPAKISCN
FUR A POINT
RESLLT=C IF PCIAT IS GGOO GNE
PESLLI=1 IF PCINT IS BAD UNE
FUNCTIUNS LSEC
FAOLASIL) - PSELDC-KARDCM-NUMBER GLNERATOR FROM ( IBRARY

VARTABLES ARD ARRAYS

PIOINT ~POINT FRTM VARIABLE SPACE

KiNOT “KNCT CF CCCKCINATE NET IN VARIABLE SPACE

LIST -LISY CF GCCC KNETS

(93 ~NUMBER UF KACTS IN A LIST

12 ~NUMBER UF KNCTS IN A LIST FOR wHICH. ALL
NEIGh3LURS ARE TRIED

RKNGT ~BASIL KNLTS FLK wWHICH NEIGHBOURING KNOTS ARE
TRIEC ‘

13 ~AUFBER CF KEIGHROURING KNGTS WHICH WERE
TRIED BEFORE LAST LISTING UN TAPE

1s -CURRENT NUMBER CF NEIGHBOURING KNOT

i5 “VARIABLE FCR SWITCAING OFF WRITING OF A

LIST CN A& TAPE
I5=1 = WhITING IS SwITCHED ON
1522 ~ WRITING 1S SwITCHED OFF

to “MARK FCh EXISTENCE OF A 8aSEC KNOT
CRANK =CURRENT RANK CF NEIGHBUURS

Si =VECTCR (F SIGNS OF VARIASLE INCREMENT
1] =INDICES CF INCHEMENTLD VARITABLES

LEI =LA3Y vALUES CF [I




[aXeXgl

[aNaN o

[sus ~NUMBER CF VARTAQLES JF A KNDT HHICH ARE
DIFFLRENT TN YAKING ONE STLP FruaM A KNLT
IN A LEST

CIutl ~CURPENT vALLE OF IHTERVAL BETHEEN
RRITING TN A TAFE

CINT2 -CURFENT VALLE CF INTERVAL BETWEEN
PRINTING 11y 12, {4

17 =SwITCHING VARIABLE GN CIMPARIS N UF
ACKNLT AND 1TSS NEIGHsOUr [N LIST

il ~CURPENT NUMBER CF PUINT i MIONTE~CARLQ
METHCD

tt#t*k*&*v$#ktt$**#*#ttvQ#&#tnﬁtﬁtvnkﬁkv#***m#**#ﬂv*#t*###tntv#&tc
#***vw##ﬂt*tnﬂ*t#v&aaﬁﬂﬂ$*t#*#tttktu&&&v#;*wn*#a¥$*###***$v*t*tn#*

SUBRLUTINE HH

[a) (e e N e N oY N o e Nl N Y o W Y2 T

INTEGER RESULLT, CRANK, CINTL, CinhTe
REAL POINTL20 o KNSTLZCH  LIST (D0}
VIMENS TGN BKNCT(ZOI.Sl(ZC)-II(ZO)«LlI(ZO)

THESE UPEPATGRS INTEGEK, REALy COMMON MUST BE XEPEATED
IN MAIN PROGKAM

INTEGER STAPEL WRANK ALG

REAL LEMITLIL2C) oLEMITZ(26) ,STEP(2))

COUMEN JHHG/ K.LIMITI'LINITZ.STEP.STAPE'RANK.INTleNTZ'
INGNMAX,ALG

DATA 11/074012/0/513/C1414707 41571741672/ 4N1707,
ICINTLZD/4CINYZ/C/ -
Nlshi-1
IF (STAPELEC.C) GL TC 10C
KEWIND 2
READ(2111,12,413
KIl=K%]]
READ €21 (LISTUE) oI=],K11)
WREITE(H,304) 11412,13
304 FORMATUVTAPE yAS KEAD. [12%,15,0, [2=v,]5,1, £3=4,15)
TFCI1 k0. 12)6C TO 1CC
1 IFCIILNELI2)GL TC 4
GO TO (2+2).1%
2 Kil=K*]i
1420
REWIND 2
WRITE(Z2) 11,412,404
WRITEC2) (LISTCI)4I=1,K11)
STAPL=]
WRITE(64205) 11 . ’
FORMATE' REGICN ENDED. TAPE IS REwRITTEM.I1=%,15}
3 63 T0 100 . :

W
<
N

CHOICE JF A NEw BASIC KNCT. PUTTING CONSTRUCTION OF
NEIGHBOUR KNC1S OGN A STARTING LINE

4 KI2=Kr%]2
B0 5 I=1,4K
J1=KI12+1
BRKNUT(EI=LTIST(J1)

5 SItly=-1.

205 CRANK=0

14=0
I6=1

CHOICE OF A NEw NEIGHBCUK KNCT
IF{I6.NEL1IGD TC 1§

TFLCRANK  NELOIGE TC 15
CRANK=CRANK+1
FFICRANK.LE.RANKIGE TC §

T~ O

RETURN TO CHOICE CF A NEw BASIC KaUT
TFLISWNEC1IGU TC 208
IFCI2.LE VL 2=12+1
208 13=0
To=2
GO 10 1
9 DO 1C I=1,CRAMNK
Hily=1
1C LITLT )=K~CRANK+]
11 DO 12 I=1,k
12 KNUTOEI=BKNCT(])
14 DD 214 1=14CRANK
J=11{1}
KNOT(J)=8KNCT LSI4STLEI®STEP( J)
lF((KNuT(Jl.LT.LlMITI(J)).DR.(KNOT(J).GT.LIMITZ(J)))GO 70 15
214 CURYINUE ‘
60 T0 19 .

PASSAGE TU A NEw NEIGHBCLR
15 I=Crank
lo SIL1¥=S1(1)+2
IE{STUINLLTL2.06GC TC 14
SI(I¥=-1,
1=]~1
TFUToNELOIGD Y0 16

L{1)+1
PyoLELLITCEYIGC TO 11
17 ' !
[ EC.0IGC 10 8

=EICI)+)




18

19
20

21

22
23
24

25

26

315

226

27

24
228

29

TECTICIY GT . LIE (I I)GE TC 1Y
JI=CRANK-1

DO 18 J=1,J1
FECavlr=1804)4]

GJ YO 11

CHECK IF KNGT HAS OCCUREC BRFURE
[7=1

IF(12.EU, 0060 TC 23,

DO 22 1=1,12

1SUM=0

Jl=K*([-11

DD 21 J=1,.K

J2=41¢J
R=(LIST(I2)~KNOT(I) I /STEE( )
IF(R LT, 0. R=-R

FF(R.LT.0D.1IGC TO 21 '
IF(R.GT,1.9)6C 10 22

ISUM=[SUM+]

CONTINUE

FECESUMLLEJRAMKIGE TC 24
CONTINUE

GU TO (25,411 17

GO TO (15,371, 17

ESTIMATION OF KACT
IF(T4.GELI31GC 10 26

la=144] :

GJ TO 1%

CALL EST(K+KNCT(RESULT}

la=l64]

IF{RESULTEx, 1160 TC 268

WRITE (6,315} RESULT s IKNCTIL) 4L=1,1)
FORMATL/,* KNCT wAS ESTIMATED BY HEGGEMOG. RESULT=%, 11/
1Y KNOT="', 1PEL 4.8y /06X 1PEL4.5) )
IF(RESULT.EC.1IGL YC 28

PLACE GCOU KNCT IN & LIST
J=K*]1

TF{J+KGTL10CCIG0 TG 24
DB 27 J=1,K

Ji=Je]

LISTOJL)=KKRCT LI}

Il=i1+}

TF{ISREL IV I6=2

I5=1

WRITING 1141J414,L1IST CN A TAPE
GO T0(228+3C) W15

CINTY=CINTY+1
IF(CINTYLLY.INTINGO TC 3¢
Kll=K%][}

REWIND 2

WRITELZ2YI1,02414
WRITEA2V(LIST I Y ol=14KIT}
STAPE=}

. ARETE(64318) 1412414

218

30

31
32

33

34
35

[aXaRal

36

a7
38

41

42

320

o ¢

100

1ol

112
103

FORMAT(' TAPE wAS REWKITTEN, I1=0 41540, 12=¢,15,*, 3=, 151
CINT1=0

PRINTING IlelzZols

CINT2=CINT2+1]

FFLCINT2.LTOINTZIGO TC 33

HRITE(6432) 11,12,14

FORMAT( Y T1=% 4 0545X01221415,5X:%13=%,15)
CINT2=0

GO TO 6

LIST OVERFLCW

HRITE(6435)

FORMAT(® TGO MARY KNCTS FOR A LIST. EXECUTION TERMINATED.Y)
RETURN

HEDGEHJG OPERATICN CN A KNOT FROM MUNTE-CARLO TECHNIOQUE
CHECK IF KNOT HAS OCCURED BEFURE

17=2

GN TO 20 .

HRITE(6538) 1 ,RESULT

FORMATL! RANDCM KAGT 1S AEIGHBOUR OF *,015,% KNUT ¢,
LYIN A LIST. RESULLT=%,]1)

60 10 100

IFIRESULTWEC.CIGL TC 226

DO 42 I=1,K

BKNOT (11=KNCTLT)

SI(1=-1

ARITE (643200 (BENCT (L) L=l oK)

FORMATL' BAD RANDGM KNCT WILL BE USED AS BKNUT®
1/7% BKNUT='41PEL4454/(7Xy1PEL4.5))

13=0

15=2

GJ TO 205

CHOICE OF NEw PCINT BY FCNYE~CARLO METHOOD

N1=N1+)

TFINYLLELNMAXIGEC TO 1C2

WRITE(641CH) AMAX

FORMATL® NUNMEER CF PANCCKF POINTS MORE THAN NMAX=Y,
LISy *e EXECUTICN TERMINATED.*}

RETURAN

DO 103 §1=1,K
PQ[NT(])=LXMI11(I)*(L|H[T?(Il*LIMITl(li)*FAOlAS(ll
TFINLLTONIGO TC LoOC




107

108
109
110

GO TO (1044+1C€,104,1C4,1C6)s ALG
CALL EST{KyPOINT,RESULT)
IF(RESULTLEC.1IGE TC 1C€O
WRITE(S6¢1C5) BLo(FCINTLI ) el=14K]
FORMAT(/Y. GGCD FCINT *415/(1PE14.5))
IFIALG.EQ.11GC T0 1CC

DO 107 I=14K
J=(POINTEI} =L INITILIVY/STEP(I}+0.5
R=J ’
KNOTOI)=LIMITI(T}¢STEFLTI*R

CALL ESTU{KKNCTLRESULT)
IFIRESULTLEC. 1160 TC 116
WRITE(A¢1C8) ML URNCTUL) ¢I=1 4K}
FORMAT(/* GGOC KNCT *,I547{1PE14.501
GO TO (100+10C+36+436426) 4 ALG

GO T0 (100+10C+264+1GC+10C) e ALG
RETURN

END
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SUMMARY

v The program described determines the Fourier amplitude and
phase spectra, and the group velocity of a dispersed seismic surface
wave signal (sampled at equal time intervals) as a function of frequency.
Group velocity, a dispersién_chaxacteristic; is produced by a multiple’
filtering technique. ‘ o ' Co o SRR

' The program contains an optioﬁ to generate and remove instrumental

effeCtS'fQT;WOfld-Widé'Standard'seismograph“Network'(WWSSN)vtypes of
instruments.’ _ : R _ S

1. . INTRODUCTION

The seismic surface waves generated‘by'earthquakes and -
explosions are usually strongly dispersed (see for example figure 1),
that is, the velocity at which the energy in the signal travels (the
group velocity) is a function of frequency. This dispersion has two " -
causes; . the major contribution is a geometrical dispersion effect. The .
amplitudes of the longer period surface waves decay more slowly with -
depth than do the amplitudes of the shorter period components; but. the
group velocity of a surface wave component depends ‘directly on the
velocity of propagation of shear and compressional waves; -these usually
increase with depth in the earth. So the group velocity for the longer
periods is usually greater than for shorter periods. If the wave - .
propagation is not perfectly elastic a further minor degree of dispersion
must exist as can. be shown from arguments of causality. : ’

, In analysing'surface'waves one of the most.important . -
determinations is the relationship between group velocity and frequency.
For example, from such a relationship it is possible to estimate the -
wave velocity, and therefore density, as a function of depth, for the
path followed by the surface waves between earthquake source and
receiver. Various visual methods are available for determining the group-
velocity curve but in recert years computer techniques have refined -~
these measurements and this report describes a program based on the -
method of Dziewonski et al. [1] which is an improvement on. Dziewonski's
original method.. C C ‘ . - R

The program was written as part of a study of the non-elastic
attenuation effects on Rayleigh surface waves, This requires the -
_ evaluation of the absolute amplitude spectrum, as well as the group
velocities, for a signal. A procedure to obtain the spectrum is thus
included in the program, Further, because the recorded signals are .
usually distorted by recording instruments the program includes.an
option to remove these effects when they are known. - '



2, OUTLINE OF THE METHOD

_ To make the analyses the signal is passed through a series of
narrow band-pass filters centred on different frequencies, The time when
the amplitude of the filtered signal is maximum for each of the filtered
records is then taken as the group arrival time of the group of
frequencies in the signal centred on the centre frequency of the. filter.,
Knowing the distance the signal has travelled from its source and the
origin time of the earthquake (or explosion) the group velocity of each
frequency can be computed. Group velocity, rather than the natural
group arrival time, is used as the dispersion characteristic because it
is independent of the distance between event and recording site, The
group velocity curve obtained from the signal of figure 1 is shown in
figure 5, An interesting feature of this curve is the extensive minimum
section which implies that many frequencies arrive at the same time; this
means that there will be a large amplitude spike in the time domain
and this 1s easily identified in the time series of flgure 1 (to the.
seismologist this is an Airy phase).

To analyse dispersion we are asking the question when does
eneryy of frequency f (Hz) arrive? To answer this we need a narrow
band-pass filter of mean frequency f and good joint frequency-time
resolution to filter the time series. In choosing a narrow band filter
a compromise must be made between a filter that is so narrow that the
filtered signal is smeared out and the maximum amplitude is thus
difficult to estimate in time, and a filter that is so wide that strong
frequency components that lie well away from the filter centre frequency
are nevertheless passed by the filter and possibly dominate the
filtered signal (thus producing a spurious arrival time). In this
program we follow Dziewonski et al. and use the Gaussian function as a
filter because it optimises these conditions. A set of such filters is
generated at different central frequencies; these are of constant Q
(the ratio of peak frequency to bandwidth) to ensure uniform resolution
for all £, For further discuqsion of optimum filter design see Inston

et al., [2].

: It is difficult to determine the maximum in each filtered’
signal even when the best filter is used because the filtered signal
oscillates about zero. However, it is possible to determine the envelope
to this oscillating signal by using the modulus of the analytic signal
function (see appendix C). In practice it is usual to contour the
envelope amplitudes as a function of group velocity and frequency. Such
contouring creates a 2-D matrix which tabulates instantaneous envelope
amplitudes as this function of group velocity and frequency.

_Figures 6, 7 and 8 illustrate the procedure. Figure 6(a) is the
signal generated by an atmospheric nuclear explosion at Novaya Zemlya,
USSR, and recorded by a long period, vertical component seismometer at
a WWSSN station at Kongsberg, Norway (a surface propagation distance of -
2522 km). The signal~-to-noise ratio is good for this record and it is
assumed that this will be so for any record to be analysed. The
dispersion in the signal is obvious visually and three frequencies, fr,
f1 and fy, are indicated. Scales of arrival time measured from the onset .
time of the event and the equivalent group velocity are shown below the
seismogram and it is clear from this that the group velocity of fy is about
3.2 km/s and for fy about 2.5 km/s.



Figure 6(e) shows the record after filtering with:raiGaussian :
filter centred on 0,033 Hz, the frequemcy of f., 6(f) is the Hilbert
transform of 6(e) -and 6(d) is the envelope of-%(e)_qbtainedﬁby forming
the modulus of the analytic function from the filtered trace:and-its... .
Hilbert transform. Similarly figure 7 shows the results of filtering:- .
the record with a filter centred on fy and the corresponding. envelope
~while figure 8 is-.the result for.fy. Picking the peaks -of .the three . .
envelopes gives a three point group ve1001ty/frequency relationship. of'

£y, 0.033 Hz - 3.17 km/s .
£ 0,051 Hz  2.64 kn/s
fy  0.088 Hz 2.55 kn/s:

Figure 4 shows envelope heights in db, (normalised.to 99-db) as the
matrix function of group veloecity and frequency.  The group velocity/
frequency curve stands out as a rldge on this plot. e

. To obtain the amplitude spectrum the orlginal seismogram 1s
Fourier transformed using a. procedure based on .the Cooley-Tukey.. o
algorithm (see appendices A and B). The amplitude and phase spectra of ,
the Kongsberg record are shown in figures 2 and 3. At this stage the
amplitude and phase response are uncorrected for the effects of the
recording instrument. Given the instrument response its effects can be, -
removed simply by dividing .the observed complex spectrum by the -
instrument spectrum.: As the signals we have analysed were: recorded .
principally at WWSSN stations the program contains an -option to generate
and remove the effects of WWSSN long period recording systems. Details.
of the instrument calibration pulse and instrument parameters are read
into the computer for each signal and this information is compared to. a
reference library of WWSSN instrument calibration pulses and parameters;
the -best match obtained is then used to generate the instrument response.
The subroutine for obtaining these WWSSN instrument calibrations is:
based on a simllar program written by J N Brune (see appendix E).

This program can be applied to other types of " 51gnal recorded .
by different instruments by inserting the relevant instrument transfer
function, The program has been written to facilitate this exchange and
the present instrument package may ea31ly be replaced by another, or
just omitted.

3. PROGRAM SPECIFICATION

5

The program is written in Fotrtran IV for the AWRE IBM 360/75.
When all the available options are included the required storage is
200k. Output is in the form of a paper printout and additional options .
are available for punched cards for the amplitude spectrum and group
velocities, SC4060 graphical output -and film. The maximum number of
digits in the time series signal is 1024, The maximum size which may be
requested for ‘the.group velocity/frequency matrix is- 120/120. .. -



4, DATA

The time series has to be in digital form, with a constant -
sampling interval. The time between the event origin time and the first
digit in the time series must be known, as must the distance between the
event and recording site., (In this version this distance is expressed o
in degrees, measured round the great circle of propagation on the Earth's
surface, and converted to kilometres within the program.)

3 PROGRAM PROCEDURE
5.1 Spectral analysis
5.1.1 Preparation for Fourier analysis

The parameter cards (section 5) which specify the operations
to be carried out and the digital time series, sampled at intervals of
DELA seconds, are read in. The time series -is stored in the array
SFIS(I), cosine tapered at both ends and fitted to a mean baseline to
.reduce the Gibbs' phenomenon, and eliminate "square wave' effects caused
by a time series superimposed onto a non-zero baseline. If required the
seismogram may be inverted and/or samples removed from the front.

The NSEIS data points of the digital time series are now set
to N points by adding zeros, where N = 2L+l and L is the first integer
which makes N 2 NSEIS. This condition is an intrinsic requirement of the
Cooley-Tukey algorithm used in the Fast Fourier Transform routine COOL;
the Fourier analysis procedure is then very rapid (4000 points in one
second) .,

5.1.2 " The Fourier analysis

Cosine and sine tranéforms are obtained using COOL and these
easily relate to the Fourier transform.

Harmonic frequencies are determined by the values of N and
sampling interval DELA.

