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SECTION I

INTRODUCTION AND SUMMARY

This ~eport presents and discusses work performed and results
obtained under Contract C-104-65 from 28 April through 15 October 1966. During
that period, the hypocenter and magnitude programs were tested and then used
to process January 1964 data at the computer tacilities of the Environmental
Science Services Administration (ESSA), Suitland, Maryland, using the CDC

6600 computer. Results of this processing are shown in Appendix A.

Other results obtained in the reporting period are given in
Section II and in the appendixes. Results presented ir Section II can be

summarized as follows:

e The relationship between m, and MS. restrained to a
= 0.63 MS +1.77 as

= 0.63 MS+ 2.5

b
slope of 0.63, is given by m

compared to Richter's (1958) m,

= Magnitudes comparable to m _ but based on long-

b
period P amplitudes average approximately 0.7

units higher than m,

e Vertical-component surface-wave magnitudes

average about 0. 5 units higher than Ms

e The ratio of maximum P to Pn amplitudes is
a function of distance, with maxima generally
falling in the range of 300 to 750 km, although
considerable variation is evident from station to
station., These observed differences lead to the
conclusion that m, is currently unreliable when
based on data recorded less than 1000 km from .

the source

I-1 sclience services divigsion



e Nonlinear or "exact'" confidence regions may be
computed from use of the last equations in Section II,

subsection B

¢ Chengmai, Thailand, is thc most capable single-element
station studied, having a .neoretical capability to record
all events of m, > 4.5 to more than 100°. Another
14 stations indicate capabilities to record events
from m, = 4.5 to 5.0 at similar distances: five of
these are Arctic or Antarctic statinns; three are
located in the Western United States; three are on
the Indian subcontinent; two are in Africa; and the

cther is in Shiraz, Iran

e /Analysis of magnitude residuals indicates that
patterns of residuals do exist; these patterns might
be used to infer source mechanisms and, pussibly,
as a further criterion for discriminating between

earthquakes and explosions

Results included in the appendixes can be summarized

as follows:

e Approximately half of the 344 January 1964 revised
hypocenters are changed appreciably from the
USC&GS preliminary locations

® Depth determination remains a considerable prob-
lera and requires continued investigation

I.2 sclence services division
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The number of earthquakes occurring in the
vicinity of Istanbul, Turkey, incrzases much
more ..owly with decreasing magnitude than

“he number near Shiiaz, Iran; Quetta, Pakistan;
or Shillong, India, However, more larger
sarthquakes occurred near Istanbul than near

the other stations in the time period studied

Nearly 3-1/2 times as many pP phases are
identified after application of array processing
than can be identified from the single-channel

presentation, based on the sample investigated

Application of digital filters provides better

signal enhancement than does analog filtering

Studies of energy attenuation based on automated
calculation of energy from digital data indicate
considerable error in the Q curves used in mag-

nitude calculation

Empirical fits to observed energy attenuation as
a function of distance lead to a relationship of the
form

E = K1 r-2 cos (eo) e-ZKZr

where K1 and K2 are constants, r is epicentrai

distance, and e is angle of incidence

e Assuming that the shape of power spectra is

independent of distaace, as shown by LeBlanc
and Howell {(1965), a set of crustal filters is de-

veloped to describe in the frequency domain the

effect of crustal structure beneath several stations

1-3 sclence services division
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These results, coribined with those previously published,

lead to the following conclusions.

e A hypocente. program capable of high accuracy

-~

should include the means of correcting travel-time

tables on the basis of both station and source vegion

High-quality well-distributed statione yield better
results than dv large numbers of average stations

concentrated in one or two quadrants

Generally, magnitudes computed at distances of
less than 1000 km are inaccurate and should not
be used as estimates of event size or be combined

with teleseisraic data to obtain average values

Short-period P-wave magnitudes now in use can
be considered accurate to only “bout + 0.5 units;
attempts to compare my with other magnitudes

must consider this scatter

Variations in seismic activity represent more
than simple differences in level; the ratio of the
numbers of large and small earthquakes also

