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COMPUTER RE-EVALUATION OF EARTHQUAKE
MECHANISM SOLUTIONS

A.J. WickeNns AnND J. H. HopGson

ABsTRAacT: A program has been written which determines the best positions of the P-nodal planes and B axis for
any set of observations and defines the variations possible in these positions. In the best and in the extreme positions
a number of parameters are calculated: (1) with Model I assumed, and each plane taken in turn as the fault, the
strike and dip components are computed; (2) with Mode] II assumed, the orientation of the pressure and tension
axes is calculated.

This program has been applied to the data on 618 earthquakes; these include all earthquakes for which solutions
have previously been published anywhere in the world and for which the data are available, together with a large
number of European earthquakes for which data have been collected through the European Seismological Commis-
sion’s Working Group on Earthquake Mechanism (Dr. A. R. Ritsema, chairman). Where more than one author
has considered an earthquake, the data of each are treated separately and are then combined to produce a final
solution. The entire print-out is included in the paper.

Of the 618 earthquakes, 70 provide unique solutions in which none of the parameters vary by more than 10
degrees. For these the paper provides a listing of the observations on which the solution is based, together with
the constants of the observing stations, the theoretical amplitude and polarity for each of these stations reduced
to the focal sphere, and a plot of the data and solution on a Byerly projection.

Reésumg: Un programme a été élaboré en vue de déterminer les meilleures positions des plans P nodaux et de V'axe
des B pour tout jeu d’observations, et définir les variations possibles de ces positions. On a calculé un certain nombre
de parametres pour les positions extrémes: 1) en prenant le modeéle n° 1 et en examinant tour & tour chaque plan,
on calcule les composantes de faille, de direction et de pendage; 2) en prenant le modéle n° 2, on calcule I'orientation
des axes de pression et de tension.

Ce programme a été appliqué aux données établies sur 618 tremblements de terre. On y retrouve tous ceux pour
lesquels des solutions ont déja été publiées quelque part dans le monde et dont les données sont connues y compris
celles d’un grand nombre de séismes européens recueillies par 'entremise du Groupe de travail de la Commission
séismologique européenne sur le mécanisme des tremblements de terre (président, M. A. R. Ritsema). Lorsque
plusieurs auteurs se sont occupés d’'un méme séisme, les données de chaque auteur sont traitées séparément puis
réunies pour en tirer une conclusion définitive. Toutes les publications parues & ce jour sont comprises dans cette
étude.

Des 618 séismes, 70 fournissent une solution unique dans laquelle aucun des paramétres ne varie de plus de
10 degrés. Pour ce groupe, I'étude comporte une liste des observations sur lesquelles la solution a été fondée, y compris
les constantes observées aux stations séismiques, 'amplitude et la polarité théoriques de chacune des stations réduites
4 sa sphere focale, une abaque des données et la solution d’aprés la projection Byerly.
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COMPUTER RE-EVALUATION OF EARTHQUAKE MECHANISM SOLUTIONS, 1922-1962 1

INTRODUCTION

From the earliest days of seismology, it has been known that earthquakes produce initial compressions
at some stations and initial dilatations at others, and there have been strong reasons to believe that compressions
could be separated from dilatations by a pair of orthogonal planes in the focus. According to one school of thought,
these planes represented the fault and the ‘“‘auxiliary’” plane; according to another school, the bisectors of the
angles between the planes represent the directions of maximum and minimum pressure. The question can be
avoided by using the term ‘“nodal planes,” since this implies only that there is a change of sign when the planes
are passed through and attaches no physical significance to them.

The determination of nodal planes has been vigorously pursued by a number of institutions and individuals
beginning with Byerly and his students and including seismologists particularly from the United States, Holland,
Japan, Canada and the U.S.S.R. From the beginning there was poor agreement among the results of the several
groups, . although in the initial stages of the work each group thought that patterns could be observed within
their own results. For example, it was sometimes claimed there was uniformity in the direction of maximum
pressure, or that some invariant of the solutions showed a relation to geological conditions. As more and more
results became available, they showed an increasing lack of uniformity even within a single group. When the
results of all investigators are brought into a single catalogue, as they have been, for example, by Schiffner
(1959, 1962), they become chaotic.

