The determination of earthquake mechanism,

using both longitudinal and transverse waves

V. I. KEYLIS - BOROK

INTRODUCTION

The practical aspect of a method of
determining earthquake mechanism (the
“ fault plane solution ’’) is dealt with here.
This method has much in common with the
well-known methods of Byerlv (especially,
taking into account the improvements sug-
gested by A. R. Ritsema) and of Japanese
seismologists: the principal difference lies
in the fact that transverse waves are widely
used here, which renders the solution unam-
biguous (*). The worked out theoretical
principles permit as well to use simply the
amplitude ratio of different waves, but in
practice it is less reliable.

In § 1 the theoretical properties of the
waves caused by the dipole with moment
are described. Such model of a seismic
source is the most often encountered. The
method is applicable to any other mo-
dels as well, but their theoretical features
are considered very briefly.

We do not deal with the effect of the
interfaces and the inhomogeneity of the
medium on the form and intensity of dis-
splacements; the methods of eliminating of
these factors are described in detail in an
other article.

In § 2 the general pattern of the inter-
pretation is given.

In §§ 3-6 the successive steps of the
interpretation of observations are presented.

(*) The experience in interpretation of a
great number (~ 300) of sources (and even
the correlation of S-phases at different sta-
tions) acquired since 1947, testifies that the
study of transverse waves is as reliable as
PP, PKP, pP ete. (provided the seismograms
and not the questionnaires are used).

Tl.le Wolf stereographic projection used
for interpretation is described in the Sup-
plement.

§ 1. — INITIAL. FORMULAS
Earthquake foci are generally equivalent
to the dipole with moment (fig. 1). The

axis # corresponds to the motion direction.
¥ = 0 - to the fault plane.

L]

Fig. 1 - The dipole with moment (the symme-
trical fault).

In this paragraph the main properties
of elastic waves caused by the dipole with
moment (and some other sources) in a
homogeneous medium will be considered.

for displacements in a
distance

1. The formulas
homogeneous medium at great
“y?? from the source.

At great distances r the displacement in
a longitudinal wave is directed along the
ray and is completely determined by one
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(anv) component. We ghall consider the
value of the total displacement vector wu,;
u, i3 regarvded positive when it is directed
from the source.

In a transverse wave the displacement is
determined by two components (the thud
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is directed frem the focus. For
fig. 2 shows uf/ > 0 and uf > 0.

It would be convenient to introduce
two systems of coordinates (x, ¥y, 2) and
(z, ¥, 2) (the beginning of both systems
coinciding with the focus) so that to obtain

instance,

L‘

one can be found from the condition that
the digplacement vector is perpendicular to
the ray). We shall consider two indepen-
dent components, #/ in the plane of inci-
dence (SV wave) and ug’ in the direction
perpendicular to the plane (SH wave) —
see fig. 2. uf is regarded positive when it
is directed clockirise, assuming the focus to
be in the centre (or to the right if one looks
at the observational point from the focus).

is positive when its horizontal component

more compact formulas for u,, ¥, uf. The
axes x and y relate to the direction of the
dipole axes as it is shown in fig. 1. The
axis 4 is directed to the Kast, y to the

North, & upward.
At great distances » the formulas for

independent components are as follows
[V. I. heylis-Borok et al.,, 1957]:

4 ztou, S Kt — vl [n

ar
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1 monH ~ “piys K (@t — »/b) [2]
> .1/[( 7!
1 mout l)—j;a K (& —rb)  [3]
Here,
o — density; a, b — longitudinal and

transverse wave
time function.

velocities; K (f) intensity-

:I/ax - m,f}x
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2. The nodal lines and the distribution of
stgns of ug, u¥, ul’ in each point.
) ) (]

The nodal surfaces where all or some of
the displacements u,, % come out zero
can be easilv obtained from formulas
[1]-[3].