The Nyquist frequency is defined as

1 ;
fNYQ = 576 = DiLa % .

the fundamental frequency is

fNYQ Ny
Df = eon Hz (NBY2 = 3) | | |

and the harmonic frequencies are

fi4,= 1 % DE (0 € 1 s NBY2).

These frequencies are stored in array FREQ(I). The transform of SEIS(I)
is stored in the complex array Z(I) (appendix B).



ey

Expressions for the amplitude and phase at:these frequencies
are given in appendix A. No information is obtained for frequencies
greater than fNY . The. amplitude and phase spectra obtained from the
Kongsberg record are shown in figures 2 and 3 AT -

5.1.3 Absolute values

If absolute values are required the: instrument transfer
function is formed by subroutine WWSSN and is stored in the complex
array P(I) (appendix E). The instrument effect is removed by divi31on

1at each frequency creating

Z(1)
P(I) *

Spectral amplitudes and phases are recalculated and the spectrum may be
smoothed if required This completes spectral analysis of the time
series, :

2' (1) =

5.2 Dispersion
'5.2.1 Preparation for filtering

The velocity of travel to the first, VSF, and last VSL
seismogram samples are computed and then the velocity to each digit in:
the time series is stored in the two-dimensional array TABLE (1,I)

(05 TIg * N). The velocity array covering the range of interest is created
and stored in VSTEP(I) by subtracting a chosen VSTEP from VSF, 'storing.

the result, and continuing until VSL is reached There must not be more
than 120 velocities.

5.2.2 The filter

Filter centre frequencies are chosen and stored in FREQC(I)..
These are chosen to correspond to a set of the harmonics selected at
regular intervals from FREQ(I). The two arrays, FREQ(I) and VSTEP(I),
specify the frequencies and group velocities for which instantaneous
envelope amplitudes will subsequently be stored in the 2-D dispersion
matrix,

The filter parameters BAND and DWF are used to shape the
Gaussian filter function. BAND is- dimensionless and. gives the relative
bandwidth for all ‘the filters used (to preserve constant Q), that is

FREQC(I) - Filter Low Frequency
FREQC(1)

and a typical value is BAND = 0.20. The value of DWF specifies the decay
rate, or roll-off, of the Gaussian filter. It is the ratio of the filter
maximum amplitude at its central frequency to its amplitude at its
lowest frequency, specified above by BAND. : :

BAND =

This filter is created by subroutine GAUSSA at the harmonic

‘frequencies FREQ(I), and is stored symmetrically in P(I) about FREQC(I).



5.2.3 ‘Response to the filter

The analytic signal at a particular frequency (ie, the envelope
" components of the filter response to the seismogram, at a particular'i_i
frequency) is formed by multiplication of 2'(1) and P(I), storing the
result in P'(I) and transforming to the time domain., The instantaneous
amplitude of the analytic signal is obtained by forming the modulus of '
P'(I) and storing the values in TABLE (2,1) (appendix C).

_ We now have the situation of figure 6 where for a particular .
filter centre frequency (which is the same as an harmonic of the Foufier
transform of the time series) we have two arrays - containing instantaneous
amplitudes of the analytic signal and the corresponding velocity

(obtained from arrival time). We are only interested in the selected
velocities VSTEP(I) and therefore interpolate between the values of

TABLE to obtain instantaneous amplitudes at the velocities of interest.
Results are stored in one column of the 2-D matrix E(I,J). ' ‘

The sequence of operations, starting at creation of the filter,
.is repeated for each frequency of interest and the results stored in
subsequent columns of E, which has a maximum size of 120 x 120
(appendix D). ' R

5.2.4  Group velocities

The maximum value of E is determined and set to 99 db; all
other values of E being scaled relatively to give the matrix of figure 4,
For each frequency of filter analysis, ie, ‘FREQC(I), the maximum value
of the relevant column of E is obtained and the corresponding velocity
is the group velocity (velocity of the maximum energy content at each 1
frequency) . ; :
5.3 - Output

There is a comprehensive printout consisting of:-

(1) The input seismogram and ﬁarameteré.

(2) Spectral amplitudes and phases.

(3) Instrumental magnification and phase}i

(4) Spectral amplitudes and phases after instrument removal.

(5) The seismogram after:instrument removal.

(6) Filter information.

(7) Group velocity against-fréquency.

(8) -The 2-D matrix E of instantaneous analytic signal

amplitudes (in relative db) as a function of frequency.
and velocity (figure 4). S
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Also graphs [3] where relevant, on paper and film may:be . obtained and

the smoothed spectral amplitudes and the group velocities punched out.
The graphs: used for filgures 2, 3 and 5 are examples of this output.

6. PARAMETER CARDS

The data cards should be made- up‘as follows with formats as
specified in the listing of the program. The value +1 performs an option,
O onits it, where appropriate, oo :

S (1) An SC4060 card for graphics. .

(2) A block of 78 cards which are a reference library of
WWSSN -calibration pulses (appendix E).

The - remaining block of cards should be repeatéd as many times
as there are signals to be analysed. o

(1) TITLEA(I) -~ A title card with ‘columns. 73 < 80 containing
‘ an identiflcatlon label ~eg, DATA 001.

(2) GTANAM(I) Name of-recordiﬁgfstation.

DELTAD Distance in degrees between event and recording
.~ - - gtation, Program .uses 1° 'z 111l.1 km, '

MHOUR )

MIN - ) GMT origin time of event in hours, minutes

SEC ) and seconds,

MHRGMT Yoo i :

MINGMT - ) . GMT of first sample.

. SECGMT - ) =
NSEIS Number of samples in time series.
(3) 'DELA ' Sample interval in seconds.. '’

IVSELS " - Invert. the seismogram. N

NUMCUT Remove NUMCUT samples from the front of the

T © seismogram and correct the first sample time
by NUMCUT x DEILA. '

NBASE - - Correct the seismogram to a:mean baseline.

-NCOSTP Cosine taper NCOSTP points at:both:ends of

seismogram;
NCOMB -~ - Number of points:in the comb used to smooth

the Fourier amplitude spectrum. Set to an
even number, ° - - :



NAFLO

NINSTR

NUGRUP

NFLO

- NFHI

" NFSTEP

.~ BAND

- DWF

DV

=2
[}
]

(4)

=

G veol)ovs
0

=2
el
(%]

NP1

NP2

(5) FMT

(6) TITLEB

Index number of the frequency array FREQ(I)
referring to the lowest frequency of interest
in the amplitude spectrum. All frequencies
lower than NAFLO x Df are removed.

If this is set to 1 then remove the instrument

‘effect.

Calculate group velocities.

Index number for FREQ(I) referring to the
lowest frequency of interest, NFLO X Df,
for group velocity determination. Also

‘NFLO must be greater -than NAFLO.

Index number of the highest frequency of
interest for group velocity determination.

The interval between adjacent frequencies of
interest for group velocity determination is
NFSTEP x Df, Note filter central frequencies

* FREQC(I) are such that FREQC(IL) = FREQ(NFLO-1)

NFLO x Df etc.

Dimensionless, relative bandwidth of Gaussian
filter, :

Decay rate of Gaussian window function.

Velocity step along the seismogram. The
velocities to the first and last seismogram
samples, VSF and VSL, are known. This group
velocity range is divided into 120, or less,
values of group velocity by suitable choice
of DV, . '

Several graphs of the seismogram, amplitude,

phase, instrument response and group velocity
are available. These are described in detail

in the program listing. '

Punch out the smoothed amplitude/frequency
spectrum of the seismogram.

Punch out the group velocity/frequency curve.

Read in the variable format used to input the
seismogram,

Cards 6 and 7 if, and only if, NINSIR = 1.

A title card for the instrumentation data.

10



(n. This card contains measurements from the
WWSSN calibration P pulse and WWSSN seismometer
constants. If required, a full description
of these parameters is in the program listing.

o (8) SEIS(I) : The digital time series in format FMT
‘jcontaining NSEIS points and sampled every
'EDELA seconds.
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FIGURE 1., A SEISMIC RAYLEIGH WAVE FROM NOVAYA ZEMLYA WHICH WAS
RECORDED AT KONGSBERG, NORWAY (DISTANCE IS 2522 km)
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FICURE 4. THE MATRIX E AND THE SELECTED GROUP VELOCITY CURVE

(KONGSBERG RECORD)
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(a) The seismogram .

fI
s i .
T SR I T T 1- (b) its arrival
toa0920.  Muanazo o Larze. 0 Taas20 41790 - Eitie-scale
e and
km/s 3.17 km/s : l (¢) the related
| I ' | velocity

4.081 3,083 2.477 2,071 ¢ L7 geale

The envelope’
of the filter
response to
the seismogram

the filter
response,
x(t), to the
seismogram
and

R (f) the Hilbert
e e e e - transform of

. -The:difference between (e){and (f) is a quarter
u wavelength advance, The envelope A(t) is

formed from the modulus of (e) and (f) and this
) envelope shown in (d) forms one column of the
. v “ “ matrix E,

FIGURE 6. A GROUP VELOCITY DETERMINATION FOR A LOWER FREQUENCY
(fL = 0,033 Hz) N




2.64 km/s o : (a) The
'km/s ' l " o ' velocity

Losl  a.083 S 2am 2,00 17719  scale

(b) The :
instantaneous
envelope

(c) The filter
.- response
- x(t) and

(d) its
~ Hilbert
.transform

' The envelope peak has moved on through
the selsmogram range of velocities,
showing dispersion.

FIGURE 7. A GROUP VELOCITY DETERMINATION FOR AN_INTERMEDIATE
“FREQUENCY (fI = 0,051 Hz)
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km/s 2.55 km/s » .
| | L » ] 1
4,081 3,083 2.477 92,071 1,779

_ FIGURE 8. A GROUP VELOCITY DETERMINATION FOR A HIGHER FREQUENCY (fH = 0.088 |
FIGURES 7 AND 8 GIVE SIMILAR GROUP VELOCITIES BECAUSE THERS 18 A Mii?ﬁum
TURNING POINT IN THE DISPERSION CURVE, FIGURE 5 (AN AIRY PHASE IN THE TIME DOMAT
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APPENDIX A

‘ COSINUSOIDAL AND COHPLEX TRANSFORMS

Al. CONTINUOUS, PERIODIC DATA

If the function x(t) is periodic (period = T, frequency = Df)
then it maybe expressed as the Fourier series

a ®
x(t) ==+ ] (aj cos 2mjDft + by sin 2miDft)
j=1
o.ono(Al)
s T/2 _
aj = ',I,‘ I X(t) cos ZTle)ftdt j =1 tenee ®
. . =T/2 ' . -

and similarly bs. Orthogonality of cosinusoidsAeasily glves the
coefficients aj, b..

In the frequency domain discrete line. spectral amplitudes, A,
and phase, ¢, are given by

2 2y2
] }ij_ ) .....(AZ)
¢35 = tan=" (= ) _)
at_‘_f‘j‘=jfo
A2, COMPLEX REPRESENTATION

De Moivre's theorem allows us to use, a, complex representation
for (Al) since :

elP® = cos po + i sin p6 (integer p)if{ R V%))

where Ciy =5 (aj.: bj),
or alternatively

Cy(£g) = 7 (ay(fy) = sign (Epby(E)

therefore
T2 : RS
G =g fox@etamieae, v way
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A3, CONTINUOUS, NON-PERIODIC, TRANSIENT DATA

The traditional step is to allow the fundamental period to tend
to infinity and produce a Fourier transform pair. The coefficients
Cj(fj) become the continuous functional X(f) and fj+ - fj + 0, The
Fourier transform pair to be used here may be obtained as o

X(£) = [ x(t)e-i?ritae L L.l (Aba)

-00

W) = [ xpeErfag, L b
An important consequence of equation (A3) is that
(éipe)* = g=ip6
and if x(t) is wholly real in equations (A4) and (A§a) it folléws that
X*(£) = X(-£)
and therefore values of the funcﬁipnal X(f) are dependently related
about £ = 0, and concern over calculations for negative frequencies is

reducgd..

A4, DISCRETE DATA OF FINITE LENGTH

We have the time series x(t) sampled at N points giving the
values x, (n = 0 +seos N = 1), There is a constant time interval Dt
between adjacent values of xn and adapting equation (Aba) gives

N-1
X(£5) = Dt [ x e izmEymbe. veoes (A6)
n=0 :

It is apparent that X(f) now assumes discrete values at the frequencies
£5(Eq]<) e

Expanding (A6)

N-1
X(f4) =Dt ) %p(cos 2rfynDt - 1 sin Zw%jnDt)
n=0 J
and therefore

N-l

Cop(f5) = |sign(£)||Dt ] xn cos 2mijmdt
a=0 - -
Nl |

SSp(fj) = gign (fJ) Dt z Xp sin Zﬂ%j’nl)t
n=0 i

%
and again if x, is real then X (fj)= X(—fj).
The values of Csp(fj) and Ssp(f;) must be evaluated at discrete

frequencies fj. For maximum information ffom the data, of length T,
use '
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f.=jfo=i=.—i—.—. v Ijls%
and

Frvp = e

NYQ ~ 77x Dt
is the highest frequency, the Nyquist, which can be discriminated in the
‘data, If no frequencies greater than fNYQ are present in the continuous
series x(t) then the above procedure exactly represents x(t) for all t,

even though it was only sampled at times nDt,

The new expressions for amplitude and phase, which should be
compared to equations (A2), are

Ay = (Csp? + Sspz)% )
. )
9y = tan-! (- sign (f) %2%) ; vosea (A7)
at f£5 = 3 x Df, )

It is worth noting that the dimensions of spectral amplitudes A are
length x time, eg, micron seconds.
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* APPENDIX B '~

SCALING THE COOLEY-TUKEY CALCULATIONS AND THE SUBROﬁTINE.CObt
B1. SCALLNG |
Recursion formulae have been obtained which réduce:éomputétion

time for Fourier transforms considerably, For discrete data of finite .
length we have equation (A6) : . :

X(£4) = Dt ] x,e~iznfjmbDt

n=0
and since fj = 3?&%75{ we obtain
N-1 _ iZ2njn . . . N
X(£y) = Dt ] xpe” N I3l = 3
n=0

Computational algoxithms of the Cooley-Tukey type are derived from
gseries of the type

N-1 _iZ2njn ‘
Zj = 20 Yne N ’ . ooooo(BZ)
n=

where Zj and Y are complex [4].

For machine computation equation (B2) gives results which are
not unit dependent because the scale factor Dt has been omitted,
Similarly on the reverse transform the factor Df is omitted. To obtain

absolute values after applying COOL to the complex array Z(I):-

(1) Time to frequency, scale factor is Dt(Dt = DELA)
| 2'(1) = Z(I) x DELA.

(2) Frequency to time, scale fdactor is Df = 1/NDt

o Z(D)
z'(1) = §¥x priA °

B2.  SUBROUTINE COOL.

The digital time series X, must have N points where N is some
power of 2, that is, N = 2L, An extra power of 2, as in this program,
ensures that convolution formed by multiplication of two transforms
in the frequency domain gives accurate values over the time domain
range of interest [5]. Also x, is stored in the real part of a complex
array Z. The Fortran statement CALL COOL (L, Z, +1) performs the direct
transform. On return from this call the storage in Z isi-

(1) ReZ contains the cosine sPectfum, Csp(fj).

(2) 1ImZ contains the sine spectrum SSp(fj).
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Also Z(1l) contains the dc component to be set to zero. The components
are folded about the array index number (N/2) + 1, NBY2Pl, so that

Z (NBY2P1 + I) = Z™(NBY2PI-I)

for I =0 ,,. (N/2) - 1, Therefore the cosine spectrum is reflected
symmetrically and the sine spectrum antisymmetrically. This creates
negative frequency components in stores NBY2P1 + 1 to N of Z(I)..v.
Amplitude and phase are given by equation (A7). ,

Reverse transforms would be formed by storing components as
they are obtained above, but calling COOL with ~1,0 replacing +1.0, The
time series is then returned in ReZ(I) [5].
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APPENDIX C

THE ANALYTIC SIGNAL FOR "ENVELOPE" DETERMINATION

Cl.. ENVELOPE DEFINITION

1t is difficult to define the envelope to: an.oscillating
signal because the envelope only occasionally touches the signal and
may be poprly defined between contacts.

For the real function x(t) consider the complexffuﬁction &(t)

() = x(t) - inx(t),

where H is an operator representing the Hilbert transform. If these . ..
functions have a mean'frequency'f them - - R R T

x(t) = A(t)ei2rft,

where A(t) is complex. We may now define‘the instanténeoﬁs ampiitﬁde;:wz-
of our exactly defined envelope as lA(t)‘ [6].

Cc2.. FREQUENCY COMPONENTS OF THE ENVELOPE

Consider the Fourier transforms of x(t) and Hx(t); F is the
Fourier operatori-

Fx(t) = A(w) + 1 sign (w)B(w) (w = 2nf)

]

FHx(t) = 1 sign (w)Fx(t)

i sign (w) (A(w) + 1 sign (w)B(W))

-B(w) + 1 sign (w)A(W)
The Fourier transform of the analytic signal has components:-
Fa(t) = Fx(t) - 1FHx(t)
= A(w) + i sign w)B(w) + iB(w) + sign (w)A(w)
_ 2(AG) + iBG) ) w> 0
0 -'; w< 0.

The components of the analytic signal are zero at all negative
frequencies and twice the value of the Fourier components of the time

 signal for positive frequencies.

c3. COMPUTATION

Instantaneous amplitudes of the analytic signal are now
easily calculated:-
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(1) Calculate the Fourier transform of x(t), obtaining the
complex array Z(w).

(2) Set the negative frequency components of Z to zero (ie,
those with array indices greater than NBY2P1 up. to N).

(3) Calculate the inverse Fourier transform of Z and hence
revert to the time domain obtaining %(t), which is complex,

(4) Calculate instantaneous amplitudes of the envelope,
'|A(t)|, where

IACE)| = (x(£)2 + (Hx(t))2)3.

Note: ' The maximum value of IA(t)l is used to determine the group.
velocity at frequency f for which A(t) has been obtained. The values
of |A(t)| for a particular filter frequency are stored in one column
of the matrix E. Figures 6, 7 and 8 each show the use of this

envelope for group velocity determination and how the envelope relates
to its two components,
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APPENDIX D

MULTIPLE WINDOW FILTERING IN THE FREQUENCY DOMAIN TO DETERMINE
DISPERSION ’

Dl. MULTIPLE FILTERING

A set of r passband filters of constant Q, that is, the ratio
peak frequency to bandwidth is constant, and different centre peak
frequencies £i(1 s j ¢ r), is chosen. Therefore each filter "yindows"
a certain passband of the frequency spectrum [1].

Windowing the frequency spectrum of the time series around
chosen frequencies allows us to measure signal amplitude as a function
of both frequency and time of arrival of energy at that frequency. Time
of arrival is easily related to a secondary quantity = group velocity -
which is independent of the event to recording station separation, There
are p values of group velocity, uj(l < 1 p). We have a two-dimensional,
p x r, matrix E(u,f) and chose the group velocity at frequency £,
out of the p possible values uj, to be such that E(ui,f-) is the

maximum value of the column E(u,fs). This is done for all frequencies:
f; to obtain the group velocity curve u(f{) (L € j s r). This process ..
is illustrated in the sequence of figures 6, 7 and 8 and the results .
are summarised by the matrix E in figure 4, '

D2. ~ THE FILTER

. The filter chosen must have good resolution in both domains;
we cannot sacrifice resolving power in one domain for improvement in
the other. The Caussian is chosen because for practical purposes the
product of its resolution in the two domains is maximum [2,71.