Two reasons can be suggested for this. The first is lack of objectivity in the solutions. Each solution simply
represents the best fit that the particular investigator was able to find for the available data: not all workers are
equally thorough in the collection of data or equally skillful in determining the best position of the nodal planes.
Secondly, the position of the nodal planes is often not well defined. Perhaps one plane is closely limited by the
data and the other less so. Most investigators will draw the poorly defined plane in a mean position and state
that it is not definitely fixed; but when the solution is taken up and listed in a catalogue, these remarks on the
limitations of the solution get left behind. Elsewhere (Hodgson and Stevens, 1964), the case has been put as
follows: “It would be desirable to review all published solutions, to find some way of expressing their reliability
and the closeness of their fit to the published position, and to treat all of them in the same objective way. No one
has had the energy to undertake this formidable task, but it is increasingly obvious that no progress is going
to be made until it has been done.”

Clearly, the only way in which such a large body of data can be uniformly handled within a reasonable time
is through a computer. This paper will describe a program that has been designed to analyze the data by
computer and is now in operation. The program makes use of an analysis provided by Knopoff (1961) and adopts
several ideas first presented by Kasahara (1963). An earlier, somewhat simpler, program was described in a paper
read to the Berkeley meetings of the International Association of Seismology and Physics of the Earth’s Interior.

THEORY

Description of the Method

1t will be helpful to give an outline of the method without details so that the reader may understand the
principles involved.

Imagine the focus of the earthquake surrounded by a small sphere—the ““focal sphere”’—with the observing
stations projected on this sphere according to Byerly’s method. Some of the projected points will carry a plus
sign, others a minus sign, according as they recorded an initial compression or dilatation. Now imagine a pair
of orthogonal planes in the focus to assume a sequence of positions, systematically swinging completely through
the solid angle in the focus. In any position we might form the algebraic sum of the plus and minus observations
in opposite quadrants; the position that gave the maximum positive sum in one pair of quadrants and the maxi-
mum negative sum in the other might be regarded as the optimum position of the planes.

Unfortunately, a somewhat more complicated system of scoring is necessary. In the first place, all stations
are not equally reliable, and they must be weighted to express this. In the second place, a station close to a nodal
line cannot be expected to get as reliable an observation as one remote from the line; at the extreme, a position on
the nodal line should have zero amplitude. The stations must thus be additionally weighted according to the
theoretical radiation pattern. Finally, with these variable weights, statistical considerations must bear on the
“best’’ position of the planes. The ““score’ in any position is thus rather more complicated than the simple algebraic
sum, but it should define one or more optimum positions of the nodal planes.
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At the time of the Berkeley meetings of the I.U.G.G., a small, informal conference was held among a number
of interested workers to discuss how the precision of definition of a nodal plane might be expressed. It was agreed
that, since even the best stations produce inconsistent observations about one time in ten, it was unrealistic
to allow a single observation to define the position of a plane. It was agreed that a plane might be allowed to
swing first in one direction and then in the other, until in each case it had made two additional stations wrong.
Having determined the optimum positions of the nodal planes, we must then carry out this search to define
their possible excursions.

In what follows, we must discuss:

the geometry of the problem, including the geometry of the searching planes;

the weighting of the observations in accordance with the radiation pattern;

the weighting of the observations in accordance with station reliability;

the operation of the program to select the nodal planes; and

the operation of the program to define the possible variations of the nodal planes.

The Geometry of the Problem

Take a fixed Cartesian reference frame X, ¥, Z in the focus O, oriented as shown in Figure 1 with the X and Y
axes south and east respectively. Let the nodal planes be defined by their normals A and C; their intersection,
the so-called “null” direction, is given by B. The positions of the triad A, B, C, relative to X, Y, Z, are given
by the angles Az, H and R as shown in the figure.