All the nodal surfaces go through the
focus. However, in practice the diplace-
ments vanish only on that part of the

surfaces where the values of r are suffi-
sin 4 [4] i i i
8 ciently great (i. e., where approximate
2z cos? i N formulas [1]-[3] are valid). Formulas [1]-[3]
g = : Y« [6] give the following nodal lines for the dipole
Sin 7 COS 7 with moment:
. L a) plane y = 0, where 1=
-angle of incidence 1sin ¢ ) pl Y » Where w
uf =0
h H
—_—
!
s
Fig. 3 - The nodal lines for ST -wave on a Wolf stereographic projection.
ty; By v — angles made by the axis x b) plane z = 0, where u, — 0,
andthe axes wz, y, 2 respectively (so that
¢ » s 1 ¥ ‘ e) plane g = O ora, - y— ¥y . @ =

T = 20y + YPx + 2y,... [6]). The formulas
for other sources may be derived from [1],
[2], [3] if to veplace the factor “#” by the
following symbols: a or b for simple force;
xr for the dipole without moment; y for
the superposition of the dipoles with mo-
ment and without moment (see fig. od);
y2la or y*/b — for the double dipole with
moment ... and so on; for various sources
K is represented in various units. which
can be neglected in the present article.

= 0, where ull =

Ilere z, y, are the coordinates of any

point on the axis . This plane is vertical
and includes the axis .

d) cone ¢¥ =0, or z(rz—zx) + y(y 2 —
= Tere uf —
—zy) =0, where u,’ = 0.
This one is an elliptical cone; its opposite
rulings are the axes z, and . The cone axis
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lies in the plane zz and bisects the angle
made by z and =z.

The projection of the cone on a horizon-
tal plane is a circle the diameter of which
connects the epicentre with the axis z.

The cone projection on a Wolf stereo-
graphic projection is an oval passing through
the projection of the axis 2 (the centre) and
the projection of the axis z; a family of
such ovals for various inclinations of the
axis z is given in fig 3; the line of symmetry
in fig. 3 coincides with uf =

sed simultaneously.

The line uf = 0 can be obtained on the
Wolf stereographic projection, when the
axis « is known, hy rotating the tracing
paper with the axis x on it about the
centre of fig. 3 so that the axis z should
coincide with the line of symmetry; then
the oval in fig. 3 passing through the axis
x will represent the line u} = 0.

Interpretation requires the knowledge of
the theoretical position of the nodal lines
on a Wolf stereographic projection. They
are given in fig. 4. £ — 0 and y = 0 are
the projections of two perpendicular planes.

u'l = 0 is a straight line passing through
the centre and the axis z (the pole of the
line £ =0). =0 is one of the ovals
from fig. 3.

The distribution of the signs of u,, up s %
in different regions between the nodal lines
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is also of great importance. All possible
combinations of signs (top to bottom: w,
u, yu,) are shown in fig. 4. All the signs
certainly can be simultaneously reversed.
The nodal lines are unambiguously related
to the main parameters of dislocation in a
focus: ¥ = 0 determines the fault plane;
axis # (a point on this plane) — the motion
direction.

Fig. 5 shows the nodal lines and the
correlation of signs for some other sources.
For details see [Keylis-Borok et al., 1957].

3. Amplitude ratios (*)

From [1]-[6] follows that

R YPs T G
ut g° Yo, — xff;
(7]
e 7
(8]
way + YB. + 2y,
. _8In% cost
(xa, + ypB:) cos?i — zy, sin®s
o g¥ (e, + yB.) cos*i — 2y, sin?i
“H H .
Up [ (¥ay — rf,) cost

[9]

(*) This point may be omitted if as usually
we use only the displacement signs.
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Formulas [1]-[3] give k = Za : however,

in practice it may be considerably less due
to the fact, that the source is not a point,
and the medium is not ideally elastic.
Let
Ua ]H <k Uqa

k =1 St =
H P
ub ub

P .

Then [7]-[9] can be easily written down
as follows:

AHa,, + Byﬂx—}- nyx =0 [7&]
APax + Bpﬂx + CP?’: =0 [8a]
Alax + Bfﬂx + Cf Ve = 0 [9&]

The formulas for A, B, C are given in
table 1. These formulas are also true for
the sources (b), (¢), (a), (f) (fig. 5).
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if the medium were homogeneous. Then
applying the elastic wave theory for a
homogeneous medium we determine the
source equivalent to the focus.

The interpretation includes the following
steps:

1. The determination of the initial
observations (ground displacement compo-
nents).

2. The reduction of observations to a
homogeneous medium.

a) the eliminating of the effect of
interfaces and of the deflection of a ray
from a straight line.

b) the plotting of the initial ob-
servations on a Wolf stereographic pro-
jection (see Supplement).

