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PREFACE

The present volume contains the proceedings of the first three sym-
posia held during the XV General Assembly of the European Seismologi-
cal Commission.

The papers presented at symposia TV-VIII and during scientific ses-
sions organized by the subcommissions and working groups will be publi-
shed in Part II and III of the proceedings.

Chairman of the Organizing Committee

Roman Teisseyre
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“EISMIC MOMENT, SOURCE SIZE, AND FRACTURE ENERGY
OF SHALLOW EARTHQUAKES

S. J. GIBOWICZ

Institute of Geophysics, ‘Polish Academy of Sciences, Warsaw, Poland

Abstract®

The published values of seismic source parameters from 1275 shalow
earthquakes were coliected. The range of the observed changes of the”
seismic moment is from 1015 to 1030 dyne . ¢m, while the source radius
varies from 10 m for the smallest m1croearthquakes to almost 200 km for
' great earthquakes. The relationship between logarithm of the seismic
moment and source radius is not linear. It can be reprezented, however,
by three linear segments describing the relationship for small, interme-
diate and.large earthquakes, with the slope coefficient practically the
same for small and large earthquakes and twice smaller for intermediate
events. The spreading of the source parameter values appears to converge
for very small and very large earthquakes, while for intermediate events:
it is much larger than possible errors involved in determination of the
source. parameters. The seismic moment for a given source size varies

by the factor 104, and the source radius for a given seismic moment can
change as much as 40 times.

For intermediate earthquakes the relationship between the logarithm
of the seismic moment and source radius implies a constant fracture

‘ 2
energy ’a‘o, which changes from 1O1 to 199 erg/cmz, with a‘ = 10 erg/cm

for average events. The fracture energy of intermediate earthquakes can
be used, therefore, toc characterise the tectonic envirorment in the source
area. For large and small earthquakes the relationship implies a constant
unit stress drop A0/S, which is the stress drop AGdivided by the -fault

4

2
surface S. It changes from 10O to 10 bar/km”~ for small shocks and
from 10_4 to 10O bar/km2 for large earthquakes. The smallest shocks
2 - 2
tend to indicate a constant unit stress drop between 10 and 104 bar/km",

: -4 -2 2
and the largest earthguakes give the values between 107 and 10 ~ bar/km™.

Eeceived: November &, 1976

*The paper will be published in Acta geoph. pol 25,2 (1977)
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SEISMIC MOMENT OF SOME EUROPEAN EARTHQUAKES*

D. PROCHAZKOVA

Geophysical Institute, Czechoslovak Academy of Sciences
Prague, Czechoslovakia

Abstract

The magnitude has been widely used as a quantitative measu-
re of the strength of an earthquake although its short-comings
are well known. The dislocation theory earthquake mechanism
furnished a well-defined parameter for measuring the state of -
a seismic source - the seismic moment. This paper presents
a brief summary of the method of determining the seismic moment
of some European earthquakes. Some problems connected with
the calculation of numerical values of the seismic momen: at
a single seismic station are discussed.

Before attempting to determine the seismic moment on a routine basis
we want to estimate the accuracy of the calculation at a single station,
The present paper reports about a comparison of values of the seismic
moment M calculated from three components of P, S and surface waves.
For the cSlculation of the seismic moment the following formula (Brune,
1970) was used:

o ‘
M, = 4Tev'R %/ Rog - _ (D

where @ is the density, v is the wave velocity or the phase velocity of
surface waves, R is the hypocentral distance, R gyis the radiation pat-
tern for the given wave and $¢ denotes the long -period spectral ampli-
tude. _ °

We have used the seismograms of the 3-component system FBV re-
cording at the seismic station Ka3perské Hory. The system was developed
and installed in 1972 (Ple$inger, 1976). Figure 1 shows the magnifica-
tion curve of this instrument. From the period 1973-1975 12 European

% The detailed text will be published in Geofysikdlni Sbornik (1977) ,
(Trav. Inst. Géophys. Tchécosl. Sc).
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shocks with -good seismograms for digitizing were selected. The P, S

and surface waves were digitizied using the USC digitizer with a sampling
period of 0.2 s. We chose the beginning and ending of the wave groups
so that the numerical values of amplitudes of the first and the last points

10° 1

107 7

—
Winter

.

+

1 1 T 100
Fig. 1. FBV seismograph - amplitude response A(T).

were close to the level of the signal preceding the P wave. The devia-
tions from the zero-level were converted to millimeters and using the me-
thod of Filon the spectra were computed. The instrumental effect was
corrected by the relation .

A = A(f) /H(D),

where A(f) is.the computed spectrum, H(f) reprecents the response
characteristics of the instrument and A(f) is the corrected spectrum.
Since the calculated spectra oscillated around an average value they
were smoothed according to the relation :

S(T) = 0.5 8 (T) +0.25 [so(T - AT) + 8 (T +'_AT):|

where S(T) 1is the corrected spectrum, S, (T) is the calculated spectrum
and AT is the sampling period equal to 0.Z°s. The examples of corrected '
spectra for three components of two earthquakes (Table 1) are shown

i¥ Figures 2 to 8. From these figures it follows that in general the
shape of the spectra corresponds to the assumed shape in which, at

long periods, the wave spectrum approaches assymptotically a constant
value Qo‘; the corner frequency fo corresponds to the intersection of
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low and high frequency branches (Brune, 1970). The gbtained values of
Qo and f_are in Table I. Provided that @ = 2.7 g/cmd, vy, = 6 km/s,
vg = 3.5 km/s, vy o= 3 km/s, R = 2608 km in the case denoted by (1)
and R = 2775 km in the case (2) and by substituing the values of the

1017
Q
1027
\1 1 min
1073 - M 10 TGO 80

Rys. 8. S-wave spectrum of the Jan Mayen earthquake of October 16,
1975, (component NS)-.

long-period level into the equation (1) we obtain the seismic moments
which are also given in Table I. This table also summarizes the numeri-
cal values of the source dimension r and the stress drop ABcalculated using
the relations described in the paper, e.g. Prochdzkovd (1976) .

From Table I it follows that the numerical values of seismic moment
calculated for one earthquake using different components and waves differ
by as much as one order. It-is also evident that the dispersion of numeri-
cal values of the stress drop and of the source dimension is still much
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greater. According to our opinion the large scatter of numerical values

of seismic moment is associated with the estimation of the radiation pattern
R,.,. In most. cases described in the literature the average value R = 0.
v . g vp = Ve

is frequently used. The deviation of this average value from the real one
must influence the calculated value of the seismic moment. It seems also
that the compensation for the geometrical spreading using the term

,(47[QV3R) -1 is too simplified. Moreover the influence of the geological
structure under the seismic station is not taken into account in the calcu-
lation of corrected spectra. It is, therefore, very desirable that seismic
moment is determined at several stations and that the compensating terms
are more detailed so that a higher accuracy of Mo can be reached.

Acknowledgement. The author would like to express his thanks
to Dr, V. Kdrnik for the valuable advice.

Received: November 3, 1976
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ON ESTIMATION OF THE FOCAL EXTENT BY TIIE INITIAL WAVE
PICTURE -

I. V. GORBUNOVA

Institute of Physics of the Earth, USSR Academy of Sciences
Moscow, USSR

Abstract

The paper deals with some dynamic and kinematic indica-
tions of P waves in the initial part of an earthquake record
which characterize an extensive source. Arrival times of the
waves can serve to estimate a focal region extent and direction
of its stretch. The results are confirmed by the trend of ra-
diation of P, S, and L waves.

The conventional representation of a large earthquake locality accor-
ding to instrumental data as a point epicenter in,the maps suggests- the
limitaticn of our concepts in interpreting the wave picture. The destructi-
ve process due to an earthquake is not by its nature an instantaneous
impuls, but lasts for some time and occupies a rather large volume in
space. Data of geological inspections over epicentral regions of large
earthquakes followed by surface ruptures allowed to estimate their focal
extents as 200 to 600 km, at magnitudes M>7.5 (Bogdanovich et al.,
1914 ; Plafker, 1965). ’

At present there are very many theoretical and experimental papers
dealing with the study of spatial sizes of earthquake sources, though
very few of them concern the problem of interpretation of the wave
picture characterizing an extensive: source, that is concern the fact that
generation of seismic waves occurs not only in the first moment of the
medium continuity disturbance, but at following time intervals, when
the rock-breaking process takes place (Vesanen, 1942; Wyss and Brune,
1967; Miyamura et al., 1964; Gupta et al., 1975). The complex cha-
racter of these destructive processes is represented in seismic records.
Detailed analysis of large earthquake records has allowed to devide
them roughly into two groups, the division being based on the difference
of the nature of instantaneous displacements of rocks caused by earthqu-
akes.
The first type of earthquakes comprises those, as a result of which
the energy in the source releases quickly during few first seconds. The
destructive process proceeds intensively, right away, and the first group
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of P waves in records has the highest amplitudes with a successive gradu-
al decay. The maximum of the envelope curve of P wave record falls wit-
hin the few earliest seconds (Fig. 1-1). Direction ‘of the first motion of P
wave is always distinct. These earthquakes are possible, when discontinu-
ity surfaces are homogeneous enough and the cohesive forces (friction)
along the stretch are 11tt1e affected. As a rule, these earthquakes are the
deep ones.
, The second group comprises earthquakes with such a form of record,
when the envelope curve has the maximum materially shifted from the onset,
the amplitudes increasing distinctly. As this takes place, initial swings
are usually very weak, sometimes hardly noticable and distinguishable in
the record. To make up for it, succeeding amplitudes are greater, and
a little later (¢ interval) one can find maximum amplitudes in P wave
corresponding to the moment of the maximum energy release in the source.
Direction of the first ‘motion for this group of earthquakes is, as
a rule, difficult to estimate, being not distinguishable at remote stations.
Emphasis should be placed here that it is the type of record that corres-
ponds to large earthquakes occurring in the Earth’s crust. The Earth’s
crust is inhomogeneous, the discontinuity surfaces are 1nhomogeneous
too, and the cohesive forces undergo great changes along these surfaces.
In these cases, the process of instantaneous displacement seems to arise
in the most weakened place. Dynamic stresses resulting from such a local
disturbance entail a further continuous spreading of the rupture process
and earthquake. In this case, the stronger the earthquake, the greater
are the masses of displaced rocks, that is the greater is the focal region.
Figure 1-1 represents an example of a record of an earthquake of M =7,
starting from motions expressed by trace amplitudes corresponding to
those of M = 3, 4, 5, respectively, during 10 seconds. The registration
threshold of such earthquakes by common type instruments is usually
within 20-30°.

The second type of earthquakes, when generation of seismic waves
as a result of the destructive process is well traced in records, will
be considered below in detaﬂ

The interpretation of the wave picture of an extensive source

The interpretation of the wave picture proceeds from the hypothesis
of a discrete development of the process in an earthquake source. In the
initial part of P-wave record one can easily notice two to five and more
arrivals not corresponding to conventional travel times. Arrivals following
the first one are distinct in short and medium-period records, because
these are ocsillations of this period range (0.5 to 10 s). that seem to re-
present better the irregularity of the principal motion in the source.
Long-~period instruments integrate these oscillations, and short-period
oscillations appear in records in the form of a superposition on long-period
ones. Arrivals resembling an onset of a new disturbance are of another
character: the amplitude of a new arrival sharply increases after a no-
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Fig. 1. I Examples of records of earthquakes of 1 and II types: 1) the
earthquake of the 1st type - 20 August, 1969, 08 h, M = 6; 2) the
earthquake of the 2nd type - 31 August 1968, 10 h, M = 7; 21 November
5 : 1969, 02 h, M = 7.7. ' .
1I) Diagram of a relative position of an extensive source and observation
points used for calculation of theoretical arrivals of P waves.
111) Arrival times of the maximum phase in P wave at stations disposed
at varous azimuths (the times are cited T)y Jeffreys-Bullen travel -time
curve at A = 20 ). (Solid curves mean SK instruments, open ones SKM
and Benioff) . The solid line depicts theoretic arrivals of P waves with
the velocity V = 8.1 km/s at A - 20° from the source, 1 = 40 km at the
: o :
azimuth o= 3107, ¢ = 3 km/s. “
Examples of a record of P wave from the Daghestanean earthquake: I1V) t
the opposite direction from the rupture, V) along the rupture, VI) latera
direction. ‘
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ticeable decay. After a while one can observe P wave amplitude maximum
which corresponds to the moment of releasing the principal portion of
seismic energy as a result of the most intensive destruction in the source
region. Following the maximum phase, an amplitude decay is observed.
The time interval from the onset to the maximum phase is the time of
duration of the main destructive process and that of releasing the princi-
pal portion of seismic energy due to an earthquake.

The following kinematic and dynamic indications serve as a criterion
of the fact that these waves are source ones but not the secondary ones
due to the medium structure.

1) The intensity of reflected and refracted waves in respect to the
main wave is always less than unity (Savarensky and Kirnos, 1955;
Bullen, 1966). Here consideration is given to a case, when any succes-
sive arrival 1s greater than the previous -one. From this standpoint,
only sP wave is open to question. It can be distinguished by the travel
time, because a calculated travel time P; (i = 1, 2, ...) for an exten-
sive source differs from that of sP wave by the existence of an azimu-
thal dependence.

2) These phases are observed at all distances and azimuths. They
can be correlated by their intensity. The other types of waves caused
by a medium structure are all observ. d at definite distances and azimuths,
where there exist the propriate conditions of their generation. A proce-
dure proposed for identification of phases by their intensity is described
below.

3) Arrival times of these phases at registration points, disposed
along the rupture, are earlier than in the opposite direction.

Delays of all the successive phases are in accordance with the for-
1? - Lcosy L\(;S‘P, where ¢ is an angle between direction to the station
and that of the rupture, C is a rupture velocity, V is a wave velocity, and
1 a length of the rupture.

A wave picture should be interpreted more effectively with the use
of azimuthal diagram of these phase arrivals at observation points. This
diagram allows to conclude that these waves are from an extensive source,
and gives the possibility to find the direction of the main rupture, which
corresponds to that between two stations or groups of stations disposed

mula At =

o . . . . .
at 180" in respect to each other and having maximum and minimum times
of phase delay. Extent of the focal region and direction of its stretch
can be estimated by the difference of these time delays. Records of SK_
instruments serve best, since just these records characterize predominant
periods of P wave. The maximum in P wave can be a little earlier in
SKM records (Bune et al., 1973; Zapolsky et al. » 1974 ; Gorbunova
and Shatornaya, 1974).

4) It is observed the Doppler’s effect. On the short period records the
frequence of the apearance of the next impulses (Pi) after the first arrival of
P wave along the rupture is higher, than in the opposite directions.

Along the rupture, P wave middle period records are poorly devided into
discrete phases. Delays of waves from neighbouring points of the disturbance
are very small, and the waves seem to’overtake each other making up a single
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of the sumation of elementary impulses, the record being more long-period and
complicated by short-period superpositions.

On the long period records the periods of P waves are less in the direction
of development of the rupture than in the opposite direction.

5)Radiation of P and S waves according to theoretical calculations
(MosKvina, 1969, 1971) is more intensive in the direction of a source
stretch, while that of LH is more intensive in the perpendicular direction

(Ben-Menahem, 1961; Ben-Menahem et al., 1970).

An exé.niple of estimation of the focal extent by an initial record
: of P waves

Estimation of the focal region extension has been fulfilled by two
ways: .
1) by azimuthal diagram on which delay times of P ax distributing

from a disturbance point of the maximum seismic energy release were
plotted versus arrival time of P wave from the initial point of the ruptu--
re,
2) by disposition of epicenters determined by identical phases P_.
The Daghestanean-earthquake of May 14, 1970 at 18 h with M ="
-~ 6.5 has been taken as an example. The form of the initial record of this
earthquake was in line with the assumed hypothesis of discrete development
of the source process. Figure 1-II) shows sections of records ‘at registra-
tion points disposed at different azimuths, an azimuth diagram for the
maximum phase of P wave, and a theoretical curve calculated for a source
of 40 km length stretching at the azimuth 310°.

Analysing this diagram one can see first of all that points associa-
ted with the maximum phase arrival correspond to the theoretical curve.
Arrival times of P are longer to north-east in respect to those dis-
posed in the oppos{%gxdirection. This suggests that the source stretch
is from south-east to north-west at the azimuth about 300 . The mean
delay time Pmax for stations in the south-east in the opposite direction

to that of the rupture (Dushanbe, Murgab, Kulyab, Namangan) with
respect to travel time at stations in the north-west direction (Lvov,

Uzhgorod, Simferopol) is about 13 s. The maximal delay time of Pmax

corresponds to the direction Uzhgorod-Samarkand and equals 23 s.
With the velocity of P wave VP = 8.1 km/s and that the rupture C =

=2-3 km/s, the length of the rupture to the depth might be from 35
to 60 km. A theoretic curve calculated for a source of about 40 km
extension at the azimuth 310 fits rather well to empirical points.
~Records of Lvov, Simferopol, Uzhgorod disposed along the stretch are
more long-period and not devided into separate arrivals. Records of
stations from the opposite direction are prolonged, and several arri-
vals may be well seen between the first ome and the maximum phase.-
The following procedure has been suggested for identification of
arrivals observed at stations. The value of the particle velocity (A/T)
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Fig. 2. Direction of radiation: a) P waves, b) S waves,

c) LH waves.

has been determined in every wave group by measuring maximum ampli-
tudes and corresponding periods. Then coefficients have been calcula-
ted by way of division of A/T value by (A/T) in P wave. This has
excluded the influence of distance and azimuth pgcullarltles of the station.
Coefficients differentiated in little have allowed to suppose that these
arrivals corresponded to the same point of the disturbance in the source
region. As a result, arrivals from four points of the disturbance have
been identified, which have served to compute coordinates of the ese
hypocenters listed in Table I.

All the epicenters have proved to be in the direction from south-east
to north.west at the azimuth o= 330° characterizing the stretch of the
source. It has turned out that this direction is in good agreement, -
within accuracy, with that obtained by the diagram. The permissible inco-
sistency may be explained by low accuracy of the epicenter determination by
the limited riumber of data. The distance between the initial epicenter
and that corresponding to the region with maximum energy released will
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Table 1
No. o o(f: O?riimr?ttee:s Origin Number
in sué.| A epiee h [km] time {to] of

CPON )\.OE min-s stations
1 5 42.93 | 47.28 |10-20 12-24.0 9
2 4-94 | 43.09 | £7.11 | 33 12-.26.5 85
3 8-90 | 43.18 | 47.07 | 33 12-27.8 | 16
4 8-72 | 43.24 46.94| 36 12-31.5 17
5 '8-7.2 0 17

43.25 | 46.98 | 35 12-37.

. indicate an extent of the earthquake source. In our case it is 40 km. Di-
rection of the rupture is in good consistency with the zone of medium dis-
turbances by geological data. Gutenberg in his study of the Kern County
earthquake of 1952 mentioned. that seismologists are used to determine an

. epicenter of the beginning of the earthquake process and never know a re-
gion where the maximum seismic energy had released (Gutenberg, 1955) .
The direction of the radiation of P waves just Confirms the findings that
P and S waves are more intensive in the north-west direction, while LH
waves in the perpendicular one (Fig. 2).

Received: October 1, 1976
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METHODS OF THE APPROXIMATED DETERMINATION
OF SEISMIC MOMENT AND SOURCE SIZE FOR MINING TREMORS

A. CICHOWICZ

Institute of Geophysics, Polish Academy of Sciences, Warsaw, Poland

Abstract®™

It is assumed that the source of mining tremors is described by
Brune’s ‘model, i.e. by circular dislocation with the radius r. The seis-
mic moment Mo can be determined from the value of the local magnitude

ML based on the maximum amplitude Ao divided by a corresponding period
T , when the source radius is known. The source'radius can be found
from the value of To recorded at station, which is a function of the ra-

dius, seismograph frequency response, distance from the source and
attenuation between the source and station. The magnitude based on a gi-
ven instrument is related to a definite point of the seismic spectrum and
magnitudes calculated from short - and long - period instruments are dif-
ferent spectral parameters. Generally the magnitude as spectral para-

meters is given by

3 ' 2
ML = log MO/A’JTQ[B - log To |:1 + (2Tr/2.34 pTo) :I y

where: Q is the density and P is the velocity of shear waves.
The difference between two different magnitudes is therefore a fun-
ction of thé. source size. This different can be used for estimation of the

source radius.

X The entire paper will be published in A.;:ta geoph. pol., 25, 1 (1977)
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DETERMINATION OF SEISMIC SOURCE PARAMETERS FROM
TELESEISMIC BODY-WAVE SPECTRA

A. ZAKHAROVA, O. STAROVOIT, Z. CHEPKUNAS

Institute of Physics of the Earth, USSR Academy of Sciences
Moscow, USRR

Abstract

Using P-wave spectra corresponding to records of different
instruments at single seismic station, the source parameters for
eight large earthquake were calculated. Comparison of these re-
sults with those derived from several stations shows that diffe-
rences do not exceed one order for the values of M_and Z.
The results obtained fit well with estimations of othe® authors
for similar magnitude range.

Determination of the source dynamic parameters based on body-and
surface-wave spectra, such as seismic moment M , fault lenght Z, avera-
ge displacement T and stress drop A6has been regently developed. The
most reliable results are obtained when using records of several seismic
stations surroundifig an epicenter.

In this paper an attempt is made to use for this aim spectra of P-waves
at a single station equipped with different wide frequency band instruments.
We use well known quantitative relations (Savage, 1972, Keylis-Borok,
1960; Brune, 1970; Hanks and Wyss, 1972) between the spectra and
source parameters based on assumption of unilateral pulse radiation from
the source. In this case in far field, where A A (where:A is the epicen-
tral distance, and Ais the wave length), a long period part of the
spectra has a constant maximum value G2 characterising the long period
radiation from the source, which measurge is the seismic moment Mo:

3
4o R
M =§20 T ’ (1)
} R.e(P C(w),

where: X is the P-wave velocity, Qis the density near the source, Ry
is the radiation pattern of P-wave, R accounts for spreading in the la-
yered, spherical earth, and c(w) is the crust response under station.
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Discontinuity of high order within a source signal determinates the be-
haviour of a high frequency spectrum, which amplitudes delay with the
growth of frequency f. The spectrum may be approximated by two lines
with slopes about -1 and -2 respectively. Intersections of these lines
give frequency values fl, f2, f3 connected ultimately with fault dimensions.

There are some theoretical models to explane the complex structure of
high frequency branch of the spectrum (Haskell, 1964 ; Berckhemer and
Jacob, 1968; Brune, 1970).

We use Brune’s model showing good agreement of the fault length
estimation with field measurements (Hanks and Wyss, 1972). In terms of
Brune’s model, presence of two branches of high frequency part of the
spectrum is explained by fractional stress drop ( € < 1) occurring during
faulting. Brune’s dislocation of a circle from with radius of z is formed
under action of stress-pulse, applicated instantly. Values of fl’ f2 and
f, and fault length z are connected expressions (Savage, 1972) :

3

£= 4.7 &, (2)
24l
£, = 4.7-%_ (1.6 - 0.6 ¢) /e, (3)
2al
2 o
f3 = 17.2 5— (1.6 - 0.6¢) /¢, (4)
(20)7A
where L = 2z, g = AG 5 51 is the prestress, and Gf is the frictional
stress. 6, -6

We calculated the amplitude P-wave spectra for eight large earthqu-
akes from different seismic zones using records of short., middle- and*
long-period seismographs at OBN - Obninsk station (A, B and C - types
of standard instruments, respectively). In Figure 1 instrumental
responses for OBN are shown. List of earthquakes considered with ma-
gnitude M, distance A, sample length 3T for digitation and type of in-
struments used is presented at Table I. Interval of &% was chosen between
P-and PP-wave onsets and step of digitation was 0.1, 0.2 and 0.4 s
for A, B, C-type of instruments , respectively.

The use of individual spectra corresponding to different types of
instruments makes possible to obtain a composite spectrum in the wide
frequency range (0.01- 2 Hz) . In Figure 2 the composite spectrum cor-
rected for absorption (Julian and Anderson, 1968), individual spectra
corrected for instrumental response, and records of P-wave are shown.
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Separate parts of the spectral curves corresponding to different instruments
are identical within the same frequency intervals. This confirms reliability
of the obtained spectra and allows to obtain the composite spectrum using
records of A~ and C-type instruments only.

v -
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Fig. 1. Frequency response of OBN station instruments.

The examples of experimental spectra interpretation are shown in
Figure .3.
To obtain spectral parameters S?o and f1 2.3 the composite spectra
9 b

were approximated by three lines with the slopes about O, -1, -2. The line
parallel to frequency axis ( Qo) is drawn near the top of the spectrum

when the long period part was smooth, otherwise the value of Qo was

chosen as the mean value between two approximations corresponding to
the nearer extremums. Intersections of this horizental line with two incli-
ned lines, approximating high frequency parts of the spectrum, determine
the values of the corner frequences f 1 and fS’ and intersection of two

inclined lines defines  the corner frequency f2._ The fault length L was

evaluated using relation (2). To examine the value L expressions (3):
and (4) were used, and the value of & was calculated using fl, f2

and L. Consistence of values ¢ obtained from relations (3) and (4)
confirms proper spectrum approximation and reliability of chosen fl.

The choice of f 1 is the most difficult operation during spectrum interpre-

tation, particularly in the case when the high frequency branch of the
spectrum is complex.
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Fig. 2. Records (1-4) and amplitude spectra (5-8) of P-waves for
the earthquake of 11. Aug. 1974
1) and 5) - SD, 2) and 6) - SKD, 3) and 7) - SK, 4) and 8) -
- SKM, 9) - composite spectrum corrected .
for absorption

The seismic moment M_ was calculated from relation (1), after cor-

recting the value of Qc; for geometrical spreading (Kogan, 1959),

crust structure under station (Kosarev, 1971) , and radiation pattern
(Ben-Menahem, 1965; Wu, 1966). ,

The"values of Qo’ fl, Mo, and z are presented in Table "II. For

26

magnitude interval from 6.4 to 7.7 the values Mo are from 0.3 <10
to 3.4 x 1026 dyne-cm and values z are from 9 to 112 km.
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a) 13.VI1, 1974
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b) 8.X. 1974

Cems ]

10

1 L
102 0™ 10° f(Hz)

Fig. 3. Records (1, 2) and composite spectra (3, 4) of P-waves for
the earthquakes: a) 13 July 1974, b) 8 Oct. 1974
1) - SPU, 2) - SKM, 3) - composite spectrum, 4) - composite spectrum
corrected for absorption, 5) - approximation of different frequency ranges
of the spectrum by straight lines
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Table I

Spectral and source parameters for eight large earthquakes

| .2 -2 26| ,
No. Date M Pgi IX'lg] ‘fl xéST Moy' 10 [km]
" I— = @yne : cm:[
1 14 May 70 | 6.4 0.25 24 - 0.55 9
2 |24 Nov. 71|7.2 9.1 3.8 26 7
3 {15 Dec. 71 { 7.7 2.2 2.6 34 112
4 8 May 74 | 7.0 0.2 9.1 0.3 25
5 13 July 74 7.2 0.5 6.3 1.6 35 .
6 |11 Aug. 74 | 7.3 2.3 5.6 1.3 40
7 |27 Sept. 74| 7.2 1.6 5.6 2.4 40
8 8 Oct. 74 17.1 2.6 7.2 4.3 _ 31

[em:s] .
____ <. a—"ff“
T
107}
10°H
1 1 - 1
163 -2 -1

10 10 10 fCHz2]

Fig. 4.' Composite P-wave spectra for the earthquake of 15 Dec.1971:
at stations: OBN, SOC, KSN, SMP '
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We compared our determinations of the source. parameters derived from
data from single station with those of sev eral ‘stations for two earthquake consi-

dered: the largest, (15 Dec. 1971, M = 7.8) and the smallest (14 ° May
1970, M = : 6.4) . For the first earthquake .we used data from 4 stations in

| R
Se l [cm-s]
[em:s]
10° b 10° |
16" | 10*
OBNa =13.¢ NMGA = 18.5°

5‘3‘ 167107 _j0% _ f(Hz 167 -|'0"& |o°} 0" feF)
[cm:s] - - [em-§ [cms}{

10 10T
10 o'
. |6h - léb"
AND & =19° FRNA=20.° ‘ MPA=236°
| 1 . ] | i -
10 10" 1P fHa0? 160 10°ftH] 162 16" 1oPlfCHe)

Fig. 5. Amplitude P-wave spectra for the earthquake of 14 May 1970

corresponding to records at statiohs OBN, NMC, FRN, AND, SMP:

1) - SPU; 2) - SKD; 3)- SK; 4) - corrposue spectra corrected for
: absorption . :

a range -of azunuth A from 316 to 328° and distance A from 61 to 70°

and for the second event data from 12.stations (A from 3 to 180° A
o
from 14 to 38°) were used.