/  AZ

FIGURE 1, Fixed reference frame X, Y, Z and moving triad A, B, C.
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The direction cosines of each of the vectors 4, B, C are given by the first, second and third rows respectively
of the following matrix:

( — sin H cos Az cos B + sin Az sin R ) ( — sin H sin Az cos B — cos Az sin R) (cos H cos R)
(cos H cos Az) (cos H sin Az) (sin H)
( — sin H cos Az sin B — sin Az cos B ) ( — sin H sin Az sin R + cos Az cos R) (sin R cos H)

The position of an observation point P on the focal sphere is given by the direction cosines in the row vector
( — sin 7 cos Z) (sin 7 sin Z) (— cos 1)

where Z is the azimuth from the epicentre to the observing station and ¢ is the emergent angle obtained from
tables of extended distances measured upward from the downward vertical at 0. Z is measured from the north,

positive to the east, negative to the west.

The Theoretical Radiation Pattern

The theoretical radiation pattern has been determined by Homma (1941). With his results adapted to the
present notation, the theoretical radiation, which corresponds to any orientation A, C of the nodal planes, may
be represented at the it station by

—_ = A

$p = (P;.A) (P;.C).

B

A

/\/;\
C

FIGURE 2. Theoretical radiation for o compressional quadrant.
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We observe that, since all the vectors are unit and pass through 0, the theoretical normalized amplitude is 0
on the planes A4 and C and increases to a maximum of 0.5 at a point P midway between the nodal planes, such that

P.B = 0.
This variation has been indicated in Figure 2 for a single quadrant.

Knopoff (1961) discussed the problem of “best fit’’ to a set of nodal planes. He assumed that the probability
of a station reporting a correct observation could be given by

3 { 1 + erf ¢P:/lNi| sgn ¢p, sgn R, ‘}

where erf (X) is the error function with argument X and where, at the point P;,

©p; is the theoretical signal and sgn ¢p, its polarity,
sgn R; is the observed signal polarity
|N;| is the noise level.

He then went on to show that the solution giving the best fit is that obtained by maximizing the function

® = Zlog}l+ erf(ep:/ |Ni|) sgn ¢p; sgn R).

iml

Knopoff started with a frial solution that permitted him to maximize ® numerically. In our case, we are
searching for trial solutions throughout the entire solid angle in the focus, and it would be too time-consuming
to maximize the function for each one of these trial solutions, the vast majority of which will be discarded. If the
process of maximization would locate solutions remote from the trial position, we might reduce the number of
trial positions and so justify the procedure. Kasahara’s (1963) experience, however, shows that this does not ocecur.

We have instead based a system of weighting on Knopoff’s expression, taking as our weight function
Wp: = §erf op/ | N; |.

In the process of his maximization, Knopoff determined | N; | for each station. We have had to assume some
constant value for it and have arbitrarily given ¢p; /| N; | a maximum of 2.4 at a point 45 degrees from the nodal
lines. Since we are going to apply this value of the signal-to-noise ratio to all stations for all earthquakes under
all conditions, the assumption seems reasonable.

A good approximation of the value was ohtained by the relation
Wl"i = lz‘Pl’i (1 = I‘Pl'il)l

and was used to avoid tabulation of the error function. The plot of Figure 3 shows the variation for both functions.
Note that the signal-to-noise ratio is unity at about 18.5 degrees.

This weighting function was used on an experimental basis for numerous solutions. It was found that “tight”
solutions were not obtained even when the data suggested that they existed. Some weight had to be given to
stations near the line if the difficulty was to be overcome; experience over many years suggested that the assign-
ment of such weight was justified. The weighting function was therefore modified to:

We =[2¢p (1 — | @p | ) + ksgn opi].