Table 1
i A; B; C;
H z — ¥ y cosec 1, ¥+ 17z cosec iy z
P z (1 — PP ctg i) y (1 — &F etg iy) z (1 + 2P tg iy)
f z cos i, —yf y cosiy+xf — 2z sin i, tg i,
x, ¥, ¢ can be substitutec. as follows:
x = sinag -sin4, ; Yy = cosa-sind, ; 2 = COSiy
§ 2. — GENERAL PATTERN OF THE INTER- 3. The determination of the dynamic

PRETATION OF OBSERVATIONS.

The initial data for interpretation are
the signs of the arrivals of longitudinal
and transverse seismic waves. The worked
out theory permits to use amplitude ratios
as well (without any additional computat-
ions, with the help of special nomograph —
figs. 13), however in fact it is often consi-
derably less reliable.

The interpretation of observations first
implies the determination of the initial data

parameters of a focus (fault plane so-

lution).

a) The drawing of nodal lines basing
upon the signs of displacements and their
correlation in each point, the amplitude
ratio being taken into account whenever
possible.

b) The estimation of the accuracy
of interpretation.

Now we shall describe all the successive
steps.
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Fig. 5 - The nodal lines for various sources. All signs can be reversed
simultaneously.
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e

Fig. 5 (continuation)
The nodal lines for
various sources. All
signs can bereversed
simultaneously.

e) the superposition of a) and b)

f) the double dipole with moment

g) two dipoles with moment.

§ 3. — THE DETERMINATION OF INITIAL
OBSERVATIONS.

1. Measurements on seismograms.

The signs and amplitudes of the first
arrivals in all body and diffracted (head)
seismic waves (the paths of which are
known) can serve as initial data (in any
combination).

Let P, and P, be vertical and horizontal
components of the ground displacement
(for the case of an incident longitudinal
wave); Sy, S, — horizontal components on
the ground displacement in SH and SV
waves (for the case of an incident transverse
wave); S, is the vertical component of the
ground displacement (for an incident trans-
verse wave); S. and S, are the components
of the SV wave.

For the disturbance of the earth surface
caused by the arrival of a longitudinal
wave (P, SP, etc.) only one component is
independent-either vertical or horizontal.

For the displacement caused by a trans-
verse wave two independent components
can be measured: Sy and S, or S..

If the data are not too numerous, it
happens to be useful to determine the
signs and to measure the amplitudes for
all the interpreted phases on all available
records. Not all the measurements can
give independent initial data; but the
rest can be used for the control and
recognition of anomalies in azimuths and
angles of emergence (these anomalies can
indicate the necessity of accounting for
the corresponding inhomogeneity of the
medium).
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2. The determination of ground displacements.

Using the date of trace amplitudes we
determine the corresponding ground dis-
placements applying the usual methods. It
would be sufficient to measure them in any
assumed units (not necessarily absolute).

N

Fig. 6 — The determination of the sig:

NS and EW are known.

It should be noted now which of the
observations of ground displacements will
be necessary for the determination of the
signs of w,, uf, ul.

For the determination of the signs of
u, it is sufficient to known only the sign
of P, or P,.

The determination of the signs of «# and
u; require the knowledge of the direction

of the total horizontal ground displacement
(it should be resolved into S, and Sy) and
thus, — the values of the NS and EW
components. When only the signs of these
components being known, the sign of one of
the components Sy or S, can be determin-
ed (fig. 6).

Finally, the sign of §, unambiguously

determines the sign of «[, provided the

angle of incidence to the earth surface is
less than critical.

As a result of this part of interpretation
a table should be made for all the found
signs and amplitudes of P, P, Sy, S,, S,
in various waves,
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§ 4. — REDUCTION OF OBSERVATIONS TO A
HOMOGENEOUS MEDIUM.

1. General statements.
A gsemi-tangent to the rav in a hypo-

centre will be called a straightened ray

\,\\

of 8, or Sy when only the signs of

S'=

N

N\

-

/
s/

O cnicenize

(fig. 7). A wave that would be observed
from the same focus if the medium were
homogeneous and ideally elastic will be
called a primary wave.