The multiple filters are constant Q of relative bandwidth
BAND. For the jth filter the upper and lower frequencies are:=-

£4U = (1 + BAND)fj
£5} = (1 # BAND) £,

The passband Gaussian filter for central freduency fj is

=0 ; f<fj1
f-f, 6 2
A "1 ) ,
Wy (E) - el fj) ) £31¢ £ 5 £50
)
=0 ) f>fju

where ALPHA determines the resolution or filter roll-off, The filter
roll-off is also specified by B where :
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W(f )

B = 1In ﬁﬂﬁ?TSJ
and therefore
_ B
® = BANpZ®

(The ratio W(f; /W(fg ) is read into the computer as the parameter DWF,
for example, D 0.) Each fllter wj(f) is chosen so that w(fj) = 1
at the central frequency.

The array of central frequencies fi chosen for the filters is
chosen to exactly correspond to harmonic frequencies obtained from the
Fourier analysis of the time series. This eliminates errors in previous
work which did not match these frequencies [1]. - :

D3, COMPUTATION

The Fourier transform of x(t) is contained in the complex
array Z(I), including the non-independent values for negative frequency
components. A particular windowing filter is fed into the complex array
P(I); this could be done for positive and negative frequency components.
For the filter centred at f; multiplication at each harmonic frequency :
achieves the required window filtering of the signal

Z'(1) = Z(I) x P(I)

and inverse Fourier transform of 2! (I) would give the filtered
seismogram at frequency f.. This would be an oscillating signal of
approximately mean frequeﬂcy fj, because for Wy (f) we have f = £
because the filter is symmetric about fj

Preferably we require the envelope, in the time domain, to
2'(1); this is obtained by setting the negative frequency components to
zero (appendix C)., This is simply accomplished by just storing the
filter in the positive frequency range of P(I) before multiplicatlon
and transformation (appendix B, section B2),
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APPENDIX E

- | | INSTRUMENTATLON PACKAGE

. » This is an adapted version of a program written by Brune. Full
o details will be found {n the Vesiac report [8]. It is only applicable
to long period WWSSH instruments.

1f the user wishes to consider an alternative instrument
response he should do the following:—-

(1) Remove the 78 card library of calibration pulses and
the subroutine SSLIBR which reads in this library.

(2) Rewrite subroutine WWSSN (TMCRNS) so that on return from
this subroutine the complex array P(I) contains the new
{nstrument transfer function. Also TMCRNS is the conversion
factor from one arbitrary unit of displacement for the time
geries to microns. '

(3) The parameter cards 7 and 8 must be altered or removed,
as appropriate for the new instrument.
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APPENDIX F

PROGRAM LISTING
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CARD 2.

CARD 3,

CARD 4,

CARD 5,

1. FUNDAMENTAL FREQUENCY IS = OF = 1/ (N*DELA)

2. FREQUENCY

HARMONIC FREQUENCIES.,

TS T e e e it " - = -

SIGNAL OF NSEI'S SAMFLES AT INTERVALS LELA SECONCS. NSEIS SET 10 . .
N WHERE N/2 GREATER THAN CR EQUAL TC NSEILS AND IS A POWER DF 2.

HARNCNICS ARE FREQ(I) = (I-1)#%CF

- et i -y - T S S b0 > o M P e ety

TO USE THIS PRCGRAN.

T e e - - —— = .

THE PARAMETER CARDS AND DATA SHCULT BE PUNCKEC AS FOLLOWS -

CARD 1. THE RELEVANT $C4060 CARC,

A 78 CARD LIBRARY GF WWSSA SEISMOMET ER CAL TBRAT ION PUL SES.

FCR¥AT(1CAB).

TI TLEA

"TITLE FCR THE CATA, IN COLUMNS 73-80 PUNCF AN

IDENTIFICATIGN LABEL E.GC. LCATA 001

FCRVMATIBAL JF12.5 412012 4F341,3X, 12y 12, F3.1, 3X, 110}

STANMNM

DELIAD

MHCLR
FIN

SEC

MHRGMT
MINGNMT
SECGMT

CNSEILS

NAME CF THE RECCRCING ST AT IGN.

DISTANCE IN DEGREES‘BETWEEN EVENT'ANﬁ RECOKDING
STATICN. FROGRAM USES ICEGREE = 111.]1 KMS.

HLURS. ' S
MINUTES, GMT CORIGIN TIME OF EVENT,
SECCNDSC . - . . R

HCUﬁSo '
MINUTES. GMT TIME OF FIRST SAMPLE,
SECCNDS. : =

NUNBER OF SAMPLES IN THE CIGITAL:TIME SERIES.
NCT MGRE THAN 2048,

FORMAT(F5,1,1115,3F5,2)

- "DELA

IVSET S

NUMCLTY

INTERVAL BETWEEN SANPLES (SECONLS).

'INVERT THE SIGNAL. (IFF IVSEIS = 1)

RENCVE NUNCUT SAMPLES FROM THE FRONT OF THE SIGNAL
AND CCRRECT THE FIRST SAMPLE T IME BY NUMCUT*DELA,
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NBASE

NCOSTP

NCOMB
NAFLE

NINSTR
NLGRUP

NFLC
NFH1
NF STEP

RAND
D W

DV

CCRRECT THE STGNAL TC A MEAN pASEL INE.
(IF NBASE = 1) '

CCSINE TAPER NCESTP . POINTS AT BOTH ENDS OF SIGNAL.

~ NUNBER CF PCINTS IN THE CCME ysEC 710 SMODTH THE

FCLRIER,ANPLITUDE SPECTRUM.vMUST BE EVEN. THE COMB
1S ADVANCED NCCMB/ 2 PCINTS THROUGHE THE sp EC TRUM

- FCR EACH SNCCTHING‘OPERATIUN.

I MOEX NG FCR THE FRECUENCYHARRAY FREQ(T) WHICH
RefFfFRS TC THE LCWEST FREQUENCYloF INTEREST 1IN THE
ANFLITUCE SPECTRUM. ALL FREGUENCIES LOWER THAN
FREC(NAFLC+1) = NAFLO*DF ARE REMOVED. ’

REMCVE THE INSTRUMENT RESPONSE. (1FF NINSTR = 1)
CALCLLATE GRCUP VELCCITIES. (IFF NUGRUP = 1)

I MDEX NC. FCR FREC(T) QEFERRING TO THE LOWEST
FREGUENCY CF INTEQESToNFLO*CFyFDR GROUP VELDCITY
DETEPNIBATICN. 1GNGRE FREQU ENCY FREQINFLO) AND
BELCW. NFLC MUST EE GREATER’TPAN NAFLO «

INCEX NCe fCR FREC(T) REFERRING 1O THE HIGHEST
FREGQUENCY of INTEREST,NFHI*UF,FUR GROUP VELOCITY
DETERMINATICN. IGNCRE FREGINFHT) ANE ABOVE.

thERVAL'EETNEEN ACJACENT FREQUENCIES FOR GROUP
VELCCITY BETERMINATIGN 1S NFSTEP*LF.

N.B. THESE ARE THE FILTER CENTRE FREQUENCIES FREQC
SLCH THAT FREGCI(LY = FREQ(NFLD+1) - NFLO*DF ETC.

DlFEhSiChLESSyREL&TIVE gANDW 1CTH OF GAUSS FILTER .
DECAY RATE GAUSSI&N‘FILTER HINDDNING FUNCTIQN.
VELCCITY STEP ALONG THE S IGNAL » yELOCITY 10 FIRST

SAMFLE = VSF,TC LAST G AMPLE = VSL s CHOD SE DV 10
DIVIDEvVSF—VSL INTC AT MOST 120 VALUES 0f VELOCITY

FCRFAT(lSIl,SX,ZIl) SELECTICN GF»GRAPHS AS OUTPUT.

NG1
NG 2
NG3
NG4

NG5

NGE

NG T

INPLT SIGMAL.

ADJLSTED SIGNAL PRICR T FOURIER ANALYSTS.
<pECTRAL AMPLITUDE / FREQUENCY (KLY,
SPECTRAL PHASE (RACIANS) / FREQUENCY (HL).

GE1 SNCMETER CALIERATION QULSE (WWSSN INSTRUMENT
RESPCNSE TO A STEP CF ACCEL ERAT IOND

I NSTRUNMENT RESPCNSE AMPLITUCE / FREQUENCY (K1),

I NSTRUMENT RESPCNSE PHASE'(RAESQ)'[ FREQUENCY (KZ)

33



L"ﬁﬁﬁnﬁﬂﬁﬁﬁﬂﬁﬁnﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

&;al()r‘)Cﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬂhﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

LA T

~

CARD 9,

NG 8

NGS
NGIC

NG11

NG12

NG13

NG14

NG15

NP1

NP2

N' Bc -

SIGNAL WITH INSTRUMENT EFFECT REMOVED,

SPECTRAL AMPLITUCE (MICRONS#*SECS) / FREQUENCY (HZ)

INSTRUMENT RESPCONSE REMCVEC,

SPECTRAL FPHASE (RACIANS) / FREQUENCY (kZ2).
IhSTRUMENT RESPCNSE REMOVED,

SFMCLTHED SPECTRAL AMPLITUDE / FREQUENCY (+2).
GRCUF VELCCITY (KNS/SEC)»/ FREQUENCY (k2),

GROLF VELCCITY (KMS/SEC) / PERICL ( SECONDS) .

CLNTCUR PLOT (AMPLITUCE CONTOURS AT sCB, INTERVALS

FCR THE GRCUP VELCCITY / FREQUENCY_MATRIX).
NCT LSED.

SELECTICN OF PUNCHEC CARDS AS OUTPLTY,

FUNCH QUT FREQUENCY / SMOOTHED AMPL ITUDE (2E15.7)h'

PLUS IDENTIFICATICN LABELS ANL A CARC COUNT.

‘PLhCH CUT FREQUENCY / CGRQUP VELGCITY IN (ZE15.7)

PLUS IDENTIFICATIGN LABELS AND A CARD COUNT.

THESE CPTICNS CMLY CARRIED ouTt WHEN THE GPTIDN
PARAMETER IS SET TO 1 E.G. NG5 = 1,

FORMAT{10AB)

FMT

CARDS 8

TITLER

FORMAT(10F5.1,22%,214)

Qi1
Q22
Q33
Q44
Q55
Q66

FNASS
G

CLR

DEFL

LABEL
NSCALE

VARIABLE FGRMAT USED TO INPUT THEFSIGNAL.

AND 9 GMITTED UNLESS NINSTR = 1,

. FCRMAT(1048)

TITLE CARC fFCR THE INSTRUMENT CATA.

TINE WHEN RISING PULSE IS 1/3 OF MAXIMUM FEIGHT.

TIME WHEN RISING PULSE IS 2/3 OF MAXIMUM KEIGHT.
TIME WHEN RISING PULSE IS AT MAX IMUM FEIGHT.
TINE WHEN FALLING PULSE IS 2/3 EvcC,

TIFME WHEN FALLING PULSE IS 173 €7cC.

TIME WHEN FALLING PULSE IS 1710 ETC.

SEISMCMETER MASS IN KGMS. ‘

SEISMCMETER MOTCR CONST ANTONEWTONS/MAMP ).
CALIBRATICN CURRENT (MAMP) .

MAXINUM HEIGHT OF CEFLECT ION(MM),

LABEL GOF PARTICUL AR SEISMOCRAPE CONCERNECD.
CHCICE CF TWC POSSIBLE SCALES WHICH CONVERT THE
MEASURED VALUES OF Q11 ETC. 'AND DEFL FROM
ARBITRARY UNITS INTQ SECONDS ANC MMS,
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N.B., -- RENCVAL CF THIS PARTICULAR INSTRUMENT PROBABLY
o CNLY RELEVANT TC MY WORK. REFERENCE IS VESIAC
- SPECTAL REPCRT NC. 4410-106=X *A TRANSIENT
TECHNM GUE FCR SEISMCGRAPH CAL IBRATION-MANUAL AND
STANDARD SET CF THECRET 1CAL TRANS IENT RESPONSES,?
AY ESPINCSA,SUTTCN ANC MILLER., (OCTOBER 1565).

NeBe. -~ THIS PARTICULAR INSTRUMENT IS EASILY REPLACED.
SEE YCYREPCURT.

wem——== CARDS 8 AND 9 CMITTECD UNLESS NINSTR = 1.

CARD1C., FCORMAT IS FMT.
SEIS  DIGITAL SIGNAL CATA. NOT MORE THAN 1024 POINTS.

CARDS 3 1C 10 REPEATED FCR ANY NUNBER OF SIGNALS.

COMMQN/CCI/Z(ZGéB?1CZER019(20483
’CGMMQN/CCZ/SEIS(2048)9FREG(1024)yﬁNF(lOZQ)'PHASE(1024)
COMMON/CC3/STANAP(8)yDELTbD,DELTA,CRIGTM,GMTSEC C
COMMON/CC4/NSEISqDELﬁyIVSEIS,NUMCUT9N8ASEyNCGST?yNCUMByNAFLO,
1 o BINSTR,BLGFUPQhFlﬁvNFHIyhFSTEP’B#NC,CWFvDV,NAFLDI
CDMMUN/CCS/NGI’5529h63yNGGyNG§1NGéoNG7,NGB,NGQ)NGlO,NGll)NGlZ,NGlB
1 9N514,NG159NF19N92 ' :
CGMMUNiCOb/TITLEA(20)1DATEyBLANKyT[TLEB(203
CGVMON/CC91Q1(78)9@2(78)9Q3(78’yQ4(7819Q5(783)Q6(78’,HH1(78)9HH2(7

IS),SSIGMA(?S),111(78),TTZ(?B)9FAC(783)BAyCAoDA,TFAC(78)

COMMDNIClC!GllyCZZy€33,C44'G55,be,F&ASS'GgCUR,CEFL,LABEL,NSCALE
COMPLEX 7C ZERC P ‘

REALX* 8 1{TLEAy‘lTLEB!DATE;DUNNY'ELAhK

DA TA DUMMY/' v/ ’

BLANK=DUNMNY

CALL SCLIBR

" CALL TIMER

CALL SSLIBR
CZERO;CNPLX(0.0,0.0)

CALL DATIN{DATE DUNFY) '
READ(S)lC'END=999)(TITLEA(I)'I=6715,

FORMAT{1CAB) v

PRINTY 2C,DATE ‘ : '
FORMAT(IHI1///,5?1‘5LRFACE WAVE'ANﬁLYS[S'|90X,A8)
PRINT 30 ‘

FORMAT(5 Xy tmmmommmmm == o= mm o oo e s 1,90y === 1/
PRINT 401(TITLEA(I)’I=6’15)

FURMAT(ZCX)IOABI/)
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CALL INPLTY

CALL TRACE1
IF(NINSTR.NE‘1.AND.BGII-hE.l.AND.NPl.NE.l) GO TO 50
CALL TRACE2 - ’

IFINUGRUP.NE.1) &L 1C 60

CALL UGRUP

CALL ADVFLM(3)
CALL ENDFWE

CALL TIMER

GO 10 1C¢

CALL FINI SH

END

SIBROLTINE  SSLIBR

READS IN LIBRARY CF %wSSN CALIBRATICN PULSE PARAMETERS.
SEE VE SIAC REPCRT.

CDMMON/CCQ/C1(78),C2(78),63(783vQ4(783pG5(78)9Q6(78)9HH1(7831HH2(7
18),SSIGMA(78),Til(78),TT2(78§yFAC(?B!yBA,CA,DA,TFAC(78) ‘
DO 1 I=1,78 , .
READ 2;Q1(I)1€2(I’oCB(I)vQ4(I)yC5(I)’Q6(I)vHH1(I)vHHZII)ySSIGMA(f)
1y TTICDI) 3 TT2(1) oFAC(I) yBALCAYDA,TFAC(I)

FORMAT(16F5,.1)

FAC (1) =(FAC(I)*DA) /(BA%XCA) /2.0

CONTINUE

RE TLRN

END :

SWBROLTINME INPLY

READS IN INPUT PARAMETER CPTIGNS ANE THE INPUT SIGNAL,

COMMON/CC2/SEI S{2048)

CDMMDN/CC3/5TANAN(8),DELTAO,DELTA,CF[GTM,GMTSEC E
COMMGN/CC4/NSEISyDELAyIVSEIS1NU~CUT7NBASE,NCQSTP;NCGMBQNAFLO;

1 NIhSTRy“UGRUP,hFLC,NFHI,hFSTEPpBAND,CHF:DV,NAFLOI
COMMUN/CCS/KGI:“QZ9ﬁG31NG41hG59hGéyNG71NG8'NEQvNGIO:NGllyNG121NGI3
1 1NG14 4 NG15 4 NE1 gNP2 .
EGMMON/CCé/TIYLEA(ZO)90ATE,E£ANK'TITLEB(203 C
CONMUN/ClO/Qll’CZZ,C339§44vQ559Q661FMASS,GyCUR,EEFL,LABEL,NSCALEv
DIMENSIGN FNMT(10) : ' o
REAL*8 TI TLEA,TITLEB,FMT 4BLANK,CATE

READ 10,STANAN,DELTAB,MHCUR,EIN,SEC,MHRGMT,MINGMT,SECGMTyNSEIS
FBRMAT(BAIyF12.51121129F3.113X9129129F3.173X,1103'

READ 20, DELAsIVSEIS,NUMCUT,NBASE,NCOSTP,NCOMB,NAFLD,NINSTR;
INUWGRUP y NFLC yNFHI yNFSTEP yBANDy DWFy CV , :
FORMATI(FS,1,41115,3F5,2) ' :
ORIGTM=36GG.O*FtEA?(FHGUP)+60.0*FLGAT(MIN)+SEC : :
GMTSEC=36CC.O*FLCAT(NHRGNT)+60.0*FLC6T(MINGMT)+SECGMT
GMTLO=Cs2%6C. CXDELTAD+GRIGTM - :

GMTHI =1, C*6Cs C*XDELTAD+CRIGTN

TF(GMTSECGE.GMTLC. ANDLGNTSEC.LE. CNTHI) GO TO 30

PRINT 25 '

FORMAT(1CX,'FALLED TINME TEST?)

DELTA=DELTAD*111.1

PRINT 4CySTANAMDELTAC,DELTA,MHOUR ,MIN + SEC y ORIGTM,
1 MHRGMT » MINGMT, SECGMT, GMTSEC
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INUGRUP yNFLC yNFHI y NFSTEP ,BAND CWF, LV

PRI I B SRS By

1

1

1

1

1

1

S EORMATCAZ/1CX 9" STATICNT NANE IS 'y 8ALy

5 [E TN
S

L ex 101 STANCE CF RECORDING STATION FROM EPICENTRE 'y F1C.