varies considerably from place to place

Considering the results and conclusion., the following recom-

mendations are made:

gt

e More studies of crustal structure are needed in

areas of prevalent seismic activity as well as
near seismograph stations; such studies will
benefit both hypocenter and magnitude determina-

tions

I-4 science services division



e There should be more use uf tape recording —

preferably direct digital recording

e The "world-array' processing concept should
be applied to more data and to an even broader
range of problems than these discussed in this

report

e Automated techniques for ""energy' or magnitude
determination should be considered as alternates

to current methods

+ The method for obtaining first approximations of
hypocenter coordinates developed under tk»: con- |

tract should be investigated more 1uily

e The method f~r assessiug epicenter accuracy |
(described in Special Report No. 5) should be
developed and applied more fully

o The USC&GS should provide continuing year-to-
year assessments of seismic activity on regional

and worldwide bases

e The USC&GS should develop as complete a file
of seismic data as possible in a format adopted
as '"'standard' on at lewst a national, and preferably

on an international, basis

These recommendations, if followed, would provide consid-

erable steps toward sclving several prcblems in earthquake seismology.

1-5/6 sclence services division
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SECTION II
PRESENTATION OF RESULTS

A. MAGNITUDE STUDIES
1. Magnitude Calculation
a. Definitions

Various methods for computing seismic event magnitudes have
been developed over the years, beginning with Richter's (1935) local magni-
tude scale (ML). Gutenberg {: %45, a, b, c) extended magnitude determination
to 20-sec-period surface waves and the bodv phases P, PP, and S. Bith
(1952) extended magnitude computation to vertical-component surface waves
and broadened the period range over which surface-wave calculations could
be made. Gutenberg and Richter later (1956) revised bodywave magnitude
calculation and the relationship between surface-wave magnitudes (Ms) and

what Gutenberg termed "unified magnitude" (m).

The USC&GS (1963) adopted a form of Gutenberg's unified
magnitude (mb) and began repurting values of this magnitude in its Prelimi-

nary Determination of Epicenter cards in April 1963, This latter magnitude

(mb) is calculated by

m = log — +Q (1)

where

A = maximum amplitude of F, or P in the first few
cycles, measured in microns, as recorded hy
short-period vertical-component seismographs

T = dominant period of the measured P wave

Q = depth-distance factor as given by Gutenberg and
Richter (1956) for the distance range 5° to 110°
and extrapolated to 2° for surface-focus events,
assuming an inverse cube attenuation cof signal :

MBI 11l
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methods of magnitude calculation. Taking into account previously observed

Texas Instruments Incorporated has used all of the preceding

variations in similar magnitudes computed from data recorded by long-pcriod

.
and short-period instruments, the following 10 magnitudes were computed,
here possible, from 1964 data:

Ml = m

M2 = short-period vertical-component P-wave
magnitude differing from my only at short
distances (A< 10°) where the amplitude
used is the maximum P amplitude (not
necessarily Pn)

M3 = long-period vertical-component P-phase
magnitude

M4 = short-period vertical-component PP-phase
magnitude

Mq = long-period vertical-component PP-phase

- magnitude

M6 = short-period horizontal-component S-phase
magnitude

M7 = long-period horizontal-component S-phase
magnitude

M8 = ML

M9 = vertical-component surface-wave magnitude

Mg = M,

b. Method
The first seven magnitudes are computed from bodywave data
computed from equations similar to (1): p
Ai
| Mi = log T— + Ql i=1-7 (2)
1
! -2 science services division
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where

=  vertical-component amplitude (peak-trough/2)

i of P or PP phase, corrected for instrument
response, divided by the dominant period (u/sec)
fori=1to5; fori=6 and 7, the vector ampli-
tude of SH is used

r-a§:>

Q. = depth-distance factor; fori =1 to 3, PZ values
are used; for i = 4 and 5, PPZ values are used;
for i = 6 and Z, SH values are used; all values

are as given by Gutenberg and Richter (1956)