Using the observed ground displacements
(they can be P,, P, Sy, S, S, we shall
try to find such signs (and maybe ratios) of
Ua, u}, uf' in the primary wave that would
be observed on the straightened rays at great
distance from the source. The data sought
for are constant along a straightened ray
beginning with sufficiently great distance;
this permits to ascribe them to conventional
points of observations — the stereographic
projection of the straightened rays.

The same idea lies in the method of
Byerly except that he talies another pro-
jection and does not consider transverse
waves,

2. Use of observations.

If the nature of the wave does not change
along its path then u, is determined by P.
or P, u; — by Sy, and uf — by S, or §S..
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The observations of the waves that
change their nature along their paths may
characterize only %, or %, as the SH wave

can not change its nature (*). (For example
the observations of sP and pS may cha-
racterize only »! and u, respectively).

It is worth-while to use the observations in
any point, where one of the signs of u,,
and uf may be determined.

a) near stations

OF EARTHQUAKE MECHANIS)M, ETC.
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culations show that the inhomogeneity and
refraction at the inner boundaries in a
number of cases have no effect on the signs
and have sufficiently low effect on the ratios
of displacements [Keylis-Borok et al., 1957].

; H P
a) The signs of u,, uf, and uf.

The signs (direction) of the arrivals can
change at the boundaries, which the ray
traverses. Practically it happens generally

Fig. 7 - Conventional and real points of observation.
(B — conventional, A —-real) OB straightened rays.

The ratio of the values of these compo-
nents will be used only in the case when
they are determined for the waves of the
same path recorded at one station (for
example, P and 8, PP and S8, etc.) and
consequently correspond to sufficiently close
conventional points (theoretically it is pos-
sible to use the displacement ratio in dif-
ferent points; however, it is more compli-
cated and, as experience shows, conside-
rably less reliable).

3. Determination of signs and displacement
ratio in the primary wave.

One should eliminate the effect of the
inhomogeneity of the medium so that to
determine the displacements in a primary
wave.

In practice one can eliminate the effect
of only known boundaries, and the curva-
ture of the ray. However, the experience
in interpretation and the theoretical cal-

(*) An exception is the case of non-parallel
boundaries when it is necessary to resolve a
transverse wave into SH and 87T for each
plane of incidence anew; in this case the surface
displacements S, and Sg will be linear functions

of uj' and ul.

in case of reflection or in case of such waves
that change their nature along their paths.
In addition, the curvature of the ray causes
a change of the sign of the ST arrival in
transverse waves emerging downward from
the focus (fig. 8).

Table 2 can be utilized to determine the
signs of u,, w? taking into consideration

SV due to the curvature of the ray.

the signs of the observed displacements.
The table is compiled taking into account
the surface of Earth, the curvature of the
rays and the two boundaries of the crust
of primary importance.

The effect of any other boundary will be
introduced into this if we take into account
the signs of the corresponding coefficients
given in the theory of plane waves.
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Table 2

The occurrence of like and unlike signs
in the primary wave displacements and the
earth surface displacements.

“ + 7 indicates that the signs are the same,
¢ — that the signs are different. I'or trans-
verse waves the sign corresponds to the hori-
zontal S, component of ground displacements.

In a primary wave u, or u: can be determined
when the first letter in the wave index is P
or S respectively. u:{ has the same sign as Sy.

indew  Sign i Sign| GO0 Sige
P + PPz sS8S +
P + | 8P 888 —
pP — | 8SP — Se8 +
PP — |8 + 88x —
pPP + 8 + | 88 +
PPP +  S(**) — pS —
PcP + 88 — P8 —
pP+ - 88 +
(*) The ray moves upward from the
focus.
(**) The ray moves downward from
the focus.

Besides table 2 is compiled on two as-
sumptions:

1) that the Earth surface does not
cause a change in the sign of the 8V arrival.
It is always correct only if the angle of
iucidence to the surface is less than the
critical one; otherwise one should use a
nomograph in [Malinovskaja, p. 151];

2) the sign of PP,pP changes (and
88,88 does not) after reflection at the
surface. It is correct practically for all
epicentral distances if a, (P-wave velocity
at the surface)is not more than 5.5-6 km/sec,
which generally occurs. The case of greater
a, is considered by J. H. Hodgson and R.
E. Ingram (Bull. Seism. Soc. Amer. 46,
N. 3, 1956).

b) Determination of amplitudes.