‘: 5,2X,‘DEGREES',3X"CR"3XgFl@.QﬁlXi}K]LﬁMEIB&S?# AE

J//1LCXy"CRIGIN TIME CF EVENT 136Xy 12y 1X 9 P HOURS 8y 2Xy 125 1 X,
TNMINS? 43X oF4e1 91 Xy SECS" 910Xy * CIN SECONECS) = *y F11.2y

J/1CX,¥GNT TIME: CF FIRSY SANFLE %95 2Xy 129 1Xy YHOURS*9 32Xy L2,
IX,‘NINE‘,3XWF4}1le}'SE£5f410Xy'(IN'SECONDS{“=y'.F11.31

PR[NTSC,NSEIS,DELA,IVSEIS,NUNCUT,hEbSE,NCGSTP,NCOMB,NAFLOrNINSTR,

EORMAT(//7/1CX,%NSELS = ?,15,10X,*CELA = = L F6.2y IXy PIVSELIS = ¥,
15,10X,*NUNMCUT = %, 15 -y - =
J/LCX 9 "NBASE = ' ,I5,10X, ' NCCSTF = 1,15 5 10X, *NCOMB = *,
!5910)(,’\\]“:[.& = 'yIS ] v
J/LCXy*NINSTR = ' ,I5,10X,* NUGRUP = ¢y 15 7 4 10Xy 'NFLD = 9,
I5 leXy'NFH.I om Yy IS5 . e
JJLCX Y NFSTEF = *415,10X," BAND = 3, F6.2y 9Xo 'OWF . = %
Fbe2y IXN,'LV = Yy F6.2)

READ 60,N01,st;ncs,hsq,wcs,Ncb,Ne7,NGa;&cq,melo,meil,Nélg,Ncla;

NG144NG15 o NFL1yNP2

FORMAT{15I1,5X%,211) el
PRINTTO yNGL 1NG2 sNG3 o NG y NG5 s NGO sNGT 1 NCBy NG NG10y NE11,NC L2y NG 12y

NG14yNG15 o NP1y NP2 : :

FORMAT(///1CXo*GRAFH AND PUNCH SELECTION',

710X s511 31 Xy511 91 %s51192%X,211)

READ 8C,FNT Ll
PRINTGCENY o 0

FORMATULOASY - « - oo .0 o im vy
FORMAT(//71CXx,7IAFLT FCRNAT IS *,1048)

IF(NINSTR.,EQ. G} GC TC 110 ,

READ 80, (TITLEBI(I) 4I=6,15) L
READ 100,Q11+022 1633 1G4% (55 ,Q66 9 FMASS, Gy CURy DEFL LABEL,NSCALE
FORMAT(1CF5.1 422X%+214) s
READ FMT,(SEL SUI),1=14NSELS)

PRINT 12C,{SEIS(I) I=1,NSEIS)

FORMAT(1H1//710%,"SEISMCGRAN GRIGINAL CATAY,

RE TURN
END

/74y{1X512F10.0))

SLBROLTINE TRACE]

PREPARES THE SIGNAL F(R.F&UQJER AhALy5Ls,ANE;FQURth;ANALVSEs 1.

CCMMUN/GRFF/IITLE(ZO)9XNAX,XMIN,YVAX,YMIN,INCX,INEYyIND,ICDT'

ANST?IsIF,XLINIT,YLIMXT,SCALX,SCALY'_ -

CCMMON/CC1/212048) 4C2ERC e S
CCMMDN/CGZ/SEIS(ZOQB)yFREC(lOZ#),ﬁMF(1024},PhASE(IOZQJ
CGMMON/CCB/STANAM(S)vDELTADyDELTAyGRIGTMyGMTSEC
CGMMON/CC4/ASEIS,DELb,!VSEIS,NUNCUT,NBASE,NCOSTP,NCD&E,NAFLO,

NI NSTR s NUGRUP s NFLC s NFHI, NFST EPy BAND, CW.Fy DV NAFLO 1

yNG14 4 NG15 s NP1 4 NP2

COMMON/CC5 /NG s NG2 3 NG3 s NG4 o NG5 9 NG+ NGTy NGBy NG9y NE1C,NE11yNG12sNG13

CCMMON/CC6H/ VI TLEA(20) 4DATE,ELANK
EOMMON/CC7/N:NB\2qhBYZPIqNPCNZyFNYG,DF

DIMENSI ON ATI TLE(20) ,BTITLE(20),CTITLE(20) PR :
REAL%x8 TI1[E9ATITLEyBTITLE,CTITLE,TITLEAyTYPEMN,TYPEiBLﬂNK;BAIE

COMPLEX Z,CZERQ
DATA ATIYLE/!

SECCAES . - f5§§£§§M0§RAM AF
23 L R
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1TER ANY ADJLSTNEATS INMEDIATFLY PRICR TG TRANSFORMING BY- FGURIER.»

2 Y/

DATA BTITLE/'FREGLENC Y- (HZ) ’ AMPL[TUEE ‘ . AMPLITUDE / E -
IREQUENCY (HZ) FCR. ADJUSTEC SEISMOGRAM, :

5 vy .

NDATA CTITLEI’FRECLEACY (HZ) PHASE (RﬁClANS) PHASE (RADIAN .

1) / FREQUENCY (HZ) FCR ADJUSTED SEISMGGRAM._

2

DATA TYPEMN/'MEAN v/
ATITLE(16)=DA1E
BIITLE{16)=DATE

CTITLE (16)=DAIE

SET UP N

NTE ST=NSET S=NUNMCLT -
IF(NTE€T.61.2C48) CALL EXIT
N=2

IF(NTEST.LE.N) GC TC 20

- N=2%N

GO 10 1¢C

N=2#N |

IF{N.GT«2C48) CALL EXIT

CALL POWIN, NBYZ,NBYZFI;NF(NZ)

FNYQ=1.C/1{2.0%DELA)

DE=FNYQ/FLCAT(NBY2)

PRINT 3C,4N, ABYZ,hBYZFlthiWZyFNYGoCF : :
FURMA](//’ICX)"\ = 115 QSXy'f\BYZ = ,[5'5X"NBY2PI = .’ I5,5X’

1 INPOW2 = $4I5,5X9"FNYQ = " ,F9,595Xy*LF = *,FG.6,/)

FREQ(1)=C.C

DO 4C [=2,ABY2
FREQ(I) =FREG(I~1)+DF
CONTINUE

IF(NG1.NE.1) GC 1C 7C
DO 50 I=1,5
TITLEA (1) =BLANK
CCNTINLE
TITLEA (3) =ATI TLE (3)
DO 6C 1=17,20
TITLEA (1) =BLANK
CONTINLE

TITLEA (169 =DA 1E

CALL TIMSER(TITLEA,SEISyNSEIS,LELA,3)

IF{IVSET SeNE.1) GC TC 85
DO EC T=14NSETS

SET S({I)=-1.C*xSEIS(I)
CONTINLE

IF(NUMCLT.EG. O) GC TC 95

NSEI S=NSEI S=MUMCLT

GMYSEC GM1‘EC+FLGAT(hUMCUT)*GELA
DO 9C I=1,NSEIS

J=I+NUMC LT

SETS(I)=SEI $(J)

CONTINLUE

IFI{NBASE.EQ.0) GC T1C 100

CIF(NBASE.EC.1) TYPE=TYPENN

IPl1=0
CALL BASE (SEI SyNSEISHTYPE,IPL)
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:AIFLNCOSTP.EQ;O) GC TC 110 .

PI=4.0*A1AN(1¢O)

CALL NPCSTP(SEIS,hSEISyKCCSTP'lyﬁl)

NSESPL=NSEL &1
po 12¢C 1=NSESPL N
el S{1)=C.C =
CONTINUE

[EANG 24 NEw1) 6T TC 130

ﬂCALtCTINSER(A]IXLE,SE154A,&ELA13)
FOURIER TRANSFCRYM CF SIGMAL. :
CALL ZRLGAD(NosErﬂfl’ : :

CALL COCL(NPCM2921+1.QI.'

EILTER OLT LT £RECUENLES UP TC NAFLO#DF.

1F(NAFL€¢£Q.O):AAEL£=1 -
DO 140 [=1yMFLC

RS G IERD

14¢

1£C
17¢C
1€C

15C

2e¢

AMp(1¥=C.C
PHA SE(1)=CeC
CONTINUE .7

NAFL01=NAFLG+1

Do 150 [=NAFLCL NBY2
Z(I)=DELA*Z(I)
AMP(I)=CABS(7(!))
XA=—1.C*AIEAG(Z(I))

xg =REAL (Z (1))
IF(XA.EQ.C.C.ﬁR.XB.EC.0.0) GC TC 145
PHASE(1)=A1AN2()AyXBi
60 10 15C

pHA SE(11=C.C

CONTINLE -
CALL FILLLP(NBYZFl,Z)

IF ING3.NE. 1y 6C 1C 170
po 160.1=1,20 P
TITLE(I‘=BTITLE(I)
CONTINUE

CALL CARGRF(FREC;ANP,NBYz)

1F (NG4.s NE. 1) GC 1C 190

po 18C 1=1,20

TITLE(I)=C111LE(I)

CONTINUE

CALL DRUN(NBYZ,FHASE)

CALL CARG?F(FREG,PHASE,NBYZS
IF(NGB.NE.l.AND.hG#.NE.I) GC TC 210

PRINT ZCOo(l'FREG(I),AMPll),PHASE(I);I=NAFL01¢NBY2,10)

FORMAT(IHl///BXy'SEISFCG?AM SPECTRUM! ¢

_ //yZ(BX,'FﬂECLENCY’16Xy'ANPLITUDE'
2 I/y2(15,3E15.7))
RE TURN

END
SLBROLTINE TRACE2
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REMOVES THE INSTRUMENT EFFECT CALCULATEC BY SUBROUTINE WWSSN 'AND
SMODTHS THE SPECTRAL AMPLITUDE / FREQU ENCY GRAPH« I

PR

ceMMnN/GRFF/IIILEIZO),xvﬂx,xMIN.vwnx,vMIN,INDx,lch,ING,ICOT,
1 ANS?RIyIFyXLIMlT;YLlMITySCALXySCALY : Co
'chMnN/cc1/2(20481,CZERC,thoaa) - co
COMMON/c02/SEIS(20483,FREQ(10243,AMP(1024).9HASE(1024)
COMMON/CC3 /STANAM(8) ,DELTAD S
COMMON/CCé/NSEIS,DELAyIVSEISyNU%CUT,NBASE,NCUSTP,NCOMB,NAFLO,
1 AINSTR,ALGRUP,NFLU,NFHI9NFSTEP,BANB{CWF,DVyNAFLOl
CGMMGN/ccs;Asl,hcz,hea,nc4;hcs,Neb,NcT,Nce.NG9,N510,N611;N612.N613
1 1NG14 yNG15 4NPL NP2 . - S A ’
CCMMON/CC&/T!TLEA(ZO)yDATEsELAhK,TITLEE(ZO)
COMMON/CC?INyABVZ;NBYZPl,APGWZyFNYQ{DF o

DIMENSICN AIIILE(ZO),7111(5);T[72(5)'?- R

REAL* 8 DATEyBLAhK'Y!TLEA,TITtEByﬁTITLEyTIleTITZyTITLE

COMPLE X 7,C 2ERC,P : ~

DATA ATITLE 4 SECCNCS A : SEISMOGRAM W]
1TH EFFECT CF SEISMCMETER REMCVECL, .

z vy . '

DA TA TITL/'FREQLENCY (H7) ~ AMPUMICRCGN*SECS)1/

DATA TIT12/'PHASE {RACIANS) AMPLITDEAMP-MAGNIFCATIDN'/ o
TITLE(16) =DATE ' R C

DO 1C 1=),N

PI)=C 2ERC

SEIS(I)=C,0

CONTINUE

DN 20 I=6,15

TITLE (1) =TI TLEA (1)

CONTINUE

IF (NINSTR.NEL1) GC TC 175

CALL WhESSN{TINMCRMS)

DO 30 1=6,15

TITLE(I) =TI TLEA (1)

CONTINUE |

DO 8C T=NAFLO1,MNBY2 : R S
IF(REAL(P(I)).EC.0.0.ANG.AINAG(P(I)).EQ.0.0}-GO‘TD'40
ZAL)=Z(1)/P(I) : R '

GO 10 5¢

Z(1)=C 7ERC

AMP(I)=T#CRNS*CABS(Z(I))

XA ==1, CXATINAG (2{1))

XB=REAL{Z2(1)) . ' : o -
IF(XAoFQo Ce Co ERO XBOECOOOO’ GC TC 60 Ck S

PHA SE (1) =ATAN2 (XA, XB) ' o '
GO 10 8¢C

PHASE(L)=C, ,

ORINT TCyl 9 XA 4 %8 o

FORMAY(//ICX115,2F1035)

CONTINLE -

CALL FILLLPINBY2PL 42}

[F(NG8.NEL1) GC TC 130

DO SO I=1,NBY2

PLI)=TMCRAS%Z (1)

CONTINUE

CALL FILLLPINBY2PL,P)

CALL COOL(NPOW2 4P y~1.0) ‘ ’ :
DO 100 1=1,N ' )
PI)=P (1) /{DE LAXFLCAT (N))

SEIS(I) =REAL(P(1))
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1¢C

11C

1€C.

" 1€
17¢

2¢%C
26C

217C

2€C

CONTINUE
PRINT 11CylSEISl1\yl=1,NSEIS)

FOR&AT(1H1/I/10¥9‘SEISMCGQAM W1THCOUT INSTRUMENT lMlCRUNS)'yII,

1¥v12F10.3))

120 1=11>»
ﬁII‘LF(l)=BLAhK
CONTINUE
{F=3

cALL TiMSER(A111tE,SEIS,h,DELA,IF)

po 14C [=145

TlTLF(I)=1111(I)

¢ ONTINUE

IF(NGQ.NE.&) GC 1C 160

NM:NBYZ¢NAFtCl : _ , _
CALL CARGRF(FREC(FAFLCI%,bNF&hAFLCl),NM)
‘lF(NGlc.NE.l) GG 1C 165

111LE(4»=111211)

111LE(5)=1112123

SE) o
CALL CARGRF(FREQ(hAFLCl),PHASE(&AFLCl),NM) : .
RINT 17C,(1,FREQ(K!,AM?(I)yPHASE(l%yI=NAFL01qNEY2v10)
N

iF(NGll.NE.l.AND.hFl.hE.l) ¢t TC 280
NSH{FT=NCCMBIZ

INDF =1 . : :
CALL SMGGWH(AVP'FREthBYZgNCENB,NSHlFT,KNFL,!NDF)

! . 1
FORMAT(IHI/SX.’SPCCTHED pNpLITUCE SPECTRUM',
1 //vB(BX"FRECUENCY',6Xy'AMPt{IUDE'yBXl,

TITLE(#3=1112(3)
111LE(5)=BLANK

_ CALL CARGRF(FREC,AFF,KBFL)

IF(NPl.NE.l) cC 1C 280 o
pUNCH <MCCTHED ANF.IFREG. SFECTRUF IN (261573

o0 10 230 |
IF(FREQ(NH).LE.FHI) cc 1C 250
NH=NH-1
o0 10 24C | S
pUNCH 26C.(FREQ(1).nyF(ia,1,srANAu,rITLEA(151,1=NL,Na)
F@RMAT(2515.7,15x,15.'A'.Qx,eax,qx,Aa) . |
ORINT 27CsNLs N
FORMAT(IICX,’FREQLENCY QANGE CF PUNCHEL QuT SPECTRUM®s
TR TALL =0 14 15 %9 NH =% 4 14) |
RETWRN |
£ND '



SUBROLTI NE hhSSA(TFCRNSJ

"CALCULATES IHE'THECRETICAt INSTRUNENT RESPONSE»MATCHING NEAREST
TO THE 08 SERVED DATA, sEE VESIAC REPORT, = &

CCMMON/GRFF/TITLE(ZO),XMAX,XN[N,ypr,yMIN,INDX’INCY’IND,ICOT’
)] ANSTRIyIF1XLIMIT,YLIMIT,SCALX,SCALY\ o o
8) o

COMMON/CC4/ASEIS,DELA,IVSEIS,NUWCUT,NBASE,NCDSTP,NCOMB,NAFLD,
1 NINSYR,AUGRUP,AFLC,NFHI,AFSTEP,BAND,CNF,GV,NAFLOI
COMMDN/CCS/NGIthZ,NGB,AG4yAGSyhcb,NG7,NGSyNG9,NGIO;NG!I:NGIZ:
1,NG14.N615,n91,Ap2 ,
COMM&N/CCé/YI?LEA(ZO),DATE,ELANKyTITLEB{ZO)
COMMUN/CO?IN,NBY?,ABYZPI,APGWZ,FNYG,EF o

CGMMUN/CCG/QI(78)yC2(78)yGB(78)’04178’1C5(78)9Q6(78),HH1(78),HH2(7

18’v5318MA(78’y??l(7891TT2(78)yFAC‘78’yBAgCA,CAQTFAC( 8)
CUMMUN/CIC/CII’CZZ9(331C449C551Q66pFMﬁSS9G,CUR’BEFL;LABEL,NSCALE

NG13

COMPLE x Z,CZERC,P,AYE*,PGH

DIMENST N ATLTLE (7) ,Rr¥s (73) S

REAL* g TITLEA,DATE,BLANK,TITLEB,ATITLE,TITEE'j | ‘

AYEM=¢MpLx(o.o,—1.01 TR - S

DATA ATITlE/'FREGEEACY'(HZ{. SECCAES AMPfMAGNIFCATIONPHASE_(RADIAN

PRINT 1ty(vlttfﬁkq).t=s,15) AR o : .
10 FORMAT(IHI//IIOXy'SEISMQMETER CALIBRATIQN'PULSE‘-(RESPUNSE 0 A s

1EP OF ACCELERATICN).'///i fo - SRR o

AMP (1) =, ¢
PHASE (1) =, ¢ | |
P1)=C 7eRQ / R |
c NSCALE  For py gy USE CMLY wITH a,6.1. LATA -
C THERE ARE 1ug DIFFERENT wussy FILVM CHIP SCALEs
C ThO SCALE FACTORS fg AsGel. £ATA pRe :
c Lo 1 A1, ary 2 2-32258 SECS, (scaLgg)
C

20 1 AuGul, UNIT - 0.16313 sgcs, (SCALER)
SCALE=0,3225¢ o

IF (NSCALE £ ¢, 2y SCALE=0.163]13

Q11=SCALE%g]]

022=SCALE*Q)>

Q33=SCALE*Q33 o SR

Q44=SCALE*Qaqy T | o
055=SCA LE#g55 I '
QE6=SCALE*Qpg

FOR My A.G 1. DATA 1 uNITY DISPLACEMENT INY = 0.08 MM,
'DEFL=O.C8*DEFL : T

PRINT 209LABEL'ASCALE,QII,9229033,0449Q55,Q66.FMASS»G'CUR,DEFL
2¢ FORMAT(LCXCA LT BRATT Y PULSE DAT LABEL NUMBER =3, 15, “UR?DEF

LCX*NSCALE = yI4 4,7/
Q1 ¢

. RO

2 @33 Q44 Qss . Qée
2 FMASS 6 CUR CEFLY, /7 2 e
4

SX51C(FB.4,2%) ,/)
1F(033.NE.9.0),GG_1C 40
PRINT 3¢ 00 € TC e

€ FORMAT(/10x,0q33 - 0.07)
CALL ExI 7

C  NLIBR=7g
PRINT 50,NLIBR
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eC

1C
ec
GC

- 1¢C

12¢C

11c

FORMAT(lCX,‘NLﬂBER CF LIBRARY SEILS

[FLQ66d 7C 460
F‘COG

s 1C

1 8C
F=ﬂ(Q6(i3-G66)/be)**2
RMS(i)ﬁSQRW(A+BWC+D¥E+F}‘
CONTINUE

CALL AMINNIRY
BEST FITTING
K =NMIN
H1=HH1 1K)
H2=HH2 (K)
SIGMA=SSIG&A(K}
311=TT11H(K)
12=112(X)
T?FAC=TFA£(K)
FFAC=FAC(K)
PRINT 1CCyKyRFSFIh
FORMAT(\CX,'BEST
1CX1'MITH ReMeSe

SthIBR,RMSFIN,NﬁIh)
LI BRARY SEISNOGRﬂPH

1

82=A.G*Hl*HZ*(l.O-SIGMA##z) .
c1=11/72 IR

ﬂCGRAPHS ='1151/) .