The e.ghth magnitude is an adaptation of Richter's {(1935) local

magnitude scale M It is computed Ly

Lo

v
wa
M8 = log (A vt)- log Ao (3)
where
A = maximum short-period horizontal trace motion
Vwa-‘-' response of standard Wood-Anderson seismograph

at period T

vV = response of short-period seismograph reccrding
the data at period T

Richter's (1935) distance factor extrapolated
from 600 km to 10°

]
'
(=]

¢ -]
S
(o}
n

Separate magnitudes are computed for each horizontal com-

ponent and the mean takeu,

11-3 sclence services division
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The ninth and tenth magnitudes are computed from surface-
wave data in the period range of 17 sec < T < 23 sec, using the following ‘

equations, adapted from B&th(1952) and Gutenberg (1945a):

®
M_ = [10 A+ = log 2 + 24,134 (K- K, )
9 = 2L°8 z 87T ' T 20
L
+b - log B] + C
and (4)
M = lo A+-£-10£9-+2413A°(K K )-logB
10 - BT 8 Tp ' T T20' " %8
where
A = maximum amplitude of surface waves
(vector sum of both horizontal-component
amplitudes for Mm) inu
T = period of surface waves measured
(17 sec s T < 23 sec) - log B = distance
factor
4 =  epicenter-to-station distance in degrees
(KT KZO) = difference in extinction coefficients of

surface waves of T-sec and 20-sec
periods

h = depth of focus in km

a = 0.8 for h < 40 km, 0.5 for 40 km
< h <300 km

b = 0.0082 h for h < 100 km, 0.85 for
100 km < h < 300 km

c = 1.42 for h < 40 kin, 3.55 for 40 km
< h £ 300 km

11-4 sclence services divisicn
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Values of M10 are calculated only for events occurring at

depths s 35 km and M_ for events occurring at depths < 300 km.

9
A computer program described in Semiannual Technical
Report No. III (Texas Instruments, 1966) was written to compute earthquake
magnitudes. This program computes each of the 19 magnitudes for each
station recording a particular event (where data permit). The mean and
standard deviation of each magnitude type for each event also is computed

where data permit. Values of event mean magnitudes (m_ = M1 and Ms =

b
MlO) are given in Appendix A with results of hypocenter determinations.

2. Comparison of Magnitude Scales
a. General

In the previously cited technical report by Texas Instruments,
various magnitudes were compared. From the standpoint of frequency of
calculation, it was determined that short-period P-wave magnitudes were
most valuable since, in the study of 1963 seismicity (Texas Instruments,
1964b), more than 2-1/2 times as many short-period P-wave magnitudes
were computed than all other types combined. The iaternal variation was
greatest, however, for the short-period P-phase magnitudes than for all

others except short-period S-phase magnitudes.

Variations in the short-period P-phase magnitude could be
reduced perhaps by revising the depth-distance factors (Q tables). However,
it has been observed that the m magnitudes 4o not appear t(\) behave properly
for large events; furthermore, data for computing m for rather large
earthquakes are difficult to obtain since the dynamic range of the seismo-
graphs is often exceeded, precluding measurement of period and amplitude,
To alleviate this situation and to provide consistent magnitude data for both

the smallest and largest events recorded, it is desirable to use an alternate

magnitude scale which may be converted to m, values.

-5 scieance services division




é
b. m and Ms (M1 and MlO)
In Technical Report No. III (1966), the better 1963 magnitude
data were investigated to obtain a relationship between m and Ms' Actually,

two relationships were found., When m_ was considered independent, the

b
relationship was determined to be

M = 0.93m, + 0.565 (5)
s b

When Ms was considered independent, the derived relationship

‘vas

m, = 0.439 MS + 2.825 (6)

Neither relationship was in good agreement with Richter's

(1958) relationship:

<
]

1.59 mb - 3.96

or (7)

3
"

0.63 Ms + 2.5

Visual inspection of the data used to determine the m_ - Ms

b
relationship indicated that a line with the same slope as the Richter relation-
ship appeared to fit the data as well as the relationships given by Equations
(5) and (6). Consequently, a new relationship was derived, assuming a

slope of 1.59. Resulting frcm this was the relationship

M
s

1.59 m, - 2,82

or (8)