For the elimination of the effect of the
boundaries traversed by a ray it is neces-
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sary to divide the ground displacements
by plane wave reflection and refraction
coefficients. These coefficients are given in
[Keylis-Borok et al., suppl. IV].

It must be borne in mind that for the
angles of incidence greater than the critical
angle ] is the least reliable.

4. Plotting of conventional points on a Wolf
stereographic projection.

The coordinates of a conventional point:
the azimuth « of the ray (from epicentre
to the station) and the ray inclination 3,
when emerging from the focus are deter-
mined by usual geometric methods. If a
and 4, are not accurate, the region of pos-
sible positions of the conventional point is
outlined. The observations of longitudinal
and transverse waves with identical rays
(for instance, P and S, PP and 88, pP and
88 and so on) at one station may be rveferred
(in first approximation) to one conventional
point. Strictly saying, it is not absolutely
accurate. IHowever, the discrepancy of
the conventional points usually may be
neglected; but the procedure of the inter-
pretation based on signs will not change
if for greater accuracy we divide the con-
ventional points mentioned above.

a) Near stations.

a can be directly measured on a map (if
there are no azimuthal anomalies pointing
out to the presence of inclined interfaces).
1, is determined in accordance with the
seismogeological conditions of the region.

For the case of non-horizontal interfaces
a and i, may be determined by making
certain constructions on a Wolf stereo-
graphic projection. These constructions
suggested by BE. N. Bessonova are described
in [Keylis-Borok et al.] and are significant
when sharp inclined interfaces are observed
near the focus.

b) Distant stations.

At distant earthquakes the inhomoge-
neities of the earth crust have a less distor-
ting effect on the rays.

a can be determined on a Wolf stereo-
graphic projection; it should be kept in
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mind that the difference of a from the
azimuth from the station to the epicentre
is not 180° due to non-parallel meridians.

The plots for determining ¢, and 4, (angle
of incidence to the surface) for various
waves and various A& drawn on the basis
(for distant stations) of the Jeffreys-Bullen
travel-time curve are given in figs. 16a-f.
For the determination of i, one can also
use the tables of ¢ extented distances?”
compiled by J. H. Hodgson; these distan-
ces are equal to ctgi,.

¢) Joint interpretation of records when
some rays are directed downward and some
— upward from the focus.

The rays P, S, PP, PKP and so on are
directed downward and the rays pP, sS,
ete. — upward from the focus. The rays
P, 8, from near earthquakes are directed
upward, and the rays of head waves —
downward from the focus. However, all
the conventional points (for all waves)
should be plotted on one semi-sphere (bet-
ter on the upper one).

If the straightened ray does not traverse
this semi-sphere (the wave propagating
downward from the focus), the conventional
point should be taken on the extension of
the ray in the opposite direction (¢, remains
the same, to a the value of 180° is added).

The signs and ratios of u,, uf, uf in
such a conventional point will be the same
as on the straightened ray for the dipole
with moment and sources, ¢, b, g (fig. 5),
ete.; for the sources a, f, etc. the signs
considered should be reversed.

As a result of this part of interpretation
all the conventional points of observations are
plotied on a Wolf stereographic projection,
if the sign of even ome of the displacement
components for these points being found; deter-
mined signs of wu,, ul,u, are put near them
(top to bottom); the unknown signs are desi-
gnated by a wavy line ~

For the conventional points where all
the amplitudes of wu,,uf ,u¢ are known
it is necessary also to determine the ratios
ugfull , upfull.
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§ 5. — DETERMINATION OF THE DYNAMIC
PARAMETERS OF A FOCUS (FAULT PLANE
SOLUTION).

1. Drawing of modal lines.

The next and the principal problem is to
draw one of the theoretical systems of nodal
lines (figs. 4, 5) on a Wolf stereographic
projection in accordance with the observed
distribution of the signs of diplacements
(according to § 1 the nodal lines determine
the orientation of the fault plane and the
direction of motion).

At that it is necessary to take into
account the ¢ standard ”’ (possible theo-
retically) correlation of signs in each point
(figs. 4, 5).

