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SUMMAKY. — The records of t he Tonto Fores t Seismological Ohser-
va to ry near Payson , Arizona, have been used to invest igate the applicabili ty 
of an a r ray s ta t ion for t he s t udy of locai seismicity and seismic wave pro-
pagat ion a t short epicentral distances. Inferences are drawn about the 
seismicity of Arizona and the characterist ics are given for two ea r thquake 
sequences, in Imper ia i County, California, and in B a j a California. 

The records of t he ea r thquakes and a selection of quar ry blasts are 
used for t he s t udy of t he propagat ion of crustal waves. According to their 
group velocities and appearance, t h e Sg and P * - w a v e s observed at small 
epicentral distances are identical with t he Lg2 and jz j -wave respectively, 
observed at larger epicentral distances. 

The rat io of S to P wave energy is es t imated to be of t he order of 
100 : 1 for e a r t h q u a k e s a t an epicentral dis tance of about 14 km. The 
a t t enua t ion of Sjr-wave energy has a d iscont inui ty a t an epicentral distance 
of 325 km and possibly another a t 100 km. Because of th is fac t an ap-
preciable difference of seismic energies recorded at two epicentral distances, 
slightly below and above these criticai distances, will be observed. The 
dura t ion of t he iSjf-phase depends main ly on the magni tude of the ear th-
quakes. 

A magni tude-energy conversion fo rmula is derived in the fo rm: 

log E = 10.06 + (2 .17 ± 0 .07) 3IL 

for t he magn i tude range — 0 . 7 < ML < + 4 . 9 and the distance rango 14 
km < A < 640 km. 

R I A S S U N T O . — Allo scopo di indagare su l l ' oppor tun i tà di una stazione 
sismica a disposizione ordinata , per lo studio della sismicità locale e della 
propagazione delle onde sismiche per brevi distanze epicentrali , sono s ta te 
usa te le registrazioni o t t enu te nell 'Osservatorio Sismologico di Tonto Forest , 
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presso Payson (Arizona). Sono s ta te t r a t t e conclusioni circa la sismicità del-
l 'Arizona e sono s ta te da te le caratterist iche per due serie di terremoti , av-
venuti r ispet t ivamente a Imperiai County, California, e a Ba ja California. 

Per lo studio della propagazione delle onde at traverso la crosta, sono 
s ta te usate sia registrazioni di terremoti sia registrazioni selezionate di 
esplosioni f a t t e in cava. In base alle velocità di gruppo ed al loro inizio, 
le onde Sg e P* osservate per piccole distanze epicentrali, si identificano 
r ispet t ivamente alle onde Lg2 e ng osservate per distanze epicentrali molto 
più grandi. 

Il rappor to f ra l 'energia delle onde S e quella delle onde P è s ta to 
dell 'ordine di 100 : 1, per terremoti con distanze epicentrali intorno ai 14 km. 
L 'a t tenuazione dell'energia delle onde Sg ha una discontinuità per una di-
stanza epicentrale di 325 k m ed un 'a l t ra probabile a 100 km. Per questa 
ragione verrà no ta ta una notevole] differenza fra le energie sismiche registrate 
a due distanze epicentrali, leggermente superiori o inferiori alle suddet te 
distanze critiche. La dura ta della fase Sg è legata principalmente alla magni-
tudo dei terremoti . 

È s ta ta o t tenuta la formula che lega la magnitudo all'energia espressa 
nella forma: 

log E = 10.06 + (2.17 ± 0.07) ML 

valida per — 0 . 7 < ML < + 4 .9 e per 14 km < A < 640 km. 

1 . - INTRODUCTION. 

In the last years a new teclinique of recording seismic waves was 
introduced by seismic array stations. Due to the large magnification 
of the individuai array seismographs, of the order of millions, as well as 
the possibility to increase the ratio befrween signal and noise, array 
stations offer the advantage of highest perceptibility of events. IIOAV-

ever, before the advantages and shortcomings of an array station in 
comparison Avith a conventional seismograph stat ion can be Aveighed we 
must a t tempt to solve different seismological problems by means of it. 

The first purpose of the present investigation is to draAV methodical 
conclusions on the applicability of an array station for the study of 
regional seismicity and seismic wave propagation. The accuracy in 
epicentral distance and azimuth determination is estimated. The in-
crease of the minimum recorded magnitude with epicentral distance is 
determined. The possibilities of finding the attenuation of seismic 
waves are presented. Proni tliis, inferences about the optimal relative 
position of tAvo or more array stations are drawn. 
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The second purpose of the investigation is to give several direct 
seismological results concerning: 

1. some aspects of the seismicity of Arizona and of two earth-
quake sequences, in Imperiai County, California (Imperiai Valley), and 
Baja California, 

2. the wave propagation at sliortest epicentral distances. 