CﬁARACTERISTICS. o

F1TTING LIBRARY S EISMOGRAPE 1S NUMBER®s 180 //
CEVIATION =9 -

F10.6/1

= n o e
Dr=Gl*Cl*lU**4Y~(1;0#(C1*BZ)¥C1J*(U*#2)+1.0
02=2.0*U*((Cl*H1+H2%*Cl*U#U-lH1+C1*H23) |

1(p1%D14D2%D2)
)7 {G#CUR*FL)

CALCULATE AﬂPLITUDE ?ESPGRSE(MAGNI

=2 4NB Y2

y*11)
01=C1*C1*(L**41-(1.0*(C1+BZ}*C1
DZ=2.0*U*((C1*H1+H2)
Fl=UISQRT(Dl*Dl+DZ*DZ’
AMP(I)=F1*FNFAC
PHASE(I)=A1AN
IF(DZ.GE-G.G)
PHASE(I)=PHASE
Pll3=CMPLX(AMF
CONTINUE -

(1) +Fl
(1) *CCS

1F(NG§.NE-1-AND.

n 120 125,15
111LE(1)=111LEB(1)
CONTINUE
 IF(NG5-NE
rDO'lBQ\T%21
POV«=(2.C
pl1)=-1.

L3

(p1/D2)
PHASE([)=PHASE(I)+PI

(PHASE(I)),‘I

FCATION) AND PHASE

)*(U**Z)*I.Q
*Cl*U*U—(H1+C1*HZ))

.O*AMP(IS*SiN(PBASE(II))

sce.ws.x.nwe.usv.he;1$ ¢o 7o 180



13¢

14¢C

15¢C

1€C

17¢"

18¢C
1s5¢

2CC

CONTINLE = . Lo
CALL FILLLP(NBY2P] ,p)
FRED 70 11 Mg,

CALL COCL(NPCH2 ¢ -1, 0y
DO 140 1=1,x |
PIT)=PLI) /(DE LA%F LeaT (ny)
SELS(I) =REAL (P (]))
CONTINUE
TLTLE (3) =ATT T1E (3)

1F=3

CALL TIVSERUTITLE  SELS, h, 0ELp, )

DO 15C 1=22,pgyy
P(I)=CMPLX(ANP(IO*CCS(FHASE(I))y-
CONTINUE | |
P{1)=C 76RC

1.0*AMPCi)»S!&<P+ASE(J;d3

IF (NG, NEo T ANDOAGTS NE.1) GC TC 200

NM=NBY2—NAFLG].
'TITLE(1)=ATITLE(1)

11 TLE(2) =ATI 11k 2)
TITLE (3) =BLANK
IFING6JLNE, 1) GC 1C 170
TITLE(4)=AH?LE (4)
TITLE(5)=ATIT1E(5)

CALL CARGRF (FRECINAFLCY) 9AMF(NAFLC1)‘,NMJ

IF (NG 7. NELT) GC 7C 180 .
TITLE (41 =ATI T E (&) . -
TITLE(5) =ATI TLE (7)

CALL DRLM(NBYZ,pHASE)

CALL CARGRF (FREGINAFLOY) vFHAS'E(NhFlCl), NM) B

PRINT 15¢, (1 'FREQUI) ,amp (1) 9PHASE([),I=NAFLGI,NBY2, 10)

FORMA T(lHl///SXy'ihSTRUNEI\T RESPC-?\SE', ' L
/742 (8)‘,"FRECE-ENCY"’,6X';' AﬂFLITUDE',BX,'?l‘-ASE'; X3

2 //+2(15,43E15,7)) v

TMCRNS=8C, 0
DO 21C T=1,A8 Y2
J=NBY2+]
SEIS(I)=g.0
SEIS(J)=C. ¢
AMP (1) =(, ¢

PHA SE (1) =C, ¢
CONTINCE

RE TLRN

END

SUBROUTINE (GRLP

ccmmnw/c0112(20483,czsac.91204ea
COMMON/CC8/E(120,120)

chMON/CC4/NSExs.DELA.Ivsezs.nuwcur;nensf,Ncosrp,NcﬁMB{NAFLO.
1 .

NI NSTR,NUGRUP,NFLU,&FHI, NFST Ep, BAND, Cw-F, OVeNAFRLO]
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T -

in

16

eC

7¢

8C.

COMMON/CCTIN,NB\Z.kBYZPl,NPGNZ,FNYQ,CF -

COMMONICCBISTANAV(B),DELTAD.BELTAyCRIGTM}GMTSEC e

CGMMGN/CCZ/SEIS(2048)9FREQ(1024)’AMP(lozh),PHASE(10243"<'

p IMENSICN v51EP(1203,Faecctxzo),TABLE(Z,ZOAS)"'ff°v~ﬁ*”‘

CGMPLEX ZQCZERO'P »Hu

EQUI VALENCE (\51&9(1),5515&1)), ‘

1 (FREQC(l),SEIS(lZl))v

) . (1ABLE(1.1),sExs(1025)),

Do 5 1=1,1024 SheToe T

3=1024+1

se1S(11=C.0

sE1 St =CeC

FREQLINI=C.C

AMP{11=C.C

PHASE(1)=C.C

CONTINUE =

yeLoc1 1y 1C FIRST 2 LAST SAMPLES s

1¢ =GMTSEC

VSF=DEL1AI(1F-ERIGTV)

1L=GM!SEC+FLOA1(k-l)*DEtA

VSL=DEL1A/(1L-GRIGTN) _

PRINT 1C,GR161F46F1SEC,TL'VSFgVSL

FBRMAT(!HlIIlGX"GRCUP VELOCITY CALCULAT ICN',
1 ' N Lt . ‘..-'

————-—-——.———————a———---—-—‘

A ! L

/1 Cxyt CRIGIN TIME OF EVENT IS ',Flo.z,zx.'3£cnnns'.

7/10%," TIME OF F1RST SAMPLE IS ',Flo.z.zx.'secomos'.
J/LCX, ' TIVE gF LAST SAMPLE 15,*,?10.2,2xs'55c0N05'.
IIIGX,'VEL(ClTY'TC*FIRS G AMPLE 1S ‘vF7;3i1Xr'KMSISEC"
7 710X VELLCITY TC LAST SAMPLE IS '.F7.3.1x,!KMS/$EC!)

yELOCTTY TO EACH E 1. (EACH DIGIT IN TIME SERIES) i -

Do 20 1=14K

K=N-1+1 ' | cero =

1ABLE(1ql)=DELTAI(GVISEC+FLGAT(K—l)#BELA—ORIGTM)

C ONTINUE | : g

WAKE SURE NCe CF yELCCITIES 1S LETC 120,

m\nb\nh:w

 IF(VSF.GT.5.0) VSF=5.0

NL1M={VSF*VSL3/DN S
lF(NLIH.LE.lZC) gC 1C 40
pV=240¥DV

g0 10 3¢C

K=l D,“f.“?" o _

VSTEP(1)=VSF-DV e
IF(VSTE?(K).LE.VSL) gc TC 60

K=K+1

vSTEP(K)=\S1EP(K-1)-DV

o 10 5¢C

NROW=K~1

PRINT 7C,NRCH :
FORMAT(/lCﬁ,‘NU. CF VELCCITY gTEPS = NROW =1, 15)
SET UP FILTER VALUES,

BE1A=ALOG(omF3

ALPHA=BE1AIBANO*#2

PRINT ac,BEIA,ALPHA.oF o :
FDRMA](IlGX,'BE!A =”',F8e3,5X,*ALPHAf= !,FB.B,SX,!FUNDAMENTAL DF =
1"1F8553 e e ) L = . '14_'; . . .

CALL zEaezo(e.120.120r1~*~
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o CHOOSE CENTRE FRECLENCIES., _
NCOL=1 - ; L B o e L.
IFINFLO.LT.NAFLCY) CALL EXIT S
FREQC (1) =NF Lo*DF ‘

NFC TWO=NFLC+HNFSTER

DO 90 [=NFCTWC, MFHI ,MESTEP ,
NCOL=NC OL+] o _
FREQC(NCOL)=FRECC(hCCL-1)+NFSTEP*CF

SC CONTINUE '

PRINT 1CC,NCCL . : ,

1C¢C FORMAT(/1Cx, NuMBER CF FREQUENCY STEpg = NCOL =v, [5)

IF(NCUL-GT.IZC) CALL EXIT
DD 140 J=1,NCCL
JCOL=y
CALL GALSSA(FRECC(J)1ALPHA’JCGL)'
DO 110 I=1,A
PIIV=p(1)x7(])
11¢ CONTINUE
CALL COCL(NPCHZ:PQ'l.O)
DO 120 I=1,N
K=N~I+1 . . :
TABLE(291)=CABS(P(K))/(FLCAT(NBYZ)*EELA?
12C "CONTINUE . L L

‘DO 130 1=1,NRCH o
0 CALL LUCK(IvZ,N,TABLE,VSTEP(I),E!J,I))
12C: CONTINUE o | - .
14C CONTINUE

CaLL UEMTRX(NRG&;NCCL)
RETLRN o

END

SUBROUTINE GAlSSA(FCpALPHA,JCGL).

SPECIFIFD qs,

e NeNeNe)

CREATES IN THE FRECUENCY DCMAIN 2 BANCPASS GAUSSfAN FILTER‘OF

CGMMON/CCI/Z(ZO48)vCZEREvP(ZO#S) _
CDMMON/CC?/N,NBYZ;BBYZPI;APCHZyFNYG;DF ' :
COMMON/CC4/NSEIS,DELA,IVSEIS,NUMCUT,NBASE,NCGSTP:NCOMB;NAFLO: L
1 NIhSTR,hUGRU?thtﬂoNFHI,hFSTEPvBAND:EWF,BVyNAFLDl
COMPLE x ZoCZERG,P.CFXCNE- ' _ C
CPXONE=(!.Gy0.09
DO 10 I=1,A
PI)=C ZERD

1c CONTINUE
LML =FC /DF+C.5
L=LMl+] C

FLO=(1.0-BAND)*FC
FHI=(1.G+BAND)*FC
LL=(FC—FLG)/DF+0.5 _
CHECK FILTER IS WITHIN TINg SERIES, : U . :
IF((FC-FLCAT(lL)*DF).GT.0.0.ANO.(FC+FLOAT(LL)*EF).LT.FNYQ)GO 10 3¢
PRINT 2¢,FC,LL

éc FORMAT(//10x, 'FC =V 9F10.5,5X,0 LL =1,15)
CALL ExITY '

46



e

C

('YOC"JO(")

eC

7C

R N e

P(L)=CPXCNE‘

CHECK FILIER wIDTH.

IF(LL.GE.I) G0 1C 50

PRINT 4CyLL P
FDRMAT(//IOX,'CHECK FARAVETER RANC. LL ='y1§):ﬁ _:b,
CALL Ex1Y R s 1‘,=' '
£ =FC

Do €0 1 =1,LL

J=L-1

K=L+1

FF=FF—DF
PUNENT=*ALPHA*((FF-FC)/FC)#*Z
P(J)=CNPLX(EXF(PCNENT)10.0)
P(K)=P(J’ o
CONTINLE

NFILW=2*LL+1

1F(JCOLLEQe D) pRINT 70 A S
FORMAT(/lCX,'FC=FItTER CENTRE FRECUENCY (HZ) fC=(L=11*DE%y
/lCX,'LzFRECtENCN,ABRAY-JNtﬁx_NG.:CDRRESPONﬁING 10 FC'»

vy;/Lox,-ch-g FHI pRﬁ;FILTEP BAND‘LIM1TS'AFLDﬁ(lésANE)¥FC',J
110X, NFILT=RC. CF EILTER PCINTS'» S
ﬂ/Aé},lNCCL‘;QX,!L',IOX,'EC',13X,'FLO',10Xy'FH{',12X,‘NFILT'
) - . o ,
PRINT ac,Jch,L,Fc,Ftc,Fﬂx,hF;Lw
FORMAszisx,15),345x,510.5),5x,154

RE TURN
END
SLBROUTINE,LEPTRX(hF(h,hCCL)

PRODUCE S THE GRCUF VELCCITY / FREGUENCY CURVE FROM EiBY.oBiAINING
THE VELOCTTY CF THE  MAXIMUM ENERGY ARRIVAL' AT EACH FREQUENCY.
GCALES THE PATRLX £ RELATIVE TC A NAX[MUM’VALUE‘OF 5908,

COMMUN/GRFFITITLE(ZO),XMAX,XMlN,YFAX,YMIN,INDX,INDY}!NB,IDDT,
AN51R1,1F,xL1ﬁiT.Ytlnir,scALx,scALv o -

1
COMMUN/CCZ}SEIS(lOZ#’ ,

COMMON/CC3/STANAN 18] L
CGMMON/CC4/NSEIs,DELA,1VSEls.NunCUT,NaASE,NCGSTP,NcgnB.NAFLD:
NIhS1RthGRUP,NFLG,NFHI)NFSTEP.BAND.EW?,BV,NAFLO!

1 . x
‘CQMMDN/CQ5/hGl,hGZ,hG&,hGéthS,th,th,NGB:NQQ,NGIOoNGII,NGlquGIB

NG 4y NG15 9 NPLINPZ.

CGMMDNICQ&/'ITLEA(ZO)EDATEgﬁLAhK, . _

COMMON/cce/E(lzo,lzo) ' o e o '

DIMENSION VSTEP(lZG),FRECC(120),X(lZO),Y(120),U(12031PERIDD(12C)a
A . Vv N L

1 I 1LE (6)
REAL*B A1I1LE,111LE,TITLEA,DARE,BLABK'
" EQUIVALENCE (VSTEP (1) 4 SEISILI) o
(FREQC (1) 4SEIS(121)10

(X (1) ySEIS (2410 )y

(y(1) ySEIS(3611 0

(L{1) ySEIS(481) )

{PERICD 1) ySEIS(601)) L
DATA ATITLE/'FREGUENCY (H7) PERICL (SECQNGSiGRP.VEL.iKMSISEC‘/
DO 10 1=1,NROW - . | S
X (1)=VSIEPIT) a

W N -



1¢C

2C

4¢C

éC

1C

EC

l4C
18C

1¢C

CONTINLE

EMA X=C, ¢

20 40 J=1,NcCL
DU 20 1 =) ,NROW
Y(I)=F(J,1)
CONTINUE

CAaLL AMAXN(Y:NRC%:L!J),IR)

YMAX=ABS(L(J))
IF(EMAX.GE.\NAX)
[RM=IR

JCM=

EMA X=yYMA x

6C 1C 30

QUADRATIC FI7Y ABCLTY FAXINUN VALUE,

XO=X(IR)

A=O.5*(Y(IR-I3*Y(IR+1)—2.0*Y(IR))
R=O.5*(—Y(lR‘1)+Y(IP+l))

C=Y{IR)

PERTOD (J) =1, 0 /F RE CC (y)
L) =x0+ o548 /A%DY

CONTINLE

_PRINT 51 (4 )FREQC (3) 1PERICD (N 4U(4),d=1,NCOL )

FORMAT(1H1 /20x, "

L1/SECS) 1, |
? 7743 (Tx,0
3 //43U14,3

PRINT 6CHENAX JI RN 4 JC M
FDRMAT(//ICX,'EPA} =1,E15.7

DO 70 1=6,16
TITLE(T) =71 TLEA (
CONTINUE
TITLE (3) =BLANK
TITLE (4) =A YT TLE (
TITLE (5) =A T TLE ¢
\IF(NGIZ.NE.I) GC
TITLE(1) =ATI TLE (
TITLE (2) =ATI TLE ¢
CALL CARGRF (FRE(
IFING13.NE.1) GC

FREQUENCY (HZ) & PERIGD (SECS)/GROUP VELOCITY (K
FRECLENCY® ,5X,% PERTCEY , 5x, 1y VELOCITY )

E13.5))

1)

5)
6)
TC 80
1)
2)
CytyNCCL)
TC 99

TITLE(1) =ATI TLE (3)

TITLE (2) =A T TLE (
CALL CARGRF (PERI
IFINP2.NEL1) GG
PLNCH FREQUENCY
PUNCH 120,(FREQC
FORMAT(2E15.7,15

PO 15¢ J=1,NCCL
DO 140 I=1,NRCh

4) _
CDyUyNCGL)
TC 130

15Xy ? TRM ="y I595Xs Y ICM =9, 5)

]

(HZ) AND GRCUP VELGCITY (KMS/SEC) [N {zE1

(1) oL (1) o T4STANAM,TITLEA(15), 1=
X2I530019X,8A1 44X, A8)

F(JyI)=ZC.G*ALGGIO(E(J,I)/EFAX)+99.0

CONTINUE
CONTINLE
PRINT OLT E MATR

IXx

N42={NCOL~1) /42+]

DO 20C I2Z=1,N42
NLOW=(17-1) %4241
NHY=NLOw+ 41

IF (NHY.6T.NCCL)
PRINT 16¢ |
FORMAT(1H1//50x,
IF(17.EQ.1) PRI

N Y=ACOL

"WATRIX CF E(1)%,/77)
T 17Co(FREQC(I)9I=11NHY;10)
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e T T

e b

17¢

18C
16¢
2CC

FDRMAT(?X’F5.3y4(25¥vF5.3))

po 18¢C 1=1,MRCHh

PRINT 1GCyVSTEP(I3,(E(JyllyJ=NLCN,NHYl
CONTINUE ‘
FORMA‘(lX,F4.2'1X,42F3.0)

CONTINUE

IF(NGlé.NE.li gL 1C 210
CALL CDNTLR(EyNCCL,hﬁﬁH.lZO,5.0,5.0,100.0’3)
RE TLRN

END
SURROLUTINE CCCL(hy)X,SIGNI)

THI S SUBRCLTINE WAS FROGRAMMED BY I.MACLEGE,‘GEPT. oFf
£ NG INEERTING PHYSICS JNoUs AND HAS BURRGWED'FROM Ce. MCCOWAN *S
cooL AND 1pNTS HARN.