The ways of drawing the nodal lines
can be explained best of all by examples
(here, as for any kind of interpretation, it
is difficult to make the general rules
exhausting). In figs. 9-12 four examples are
given. They are based on the experience
of practical interpretation, but greatly sim-
plified.

Fig. 9. Two nodal lines are necessary
for dividing the signs of u,, however, they
are not drawn unambiguously (fig. 9a and
fig. 9b). It can be easily seen that taking
into account the signs of «,* and u} we can
draw the nodal lines only in one way, as
is shown in fig. 9. The obtained combi-
nation of signs is consistent with that of
the ¢ standard ”’ one (fig. 4).

Fig. 10. Two nodal lines: P = 0 (i. e.
u, — 0) and y = 0 should be drawn to
divide the signs of u,; in the example
congsidered they are drawn unambiguously.
It is necessary to use the signs of »,’ and u/
so that to find out which of these lines
corresponds to the fault plane ¥y — 0; the
signs can be dibided in two ways shown in
fie. 10a and 10b. The comparison of both
variants with the ¢ standard ”’ one (fig. 4)
leads to the conclusion that such a combi-
nation of signs as obtained in fig. 10a cannot
exist in reality.

Thus, the only possible variant of inter-
pretation is that shown in fig. 9b.

Fig. 11. The signs of u, uy, and #,, can
be divided in two ways as it is shown in






THE DETERMINATIO

fig. 11a and 11b. However, after compa-
rison with the ¢ standard ” distribution
the variant of 11a should be neglected.
Fig. 12. The interpretation with the
help of signs is ambiguous: the system of
nodal lines can be drawn in two ways
(fig. 12a and 12b), both variants are con-
sistent with fig. 4. However, it is possible
to establish which of the two indicated
variants corresponds to the reality if the

projection of the axis x is determined using
the ratio of amplitudes.

Here for the upper right point we had:
M = —25; P = 7.0; f =— 0.35; and
for the lower (second to the right) k¥ = 0.25;
R = 0.5; f = + 0.5. In this case the
variant in fig. 12a¢ should be neglected (see
the next po nt).

It would be sufficient to determine only
the region, where the projection of the
axis z lies.

2. The determination of the axis x (direction
of motion) using displacement ratios.

The displacement ratios are considerably
greater effect by the inhomogeneities and
non ideallv elastic properties of the earth
than the signs; at the same time the effect
of these factors can only partly be allowed
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for in reducing the observations to a ho-
mogeneous medium.

Therefore, only the approximate direction
of the axis £ — the region of its projection
on a Wolf stereographic projection — can
be determined, and it is far from being
every case. However, it is not connected
with additional computation and often may
be useful.

Equations [7a]-[9a] § 2 can be used for

i

determining the axis x. Each equation
determines the plane, containing this axis
(only two of these equations are indepen-
dent). If u,,uf,u” are known at some

point the axis # can be found as the in-
tersections of two such planes. The graphi-
cal way (on a Wolf stereographic projection)
of determining the axis x is the most con-
venient one. The projections of the planes
mentioned above on a Wolf stereographic
projection are arcs of a great circle (they
will be called ¢ z-arcs’ further on); the
intersection of them determines the pro-
jection of the axis z. In practice the de-
termination of the axis x on a Wolf ste-
reographic projection is purely graphical,
using the nomographs given in [Malinovs-
kaja] and in fig. 13 (*).

(*) For a more complete set of nomographs
apply to the Institute of the Earth’s Physics.
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On the nomographs there are ‘ z-arcs”
for various values of »¥, h¥f,f. These
values are plotted near the * z-arcs”.

Different nomographs correspond to dif-
ferent values of i, — the inclination of a
straightened ray.

Fig. 13a -
amplitude ratio.

In order to find an * z-arc” it is neces-
sary: 1) to choose a nomograph with the
values of ¢ — 4, (if the nomograph with
the required value of i is absent the whole
construction is made for two neighbouring
values of ¢, and then interpolation is car-
ried ot); 2) to superimpose tracing paper
on the nomograph; 3) to make the centre
of the projection on the tracing paper coin-
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cide with the centre of the nomograph,
and the mark of the azimuth of the con-
ventional point of observation with the
upper end of the vertical diameter of the
nomograph (then the conventional point on
the tracing paper will coincide with the

S S

The nomographs for determining motion direction using

double circle on the nomograph); 4) to copy
the ‘“z-arcs” corresponding to the given
values of &, 1" ,f on the tracing paper.
The intersection of the ¢ z-arcs?’ gives
the projection of the axis . In practice
we do not draw the whole arcs and find
immedintely their point of intersection.
The ‘“ z-arcs ”’ constructed for three dis-
placement ratios at one station intersect
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in one point as one of these values is not
independent.