The composite P-wave spectra for the event of 15 Dec.. 1971 were
prepared from individual spectra corresponding to the records of A, B,
C - type instruments at the seismic stations OBN, KSN, SMF, SOC
&Flg 4) The spectra have similar values of Qo (from O 10 to O 20

cm:-s) and corner frequency f (from 0.026 to 0.040 Hz).
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The P-wave spectra for earthquake of 14 May 1970 were obtained using
rccords of B-type instrument only. Previous analysis of OBN data has
shown that three spectra corresponding to B- (SK, SKD) and C- (SPU)
type instruments have the same levels and shapes, and their spectral maxima
are near 5 s. In Figure 5 the spectra from 5 stations are presented, they
all have the same spectral maxima and similar levels Qo from 0.2 to
0.7'/410."2 cm-s. ,

The values of S?owere corrected for radiation pattern using R 89 found
for each station from fault plane solution for both earthquakes.

According to Gusev et al. (1975) for 15 Dec. 1971 event both nodal
~ planes have NE directions. One of them was almost vertical with dislocation
of throw type. Another nodal plane was horizontal with dislocation of thrust
type. Main stress axes are inclined horizontally, while compression axis
is almost perpendicular to the Kurilo-Kamchatka arc direction. For the
earthquake of 14 May 1970 the compression and tension axes are almost
horizontal (Shteinberg, et al. 1974) , both nodal planes are near vertical,
one of them is submeridional, another one subparallel, and both dislocations
are of left lateral shear type. .

After determination of M_ and z, values of Afand T were calculated

from the' formulae © :
06 & M /2 (5)
T-M/uA | ‘ (6),

where: L is the shear modulus, and A = ' 22 is the fault surface.

The values of ABand T were not determined from data. of single station
because of large possible deviations of these values. The value of z may
'_change from station to another depending -on their positions to fault plane
and dislocation in the source, and even small station variations of z may
cause large differences between the individual values of ABand T as z is
in second and third power in relations (5) and (6). It is reasonable
therefore to evaluate Afand U from data of several stations taking into
consideration their average values.

Spectral and source parameters for earthquakes of 14 May 1970 and
15 Dec. 1971 are given in Table III. For_the first earthquake the indivi-
dual values of MO change from 1.1 X- 1025 to 20.4 x 1025 dyne- cm,

— 2 '

and L from 11 to 40 km, the average values are Mo =6.8 x 10 > dyne-cm,

L =20 km, A6 = 30 bar, and @ = 70 cm. '
For the second event the individual values of parameters change for

i 2
Mo from 1.9 x 10 7 to 3.4 x 1027 dyne-cm, and for L from 146 to 224 kmj
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Table III

Spectral and source parameters for earthquakes
of 15 Dec. 1971 and 14 May 1970

No. | Stations | A° |4° | ~9?)(10—‘2 £ x 10—2 M x lO26 z »

21 Em-s] [Hz] fdyna-cm] [[km ]
15 Dec. 1971

1| OBN 60.9 (326 | 22.0 2.6 34 112

2| soC [69.4 316 | 15.8 2.9 30 - [100

3| XKSN [70.4 {328 | 10.5 4.0 | 19 73

4| SMF |70.5 |323 | 16.0 3.3 28 88

14 May 1970

1| OBN 13.8 |336 | 0.25 24 0.55 9
2| KSN |13.5 |296 | 0.35 10.5 0.11 |[21.0
3| MSW | 14.4(340| 0.28 [ 22 0.64 10.0
4| DSN |17.0 |100 | 0.22 || 33 1.00 7.0
5| SOF 17.4 1279 | 1.20 | 11.5 '0.55 20.0
6| KUL 18.0 {100 | C.40 42 2.04 5.0
71 .NMG 18.5| 90 | C€.57 29 0.53 8.0
8| - AND 19.0 | 90 | 0.66 29 0.55 8.0
9| PLX- | 19.5 (336 | 0.53 25 1.45 9.0
10| FRN |20,1| 82| 0.72 26 0.32 9.0
11| MRG [20.9| 96| 0.34 | 16 0.46 |15.0
12| SMP |23.6 | 62| 0.40 | 24 0.16 9.0
13| HES |[38.0| 3| 0.20 | 38 0.40 6.0

27 4 ' ‘
yne-cm, L = 186 km, A6 = 1.5 bar,

the average values are 1\7[0‘ =2.8x10

and U = 30 cm. The comparison (Table IV). of average estimations with indi-
vidual ones from OBN and determinations of other authors shows that they
differ insignificantly.

It" should be noted that the parameter values in third line of Table IV
were obtained using surface wave spectra and dimensions of aftershock zone
found by Shteinberg et al. (1974), and the values in sixth line are estima-
ted from dimension of aftershock zone during two days after the main shock
as formed by Gusev et al. (1975).

In conclusion we compare our results with -those of other authors for
similar range of M. In Figure 6a the relationship between M and M, given
by Riznichenko (1974), is shown. Our estimations are withirt the limits of
confidential range of linear approximation lg Mo(“’ 0.7) =25.0 + 1.6(M. -"6)
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Table IV -

Comparison of the results

&

6 8 M

No.| Determination Nio[dyne'qm] 'L[km] | Ab[bar) ‘ﬁ[cm]
14 May 1970 M =6.4" '
1 loBN - 5.5 x 10° | 18
2 |Average from ' 125
12 stations 6.8 X__ 10 &0 30 70_
25 -
3 |Other authors 1.0 x 10 20-25 10 17
15 Dec. 1971 M = 7.8
4 OBN 3.4 x 107 | 224
5 |Average from ‘o 27
4 stations .2'8 . 186‘
) 6 |Other authors 120
lg Mo}
[dyne-cm]
28
R
26 I

‘Relations between earthquake magnitude M and seismic moment M

Fig. 6a.
' - (o - data from Riznichenko (1974) , @ - our results) .
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The fault length - magnitude relationship found by Bollinger (1968),
who used L - values determined by different methods, is presented in
_Figure 6b. Our results for L = 2z are within the limits of his observa-
tions, which are averaged by the straight line M = 6.04 - 10.791g L.

1 . L ‘ ]
e ' 10 100 1000 L [km]

Fig. 6b. Relatior_is betwesn eafthquaké magnitude M and fault length L
(o - data frem Bollinger (1968) ; e - our results).

Good agreement of our results with others confirms reliability of using
single station* data for such estimations. These estimation could be im-
proved by the use of spectral and spectral-time characteristics of shear
and surface waves recorded at single station by different broad frequency
band instruments. A joint analysis of results derived from different

groups of seismic waves will help to increase information on the seismic
source and to improve the estimations of its dy'namic parameters on routine base

Recetved: October 1, 1976
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Abstract

The spectral analysis of the P waves of five underground
nuclear explosions from Novaya Zemlya, is presented. Analysis
is made using both Maximum Entropy (MEM) and the conventio-
nal Fast Fourier Transfrom (FFT) method. Both MEM and FFT
specira show the same general features namely, the existence of
iwo prominent peaks separated by a valley around 0.6 Hz but
the FFT spectra arve accompanied by some spurious details. The
spectral behaviour of different events is discussed as a function
of increasmng magnitude. it is shown that owing to their stability
the MEM <pectra allow a better quantitisation of the spectral
characteristics. 1he possible causes of the minimum around 0.6 Hz
are also discussed. No. definite conclusion can be drawn about
the shot depth,

Introduction

Frequency domain analysis of teleseismic P waves and their coda

. from underground nuclear explosions have extensively been used for source
parameter studies, notably the depth of explosion (Cohen, 1970; Kulhanék,
1971; Chi-Yu King, 1972; Frasier, 1972). The principal tool for the
source depth studies is the modulations in the P wave spectrum resulting
from the interference of P and surface reflected pP and/or spall closure
phase denoted as Ps (Springer, 1974) . These modulation effects give rise
to the presence of minima in the spectrum of the P phase and from the
correct positioning of these minima it should be possible to evaluate the
depth of the explosion. The results obtained by various authors using the
data of the same event, however, are not very consistent. This inconsistency
could be attributed.to various causes but one and perhaps the most impor-
tant cause could be inherent to the technique of the spectral analysis
itself.” The length of the time window used for analysis is generally limi-
ted (about 5 seconds) in order to avoid the modulation effects introduced
by the crust under the receiver and in some cases by the interference
from the PcP phase. For long time series any method of spectral analysis
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will give practically the same results, but for short data windows, as is the
case for explosion generated P waves, the resolution power and the exact-
ness of the spectrum will -depend upon the particular method used. So far
only the conventional Fast Fourier Transform (FFT) method has been ap-
plied to the analysis of explosion P wave signals. The inherent drawbacks
and the lack of resolution’ of this method for short time series analysis is
well known (B&th, 1974). On the other hand, high resolution power and
the potential superiority of the Maximum Entropy Method (MEM) has been
widely demonstrated (Ulrych, 1972; Radoski et al., 1975). The MEM
spectral analysis, originally proposed by Burg (1967, 1968) , has been
discussed in detail by Smyle et al. (1973), Ulrych (1972a, b), Curie
(1973) , Edward and Fitelson (1973), Anderson (1974), Chen and Stegan
(1974) , Ulrych (1975) and Fouger et al. (1976), but its use in earthqu-
ake seismology is extremely rare. '
" The purpose of the pPresent paper is to make a comparative study of
the spectral analysis of short time series both by MEM and FFT method.
We shall examine the spectral’ behaviour as-a function of increasing magni-
tude and discuss the problem of focal depth estimation.

Data

We posses records on magnetic tape of 6 Novaya Zemlya underground
nuclear explosions. For one of them, of magnitude 6.0, the signal-to-noise

" Table 1

" Underground nuclear explosions
!

Date . Coordinates Magnitude (Mb)
29 VIII 1974 73.40N | 55.1 E’ 6.4
23 VIII 1965 73.36 N 54.64E. - 6.4 .
21 X 1975 73.35 N | 55.07 E 6.5
2 XI 11974 70.80 N 53.69 E 6.7
27 X 1973 70.80 N 54.20.E 6.9.

ratio is very low and, therefore, it has- been discarded. The records have
been obtained at the Sainte Marie - aux - Mines (SMM) Observatory of
the Institute of Physics of the Earth in Strasbourg. This station is equip-
ped with long period seismographs and a system of FM recording on magne-
tic tape by triggering (Choudhury and Houri, 1973). The SMM station is
situated at about 30° from Novaya Zemlya. Table I lists the pertinent infor-
mation about the events used in this study. For comparison, two events
recorded at SGR, MLS and SSB observatories (Fig.-1) are also included
in the analysis. A typical response curve of the recording system, the
- same at all these stations, is shown in Figure 2.



Fig. 1. Map showing the recording stations in France used in this study,
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Fig. "2. Instrumental response of the F M tape recording. syvtem at station
shown in F1gure 1, -compared to the WWSSN system.



- 42 -

Tape recorded seismograms were electronically digitised at a rate of
25 samples/second with 12 bit resolution.” The digitised seismograms are
shown in Figure 3. In order to exclude the phase appearing after 4-5 s
of the P onset and shown by vertical dotted line in Figure 3, the data -

Time.(s)

S R o

29.VIL.74

23Vl 75

21X.75

2.XL.7

—J|IV JW\ 27X.73

F1g 3. D1g1nsed seismograms (normahsed) of five events recorged at
SMM, used in this-study.

The reversal of P phase in the case of events 1 and 4 is due to instru-
mental polarity change.

length was set at 5 s for events 1,2 and 3,and 4 s for events 4 and 5.
It is interesting to point out that these two groups of events are from two

nearby regions (see Table 1) .
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Spectral analysis

In the case of the FFT analysis, we have used a rectangular time window
with the last 10% of the data cosine tapered. In the case of the MEM analysis, -
we have obtained the spectrum over 500 elementary frequency bands between
zero and the Nyquist frequency. In order .to facilitate the comparison

23.vul.75

’ Freq. (Hz)

Fig. 4. Normalised MEM power spectra of one of the events (23 VIII 1975)
for varying number of prediction error coefficients .

between the MEM and FFT spectra, the later were calculated to give

a comparable smoothness. For this purpose we used 1024 points to have
512 elementary frequency bands.The data length was increased to 1024 points
by adding zeros at the end of the sampled signal. The procedure of adding
zeros has also been applied by other authors (Frasier and Smith, 1972;
Radoski et al., 1976) . This procedure has been a question of debate but
the test performed by adding varying number of zeros before taking the
Fourier transforms of the actual time series shows that no significant
effect is introduced by this procedure.
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The optimium number of prediction error coefficients for the MEM.spec-
tral analysis was chosen on the basis of tests. performed by using varying
number of coefficients between 10% and 40% of the data length. A typical
example of spectra thus obtained, for the 23 VIII 1975 event, is shown in
Figure 4. It is observed that the spectrum is stable and sufficiently resol-
ved when the number of prediction error coefficients is set around 30% of
the data length. The MEM analysis has been performed by taking the
above value for the number of prediction error coefficients.

Results and discussions

Normalised ground velocity spectra of different events obtained by MEM
and FFT method are shown in Figures 5 and 6, respectively. The noise

28.VI.75

0.0~ 10 20 - 3.0 4.0
Freq. (Hz )

Fig. ‘5.' Normalised MEM power spectra of different events obtained by
using  the 30% prediction error coefficients: -



.- 45 -

spectrum for each event, obtained from 10 seconds of data length preceding
the onset of the P phase, is shown by dotted curves under the FFT spectra.
It is obvious that the signal-to-noise ratio for all the cases is very good.
Both the MEM and the FFT spectra show the same general feature, mnamely,

|~ ———ec e el =

| 28vm 75

30 - 4.0
Freq.(Hz)

Fig. 6. Normalised FFT power (Amp. ) spectra of different events.
Dotted curve-shows the noise spectrum for the corresponding event.

the existence of two prominent peaks separated by a valley. This feature ap-
pears in a very clean way in the MEM spectra and with additional details

in the FFT spectra. In the latter case, the oscillatory part at frequencies
higher than about 1 Hz undoubtedly arises from the window effect. The inter-
mediate peak at about 0.5 Hz, visible in the first three FFT spectra, calls
for some discussion. If this peak represents a real component of the signal,

it would mean, -apart from the interpretation that one may try to give to it,
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that the MEM spectra are dacking in resolution power. We have shown in
Figure 4 that with the prediction error coefficients of 30% the spectra are
sufficiently resolved. We have reanalysed the three signals with upto 60%
coefficients to verify if a significantly better resolution is obtained. The
spectra with 60% coefficients, effectively, brings in a small peak between
the two major peaks, but the same time the large higher frequency peak
starts splitting up. This may be due to higher resolution of the MEM with
60% coefficients but may also be due to the instability in the spectra
(Ulrych, 1975). The last two cases of figure 5 and 6 show, however,
that with only 30% coefficients the MEM gives undoubtedly a better resolu-
tion than the FFT method. We, therefore, think that certain apparent '
details of the FFT spectra are not real signal components. -This can
also be verified from Figures 3 and 4 of the paper by Gir et al. (1977).
For a series of explosions from the same region recorded at the same
station one may expect some definite relationship between the charge size
(cosidered directly proportional to the magnitude) and the spectral beha-
viour. It is ‘well known that the body wave magnitude, Mb, for natural
" earthquakes is not precise. For explosions, on the other hand, the source
radiation being identical, the Mb values should better represent the energy
and its variation. The epicentral distance and the recording condition are
the same for the series of data we have analysed; the total signal power
obtained from the MEM spectra can therefore be compared with Mb values.
This comparison is shown in Figure 7(a). The dorrelation is very good.
We shall, consequently, utilise the total “signal power, a quantity derived
from our data, instead of Mb to characterize the spectral behaviour.
Looking back at Figure 5, in which the spectra have been presented
with total signal power increasing from top to bottom, we notice that the
ratio (power for MEM and square of amplitude for FFT) . of the low
frequency to the high frequency peak is changing. This change is quantita-
tively presented against total signal power in Figure 7(b) and 7(c). The
correlation is excellent for MEM but very poor for FFT. This suggests
once more that even the major peaks of the FFT spectra are not free
from contamination by spurious spectral components. We thus come to the
conclusion that the MEM spectral analysis of seismic body waves of short
duration gives better resolution and stability than the conventional FFT '
method. The spectral behaviour is easy to quantitise by the MEM technique.
Nuclear explosion source function is known to be an impulse plus step
type function; the impulsive component being predominent. Far field P
wave spectra like those shown in Figure 5 can arise, in the case of a’
simple explosion, only from interference with the main P pulse of some
other secondary pulses originating either near the source (pP, Ps) or
near the receiver (multiply reflected or converted waves). We discard
the second hypothesis for two reasons. First, the crustal structure under
the recording station SMM, shows (Edel, 1975) a top layer of 15 km.
This thickness and a data window of 5 s ensure that no crustal reverbe-
ration effect will be present in the spectra. Converted waves from the
15 km discontinuity will have a time lag smaller than the data window -
but their amplitudes will be too small to produce any- significant interfe-
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Fig. 7. Plots of: a) body wave magnitude (Mb) for different events

given by USCGS, b) MEM power ratio of the lower to higher frequency

peak, c¢) FFT power ratio of the first to second prominent peak, against
- the total signal power

rence. Secondly, the spectra obtained at the other stations (SGR, MLS
and SSB) and shown in Figure 8 reveal the same minimum at 0.6 Hz.
We, therefore, admit that this minimum is associated with the pP and/or
Ps interference.

The interpretation of the spectra in terms of source depth would
have been straight forward if the nature of the interfering pulse could
be established as pP. In the absence of this information, the only thing
we can do is to reexamine the spectral behaviour in greater detail.” We
have seen in Figure 7(b) that the ratio of the low to high’ frequency
power increases with total signal power indicating that there is a gradu-
al shift of the spectra towards low frequency with increasing charge size.
This is certainly due to the increase in the source dimension with charge



Freq.(Hz)

Fig. 8. Comparison of the MEM power spectra of two events recorded at
' ‘different stations. o

size.Going back to Figure 5 we notice anotlier interesting. feature of the spectra:
the valley around 0.6 Hz gets narrower and shallower as the charge size
increases. This feature may arise under the particular condition when pP
and. Ps arrive at the same time with a phase difference close to 180° and
the amplitude ratio Ps/pP increases with charge size. Obviously, it may
also arise  solely from the Ps interference, but then one must explain why
its amplitude will decrease with larger charges. We do not see a simple
explanation of the above feature for the case of the pP interference. The
minimum around 0.6 Hz will give for this case a shot depth of 3.5 km if -
we use the P wave velocity of 3.5 km/s. Such a large depth for nuclear explo-
sions is unusual. ‘ B A
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Conclusion

The Maximum Entropy Method of spectral analysis has been found to
provide better resolution and stability than the conventional Fast Fourier
Transform method for teleseismic body waves of short duration. MEM also
allows a better quantitisation of spectral characteristics.The P-wave spectra
of 5 nuclear eiplo'sions of Novaya Zemlya show a clear minimum around
0.6 Hz, situated between two prominent maxima. The power ratio of the low
frequency to the high frequency maxima increases as a function of magnitude,
showing a gredual shift of power towards low frequency with increasing
charge size. No straight forward interpretation of the spectral minimum

around 0.6 Hz can be given in terms of shot depth.
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PHASE REVERSAL AND TIME DELAY OF EXPLOSION - GENERATED
SURFACE WAVES

"E. RYGG

Seismological Observatory, University of Bergen, Bergen, Norway

Abstract

A phase shift of 180° has been found between the Rayleigh
wave trains of two closely located Eastern Kazakh explosions.
The Rayleigh waves from one of the explosions were delayed
by about 4 s relative to the Rayleigh waves from the other
explosion. The event generating the delayed Rayleigh waves
excited relatively strong Love waves, but these waves were not

" delayed. Various causes for the anomalies have been discussed
- .explosion-collapse pairs - depth differences and spallation,
It seems that the Love waves of the anomalous event have been
generated very mnear the source at the time of the detonation
while the Rayleigh waves have been generated by a secondary
event, - collapse - or by spall closure above the explosion.

Introduction

A 180° phase reversal for Rayleigh waves from explosion- collapse
pairs has been well documented in literature (Brune and Pomeroy, 1963;
Toksgz et al., 1964; von Seggern, 1973). Brune and Pomeroy (1963)

found from studies of explosions in tuff and alluvium approximately the
same initial phase (T) for Rayleigh waves at all azimuths, corresponding
to an upward step function in time. Analysis of surface waves from an
underground explosion in granite gave a radiation pattern like those expec-
ted for earthquakes. The same authors found that the collapse following

an underground explosion generated weaker Love waves relative to the
Rayleigh waves than the explosion. They concluded that the conversion of
Rayleigh waves during transmission cculd not be the major cause of Love
waves, but that these waves must be generated at - or very near the source,
possibly by a triggering action of the explosion. Brune and Pomeroys fin-
dings have been corroborated by other scientists like Aki et al. (1969) -
and Aki and Tsai (1972) who also have given additional evidence in sup-
port of the same hypothesis. In their paper on Love wave generation by
explosive sources Aki and Tsai (1972) showed that for large explosions
the relative excitation - of Love waves did not decrease with depth, contras-
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ting t¢ what had been found for smaller explosions(Kisslinger et al., 1961) .
Repetition of large shots in the same area gave decreasing Love wave ra-
diation, again contrasting to what had been found for smaller shots.

Viecelli (1973) showed that ground spalling over nuclear explosions
could be responsible for most of the Rayleigh wave energy observed for
some of the events. If this were the case one would expect a phase reversal of
the Rayleigh waves relative to the elastic case and in addition a small time
delay of the Rayleigh waves, depending on the time delay of the spall closure
relative to the explosion. In a study Amchitka explosions von Seggern (1973)
reported a smali delay (1-2 s) of Rayleigh waves from one of the events, and
he suggested on the background of V1ece111 s calculations that spalling could
explain the discrepancy.

In the present paper we -shall demonstrate that:

i) The Rayleigh waves from two closely located Eastern Kazakh
underground explosions of body wave magnitudes 6.0 and 6.1 respectively
are reversed in polarity relative to each other. )

ii) The Rayleigh waves from one of the explosions are delayed by
about 4 s relative to the Rayleigh waves from the other explosion.

iii) The excitation of Love waves is much stronger for the explosion
with delayed Rayleigh waves. :

iv) The Love waves are not delayed and Lhey are not amphtude re-

‘versed.

' The data
- The events to be discussed in this paper are three Eastern Kazakh pre-

sumed underground explosions. The origin times and epicenter coordinates
have been taken from the ISC bulletins, and are given below.

Year | Date | Origin time Lat Long mb

1972 | 10 Dec. | 04:26:57.8 | 49.80N | 78.10E |5.6
" 04 :27:07.6 |49.97N | 78.95E |6.0
1973 | 23 July | 01:22:57.7 | 49.94N | 78.85E [6.1

The recordings which have been used have been taken from the NORSAR
array and the Very Long Period (VLP) - stations in Kongsberg, Norway
and Chieng May, Thailand. Figure 1 shows the locations of the VLP stations
and the great circle paths to the test site area in Eastern Kazakh. The fi-
gure also shows a detailed map of the locations of the three explosions.

Rayleigh waves. On 10 Dec. 1972 two events are rei)orted with body
wave magnitudes 5.6 and 6.0. According to the ISC solutions the smallest of
these events was detonated 9.8 s before the other, and at a location which
gave some 33 km shorter great circle path' to Kongsberg. The surface waves
from this explosion should therefore arrive at Kongsberg about 20 s before
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Fig. 1. Approximate great circle paths from the Eastern Kazakh test sites

to Kongsberg and Cieng May. Below the locations and origin times of the
three events discussed in the text.
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the surface waves from the largest explosion. However, at Kongsberg cme
does not normally detect surface waves from Eastern Kazakh explosions of
magnitude 5.6 (Bruland and Rygg, 1975). We shall return tc this point
later and justify that we in the following presentation assume that the smal-
lest explosion is responsible for a very small or negligible part of the sur-
face waves recorded on 10 Dec. 1972.

According to the solutions given by the ISC the seismic wave trains
from the 10 Dec. 1972 explosion and the 23 July 1973 explosion should be
in phase and in the same position at 04:43:10 and at 01:39:00 respectively,
if the source mechanisme and the propagation paths were identical. In Figu-
re 2 the actual Kongsberg vertical recordings have been put on top of each
other so that these points of time coincide. We notice that the Rayleigh wa-
ve trains are approximately 180° out of phase. After reversing the polarity
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23 JULY 1973
01:39:00

04 :43:00
10 DEC 1972

23 ULy 1973
01:39:00

04 :43:00
10 OEC 1972 - + i
1 2 3 4 5 6 7 8 9 710MIN

Fig. 2. Top: Kongsberg vertical recordings of the Kazakh events 23 July
1973 and 10 Dec. 1972. The Rayleigh waves are lined up at the points of
time where they should ccincide according to the ISC epicentral coordinates
and origin times.
Below: The same traces with the 10 Dec. 1972 recording polarity reversed
and time advanced about 4 s. The fit throughout the dispersed wavetrains
is clearly demonstrated.

of the 10 Dec. 1972 recording and giving it a small time advance ( ~ 4 s)
the match between the traces is almost perfect throughout the wavetrains.
This indicates that: i) Both recordings represent single events. ii) The
Rayleigh wave trains are polarity reversed relative to each other, and the
wave train of 10 Dec, 1972 is delayed about 4 s.

" The same conclusion can be drawn from Figure 3 where we have com- .
puted the cross-ccrrelation functions between the vertical recordings of
Kongsberg and Chieng May. The form of the crosscorrelation functions
resemble polarity reversed autoccorrelation functions. The peak values are
negative and are located ‘at lags of 14 s (Kongsberg) and 16 s (Chieng
May) , while the "correct" lag should be about 10 s. Because of the poor
signal to noise ratio of the Chieng May recordings this lag value may be
a bit uncertain, but we notice that it is of the same order of magnitude
as the values found for signals with better signal to noise ratio (Kongsberg
and NORSAR). The figure also shows the phase difference curve between
the Kongsberg recordings, and as we see the phase difference is very
close to 9U throughout the frequency band.