Tests based on a representative series of 20 earthquakes with values of k ranging from 0.0 to 0.5 suggested that
the value &k = 0.3 gave the best results. This was adopted as standard, and the weighting function became

Wei = |2¢pi (1 — | @p:|) + 0.3 sgn ¢op].
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Weighting for Station Reliability
Kasahara (1963) suggested the use of a weighted, running average with the formula

6 6
0,;i=2(6—pN';»/2Z(6 —p)Ni iy
p=1 p=1
where N ;; and N'; ; denote, respectively, the total number of readings and the number of proper readings at the
i*h station in the j** year and o represents the probability that a station will be correct; to translate this proba-
bility into a weight, Kasahara proposed the scheme that follows.

Predicted Probability Weight
o >0.95 5
0.95 >0 >0.85 4
0.85>0 >0.75 3
0.75 >0 > 0.65 2
0.65 >0 >0.55 1
0.556 >0 >0.0 0
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This system of weighting was used in the early tests of the program, but experience showed that the few
stations of weight 5 were overweighting other stations and distorting the solutions. We now use weight 1 to
express the weights 0 and 1 of Kasahara but weight 100 for all other values. This means that stations of proven
lack of reliability do not affect the solution; by carrying them along, however, it will be possible to detect any
improvement in the station operation.

Selection of the Nodal Planes

In the first stage of the program, the planes of the A, B, C system are allowed to assume a sequence of
positions. This is accomplished by giving finite increments AAz to Az, AH to H and AR to R (in practice AAz is
10 degrees and Az ranges through 360 degrees, AH is 10 degrees and H ranges through 90 degrees, and AR is
6 degrees with a range for R of 90 degrees; the result is a total of 4,860 trial positions of the grid). At each of
these trial positions, the following function is evaluated:

ZWesgnop;sgnR; + D |
SCORe = ¢
! We | |

The term Wp, sgn ¢p, sgn R, will be positive if the theoretical and observed polarities agree, negative otherwise.
Because of ambiguity in determining which plane is the fault, 2 maximum negative score is equivalent to a max-
imum positive one. We therefore reduce the number of search positions by determining the ‘‘score’ for absolute
values.

The term D was not present in the original formula for the score, and it was found that maxima were
frequently being overlooked. D is based on the sign changes that take place in the term sgn ¢p; sgn R; between
adjacent trial positions of the nodal planes. For example, if between the k** and (¢ + 1)** positions we have ten
observed dilatations and three observed compressions, it is possible that the score might be improved to the
extent of three fewer wrong observations in some intermediate position of the trial planes. We therefore increase
the score by an amount 3+ 0.3 X 3 = 0.9 where the 4+ or — is used in the sense of increasing the (¢ + 1)** score.
In general

D =03 { Min(¥, P)

where N and P are the number of negative and positive observations between the nodal lines for the k** and
(k + 1)* trial positions of the planes. The factor 0.3, the minimum value for the weight function, is selected
since the stations in question are, by hypothesis, close to the nodal line. The test grid is exploring quite different
regions in each quadrant. D is computed separately for each of these regions, and the final D is the sum of the
four individual ones.

From the large number of initial trial positions (4,860 in current practice), a very much smaller number
(at present 16) having the largest scores are retained for refinement. Each of these in turn is regarded as the
‘“‘centroid of a parallelepiped” (the term is loosely used since we are not working in rectangular coordinates)
whose dimensions are equal to twice the trial grid spacing. The score at the centroid is compared with that at
each corner of the parallelepiped, but for this process the sensing factor D is treated separately. The steps in
the analysis are as follows:

(a) The score is evaluated for the centroid and for each corner of the parallelepiped (nine values); D
is evaluated between the centroid and each corner (eight values);

(b) If the central score is equal to or greater than the largest corner score, reduce the parallelepiped
by one half and repeat step (a);

(c) If the central score is less than the largest corner score and the factor D for this pair is the largest
of the D’s, take the largest corner as a new centroid and repeat starting at (a);

(d) If the centroid score is less than the largest corner score whereas the factor D for the pair is not
the largest of the D’s, take the mean of the largest corner and the corner associated with the largest
D as the new centroid and repeat starting at (a).
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It may happen that the foregoing procedure will involve us in a logical trap. For example, if the region of
minimum is very flat, the two positions mentioned under step (d) may belong to diagonally opposite points of
the parallelepiped. In this case the original centroid would be re-selected repeatedly. To avoid this and other
traps, a maximum of 10 returns to step (a) is allowed with any one size of the parallelepiped. If 10 returns do
occur, that centroid is retained with a reduced parallelepiped before going to (a).