3
'

0.63 Ms + 1.77

1-6 science services division
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used in their derivation,

Figure II-1 shows the three derived relationships and the data

c. m and Long-Period P-Phase Magnitudes (M1 and *7 )

Linear reg ession of M, (long-period P-wave magnitude) on

Ml (mb), using 1963 data, obtained the relationship

M3 = 0.83 Ml + 1.67 (39)

Since the slope was nearly unity, the differences between M3

and m,_ Wwere investigated to determine average differences for each seismo-

graph station and the mean difference for the total data. Table II-1 lists the

corrections to be applied to M3 values for each station to obtain an estimated

m, and the mean correction for all stations. Using this mean value, M

be related to m, by

3 may

M3 = mb+G.72 (10)

Figure II-2 shows the relationships given by Equations (9) aad

(10) and the data used in their derivation.,

It is doubtful that significant differences in internal consistency

would be noted in converting >M3 values to the m. scale by any of the three

b
following methods:

e To average M; values computed at all stations
and to convert to m using Equation (8)

e To average all M3 values for the event and to
convert to m_ using Equation (9)

e To apply the corrections listed in Table II-1 to the
M; values computed from each station's data and
then to average

-7 sclence services division
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Tigure -1. my Vs M_. Curvea =M =0,93 my + 0.565; curve b =
Mg = 1.59 my - 2.82; curve ¢ = my, = 0.439 Mg + 2,82
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3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0

Figure II-2, Long-Period P-Wave Magnitudes M, Vs my (le). Curve a =
0.7

M3=0.83mb+ 1.67; curveb=M3=mb+
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As shown in Table 1I-2, however, there anpears to be some

correiation between geographical location and the difference between M3 and

m, . Thus, the third approach may be the best method for approximating m,

from long-period P-wave magnitudes.

3. Horizontal- and Vertical-Component Surface-Wave Magnitudes
(MIO and Mg)

Vertical-cornporent surface-wave magnitudes generally are
higher than horizontal-component surface-wave magnitudec. This may result
from deletion of Bith's (1952) path correction in Equation (4). The correction
was assumed to be 0, since no prior information was available for the stations

used.

In Texas Instruments Technical Report No. III, the results of

a linear regression of M9 on MIO were reported as

M9 = 0.764 M10+ 1.728

However, the M9 scale was originally defined in such a way

to inake it equal to the Ms scale. Therefore, the differences between M9

and Ms calculations have been tabulated, and mean corrections of M9 to

obtain Ms values have been determined. The results are shown in Table II-1,

The mean difference of all M9 and MS values also has been
determined. However, a comparison ¢: the standard deviations for the data
of individual statio.us and for the total mean correction indicates that the

individual corrections are probably preferable. Also, Figure II-3 indicates

considerable geographical dependence for the station corrections,

II-12 science serviges division
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4. Comparison of Pn and Maximum P Amplitudes, A < 9°

As discussed earlier, the m, _scale is a somawhat specialized

b
form of Gutenberg and Richter's (1956) unified magnitude scale. Howuver,

the definition of the USC&GS my differs in one respect from the Gutenberg and
Richter P-phase magnitude: Pn amplitudes rather than maximum P amplitudes

are used,

At distances of less than about 1000 km or 9°, considerable
variation in magnitudes computed by the two methods has been observed.
Since the two magnitudes differ only in the amplitude used, comparison results

in an analysis of Pn and maximum P-amplitude variations.

Using data accumulated in the 1963 study (Texas Instruments,
1964b), variations between M1 and M2 values for the following stations have
been analyzed:

e Istanbul, Turkey (IST)

e Shiraz, Iran (SHI)

e Quetta, West Pakistan (QUE)

e Shillong, India (SHL)

e Chengmai, Thailand (CHG)

e Port Moresby, New Guinea (PM(3)

e Nana, Peru (NNA)

e Arequipa, Peru (ARE)

e Antofagasta, Chile (ANT)

Both M1 and M2 magnitudes were computed a total of 1566
times at all stations. About 50 percent of the time, the analysts measured
the same amplitude and period for both magnitude calculations. At least
two interpretations of this fact may be made:

e About half the time, Pn is the maximum

P phase at distances <1000 km

o Often, the Pn phase is not measurable

II-14 science services division
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Th. experience of Texas Instruments in analyzing earthquake
and explosion data over the past 6 years indicates that, at most distances for
most stations, P is not the maximum P amplitude. Thus, thc second inter-

n

pretation is preferred.