Figure 4 shows the energy distribution of different periods as a func-
tion of time for the two Kongsberg recordings when they are in the posi-
tions shown in the figure. (The 10 Dec. 1972 recording has been polari-
ty reversed and time advanced about 4 s.) A moving window technique was
. used to prepare this figure: The energy density within a moving window was
computed as a function of time different periods. The window used was
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Fig. 3. Crosscorrelation function and phase angle difference between the

Kongsberg vertical recordings of the 10 Dec. 1972 and the 23 July 1973

event. The linear phase angle given by the solid lines represents a time

shift of 14 s which is the location of the crosscorrelation peak relative

to O-lag. The corresponding crosscorrelation function between the Chieng
May recordings is also shown.

linearly tapered (Fejer weights) and had a length of four times the period
to be analysed. The energy curves thus computed were normalized relative
to the maximum energy for each period and plotted as a function of period
and time. The energy distribution throughout the wavetrains is very simi- -
lar, with nearly the same width and location of the energy curves, indica-
ting that each recording is mainly due to one dispersed Rayleigh wave train
from the same area. .
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Fig. 4. Energy of different periods as a function of time for the Kongsberg

vertical recordings 23 July 1973 and 10 Dec. 1972 (the latter polarity rever-.
sed and time advanced 4 s).

Fig. 5. Sample NORSAR vertical recording of 23 July 1973 (top) and a
polarity reversed recording cf 10 Dec. 1972. The two vertical bars repre-
sent points of time where the récordings should be in phase according to
the origin times. The figure agai.. demonstrates that the Rayleigh waves

of the 10 Dec. 1972 explosion are delayed by about 4 s relative to the
Rayleigh waves of the 23 July 1973 explosion. (Time scale on top). The
traces are normalized. To get the correct amplitude relations the July 1973
recording shculd be multiplied by an amplitude factor of about 1.3.

We do not present correlation functions of the NORSAR recordings.
Relative to the VLP systems the NORSAR long period instruments are nar-
row band, and since we are dealing with dispersed wavetrains a narrow
band system will have the effect of shortening the signals. NORSAR surfa-
ce wave recordings from Eastern Kazakh events theérefore tend to be both
narrow band and of short time duration and correlation is not the proper
procedure to enhance similarities between the signals. Instead we look
at the details of the recordings. Figure 5 shows amplitude ncrmalized
NORSAR vertical recordings from the same instrument of the Kazakh
events 10 Dec. 1972 and 23 July 1973. As before the 10 Dec.. 1972 recor-
ding has been reversed and time advanced about 4 s. The delay of the
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Rayleigh waves 10 Dec. 1972 is well demonstrated, so is also the excellent
fit of ‘the details of the wavetrains.

Love waves. Because of noisy Kongsberg EW-recordings we have
not rotated the horizontal components to separate the transverse and radial

CROSSCORRELATION

-4 4 TIME LAG MIN

10 DEC 1972 04:43:00

- 4
k

1 2 3 4 5 éemmw

+

23 JUty 7973 071:39: 00

P AAANA

2 3 4 5 &6mw

Fig. 6. Kongsberg NS recording 10 Dec. 1972 and 23 July 1973 and cross-
correlation function. The correlation function peaks at a'lag of 11 s.

earth movements. However, the great circle wave paths cross Kongsberg
at an azimuth of about 73 so the NS-instruments reccrd nearly pure Love
wave trains (Fig. 6). In Figure 6 is shown the Kongsberg NS recordings
of the two explosions, and their crosscorrelation function. The recordings
are equally scaled so the differences in amplitudes are real. When the
Love wave recordings are put on top of each other at the expected times
of arrival (not shown in the figure), the fit is good. The crosscorrelation
function shown on the figure has a positive peak value at a lag of 11 s

~ while the "correct" lag according to the ISC bulletins would be 10 s. When
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we used varying lengths of the recordings the correlation function peaked
at lags between 8-11 s, and this has been taken as an indication that the
Love wave trains were arriving at Kongsberg without delays relative

to each other. This has also been confirmed by the NORSAR NS-recor-

dings.

The Rayleigh wave recordings of 10. Dec. 1972. One
or two explosions? As was mentioned above, the Kongsberg vertical
recording of 10. Dec. 1972 (Fig. 2) indicates that the Rayleigh wave train

may be a composite signal. The spectra of the vertical

recordings are gi-

ven in Figure 7 and we notice that there is a cut in the spectrum of the

10 Dec. 1972 recording at about 0.0435 Hz.

- Now suppose that this recording is composed of a characteristic signal
f(t) plus a time advanced - (Tin s) - and polarity reversed version of

the signal multiplied by some arbitrary*constant c:

s(t) = £f(t) - cf(t + T).

Now let f(t) == F(w).
The spectrum of this signal becomes:

IS(Q), 2 = IF((J) ‘ ? (1 + c2 - 2c cos WT)

Thus the energy spectrum will be modulated by the terms in the paranthe-

sis.

10 DEC 72

23 JUL 73

800 - 005 910

HZ

Fig. 7. Normalized energy spectrum of the Kongsberg vertical recordings of
10 Dec. 1972 (top) and 23 July 1973. On the upper diagram the spectral modu-

lation curve 1 +c2 - 2¢ coswt has been plotted for c = 0.

2 and T = 25.
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The modulation curve for T = 25 s and ¢ = 0.2 has been plotted in Figu-
re 7 and fits reasonably well with the trend of the spectrum. The calcula-
tion is of course sensitive to small changes in v, for example, for T =
= 22.5 s the first minimum in the modulation curve coincides exactly with
the hole in the actual spectrum. The choice of 25 s was based on the dif-
ferences in origin times and great circle paths and on the documented delay
of the Rayleigh waves of the largest explosion. Variations in the magnitude
of ¢ will merely alter the amplitude of the modulation curve, but a change
of sign in ¢ would result in an interchange of maxima and minima of the
modulation curve. It seems probable therefore, that the vertical recordings
of 10 Dec. 1972 represent Rayleigh waves of two explosions, separated
in time by 22-25 s and with a phase difference of 180 . This is supported
by the correlation functions of the reccrdings. In Figure 8 is shown the
autocorrelation function of the Kongsberg vertical recording of 10 Dec.
1972. The secondary negative extrema are characteristic for the autocor-
relation of a signal composed of signals which are identical in form but -
whose size, polarity and time onsets are different. These extrema also
occur on the auto-correlation function of an additively constructed recor-
ding where the 23 July 1973 explosion has been used as a master event.

In Figure 8 we also can compare the vertical crosscorrelation func-
tions of 23 July 1973 - 10 Dec. 1972 and of 23 July 1973- signal construc- °
ted using 23 July 1973 as a master, and again we find a striking similari-
ty between the real and the simulated correlation functions.

—_An A
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Fig. 8.Top left:Autocorrelation function of Kongsberg vertical recording
10 Dec. 1972.
Bottom left:Autocorrelation function of Kongsberg vertical 23 July 1973 -
plus a polarity reversed and 25 s time advanced version of itself x0.2.
Top right: Crosscorrelation function 23 July 1973 - 10 Dec. 1973. )
Bottom right: Crosscerrelation function between the 23 July 1973 recording
and the same recording polarity reversed plus a 25 s time advanced ver-
sion of the original recording x0.2.

In conclusion we can say that it is probable that the wave train we see
on the vertical ccmponent on 10 Dec. 1972 is a composite wave train, but the
energy content of the Rayleigh waves from the first (mb = 5.6) explosion
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is negligible compared to the energy content of the Reyleigh waves from
the second (m, = 60.0) explosion. The Rayleigh wave trains from the two
explosions are 180  out of phase.

Discussion

The exciation of various modes of surface waves from explosions have
been commonly observed, and an excellent review of the theory on explosion
generated seismic signals has been given by Rodean (1971) .

The polarity differences demonstrated in the previous sections are due
to differences in initial phases of the sources. Since the initial direction
of motion of the Rayleigh wave signals is controlled by the direction of
the applied stress function rather than the actual shape of the function
it is not essential here what kind of source function one considers (e.g.
impulse type, step type). .

In a classic paper Lamb (1904) discussed the surface displacements
due to different time functions for a surface line source in a semi-infinite
elastic medium.

In a two dimensional nondispersive medium and with an impulse source
function of the form '

t2 +‘172

Qlt) = % —t (Q and T are real, positive constants)
the Rayleigh wave particle motion at a distance from the source is elliptic
retrograde with its first motion upward- and toward the source. In another
classic paper Lapwood (1949) studied the disturbance due to & buried
line source, and for an impulsive input it can be shown that the initial
surface displacement due to the Rayleigh wave is nearly the opposite to
the surface source case. These results were obtained for two dimensional
models, but Lamb (1904) also showed that the gencral form of the surface
displacements is the same in the threc dimensional case. Theoretical stu-
dies have also been conducted ucing more realistic earth models. Harkri-
der (1964) showed that a downward point force in a layered half space
generates Rayleigh waves 1800 out of phase with contained explosion gene-
rated waves. Alterman and Abcudi (1969) computed the pulse shapes from
point sources in a layered sphere. (For A = 45° the fundamental mode
Rayleigh wave has essentially the same first motion and shape as the so-
lution given by Lapwocd (1949). .

In a model study Gupta and Kisslinger (1964) estimated the depth
at which an explosive source in a two dimensional model changed from acting
as a downward impulse to acting as a buried source. Using different mo-
del material they found that the source depth corresponding to. reversal
of polarity of Rayleigh waves was equal to the radius of the zone of in-
elastic failure around the shot. ,

Figure 9 shows the Rayleigh wave particle motions obtained in our
laboratory by using an impulsive surface source in plexiglas. The
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Fig. 9. Top: Rayleigh wave particle motion plot for a surface impulsive
source in plexiglas.
Bottom: Corresponding plot for an impulsive "buried" source. The cros-
ses indicate the beginning of the particle motion plots.

pulse 1is: formed by a piezoelectric ceramic disc with a diame-

ter of 12.7 mm. In a low speed material as Plexiglas ( & = 2360 m/s,

C, = 1250 m/s) this is a gccd approximation to an impulsive input source,
but because of the dimensions of the crystal it is not possible to a simula-
te neither point sources nor line sources. With our equipment the nearest
we could get to a "buried" source situation was to put the crystal on the
edge of the model material, and Figure 9 also shows the particle motion
when the pulse-generating crystal was located in this position.

Depth differences. It is evident from the theory and from the
experimental results that depth differences could explain the polarity re-
versal of the Rayleigh waves. According to Gupta and Kisslinger’s
experiments, however, this would require that one of the (large) explo-.
sions were detonated at a depth equal to or less than the radius™ of the
"equivalent cavity". This radius is dependent on the material around the
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weak, dry materials the radius of the inelastic region can
For hard materials

Detailed geclogical

shot. For
go up to 3 times the radius of the gas cavity.

the ratio may be as much as 5 or 10 (Springer 1974).
maps of the area are not at our disposal, but Eastern Kazakh is a post

Hercynian platform. In the region of Semi-Palatinsk granite massifs are
intruded into the Upper Paleozoic (Nalvikin, 1973) .

An explosion with a radius of the gas cavity of the order of 100 m
and a corresponding radius of ‘the inelastic volume of around 500 m might
have the effect of a downward force if it detonated at depths <500 m.
However, such a source would not explain the delay of the Rayleigh waves
if these waves were generated directly by the explosion, and not by a se-
condary source. Neither would it explain the different relative delay pro-
perties between Love waves and Rayleigh waves. In fact, the delay found
‘for Rayleigh waves on the one hand and the lack of delay for love waves
on the cther hand suggests that the Rayleigh waves of the largest event
of 10 Dec. 1972 have been generated by a secondary source, while the Lo-
ve waves in each case were generated at or near the explosions and at

the time of detonation.

Following and explosion a cavity collapse from

Cavity coilapse .
(Houser,

a few seconds to several days or weeks after the main event.
1969) . Von Seggern (1973) demonstrated two P-arrivals from the M11row
collapse - the first associated with the start of the collapse and the sé-
cond due to the impact of material on the cavity flgor. It has also been
shown that cavity collapses excite relatively weaker Love waves than do the
explosions (von Seggern, 1973) .

A cavity collapse would of course explain both the time delay and the

polarity reversal reported in this paper. However, the major collapse ra-

rely occurs so close in time after the main event and it is doubtful if a
collapse could generate Rayleigh waves of the order of magnitude reported
is paper, without giving rise to a prominent P-arrival. -

it
il o

Spalling. Several authors have considered the possibility of seconda-
ry sources formed by surface spallation following and underground nuclear
explosion. (Elsler and Chilton, 1964; Eisler et. al., 1966; Viecelli, 1973;
Springer, 1974).

Spallation occurs when a compressive shock from an underground explo-
sion is reflected at the surface. The downward travelling tension pulse and
the incident compressive stress wave may at some depth interfere to produce
a tensile stress exceeding the sum of thie tensile strength of the rock and
.the lithostatic pressure. This results in separation and upward movement
of one or more layers of the Earth, referred to as "spall" layers. The shock
occurring” when this material falls back tc the surface in turn generates seis-
mic energy, and it has been claimed that this secondary source could ke
responsible for the seismic surface waves observed from explosions. In his
paper Viecelli (1973) investigated the possibility of generating Rayleigh wa-
ves by spall closure and found that the computed Rayleigh wave amplitudes
corresponding to realistic spallation were about 2.7 times larger than the

amplitudes computed under elastic conditions.
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Springer (1974) estimated the delay of the spall-generated Py wave

following the explosion - generated P waves for several US-explosions
and for large Nevada explosions P -P was of the same order of magni-

tude as observed in the the present case.
Clearly, if spallation were responsible for the Rayleigh wave genera-

tion one would have two differences compared to the elastic case:
i) the initial phase would be of opposite sign, and ‘
the Rayleigh waves would be delayed by some amount, depending
on the epth, size of charge and the material above the shot.
In fact, Viecelli (1973) in order to support the theory suggests looking
for anomalous time delays in the surface wave arrivals from explosions
Von Seggern (1973) reported a delay of 1-2 s of the Rayleigh wave

it)

train from the Milrow explosion relative tc the Longshot explosion on Amchit-
ka Island. Taking the depth differences and the differences in ballistic spall

period from accelerometer data into account, it seemed reasonable that most

of this delsy could te explained by the spall theory of generation (von Seggern,

1973; Viecelli, 1973).

As we have demonstrated in our case both the phase reversal and the

time delay have been found, but both aromalies are connected only to the

Rayleigh wave trains,
1972) the explosion has been responsible for the generation of the

It is therefore possible that on cne occasion (10 Dec.
Love .

waves while the spall closure was responsible for the generation of the Ray-

leigh waves.

Love waves. The possibility that mode conversion during transmission

might be responsible for the Love waves recorded after ar underground explo-

1960) has been investigated and rejected by several

sion (Oliver et al.,
Qur

authors (Brune and Pomeroy, 1963; Aki, 1964;: Aki and Tsai; 1972).
data indicate that if the Love waves were generated by secondary effects this

has not caused any detectable delay. Therefore, since the Rayleigh waves
reported on the same occasion were delayed, the possibility of conversion of
Rayleigh waves as a cause of Love wave generation must be rejected in our

case.
Aki and Tsai (1972) noted that while Rayleigh wave forms repeated very

well for repeated explosions the Love wave amplitudes varied considerably

from event to event. The same authors also studied the dependence of

Love wave generation on the shot dept and charge size and found
that the relative amount of Love wave excitation increased with both these pa-

rameters. The decrease of Love wave excitation from shots in the same area
was taken an indication that tectonic stress release was the major cause of Love
waves from NTS-explosions. By studying only two (or three) explosions we are
cf course not able to give any conclusive evidence in support of this hypothesis

but also in the present case the last explosion from the same area excited the

weakest Love waves.

This research was supported by the Advanced Research

Acknowledgement.
Project Agency of the Department of Defence and was monitored by the Air Force

Office of Scientific Research under Grant AFOSR 72-2305.

Received: November 21, 1976



. 64 -
Refereﬁces

Aki K., 1964, A notg on surface waves generated from the Hardhat nu-
clear explossion, J. geophys. Res., 69, 1131-1134. ‘
Aki K., Reasenberg P., de Fazio T., Yi-Ben Tsai, 1969,
Near-field and far-field secismic evidences for triggering of an earthqu-
ake by the Benham explosion, Bull. Seism. Soc. Am., 59, 2197-2207.
Aki K., Yi-Ben Tsai, 1972, Mechanism cf Love wave excitation by
_ explosive sdurces, ]. geophys. Res., 77, 1452-1475.
Alterman Z. S., Aboudi J., 1969, Seismic pulse in a layered sphere:
Normal modes and surfac. waves, J. geophys. Res., 74, 2618-2636.
Bruland L., Rygg E., 1975, Detection capability cf the Kongsberg
HGLP-system, Sc. Rep. no. 11, University of Bergen, Norway.
Brune J. N., Pomeroy P. W., 1963, Surface wave radiation patterns
for underground nuclear explosions and small-magnitude earthquakes,
]. geophys. Res., 68, 5005-5028. ~
Eisler J. D., Chilton F., 1964, Spalling of the Earth surfa-
ce by underground explosions, ]J. geothys. Res., 69, 5285-5293.
Eisler J. D., Chilton F., Saur F. M., 1966, Multiple subsurface
spalling by underground nuclear explosions, ]J. geophys. Res., 71,
3923-3927. .
Gupta 1. N., Kisslinger C., 1964, Model study of explosion-genera-
ted Rayleigh waves in a half space, Bull. Seism. Soc. Am., 54,
475-484.
Harkrider D. G., 1964, Surface waves in multilayered elastic media.
I. Rayleigh and Love waves from buried sources in & multilayered
half-space, Bull. Seism. Soc. Am., 54, 627-679.

Houser F. N., 1969, Subsidence related to underground nuclear explo-
sions, Nevada test site, Bull. Seism. Soc. Am., 59, 2231-2251.
Kisslinger C., Mateker E. J. (Jr.), Mc Evilly T. V., 1961,
~ SH-motion from explosions in <oil, J. geophys. Res., 66, 3487-349.

Lamb H., 1904, On the propagation cf tremors over the surface of an
elastic solid, Phil. Trans. Roy. Soc. London, A, 203, 1-42.

Lapwocd E. R., 1949, The disturbance due tc a line source in a semi-
_infinite elastic medium., Phil. Trans. Roy. Soc. London, A, 242,

63-100.
Nalivkin D. V., 1973, Geology of the USSR, Oliver and Boyd, Edin-

“burgh. )
Oliver J., Pomeroy P., Ewing M., 1960, Long-pericd surface
waves from nuclear explosions in various environments, Science, 131,

1804 -1805.

Rodean H. C.,
Series, U.S. Atomic Energy Commission.

Springer D. L., 1974, Seccndary sources of seismic waves from under-
ground nuclear explosions, Bull. Seism. Soc. Am., 64, 581-594.

Toksg¢z M. N., Ben-Menahem A., Harkrider D. G., 1964,
Determination of source: parameters of explosions and earthquakes by
amplitude equalization of seismic surface waves . 1. Underground nu-
clear explosions, ]. geophys. Res., 69, 434 4-4366.

H

1971, Nuclear-explosion seismology, AEC Critical Review



- 65 -

Viecelli F. A., 1973, Spallation and the generation of surface waves
by an underground explosion. ]. geophys. Res., 78, 2475-2487.
Von Seggern D., 1973, Seismic surface waves from Amchitka Island
test site events and their relation to source mechanism, J. geophys.

Res., 78, 2467-2474. '






Publ. Inst. Geophys. Pol. Acad. Sc.,A-4 (115), 1977

GEOMETRIC -AND DYNAMIC PARAMETERS OF EARTHQUAKES FOCI
IN THE VRANCEA REGION

D. ENESCU

Institute of Geology and Geophysics, Bucharest, Romania

Abstract

This paper presents elaborated by the author method of the

determination of the geometric parameters (dimension of faulting

. surface, focal volume) as well as dynamic ones (dislocation in
the focus, stress drop, seismic moment, deformation energy ac-
cumulated and energy released) of an earthquake source as ap-
plied to the intermediate foci in the Vrancea region.

The method ‘has been applied to 90 earthquakes. This permit-
ted the deduction of some relationships between these parameters
and the magnitude M.

The results have led to some conclusions which contribute to
a great extent to the knowledge of the physical processes which
occur in the foci of intermediate earthquakes in the Vrancea re-

gion..

- Theory of the used method

We assume that the breaking process of the medium continuity in the fo-
cus of an earthquake takes place along a limited breaking surface, F, of ra-
dius r (Vvedenskaya, 1956, . 1959) and the displacement of particles is ex-

pressed by the Burgers vectcr b (Burgers, 1939).
The tctal seismic energy E; radiated by the focus of the type of breakmg

accompanied by sliding, is of the form (Enescu, 1961, 1963):

4 :
. 4VSQ VSQ . r2b2
=| — . + v - ’ ) ' » (]_)
3T V'?) 3T At 4 -

where VP and VS are the propagation velocities of the waves P and S, Q is

the medium density, At represents the increasing time of the first motion.

generated by the source.
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Bullen (1955) has established the following relation

E
Vv

V = 1234
S2

(2)

where EV is the potential deformation energy or the energy accumulated in

the volume V before the occurrence of the earthquake, pt is the medlum rigidity
coefficient and S represents the Mises strength.

Assuming that the earthquake volume is spherical, from (2) we have:

. (3)
T s _

From (1) and (3) - get

Es At
b - Q : (4)
ENEREE
T 52 .
where
Q- U 4 o+ K3 : K - Y_P_ . ‘ F(S)
3T VS K3 VS

From the energy E only the part E = EJE is released during the

earthquake, the dlfference E -E remaining -further as potential energy

The energy E released durlng the earthquake must be proportional to
the stress drop A6 and the seismic moment M _ (Randall, 1972) , that

1 M :
E = —A6_° | - (6)
2 )2

It is known that the ratio of the energy released to the accumulated ;
is much greater (more exactly much closer to unity) in the case of strong
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carthquakes than in the case of weak earthquakes (B&th and Duda, 1964;
Knopoff, 1971). Therefore we get

= kr 9 V (7)

“
t‘d'm

Vv

where k is a proportionality constant.
The data presented by B4&th and Duda (1964), Knopoff (1971) and by
others make us tc assume that £ = 1 for the strongest earthquake produced in

the seismic region under investigation. Thus we may assume k = 1/rmax’ L

re - presents the faulting surface radius corresponding to the strongest earth-
quake in the seismic region under investigation. This assumption could be con-
tradicted by the existence of aftershocks for some strong earthquakes. In the
case of intermediate and dcep strong earthquakes it can be shown that the energy
released through aftershocks represerts a very small part of the energy of
the main shock. For example, the earthquake in the Vrancea region which
 tock place on November 10, 1940 (M = 7.4) released an energy 270 times
greater than the sum of the energies released by its aftershccks. On the
cther hand, the absence ~f aftershocks, particularly with weak earthquakes,
does not mean that the ewergy in the focus has been released completely du-
ring such earthquakes, bt the energy which remained further as potential
energy contributes in creation of other earthquakes (Knopoff, 1971)..

' From the energy E only a fraction Eg = RE transforms into sei$mic wa-
ves (Randall, 1972), the ratio p = Eg/E 'is determined by several factors,

out of these the most important are the follcwing:

1) The energy censumption (transformation into caloric energy) due to
the friction on the fault plane. On the fault plane a frictional stress Bf takes
place, which opposes to the motion,

2) The energy loss for some nonelastic deformations in the immediate
vicinity of the focus. Such energy may contgibute to the prestressing of the
zones in the neighbcurhcod of the focus, leading to the appearance of poten-
tial sources for other earthquakes in these zones.

The consideration of the data given in the Keylis-Borok’s paper (1959)
in the ccnception of the model used by us led to the following relation for- the
stress drop:

A a2 ' | |
AG- 37((31(2 - 2) " b . » (8)
: 16K v

Taking this into accegnt as well as the relation which defines the sei-
smic moment (Mo = Mur“d) , we have obtained (Enescu, 1976) the folle-

wing calculation formulae: ; ‘
- for the radius r of the faulting surface and the dislocation b ,
max ; max’

corresponding to the strongest earthquake in the’ investigated area



9 1/4 '
r = — E . (At) (9)
max ‘J‘LDSZQ S,max max
[P, /4
TDS .
Drax = 9Q Eg , max (a0 max o (10)

- for the radius r and the dislocation b of any other earthquake

I max /s

r = ———2_ E At 5 (11)
TDS™Q v

b = e N (12)
"max l_ Q
where
2
D = s . (13)

-2 2, 2
37w (3K” - 2)
Obviously, the area of the faylting surface F is expressed by the relation

3/59r ‘ 2/5

F-1 max E_ At | (14)

2
DSQ

and the focal volume could be expressed in the following way:

2/5|9r 3/5
V-3 _m;.’LES At (15)
DS Q :

Another important parameter of earthquake focus is the seismic moment
Mo’ for which we may deduce the following calculation formula

PT s[5 4 |7/10
max . S

| 7 ps? Q

-
M = T (16)
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The stress drop can be calculated by means of the relation

272/5E At]1/10 '
A5 - = |ABS s (17)

‘)Té" B 9r'max Q

LY
The energy released during the earthquake is

2 |1/5 E_ At 4/5

E.= 1 ‘]TL (18
&0 | 9 o Q.

and the deformation energy accumulated in the volume V may be expressed by

‘jTDSz 2/5 T ohax ES At |13/5

— Q (19
I .

Ey'=

J of
J max

It has been assumed here that the faulting surface is circular, the el-
liptical form is however closer to the real form of this surface.
If we put the condition

Tad = T’ - F, - (20)

where a and d are the semiaxes of the ellipse bounding the faulting area,
there result the following relations for the maximum length 1L and makximum
width 1 of the faulting surface

L=2a=2«/5-r, 1=2d=%,v (21)
3, v x272/3 '
a |2Wr(AD)
0= T[—S_y.E__] 22

Formula (22) has been obtained from the relation given by Frank (1967).
for the energy E in the case cf a focus of ellipsoidal form.
For a certain seismic region and given focus, the quantities S, K, VS." .

and U in the above relations are considered constant. They can be estimated .
either on the basis of the data given in literature, or by determinations made

for each of investigated seismic regions.
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Manner of application. Applications

Though formulae (9) -(22) seem to be simple, they can not be casily
applied. The difficulty which arises when using these formulae consists in
the ‘necessity of eliminating the filter effects of the medium and recording
instruments on the seismic impulse generated by the source and, implicitly,
on the real value of the time At of the increasing cf the first displacement.

We assume that

T, T _
At Y — = —

. . i : 2

4 20 ; (23)
o
27 . e Fiati .
where W = T 1s the predominant oscillation frequency in the P and S wa-
o ;

wes generated by the source.
The spectra S (u?) of the P and S waves generated by the earthquake

focus equivalent to the dOuble couple (F’nescu and Georgescu, 1976) have the
follow-mg expressionsy

D :
v, Ci2n
: () 82 b . Sin @stkP Sf(d))
. F LA _?Rw/l - sin”8 sinZQP
fagsl S (24)
. SU (uj) =__b ~ sinB ccs2 @ S(‘O)
S (JT 2R‘\/1 - sin @sm LP )

where R,©, @ are-the spherical coordinates of a point in the medium lying
at the distance R > r. -
The function S f(w) is expressed by the following relation (Enescu and

Georgescu, 1976) :
. 7 Iwo .

8 (W) = - . (25)
L f 2 2

1.16w° - & +0.8j0

o o

The form of the spectrum S (u)) of waves, generated in the earthqua-

ke focus, is . expressed by relatlon (25) . If the filter effect of thin layers
is neglected, the form of the transfer function of the medium will resemble
that of the transfer function K (w) , corresponding to the absorption de-
pendmg on frequency. It is known that .

PR
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2
.Ka(u\) = exp [-(mw + nw )R:I, _ (26)
where m and nare constant for a certain zone and given focus.The seismo-
graph transfer function K (o) is assumed to be known, too.

By means of relation

o

F(R, t) =-91T' [A(a))coswt - B(u))sincbt:|do . 27

where A(w) and B(W) are the spectrum components

S(w) = A(w) +jB(0) = K (0)K (0)s(w), (28)

.one can calculate ‘the oscillation F(R, t) which theoretically should have
a similar form to that of the recorded oscillation in the P or S wave.