The maximum for a selected trial position is considered attained when the parallelepiped has been reduced
to less than 1/10 degree. The computer now has stored within it the refined values of each of the 16 best solutions.
The next problem is to determine how closely the planes are defined.

Reliability of the Nodal Planes

As mentioned earlier, it was agreed at the informal meeting in Berkeley that each of the nodal planes should
be varied, in one direction and then in the other, until two additional stations had been made wrong. The concept
involved is not very definite because the plane might be moved in strike or in dip or in some combination. Instead,
therefore, we rotate around each of the 4, B and C axes in turn in both senses until two additional observations
are made inconsistent. The following are the necessary matrices for rotation about the A, B and C axes
respectively.

Rotation about A axis by +a«

A,
( Bycosa — C;sin a )
( Bysin @ — C,cos a )

Rotation about B axis by + 8

(Ajcos 8 — Cysin 8)
B,
(A;sin B+ Cicos )

Rotation about C axis by + «

( Arcosy — B;sin v )
( Aisin ¥ + Bycosy )

A,
( Bycos @ — Cy8in a )
( Bysin @ + Cycos @ )

( dscos B — Cpsin B)
B,
( Assin B + Cacos B8 )

(Azcosy — Bysin vy )
( Assiny + Bscosy )

4;
( Bscos a — Cssin a )
( Bssin a 4 Cscos a )

(A43cos 8 — C38in B)
B;
(Assin B + Cscos B )

( Ascosy — B;sin vy )
( Assin y 4+ Bscosy )

C: C. Cs

Ritsema (1964) has suggested an alternative method of expressing the definition of a solution. He would
allow the same rotations about each of the three axes 4, B and C’; but instead of expressing the possible variation
in terms of the strike and dip of the planes, he would give the solid angle and the eccentricity of an equivalent
right-circular cone on each axis.

The information necessary to compute Ritsema’s cones has already been calculated in the previous operation.
Where a; and a, are the lower and upper limits of rotation about the A axis, ete., we have:

Topangle A. = v/ (Y1 + 72) (B1 + B2) and

Y+ Y~ 81 — B
Max (Vi + Y281+ B2) |

eccentricity €, =

Similar formule apply for the B and C axes.

THE PROGRAM AND THE PRINT-OUT

The listing of the program is given in the appendix. In the form there given, the input data consist of the
station name, its azimuth and distance from the epicentre, the phase considered (P, PKP, or PKP,) with its
observed polarity, and the focal depth of the earthquake. Tables of angles of emergence have already been stored
in the computer. Any tables may be used; we have based ours on the extended-distance tables published by this
observatory. The program runs without interruption and finally prints out the solution of the refined 16 that
gives the best score and, of those solutions that differ from it, the one that has the least number of errors.
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Some refinements are made in this final solution. The first is a final adjustment of the solution with all the
inconsistent observations discarded. This procedure was suggested to us by Ritsema for the following reasons:
that the nodal planes had adjusted to a certain position in spite of, but under the influence of, the negative con-
tribution of the inconsistent stations; that in accepting this position we declare the inconsistent stations
wrong; that they should therefore not be allowed to bias the position of the planes. (We should either reverse
polarity of these stations or ignore them, and we have taken the latter course.)

The limits of this final solution are then explored by rotation in turn about the 4, C and B axes. In each
case, we make some additional calculations. Assuming a fault model (Honda’s Model I), we take planes 4 and
C in turn to be the fault and compute the strike and dip components and the sense of displacement. Assuming
a collapse model (Honda’s Model II), we compute the azimuth and plunge of the pressure and tension axes.
This is done for the updated solution, for the solution with inconsistent observations discarded, and for each
of the extreme positions obtained by rotation about the axes. Finally we print out a table giving the distance,
azimuth and observed polarity at each recording station, the direction cosines of each in the X, Y, Z system,
and the theoretical amplitude that this station should have recorded on the unit sphere. This table is followed
by a machine plot of the data in the Byerly projection.