Of the 62 events within 10600 km of Istanbul which were analyzed,
three had epicenters located by the USC&GS; for the remainder, only the epi-
central distance deiermined fromthe S-P interval was known. M1 and 1\/12
magnitudes were equal for 30 of the 62 events (48 percent). Figure II-4 shows
the differences in magnitudes for the other 32 events. At distances of approxi-
roately 1° to 2°, maximum P amplitudes averaged about three times the Pn
amplitudes. From approximately 2° to 3°, maxirium P amplitudes were
about twice as large as Pn (on the average). Little data are available beyond
3° distance, but there are indications that the ratio of maximum P-to-l:’n

amplitudes increased to approximately 5 around a distance of 5°. At greater

distancas, the ratio approaches unity.

1= M,

The majority of the other 74 events were at 1° to 2° from the station, and

At Shiraz, Iran, only 25 of the 99 analyzed events had M

considerable scatter was noted from these data. However, an average ratio
of approximately 3 to 4 is indicated for the distance range of 1° to 2°, The
ratio appears to increase to approximately 10 near 4° and slowly decrease

to near 0 at 9° (1000 km), as shown in Figure II-5.

The two magnitudes were equal for approximately one-third
of the analyzed events near Quetta. The computed ratios for the remainder
of these events exhibited a distinctly different pattern from the previous two,
as shown in Figure II-6. In this case, maximum P amplitudes averag: about
three times the Pn amplitudes from approximately 1° to 3°. The ratio de-
creases to about 2 at a distance of 4° and approaches 0 at approximately 5°.
At about 6.5°, however, the average ratio sharply jumps to a value of
approximately 9 and decreases to about 2 again near 7.5°. Little data are

available at greater distances, but the ratio does not seem to approach 1.0 at

-]
9" as was exper .ed.
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Insufficient data were obtained for valid analyses of Pn and
maximum P amplitudes at Shillong, India, and at Chengmai, Thailand, as
two-thirds of the events at Shillong and half of the events at Chengmai had ‘
equal magnitudes on each scale. From the little data available, however,
the average amplitude ratio for both stations can be estimated to be approxi-

mately 2 for most of the distance range.

Over 40C events at Port Moresby, New Guinea, were analyzed
in this study. Since the noise level at this station is high, it is not surprising
to find that nearly half of the events had equal magnitudes on both scales.
Considerable scatter was noted over the entire distance range, even for
events with known epicenters. This scatter complicated the determination
of any clear pattern of ar:plitude ratios. High ratios appeared prevalent from
approximately 3° to 5° (maximum P up to 12 times P‘n amplitudes)., From
about 6° to 8°, most events were located by the USC&GS; the 2verage ratio
over this range was approximately 4. Relatively high amplitude ratios were
observed to 9°. Figure II-7 shows the distribution of amplitude ratios with

distance.

Slightly over 40 percent of the analyzed events nezr Nana,

Peru, had eq:al magnitudes on both scales. The pattern here seems to

have been increasing ratios to an average value of about 4 at a distance of 3°
and near this level to approximately 7°, as shown in Figure II-8. Data

were sparse at the greater distances.

More than half of the 500 analyzed events near Arequipa,
Peru, had equal magnitudes on both scales. The average amplitude ratio
wag 2 to 3 at 1° to 7°, with an indication of an approach to unity near 9°,

as indicated in Figure II-9.
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Data near Antofagasta, Chile, were from events in a narrow
distance range of approximately 1.5° to 3" The average amplitude ratio
was about 2.5 to 3 over this aistance interval. Of the eventc analyzed in this
area, 75 percent had equal magnitudes on both scales. This probably resulted
from high nois« levels and low instrument gain whick . >creases the probability

of Pn detection.