SINGLE pRECI SICN VERSICN NCCIFIEC BY J.B.YOUNG fOR THE 260775,

DIMENSICN k(lélyXX(li,NBIT(ZO)yJKTiZO)
INTEGER OFF SEN
DATA NX#C/

IF(NX.G!.G)GG 1¢ 100
RODTZ=SQR1(2.0)
P12=8.0*A1AN(1.G)

N x=2%%N
NX2=NX+NX
NX2L51=N¥2—1
NX2L52=NXZ—2
NXON8=NX/8

)
IF(SIGNI.GT.0.0)GC 7C 120

po 11C K=11hX2L51p2
XX(K+1)=—XX(K+1)
CONTINUE

po 13C K=14N
JNT(K)=2**(%—K)
CONTINLE

LSTART=N—RI3*3+1
IF(LSTAR1.EQ.1)GC 1¢ 200
[F(LS?ART.EQ-Z)GE 1C 1590
LBLOK2=NXGN2
LZBLOK=LBtBK2‘1

DO 14C Kg=1,L2BLCK 2
K1=KO+LBLCK2
K2=K1+LBLCK2Z
K3=K2+LBLCKZ

A QR =XX (KC)# XX K2
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ACIﬁXX(KC+l)+>X(K2+1)
AIR =XX{KC)=Xx{K2)
A11=xx(xc+1)—>x(K2+rr
A2R=XX(K1)+ XX (K3)
A2E=XX{K1+1)+ XX (K3+1)
AR =XX{K1)=XX(K3)
ABI=XX(K1+1)—XX(K3+1)
XX{KC) =ACR+A2R
XX{KC+19 =ACI+A2]
XX(K1) =ACR-AD2R
¥X{K1+1) =AQT-A2]
XX{K2)=A1R=-A3]
XX{K2+1) =A11+A3R
XX(K3)=A1R+A3]
XX{K3+1) =A11-A3R

" CONTINUE

GG 10 2CC

LBLOK2=NY
L2BLOK=LB LOK? -]

DO 160 kKeg=1 ' L2BLCK,?2
K1=KC0+LRLCK?
AIR =X X{K1)

AT =XX(K1+1)

XX{K1) =XxX{KC) -A1 R
XX(K1+1)=XX(KG+1)-AII
XX(KO)=XX(KC)+A1R
XXlKO+13=XX(K0+1)+AII
CCNTINLE

DO 300 M=LSTART,N,3
LBLDKZ=NX/2**(M+1) '
L2B LOK=LBLCK2 -]
LBLOKL=(2BLCK~1
LBLOKB=LBLCK2 %8

LBLAST=NX2*LBLCK8+1

DO 21C K=4,A
NBIT(K)=0
CONTINLE

Nh=¢

DO 29¢ UFFSET=1,LBLAST;LHLEK8

IFIOFFSEYT.EQ.1)GC TC 220
ARG=CONL*FLCAT(NW)
W(1)=CCS(ARG)

W(2)=SI NLARG)
CESQA=h (L) %un(])
W(3)=CSSQA+CSSCA-1.0
Wl4)=W(l)%n(2)

W4 =h(a)+nis)

w(5)=w(3)*u(1)~u(4)*u(2)
W(6)=W(4)*k(l)+hl3)*h(23
CSSQ2A=n{3)%k (3)
W(7)=CSSQZA+CSSC2A-1.0
W{B)=W(4)%*np(3)
WS)=W(B)+w(8)
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28¢

H(9)=w(7)*k(1)-h(8)*k(2)
W(lo)=N(8)*h(1)+h(7)*w(2)
C s5a3A=h(5) %k (5]
w(11)=c55Q3A+csse3A—1.o
W(12) =W (61 ¥W(5)

w(12) =w(12)+w(12)
W(13)=w(7)*h(5)—h(8)*w(b)
w(lA)=W(8}*h(5)+h(7)*k(b)
LBLOKO=GFFSET+LBLCK1

po 260 KO=0FF5&1,LBL£KG.2
K1=KOo+LBLLK2

K2=K1+LBLLK2

K3=K2+1BLLKZ

K4=K3+LBLERZ

K5=K4+LBLEK2

K e=K5+LBLLK2

K 1=K 6+LBLCKZ

xKOWR =X X {KC)

XK0w1=XX(K0+1)

IF(GFFSET.NE.l! GG 1C 240

YK1 WR=XX (K1)

XK1w1=XXlK1+1)

YK2WR =X X {K2)

x&2w1=xle2f1)

XKAWR =X X (K3)

XK3w1=xx(K3+13

WK & WR =X X (Kad

x&4u1=xxt«4+1)

XKSMR=XX(K5)

XK5MI=XX(K5+1)

XK6WR =X X (K6}

xxew1=xx(K6+1)

XK TWR =X X LKT)

xx7w1=xxtxv+1)

go 10 250
xx1wa=x>(x1)#h&1)—xx(K1+13*w(2)
XK!W!=XX(K1)*h12)+XX(K1+1)#w(l)
XKZWR=XX(K2)*M(3)-1X(K2#1)*N14)

'XKZWI=XX(K2)*¥(41£)X(K2*1)*N(3)

XKBNR=XX(K3)*M(5)'XX(K3+I)*N(6)
XKBHI=XX(K3)*%(6)+XX(K3+1)*N(S}
XK4WR=XX(K63*h(7)‘X)(K4+1)*W(8)
XK4NI=XX(K#)*M(B)+7%(K4+1)*Hl7)
XKSWR=XX(K5)*%(9)*XX(KS+13*N(10)

xx7w1=xx(K7)*uilasfxxxx7+1)*w(133
A OR =XKOWR+ XK& W
A C1 =XKOWL+XKa Wl
A 1R =XK1 WR+ XKS WR
AL =XKLWI+ XKW
A 2R = XK2 WR+ XKE ¥R
A 21 =XK2 Wl + XKO®
A 3R = XK3 WR+ XKT R
A 31 =XK3 WL+ XKT Wl
A 4R =A OR+A2R
A4L=AOT+A21
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ASR =ACR=A2R

A ST =ACI-A2]

AER =AIR+A3R
AET=ALT+A3]
ATR=031-A1]

ATl =A1R-A3R
¥XUKO) =A4R+A6R
XX(KC+1) =A41+A6]
XX(K1) =A4R=A6R
XX(K1+1) =A4T~Ap]
XX{K2) =A5R+AT7R
XX(K2+1) =AST+AT]
XX(K3) =ASR-ATR
XX(K3+1) =A5[-A7]
A CR=XKChWR=XK4 WR
ACL=XKOW = XKé W]
A BR =XK1 hR=~XK5 kR

A EL=XK1 Wl - XKS b

A1R =A 8R-A E]-
A1l =ABR+A B8]
A2R=XK6WI -~ XK2 b
A21 =XK2 WR=- xK6 WR
A ER =XK3WR~XK7 R
A 8L =XK3 W[~ XK7pI
A3R=ABR-AB]
A3 =A 8R+4 8]

- A4R=AQCR+A2R

A4T=AQT+A2]

A 5R =A OR-A2R
ASL=ACI-A2]
AGR=(ALR-A3T) /RCCT2
ABI ={ALI+A3R) /RCCT2
ATR =(A3R-A11) /RCCT2

ATL=(A3I+AL1R) /RCCT2

XX{K4) =A4R+A6R
XX{K4+1)=A41+A6]
XX{KS5) =A4R-ABR
XX{K5+1)=A41-A61
XX{K6) =ASR+ATR
XX{K6+1) =AST+AT]
XX{K7) =ASR=-ATR
XX{KT+1) =AST-AT]
CONTINLE

DO 280 K=4,N\

IFINBIT(K) NE. Q)G 1C 270
NBIT(K) =1

N =NW+ INT (K)

60 TN 2¢g

NBI T(K)=¢

NW=NW-JINT (K)

CONTINUE

CONTINUE
CONTINUE

Nw=0

DO 310 K=1,A
INTIK)Y =INT(K) + INT (K)
NBIT(K)=0C o
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CONTINLUE

K=0

IF (NW.LE.KIGC TC 320
HOLDR =X X {NW+1)
HOLDI =X X (NWwt2)
XX(NW¢1) =X (1)
XX(NWH2) =XX(2)

¥x(1) =HOLDR

XX(2) =HOLDI

DO 34C M=1,N
IFINBIT(M).NELOIGC TC 330
NBIT(M) =]

NW=NW+JINT (M)

GO 10 35¢C

NBIT(M)=0

Nb=NW-JINT(M)

CONTINLE

DO 390 K=2,NX2L 52,2
IF(NW.LE.K)GC TC 360
HOLOR =X X (NW+1)
HOLDT =X X (NW+2)
XXINWHL) =XX(K+1)
XX(NWE2) = XX (K+2)
XX{K+1) =H OLDR

XX (K+2) =HOLDI

DO 380G M=1,N
IFINBITIM).NELCIGC TC 370
NBI T{M) =1 _
Nw=NK+ IJNT (M)

GO 10 3sC

NBIT(M}=0

Nh=NW-JINT(M)}

CONTINUE

CONTINUE

IF(SIGNI.GT.0.CIGC T1C 420

DO 410 K=1,NX2LE1 42
XX{K+1) == 2 X{K+1)
CONTINUE

RETLRN
END
SUBROUTINE PCOW(N,NBY2 yNBY2P1,NPCH2)

NBY2=N/2

NBY2P1=NB Y2+]

A=(N-1}7/2 :

NPOW2 =ALOGL1 C{A) /JALLGL10(2.,0)+2,0
RE TURN

END :

SIBROUTINE ZRLCAD(NyXe2)
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DIMENSICN X(N),2(N)

- COMPLE X 2

DO 1 I=1sN
ZL)=CMPLX(X{]),C.0)
CONTINUE

RE TLRN

END

SUBROUTINE FILLLF(NCFTS,7)

DIMENSICN 2(1)
CCMPLE X 7, 28RC
CZERD=C MPLX(C.Cy0.0)
AN=NOPTS-2 :
N=ALOGI1 C(AN) /ALCGIC(2,0)+1.0
N1=(2%%N)+]
N2=2%% (N+ 1)
N1MI=N1-1
DO 1 I=2,A1M
MN=N2~-T+2
ZINN)=CCNJG(Z (1))
CONTINUE '
Z7(N1)=C ZERC
RETURN
END
bthFRAL USER SUBRCUT INE T IMER

e e s e W MR e et ek e dm n e em s e W WP e W= a

FRCM THE CALL - CALL TINMER
THE TIME FRCM THE LAST CALL TINER IS PRINTEC OUT
THE FIRST CALL SETS LF TINMER

SIBROLTINE 711 PER
DATA DIFF 40,/
IF(DIFF) 241,2

CALL CLCCK (DIFF)
DIFF=DIFF*6C(,
RE TLRN

CALL CLCCK (I NE)

TIME =TI ME *6C.

DIFF=TIME-DIFF

PRINT 3, DIFF

FORMAT(BCX429HTIVE ELAPSEC FRCM LAST CALL =,F10.4, 8k SECONDS)
DIFF=TIME

RE TLRN

END |
SUBROUTINE BASE (XyAyTYFE, IF1)

DIMENSION X(N)
REALXB MEAN,TYPE
DATA MEAN/8HMEAN /
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IND 23=m = COSINE TAPER CCSINE TAPER BACK ENE OF CURVE

_....-..._.-__.-....‘...—_——._-—-———--_-——-:—-.—-—.----——-~——--—----———————————-———-_

Yoo = IS THE ARRAY.
N——m == 1S THE NUMBER CF PCINTS IN THE ARRAY,
N —=—--=1S THE STARTING MUNEER.

--—-_—_.-_.—..-..-..-_—n—--—_——-’—_.—--—_.----—————— - o o ————— e > -

DIMENSICN X(N)

ANO = NO-1
PHI = PI /ANC
CPHI CCS(PHI)
SPHI SIN(PHIY
CTHETL 1.
STHE T) Ce
C THE T2 1.

iwowon H

D3 1 1 = 1,4NC

GO 10 (29344) »IND

IA = N-I+1

IN=1

G0 10 5

IN = N-I+1

X{IN} = CoB¥X{IN *{1l, - CTHET2)
GO I0 (64599) +IND

DN

(6, I

-y N

X{IA) = Co.5%x{I1A)*{1., - CTHETZ) :
CALL SINCGS(CPHI,SPHI,CTHETlvSTHETl,CTHETZ,STFETZ)
CONTINUE
RE TURN
END

SUBROUTINE SINCCS (CPHI »SPHI s CTHET1,STHET 1, CTHET2, STHET2)

CTHET2 = CTHE T1L*CFHI - STHET1*SPHI
STHET2 = STHETL*CPHI + CTHET1*SPHI
CTHETL = CTHET2 '
STHETl = STHET2

RETURN

END

SUBROUTINE DRUFM{LPHZ PHZ)
DRUM MAKES‘PHASE~CGRVE COMINUCUS

DIMENSION PHZ{LPHD)

P12=2.C*Pl

PJ=C.

DD 40 [=2,LPH2
IF(ABS(PHZII)+PJ-PH2ITI-1))~ PI)40v40,10
1¢ IF(PH?(I)+PJ—PHZ(I 1)320v40130
PJ=PJ+PL2

GO 10 4C
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SLMX = ¢

SUMIX = ¢

AN = N

IFCTYPE =~ MEAN)L1 42,1
1 IND =1

GO 10 3.
2 IND = 2
2 D0 4 I = 1,N

Al 1

SLM) = SUMX + xlI)
GO T0 (5,4) ,IND
SLMIX = SUMEX + AI*Xx{I)
4 CONTINLE
XBAR = SUMX/AN
GO TO (647)41ND
€ XINTD = (((4,%AN)#2.) *SUMX=6.%SUMIX )/ (AN#{ AN=1.) )
PHI = ({12 %SLMIX) =6, % (AN+1,) %SUMX )/ (ANS( AN+1. )%{ AN- l.))
DO 26 1 = 1,N
Al =1
X{I) = X{I) - AI*PHI - XINTC
ZC CONTINUE
PRINT 1C, PHI, XBAR )
1C FORMAT(//4X+49HDATA HAS BEEN CCRRECTEC TO LEAST SQUARES BASELINE/
14Xy 32HGRADIENT COF LEAST SCUARES LINE =+F10.5,8Xy 14HMEAN OF DATA =
2F10.5)
GO 10 @8

in

1 D0 3C I = 1,40
X{I) = x{1) - XBAR
2C CONTINUE '
PRINT 11, XBAR '
11 FORMAT{//4%,4CHDATA HAS BEEN CORRECTED TC MEAN BASELINE//4X,
114HMEAN CF DATA =,F10.4)

£ SUMX2 = ¢
SUMX3 = ¢
DD S [ = 1,N
X2 = x{I)%x{(1)
SEMX2 = SUMX2 + X2 .
SUMX3 = SUMX3 + X2%X({I)

S CONTINLE
VARX = SUMX2/AN
A3BMNT = SUMX3 /AN
SKEW = (A3NhT*A3NhT)/(VARX**3.)
PRINT 12, VARX, SKEW%
12 FORMAT( /4%418HVARI ANCE CF CATA ~y510c498X110HSKEHNESS —1F10 4)
dP1L = 1IP1 + 1
60 TO (14415),IF1
15 PRINY 164(Fy X{I)y I = 1,N)
16 FORMAT(//4%424HTHE BASELINED DATA 1S "//5(4X:6HSAMPLE;4X 4HX( 1),
13X) 7{5(4X%X,1542X4,F10,5))) =

14 RETURN
END
SUBROUTINE NPCSTP{X,N,NCyINDyPI)

T I L s O T A . - - D En > N " —

IND =]l ~==~--—~~-CCSINE TAPER BCTH ENCS CF CURVE. :
IND =2-—=vvmmm CCSINE TAPER FRCNT ENC OF CURVE, T
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PJ=PI-PI2

PHZ(I) =PHI(I)+PJ

RETURN

END ‘ - 1

SUBROUTINE  SMOCTH (X ,F oNyNByNSoKNy IND)
**#**********#**##nga######s1#**»4»&#****ag#*#»#;i***************

INPLT PARAMETERS AND RETURNEC CTAT A,

e R R AR R R R R RO R R AR

' x;ARaAyffgjéEfSﬂctﬁuéﬁixsnv)’Aﬂ#LITUBES;

F=ARRAY OF CORRESPCNDING (SAY) FREQUENCIES.
N=NUMBER OF PCINTS IN ARRAY X.

NB=NUMBER OF FREGUENCY BANDS TC BE INCLUCEC IN EACH SMOOTHED VALUE
---~=~SET TC AN EVEN NUMBER,

NS=NUMBER OF FREGLENCY BANDS BETWEEN STEPS (E.G. NB=16 , NS=8 ).
KN=NUMBER CF SMCCTHED PCINTS FEC EACK.

IND=1 SMOCTH X AND F .
=2 SMGCTH X CNLY.

T P L R TP P T T L e e
skt e e et e oo ook o bk ok ook ok o ok o8 o8 ok sk sokobololol b sk oKk sk ol ko koo R R ok ko ok
DIMENSION X{N), FI(M

NN=N/NB
NN=NB# (NN-11+1

DO 1 K=I4NNyNS

T UKNE(K=1) /NS

SUM=Q. ]
DD 2 1=1,4NB

CIT=I+K-1
CTIF(IT.GESN) TI=N-1

L R Y

SIM={X{TI)+X{(I1+1)) *0.5+SUM
CONTINUE B T
KB =K+ N8B

IF{KB.GT.N) KB=MN
X{KN)=SUM/FLOATINB)

GO 10 (341),IND
F(KN)=(F (K)+F (KB) ) *¥0.5
CONTINUE

RETURN
END
SUBROUTINE 2ERC2D{X,IFIRST,J2NK0)

SETS DOUBLE ARRAY TC ZERC

DIMENSICN X({IFIRST,J2ND)
DO 1 J=1,J2ND

DO 2 1=1,IFIRST

X{l 4J4)=0.C
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CONTINUE

CONTINUE

RE TLRN

END

SLBROUTINE LOCK(IARGUMN,¥,NyTABLEyVALIN,VALOT)

e Fkof e % ok e el ol
IMPORTANT NCTE
Hokofodeof ok ek ek ok X

TABLE (1,1} VALUES Nusf BE IN INCREAS ING ORCER OF MAGN ITUDE.

TARGUM IS THE INDEX CF THE CURRENT VALUE BEING LOOKECD UP IN THE
TABLE .,

VALIN TS A VALLE CF THE VARIABLE STCRED IN THE FIRST
COLUMN OF TABLE JAND VALCT IS THE CGRRES PONDING VALUE OF THE
VARIABLE STCRED IN THE SECCNC CCLUMN OF TABLE,

DIMENSION JABLE {N,N\)

NM1=N-1

DO 1 IT=1,AM . | ' - L

[F(TABLE (1,1 T)-VALIN)1 42,43
CONTINUE

PRINT 6CCoVALINIARGUN

FORMAT(IHC,20X,13HLCCK ARGUNENTFIO 3,13H NGT IN TABLE, * IARGUM=
1 17)

CCALL ExIT

VALOT=TABLE (2,1 1)

RE TURN

DIFF1=TABLE {1 ,1T-1)~-VALIN

DIFF2=TABLE (1 41 T-2)-VALIN

DIFF3=TABLE (1 ,I 7) -VALIN

DIFF4=TABLE (1 ,T1T+1)~-VALIN

TERM4=(TABLE(2 41 T~ 1)*DIFFB-TABtE(Z'IT)*BIFFl)/(CIFF‘-DIFF]'

TERML =(DIFF3% (TABLE(2,1T-2) *DIFFL-TABLE( 2, IT-1)*0IFF2))/{DIFF1-DIF
1IF2) :

TERM3=(DIFF4* (TERNML-{OIFF2%TERM4E) ))/(DIFF3-CIFFZ) - T
TERMI=DIFF4%XTERN4

TERM2 = (DIFFI*(TABLE(Z;IT)*DIFF4-TABLE(2’IT*I?*D]FF’))/(DIFFé—DIFFB
1) !
TER M4=(DIFF 2% (TERNL-TERM2) )/ (OIFF4=CIFF1)

VALOT=(TERM3-TERNM4L) /{DIFF4~-CIFF2)

RETURN
END
SUBROUTINE AMAXN({X,yNyXMAXKP)

DIMENSICN X{N)
KQ@=1
KP=KQ
[F{KQ=N) 3 44 44
KQ=KQ+1
IF{X(KP)=X{KQ))2,5,5 - | .
XMA X=X (KP) | 5 -
RE TLRN :
END
SUBROUTINE AMINAN(X, DNy XNMINyKP)
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DIMENSION X(N)

KQ=1

KP =KQ

IF (KQ-N) 394 44

KQ=KQ+1

IF (X(KP)=X(KQH) 51592

XMIN=X(KP)

RE TURN

END

SUBROUTINE TINSER(TITLE yXyNyDELAy IF)

THIS RCLTINE PLCTS N VALUES CF THE ARRAY X. EELA$IS THE
SAMPLING INTERVAL AND IF IS AN INCICATGR NHICH SPECIF[ES THE TYPE

- OF L4020 GLTPUY RECQUIRED.