It is necessary to calculate the oscillations F (R, t) corresponding to
a great number of values adopted for the frequency -« . In this manner we
plot the variation of the predcminant frequency W (or the predominant

period T ) of the recorded wave versus the predomlnant frequency u)
(or the predommant period T ) -of the generated wave, for each seismic

station. Such graphs will give the period T as a function of the predcmi-
nant oscillation period Tr in the P or S wave on the observed seismogram.

We have applied the method presented above to the determination of fo-
cal parameters for 90 intermediate earthquakes in the Vrancea region, the
magnitude M of which were in the range 4.0-7.4. The historic data show
that the maximum observed magnitude for Vrancea region is M = 7.4.
Among the earthquakes taken into account in this paper there is the strong
earthquake from November 10, 1940, whose magnitude was M = 7.4. o

As shown above, though the method used in the present paper is based
on the spectral theory, it does not require-to determine the Fourier spectra
of the recorded oscillations. It is sufficient to measure on seismograms
the predominant periods T_ of the waves P or S in the zone of the first
displacements. For this ré&ason the method can be applied to a great num-
ber of earthquakes, even to those recorded on smoked paper. '

We have,used recordings from seismographs of medium or long period
from the following seismic stations: Bucharest, Copenhagen, Lvov, Raci-
borz, Rome, Uccle and Vienna. _

From the 90 earthquakes studied, only a few were chosen (Tables 1-IV),
among which the strongest ones have been included, in-order to ilustrate
the manner of application of the method. Table I presents the coordinates
of epicentres, depths of foci, magnitude and seismic energy E calculated
by means of the formula (Gutenberg and Richter, 1956) S

log E_ = 1.5M + 11.8. (29)
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Table 1
|No.|Earthquake | @ A b [km]| M | E_ [erg]
L ol22.x.190 |48 N [26% E | 125 | 6.50 | 3.55x 10°F
06" 37™ '
.X1.1940 | ,_ o
2 |1OXL1920 1 5% 126% | 133 | 7.40 | 7.94 x 107
01739 L ,
a/ E
3 _7'}?(';“ 5| 45% | 26%5 80 | 6.50 | 3.55x 10°!
15748 :
4 | 9.XM.1945| 45°7 |26°8 80 | 6.00 |6.31x 102
06 08™ . |
: Eov . .
5 -29'}‘1[ : 121‘8 45%8  |26%5 130 | 5.75 | 2.70 x 10%°
0448
1 — . 19
6 ‘26.}? 12160 45%  |26%2 140 5.30 | 5.62x 10
20 27 '

, - The predominant periods T_. of the waves P and S measured on recordings
are given in Table II. . - ' ) :
The knowledge of the instrumental constants allowed to obtain the
transfer function Ks( ©) of each seismograph.
" The data given in literature (Berzon et al., 1962) show that for. the
waves arisen from the upper mantle, the absorption coefficients depend
on the frequency of oscillation according t¢ the relation

X = nqu . ' (30)

Relation (30) is compatible with the theory of wave propagation in
viscoelastic medium (Hosali, 1923; Berzon et al., 1962). Therefore
for the absorption ccefficients of the waves P and S one may assume re-
lations of the form: ' ' '

A = n.Pc\)z, K, = n (02, _Pzi_ ‘ - (3D
: ‘ S 3
3K

The data synthetized in the graph on page 434 -of the book by Berzon
et al. (1962) have pgymitted us to determine the valie of the coefficient
ny and by means of relations (31) we have obtained the value of the co-

o efficient ns; that is
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Abbreviations:

COP_ -
ROM -
Ucc -
VIE -
WH -

WV -

G WH-
GWV-

WS V-

Corenhagen

Rome

Uccle

Vienna

Wiechert horizon-
tal seismograph
Wiechert vertical
seismograph
Golitzin-Willip

_horizontal seis-

mograph -
Golitzin- Willip
vertical seis-
mograph
Willip-Somville
vertical seis-
mograph ’
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np = 1.62 x 10_5 52 /km, ng = 6.32 x.1o'5 sz/km. (32)

By using the values (32) we have calculated the transfer function K (W)
for various hipocenter distances R. v @

We have calculated, in the manner shown above, graphs showing the
variation of the predcminant period Tr =27/ u)r versus the predcminant

period To =27/ w - From these graphs we have taken the vaiues T, cor-
responding to the periods Tr measured on seismograms (Table II).

From Table II one can observe that sometimes between the periods T
corresponding to the same earthquake, but for different waves or diffe-
rent stations, there exist large differences. The elimination (at least par-
tial) of the  filter effects of the medium and recording instruments conside-
rably diminished much these differences (see the values T, listed in Table
1I/. It results, that the waves P and S are generated by the source with
approximately the same predominant period (TOP = TOS = TO) , but the
medium effect (ns > nP) makes the waves S to arrive at stations with pre-
dominant periods larger than those of the waves P. This result confirms the
assumption made for the theoretical justification of our method (Enescu,
1976) , according to this assumption we have considered ( Atp ~ At5= at) .

For the ratio K = VP/VS, the velocity VS and coefficient p , we have

adopted the values given by Bullen (1963), that is, for depthe 60 <h <180 km.
corresponding to the seismic foci studied, we took intc account the following
- ranges of values:

K - 1.78+1.80, Vg = 4.40+4.55 km/s,

(33)
pu=16.5+7.2x lOll dyne/cm2 .

We confronted the large difficulties when adopting agvalue for,, strength S.
Bullen (1955) assumes that this strength is of about 107 dyne/cm™, but he
does not exclude the possibility that this value is smaller, at least for some
regions. On the other hand, the investigations on the stress differences re-
quired to sustain the Earth’s mountain systems, show that the' strength S

exceeds 109 dyne/cm2 for some regions of the Earth’s crust (Jeffreys, 1952).
For example, for Himalaia region, Jeffreys has obtained by calculation the

value 1.6 x 109 dyne/cmz.

The above value cannot be valid however for the mantle and the Earth’s
core. The core has to be considered as having no strength (Jeffreys, 1952).
The absence of earthquakes at depths greater than 700 km is a proof that a stress
difference beyond this depth (700 km) does not exist. Using this reasoning,
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Jeffreys (1952) reached at the conclusion that for the range of depth 50-
-700. km, the strength S has the value:

- 3.3 x 10° dyne/cm? . (34)

The data of the type of those listed in Tables I and II, as well as the
values (33) and (34) have permited us to apply the formulas (9)-(22) to
the determination of the geometric and dynamic parameters of 90 earthquake
foci in the Vrancea region. These parameters have been calculated for each
value of T,. In the case cf earthquakes for which several values T, have

been obtained (from different stations or for different waves) the mean va-
lues of the parameters have been calculated. These mean values have been

taken into consideration (see the examples in Tables II-IV) .
The determination of the geometric and dynamic parameters for a great

number of earthquake foci has permited us to obtain, by using the conventio-
nal least-squares procedure, the following relat10nsh1p= between these para_
meters and the magnitude M: B

log r (cm) = 0.38 M + 3.46 ’ (35)
log L (cm) = 0.38 M + 3.85 (36)
log 1 (em) = 0.38 M + 3.67 (37)
log F (cm2) =0.76 M + 7.42 (38)
log V (cms) = 1.14 M + 11.00 (39
log b (em) = 0.57 M - 1.68 (40)
log M_ (dyne- cm\ = 1.34 M + 17.53 (41)
log A5 (dy'ne/cm ) = 0.20 M + 6.80 (42)
log E (erg) = 1.53 M + 12.25 ‘ (43)
log E, (erg) = 1.14 M + 15.13 (44)
log € = 0.39 M - 2.88 (45)
log D = -0.03 M - 0.45 ‘ | (46)
log {=0.36 M - 3.33 (47)

The results presented above lead tc the following conclusions:

1) All the above parameters, with the exception of the ratio n=E /E
increase as the magnitude M increases.

2) The conclusion according tc which the dimensions of intermediate
and deep foci are smaller than those of the foci of the same magmtudes, but
which lie in the Earth’s crust, is confirmed.

3) The radius of the faulting surface ccrresponding to the earthquake of
maximum observed magnitude (M = 7.4) in the Vrancea region is approxima-
tely 19 km, the length L ~46 km and the width 1~30 km.
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4) The length to width ratio of the faulting surface is v = L/1~1.5.

5) The dislocation in the focus, corresponding to the earthquake of ma-
ximum observed magnitude is about.3.5 m. The dislocation b varies relative-
ly rapidly with the magnitude, reaching about 0.04 m for earthquakes of
magnitude M = 4. : “

6) The seismic mcment of the focus of maximum observed ‘magnitude is

2 : . o v :
about 2.7 x 10 7 dyne-cm. The seismic moment MO also varies quickly with

the magnitude, reaching the value 8 x 1022 dyne-cm for earthquakes of M = 4,
7) The stress drop varies relatively slowly with the magnitude M. Thus,

for the earthquake of M = 7.'4,the stress drop is about 190 bar and for the

earthquakes of M = 4 about 40 bar. ’ L o :
8) The seismic efficiency n = ES/E varies very slowly with the magnitu-

de M. One can-observe that only approximately 20% from the energy E re-
leased by the focus of maximum observed magnitude (M = 7.4) transforns
into seismic energy, and the energy feleased_under the form of seismic wa-
ves by a focus of magnitude M = 4 represents about 27% from the energy E.

- We have assumed that the properties of the material in the focus do not
vary with the quantity of accumulated energy. Under this assumption, the.
frictional stress on the fault plane does not depend on the earthquake inten- -
sity. For this reason, the energy quantum spent for overcoming the frictio-
nal stress on the fault plane does not depend on the magnitude M of the
earthquakes in the same seismic zone. In this situation, the parameter nva-
ries only with the intensity of ncnelastic deformations in the neighbourhood
of the focus. These nonelastic ‘déforma'tions are greater in the case cf strong
earthquakes than in the case of weak earthquakes. In this manner we explain
the decrease (although slow) of the parameter n with the increase of the
magnitude M. ' : _ L

9) The total seismic efficiency { = E /E_ varies with the magnitude M.
.The seismic energy quantum represents about @ 20% from the deformation ener-
'8y accumulated before an earthquake of maximum observed magnitude (M =
= 7.4) and about 1% in the case of an earthquake of’ magnitude M = 4.

The above conclusions are susceptible of additions and modifications
since the use of only one method is not always sufficient. It is of interest
to know the results which will be obtained by applying the formulas deduced
by Enescu and Georgescu (1976) - formula based on a new spectral theory

of seismic sources elaborated by these two authors.
Received: October. 1, 1976
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ELIMINATION OF THE AMBIGUITY IN THE FAULT~PLANE. SOLUTION
FOR VRANCEA EARTHQUAKES. NEW CONCEPTS OF THE MECHANISM
OF THESE EARTHQUAKES

D. ENESCU

Institute of Geology and Geophysics, Bucharesi, Romania

Abstract

The use of the first displacements in SH and SV waves, the cal-
culation of the dimensions of the faulting surface, the dimensions of
the epicentre zone of the preshocks and aftershocks of the earthqua-
ke from November 10, 1940 (M = 7.4), the calculation of the the-
oretical isoseismal lines and their comparison with those observed,
as well as other proceedings have permited the elimination of the
ambiguity in the fault plane solutions for intermediate earthquakes
in the Vrancea region.

The general form of the isoseismal lines is explained and solu-
tions are given concerning the theoretical source equivalent to the
focus the relation between the "regional" stress and the "focal"
stress and the relation between the "focal" stress and the frictional
stress. It is proved that the creep instability in an anisotropic mantle
explains the mechanism of intermediate Vrancea foci.

Introduction

Although comprehensive studies have been carried out on the mechanism
of Vrancea earthquakes, the problem of the ambiguity in the fault plane solu-
tion has remained unsolved. Thus, Enescu (1962) assumes, by using the
first displacements in the SH and SV waves that the fault plane coincides
with the nodal plane b (with the notation employed in the present paper) . Ra-
du (1965) supports the assumption that the nodal plane a would be a fault
plane, but he does not exclude the possibility that the plane b is a fault
plane. Constantinescu et al. (1973) assume that the plane a coincides with
the fault plane. * iy

Under such conditions it was necessary to examine the problem by using
several proceedings for eliminating the ambiguity in the fault plane solution
for Vrancea earthquakes. This paper solves this ambiguity, explains the ge- ,
neral shape of the isoseismal lines and gives solutions concerning the theore-
tical source equivalent to the focus, the relationship between the "regional"
stress and. the "focal" stress, the relationship between the frictional stress
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and'the "focal" stress. It is shown that the creep instability in an anisotro-
pic mantle furnishes the best explanatlon for the mechanism of mtermed1ate
Vrancea earthquakes. ‘

The fault plane solutions used in this paper are those obtained by Enes-
cu (1962), Constantinescu and Enescu (1963, 1964) thsema (1974) and
Constantinescu et al. (1974) .-

1. First displacements in the SH and SV waves

As it is known (Constantinescu and Enescu, 1963 1964 ; Constantinescu
et al. 1974) , the intermediate Vrancea earthquakes can be divided, as

Fig. 1. "Mean solution" (source I_b) for Vrancea earthquakes of. June 24,

1940, October 22, 1940 and November 10, 1940.

concerns the orientation of the nodal planes, into two. eategories. In one
of these categories both nodal planes are oriented NE-SW and in the second
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Table 1
B ‘ ‘ Plane a - Plane b
' Magni- B ] s .

Earthquake *| Strike Dip . Strike Dip .
f : ' tude direction |direction Dip direction |direction Dip
24 V11940 | 5.5 |N 42°E|N48°w |55°|N27° E [s63°E |36°
22X 1940 | 6.5 |N 40°E |N50° W [56° |[N25°E |s 65°E |35°
10X11940 | 7.4 |N42°E|{N48° w|55° [N27°E |s 63°E [36°

1v1955 | 5.4 [N27°W|s63°w[41°|N42° |N48°E |[50°
2611960 |5.3 |N18°w|s72°w |47° [N 43°W [N 47°E |45°
13X 1960 [5.5 |N17°w|s 73°W |45°|N30° W [N60°E |46°

y = .. DBN
STR UCE="\
STl o KEY .

Fig. 2. "Mean solution" (source II) for Vrancea earthquakes-of June 24,
1940, October 22, 1940 and November 10, 1940.
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Table II

Number of discrepancies
source Ia source Ib source II

;
Earthquake Numbsr of

used data

SH SV SH | SV |SH SV | SH SV
24 VI 1940
22 X' 1940 |23 18 11 8 0 1 1 2
10 XI 1940 .
1V 1955
26 11960 |15 12 10 5 1 3 1 2
13 X 1960

Fig. 3. "Mean solution" (source Iy) for Vrancea earthquakes of May 1
1955, January 26, 1960 and October 13, 1960.



Fig. 4. "Mean solution" (source II) for Vrancea earthquakes of May 1,
1955, January 26, 1960 and October 13, 1960.

 category the two nodal planes are oriented NW-SE. We have chosen three

earthquakes for each category (Table I). This choice has been conditioned
by two factors: a) a good quality of the fault plane solutions on the basis
of the P waves, b) the existence of an acceptable number of data for the
first displacement in the SH and SV waves.

The very small difference between the fault plane solutions for earthqu-
akes from the same category (Table I) has permitted us to present a "mean
solution" for the earthquakes which occurred on 24 June 1940,22 October 1940
and 10 November 1940 (Figs. 1 and 2), as well as a "mean solution" for
the earthquakes which occurred on 1 May 1955,26 January 1960 and 13
October 1960 (Figs. 3 and 4).

In the present paper we have assumed that the nodal plane b is that
directed NE-SW and inclined towards SE, or that oriented NW-SE and
inclined towards NE. The other nodal plane is denoted by a.

As concerns the theoretical type of source, we have examined the two
cases: the couple with moment or the source I (Figs. 1 and 3) and the
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double couple or the source II (Figs. 2 and 4). The seismic stations, the
data of which have been used, are represented in Figures 1-4 by their code.
The order of presentation of the signs of the first displacements is: P, SH,
SV. When a single sign is given, it corresponds to the P wave. For the
case of source I we have analysed both the variant in which the nodal plane
a would be fault plane, as well as the variant in which the fault plane

would coincide with the nodal plane b.

The results for all cases mentioned above are presented in Table II.
These results do not eliminate the ambiguity as concerns the theoretical
source equivalent to the focus since the number of discordant data is very
small both for the source I .and for the source I (Table II).

One can observe, however, that the data given in_Table II support
the assumption according to which the fault plane coincides with the nodal
plane b for both categories of earthquakes. Therefore, we have assumed,
that the presentation here, in Woolf projection, of the variant in which
the fault plane wgpuld coincide with the plane a, is not necessary.

2. Strike directions and dip directions of the nodal planes

As shown in the previous chapter, there are two categories of inter-
mediate earthquakes in the Vrancea region. However, exceptions from the-
se categories exist (Constantinescu et al. , 1974), but no one of these
- exceptions invalidates the assumption that the plane b coincides with the fault
plane. On the contrary, these exceptions support this assumption. These excep-
tions consist in the fact that one nodal plane is oriented NE-SW and the other
NW-SE; no one of the nodal planes of these earthquakes is inclined towards NW
or SW. Examples: earthquakes occurred on 29 March 1934, 18 January 1966,
27 October 1967. On the contrary, for all the earthquakes studied (Constan-
tinescu et al., 1974) , there is at least one nodal plane inclined towards SE
or NE, this is just the nodal plane b. ‘ ’

3. Dimensions of the 'epicenter zone of th_e' preshocks and aftershocks
of the earthquake from November 10, 1940

In Figure 5 there are represented the epicenters of the preshocks and
aftershocks of the strong éarthquake which occurred on November 10,1940
(M = 7.4) , whose calculated coordinates present a high degree of certitu-
de. As one can cbserve, they lie in an ellipse the axes of which have the
values: S ,

Lp.a ~ 48 km, lp.a = 35 km. | (D

The fom and orientation of the ellipse shown in Figure 5 seem to bé .
very close to reality, since they are in accordance with a fault plane in-
clined towards NW (plane a).or SE (plane b). At the same time, one can
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observe that the epicentre of the main shock (November 10, 1940) is very

near to the ellipse centre. As shown in Chapter 1, the Vrancea earthquakes
in 1940 occurred on approximately the same fault plane as the strong earthqu-
ake occurred in the same year (November 10). These observations make us,

r‘/ 35 Km /’\\
\ P=46W
. p= 465N
O préeshock :
A= 26°F © gfrershock ) A=27°F
N 10-¥1-1940 ‘ ,

Fig. 5. Epicentre zone of preshocks and aftershocks of earthquake of No-
' vember 10, 1940. '

" assume that the dimensions of the projection of the elliptic surface shown
in Figure 5 on the fault plane must be approximately equal to the dimensions
of the fault surface corresponding to the earthquake which occurred on No-
vember 10, 1940. ’ . .
Taking into account the values of the inclination of the planes a and b
for the earthquake from November 10, 1940 (Table I) and the values (1),
we obtain the following. values of the length L and width 1 of the fault surfa-

ce: - :
- assuming that the fault plane would coincide with the nodal plane a .

L =84 km, 1 =~ 61 km, (2)
a a .

- assuming that the fault plane would ccincide with the nodal plane b

Ly, ®59 km, L 43 k. 3

The calculations, performed (Enescu, 1976a) by using the data inde-
pendent .of the ambiguity in the fault plane solution and applying a method
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recently elaborated (Enescu, 1976b) for determining the geometrical and dy-
namical parameters of the focus, have shown that the following values corres-
pond to the focus of the earthquake of November 10, 1940:

L = 46 km, 1 =30 km. (4)

The formulae deduced by Enescu and Georgescu (1976) also permit to
estimate the dimensions of the fault plane. The application of these formulae
to the case of earthquake from November 10, 1940 ied to the following valu-
es:

L = 53 k., 1 ~35 km. | (5)

One can observe that the values (3) are more close to (4) or (5) than

the values (2). This finding proves once again that the fault plane coincides
with the nodal plane b. y ‘

4. Null vectors and motion vectors

As concerns the orientation of null vectors, the intermediate Vrancea
earthquakes can be divided (Constantinescu and Enescu, 1963) .into two
categories which coincide approximately with the two categories mentioned in
the first chapter of this paper. In the first category, the null vectors are
oriented NE-SW (Fig. 6) and in the second one NW-SE (Fig. 7).

In an approximate manner we may assume that the nyll vectors in the
first earthquake category lie in a plane oriented N 38° E (Fig. 6) and the
null vectors in the second categoery lie in a plane oriented N 34 "W (Fig.
7).

According to Scheideger (1958), the direction of tectonic motions is
in a vertical plane, perpendicular to the plane of null vectors. This, okbk-
viously, does not impose that the tectonic motions are vertical. The data
given in Figures 6 and 7 show that the tectonic motions in the zone under
study occur upon two main directions: one approximately oriented S 52  E
and the other N 56° E, ,

From Figure 6 one can observe that the motion vectors (z-axes)
which correspond to the planes b are well grouped around the directfion

S 52° E. The motion vectors (y~axes)which'correspond to the planes a

are much scattered with respect to the direction S 52o E (Fig. 6). This
finding confirms the conclusion from the preceding chapters according to
which the nodal plane b coincides with the fault plane.

The data given in Figure 7 show, however, that the motion vectors
which correspond to the planes a are grouped with approximately the same

. . . o . .
scattering around the direction N 56  E as the motion vectors corresponding
to the planes b. This finding makes difficult any conclusion for the case
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shown in Figure 7 The fact that the proceedings used in the preceding
chapters as well as those from the subsequent chapters prove that the fault

pldne coincides with the plane b makes us to assume that either the data from
Flgure 7 are not sufficient, or that the proceedmg used in this chapter is not
rigorously valid.

5. Theoretlcal isoseismal lines and their comparison with observed
isoseismal lines

Since thé first attempts made to calculate the isoseismal lines of the
Vrancea earthquakes (Soboleva, 19683 Enescu and Z&mircd, 1973) were
not . suff1c1ent1y conclusive, this problem is a.nalysed again in the precent
paper. :

The theoretical isoseismal 11nes in the present paper are in fact iso-
dlsplacement lines and they have been calculated by means of formulae of
the type

U U s Ul (6)
' DO Y)Y '
UH,Z =G W NH Z I: ﬂAk(l):' exp( OR) . (7) -

The terms in relations (6) and (7) have the following significance:
U - amplitude cf soil displacement, D( © ¢ ) - directional function of the
source, f(R) - function which defines the attenuation of ‘the wave due to
~ the increase of the wave front, G - a functiop cf the source geometric,
~ dynamic and kinematic parameters and of some physical parameters ‘of the.
medium, NH 2(1) - conversion coefficient of the wave at the soil surface
(iis the wave 1nc1dence angle) corresponding to the horizontal UH
vertical UZ component , Ak(i) - refraction coefficient of the wave on
boundary k, & - absorption coefficient.
' We have calculated the isoseismal lines for the following source ty-
pes: couple with moment (Keylis-Borok, 1957), double couple (Vveden-
skaya, 1956, 1959) and moving couple with moment (Hirasawa and Stau-
der, 1965) . The calculations were performed for the strbng earthquake
from November 10, 1940, under the assumption that the plane a would
be a fault plane, as well as under the assumption, that the plane b cecin-
cides with the fault plane. We mention that ‘the isoseismal lines of the
double couple (Vvedenskaya, 1956, 1959) can serve for eliminating the
é.mbiguity in the fault plane solution, even if first displacements in the
SH and SV waves do not eliminate this ambiguity.

The directional function D(0O , @), which has a strong influence on
the shape of the isoseismal lines, was calculated for each variant mentio-
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ned above, by knowing the direction cosines of the source axes. For the
sources remined above, the functmn G can be considered ccnstant for an
earthquake. Since in this paper we are interested only in the shape of the
isoseismal lines and not in their values, the quantity G was not calculated
the parameter estimated by us is : :

By knowmg the hlpocenter cocrdinates, the coordmates of the points on
the soil surface, as well as the model of Earth’s crust which results fr'om

geophysical works (Constantinescu et al. , 1972),, the functions f(R), H Z('
and A (1) could be calculated. ‘ P ’

N TN

1z

& EFCENTER

Fig. 8. Theoretical isoseismal lines - couple with moment.

The dependence of the absorption coefficient & on the wave propagation
direction and oscillation frequency has not been taken into account. Obviously,
this dependence influences the shape of the isoseismal lines. We have assumed
a mean ¢ coefficient deduced from data presented by Berzon and cc-workers
(1962) for the waves which come from the upper mantle.

Figures 8-10 represent the theoretical isoseismal lines calculated in the
assumption in which the plane b coincides with the fault plane. The normed

values W/ Hrax = 1, 1/2, 1/4, ... are represented. The relative displa-

cement U = U/G was calculated for about 300 points, the singularities and
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Fig. 9. Theoretical isoseismal lines - double couple.

13

\
EPICENTER
r

Fig. 10. Theoretical isoseismal lines - moving couple with moment.

the anomalous zones caused by the limitations of the theoretical appli-
fication of non-local sources were eliminated or smoothed.
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Fig. 11. Observed isoseismal lines (earthquake of November 10, 1940).

A comparison of the theoretical isodisplacement lines shown in Figures
8-10 with the observed isoseismal lines from Figure 11 proves clearly that
the fault plane coincides with the nodal plane b, no matter which of the
three -theoretical sources is equivalent to the intermediate foci in the Vran-
cea region.

The figures showing the variants calculated under the assumption that
the nodal plane a would be fault plane.are not given here, since their disa-
greement with the observed isoseismal lines was very great. This disagree-
ment is so great, that it cannot be justified even by the simplifications ma-
de in calculations. On the contrary, the consideration cf the factors which
were neglected can make the shape of theoretical isoseismal lines from Fi-
gures 8-10 much closer to the observed isoseismal lines. For instance,
the geological data lead to the assumption that the absorption of seismic
waves is smaller in the NE direction. Thus, taking into account the va-
riation of thre absorption with the direction would justify a greater elonga-
tion of the theoretical isodisplacement lines towards NE, which would lead
to a greater agreement between the data given in Figures 8-10 and those
given in Figure 11.

The fact, that strong earthquakes in the Vrancea region are relatively
weakly felt in the NW direction (Figure 11), can be justified only to a very
small extent by the geological structure. The theory of7generation and pro-
pagation of the seismic waves proves, as do the results given in this paper,
_that the assumption according to which the roots of the mountains in the
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Vrancea region would represent a screen for the waves radiated in the NW
direction (towards Transylvania) from the intermediate foci in the Vrancea
region, is not valid. As is shown by the results given in this paper, the
occurrence mechanlsm is the main causé of the relatively weak intensity

- of the strong earthquakes in the Vrancea region upon -the NW direction,

. and the elongation of the isoseismal lines upcn the NE-SW direction is cau-
sed by- the. form of the directional function of the source and by the geolo-
gical structure. : :

6. Space distribution of the Vrancea foci

 As is known, at the Carpathian-arc-bend, earthquakes with foci in the
upper mantle, as well as earthquakes with foci in the Earth’s crust occur.
As concerns the depth of these foci, three zones may be distinguished

\
\ -
-\ -
\\
e 46°
2 %
= N
v =
= -
Py v/
N o .
' 4579
I
\ .
— 5
06° 2625 21 A%

Fig. 12. Seismic zones from Ca’rpathian-arc--bend.'