In summary, maximum P amplitudes at most stations appear
to be at least twice as large as Pn amplitudes. High amplitude ratios often
occur from 3° to 5° distances. Variations in patterns rom station to station
indicate that pa:-ameters other than distance affect propagation patterns for
various branches of P. Some of these parameters might include azimuth,
source region, crustal structure, travel-time curves, and source mechanism,
Invecstigation of the effects of these parameters is needed before reliable

magnitudes can be computed at short distances.
B. EXACT CONFIDENCE REGIONS
1. Definitions anc¢ *ssumptions
a. Propagation of Seismic Waves

For the purposes of raathematical characterizati»n, the physical,

or spatial, eurth is defined as follows:

e The spatial earth, denoted by W, is a compact,
convex continuum with the usual 3-dimensional
metric and has the geometric and topological
properties of the closure of the interior of an
oblate spheroid except that there is a positive
real number t such that, for any bouadary point
p, the distance from p to the center of W may

differ from the analytic value by an amount, the
absolute value of which is less than or equal to t

e The surface of the cpatial earth, denoted by B(W),
is the boundary set of W

1-23 sclence services division

|
i




Regarding the temporal continuum as a copy of the real line
denoted by T, the spatio-temporal earth is defined as follows:
® The spatio-temporal earth T x W is the
4-dimensional space generated by T and
directed by W
Under these conditions, a seismic event occurring at time Ho
and having the spatial (curvilinear) coordinates )\o’ @o, and Ro can be ireated
justasavector(H , A\ , % , R )eTxW. Now, let{w,,...,0 ) be a finite
o o o o 1 Y
set of wave phases associated with the seismic event (Ho, )\o' Qo' Ro) and
let [Ho, Ho'], denoted by To' be a closed interval on T. Then, the basic
assumption concerning the propagation of seismic waves can be stated as

follows:

{1) For each phasa u)i, there is an associated continuousr
monotone transformation {}.: W x{(H y s R )}- T
i o 0o o o o
. -1
so that a point[}. 4, R, (H A, QO,RO)] ¢ 0,71 (H) where
H sHs Ho' if, and only if, H is the time at which the

w, phase arrives at (), §, R)

In accordance with the characterization given in assumption (1),
the point (Ho, )\o' éo' Ro) which occurs in the definition of the domain of Qi
is referred to as the parameter of the transformations. Alierrately, equivalent
transformations could have been developed as temporal metric functions on the
space T x W; under such functions, the distance between two points (Ho. )\o'
Qo' Ro) and (H, A, ¢, R) would simply be the absolute difference between origin
time Ho and the u}i phase arrival time H at (), $, R). However, the approach
taken in the statement of the assumption, with the consequent representation
of T x W as a parameter space, is better suited to the statistical developmert

which is to follow.
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It should be noted that assumption (1) does not strictly agree
with emnpirical evidence, because travel-time curves for certain wave phasecu
show some signs of looping. Hence, for regicucs in the domain corresponding
to a loop in the graph of Z‘;i, the assumptions that “;i is single-valued and
monotone are unwarranted. In practice, this difficulty can probably be over-
come in the case of large samples by existing routines for elimination of data
differing too much from the sample mean; in the case of small or minimal
samples, it may be necessary to include a procedure for eliminating obser-

vation points lying in the region of a loop as part of the process of refinement.

b. Analytic Description

The combination of tables giving wave-phase travel times,
depth corrections, station corrections, and ellipticity corrections, togetaer
with rules for using these tables, can be thought of as defining, for each phase
., a function £: W x(T x W) = T so that f, [» &R, (H,x 8, Ro)] is the com-
puted time at which phase wi should arrive at (A, §, R). Taking this view, the
basic assumption regarding the analytic description of the propagation of

seismic waves can be stated as follows:

(2) {(Kj, @J,,Rj): l<j Sn} is an<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>