IF IF=1 OLTPLT IS CA FlC#CFILF
1E=2 OLTPLT IS GON HARD CCPY
IF=3 GUTPUT 1S CN BOTH MICROFILM AND KARC COPY. -

TITLE IS A 20 ELEMENT ARRAY CARRYING CATA FOR ANNOTATING THE

- DUTPUT GRAPHS. THE TITLE ARRAY - IS SEV UP AS 'FOLLOWS - -

TITLE(L) - UMSED
CTETLEA2) = UNUSED . o
TITLE (3) =~ CCATAIAS 8 HﬁLLﬁRITF CHARﬁCTERS GIVING THE UNIIc
CF THE TIME SERIES E.G. SECONCS

TITLE {(4) - UNMNLSED
TITLE {(5) - UNUSED -
TITLE(6) ~-)
. JCCOMNTAINS 80 HOLLERITH CHARACTERS: CIVING A TITLE 10
) THE GRAPH

TITLE(15) =) '
TITLE(16) CCNTAINS 8 HCLLERITH CHARACTERS GIVING DATE
TITLEQITY =)

. JCCNTAINS 24 HCLLERITH CHARACTERS GlVING A SUB?ITLE
TITLE(19) =) TC THE GRAPH
TI TLE {2C) - UNUSED

SIBROUTINE TINSER(TITLE ;XsN,CELA, IF)

DIMENSICN X{N)s TITLE{(20) : LT
REAL%8 TI TLE, SECS . e -
DATA SECS/BHSECS /7 - o

CALL AMAX(XyNyXNAX)

CALL AMIN{XyNoXMN)

XRG =XMA - XMIN

RANGE =3CCe /XRG

IF(DELALEQ. « 04444 AAC.TITLE(B) EG.SECS)GG TG 20
$=6,.

IF(N.LE, 1CG)‘ T.

R=0.

IF(DELA.LT. {10. ¥%*R¥, 0000001))GC TC 2
R=R+1.

GO 10 3

IF(R.,LT.1.)GC TC 99

INTER = 10.%% (8.-R)*DELA + 0.5 :

AINTER = FLCAT(INTER)/(10.%3*{5-R))

ANXL=(6.*AINTER) /DELA

0 70 4
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AINTER=5,
ANXL=6175,

NXL=ANXL
NxS=3%NXL
CONST=8CC. /ANXL
NT=N/NXS
NT=NT+1

DO 1€ I=1,NT7

CALL ADVFLN{IF)
IBEGIN={I~- 1’*hX‘+l
TEND=NXS '

- IFI%RNXS.G T, N)IEAD A= ({I'=11%NXS)-
CALL RECORF(X([BEGIN)71vIENDyXMINQRANGE9CGNST1AINTERyTITLE:NXL)

CONTINUE

CALL ENDF ME
RE TLRN

~+END -

INTEGER BA‘EpFCSsBASELgBASEY,ANARK;XPLCTlePLGT&yTPLGTI,TPLOTZ
- DIMENSI ON X(TEND) o TITLE(ZO) ‘

REAL*8 TITLE
CALL TSP(12Cy48,8)

DO 1 I=6415

CALL HORAN(TITLE(I),8)

CONTINUE

CALL TQP(IZCy48924)

DO 30 1.=17,19 Co
CALL HORAN(1ITLF!I’,8)
CONTINLE

D0 5 I=1,3

BASE=34C*1-17C

CALL VECICR(lllyBASF,911 EASE)
POS=BASE+4¢(C

CALL TSP(8C1+48,FCS)

CALL HORAM(TI TLE(3) ,8)
BASEL=BASE+12

BASEY=BASEL+20

DO 10 J=1,7
ANMBR=FLCAT{J-1)*AINTER

AMARK=(FLCAT({(J-1)%5)%80,)1/3, + 111,

CALL VEC TCR{ANMARK,BASE, ANARK,BASEL)
AMARK=AMARK~4Q -

CALL: TSP (ANARK 448 yBASEY)

CALL C4C2CF (ANFBRy6,1)

CONTINUE

CONTINUE

60 |

SLB?OUTINE RECGRF(X!IBEGIhlekcrpr“’RANGE)CONST’AINTER'TITLE,NXL’a
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U IBEGT1=IBEGI N$1 |

XPLOTY = 32C.-(X(IBEGIB)-XNIN)#RANGE

TPLOTL1=111.,

DO 15 1=IBEGI1,IEND.

TLINE=(I-1) /NXL+L

XPLOT2=34C.#F LCAT(ILINE) = (X (1) =XMIN)*RANGE=-20, .-
TPLOT2=FLOAT(I~-IBEGIN-{{ILINE- 13*AXL))*CGNST+111.
IF(L.EQs (NXL#1),. CR, 1.EQe (2%NXL+1))GC TC 20

CALL VEC1CR(TPLCT!oXFLCleTPLCTZ,XPLOTZ)
XPLOTL=XPLCT2 -
TPLOTL=T1PLLCT2

CONTINLE

. CALL, TSP(983G,48,23) ., - ..
CALL HORANM(TLI TLE(16),8)

RE TURN
END
SLBROUTI NE CARGRF(X9Y1N3

THIS PACKAGE PLCTS N FC[NTS THE CARTESIAN CO-ORGINATES OF THE .
JTH POINT BEING SPECIFIED AS X{(J),Y(J),
THE PACKAGE USES THE CCMMON --

COMMON /GREE/ TITLE(20), XMAXy XMINs YMAX, YMIN, INOX, INDY, IND,
1IDOT, ANSTR1, IF, XLIMIT, YLIMIT, SCALX, SCALY .

. THE TITLE ARRAY CARRIES INFCRNATICN FCR ANNCT AT ING THE OQUTPUT
GRAPH. THI S ARRAY IS SET up AS FGLLGWS -

TITLE (1) =)
. YCCATAINS 24 ‘HOLLERITH CHARACTERS GIVING THE UNITS.
TITLE(3) =)OF THE .ABSCISSAE ' o |

TITLE(4) JCCNTAINS 16 HOLLERITH CHARACTERS GIVING THE UNITS
TITLE(5)  )CF THE CRDINATE ’

TETLE(6) =)

. JCCNTAINS 80 HCLLERITH ChARACTERS GlVING A TITLE 10
. )} THE GRAPH
TITLE {15) =)

TITLE (16) -CONTAINS 8 HOLLERITH CHARACTERS CIVING DATE oF
PRCCESSING '
TITLE{(17) —-CCNTAIANS 8 HCLLERITH CHARACTERS CIVING TIME oFfF
PRCCESSING
TITLE(18) ~)
N ) UNUSED
TITLE(2C) -)

XMA X ) SET BCTH EQUAL IF PROGRAM TC CHOOSE "THE ABSC[SSAE .
XMIN ) SCALE. CTHERWISE SET 7O CHOS EN LIMITS OF. ABSCISSAE SCALE

YMAX )SET BCTH ECQUAL IF PRGGRA& 10 CHGOSE THE URDINATE SCALE.
YMIN JCTHERWI SE SET TC CHCSEN VALUQS:CFVQRDlNATE SCALE
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INDX IS AN INDICATCR FCR FLOTTING TEE ABSCISSAE ON A LOG SCALE
INDX=1 ABSCISSAE CN LINEAR SCALE
INDX=2 ABSCISSAE CN LCG SCALE

INDY IS A SIMILAR INDICATCR FGR THE ORDINATE SCALE
N.B. CCNTENIS CF ARRAYS'ARE MCGIFIED US INC LDG‘SCALE.

IND IS AN INDICATCR FCR CCNTRCLLING FRAME CALLS -
IND=1 CARGRF CALLS ADVFLM AND ENCFME
=2 CARGRF CALLS ENOFME BUT NOT ACVFLM

~ID0T IS THE SC4020 CCDE CF THE REQUIREC PLOTTING SYMBDLv

ANSTR1 INDICATES WHETHER THE PLCTTED PCUINTS HAVE TO BE JOINED P
ANSTR1=1. PCINMNIS NCT JCINED
=2, PLINTS JCIMED.

IF SPECIFIES TYPE CF CUTPUT
IF=1 CLIPLT CN VMICRCFILN
=2 OLTPLT ON HARD CCPY

=3 CLTPLY CN BCYH NICRCFILM ANC HARLC Copy

SUBROUTINE CARGRF (XyY4N)
DIMENSION X(N), Y(N)

COMMON /GRFF/ TITLE(20), XMAX, XMIN, YMAX, YMIN, INDX, INDY, IND,
11D07%, ANSTRls IF, XLIMIT, YLIMIT, SCALX, SCALY : :

REAL®8 TI TLEAJCI MyBLANK,INSTRL +CATE,TIME |
INTEGER PLACE X, PLACEY, XFLCT1, XFLOT2, YPLOT1, YPLOT2

DATA AJCIN/BHJCIN  /,BLANK/BH /

CALL DATINMDATE , 11 ME)
TF{IF)2,2,1

IF(IF~-4)3,3,2

IF=3

IF{IND.NEL2) IND=1
IF{INDY.NEL2) INDY=1
IF(IDOT.67.63) IDCT=48
INSTRYI=AJCIN ]
IF{ANSTR1.EQ. 1. JINSTRI=BLANK

GO TO (5546C) yINDX
POSXT=POSMIN(X,N)
POSX=ALCGL1C(PCSXT)
POSX1=PQ$>»T%0, 9999

DO 2C1 TI=1,N ’
IF(X(I).LE.C.a C) X(1) = FCSXT
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CONTINLUE

CALL CLGG (X4N)

GO TO (6547C) yINDY

POSYT=POSMIN(Y, M)

POSY=ALCGL1C(PCSYT)

POSYT=POSYT*C. 9999

DO 202 I=1,N N

IF{Y(D).LE.C. Q) Y{I)= FCSYT

CONTINUE

CALL CLCG(YyN)
IFCOXMAX=XMIN) . GT.1.0E-TIGC TC 66
CALL AMAX{XgNyXMX)

CALL AMINUXyNyXMN)

TFU(XMYX=XMN) o LTo1o QE-T) XBX=XNX+1.0E~7
GO TO 67

XM X =XMA X

XMN =XMI N

IF{{YMAX-YNIN)GT.1.0E-T)GC TC 68
CALL AMAX{Y,NyYMX)

CALL AMIN{Y N,YNN)
TF{LYMX=YMN) o LTo 1. 0E=7) YMX=YM¥X+]1,0E-7
GG 70 2€0

YMX=YMA X

YMN=YMI N

G0 10 (€€8,889) ,IND

CALL ADVFLM(IF)

CALL EXPHVY{123,27,923)

CALL SCALE&(XyXLINITySCALX'PLACEXyXFACTR,N’XMX,XMN)
CALL SCALEN{Y,YLIMI T,SCALY,PLACEY,YFACT Ry Ny YMX, YMN)
GO 10 (777,778} ,IND

CALL VECTCR(115,923,1003,923)

CALL VECTOR{123,931,4123,43)

DO 5 I=1,11

FAC TOR=FLOAT{I~-1) *80.
XSCAL=203.+FACTCR
YSCAL =43. +FAC TCR

CALL VECTOR(XSCAL 923 4XSCAL,931)
CALL VECTOR{115,YSCALs123,YSCAL)
CONTI NUE

IGUIDE =1

IDRAW =1
IF(INDX.EQe2+ ANDW X{1) o LT PCSX) IGUILE=2
IF(INDY.EQa2s ANDe YI1) o LT, PCSY)IGUIDE=2
GO TO (<58,599) 4IGLIDE
XPLOTI=(X{(1)~XLINMI T)2SCALX + 123.
YPLOT1=923,={Y{1)-YLINMIT)ASCALY

CALL PLOT(XPLCTYL,IDCT,YPLLCT)

IDRAW=2

IF(INSTRI.NE. AJCIN) IDRAK=1

IGUIDE =1

DO 10 I=2,N
IF(INDY.EQe2+ AND, Y(I) LT POSY)IGUICE=2
IF(IND XoEQe2+ ANDe X{I).LT.PCSX)IGUICE=2
GO TO (€S7,996) ,I1GUIDE
XPLOT2=(X{I)=->XLINI TI#SCALX + 123,
YPLOT2=923, - {(Y{I)-YLIMIT) *SCALY)

CALL PLOT{XPLCT2,IDCT,YPLLT2)

GO TO ($95,994) ,IDRAW
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G€4 CALL VECTOR(XFLCT1 yYFLOTL 4XPLOT2,YPLOT2)
SCE YPLOTL=YPLCT2
XPLOTL =XPLCT2
IGUIDE =1 '
IDRAW=2
IF(INSTR1.NEL AJCIN) IDRAW=1
60 70 1¢ '
€<é IDRAW=)
IGUIDE =1
1C  CONTINUE

GO 10 (776,78C) 41 ND
116 Y4=4,%YFALTIR
X4 = 4,%XFACTR

DO 30-I=1'3
F={I-1)
YLIM=YLI ML T+F % Y4
GD TO (21,31) 4INDY
21 YLIM=1C,%%xYLI N
21 XLIM=XLINMI T+F*X4
GO 10O (22432) ,INDX
C 32 XLIM=1Cek%kXLIWV
22 YPDS=915,-F*%320.
xXP0 =52, +F*32 0.
CALL TSP(12,48,YFCY)
60 TO (23,33) ,INDY
32 CALL C4C2CE(YLIM,11,2) ‘
G0 10 41 , -
CALL C4C20F (YLIM,13,FLACEY)
CALL TSP{XPCS+484942)
GO TO (24 434) 4 NDX
34 CALL C4020E (XLIVN,11,2)
: GO 10 3¢
24 CALL C4C20F {XLI ¥y13 ,FLACEX)
ac CONTINUE

L%
LR ¥4

IF(TITLE(16). NE.DATE)GC TC 780

CALL TSP (48,48,291)
CALL VERANM(TI TLE(4) ,16)
CALL TSP{76C,48,958)
CALL HORAM(TI TLE(1) ,24)
CALL TSP(13Cy48,23)
CALL HORAM{TI TLE(6) ,80)

7€C - CALL ENDFME
RE TLRN
END
FUNC TION PCSMIN{X,M)

FINDS MINIMUM POSITIVE VALUE OF ARRAY X

DIMENSION X (N)
| ”
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IND = €

DD 10 I=1,N
[F(X(I).LE.Ca CIGC TC 10
IND =1

GO 10 1

CON TINUE

IF(IND.NE.C)GC TC 7 _
PRINT 2¢C B ' B

FORMAT(132H1AN ARRAY FRGM WHICH THE SMALL EST POSITIVE VALUE WAS RE
1QUE STED FOR GRAPHING WAS ALL NEGATIVE YOUR JOB HAS THEREFORE BEEN
2 TERMINATED) ’

CALL FINI SH

CALL EXIT

KQ=IND

KP=KQ

IFIKQ-N)3 44 94

KQ=KQ+1

IFI{X(KQ).LE.D.0)GC TC 2

IF(X{KP)=X(KQ))2 545

POSMIN=X{KP)

RE TURN

END

SUBROLUTINE CLOG (X 4N)

CGNVERTS ARRAY X 1C CGMNCN LOGS

DIMENSICN X(N}

DD1L I = 1N

X(I) = ALOGLOAX(I))

CONTINUE -

RE TLRN

END S
SLBROUTINE SCALEN (XyXLIMIT,SCALX) TPLACE, FACTORy Ny XMAXy XMIN)

COMPUTE S SCALING VALLES FCR CARGRF

DIMENSICN X{N)
DOUBLE PRECISION XRGyRyFACT,S

XRG =XMA X—= XNI N

R=0.000 .+ o o o o ;
IF(XRG.LT.(10.0DO**R*.OOOOOOOOOIT)'GUiTG 2
R=R+1.0DC

GO 10 1

IF(R.LT.1.0D0) 6C TC5 . . . .. .
FACTﬁfln;CDG**(R-l;BDO)f)bOObOOOOOlZS)“

S=C.0DO0 .

IF(XRG.LE.FAC1*(2.000**53) GC TC &4

A SEHLDO ‘

FAC TDR = (FAC T* (2, 0D0*#S) ) #¥10.,00-2

XLIMI T=XMIN/FACTCR
LIMITX=XLIMIT~. 99999

XLIMI T=FLOAT{LI M TX) *FACTCR
IF(XMIN.L!.XLIRIT)XLIMIT=XLIMIT—FACTGR
SCALX=8C. /FAC TCR
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DO0

aEelel

in

IPLACE=13,-R
[F{IPLACE.LT.1)IPLACE=]

RETURN
END \
SLBROUTINE AMAX {XehgXNMAX)

FINDS MAXIFLN VALLE CF ARRAY X

 DIMENSLON. X(N)

WoAn N

RV NIRY ]

KQ =1

KP = K@

IF{KQ =N)344,4

KQ = K@ + 1

IFIX{KP) ~ YUKG))2,5,5
XMA X = X({KP)

RETURN

END

SLBROUTINE AMIN (XoNyXMIN)

FINDS MINIMUM VALUE CF ARRAY X

DIMENSIGN X{N)

KQ =1

KP = KQ
IFIKQ=-N)3 ¢4 44
KQ = KQ + 1

TF(X(KP) = X(KQ))2,5,5
XMIN = X{KP)

RE TLRN

END

SUBROUTINE CChTLR(ththYvaCSTEPgCLGWyCHIGPtlF)

DIMENSIGN A (N,N)
CALL ADVELN(IF)
HX=10.,2/FLCAT(NX)
HY=10.2/FLBAT(NY)
QX=0, C2

QY=C, C2

DC=CSTEP

C3=CLOW

C4=CHIGH
C1=C4+DC
C2=C1+DC

CALL OBC7A(A'DC,C11C2yC3yC4,NX NY 9 HXy HY » QX,QY,O.,I,N)

CALL ENDF ME
RE TURN
END

SUBRGUTINE CBO?A(F:DCyClyCZ,CB,C4 NX NY;HXyﬂY QX!QY!CBSS)NQ,IDF’

DIMENSIGR F(IDF;!DF)'

COMMON /CCANTY/ GX,CV9CCSG,S{NG10X1CYQCX)CY Xy YtA’BQC901CUN91HL,IHK

IHL =1
IHK=2
THO=3
CEN=10CC.
Ox = QX
0y = Qv
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COSG = COCSS
DX =HXx
DYz HY |
CEX U= NX -1
Y. = 'NY -1
AR Z DX * ELOATUILX)
BB = DY * FLOATUY)
CX = 0.5 % DX
CY = 0.5 % DY N ‘
SING = SQRT{1.-CCSG*CCSG)
DELR = 1.C/DC

1C1
1C2
1C4

1ce

IF (COSG) 101+1C2,102

Ox = 0X - DY*FtEA!(I\)*CCSG

IF (NQa 1€5,10C5,104
XD = CEN*(CX)

YD = CEN%{CY)

CALL QUACK{XD ,¥YD,IHL)
XD = CEN*{CX+AA)

CALL QUACK (XD 4YD,IHK)
XD = CEN*(CX+ AA+BB*CCSG)
YD = CEN%(CY+BB*SING)
CALL QUACK({XD sYDIHK)
XD = CEN* (Cx+BB*CCSG)
CALL QUACK(XD yYDIHK)
XD = CEN%(CX)

YD = CEN%{(QY)

CALL QUACK{XD 4YDIHK)
IF (NQ-1) 1C5,105,106
CONTINUE

[ X1=IX-1"

CIYl=IY-1

1C8
1C1
1CE

DO 1C7 J=1,1Y¥1
DO 1€8 1=1,1X1

X = FLOAT{(I) * DX

Y = FLOATUJ) * DY

XD = CEN¥ {CX+ X+ Y*CCSG)
YD = CEN%(CY+ Y*SING)
CALL QUACKI{XD 4YDIHD)
CONTINUE

CONTINUE

SMALL=1.E-6
DO 112 J=1,1Y
DO 113 I=1,1IX

FOR REASBN< ‘WHICH WwILL BECBNE APPARENT, CONTOUR VALUES SHOULD NOT
EXACTLY CCINCIDE WITH FIELD VALUES. TO TAKE AN EXAMPLE, SUPPUSE
FIELD VALUES ARE READ IN AS A=25. 3 B=29.4 C(=29.4 0=26.,5 AND
THE CONTOURS ARE REGUESTED BY PUNCHING C1=20.4 (2=38.4 DC=4.5 .
THERE 1S THEN THE DANGER THAT CCNTCUR 29.4 MICHT BE IDENTIFIED AS
INTERSECTING SIDE B8C (SEE LINE OF EXECUT-

3C2 IF {((B-CCN)*{C-CCM).LT.0) 303,304 ).