- (Fig. 12) .This growth of depth’'h towards the Carpathian arc led some -
authors (Constantinescu et al., 1973) to the conclusion, that the space
" distribution of the foci at the Carpathian-arc-bend indicates a "seismic
plane™ (Benioff plane) inclined towards NW. This fact determined the
authors cited above to assume, that the fault plane of the intermediate
Vrancea earthquakes coincides with the nodal plane a, since this plane
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inclines in the same direction as the "seismic plane".’ This conclusion is
in disagreement with the results given in this paper, and with those obtai-
ned by us in 1962 (Enescu, 1962). ‘
The results obtained by Roman (1970), and part of the results obtai-

ned by T. losif and S. Tosif (1974) , prove, that the foci are distributed in
a vertical body and not is an inclined one. . I

"In order to see whom of the authors is right,and to clarify the pro-
blems treated in this paper, we have projected the foci (whose ‘coordina-
tes have a higher degree of certitude) on vertical planes oriented N 50

W - 5$50°E and S 64° W - N 64° E (planes I and II in Fig. 12). The-
se orientations of the planes I.and Il coincide with the approximate mean.
orientations of the "action planes" (the planes in which "focal” stresses
act) which correspond to the earthquakes from the first and second cate-
gory of earthquakes (as they are classified in Chapter 1). The two -ap-

" proximate mean orientations were estimated by taking into account all
fault plane solutions obtained so far for intermediate Vrancea earthquakes
(Ritsema, 1974 ; Constantinescu et al., 1974). On the planes I and II we
have projected at first all the considered foci. In the second attempt, on
the plane I we have projected the foci lying in the southern zone. (with
respect to the bisector plane B - Fig. 12) and on the plane II the foci
lying in the northern zone (with respect to the plane B). All these
projections led to patterns of the type of those shown in Figures 13 and
14. Most of the foci projected can be framed in zones of the type of
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SS50°F

N50°W,
20 1
40 4
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80 1T —
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740 4
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2004 I
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Fig. 13. Cross-section along the profile 1.

" those denoted in Figures 13 and 14 as "seismic zone". One can observe
that the foci which have depths of h <80 km (h = 80 km seems to be the
upper limit of the astenosphere)can be framed in a zone inclined towards Carpa-
thian arc (Figs. 12-14) . The data given in Figures 12-14 prove that the pajo-

' rity (since exceptions exist) of intermediate foci can be framed in a vertical
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body whose horizontal section has a form similar to that of zone 1 shown

in Figure 12. Figures -13 and 14 also show "focal" stress pattern, as well
as the "regional" shear stress pattern in ‘the zone of intermediate foci. As
one can observe from Figures 13 and 14, the "regional" shear stress acts

PLANE 11
N64F

S69°W
201
40
60
801

100 - / /-

120

140
160-

1804 H

200

DEPTH (Km')

SEISM /o
o>

Fig. 14. Cross-section along the profile II.

upon vertical direction in ghe zone of intermediate foci from astenosphere,
making angles of about 45 with the "focal" shear stress from the nodal
planes a and b. This finding invalidates the single argument of the authors who

assume that the fault plane coincides with the nodal plane a.
As concerns the relation between the "focal" stress of the earthquakes

of depth h <80 km and 'the "regional" stress, a conclusion cannot be drawn
at present, since the fault plane solutions for these earthquakes are insuf-
ficient and uncertain. _

The results obtained in the preceding chapters prove that the fault plang
of the intermediate foci coincides with the nodal plane b, however, from Fi-
gures 13 and 14 it results, that the "regional" shear stress is not parallel
to the "focal" shear stress on the nodal plane b. This is a difficulty which
we shall try to solve in the following chapter.

7. The anisotropy of the upper mantle explains the mechamsm
of intermediate Vrancea earthquakes

A great difficulty in accounting for the occurrence of intermediate and
deep earthquakes is to prove how slip faulting could occur in the presence
of the very large frictional stress which should oppose slip on the fault
plane (Orowan, 1960). A solution of this problem would be represented by
the release of stresses by creep rather than by fracture (Savage, 1969) .
For elimirating this difficulty, the lubrication on the fault surface.can be
postulated (Savage, 1969).
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Another very important difficulty involved in explaining the occurrence
of deep and intermediate earthquakes is that mentioned by many authors
(e.g. Savage, 1969) . It consists in the fact that the "regional" stress
does not coincide (it makes angles of about 45 ) with the "focal" stress.
This difficulty was also encountéred by us in the preceding chapter. It can
be eliminated in several manners. Isacks and Molnar (1969) suggest that
the dominant local stress system is not simply a shear across the "seismic
zone", but rather a compression or tension along that zone. In the case
of intermediate earthquakes in the Vrancea region we observe that the ten-
sion axis of the "focal" stress is parallel to the "seismic zone", this
"would make valid the explanation given by Isacks and Molnar. A second
explanation is furnished (Savage, 1969) by the fact that the failure occurs
along zones of weakness which are parallel to one set of nodal planes.

- In the following we shall attempt to explain the mechanism of Vrancea
earthquakes by assuming the creep instability in an anisotropic mantle.
In a similar manner Sugimura and Uyeda (1967) explained the mechanism
of intermediate and deep earthquakes in the regions of island arcs.

It is to be expected that the upper mantle consists. of peridotite or
another similar material. One of the main component minerals of these
rocks is olivine, the crystals of which have a preferential orientation. As
is known (Sugimura and Uyeda, 1967), if a peridotite is subjected to stress .
under plastic conditions, it deforms and recrystalizes in such a manner,
that the olivine and other crystals tend to align ‘their crystallographic
"axes almost parallel to each other. There are numerous examples of peri-
dotite nodules which exhibit preferred orientation of olivine crystals.

Figure 15 shows the action plane in three states (A, B, C) of the
physical processes in the "seismic zone" of the intermediate foci. The
remark made in the preceding chapter that the Vrancea foci from the
astenosphere can be framed in a vertical body determine us to admit
that the "regional" stress should act as is shown in Figure 15A.

According to thermodynamic studies (Sugimura and Uyeda, 1967), the
stable state for olivine crystals is such that the y, -axis (Fig. 15B) must

be parallel to-the compression axis X, of the "regional" stress (Fig. 15A),

the y.,-axis parallel to the tension axis X, and Y3 parallel to the interme-
diate “axis X5 ' '

Hess (1964) showed that the observed suboceanic faults can be ascri-
bed to the gliding along planes of Miller indices (010) perpendicular to
the yl-axis (Fig. 15B) as being the most easily gliding planes. Extending

this concept to the case of the Vrancea region and assuming that the faul-
ting occurs (Fig. 15B) along planes of Miller indices (010), there re-
sults that the fault plane coincides with the nodal plane b (Fig. 15C).
The "focal" stress pattern shown in Figure 15C is similar to those shown in
Figures 13 and 14.

Thus, in the case of intermediate earthquakes in the Vrancea region,
as in the case of deep and intermediate earthquakes in other regions, the-
"focal" stress pattern does not directly reflect the "regional" stress due
to the anisotropic nature of oriented olivine crystals, and the frictional
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Fig. 15. Three states of focal processes: A) "regional" stress, B) orien

tation of axes of olivine crystals, C) "focal" stress.
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stress can be overcomed due to gliding along planes of Miller indices (010) ,
which are planes of minimal strength. In addition, this creep instability in
an anisotropic mantle supports and confirms the conclusion from the prece-
ding chapters, according to which the fault plane coincides with the nodal
plane b. '

The results given in the preceding chapters show almost in the same
extent that the intermediate Vrancea foci may be equivalent both to the
source I and to the source II. Since the data given in this chapter prove
that the mechanism valid for intermediate Vrancea earthquakes is the creep
instability in an anisotropic mantle, we may assume that the theoretical
source equivalent to the foci of these earthquakes is the double couple
(Fig. 15).

Concluding remarks

The above results lead to the following main conclusions:

1. The fault plane of the intermediate earthquakes in the Vrancea re-
gion coincides with the nodal plane b. For some earthquakes the fault pla-
ne is oriented NE-SW and is inclined towards SE, for other earthquakes
the fault plane is oriented NW-SE and is inclined towards NE.

2. The general form of the isoseismal lines is mainly determined by
the occurrence mechanism. The fact that the strong earthquakes are rela-
_tively weakly felt in the NW direction (in Transylvania) is mainly justified
by=thewcecunence-mechanism of these-eanthguakes—anduto. an smalleruextent
by the geological structure. The assumption according to which the roots
of the mountains in the Vrancea region would represent a screen for the
waves radiated in the NW direction is not valid. The elongation of the
isoseismal lines in the NE-SW direction is caused by the form of the di-
rectional function of the source and by the geological structure.

3. The foci of depths h<80 km can be framed in a zone inclined
towards Carpathian arc. The majority of intermediate foci can be framed
in a vertical body whose horizontal section is of a shape similar to that
of zone 1 shown in Figure 12.

4. The compres$sion axis of the "focal" stress is approximately per-
pendicular to the "seismic zone" (zone of foci). The tension axis of the
"focal" stress is aproximately parallel to the "seismic zone".

5. The "focal" stress pattern does not coincide with the "regional"
stress. These two stresses make angles of about 45°.

6. The creep instability in an anisotropic mantle furnishes the mecha-
nism valid for intermediate Vrancea earthquakes for the following reasons:

- it explains the fact that the "regional" and "focal" stresses do not
coincide, )

- it makes possible the overcoming of the frictional stress due to
the gliding along planes of Miller indices (010) of the crystals, which
are planes of minimal strength,

- it confirms the conclusion that the fault plane coincides with the
nodal plane b. '
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7. Since the creep instability in an anisotropic mantle is compatible
with the source II (double couple), one may assume that this theoretical
seismic source is equivalent to the intermediate focus in the Vrancea region.

Received: October 1, 1976
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_SHEAR SHIFT MODELLING ALONG A PRE-EXISTING FAULT

O. G. SHAMINA, A. A. PAVLOV, S. A. STRIZHKOV

Institute of Physics of the Earth, USSR Academy of Sciences,
’ Moscow, USSR

Abstract

In this paper the deformation of the fault surfaces, values
of the crack propagation velocity, the coefficient of sliding fric-
tion and wave radiation pattern were investigated.

According to modern ideas the earthquake is the result of a shear
crack arising in the solid medium or an unstable sliding along the pre-
-existing fault. That is why the laboratory investigations of the shear
shift along the pre-existing fault and the radiation of the elastic waves by
shear crack are very important for geophysics.

Brace and Byerlee (1966) were the first who observed unstable fric-
tional sliding along the pre-existing fault in the laboratory experiment,
They suggested that this type of shift, called by them stick-slip, is the
possible mechanism for crustal earthquakes.

Later Scholz (1968) continued these investigations and added the stu-
dy of the acoustic pulses distribution to the detailed analysis of the strain-
_stress behavior. In the model made by Wu et al. (1971) the stick-slip
propagation velocity was investigated.

However, simultaneous study of the fault dynamics and wave radiation
characteristics have not been carried out up today. This is the aim of
the present work,, in which such parameters as deformation of the fault
surfaces, values of the crack propagation velocity, the coefficient of
sliding friction and wave radiation pattern were investigated.

Principal scheme of experiment is shown in Figure 1. Two narrow
slits were cut in the middle of the plexiglass plate. The lower open slit,
is auxiliary. The upper, closed slit, simulates the pre-existing fault
with friction between the fault sides. The length of slits is 16 mm and
the width 0.2 mm,

To prepare the closed crack the slit was fulled by epoxide which has
the same properties as plexiglass. After polimerization of epoxide the
plate was subjected to unaxial load untill the contact between sides of slit
was disturbed and shear crack appeared. Since the plexiglass plate was
unbroken during this process, we can observe subsequently the stick-slip
during the multiple loading. '
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Radiation by stick-slip was recorded with piezoelectric transducers wor-
king .as accelerometers in the diapason of frequency of 50-100 kHz. The rup-
ture velocity was measured by means of conductive layers covered across the
fault. Deformation along the surface of the pPre-existing fault was controlled

by strain-gauge. For recording the
mentioned parameters and load we
~ used 5-rays cathod oscillograph and
‘F loop oscillograph. To control stres-
.ses around slits optical Shliren me-

R, ] ' . thod was emloyed . Optical observa-
Rz - TS u -tions were made in cooperation with
Ry 4 ;-._ Doctor L. Waniek of Geophysical
R G # Tigger B Institute of Czechoslovakian Acad
Rg —C] IS Ongge - nsti .te o zechoslovakian Academy
- e of Sciences.
-7 (O Experimental patterns of gradients
-] [~ in the direction perpendicular to load
- / - were compared with theoretical calcu-
"E i lations for open and close slits. Basing
= =g on this comparison the coefficient of
: - sliding friction was determined.
f In two-dimensional case the mean
F stress is:
Fig. ; 6, +6
ig. 1. Scheme of experiment. Ple- _ Ix Yy
xiglass plate with two cuts: a pre- 6m e 3

-existing closed one (up) and an
open one (down). TS - strain gage,

'Rn - receivers ‘Suppose, that the length of slit

is 1 = 1 and the load F = 1. The va-
lue of 6m can be expressed from

the equation of Muskhelishvili for an open slit:

1 1
6m=1-Re ' + Im

).
22-1(z+\/22-1) \/zz-l(za-‘vzz-_l) :

and for close slit with dry frictional sliding between sides of slit:

6. =1-1Im 1-0
m 2 2
z0 - 1(z + vz - 1)

’

where z = x + iy, Q - is the coefficient of sliding friction.
The isolines of 6m’ calculated with the step 0.1 1 for an open slit and

- @ close slit without friction were shown in Figure 2. From the comparison
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of the,isolines for open and close slits it is clear, that the close slit intro-
duces the smaller disturbance into the external stress than the open slit.
The greater the coefficient of friction, the greater this difference, while
the configuration of the isolines remains constant, independing on change of

v/

\ o
“%”\ G = 04606
W

N

Open_sbit Close sbit
(coe et of Faiction-p)

Fig. 2. Mean stresses 6;1 around open and close slits without friction.

Shaded region 5; <o.

Q, as follows from formulae.
Figure 3 shows the gradient fsolines of 6m obtained numerically, in

direction normal to load, for an open slit and a close slit without frigtion.
From the theoretical formulae we can conclude, that the friction redu-

ces the gradients of mean stresses in time. This fact allows to determine

the coefficient of sliding friction for close slit if grad 6m for open slit

is known:

a6 a6
0 - (1-9) o

dr |@= e dr [ =0
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Open_sbit Close sbib
doml _/, -\ dGm
=T,

Fig. 3. Gradients of mean stresses dﬁ;‘n/dr around open and close slits

without friction in the direction perpendicular to load.

F=1000kg F=1500«g F=0
: (a$tes fond)

Open Fulled

Ty

Fig. 4. The pattern of gradients of the mean stresses d 6:11/dr around the

slits, obtained by optical method. Left - fault’s preparation process, middle
- the gradients pattern after some shift on a fault, right - unloaded sample,
alter the generation of the tensile cracks at the tips of slits.
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Figure 4 shows the pattern of the stress gradient obtained by Shliren
method around the open slit and the close one, which simulates the pre-exis-
ting fault with friction between the sides. The photos were made for two
values of load: in the process of preparation of a fault (left) , and after
the shift on the fault (middle) .

The boundary between the light field and the dark one is the isoline of
stress gradient in horizontal direction. Comparison of the stress gradient
"isolines in photos with calculated isolines in previous figure shows their
good agreement.

If the friction in the close slit would be absent, we should see the iso-
line, corresponding to the same value of gradients, at greater distance from
the slit (dotted line) , while gradient should be higher there.

t
[,us]
200

Fig. 5. Velocities of rupture propagation in reloaded sample.

As follows from the formula described above, the friction reduces
the gradient value 1/1- @ times. For the investigated case of a close slit,
the friction decreases the gradient twice, therefore the coefficient of fric-
tion is @ = 0.5.

The load greater than 2000 kg led to the appearance of the tensile
cracks in tops of slits, as it'is seen in photo. We can see also the dif-
ference between the directions of cracks propagation for an open slit,
where the angle of slope is 900, and for a close one, where the angle
is o~ 700_ Since the load in our experiments was insufficient for origin
of tensile cracks, one may connect the acoustic pulses, observed during
the repeating cycle: loading - reloading, with radiation of the elastic
waves by a shear crack along the pre-existing fault.
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The shift propagates along the whole length of the crack, as it follows
from the experiments in which velocity of rupture was measured (Fig. 5).
From the results of the experiments, performed for multiple loading, it
follows,that v increases from 80-100 m/s to 300-500 m/s, when the fault
propagates. In the same cases v increases to values higher than the veloci-
ty of transversal waves \? , which for the material of the sample is equal
to 1300 m/s. The total time °of rupture was 100-150 us.

Figure 6 (up) shows the time-
~-dependence obtained by loop oscil-
lograph for the external load,
strain on the surface of the fault
and acoustic pulses. We can see,
that stress drop increases with the
increasing external load.

Figure 6 (down) presents
the record of strain, obtained in
large scale by means of cathode-
-ray oscillograph. The slow

- change of strain-curve before the
€ abrupt decrease probably corres-
ponds to stable-sliding before
stick-slip. The same conclusion
follows from analysis of acoustic
pulses. They are recorded on the
background of the very weak high-

] ! ) !
~-frequency waves which probably
I0 20 30 40 SOt[,‘s] are connected with "stable-sliding"
Fig. 6. Loop oscillograph records of and are forerunners of the main
load F and strain € at the side of the shock.
fault.

Figure 7 shows the example
of the shape of the P-wave field
radiated by the rupture, as well
as the radiation diagram. Receivers were situated in the edges of plate which
simulated the Earth’s surface. To avoid the influence of the waves reflected
from the sample boundaries only initial part of the seismogram (about 20 ws),
no more than two periods of P-wave, was considered. The duration of this
part is one order smaller than the total time of the shift spreading, and may
be connected with the shift on some section of the crack. Point of crossing
of crack with normal nodal lines shows that this section is placed near to
the middle of the crack.

Channel quality did not allow to record the rupture velocity and the ra-
diation simultaneously. Therefore, direct measurements of both of them were
not arranged. One can only suppose that some differences in the pulse form
and the details of the amplitude curves, connected with differences in ruptu-
re character could exist. However, so long as the direction of the rupture
remains constant for the given sample, it is possible to make the conclusion,
that the energy maximum in the first arrivals is close to the directions of
the rupture propagation. This result is in a good agreement with theoretical
conclusions, made in works (Kostrov, 1975; Moskvina, 1969) .

A - acoustic pulse (up). Cathode - ray
oscillograph records of strain'e’ (down) .
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Conclusions. The main results of the performed research are the

following: :
1) The laboratory method of realization of the shear shift along the
pre-existing fault with known friction between its sides was developed. It

IF

Y
\t’:ﬁf;\ u T
S g\ b
N XS e

A~_/50° . \..25"-—-—./‘:
o Jy{ ey
0 s 10pMs

Fig. 7. Example of the shape of P-wave radiated by the rupture and diagram
of radiation. .
Large arrow shows: the direction of rupture and propagation, small arrow
shows relative motion of the rupture sides, NL - nodal lines.

‘is possible to study both stick-slip and stable-sliding. The measured stick-
-slip propagation velocity may achieve the values higher than \75.

2) It is found, that the elastic pulses, recorded on the background of
high-frequency waves are connected apparently with the "stable-sliding" pre-
ceeding "stick-slip" and can be considered as forerunners of the main shock.
It is possible, that the values of the rupture velocity, observed during the
experiment, are connected with the existence of stable-sliding, which causes
the relative motion of the crack sides up to the moment of "stick-slip"” motion.

3) It is shown, that the maximum of radiation pattern for the first arri-
vals of P-waves is pressed to the direction of rupture propagation. It is ne-
cessary to take into account this fact in determining the true nodal plane in
the source of the earthquake.

Received: October 1, 1976
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INTERACTION-BETWEEN TWO PARALLEL CRACKS

J. NIEWIADOMSKI

Institute of Geophysics, Polish Academy of Sciences, Warsaw, Poland

Abstract

The method for the calculation of the interaction energy between
two parallel cracks is given. The problem is considered as a two-
-dimensional case. From the relations obtained the stress and dis-

placement fields for a system of parallel shear cracks can also be
calculated. -

. The energy of mutual interaction between structural defects could be of
great importance in earthquake mechanisms. One of the type of defects are
cracks. The problem of interaction between two shear cracks in an isotropic
medium with no friction on their edges will be considered as a two-dimensional
case., o
The energy of osheau' crack A,occurring along the line of operation of tan-
gential stresses 6xy’ can be calculated from the following relation

b -
E, =.;- fﬁfy(x) [U,60 Ji dx = (62, [U ]f ), (1)
A A

where: a and b are the coordinates of the left and right ends of the crack and
[Ux_.ls is the drop of the displacement component Ux across the crack.

After the formation of crack A, the stresses in the medium are composed
of external stresses and internal stresses of the crack. When a second crack
B occurs near crack A, it "reduces" previously existing tangential stresses
along the line on which this crack is formed. Denoting the displacement drop

across crack B by [Ux]s , the energy released during its formation can be
expressed as B(A)
B(A) S
EB(A) = 6xy , [Ux] + AA , (2)

B(A)
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where: AA

crack B. This term can differ from zero since crack B changes the stress
distribution, and along crack A tangential stresses should remain equal to
zero.. The energy of crack A, i.e. the work which would have to be ac-
comphshed by external forces operating along the edges of crack A to di-
minish the displacement drop U S to zero across this crack, now is

' A,B

A(B) S > |
Eam) <6 ’ [UX]A(B) 9
and '

B(A) (A(B) S > o S
Ep(a) ~ <6xy [’JZ(A)) X [U’JA(B) ) @"y" [UX]A) "

The energy of crack B can be expressed as the sum of its energy in the

is the energy change of crack A caused by the formation of

g0 . .
field of external stresses 5x and the energy X of mutual interaction
between two cracks y

En(a) = Bp+ X = @j’(y, [Ux]§> $X (5)

Equating the right hand sides of relations {4) and (5), the energy X
of interaction is obtained:

(A) A(
- C o) 6 P )G Y S
-@:y, Bl - | 6)

This relation is symmetrical because of the succession of cra%k formation.
The energy of crack A in the field of external stresses ny should

now be considered. Let us assume that crack A occurs along the axis X
c< a rectangular coordinate system. If displacement drop [Uf] on the

crack ends is equal to zero,

@15 - B 5o
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then -
R TR
EA = -é I I6wdx _ [Ux’x‘(x)] dx. . » . (7)
a ) - ” ' i v 2 A4

Using the equations from the plane elasticity theory_('Mus'khelishvﬂi,

1966) , the following expression for UX L 18 obtained
: _ o ’

A R'e{u&)(z)‘. $(z) - 2 8(2) -\V(z)}f‘ (8
Xy X 2&; . o , ’ : .

where: Aand p.are Lame coefficients, and ® = M for a "plane state .
of displacements". | A+ u

Introducing. a new function 194 (z). e

gB(Z) = 2@(2) + ZCD'(Z') +\V<z) : ) . . (9)
~the following relation is obtained '
Uyx = ﬁ‘{“‘ﬁ(Zj*@(z)_' 7-52(;)} P o o) -

When the potential § is written in the form of Cauchy type integral

b oLy .
$(z) - L J = ar + O(e) ~aD
a : '

then it is easy to show that for a shear crack Imh(t) = O, and for a single
c¢rack placed on the axis X Q(z) = R(=*) = const (Nlew1adomsk1, 1977) .
The function h (t) can be expressed by the smooth functlon v(t) in the
interval (a, b) : '

“h(t). = v(t) { (b-x) (x - a)} o | N : (12)
.then o | |
[UX }S Ly Vi) : | (13)
a2 Vb -0 (K- - v |
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If the principal stresses "in infinity" are denoted by N1 and N2, and
the angle between the direction of stress N1 operation and the axis X is

denoted by ¢ , then

6xy(X) = const = Iml"1 (14)

whére: Fl = - 0.5(N1 - N2) exp (-2i (,P).

Now the energy of crack A can be written as

b S X+ DIm I 1

oL 1 s¥(s)ds
EA_.-ZImrth X[Ux,x}Adx=- 43 (15)

2
1-~s

0 ey

0.5 |b - a| is the half length of the crack.

where: 1 =
Replacing the integral by a quadrature sum the following relation is
found -
h .
-1+ 1) Im (r )1Jl
E, - S, V(s o) (16)
A 4?‘
: m=1
~
S - cos (2m - DT
m 2n

. o
Since friction on the crack edges is not present, the value V(S) can be

calculated from the equation (Niewiadomski, 1975) :

V(s)ds |
’ - -Im S , 17
T f(s-y)w/l-s m2e(e0) ; a7

where: ye(-1,1), () = 0.5(N1 + N2) - 2 Fl

The values of the integral in equation (17) can be calculated from the

formulae given by Korneychuk (1967). For the given form of the function
under integration, the following system of algebraic linear equations can be

written:
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h 1
]_ ~
—E V(s.) =-1Im%(o) ,
n m S .Y

m-1 m k

(18)
2m - 1T 3]

Sm=c:os(mz—nl)i,yk=os—‘T -.1,2,...,.11-1.

From the analyticity of the function @ (z) outside of the contour encirc-
“ling crack A it follows, that

b .
f@(z)dz =0 . (19)
a o

This relation gives the equation

h .
S WS ) =0, S = cos $Zm- DT (20)
m=1 m m 2n

which is needed for the unique solution of equation system (18). Since the
values of function V(S) are proportional to the crack length, the energy
is proportional to 1 . When half the length of crack B is denoted by 1
then it immediately follows, that

(21)

o3
[}
_
> NIUJHN
tri

For two shear cracks (Fig. 1), whose ends have coordinates a, b and
c, d respectively, the function (D (z) can be written as the sum of Cauchy
type integrals

d

h_ (1) 1 h,(t)
f 1 dt + f < dt + ‘p(oo)
2T i S t-z 291 t-z

d(2)

Potential $2(z) can be written in the form of a sum (Niewiadomski,

1977).



- b, - P
) " (1) - !t h,(t)
G(z) = Tl le L dt +X2 3‘2 2 at +Q(o0)  (22)
a

where: a, = a -4, by = b- i, c,=c-3«&, dy=d-g,

hl(t)

n

_ : -17/2 1 1/2
v,(© {(b,~ x) (x-a) y By (£ = V()9 (dy- x) (x - C) (23)

and V1 and V2 are the smooth functions on the cracks. Changing the integra-

tion limits, the system of integral equations is obtained

15 v, (s) S AON B
iFf T f llqu [0 (g + 1ps - Ta9) 7+
-1 (s-~y) 1-s _ l :
+Re(a’-2 - 311 +lBs -'lAy)'l]ds = -ImS( o),
1 ’ .
PG it fp e e 0
il 1-s :
+ R 3‘ +1 s -1,y ds + — j = -Imbc(oe
1 2 B
) 1 -1 (s- y)VI s
1 1 P
V_(s)ds (s)ds
%[ ! =0;%j——_—=0; v e (-1, 1
--‘,1-1-352 J-1 l-s2 '

Replacing the integrals in the system (24) by proper quadrature formu-
lae, the system of algebraic linear equations is again found. After solving
this system the stresses and displacéments in any point of a plane, shown
in Fig. 1, can be calculated. The values of the derivative of the displacement

‘ldrop across crack B, [U (x)] in the direction X are
» X dB(A) - :
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[:U (x):] — A%+ l)h (x) + Re |:21 Im 3‘2 — h (x):l - (25)
x B(A) 21.&
. B(A) :
Tangential stresses 6xy , "reduceable" by crack B occurring near

the existing crack A, can be calculated when theivalues of function V(s)
are known. Tangential stresses can be expressed by functions @ (z) and Q(2)

6)0; = Im {(z - 2) D) +Q(z? } - 2m®2)

Functions Q and Qare given by formulae (11) and (9) the values of funcnon
V(s) are the solutions of equation system (18) and (20).

o8

Fig. 1. Adoptedv system"of two parallel cracks.