We have not followed the program exactly as given in the listing. The principal difference is that we have
interrupted it part way through to print out all 16 of the refined solutions. These were subjected to visual
inspection to select those that represented different solutions with about the same number of errors. These
solutions were fed back into the computer for the final operations and print out. Experience with a large number
of solutions suggests that printing out only the solutions with the best score and with the least number of errors
is adequate for routine work.

TABULATION OF RESULTS

We have applied the foregoing program to all the earthquakes for which we could obtain first-motion data,
a total of 618, covering the period 1922-62. The results are given in Table I. The data came for the most part
from published papers or from theses available in University libraries. Additional data were supplied by a working
group set up, under the chairmanship of Dr. A. R. Ritsema, by the European Seismological Commission. This
committee, which is interested primarily in the mechanism of European earthquakes, supplied data for numerous
studies already published as well as for other earthquakes that have not previously been treated.

The results are listed in two tables. Table I gives the nodal-plane solutions and their possible variations,
and Table II lists the observing stations and their theoretical amplitudes for the earthquakes that yielded unique,
well-defined solutions. Table 11 has been thus limited, since the theoretical radiation pattern would be meaningless
where there are many possible solutions or where wide variation is possible in the position of the planes.

The earthquakes are listed in Table I in chronological order, and they have been numbered for ease of
reference. In each case, the first line gives all available data on the epicentre, and this is followed by all references
known to us bearing on the mechanism of the earthquake. In some instances, the date of the earthquake is pre-
ceded by an asterisk. We have mentioned the matter of station weight. The weight to be applied in any year
is based on the performance of the particular station over the past five years. To compute weights, we had to
treat the earthquakes in chronological order. When data were received for an earthquake after its year had
contributed to the weights for the next, we could not recompute weights. Such earthquakes have been indicated
by an asterisk immediately preceding the date. No attempt was made to assign weights until 1950, and those
assigned for that year were based on the results for 1945-49 inclusive; earthquakes that occurred earlier than
1945, therefore, all bear an asterisk.

The complications of the table may be made clear by reference to a specific example. Earthquake No. 327
will be a good one. We note first, through the absence of an asterisk preceding the date, that this earthquake
did contribute to the weights for subsequent years. We note further that three authors—Hodgson, Stauder and
Stevens—have discussed the mechanism.

The first solution line gives a solution based on S that was published by Stevens. The angles given under
“Az” and “Dip” for Plane A and Plane C are the azimuth measured clockwise from the north, and the dip
measured from the horizontal, of the line in the plane perpendicular to the strike. Conventions for the P, B and
T axes are similar. Since we are not dealing with S, we cannot consider Stevens’ data. We go then to the next
author, Hodgson. (If there were several authors for the paper referred to, we would list only the first name here;
if the name ran to more than nine letters, it would be abbreviated). In this case Hodgson said, ‘“no solution,”
but the computer has found two solutions.
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A word about the selection of these solutions is in order, since they are not necessarily those with the highest
score and the least number of inconsistencies as given earlier. They were obtained by examination of the 16 refined
solutions and application of the principle that, just as a single station must not be accepted as limiting the position
of a plane, so the solution with the highest score or the minimum number of inconsistent observations need
not be the only possible one. We have agreed to admit as possible any solution different from the best that has
not more than one additional incdnsistency.

The first of the two possible solutions was based on a total of 79 observations of which 12 were inconsistent;
11 of these were observations with observatory weighting factors of 100; the remaining inconsistent observation
was from a downgraded station with weight 1. This information is given under “OBSERVED.” The second
had 13 inconsistencies, 11 of them weighted. The solutions—71.0,"55.5; 319.2, 61.6; 150.8, 40.6; 10.1, 56.4—
appear quite different; but when we discard the inconsistent observations, each updates to essentially the same
solution as shown in the next line in each case.