IF BY CHANCE WE GC TC 303, WE WILL GET TGO 402,404,410,DR 412 AND

"GET OVERFLCh CN DIVIDING 8y (C-B).

AS ANCTHER EXANFLE, A FALFUNCTICN CAN OCCUR WHEN ONLY ONE OF
THE 4 FIELD VALUES IS EQUAL TGO A CONTOUR LEVEL. SUPPUSE A=25.2,
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PAUL. heBUR TONE BLACKAESTS .
Se 1345 25, 42, 564 71.50.8 -8 0
8. 12, 24, 41, 58, 80.50.8 1. 0
7.5CC11.5C22.5042.0065.00103.00.8001.5000
6.5CC10.0C20.CCE4.00169.0203.00.8003.0000
5.C007.50C19.CC88.00210.0420.00.8006.0000
E.5CC13.5C26.CC44.0059.0073.501.0000.8000
8.00013.5025.5C45.0063.0087.501.0001.0000
7.ECC12.0024.C(48.5C78.00126&01.0001.5000
6.00010.0023.5067.00132.0243.01.0003-0000
5.CCO€.50024.00106.0243.0468.01.0006.0000
.56015.5030.505C.5067.0084.001.5000.8000
8.5CC]4.0028.5C51.5C72.0099.001.5001.0000
E.OCCIB.CCZB.5C59.CC90.00140.01.5001.5000
7,58012-0C32.CC82.0C147.0260.01.5003.0000
6.CCC11.0C36.06127.6260.0484.01.5006.0000
10.5618.0036.CC62.5C84.00113.03.0000.8@00
lC.OOl?-SCB?.CC68.SC96.00133.03.0001.0000
8.5C017.5C49.00113.5184.0291.03.0003.0000
1C.CGl7.0040.CC8C.50120.0175.03.0001.5000
8.50019.0061.00162.6292.0509.03.0006.0000
9.CC014.5028.5C48.5C67.0092.001.0001.0000
€.5CC16.CO31.5C56.CC77.00105.01.5001.0000
1C.CCI7.0035.5C62.5C86.00118.03.0001.0000
7.5C011.5021.5C35.5047.0058.501.0000.8000
7.CCC11.5022.0037.5052.0070.001.0001.0000
7.0CClC.5021.5040;5063.00IO0.0!;OOOlmSOOO
S.ECCG'50021.5056.00105.0187.01.0003.0000
4.5608.00C23.CCEb.50185-0357.01.0006.0000
7.50012.5024.CC40.0C54.0069.001.5000.8000
7.CCC11.5024.0043.0060.0081.001-5001.0000
7.CCC11.5024.505C.0C75.00113.01.5001-5000
5.5CC€.50026.5(68.00118.0201.01'5003.0000
5.50C10.5C33.50103.0203.0375.01.5006.0000
Q.CGOIB.GCB0.0052.5C72.00101.03.0000.8000

e A

. 30. 100. 43.100.220181.3.€48C4C.C0
N 30. 100, 39.200.320161.C,C48C40,90
.00030.00100.032.000.-20134-C.C4EC4Gn£G

.00030.00100.038.000.640149.CG.CG&%C.CG
.00030.00100.020.200.640147.8‘192C40.GO
.00030-00100.035.200.320lAB.E.CﬁECéC.CC
.00030.00100.036.000.320148.8.C48040.00
.00030.00IO0.026.000.320148-5.C64C40.CO
.00030.00100.015'000.320163.8.128040.00
.00030.00100-015.300.640130-5.1?2640.06
.00030.00100.048.200.640148.5.04&040.00
.00030-00100.044.000.640172.C.064C40.CO
.00030.00100.035.000.646192.8.09604C-CO
.00030.00100.020.200.640146.3.128046.00
.00030.00100.021.001.280162.6.256C4G.00
.00030.00100.039.201.020149.5.06404C.CO
.00030.00100.035.701.020195.G.C9604Q.GC
.00030.00100.028.301.020147.8.C€€C4G.CO
.00030.00100.016.701.020183.8.192C4G.G0
.00030.00100.08.9001.020148-C.256C40.CC
.00035.00100.077.000.640196.4.048040.0g
.00035.00100-052-000-640167.3.04€C4G$CC
.00035.00100.033.800.640198.4.064C4CQCO
.00030.0075.0034.600.320161.5.C64540.09
.00030.0075.0029.300.320139.0.064040:00
.0003050075.0021.400'320156.8.096640.00
.00030.0075-0022.600.640176.2.192C4C.00
.00030.0075.00ll.400.640127.3.256C4C.00
.00030.0075-0046.000.640204'6.096040.00 :
.00030.0075-0039.800.640176.2.0§6C4G.GO
.00030.0075.0029.000.é40176.3.12EC4G.00
.00030.0075.0015.500.640154.8.192C4C.CC
.00030.0075.0015.801.280116.1.256040.00
00030

«0075.0037.201.020144.2,056C40.C0 |
.0075.0032.101.020169.C.12€C4G.CC

.0075.0023.401.020196.6.192040.UC
.0075.0012.501.020165.C.256C4G.CC
.0075-0012.802.040149.5.38464C-00

8.50015.0030.5C57-CC81.00117.03.0001.0000.00030
7.50C14.0034.0C69.00101.0148.03.0001.5000.00030
7.5C015.5044.0058.00154.0237.03.0003.0000.00030
8.0CC17.5055.00141.0243.0414.03.0006.0000.00030 '
7.5C0l1.5021.CC34.0CS4.5056.000.8000.8000.00030.0075.0041.000.220173.C.064C40-00
7.CCC11.0019.5C34.0C47-0065.000.8001»0000.00030.0075.0036.100.320153.0.064640.00
E.ECGlC.CCIQ.5C36.0058.0096.000.8001.5000.00030.0075.0025.600.320170.7.C§6C40o00
4.5CC&.50017.5047.5095.50176.00.8003.0000.00030.0075.0014.00.3200193.C.192040.00
4.CCO&.CGC18.5C73.00172.0340.00.8006.0000.00030.0075.0014-000.640136.(.25604C?GG

8eC 12,5 24.5 44,5 62.5 87.001.0 1.0 0.0 25. 100. 50.200.640141.7.064C4C%C0j*
8.0 12,0 27.5 45,0 57.5 92.001.5 1.0 0.0 25, 100, 35.800.€40193.5,096C04C. 00"
S+5 17 34.5 €2,5 87,0 119.03.0 1.0 0.0 25. 100. 18.80C.64C150.C.056C40.C%
Se5 1545 30.5 52.0 68.5 86.,003.0 0.8 0.0 15. 100. 18.201.020146.2.19204C.00
7.5 13,5 29,5 52,5 74. 102.03.0 1.0 0.0 15. 100, 16.801.020126.23,192¢40.CC
7.0 13. 29.5 6C.C 92,0 142.03.0 1.5 0.0 15. 100, 274402.040188,C,384C4C,CC
6.C 11,5 32.C 84.0 148, 255,03.0 3.0 0.0 15. 100, 15.302.040144,.€.512C4C. 00
445 10,0 37.5 125.5250. 468,03.0 6.0 0.0 15. 100, 8.3002.04016€.81.0244C.00
7eC 12,0 2445 42.0 5645 72.001.5 0.8 0.0 15. 100. 31.301.020173,6.192C4C.CC
6.5 11.0 23.0 42.5 62.0 88.001.5 1.0 0.0 15. 100, 28.401,020150.1.152C40.G0
Se¢5  SeC 22.C 48.0 77.0 128,01.5 1.5 0.0 15, 100. 22.501.C20148,€.256C4C.CC
4.5 8.0 22.0 65.5 130.0237.01.5 3.0 0.0 15. 100, 26.002.040164.9.51204C.CC
3.C €.5 23, 6.0 0.0 15. 100. 13.602,040175.71.0244C.0C

1C7. 239, 467.01.5

~
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Letter to the Editors

The Source-Layering Function of Underground Explosions
and Earthquakes—an Application of a ¢ Common Path’
Method

P. D. Marshall and P. W. Burton
(Received 1971 August 10)

The vertical component of surface motion, R(®), created by a Rayleigh wave ina
layered medium, at a point distant r from a source, is given by the expression:

R(w) = % .L(w, d) *» I(w) * A(w) * S(w)

where K is a constant and L(o, d), I(») and S(w) represent the amplitude response
of the layered medium as a function of frequency and source depth d. the amplitude
response of the instrument, the absorption term and the source spectral function
respectively.  The Rayleigh wave amplitude R(w) is expressed in the angular
frequency domain (Toksoz, Ben-Menahem & Harkrider 1964).

‘For a closed system comprising a single epicentre, path and recording station:

S(w) * L(w, d) _ r B
R@)  Kl@)x4e) (@)

is a function of frequency only, and constant at a given frequency; a(w) is a
characteristic of the system and independent of the source. Any two events which
occur at the same epicentre have a common path parameter a(w) and therefore are
related by the expression

S, (@) * Ly(@,d) _ 5:(@) * La(®, d) M
R,(®) R2(®) '

The terms R, (@) and Ry(w) can be obtained by Fourier analysis of the Rayleigh
wave trains. This gives a means of relating the spectral source-layering functions
S(w) * L(w, d) for two events; the terms for absorption, scattering and lateral
refraction along the path and the instrument are eliminated.

1t is usually difficult to assess the source-layering term. This paper suggests the
comparison of a known with an unknown source, by means of the common path
method to solve the problem.

The source spectrum for atmospheric explosions has been published by Carpenter
& Marshall (1970) using data from the large explosions fired over Novaya Zemlya
in 1962. Since 1964 large underground explosions have taken place very close to
these epicentres. Rewriting relation (1) for these two types of event leads to:

Ru(w) * SA((D) * LA(CO9 0)
R (@) ' @

SRR
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Su(w) * L“((O, d)=
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1
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FiG. 1. Recordings at Quetta of (a) Atmospheric and (b) Underground
explosions at Novaya Zemlya,

100s
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F1G. 2. The log source-layering function of an underground explosion (from the
Quetta records).
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Fic. 3. The mean and one standard deviation variation of the log source-layering
function of an underground explosion (from the summation of three sets of
records).

The term L ,(w,0) can be considered as constant because it is a slowly varying
function of o in the range of interest (Carpenter & Marshall 1970). Rayleigh waves
from two explosions at Novaya Zemlya and recorded at Quetta, Pakistan, were
analysed (Fig. 1(a) and (b)) and their Fourier spectra obtained.

Atmospheric explosion: 27.9.62 0803 GMT h~ 0km
74.3° N 524°RF

Underground explosion: 27.10.66 0558 GMT h=~0km
73-4°N 54-9°E.

The spectral source-layering function (illustrated in Fig. 2) for this underground
explosion was calculated for a set of discrete frequency points by substitution into
equation (2) at each frequency point. The perturbations at the higher frequencies are
probably due to differences in the background noise levels. There is more noise on
" ‘the underground explosion record than on the atmospheric explosion record (Fig.
1(a) and (b)); ideally the signal-to-noise ratio would be the same for each seismogram.

Perturbations due to noise were reduced by the similar analysis of records from
Albuquerque and Istanbul and then summing the individual spectra, the summed
spectrum obtained is shown in Fig. 3. This process is valid for explosive sources
because they are radially symmetric. The inclusion of one standard deviation from
the mean in Fig. 3 illustrates the variation of the spectra which make up the average
spectral values. The variation is reasonable although only a few records were
analysed.

The ¢ Common Path * method can be extended to earthquake investigation by using
this known source-layering function, The assumption is that L,(w, d) does not vary
significantly over many regions of the world because explosions are shallow events,
and L,(w, d) depends mainly on gross crustal features. The large differences in crustal
thickness between Kazakh S.S.R. and Nevada U.S.A. cause observable differences
in S,(w)*L,(w,d) (see Fig. 4, Marshall 1970). However, S, (@) * L,(w, d) esti-
mated in a region of normal crustal thickness may be applied in a region of similar
crustal thickness. ' '



536 P. D. Marshall aid P. W. Burton

log relative amplitude

O'C 210 1 215 1 310 1 3|5 ] 4!0 1
Period (s)

FI1G. 4. The log source-layering function of an earthquake (from Milrow records).

The Rayleigh waves from an underground explosion and an earthquake which
occurred in the same epicentral region were used to calculate the earthquake source-
layering function:

Sy(@) * L,(, d) * Rg(w)

Sp(w) * Lg(w, d) = R () = Rg(w) * o' ().
The events selected were:
Underground explosion: 2.10.69 2206 GMT h~0km
(MILROW) 574°N 179-2°E .
Earthquake: - 18.9.69 0844 GMT ho~24km

52:5°N 173-5°E.

and the resultant spectrum of the earthquake is shown in Fig. 4. The summation
of several spectra cannot be applied to earthquakes because the source is radially
asymmetric. This necessarily implies a study of the variation with azimuth.

As anticipated by other studies (SIPRI 1968; Marshall 1970) the source layering
functions for the earthquake and explosion are significantly different, particularly at
the longer periods. No further interpretation of the earthquake spectrum is attempted
here except to say that the minimum at T = 28s in the earthquake spectrum is
associated with the depth of the source (Douglas, Hudson & Kembhavi 1970). -

To proceed further with the present analysis and obtain S,(w) we must eliminate
L,(w,d). This can be done when the crustal structure is known in the region of
Novaya Zemlya.

U.K.A.E.A., Department of Geology,

Blacknest, University of Durham,
Brimpton, : Durham City,

Reading RG7 4RS Durham.
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Fig.1 Observational Q3! data for Rayleigh waves.

Values of Q;* were then obtained from the logarithmic form
of the amplitude equation for a recording site

IA 7EAS .
kHQAmmEDVL\NameQ

A= spectral amplitude (us) at frequency f (Hz)
U=group velocity (km/s)

E=radius of the Earth

A=angular distance between epicentre and recording site
C=aconstant.

Least squares values of Q;* for the frequency range 0.015-0.065
Hz (periods 65-15 s) and their 959, confidence limits are shown
in Fig. 1.

Table 2 Velocity-Depth Model Assumed

P-wave S-wave Thickness of- .

velocity velocity Density layer Qx;/ Q85

kms—1 kms—! gem—3 km
6.10 3.5 2.7 14.0 2.29
6.50 3.72 2.9 22.0 2.29
8.06 4.40 3.33 22.0 2.51
8.08 4.46 3.345 10.0 2.51
8.121 4.45 3.375 55.0 2.51
8.50 4.96 3.64 — 2.19

A velocity-depth model must be assumed to invert the Ray-
leigh wave Q,(f) data into a variation with depth of Q,, the Q
for compressional waves, and Qg, the Q for shear waves. Most
of the propagation paths specified by Table 1 are of continental
type, so that the simple, six layer, continental type, velocity-

2

the other for high frequencies. Our data do not show such a
peak (although this does not exclude its possible existence
within the 95%, confidence limits). So we have been able to
interpret our data with a frequency independent Q model, and
have no reason to resort to any frequency dependence in our
frequency interval.

Models of type II (Fig. 3), that is, moderate Q throughout
the crust and uppermost mantle, do not seem to have been
proposed. before, but certainly cannot be eliminated by the
present data. The difference between our interpretation and
that of other authors is probably due to lateral variations of Q
within the upper mantle for the different epicentral regions and
propagation paths investigated. In using our data we did not
assume the presence of a low velocity layer, yet all of our types
of models show a low Q zone at depths below 70 kms, in an
otherwise higher Q environment. This is in good agreement
with Tsai and Alei, who assumed a Gutenberg-type continental
Earth, and is further evidence for a zone of low Q, coinciding
with this low velocity zone.
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reducing the Hedgehog regional search to a six-dimensional
parameter space. For a Poisson solid (a=+/38) Q0.=2.25 Q,
but for our velocity depth model the ratio Q,,/Q;; varies and
is given in Table 2.

Postulated models were accepted if they fitted within the 75%
confidence limits at all periods. Consistency was confirmed by
repeating the search, but varying the mesh. The chosen region
of search is shown in Fig. 2; Hedgehog yields two adequate
solutions to the observed data—indicated by shading—but
makes no geophysical distinction between them. Also shown
are further good points but not connected regions found by the
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Monte-Carlo technique. .

The models fitting the data fall into four broad classes and
examples of these are illustrated in Fig. 3. - All the models
obtained show a low Q zone in the upper mantle. In most cases
this lies around and below a depth of 120 km. This low Q zone
corresponds to the Gutenberg low velocity zone, but note that
the Gutenberg low velocity zone was not assumed to exist
during model fitting. The remaining models show low Q
below about 70 km which tends to decrease slightly further
below 120 km. This low Q zone is at a depth corresponding to
the low velocity zone in tectonic regions of the continents. The
range of models found probably reflects lateral variations in Q
on the paths to the recording stations as well as the non-
uniqueness of the inversion process.

Table 3 A Few Q-Depth Models

Anderson
Layer type model Model1l Model2 Model3 Model4

Qu s 10/:] Qs Os Qs
1 1,000 440 90 180 610 90
2 1,600 700 790 260 180 790
3 1,400 560 500 260 260 680
4 180 70 220 120 340 840
5 180 70 180 260 290 140
6 400 180 115 115 55 125

_The Anderson type model has a low Q zone at about 50 km, and
Qu, Op are listed. Our models only list Qp because this determines
Qa.

Table 3 lists four models representative of the classes found
and an Anderson type @ model with a low Q zone at about
50km. Theoretical values of Rayleigh wave Q for these models
are shown in Fig. 4 along with the original observational data.
Note that none of our models shows the low Q zone in the depth
region 50-120 km with increasing Q below 120 km, found by
Anderson'®!1, Using short period Rayleigh waves, as in this
report (15-65 s), Tsai and Aki found the Anderson model MM$8
(ref. 10) to be unsatisfactory because it did not agree with their
observed frequency dependence for Q*2. More recently Backus
and Gilbert found that their results did not establish a low @
zone in the upper mantle'®>. However, Anderson et al.'® used
two earthquakes, in Chile and Tran respectively, as their data
source. Tsai and Aki used one earthquake in California while
Backus and Gilbert used free oscillation studies. This study
uses a source in Novaya Zemlya and continental paths—“a
continental Q”. These differences in the type, and more im-
portantly the region, of the data source may lead to variations
between the models. Such differences are observed and this is

: .5