‘The final expression for the calculation of the mutual interaction energy:
X can be found by placing the computed values of stresses and displacements:’
into formula (6). The value of interaction between cracks depends upon the -
values of external stresses, the length of interacting cracks, and their dis-
tribution. A map of energy isolines of interaction between two cracks of the

length 1 A = 10 and 1B = 1 is shown in Figure 2. Inside the areas encircled
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Fig. 2. Map of isolines of the interaction energy between two cracks with

a length of 1A = 10 and 1 = 1.

Fig. 3. Two most probable elementary systems of shear cracks.

by a continuous line, the energy ‘of interaction causes a decrease of the
energy of crack B occurring in this area. Inside the areas shadowed by das-
hed lines, the energy of interaction causes an increase of the energy of
crack B. The numbers shown at the isolines give the values od the intera-
ction energy in a percentage of the energy of crack B, which is formed in
the field of external stresses only. From the dlstrlbutlon of isolines pre-
sented in Figure 2, conclusions related to two possible mechanisms of
‘crack formation can be drawn. Thest two possibilities are: the development
of cracks along the line where the first large crack is present and the de-
velopment of cracks in a direction perpendicular to the previous one. The
most probable systems of shear cracks occurring in the field of external
stresses are shown in Figure 3.

Problem: HR.I. 16,8, 1 ' Received: November 25, 1976



- 119 -

References

Korneychuk A. A., 1967,Kvadraturnye formuly dlya singulyarnykh inte-

’ gralov, [in:] Chislennye metody resheniya differentsyalnykh uraveniy
i kvadraturnye formuly, Nauka, Moscow.

Muskhelishvili N. 1., 1966, Some basic problems of mathematical the-
ory of elasticity (in Russian), Nauka, Moscow.

Niewiadomski J., 1975, Analysis of crack stresses and its application
to problems of orogen mechanics, Publ. Inst. Geophys. Pol. Acad. Sc.
85,3-79.

Niewiadomski J., 1976, System of cracks in a stress field, Acta geoph.
pol., 25, 3, 219-223.






Publ. Inst. Geéphys. Pol. Acad. Sc.,A-4 (115), 1977

INTENSITY OF EARTPQUAKE FOCI OF ARMENIA AND THE MECHANISM
OF THEIR ORIGIN

"N. K. KARAPETYAN

Institute of Geophysics and Engineering Seismoiogy
Armenian Academy of Sciences, Leninakan, USSR

Abstract

The mechanism of forty major earthquakes in Armenia and
the adjacent areas of Azerbaijan, Georgia, Iran and Turkey has
been investigated by means of instrumental observation of the sei-
smic waves recorded in regional and teleseismic stations.

Data have been obtained concerning the position -of two pos-
-sible planes of fracture and on the direction of movements in
those planes; the orientation of axes of the main stresses in
the earthquake foci of the investigated territory has been
determined, the problem of relation between the stresses in the
sources of the main quake and aftershocks has been discussed.

The peculiar feature of the intensity of earthquake foci of
Armenia and the adjacent areas have been revealed.

Armenia is one of the earthquake zones of the Mediterranean-Asiatic -
seismic belt. The study of the earthquake mechanisms of that zone is of
considerable .interest. We have investigated forty major earthquakes of
Armenia and the adjacent areas of Azerbaijan, Georgia, Iran and Turkey,
for the period 1959 to 1970. The area under study encompasses basically
the Armenian Highlands and is noted for strong earthquakes in the past.
Records of destructive and strong earthquakes over the territory of the
Armenian Highlands date back to the start of our century.

To determine the mechanism elements of earthquake foci the method of
Vvedenskaya (1956) has been applied, based on the theory of dislocation.
We have investigated the intensity in the earthquake foci according to the
distribution of displacement signs in the first introductions of longitudinal
waves. Data on the signs of the first displacements in longitudinal waves
are taken from the seismograms of stations in the seismic network of the
Caucasus, the stations of the teleseismic network of the USSR and the
bulletins of International Seismological Summary (BCIS) and International
Seismological Centre.

Al the dynamic parameters of the earthquake foci have been determi-
ned in stereographic projections, on Wolf’s net (Vvedenskaya, 1957). The
curves have been plotted for the upper semi-sphere. The position of each
conventional point, corresponding to a definite station, is determined
on Wolf’s net according to two angular coordinates: the azimuth
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of that station in respect of the epicentre of the earthquake and the take-off
angle of the longitudinal wave from the earthquake focus. The take-off angles
from the focus of longitudinal waves in close epicentral distances (A<80C km)
are determined by geometrical calculations of the bedding, wellknown to
depth, of the earthquake focus, the epicentral distance as well as the velo-
city crossection of the earth’s crust. In big epicentral distances (A>80C km)
the take-off angle from the focus of longitudinal waves is determined from
the dependence diagram of the incidence angle of wave P from the epicentral
distance (Gotsadze et al., 1957).

The azimuth from the epicentre of the seismic station in close epicentral
distances is determined by the chart, by measuring the angle between the
directions to the north and the seismic station. In big epicentral distances
the azimuth from the.epicentre to the station is determined by Wolf’s net,
in accordance with the well-known coordinates of the earthquake epicentre
and the epicentral distance.

The model of the earthquake focus was taken in the form of a fracture,
accompanied by a slip in the fracture plane. The direction of fracture plane
can not be determined in a unique way. Both fracture planes determined by the
nodal planes y = O and z = O, can in equal measure form the plane of the
fracture in the earthquake focus.

Table I and Figure I display the results of determining the position of
two possible planes of fracture in the earthquake foci under investigation.
For both possible planes Table I offers the incidence azimuth of the fractu-
re plane A z, its incidence angle, i.e. the angle formed by the fracture
plane with the horizontal plane, and the angle between the direction of the
incidence of the fracture plane and the direction of movement of the upper
wing in this plane ( pI and pH). The possible fracture planes are conven-

tionally designated T and II. The earthquake numbers in Figure I correspond
to the ordinal numbers in Table I. No positions of fracture planes in the
foci of repeated earthquake tremors are indicated in Figure I. Those data
are shown in Table I.

Considering the fracture planes given in Figure I, one can notice that
basically the direction of one of the fracture planes in the earthquake foci
coincides approximately with the direction of well-known tectonic fracture
over the territory under study. On the whole, the fracture plane incidence
is a‘t‘))rupt Of the 82 possible fracture planes 65 possess mc1dence angles
>507, in thirteen the incidence angles range from 30 to 47 and only in
four cases do they lie nearly in a horizontal plan. -

According to the values of angles pI and pII movements of strike-slip

_ type predominate in earthquake foci and their subsequent tremors. In effect,
in 65 cases displacement components along the extent of the fracture plane
predominate and only in 17 cases displacement components along the inciden-
ce of the fracture plane prevail.

Ascertaining the position of nodal lines of Wolf net, and therefore the
location of their poles, we have determined the direction of the axes of
compression and tension stresses, as well as the direction of axes of the
intermediary or zero stress. The results derived are summed up in Table
II. This table produces the values of the azimuths A%z of axes of the com-
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Fig. 1. Orientation of burst planes in the earthquake focusses of the
Armenian Highlands. '
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Fig. 2. Orientation of axes of compression stress.
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Table 1

Orientation of bursts in the earthquake focusses

Data and time Plane I Plane 1I 11‘;’: z'f”('j“ib:_r
NN |of the origin o o o o o o | of cordant
of the earthquake AZ o [5 AZ o p signs | signs
q 2 3 | 4 5 6 7 8 9 10
1 |24 jan. 1959 | 9
e o 156 | 40 6 1329 | 51 4 9 1
2 |29 March 1961 . _
07 29 294 | 42 | 38 | 68| 58 | 25 8 0
3| 3 Dec. 1961 ' ‘
18 31 215 | 74 | 68 :120 70 | 72 | 24 3
4 | 10 March 1962 | v I
07 18 62 | 32 | 19 |265 60 11 10 0
5 | 4 Sept. 1962 ‘
2259 224 78 78 | 316 76 77 47 3
6 |11 Sept. 1962 '
017 1326 | 58 | 42 |204 50 | 46 | 20 1
"7 | 19 Sept. 1962 '
NVt 230 | 80 | 70 [137 } 70 | 79| 8 | O
8 | 9 Oct. 1962 e
06 56 196 16 28 45 76 65 6 0
9 | 18 Feb. 1963 g
. 14 03 ‘64 14 40 1285 80 9 9 0
10 | 17 Apr. 1963 55 80 75 | 324 7| 76 80 7 0
i 16 25 60 50 39 1293 | 54 37 o7 0
11 | 9 Oct. 1963 .
04 36 291 80 5 | 137 11 25 10 0
12 | 31 Dec. 1963 |
FLwT . ,76 64 | 20 |217 | 32 | 33 1| 1
13 | 5 Feb. 1964 |. '
1127 285 45 17 | 82 | 47 ‘16 9 0
14 | 5 June 1964 . _
2o 352 | 70 | 37 107 | 42 | 59| 28| 2
15 | 23 July 1964 ) - .
23 33 232 30 29 18 64 ‘16 4 0
16 |31 Aug. 1965  |o96 | g4 | 66 |202 | 66 | 82| 50 | 5

07 29
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Table 1 (contd)

1 2 3 4 5 6 7 v 8 9 ,'10
17 7 Ma(l)x;c?61966 11 7'6 .80 278 SO : 75 |72 | . 14
18 |27 Apfé 26| ao7 |64 | 81 | 40 | 82 60 53| 6
19. e Aulngzlz%a 108 |46 | 47 |346 | 60 | 37 | 96 10
20|19 Auer 196 | 938 |60 | 61 [134 | 66 | 57 |20 2
21 |19 A-ulgé 514966 02 (66 |77 |37 | 78 |65 |35 | 3
22 |19 Aug, 1966 0 |80 |58 |274 | 58 | 78 | 19 2
23 19 Aulgé_411966 206 |72 |80 | 28 | 80 '72' 12 o
24 120 Aulgl. 51996§ 304 [ 64 | 70 [204 | 72 62 74 |10
25 |20 Awg 1966 5isles |72 246 |74 |65 |11 | 1
| 26 ‘30 ]an6112%67 224 |70 41 [336 | 45 |60 | 47 | '8
27 |29 ]unoeg 12%)267 30|78 | 61 {294 | 62 | 76 25 | 3 |
28 |25 Magfo 129968 298 | 80 85 | 29 86 v80- | 22 1 1
” .26 Mags 139468 | 91 82 | 14 |21 | 16 |38 | 20 1
[ 303 [s0 | 53|18 |62 |43 |76 | 12
_'31 1 Seg;.s 91968 / 350 |56 72 {249 | 75 |54 |53 7
32 |16 ‘5571“1-'0 1968 | 351 47 | 14 |92 5015 |15 | o
33 |18 Soeg)tl.7 1968 334 |54 88 . 242" 88 54 |12 0
34 |24 %zptl-g' 1968 7170 | 57 110 | 60 |66 | 28 6
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Table I (contd)

1 2 3 4 5 6 7 8 9 10
35 | 25 Bepr. 1968 | 150 | 72 | 69 | 52 | 70 | 70 | 19| 0
5
3] 101998 1o | 44|64 211 | 72 | 41| 15| 2
37 | 10 Sept. 1969 | 335 | g0 | 79 | 72 | 81 | 59 | 20.| 2
12 13 _
38 3 Jan. 1970
0€ 54 335 64 52 | 246 56 58 | .16 1
39 | A7 Eeb 1970 359 |74 |85 | 91| 86 | 73| 15| 2
59
40 | 14 March 1970 | 4y | g5 52 |309 | 52 |8 | 19| o
01 51
Table II
Orientation of stresses in the earthquake focusses
Stress
Date and time of P of
NN the origin of the . . - intermediary
e arthquake compression tension
AZ eo AZ eo A; eo
1 2 3 4 5 6 7 8
1 24 Jan. 1959
16 58 304 | 83 152 5 62 3
2 29 March 1961
07 29 19 65 265 10 | 174 25
3 3 Dec. 1961 ' ' :
18 31 168 | 27 77 2 | 342 64
4 10 March 1962 _
07 18 293 |73 76 13 | 169 10
5 4 Sept. 1962 179 1 271 18 o/ 79
V 22 59 1/ L /L 1 ‘J—r /
6 | 11 Sept. 1962
00 17 172 4 269 56 80 35
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Table II (contd)

1 2 3 |4 5| 6 |7 |8
7 19 fZPtlg 1962 185 (21 92 7 344 | 67
8 9 85%61962 95 |28 |185 6 |314 | 8
9 | 18 1F4ebo'3 1963 294 |55 | 98 | 33 | 193 |9
10 | 17 Apr. 1963 10 [18 [279 3 | 182 |73

16 25 353 |61 | 87 2 | 178 |29
11 9 8?.361963 116 |35 | 285 55 22 | 4
12 ] 31 ]Psecl 5 1963 109 |66 |24t |16 | 337 |17
13 | -5 11=1e1>2.7 1964 274 | 1 9 |78 | 184 |12
14 5 (1;\(1)31‘1.11964 145 |17 34 51 248 |35
15 | 23 2]13113; 3-1964 349 |67 |211 (18 116 |15
16 | 31 5‘}“82-9 1965 158 |11 [252 |21 40 | 66
17 | 7 é\gm{gh 1966 324 |18 | 54 | 3 | 155 |72
18 | 27 1A9Pr4'8 1966 356 |24 | 262 [12 | 147 |62
19. | 19 gﬁgz-z 1966 140 | 7 | 38 [58 | 235 |31
20 19 {“EJ’ugl-5 1966 278 3| 185 |40 10 |50
21 |19 f-;g5-41956 352 |26 | 258 | 7 | 154 |63
22 19 ingi71966 328 |30 | 229 | 14 116 |56
& | 19 Aug; 1366 344 |19 [ 252 | 4 | 14870
24 | 20 Aug. 1966 346 | 5| 251 |33 84 | 56

11 59
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Table 11 (contd)

1| 2 3 | 4| 5 s 7 |8
25 | 20'-11;_11%.1 .1966. 126 5 | 292 3Q 126 | 60 |
26 |30 36{“&51967 16 | 14|268 | 48 | 116 38
27 |29 (])usnez 21967 | 346 291250 | 10 | 142 58 »
28 |25 3&;;;91968 ) 344.| 10[253 | 4 146 80
29 |26 .(1;/:3)&5; 41968 106 52 (260 | 35 | 359 .14
30 |9 gén§61968 | 337 | 7287 |52 | 73|
31 |1 (S)Sel);é 1968 - ;2 205 | 3 140 | 52
32 |16 37"—?;6 1968 181 1]278 | 80 | 91|11
33 |18 0366P1t7- 1968 24 |23 |282 | 26 | 151 |54
34 |24 Oie?fé A1968 150 6| 55 | 37 | 24853
35 |25 ZSOe%tz. 1968 102 28|12 | 1 | 27862 |
36 1 108ct1.6 1968 - .2 17 | 252 46 | | 105 39
37 |10 fﬁél?ltf; 1969 29‘ '28, 290 14 177 | 59
38 |3 Jon. 419_70 210 | 5 364 43 | 116 | 46
39 7 (;er%.g 1970 a3 | 9| 46 14 194  7‘4;'
40 |14 Ol\fagi:h 1970 1| 28|28 | 2 | 135| 52

pression, tension and intermediary (zero) stresses, as well as the values
+ of incidence angles of those axes, i.e. the angles formed by those axes with a
horizontal plane. The position of the stress axes is determined in a unique '
way according to Vvedenskaya’s method (Vvedenskaya, 1969) . :
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Figure 2 reproduces the horizontal projections of the axes of compres-
sion stresses, acting in the earthquake foci. The numbers of earthquakes
in this and all the subsequent figures correspond to the ordinal numbers
of Table 1I. The directions of the compressionaxes are shown by two conver-
ging arrows. The size of the arrows in the scale shown in Fig. 2 is pro-
portional to the cosine of the incidence angle of the compression axis.

According to Figure 2 and the data presented in Table II, the axes of
the compression stresses acting in the foci of the investigated earthquake
are, in general, oriented horizontally, the incidence angle of the stress
axis exceeding 30 , only in eight out of the 41 cases, with the direction of
the axis of the compressing stress being approximately perpend1cular to the
extent of the structures.

Figure 3 shows the horizontal projections of the axes of ténsion stres-
ses, acting in the earthquake foci. The directions of the tension axes are
shown by two diverging arrows. The size of the arrows in the scale shown
in "Figure 3 is proportional to the cosine.of the incidence angle of tension.
It follows from Figure 3 that the orientation of the tension axes, in all the
cases examined, is dissimilar. In 25 cases the angle between the tension
axis and a horizontal plane does not exceed 300, while in 16 cases this
angle varies between 33 and 80 .

Figure 4 indicates the horizontal projection of the axes of mtermechary
stress, i.e. axes in the direction of which the. stresses equal zero. These
stresses are indicated by continuous straight lines. The length of lines in
the scale shown in Figure -4 is proportional to the cosine of the incidence
angle of the axis of the intermediary stress. The axes of intermediary ~
stresses of the investigated éarthquakes are oriented, on the whole, vertical
ly. In 29 cases the incidence angle of the axis of the intermediary stress
is over 30 . .

The mechanisms of earthquake foci in Igdir (1962) Varto (1966),
Zanghezour and the Turkish earthquakes of 1968 have been investigated
with the purpose of revealing the relation between the dynamic parameters
of the main earthquake and its aftershocks. It follows from Tables I and
II that no absolute identity has been observed as to the position of the
nodal planes and the axes of stresses in the foci of the main quake and
-its basic aftershocks in the four earthquakes considered. '

Recetved: Octoder 1, 1976
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SUCCESSIVE  AND PROGRESSIVE AFTERSHOCKS OF THE DAGHESTAN
' EARTHQUAKE ORIGIN ZONE

Yu. Yu. APTE‘KMAN, K. I. KUZNETZOVA, N. V. SHEBALIN,
V. V. SHTEINBERG

Institute of Physics of the Earth, USSR Academy of Sciences
Moscow, USSR

Abstract

Two groups of aftershocks were distinguished within the whole
aftershock swarm of May 14, 1970 of Daghestan strong earthquake.
Every group is characterized by specific spatialtemporal as well
as dynamic parameters. A physical model of the source process
is proposed. The aftershocks termed successive aftershotks have
occurred in the central part .of the main fault zone(c-aftershocks) .
Their properties depend on the properties of the medium previously
disturbed by the main shock. The aftershocks termed progressive
aftershocks have occurred in the marginal part of the main fault
zone (m-aftershocks), under conditions of high stress concentra-
tion, in the non-disturbed medium. Their properties reflect the
further progress of the source region.

Daghestan strong earthquake of May 14,1970, 18" 12™ GMT has been one of
the two strongest earthquakes on the Caucasus in this century. This earth-
quake has occurred on the border between the north-eastpart of the Cauca-
sus and Terek Sulak depression. The coordinates of the epicenter are
40°00 'N, 47 05 E the depth of hypocenter is 14 km, magnitude mPV
6.2 and MLH = 6.6. Energetic class K is 15 (K = 1.8 »MLH+ 4). The
strong foreshock (MLH = 5.7)had occurred 9 hours before. Abcut 2000

felt shocks occurred during the first two weeks after the main shock.
Body-wave focal plane solution for the main shock and foreshock have been
derived using P-wave data (Shebalin et al., 1973). The solution for the
main shock gives one plane with a strike N 83~ E dipping 700 to the south-
-east which is well determined. This solution gives good agreement with
the observed field evidence and with the aftershock zone. A great number
of aftershocks were located during a 4-month period on the basis of field
temporary stations installed in the epicentral region. The precision of the
epicentral locations is 0.5 to 2 km. The length of the aftershock
zone is 30-25 km, and the width is 10-13 km. The presicion

in depth locations is 1 to 2 km. The hypocenters were located at

a depth 1 to 24 km. Tigure 1 shows the hypocenters projected on

a plane striking N 83° E. This plane of projection was selected because

it fits the above- fault planc. A preliminary investigation indicated that the
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Fig. 1. Vertical section of the origin zone N 83° E.

aftershocks might be subdivided into two.groups. The first group was located
near the main shock hypocenter, in the central part of the fault zone. After-
shocks of thefirst group - central or c-aftershocks - were located at

a depth 8 to 12 km.

The second group was located near the western margin of the fault zone.
Aftershocks of the second group - marginal or m-aftershocks - were located
at a depth 2 to 7 km, The greater number of the strong aftershocks have
occurred in the centrdl zene. The slope of the magnitude-frequency curve by

for c-aftershocks is 0.4 (b = .0.22) and the slope b for m-aftershocks is
0.85 (bk = 0.47). Stram releas-a Frocess was mtense only during the first

month for the c-aftershocks, and this process developed much more slower

for the m-aftershocks. The m- aftershocks were characterized by longer du-
ration of S-wave oscillations as compared with the c-aftershocks. Seismograms
of the c-aftershocks are fairly simple records of the large unipolar S pulse
followed by slowly decaying coda with a relatively small amplltude (Shtemberg
et al., 1974).

Further investigation indicated the dlfferences in the source parameters
of the c-aftershocks and m-aftershocks. Table I is the summary of informa-
tion for 30 selected aftershocks. P-wave focal plane solutions for c-after-
shocks of June 8 and m-aftershocks of June were computed, but nodal planes
were not well determined. Polarity of the P-wave first motion at the Makha-.
chakala (MAK) station was used as a characteristic of the displacement di-
rection (Fig. 2). It is easy to notice that the first motions are dominantly
compressional for m-aftershocks and dilatational for c-aftershocks. The c-
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Fig. 2. The P-wave polamty for the selected aftershocks at the Makhach-
kala (MAK) station. (N 83° E section) .

-aftershocks polarity was opposite to the main shock polarity. It was sugges-
ted that c-aftershocks displacement appeared to be directed opposite to the
main shock displacement. The c-aftershocks mechanism was interpreted by
Kostrov and Shebalin (1976) as a specific re-bound.

The amplitude spectra of the S-wave were obtained after the correction
for an instrument response and a propagation path attenuation. We have
used the Brune (1970) model to interpret these data in terms of source pa-
rameters. Results of Hanks and Wyss (1972) and of the other authors indi-
cate ‘that source parameters derived from the Brune model are in good agre-
ement with field observations. In the Brune model the .seismic moment (M )
is defined as follows- ©

ATQRF) Q

—-—————_,

kR

O
where P is the shear-wave velocity (3.4 km/s), R is the hypocentral dis-
tance (Table I) ; @ is the density 2.7 gm/cm”; Qo is the low frequency

o

spectral amplitude (Table 1) ; RG‘P is the roct mean square (rms) average

of the radiation pattern (0.4); k is a correction factor for amplitude upon
free-surface reflection (2).



Table 1
Summary of information for aftershocks

=
w
(o))

NN =m0 iInmIno o
[xeqfgy NEBY® o ras g
0 IO
UOTIDIIJ UOTIRIPRY SN '«;)-—;41_2-1- 1 nc:z_cxll 1
1]
Coooow QOO ooQo
[zeq] 9V SN SR D i i BN
doap ssamg BRI E~ oax A=Y A&
= :
[.mq]gd WD oSN Qo NIND ~O
ssoa1s qudaeddy | N QY 7 7O ® FFaNQoo
NNNDON NN —DON— —~ N — )N
[mo.au&p] ANANANNANNNNNNANNN NN N
[Salealycalydaycacacaycapca e sl caly sl c RN Aa R aa l )
o YO 0O~ ON~ADANNNT —O
WIRIOW | Jefai S SN 38 S o3 1d = g18
] CMNAVINM RO NMINGD OO WO
Jd UOISUSWIP 92aNnog =4 1000 0000 ~000 —o
z
> ¢ b[H] NOAOANOINONININD O N INF®O
§ Adusnbogy asuao) T O AN~ - e - - oA
DONNALDNNDNONO OO — O
"'v'l'lllllllllll
5 e e e e g e R &)
[s- wo) o) BNANONNONO AN ONOO D
n  n
¥ sse omeBieug| @ TN Do noNNoAgdN G
911G g o ) g EEEEEuEuE
(] 4 DN = FANONNNAN N O O
aoue1sTp [RAIURdOdAY| — — T = A A S NN A S —
[UDI] ANOOANMNMHBVONIG Oy 1N D I~
ql{ldaq . - = = _ -—
NQN00ouaRRmmy = N 10w®
opmitduo] g”L"ﬁOOOOLﬁO Ninmno inon
O OISO N0 WOV WYWOT™WONO
NN NN NN NN NN NN N N N N
VRO T0O0ON09093NL S0NQ
spnine] PHINOOOOINSOSConoInind
; NAODNDNDNDANNDNDONDONMON O
G NN NN N N N NE N N NN NN N N
E XA 0 W — ~t e}
Qw11 UISIIQ T = NW NN
N5N85Ynnegganong
L0 OWVVY VWYYV YLWYWYWYWWYWL
21eq NV oo T INNNO ~ 1NN O
A A A A S A= A AN NN




: , "UOTIRINO[RD 159)p] 01 SUIPIODDE SJIOYINR Lq SIDY PO1ODLIOD
whwﬁmvmmﬁ.;duw mhw@ﬁwzmvxuoamﬁmﬁwﬁ&owmhgoghwm uﬁEmd.bwmomﬁoﬁ.mﬁﬁmuxﬁmogwam @FH*

¢el o |vcate : e e 2l SoLy| ooey| 2l 81|,S° ¥l

. -olstery - - 8T| LOLY| 6S¢y| 0z 60f G V1

S'G1+ | o°Ll0'vz|zzae 1| Lo|6°T | ea L°¢ T wi vt 11| ¥S 9% oo€¥| Lo 01| 8°g2

' cct | 0704 0°LE |TedeC'g|0S0|Sz |¢g-dzT 7| w| 62 TIT} S 9% 00¢€Yy| LO OI| 8°92
5 LT 0°S|2'S |Tzd6°S| 8°0|9°'T | ¢~q 12 or| w| ZI S| SS9%| gSev|.62 Y1l 8°L1
— 7 91* 2°C|1 08T {1ted ¥'GS| 6°01G°T €=49 6°T| §°01| w 4! S| 1S9% oo¢v| ve GI| g°2l
1 Gzt 6°0| 6 |0zdOo'T|gc0l¢€e | S-azL g|w 9 Sl o00LY| g7 eCy| €z €I L°1T
G'e- 0°6 | 0'c (ezasS'T| 670,71 |e-de'y| 6|w| S| 2| 2599 ooev| gcz1| L6

6°0 9'9 | ¥'¢ |zZzd0°T| 8°0|S°T |¢g~a ¢ or} 2| 71| 6 | 859¥%| 6Sgy| 9z LI| L'6

0'gr 091} 0°2T |1z d¢'@| 9'0|0°¢ | €4 L'g| S oT|w €1 8 ] 859Y|.8S¢y| Ly OT] L°9

70" 8L |7°¢ |12d0'6] 80|9°T | ¢~a z2°'¢ orjw| -gT S| o00LY| GSegyv| 1S 91| L°S

11~ 0°¢ | 6°C |0ZzHECL|SCO|S € |v-aT1°'Clgg]|n> o7 9| 80 L%l oo¢Y| €z zo| LY

oc- 9| o€l lecdyz|ero|C'e |z-d L1| 17w 9 S| 2S9Y| 6SzZv| 60 VI| LT

G g+ o000 | ST |0 dg v |91°0|LL | v~2 02| G6|w| 06 S| 959%| 6Sey| Lz €1 L'T

97+ 108 |9'¢ {0cd9'C|gC0|SY |7-96°T 6 | w 8 L | 9S97| 6S52ZY| ¥e 11| L'1




- 138 -

o
o
o
23 - ®
) °
°
°
i~ o
o °
222~ ° % e o
E e
N
[ o ® ®
°
z °
s ° °
o]
=
[0
o
221
o
°
°
c
20 ® T T T T
8 9 10 "o 12 K

Fig. 3. Seismic moment versus energetic class
(open circles - c-aftershocks, full circles -m-aftershocks).
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One ccmponent only instead of the whole vector has been used. This
fact was taken into account (V2 ).