Besides, it is necessary to note the fol-
lowing properties of ‘“z-arcs’’: the ¢“z-arcs’”’
constructed for f and A¥ pass through
the point of observation and the pole of

e ————
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tion centre, no matter what is the actual
direction of the axis x (since the poles of
all the conventional points gather around
the centre).

The value of &k should be found empiri-
cally by: 1) selecting such earthquakes for

Fig. 130 — The nomographs for determining motion direction using

amplitude ratio.

this point respectively; and the  z-arcs”
constructed for 2f have the azimuth per-
pendicular to the azimuth of the station.

These properties should be taken into
account when trying to determine the axis
of z using “«-arcsg’’ for the amplitude ratios
of the same components at various stations.
For instance, i, being great, then all the
“ g-ares »’ for k¥ come closer to the projec-

which the axis z is determined only from
signs and 2) determining %k so that the
displacement ratio should give a close result.
These same values of & may be used for
studying the focii of a given region.

It proceeds from experience that & should
be taken less than (a/b)®. For the Tango
earthquake 1927, 1 < k < 3; it was esta-
blished in the process of interpretation of
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a valuable set of seismograms collected by
Dr. Hodgson, E. A. (Dominion Observatory,
(anada), and kindly sent to me by Dr.
Hodgson, J. H.

Any excess in the accepted value of /: can
be easily noticed from the displacement of

. I. KEYLIS - BOROK

system of the initial data determines the
nodal lines in such a way that they can
be transferred in certain limits which in-
dicate the possible errors.

It should be borne in mind that these
limits essentially depend on the errors of

Fig. 13¢ - The nomographs for determining motion direction using

amplitude ratio.

the axis x to the corresponding conven-
tional points.

§ 6. — ESTIMATION OF ACCURACY

The accuracy of the interpretation of
each earthquake is estimated directly in
the process of drawing the nodal lines: each

the coordinates of the conventional points
themselves (i. e. of the ray directions in the
hypocentre).

The main source of errors (especially for
near earthquakes recorded by high frequen-
cy instruments) is the unknown structure
of medium, foremost, the interfaces near
the focus.
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The complete estimation of the accuracy
requires that the interpretation should be
conducted for the extreme possible positions
of the conventional points.

For the interpretation on a large scale it
is necessary to investigate throughly the
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SUPPLEMENT. PRINCIPAL CONSTRUCTIONS
ON A WOLF STEREOGRAPHIC PROJECTION.

Fig. 14a represents a Wolf stereographic
projection which is a stereographic projec-
tion of a semi-sphere on a plane. The

V. 1. KEYLIS - BOROK

tion of the sphere by planes perpendicular
to NS). These lines should not taken for
geographical meridians and parallels since
the centre of the sphere coincides with the
hypocentre.

The angle 8 is counted off along the

T

T
i

<_.:F

|

S

Tig. 14a — Wolf stereographic projection.

scheme of the semi-sphere being projected
is shown in fig. 14b. The centre of the
projection with four points around it cor-
responds to the vertical axis 00. The cir-
cumference bounding the projection cor-
responds to the circle upon which the
semi-sphere is supported to stand.

Let the ends of the diameter NS (fig. 14b)
be the poles of the sphere; draw two systems
of lines on the sphere: meridians (sections of
the sphere by planes forming different an-
gles with the axis 00) and parallels (sec-

horizontal diameter from the centre to a
given meridian. The angle y for each pa-
rallel is counted off along anyone of ‘the
meridians (each unit is equal to 2° in
fig. 14a).

The straight line and the plane passing
through the centre of the sphere are repre-
sented on the Wolf stereographic projection
respectively by a point and by such an are
which after being rotated coincides with
one of the meridians. The pole of the
plane means the projection of its normal.
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The pole of the line is the projection of
its normal lying in one vertical plane with
tihs line.