Next we treat the data of Stauder, who had 65 observations, four of which, all weighted, were inconsistent,
Again Stauder had said, “no solution.” The machine solution does not agree very well with Hodgson’s; but
when the inconsistent observations are discarded, the solution comes close to Hodgson’s. Finally we combine
the data; here, because Stauder was working with original records, we accept his value in cases of disagreement.
There are two possible solutions, but they converge on one, essentially the one that both Hodgson’s and Stauder’s
converged on. In all cases, the rotation permitted about the axes and the amplitude of Ritsema’s cones tell us
that the solution is a very poor one, which justifies our final remark about ‘“‘undefined, central, dilatational
circles.”

There is more information in the table, which we may illustrate with reference to the final solution given
for earthquake 327. In every instance but one the strike component, whether plane A or plane C is taken as
the fault, is less than the dip component. If a fault mechanism is appropriate, it is almost certain that displace-
ment in the dip direction predominates. The “T” following the dip component stands for “Thrust’”’ and tells
us the nature of this displacement. It also tells us that in the Byerly diagram the circles would be drawn to contain
dilatations. The alternative would have been “N’’ for “Normal”’ faulting and compressional circles. On the
basis of Model 11, the best value and the variations from it are given for azimuth and plunge of the P(pressure),
B(null) and T'(tension) axes.

1t is worth noticing in our discussion of earthquake No. 327 how the solution obtained by discarding incon-
sistent observations agrees remarkably well with Stevens’ solution based on 8. This will be observed in many
places in the table and confirms us in the wisdom of basing the final solution only on the consistent observations.

We have selected from Table I those earthquakes in which all elements have a variation of less than 10
degrees and have given the station constants and radiation pattern for them. These are based on the solution
obtained by dropping the inconsistent observations. The results are given in Table II. In this table the earth-
quakes are identified by their number and date card as in Table I and the stations are identified by their names
(or the first eight letters of them). The successive columns give the following information: X and Y coordinates
in the Byerly plot to follow; an indication of consistency, W indicating a ‘““wrong’ observation; the theoretical
amplitude and polarity of the station reduced to the unit sphere; the observed polarity and station weight, a
negative sign indicating a dilatation; the azimuth of the station from the epicentre; the emergent angle, based
on observatory tables, of the ray reaching the station, this being measured in the focus between the downward
drawn vertical and the ray; the extended distance of the station; the direction cosines, referred to the X, Y, Z
frame, of the radius vector drawn to the station on the unit sphere.

After this information the plot of the data, together with the circles representing the solution, is given in the
Byerly projection. This plot is produced by the normal computer print-out, not by a plotter, and suffers from
the limitations of the printer spacing. The points are only approximate, and closely grouped points may fall
on top of each other. To overcome this, the following convention is used:

N (for negative) represents one dilatation;
M represents two dilatations;

L represents three dilatations;

P (for positive) represents one compression;
Q represents two compressions;

R represents three compressions.
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Occupation of the same printer position by a dilatation and a compression is indicated by O; the existence of more
than three observations of any kind or a mixture of three is indicated by J.

The printer spacing is different in the X and Y direction and has been indicated by a series of dots defining
the axes. The X and Y coordinates listed in Table II are measured in these units, which are different for the
two axes. The reader is thus permitted to identify the station simply by counting dots along the two axes.
Additional stations may be plotted by computing azimuth and distance and measuring extended distance in the
units provided on each diagram.

To show the data to best advantage, the computer plots two diagrams on different scales. In some instances
we have reproduced one of these, in others both, according to the distribution of the data.

DISCUSSION

We reserve discussion of the tables to a separate paper, in which we shall be joined by Dr. A, E. Stevens.
Dr. A. R. Ritsema and his colleagues in the Earthquake Mechanism Committee will discuss the solutions for
which they supplied original data.
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