Figure 3 shows log (M ) from the Table I plotted against the energetic
class K. The main features of Figure ‘3 are the arrangement of the .white
points (c-aftershocks) higher than that of the black poirts (m-aftershocks)
and the arrangement of the both groups higher than a well-known Aki curve ‘
for independent earthquakes (Aki, 1972). It is possible, that this is the ge=
neral featuré of aftershocks, that is the earthquakes which occurred in the
region where the actual stresses had been partly released by the main shock.
But c-aftershocks, having the same area of the fault surface and the same fault
dislocation as m-aftershocks,release relatively less amount of energy. v

The source dimensions (r) listed in Table I were calculated with the
formula:

where f. is the average corner frequency in Table I. Figure 4 is the plot
of the apparent stress (125) listed in Table I versus energetic class K.
The apparent stress is defined by

N .
76 = &1:/1 :
o
e k.
where seismic energy E = 10 [Joules]_, c-aftershocks are characterized

by less (energy/seismic moment) ratio than m-aftershocks. :
In Figure 5 the stress drop (AB) is plotted against the energetic class,
where

-+ M
7 o
%3

The most notable result is represented in Figure 6, where thée radiation
friction stress (AGr) proposed by Kostrov (1975) is plotted against the

energetic class. The (loss of short-period wave energy/seismic moment) ra-
tio assumed to be the estimation of the average radiation friction stress

AQPV

M
o

A6, = 4

A6r is defined 126: 1/2 AG + A6r. This value may be a measurc of the rough-

ness (or "rugged pattern") of the fault plané. "It is positive for m-aflter-
‘shocks, and negative for c-aftershocks.
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Fig. 6. Radiation friction versus energetic class.

Summarizing both the seismic regime differences and the source parame-
ters peculiarities we suppose that the relatively large and smooth sources of
c-aftershocks occur in the central part of the origin zone. We propose to
term these aftershocks successive aftershocks for their properties, such as
a-simple shape of the records, the opposition of sign of the P-wave first
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motion polarity to the main shock polarity, a low radiation friction, depend -
on the properties of the medium, pre-disturbed by the main shock. The rela-
tively small and rugged source of m-aftershocks in located in the marginal part
of the origin zone. We propose to term theése aftershocks progressive after-
shocks for their properties such as the complicated shape of the records,
the high radiation friction, depend on the properties of the non-disturbed
medium and also on a high stress concentration.

Recetved: October 1, 1976
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SOME RESULTS OF THE STUDY OF THE PARAMETER V /V
OF AN EARTHQUAKE FOCAL ZONE

L. B. SLAVINA

Institute of Physics of the Earth, USSR Academy of Sciences,
Moscow, USSR

Abstract

Proposition is made of a procedure of study of the parameter
A VS’ a ratio of velocities of longitudinal and shear waves,

Individual values. are determined

changing with time and space.
s values

analytically by data of a single.station. A field of VP/V
~as well as a temporal course of this parameter for a number of
Kamchatka’s coast stations-is obtained. It has been noticed, that
that the ratio changes with time. Anomalous changes reaching

6-12 per cent have been observed 10-12 days before an earthquake
with M2>6. In some places lower and higher values have been re-
vealed against the background of the normal field.' A set of strong
earthquakes with M: > 7 has been associated with boundaries of

areas of opposite signs.

The caléulation procedure is proposed, and some results of the analysis
of changes of the parameter VP/VS, corresponding to the changes of physi-

-cal properties of the environmental medium before and after strong earthqua-

kes are presented and interpreted as earthquakes precursory phenomena.
Variations of velocities of longitudinal and shear waves with time have

been already mentioned in a number of papers (Hayakawa, 1950; Nishimura

et al., 1960; Kondratenko and Nersesov, 1962). Systematical study of varia-

tlons of this parameter as earthquake precursors was initiated in the USSR

in the Complex Seismological Expedition of the Institute of Physics of the

" Earth at Garm (Nersesov et al., 1971). Later on similar works were carried

out in the USA (Aggarwal et al., 1973).
In the referred papers, the velocity ratio was determined by the slope of

Wadati’s plot averaging arrival times of P and S-P waves by a group stations.
The basis of the procedure proposed at present is an analytical calculation
of V_{ VS' Individual values of VP/ VS are determined by arrival times of P

and S waves at a certain station from a certain epicenter with the “formula

v ;TS_P/@ -t) + 1, (D

Vp/Vs
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where Tg ., is a difference of arrival times of P and S waves, P-t = T,

is a travel time of P wave from a source to a station. The way of calcula-
tion requires a preliminary kncwledge of an origin time t,, which can be
‘estimated in a routine process using the data of a group of stations.

In such a way values of VP/VS are determined by data of a single sta-

tion for all earthquakes in & selected region without restraint with respect to
an energetic class and a depth..

In a similar way the values of VP /VS are determined by other stations.
Two factors are here essential.

The first one is the choice of an observation region for each station,
that is its registration area. The radius of registration for the focal zone
of question was restrained by S-P < 16 s; it was supposed, that for
greater distances VP/VS depends upon distance. Besides, the accuracy of

the sourceparameter determination in the indicates of registration was ra-
ther high (in the focal zonme of question it was $5-10 km) . In the above
mentioned region in the vicinity of a station, changes of physical proper-
ties of the medium provoked by a coming earthquake, should be determined
with greater reliability, than those at greater distances.

The second essential factor is continuity of observations for a long
period of time. It is known, that strong earthquakes are under preparation
for not a single year. Therefore it is natural that revealing a normal back-
ground, the outsets of anomalous changes prior to strong earthquakes, both,
over the area and with time, are of particular interest.

The third desired requirement is to carry out observations at a number
of stations in such a way, that any selected section of a focal zone would be
controlled by no less than two seismic stations.

The procedure proposed has a number of advantages. Option of a limi-
ted zone of registration for each station allows not to take into account
the complicated velocity structure of the area and the presence of horizontal
and vertical inhomogeneities both along the paths of the wave propagation
and under stations. It also possible to observe and compare the character
of the parameter change at different azimuths. Detailed observations are of
particular interest in connection with results obtained in laboratory stu-
dies which showed that velocity ratios VP/VS under an axis load are va-

rious in different directions, the maximum velocity being found along the
axis of compression (Nur, 1972). A disadvantage of the analytical calcula-
tion of VP /VS is a great dispersion of individual values, what requires

the statistical methods to be used for processing.

The indicated procedure has been applied to Kamchatka’s region where
the seismic activity is one of the highest on the Earth. Arrival times of P
and S waves from earthquakes of 1971 through 1973 at a number of coast
stations of Kamchatka have served as an original material for calculation
of the individual values. First of all, accuracy of determination of indivi-
dual values of the parameter has been estimated. The estimation has been
carried out by two ways - by the differentiation of the formula (1), errors
of arrival times of P, S, and to being assumed to be known; and by calcu-



- 145 -

lation of a standard deviation. Both estimations resulted in similar errors
of an order of 0.031-0.046.

In order to analyse variation of the parameter VP / VS with time and

over the area it was necessary to estimate a mean one for each station and
that of a corresponding controlled part of the focal zone. With this end nor-
malized histograms of individual ‘values distribution have been constructed.
The mean has proved to be within 1.723-1.727.

PACIFIC

. QCEAN

Legend
A-1
*=- 2
-3
Depth Energy
Q-om Q ms
v O

DH-?
@-,m
O

Fig. 1. Schematic maps of distribution of earthquake foci with K > 13 in

the region of question: 1) seismic stations, 2) active volcanos, 3) axis

of deep-water groove, 4) earthquake epicenters with indication of energy
S and depth.

_ Distribution of individual values of VP / VS over the area has been con-

sidered, separately, before andA after a set of strong Kamchatka’s earthquakes
occurring during the time period of 1971-1973 (Fig. 1), the strongest of them
being as follows:
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November 24, 1971 with M=17.2,
December 15, 1971 with M=17.8,
December 25, 1972 with M = 6.

alu

Primary sorting of V /V data has been done The v
ded into high, low and normal in dccordance with the mean and the standard -
errors. Then the areas of higher and lower values have been contoured by

means of a special computation.
As an example, disposition of these areas in the region of Avacha Bay

and Shipunsky Peninsula according to seismic stations PET and SPN is con-

ues have been devi-

sidered. .
The area of lower velocities by PET is disposed in the middle part of

the bay between two higher areas. The earthquake of Nov. 24, 1971 occur-
red at the boundary of areas of opposite signs. :

In 1972 the area of lower velocities moved towards the south but remai-
ned in epicenter region. In 1973 in the epicenter region higher areas, could
be seen.

It is interesting to consider the region of Shipunsky Peninsula where
the picture obtained by two different stations was changing during these

In 1971, in the north part of the peninsula and in its continuation

years.
the picture

in the ocean there had been an area of lower values; in 1972,
changed. To the north and south of the peninsula, distinct areas of higher
values stretching along the focal zone appeared. In 1973, the area of lower
values considerably broadened. It should be mentioned here, that two strong
earthquakes. of Nov. 27, 1973 and Feb. 26,1974 occurred at north boundary
of the areas of higher and lower values. Attention is drawn to the fact that
for 1973 the anomalous areas obtained by SPN and PET coincide with the
area and are reverse by signs.

So revealing and contouring the areas of higher and lower values and
retracing their development in time can be used for the purpose of earthqu-
ake prediction. Behaviour of the parameter in the time function is unsteady.
Against the background of "normal" values falling into the corridor of the
mean values of the parameter. V., /V * 6, there are sharp anomalous spla-

shes both towards higher and 1ower values. It turns out, that the anomalous
values appear 10-20 days prior to an earthquake with M > 6.0, Any regula-
rity in change of signs of the anomalous deviations, as in the paper by
Nersesov et al. (1971), has not been noticed. Nevertheless the anomalous
deviations, both lower and higher, appear either simultaneously or a little
scattered in time, but,, as that is the case there, there is always a time
period, when both of them exist.

For standarization of revealing the anomalies against the background of
the normal field and noise, a special programme has been developed whose
algorithm was described by Sobolev and Slavina (1974). As a computer

2
is obtained.

output, a function A = IAVP/ Vg

As an example, consideration is given to sections of the curves A = £#(t)
prior to the three above mentioned earthquakes (Fig. 1). One can see there
the calm sections and those with anomalous splashes. In this way the anoma-
ly appeared at PET 14 days before the earthquake of Nov. 24, 1971 (M =
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= 7.2) and lasted for 42 days, whereas at SPN it appeared 18 days before
an earthquake and lasted for 38 days. The anomaly prior to the earthquake
of 25 Dec. appeared 10 days before and lasted 30 days afterwards. It is in-
teresting to see the anomalies prior to the earthquake of Feb. 28, 1973,
with M = 7.1, taking place 330 km of the south extermity of Kamchatka. At
PET and SPN they are conspicuous and with high amplitudes.

£ =

serey
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=E!1&EBE
Wer —
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1972 ' 1 Y o J

Fig. 4. Plot of calculated curves | AVP/Vsl2 for PET and SPN prior to

earthquakes of: November 24, 1971, M = 7.5, December 25, 1972, M =6
(both in the Avacha Bay) ; and of February 28, 1973, M = 7.3 off Kamcha-
tka’s extremity.( Moments of the strong earthquakes shown by arrows) .
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- So the anomalous behaviour of the parameter VP /VS prior to earthq_uake‘

is likely to be connected with its preparation, and use may be made of it as
a precursor with a view to earthquake prediction.

The data obtained have shown that the change of the velocity ratios with
time and over area really exists. The variations of VP/VS may be connected

with the change of stress conditions of the medium. ‘As this takes place,
the change of the stress field in the process of preparation of an earthquake
takes place over an extensive area and not only in the focal region of an
earthquake to come, but also in the environmental medium.

Received: October 1, 1976
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ABOUT SOME PHYSICO-CHEMICAL METHODS OFF SEARCHING
THE EARTHQUAKE FORERUNNERS :

S. S. SARDAROV
Makhach-~Kala,

Institute of Geology, USSR Academy of Sciences,
Daghestan, USSR

Abstract

The methods and results of the two years ficld mass-spectrome-
trical researches of time variations of deep hehum and argon flows
are ‘described.

It was found out that intensity of these flows were almost equ-
al before earthquakes and during tides. It was shown by computer
processing of experimental data that there were some changes in
periods of gas flow intensity oscillations before earthquakes.

The works in the region of Chirkey hydroelectric power station
showed gradual decreasing of helium flow intensity when the reservoir
was filled up to 110 metres and then intensity began to increase

again.

Practically no search of earthquake precursors can be undertaken wit-

hout one or another notion of the seismic focus mechanism.
All the existing points of view, though differing greatly in details, are

in agreement, however, in that an earthquake is preceded and followed by
changes of interior strains within the vicinity of the seismic focus, Wthh
for a case of shallow earthquakes manifest themselves up to the Earth’s

surface. _ _
As a result of it, the Earth’s crust being a porous medium and getting
deformed under the influence of changing tensions, must change its porosity

and permeability.
Therefore, the flows of deep inert gases ascending from the Earth's inte-

rior must also change their intensities (Minski, 1958; Sardarov, 1975) .
For detailed investigation of the regime variations Jf gas liberation two
field mass-spectometer laboratories in-the selsmlcally active zones of.Daghe-

stan were created four years ago.
In these laboratories helium, argon 40, and argon 36 from natural gas

samples are analysed.

The gas samples are taken every hour. The argon precison measurement
is ¥3.6%, that of helium 2.3%. '
One of the laboratories is situated on the Shamkhal-Bulak gas layer
(Fig. 1), the other on the bank of the Chirkey hydroelectric power plant re-

servoir, now being filled with water.
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The very fact of a general existence of faint ascending gas flows had
been proved by us experimentally and reported at the Tashkent International
Symposium in May, 1974 (Sardarov, 1974; Tugarinov and Sardarov, 1975).

' ' TFigure 1 shows the scheme
of the analysing device with the
analysing device help of which the measuring "of
the argon isotopic composition and
the accumulating speed of helium
and argon flows at various depths
were done. The intensity of free
gas flow changes depending on the
changes of porosity and permeabi-
lity of rocks, caused by “the varia-
tions of inner stress field and as-
sociated with them rock deforma-
tions. Especially informative here,
as our calculations and experiments
have demonstrated, is the change
~of the ratio of the flows of two
different inert gases (e.g. helium

— and argon) ; flow intensity of one
\\\ gas can also change independently
\ N\ of the strains, as for example is
\\ AN the case with ground water filtration.
\\\\ The Earth’s tides are the

only kind of periodic deformation
for which we know the force gi-
ving rice to it.

Therefore an accumulation
of strains called upon by forthcoming carthquake or for that matter by any
other cause superimposes upon the tidal waves characteristics (Sardarov,
1974 ) . This circumstance hampered the application of such highly developed
methods of tidal waves separation as those of Zakoliaze, Pertsev, Matveev
(sea Bolenkov, 1966). )

We have generalized and realized in an computer a modified method of
least squares suggested for separating latent periodicity by Krylov (Sarda-
rov et al., 1975). This method is deficient in that there appear a number
of high-frequency periodicities describing all kinds of "noises". For all
that we succeded, while working on experimental data received by the mass-
~-spectrometric laboratory on the Shamkhal-Bulak gas layer in separating
tidal waves MZ’ 52. To check up the effect of the connection of tidal defor-
mation parameters at the Earth’s surface with the interior strain growth, .
helium concentration change in time was analysed in a drill hole bored for
this purpose near the Chirkey hydroelectric power plant reservoir now
being filled with water. During the eight months the additional pressurec,
causedzby reservoir changed from O to 12 atmospheres in the area of
40 km”. .

The change of the mean amplitude of the semi-diurnal vibrations is pre-
sented in Figure 3, which shows that with the filling of the reservoir and

Fig. 1. The scheme of gas filtering.



analyzer

Fig. 2. The scheme of the -layqut of drill for analysing deep gas flows on
the bank of the Chirkey reservoir. '
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Fig. 3. Change of the mean amplitud of gas flow intensity in relation to the
filling of the reservoir.

the. g?owing-of the pressure the semi-diurnal wave amplitude slowly decrea-
ses, then an insignificant growth can be observed.

On the whole it remains lower than the background value. Unfortunately,
the absence of similar argon isotopes analyses prevents us from asserting
that the above helium concentration amplitude change is really a result-of
the growing strains in the vicinity of the reservoir and not a result of the



factor, such as the surface water filtration, to which perhaps thé helium
concentration decreased is due. .

In view of this the experimental data on helium and argon isotropes, re-
ceived in the Shamkhal-Bulak laboratory, were additionally analysed.
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Fig. 4. Changes of the oscillation amplitudes of helium and argon flows
intensities related to the magnitude of earthquake and the distance to their
epicentres.

Two- and three-diurnal series of observations preceding, accompanying

and following the shock were chosen. '
" Semidiurnal tidal wave amplitudes were investigated and compared to

their "background" values, taken as mean amplitude values in a calm period.

It was found that the changes of oscillation amplitude of helium and argon
flow intensities depended on the earthquake magnitude and on the distance
from its epicentre (Fig. 4).

This change can reach 50% for near and powerful earthquakes, with the
helium change going quicker than the argon amplitude change going quicker.
than the argon amplitude change. It is supposed, that the variation of the
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oscillation amplitude of the helium flow intensity in the period when thé
Chirkey reservoir was being filled with water was caused by the strains

and structure change in the vicinity of the reservoir.
The records obtained by our laboratory in Atlan-Avul during the Ursus-

-Mortanion earthquake of July 27, 1976, are also very interesting (Fig. 4).

The changes of pressure of an interestitial water were different but 34
hours before the earthquake its sharp reduction was discovered.

The change of daily and half-daily amplitudes of harmonics of tides vibra-
tions absolutely-dissappeared three days before the earthquake.

Sharp drops of pressure of an interestitial water and the content of gas
in it, which took place 34 hours before the earthquake can be explained by
the widening of underground cracks which took place in the investigated region
before earthquake.

The decrease of amplitudes of separate harmonics of tides which stopped
three days before the shock can not be explained by the tension in the layers
of mountains rocks.

The results received are encouraging, however much experimental and the-
oretical research is to be done in order to be able to predict time, location
and force of a forthcoming earthquake.

Received: October 1, 1976
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ELECTROELASTIC AND ELECTROKINETIC FIELDS
OF AN EARTHQUAKE SOURCE
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Abstract

A theoretical model of electroelastic continuum has been ap-
plied in this paper to the problem of electrodynamic phenomena
(piezoelectricity, electrostriction, etc.) associated with .earthqu-
-akes. In such model the coupling between electric and mechanical
fields expresses itself by a change of scale of mechanical effects
along the electric field, as well as by the additional electric char-
ge created by the earthquake source. ' '

The electrokinetic phenomena associated with earthquakes and
caused by the diffusion of fluids into dilatant region have been
considered with the use of theory of porous media with interstitial
fluid flow. General relations describing electrokinetic effects cau-
sed by the deformation processes in an earthquake source have

been obtained.

The present attempt of theoretical investigation of electric effects for
a source defined by a set of point forces is confined to the stationary pro-
cesses only. : :

The starting point in the case of electroelastic effects is a model of an
electrically polarizable,' finitely deformable elastic continuum, presented by

Tiersten (1971). .
Confining ourselves to the linear theory only, we will also neglect the

thermal effects.

The assumption of the elastic isotropy eliminates practically from our
considerations all piezoelectric bodies, thus we will leave only parts con-
nected with electrostrictive effects. However it seems to be interesting to
note that the piezoelectric effects can be interpreted with the use of ‘appro-
ximate solutions (Dmowska et al., 1977).

Considering now only the electrostrictive effects proportional to the
square of the electric field we get he following set of equations:

[ .
Tii,1 - Ej("“fii * PEegs ) + PEy * ef; = e,
(D

F -—
sfii - mlPEie_ss,i =0
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where T ji is the purely mechanical stress tensor, an electric field is given
by a sum Ei + Ei, where Ei is constant regional field, 81 = - ‘Ei’ pis Fhe

electrostrictive constant. Introducing now the commonly used potentials

Ug = &+ € R, k,k = 0
(2)
ef = B + €y G G =%
we get after some transformations the equations for-
a7 4
€., - 4TPE &, = 0, | ;3)
,Z'U?l,ss - quejls"Rs * F)EjEse jlk?”sk + Gy =Yy o £
2
4xp -p ‘ _of
(Me20) & | —— [BFy £, + F =QE. (5)

To simplify the calculations let us suppose now, that the field Ei is di-

rected along the z-axis (0, O, E3) . In that case our last equation leads to -
the following relation: : .

which, after a change of coordinates xyz - xyz’ where

/ e( A+ 2u)

Z =
S VS(}»+ 2u) +"(47fP - 1) ﬁEZ‘

.z ‘ (6)

gives an usual equation, the same as for an elastic medium.
The equation for the S-wave potential reduces to:
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#R3.ss * G3 =Qi?3 ’
N

2, L
U1 ,ss ¥ PE Sip3 + Gy =27,

2
2‘”2.2,55 - pE 5’13 * G2 =QQ2 J

These equations are also similar as for a case of elastic.medium, with

N .
some additional forces PE” 5,23 and - @E2~ £, 13 distrﬂ;uted in space.
Interpretation of equation for the P-wave potential is much easier: the
change of a linear scale takes place in the direction of the field E, as gi-

Py

ven by the (6). , .
The expression (3) gives us the potential of an electric field connected
a case of the electrostriction

with deformations in the earthquake source, for
only. The full relation of the field ¢, including also the piezoelectric effects,

allows to compare the expressions describing the electric charge in depen-
dence on the distance from the earthquake source both for the electrostric-

tion and for the piezoelectric effects:

(8)

_ /Ga
9 = 4T (peeg s + PEegy ;)

where: 06,1sare the piezoelectric constants.
1L
o Now we would shortly present the theoretical model of electrokinetic phe-
nomena connected with earthquakes and caused by the diffusion of fluids into

dilatant region.
Accepting the physical description of the earthquake process as given by
the dilatancy-diffusion theory with its consecutive stages (see, e.g., Scholz
et al., 1973), one has to notice, that the magnitude of electrokinetic phenome-
-na would be closely related to given stage, i.e. would depend on the degree
of saturation of fractured rocks. Thus it should be remembered, that the sim-
ple capillaric models with the full flow of liquid - used in general for purposes
of ‘physical chemistry, in the case of earthquakes could correspond to one stage
only during the earthquake process. ‘
The equations of motion for saturated elastic porous media consist of two
separdate equations of motion for solid and fluid phases (Garg et al., 1974):

9

- Qul = 6ij?j + D(ui - ui) + O(«Ei,
Qi = sij,j - D(ui - ui) -OCEi (10)
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where superscriptsv (*) and (”’) refer to the solid and liquid phases. Here
@', @7 describe the partial densities,

=01 -Pe =ne, e"=%e - (- e, , ¢+’ ¢,

r

MY
=——k——.‘

D , 6+ 66,

d=1-nis the porosity, u is the dynamic fluid viscosity, k describes per-
meability Qr’ Ql are the rock and liquid dencities, respectively.

Here the term E is added -it describes the action of electrokinetic for-
ces, E being an electric field, whereot =££(1 - n)/p , t is the zeta (electro-
kinetic) potential, £ is the dielectric constant of the liquid and u is the dyna-
mic liquid viscosity. ‘ : .

The above equations should be completed by the general relations between
the electric current i and fluid flow flux j as well as liquid pressure p and
‘the electric field E: :

i = 6E, o an

Q"0 - W) = -E - 2 grad p. (12)
D

.
|

The equations (11) and (12) differ slightly from these given by Mizutani
et al. (1975).

The further discussion is limited to the case, when all the new space
created during dilatancy process is immediately filled by liquid, thus the fluid
flow is governed by the following condition ( AV = 0): '

nuii+(1 -n)ui’i=q, (13)

’

Adding now the equations of motion for both phases (rock, and liquid) ,
we get the average motion of composite, and thus we could write the general
equation, in the presence of body forces Fi: ‘

Let us assume, that the earthquake source acting in the fluid-saturated -
composite, could be described by some known solution, for example by the
point Love’s force. We will denote the coresponding solution of eq. (14) by u
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Qui‘ =Q'u"Li‘ + Qu’.. 4 (15)'

Thus our basic solutions of equations (13) and (15) will lead to the fol-
lowing solutions: ' .

QuiLi (1 - n) :
11? . ='—,’*———1 (16)
1,1 (l-n)Q’-nQ” »

QHL n. )
u’ . = - 1, . (17)
1,1 (1 ~ n)Q’- HQ”

The difference of these quantities could be associated with the generalized
Darcy’s equation (12): :

. L
.99 ) ” Qu]. i 1 ”
@l e—— i lgn A (18)
1,1 1,1 nQ’- (1 - n)Q” D Sss,l Q 1,1

where grad p = -655,11 .

Let us observe, that the left-hand side of that relation, connected with

‘ the Love’s point-force solution, is for a given model a known quantity. The
right-hand side of eq. (18) consists of two parts: first, connected with a po-

re pressure gradient, and the second, describing the electrical effects con-

nected with an earthquake in a porous medium. To estimate that effect from

equation (18) one should find the expression 6” ../D.
q _ ss,ii

One way of obtaining the. pore pressure gradient is to find it out from
the field data.-This way was followed by Mizutani et al. (1976).

Another’ way of obtaining the expression 6” /D is to find it out from
the constitutive relations for fluid-saturated oTastic. porous media. One could
use for this aim!the relations presented by Garg and Nur (1973).

We obtain :

67, = 3(cu

oo+ bul),
11 11 11

s

where c and b are some constants related to the shear and bulk moduli of the
‘porous and non-porous solid defined by the cited authors. In this way it is
possible to determine from (18) the effective clectric charge density given
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by Ei ; and caused by clectrokinetic processcs connccted with an carthquake.

’

Problem: MR.I.16.8.1 Received: November 30, 1976
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SOME PHENOMENA RELATED TO THE ROMANIAN EARTHQUAKES

C. RADU, E. SPANOCHE
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Abstract

An analysis of information related to the strong earthquakes
in Romania during 1471-1975, has led to the identification of cer-
tain geological (artesian springs, mud volcanoes, gas emanation) , -
geophysical (magnetic perturbations, light effects, underground
noises) and biological (birds and animals agitation, effects on pe-

ople) phenomena caused by seismic activity.

The study of different seismic information for the period of 1471-1975
led to the identification of about 270 earthquakes. Some of them connected

with special phenomena, preceding, accompanying or following them.
The special phenomena were conventionally divided into three groups:

A. Geophysical phenomena:

1) Underground noise.
2) .Light effects (total or partly lighting of the sky or atmosphere,

soil lighting, light bands and rainbows, spheres or spots of light) .
3) Magnetic disturbances.

B. Geological phenomena:
1) Artesian springs and mineral aquifers.

2) Mudflows.

3) Gas emanations and o11 shows.
C. Biological phenomena:

1) Effects upon animals.

2) Effects upon people.
The time distribution of these phenomena is presented in Table I.

’ The largest number of registered phenomena was accompanying the earth-
quake processes (56.5%), in'this group the geophysical phenomena were the

most numerous (45.6%) .
The epicentre distributions connected with different spec1a1 phenomena’

are presented in Figures 1-5.

The analysis of different types of special phenomena related -to earthqua-
kes occurrence; leads to some interesting remarks:

1) Underground noises are generally perceptible in areas having
macroseismic intensity Io’ Io-l and 10-2. An example is given in Figure 6.