All constructions on a Wolf projection
can be most conveniently fulfilled on a
tracing paper being superimposed on the
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o« of the horizontal projection) is given.
Find the projection of this line (i. e. the
point having the coordinates «, ;).

On the outer circle (the bound of the
stereographic projection) count off the angle
a clockwise and make a mark.

Fig. 145 — Meridians and parallels traced on a Wolf stereographic projection.

stereographic projection. Before rotating
the tracing paper about the centre of the
Wolf stereographic projection it is necessa-
ry to mark on it the position of the centre
and the end of the vertical diameter of
the stereographic projection. When making
constructions we shall consider that the
direction upward (z axis) is projected in the
centre of the stereographic projection, the
axis N being directed to the North (y) the
axis ¥ to the East (r).

Consider now the principal constructions
on a Wolf projection.

The planes and the straight lines con-
sidered below pass through the centre of
the sphere.

1. The direction of a straight line (the
inclination i, to the vertical, the azimuth

By rotating the tracing paper make this
mark coincide with one of the diameters
(it makes no difference either horizontal
or vertical).

Count off the angle ¢, along the diameter
from the centre of the stereographic projec-
tion to the direction of the mark.

Now the point being fourid has the coor-
dmates a, i.

2. The azimuth A of the dipping and the
dip e of a plane are given. Find the projec-
tion of the plane.

Make a mark for the azimuth A4 on the
bound of the stereographic projection. Ro-
tating the tracing paper make this mark
coincide with the horizontal diameter.
Count off the dip along the same horizontal
diameter from the stereographic projection
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REPRESENTATION 1 SEISMIC FAULTS BN SUHEMES
OF MISLOCATIONS IN THE ORIGINS OF EARTHQUAKES

o *ne fault piane
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S
N
~—————— Azimuth of the horizontal prejection
of motian direction | *aly the directien e =12*ion is
~Plunge of motlon direetion " determinea
300

Focus depth 'amt

Fig. 15 - The representation of the found fault plane solutions on maps.
The heavy line corresponds to that side of fault which moves upward.
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bound which is opposite to the mark of
the azimuth.

Now the meridian passing trhough the
found point is the plane being sought for
(the coordinates of this point, as is evident,
are 180 + 4, 90 —e).

3. Two points on a Wolf stereographic
projection are given (i. e. projections of
the straight lines passing through the center
of the sphere). Find the projection of the
plane containing both lines.

Rotate the tracing paper with the two
points plotted on it about the centre of
the projection until they fall on one of
the meridians; draw this meridian on the
tracing paper, and it will be the projection
being sought for.

4. The projection of a plane is given.
Find its pole. Rotate the tracing paper
until the projection of the plane coincides
with one of the meridians. Then count off

=700 km n=180km
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h = the depth of the source is shown near
each curve.

Figs. 16 a-f — The values of i, and i, for
various waves.

The symbols of waves are drawn in each
figure.
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90° along the horizontal diameter from the
plane to the direction of the centre. Now
the found point is the pole.

5. The pole of a plane is given. [Find the
projection of the plane (the equator of
the given pole).

—
L

S

Make the pole fall on the horizontale
diameter and count off 90° along it to the
direction of the centre. Draw the meridian
through the found point; then this meridian
is the equator bring sought for.

6. Two points — the projections of
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straight lines — are given. Measure the
angle made by them.

Rotating the tracing paper make both
points fall on one of the meridians; now
the angle sought for is counted off along

this meridian.

-

2=670kn

9 & 4w 60 & w4’

lﬁ =757

~

7. The projections of a plane and a
straight line are given. Find the angle
made by them.

Make the projection of the plane coincide
with one of the meridians; now the angle
sought for is counted off along the parallel
passing through the given point.



128 V. 1.

ABSTRACT

The interpretational aspect of determining
fault plane solution for earthqualke sources with
the use of both longtitudinal and transverse
waves of various types is described. The
first arrival direction of P, 8V, SH and
the ratios of their amplitudes can be employed.
The use of the arrival directions P, SV and
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SH (and especially their combination at each
point) sharply lessens the quantity of obser-
vations required and makes results unam-
biquous.

The properties of wvarious sources (the
dipole with moment in most detail) are con-
sidered.

Wolf stereographic projection discribed in
Supplement is used for the interpretation.