2) Light effects represent real phenomena and are noticed in areas
large enough (Fig. 7). ‘
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Table 1

Time distribution of special phenomena connected with Romanian
earthquakes (1471-1975)

Preceding Accompanymé Followmg
) on earthquake on earthquake |on‘earthquake
Special phenomena -
number] % |number] % |number| %
Geophysical phenomena:| 138 |31.79| 198 |45.63| 32 |7.39
Underground noises 132° 189 31
Light effects 2 8 1
Magnetic disturbanceg £ 1 0
Geoiogical phenomena: 0| 0.00| 25 5.76 5 {1.15
Artesian springs 0 10 ’ 2
Mudflows 0 8 2
Gas emanations 0 7 1
Biological phenomena: 11| 2.53 ] 22 5.06 3 10.69
Effects upon. animals 8 20 2
Effects upon people 3 2 1
Total 149 |34.32 | 245 |56.45] 40 9.23
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1. Distribution of earthquake epicentres associated with special phenomena.
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During the great earthquake of November 10, 1940, which occurred in

the Vrancea region, these phenomena were noticed within the area havmg
500 km length and 300 km width.
The great majority of the observers (87%) no-
ticed these light phenomena in different directions
from the epicentre; the most of them in directions

completely opposite.

3) Magnetic disturbances (deviations v
' of magnetic needle, magnetic field variations) have AN
been noticed before every strong earthquake. {'

4) Artesian springs emerged during the Nucsoa Vi Ruc
great earthquakes occurring in the Vrancea, Banat Brudulqt'{ Lore l-\ﬁt&um'rﬂevele
and Crigana regions (Fig. 8). Cimpurun@( a Zio i

The artesian springs connected with earthqua- Godent Bgt:ﬂ
kes which took place in the Vrancea region have : Poenari )

been concentrated at the bend of the Carpathians

and in the southern Moldavia. o Aftershocks
The almost linear distribution of these springs o Noises
indicates the probable existence of a fracture which @ Aftershogks and noises

could be the continuation of a tectonic line separa-

ting the northern and central Dobrogea. Fig. 6. Underground
The springs related to earthquakes which occur- néi.se ;nap of-tie Cam-
red in the Crigana region have been concentrated in pul.unq earthquake on
the northern Oradea thermo-mineral water basin. 12 Ap}il 1959 (after ‘
Identification of some sulfurous springs (Highig, Cons taﬁtinescu ot. al
Pitesti) associated with earthquakes and located in 1971) . Y

the immediate neighbourhood of the sulfurous aquifers,
established by hydro-geological researchers (Pricdjan,
1972) , leads to the idea of using these type of phe-
nomena as indicators for possible mineral water sources (Fig. 9).
The same role may be also assigned to acidulous aquifers connected with

the earthquake occurrence (Rotbav, Bod) (Fig. 10).
5) Mudflows were noticed during the great earthquakes which occurred

in the Vrancea and Crisana regions (Fig. 11).
The mudflows distribution is similar to that of the artesian sprmgs, this

fact being explained by their common origin.
6) Gas emanations linked to earthquakes were partly identified through

geological and geophysical researches: Andridmethan gas; Bdicoi, Lopdtari - oil,

Covasna - postvelcanic activities; Orgsova - coal gas (Fig. 12).

The appearence of black water mixed with oil has been noticed in the neigh-

bourhood of Gévdnesti village during an strong earthquake; the existence of so-

me near oil fields leads to the idea that the Bentu-Gd&vdnesti-Beilicu triangle
could be an unidentified hydrocarbon zone. '

As regards the gas and fluid emanation in the Olt valley (Turnu Rosu,
Clineni, Turcesgti) , it could be explamed by an active fault which permitted-its

occurrence.
7) .Biological phenomena.
agitation of different anomals (mice, cats, dogs, fishes,

The observers have noticed an anomalous
snakes, insects etc)



- 168 -

T Dorohoi

| Botosanii
tCristesti

Podul Noaei ™ _, lasi

—-Roman

Buhu;i -— I .-.Hu§i
—Bacdu Vaslui -
Ddrméng;ti . 4 Racaciuni ._Murwi
) Birlad .
Pufesti « F
Moviitg,» * \Nicorest
Balotesti S20dobesti
Spulber— LFocgarii

Harmar,; Virlesol
B’:;:}’ Jitia™ b ougest K Golat
i ~ s nent o .Sa ..
Brezoi Lung R;ganric . «Drajanas. - 5' a*iem!}\?lceclé
MRVicea  Breaza ta. Gimpina +BU::§1 ~ Macin
aurel
Pitesti 4 Darm ;ih%ﬁoﬁﬁ Rahman
™ Golegti \Pepe  wUrziceni
ens - Slobozia
. -oTeSlL‘ S .
Craiova ,_ » Slatina 29x2 Bucuresti -
Bobicesti 3 Caiéiras Medgidia §. v
Rosiori e2 \smiresti r Constanta
Alexandria « i
Lita « Giurgiu
$ T Magurete

Fig. 7. Light effects map of the Vrancea earthquake on 10 November 1940
(after Demetrescu and Petrescu, 1941) . ,

and birds (hens, geese, crows, pigeons etc) before and during strong earth-

quakes. Nervousity of some sensitive people was also remarked.
Conclusions. The study of seismic activity on the Romanian territory

allowed to distinguish geophysical, geological and biological phenomena pre-

ceding, accompanying or following great earthquakes.

- A special attention should be drawn to the geological (change of water le-
vel in fountains and springs) and biological (agitation of animals and birds)
phenomena observed before earthquakes which could be used to their predic-

tion.
The correlation of geological phenomena (artesian springs, mudflows,
gas emanations and oil shows) with the seismic activity in the seismic area
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of Crigana and Vrancea suggests a connection between earthquakes and mi-
neral deposits -and leads to the idea of making use of these phenomena as

an indicator of such deposits,

Received: October 1, 1976
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RAY THEORETICAL SEISMOGRAMS FOR LATERALLY. VARYING
LAYERED STRUCTURES

v. CERVENY®X, 1. PSENCIK ¥

Abstract

o Ray theoretical seismograms can be computed for very general
types of media, including laterally varying layered structures. Their
computation is fast and cheap. This makes it possible to use them
not only for research purposes but also for routine interpretations.
Certain examples of ray theoretical seismograms for vertically inho-
mogeneous layered media as well as for laterally varying layered me-
dia as-well as for laterally varying layered medium are presented.

Theoretical seismograms have found many applications in the interpretation
of seismic data, especially in the investigation of the structure of the Earth’s
crust and the uppermost mantle. It is simple to compare them with observed
seismograms, they clearly demonstrate the differences between the real model
of the medium and the theoretical model used for computation. The theoretical
seismograms can be used in methods of mathematical modelling (Pavlenkova
and Psentik, 1977) to improve succesively the model of medium. Their grea-
test advantage consists in giving a proper description of various interference
effects. ' _ :

Various methods can be used to compute theoretical seismograms. For ver-
tically or radially inhomogeneous media, wave methods can be used. The most
popular method to construct theoretical seismograms for a vertically inhomoge-
 neous medium, based on wave concept, is the reflectivity method developed by

Fuchs (Fuchs, 1968; Fuchs and Miiller, 1971). The method has been used suc-
cessfully for a long time in the seismic investigation of the Earth’s crust and
the upper mantle. Other approaches:to construct theoretical seismograms are
based, . for example, on the method of finite differences (Boore, 1972; Zahradnik
1975) or finite eleiments, (Smith, 1975) or on their combmatlons with other ‘
methods (Landers and Claerbout, 1972), etc.

Other efficient methods of constructmg,theoretical seismograms are based

It is well known that the ray method consists of the decomposi-

on ray concept.
The

tion of the wave field into elementary waves (or into groups of waves)
seismograms of the elementary waves, called elementary seismograms, can be

computed independently one after another. The resulting theoretical seismograms,
called ray theoretical seismograms, are obtained by composing these elementary

*Institute of Geophysics ,. Charles Umversny,' Prague, Czechosglovakia.
*"Geophyslcal Institute, Czechoslovak Academy of Sciences, Prague, Czecho-

s 1ovak1a
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seismograms. In general, ray theoretical seismograms can be applied to la-
terally inhomogeneous layered media with curved interfaces. In some simpler
situations, such as in the medium composed of homogeneous plane-parallel
layers, the elementary seismograms can be computed exactly by the Cagniard
- de Hoop method or by its various modifications. Then we can call the re-
sulting ‘theoretical seismograms exact ray theoretical seismograms (Miiller,
1970) . They have been used successfully by Miiller, Helmberger, Chapman
and others. In the following, we shall not discuss the exact methods of com-
putation of theoretical seismograms. Under ray theoretical seismograms we
shall mean the theoretical seismograms constructed by the standard ray met-
hod or by its modifications, not by exact methods.

The main advantage of ray theoretical se‘}sm'ograms in comparison with
other methods is the applicability of ray theory to very general types of me-
dia, including laterally inhomogeneous media with curved interfaces. Another
advantage is that the computation of ray theoretical seismograms is extremely’
fast and cheap. This makes it potsible to-use them not only for research
purposes but also for routine interpretations. _

However, there are also certain compiications and difficulties in the con-
struction of ray theoretical seismograms. First, the ray method is only ap-
proximate and has a number of serious restrictions. It cannot be used in sin-
gular regions, such as critical regions and caustics. These singular regions
need special investigation and the application of certain modified methods. Se-
cond, the ray method does not include some nonray waves, such as various
inhomogeneous waves, channel waves, diffracted waves, tunnel waves, etc.
Third, a large number of elementary waves, or groups of waves, can arrive
at a receiver within a considered time window. It is necessary to select the
waves and to consider only the most important of them. The algorithms for
the generation and selection of elementary waves are not simple.

It should be emphasized that for strictly vertically inhomogeneous media
the ray theoretical seismograms cannot compete in accuracy with other methods,
such as wave methods and exact ray methods. The Earth’s crust and the up-
permost mantle, however, are rarely strictly vertically inhomogeneous, more
often they are also laterally inhomogeneous and include curved interfaces.
For such types of media the wave methods and the exact ray methods cannot
be used for the computation of theoretical seismograms. Ray theoretical sei-
smograms can give valuable results even for these types of media, especially
when we use modifications to improve the accuracy in singular regions. They
are especially suitable in investigating seismic body waves at smaller epicentral
distances, and the accuracy is expected to be quite -satisfactory there, even
for rather complicated media. At large epicentral distances, the situation be-
comes more complicated and the accuracy decreases. They are not suitable
to investigate the seismic wave field at very large epicentral distances, where
the most dominant waves correspond to the rays which are nearly parallel to
the Earth’s surface. :

We have written several programs to compute ray theoretical seismograms.
The programs do not by far take advantage of all the possibilities of the ray
theory and of its modifications. The experince with these programs, however,
will be very valuable in writing new, more powerful programs. We shall now
specify a few details concerning these programs.,
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The medium is composed of homogeneous layers separated by plane or
curvilinear interfaces. A program allowing lateral variations of velocity
within individual layers is under preparation. In some programs, the source
must be situated in close vicinity of the Earth’s surface. In othéers, howe-
ver, it can be situated at any point of the medium. Most of the programs
take into account only P waves, no converted and S waves. For the gene-
ration of numerical codes of P waves we have written a very general routi-
ne, which can be used to control the generation and selection of individual
waves in accordance with certain criteria and our wishes, using a system
of control indices. In some programs, any type of P, S and converted mul-
tiply reflected wave may be considered. The generatlon routines then gene-
rate automatically the codes of the most important of them. The codes of
other important waves we wish to consider may be specified by input data.
The travel times, amplitudes and phase shifts of individual waves are com-
puted by the standard ray theory. One program, however, also includes
the possibility to use modified methods in the critical region. This is pro-
bably the most important modification introduced in our computations to im-
prove the accuracy of the ray method.

Now we shall present four examples of computations of ray theoretical
seismograms*. We are interested here mainly in ray theoretical seismograms
for laterally varying layered structures. Nevertheless, for methodical rea-
sons we shall give also some examples of ray theoretical seismograms for
a medium composed of homogeneous layers separated by plane-parallel inter-

-faces. This is a very suitable model for computations, since our results

can be compared with the results of more exact computations. An example
of ray theoretical seismogram for laterally varying layered structure will
be presented later. For simplicity only primary P reflected waves will be
taken into account. The programs, of course, alow to include any type of
multiple reflection, including converted and S waves.

First example. The object of this example is to show the application
of critical region modification. We shall consider a simple model of the
Earth’s crust, composed of five thick plane-parallel layers (see Fig. 1).
The ray theoretical seismograms computed by the standard ray theory are
shown in Figure 2. They are constructed only from the primary reflections
for the sake of simplicity. We can see that the amplitudes of the wave ref-
lected from the Moho discontinuity have a maximum somewhere between 90
km and 100 km. This fully corresponds to the critical distance r* = 92 km.,

In Figure 3, ray theoretical seismograms for the same model of medium
are presented, and the critical region modification is applied to all waves.
The shift of the maximum of the amplitude-distance curve can be clearly
seen from the comparison of Figures 2 and 3. It makes about 22 km,

"More details on the ray theoretical seismograms, with many other
examples, can be found in the monograph: V. Cerveny, I. A. Molotkov,
I. P3endéik: Ray method in seismology, Charles University Press, Prague

(in press).
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It should be noted that the critical region modification has yielded sa-
tisfactory results in most of the test computations. Moreover, it is- practi-
cally as fast as the ray method itself.

Second example. Now we shall present an example of ray theore-
tical seismograms for vertically inhomogeneous medium. Ray theoretical sei-
smograms for vertically inhomogeneous media may be computed in two ways.
First, the vertically inhomogeneous medium may be simulated by a large num-
ber of thin homogeneous layers. Second, the ray method may be applied di-
rectly to inhomogeneous media. As the first method does not require writing
a new program (the progran used for the medium composed of homogeneous
planeparallel layers may be used in this case), we have performed certain
test computations to appreciate its applicability to smooth inhomogeneous me-~
dia. It is obvious that this approximation will give satisfactory results for
reflected waves from distinct interfaces of the first order. For refracted
waves (dlvmg waves) with a smooth minimum of the ray inside the medlum,
the situation is more complicated. The refracted wave is formed by critical
reflections from individual fictitious interfaces in this case. In a number of
numerical experiments we have found that the ray. method may give satisfac-
tory results even for refracted waves, when the layers are considerably thin.
Moreover, we have investigated the behaviour of refracted waves in some
specific situations, such as the vicinity of the caustic, boundaries of shadow
zones, weak velocity gradients below the interfaces of the first order, etc.
In most of these situations we obtained satisfactory results from a qualitative
point of view. Generally, of course, this problem would require a more de-
tailed investigation. :

A model’ of a medium is shown in Figure 4. The model is purely theore-
tical, with a thick homogeneous layer in the upper part of the Earth’s crust
and a layer with a constant positive velocity gradient in the lower crust. The
continuous velocity depth distribution in the lower crust is simulated by a num-
‘ber of thin homogeneous layers. For this model of medium, the causlic is si-



*POI9PISUOD ar sdAM PERIY Surpuodsaaaod pue suolldd[jaa Lxewrad LuQ
‘ZH = Sm Aousnbaay Surrressad aoy ‘1 2anB1j ul umoys wnipsw Iyl Joj swreaSowsios (edudIodYy) Aey 'z ‘Sig

(wx) 2
0°0z2 0°0c02 0°09t 0°0st 0°0ht o0°ozt 0°oot 0°08 0°09 o°oh o.au.
o'z~
o ) ’ -4 0°1-
- W% w . . <4 0°0
I . O S-S (o
- WM -4 0°C =
0 B
_/_ - ,v <4 0°€ o
_.U v m ~
_ i v 4 o
- v - 0°S
v 1 s _ .
[ zHY ="y . 1
_ 1 -




.@wﬂmmw ST UOTIRDLJIPOW UOLSDL [BOTITAD ‘POJOPISUOD IV SOARM peoy Surpuodsaagod pue suonddyea Arewtad A(uQ

‘ZH v = 2% Aousnbaay mﬁﬂﬁ.bopm aoy ‘1 w.;mﬂm Ul UMOYsS wnipsuw 9Y) .Ho.w sweadows1ds [eO1IPI09Y) Aey ‘¢ mﬂm
(w) 4
0022 0-002 0°081 0°08t 0°ont 0-02t 0°001 0°08 0°03 " 00K .00
0°2-
= 4 o01-

i ki MWWW W M

- 178 -

(s) 9°G/4 -}

ZH 9=y




S

- 179 -

VELOCITY (KM/S)
20 30. 40 S50 60 70 80
T T Ll L T T i

0
10
- 20+
30
4ot
MODEL C2
50} '
DEPTH (KM) .
Fig. 4
!
4L jM-AHz_
—_ 3+ o T
%]
~ < S <
.l < <$%é§$§% i |
©
\L 1r ' b
-
-~ O- B
-1 v >*
90 100 10 120 130 140 150 160 r(km)
5 T - - i T
fy=2 H.
4L ) fM Z_ .
- 3t ) . é . -
: S
o ?f %
‘o F
D> 1 . . 4
| . ’ .
---O,_ . . 4
-1

90 100 110 120 130 - %40 150 160 r(kmj -
MODEL C2 )
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tuated at epicentral distance of 120 km, beyond this distance two branches of
refracted waves exist. The ray theoretical seismograms for this model of me-
dium are shown in Figure 5. We can see that the refracted waves are well
developed, and no false arrivals from fictitious interfaces appear in the figure,
A weak refracted wave exists even before the caustic. The amplitude-distance
curve of the refracted wave is quite smooth in the neighbourhood of the caus-
tic and has its maximum at some distance beyond the caustic, as predicted

by modified methods. Beyond this epicentral distance the refracted wave

forms two branches.
It should be noted that the computation time for the two shown figures

was about 10 s on the IBM 370/165 computer.

Third example. Another model of a vertically inhomogeneous medium
is shown in Figure 6. It is the HILDERS model for the structure of the
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Fig. 6.
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Earth’s crust in a certain area of West Germany. The smooth velocity-depth
distribution in the lower crust is again simulated by thin layers. The HIL-
DERS model was used earlier- by Fuchs and Miiller (1971) to compare the the-
_ oretical seismograms constructed by the reflectivity method by Fuchs and by
the exact ray method by Miller. Only primary reflections were considered
by Miiller. On the other hand, Fuchs used a slightly different model without
the interfaces in the upper crust. Therefore, there are some missing arrivals
in Fuchs' computations in comparison with those of Miller. We have
made computations for the same model of medium, using also only primary
reflections. The results are shown in Figure 7. The top picture represents
our computations, the second the computations by the reflectivity method,
the third the results obtained by the exact ray theory. It should be noted
that our source-time function is a little different from that used by Fuchs

o | 4 r
?ﬁ%if%’ + i
ot | ' ] T

A

80 100 - 120 140 : 160 180

Fig. 7. Comparison of theoretical seismograms for the HILDERS model shown
in Figure 6, computed by various methods: Picture 1 is computed by the ray
method, picture 2 by the reflectivity method, picture 3 by the exact ray
theory.
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and Miuller. In spite of these small differences, the agreement seems to be sa.
tisfactory for many practical purposes. The computation time for a system of
ray theoretical seismograms shown in Figure 7 was less than 5 s on the
IBM 370/165 computer.

Fourth example. By this example we wish to demonstrate a possibility
to’'construct ray theoretical seismograms for laterally varying layered structu-
res. A detailed seismological discussion of the results will not be given he-
re.

0 50 100 150 rlkm) g

S _ ;
. _ 64
30 F
\/ __68
82
40 J 8

depth (km)

Let us consider a model of medium shown in Figure 8. The numbers
inside the layers denote the values of P velocity'. Note that the model is
a laterally varying modififaction of the vertically inhomogeneous model pre-
sented here as-the first example, with an elevation of interfaces at epicentral
distances of 50-80 km. The time-distance curves and amplitude-distance cur-
ves of primary reflected P waves in the model of medium are shown in Fi-
gures 9 and 10. Both the travel_—time'curves and the amplitude-distance cur-
ves show certain indications of the elevation of reflecting interfaces. More
pronounced anomalies in the time-distance curves are obtained from the in-
terfaces situated at smaller depths (see time-distance curves 2 and 3 in
Figure 9) . In the amplitude-distance curves we have sharp anomalous picks
at subcritical distances, r ~ 75-85 km (see Figure 10) . The amplitudes
reach there practically supercritical values. The anomalous region is, ho-
wever, rather narrow. For more pronounced and sharper elevations of in-
terfaces we should cbtain broader anomalous regions, connected with loops
in timedistance curves. Figure 11 shows the ray theoretical seismograms,
for this model of medium, constructed cnly from P primary reflections. They
are computed by the standard ray theory, no critical region modification is
applied. )

In can be clearly seen that the ray theoretical seismograms shown in
Figure 11 differ in certain aspects from those presented in Figures 2 and 3.
The differences are closely connected with the elevation in the reflecting .
interfaces, as shown above. We wish to mention again the higher amplitudes
of subcritical reflections at r = 70-90 km. It is also very interesting to
follow the interference effects at larger epicentral distances. For example, -
the maximum amplitude at r = 180 km is more than three times stronger than
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Fig. 11 Ray theoretical selsmograms for the laterally varying layered
structure shown in Figure 8.

the maximum amplitude at r = 190 km. At the epicentral distance of 180 km,
the arrival times of three deep primary reflections are practically the sa-
me and the interference is constructive.

Thus, the ray theoretical seismograms can give valuable results even
in those situations in which other methods fail, such as laterally inhomoge-
neous media with curved interfaces. We firmly believe that it will be pos-
sible to remove certain limitations of the ray method and increase the ac-
curacy of ray theoretical seismograms. This may be done by the application
of various modifications of the ray method, or by the combination of the ray
method with some more exact methods, such as finite difference methods or
wave methods.
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APPLICATIONS OF SMOOTHED SPLINES IN THE COMPUTATION OF RAY
AMPLITUDE OF SEISMIC BODY WAVES

v. CERVENY", V. PRETLOVA™

Abstract

The computation of ray amplitudes in a vertically inhomogeneous
medium v = v(z) is discussed. It is suggested to apply the smoothed
spline approximation to the depth-velocity distribution z = z(v). In
this case, the ray integrals can be simply evaluated in a closed
form. The computation of amplitudes is-then very fast and the ampli-
tude-distance curves are quite smooth. Moreover, the application of
smoothed splines increases considerably the stability of amplitude-
-distance curves. Numerical examples are presented.

It is well known that the ray amplitudes of seismic body waves are very
sensitive not only to interfaces of the first order, but also to interfaces of
the second and third order. The standard methods of interpolating the veloci-
ty distribution do not guarantee the continuity of the first and second deriva-
tives ‘of velocity and generate false interfaces of higher order. These false
interfaces cause anomalies in the amplitude-distance curves, Other difficulties
are caused by oscillations of the approximating functions. Oscillating functions
form false low-velocity channels, which cause a series of complicated effects
in timedistance and amplitude-distance.curves (e.g., shadow zones).

The above problems connected with unsuitable approximation of the veloci-
ty distribution have been known for a long time for one-dimensional .media,
such as vertically or radially inhomogeneous structures. The commonly used -
piece-wise linear interpolation causes serious complications and irregular:
behaviour of the amplitude-distance curves of refracted waves. The amplitu-
des have many infinities and zeros. It was suggested by Chapman (1971) to
use splines to approximate the velocity-depth distribution v = v(r) (v... ve-
locity, r... radius), see also Moler and Solomon (1970). The cubic spline
approximation is continuous with its first and second derivatives. Moreover,
for special boundary conditions, the cubic splines minimize the integral curva-

ture of the approximating function, i.e. , they give the smoothest approxima-
tion of all cubic polynomials. Thus, the application of cubic splines to the
interpolation of velocity-depth distribution v = v(r) removes the false inter-
faces of the second and third order, and the amplitude-distance curves become

*:Institute of Geophysics, Charles University, Prague, Czechoslovakia.
Department of Applied Geophysics, Faculty of Sciences, Charles Univer.
sity, Prague, Czechoslovakia. '



- 188 -

smooth. However, the ray integrals must be evaluated numerically in this

case. Certain complications are also caused by the singularity of the inte-
grand st the turning point of the ray. Moreover, the numerical integration
" is relatively time consuming. The spline approximation can be, of course,

50 60 70 VP(KMIS) 50 G,U 70_VP{KMIS)
T T

20+ 20+

MODEL E1 | MODEL E2

30+ 30

DEPTH (KM) ¢ DEPTH (KM)
Fig. 1.

used also for a vertically inhomogeneous medium, with v = v(z) (v... velo-
city, z... depth). The ray integrals must be again evaluated numerically in
this case. It would be useful to find such an approximation of the wvelocity-

-depth distribution, for which it would be possible to compute the ray inte-

grals analytically, in a closed form.

. We shall apply the smoothed spline approximation to the function z = z(v),
instead of v = v(z). In this case, the ray integrals can be evaluated in a
closed form. The analytical expressions for the time-distance curves and
ray amplitudes are very simple, only slightly more complicated than those
for a piece-wise linear approximation*. In case of a piece-wise linear appro-
ximation we need to compute two special functions (log and square root) for
each artificial layer, for cubic splines we have to evaluate three functions
(log, square root and sin"l). As expected, the amplitude-distance curves.
are quite smooth in this case. Moreover, the application of smoothed splines
considerably increases the stability of amplitude-distance curves. This is a
great advantage of smoothed splines in comparison with standard interpola-
ting cubic splines (see Reinsch, 1967). It should be noted that the extent
of smoothing can be easily controlled by a set of control parameters. '

Let us present certain numerical examples. Two simple models of media,
El and E2, are shown in Figure 1. Both these models are specified by a ta-
‘ble of velocity values at depths 0, 2, 4, ..., 32 km; see points in Figure 1.

* These expressions can be found in éerven}'r V., Pretlovd V., Computa-
tion of ray amplitudes of seismic body waves in vertically inhomogeneous me-
dia, Studia geoph. et geod. (in press).
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Fig. 2. The reduced travel-time curves of refracted waves for the E1 and
E2 models.

Two different approxmations were used to approximate the velocity-depth
distribution: 1) a piecewise linear approximation, 2) an approximation by
smoothed splines, applied to the z = z(v) function. The smoothed spline
approximation is denoted by heavy lines in Figure 1. It should be noted that
the differences between these two approximations are very small. In spite
of it, the differences between the corresponding amplitude-distance curves
for both approximations are tremendous.

As was mentioned earlier, the ray integrals can be evaluated in a close
form for both the above approximations. The reduced travel-time curves of
refracted P waves for the smoothed spline approximation are shown in Fi-
gure 2. The travel-time curves for the piece-wise linear approximation
Ppractically do not differ from those shown in Figure 2. The ray amplitude
curves of refracted P waves for both approximations are shown in Figures
3 and 4. It is clearly seen that the piece-wise linear approximation is quite
unsuitable. Any false interface of the second order exerts a great effect
on the amplitude-distance curves, it causes anomalous behaviour of amplitu-
des (zeros, infinities). The resulting amplitude-distance curve is a tangle
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of zeros and infinities and does not give any possibility to follow the actual
trend of amplitudes. The application of smoothed splines removes all these

false interfaces. The resulting amplitude-distance curves are then quite
smooth and simple. -
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T

70 VP (KMIS)
0 T

: 3
20k MODEL E3 20+ MODEL"E4

DEPTH (KM) DEPTH (KM
Fig. 5.

Other two models of media are shown in Figure 5, and the correspon-
ding time-distance curves in Figure 6. The time distance curve for the mo-
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Fig. 6. The reduced travel-time curves of refracted waves f,pr the E3 and
: E4 . models.

del E4 forms a loop, with the caustic points at e1ther side. The amplitude-
distance curves of P refracted waves for both models of media are shown
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