Fig. 1 - Epicentral map of Arizona for ear tbquakes in the t ime interval 
Sep. 15, 1963-Jan. 31, 1964, Imperiai County, California, for ear thquakes 
on Oct. 27, 1963, and Ba ja California, for ear thquakes on Nov. 23-31, 1963. 

The present paper is based on records from the Tonto Forest Seis-
mological Observatory (TFSO) near Payson, Arizona. 

TFSO (34°16'04" N, m ° 1 6 ' 1 3 " W) is situated dose to the centre 
of Arizona (Fig. 1). The epicentral distance of Arizona events recorded 
at TFSO lies within 3°. 

The propagation of seismic waves in this distance range was in-
vestigated from records of earthquakes as well as explosions, the latter 
originating in the numerous quarries in some parts of Arizona. 
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Differences in records from earthquakes and explosions allowed a 
fair separation of the two kinds of events in this distance range. An 
epicentral map of Arizona earthquakes is presented. 

In the present study two eartliquake sequences were included: from 
Imperiai County. California, and from Baja California. The epicentral 
distances in the first sequence range from 2.8° to 4.1°, and in the second 
sequence from 3.0° to 5.8°. In the case of earthquake sequences from 
a limited area the chance of including an explosion is negligible. The 
characteristics of these two earthquake sequences were found, and the 
study of seismic wave propagation was extended to the epicentral dis-
tance range from 2.8° to 5.8°. 

2 . - OBSERVATIONAL DATA. 

2.1. — Instruments and magnitudes. 

The seismographs a t the TFSO forni two arrays: an areal array 
with a diameter of 3 .8 km, and a linear or " $-wave type " array, with 

Pig. 2 - Responso characteristics for a) Johnson-Matheson array 
seismometer, and b) s tandard Wood-Anderson torsion seismometer. 
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a length of 10.4 km of each one of two perpendicular seismograph lines 
in the shape of a cross. 

For our study the records of a 3-component set of seismometers 
situated in the centre of the array, and 4 vertical seismometers situated 
at the ends of the linear array were used. Ali seismometers operated 
with a maximum magnification of 1,600,000 a t a period of 0 .3 sec 
throughout the time interval investigated. On the records measured 
1 sec corresponds to about 1 cm. 

Fig. 2 shows the frequency response characteristic of a single array 
seismometer (Johnson-Matlieson) and that of the standard Wood-
Anderson torsion seismometer. Besides their maximum magnification, 
the differences in the characteristics are considered small. Therefore 
the magnitudes ML of the shocks could be determined according to the 
originai defìnition by Richter (1935), witliout the necessity of a trans-
formation of oiu' records info such as would be obtained by the torsion 
seismometer. 

Table I lists ali of our earthquakes whose magnitudes ML were 
determined from the TFSO as well as from Pasadena records. The mean 
magnitude difference is small, and amounts to 0.2. This difference may 
be a result of: 

(a) the above-mentioned difference in the response characteristics 
of the instruments used, 

(b) the radiation pattern of the earthquakes, and 

(c) the station correction needed for TFSO. 

In view of the small difference in response characteristics, and the 
fact that the radiation pattern for small shocks is obliterated by hori-
zontal refractions (Bune & al. 1960), the magnitude difference of 0.2 
may be considered as tentative " station correction " for the horizontal 
seismographs, whose records were used for the magnitude determina-
tion in our study. However, the introduction of it into our calculations 
seems premature, since it could be based on only 8 cases. 

2.2. - Seismograms and accuracy. 

For this study the records and the TFSO-bulletin for the time from 
September 15, 1963, to January 31, 1964, were at our disposai. The 
following events were examined: 

(a) ali earthquakes witliin the epicentral distance of 3° in this 
time interval, amounting to 82; 



Table I - R E S U L T S F R O M E A R T I I Q U A K E S F O R W H I C H U S C G R S I N F O R M A T I O N W A S A V A I L A B L E . 

Date 
1963 GMT 

A 
km 

(«) 
Pn Sn 

velocity 
km/sec 

(b) 
Pn Sn 

velocity 
km/sec 

a a 
J.-B. 

Pg Sg 
velocity 
km/sec 

a a 
J.-B. 

p* 

velo-
city 

km/sec 

ML 
Pas 

ML ML (Pas)-
T F S O - J ¥ Ì ( T F S O ) 

Arizona 
• 

Nov. 2 08 47 43 4 281 7 .80± 8 .20± (!) 3 06 ± 4 . 0 ± 3 . 7 ± 0 . 3 

Imperiai County California 
Oct. 27 14 50 19 7 395 7.53 7.80 5 70 3 15 ± 4 2 overslioot 

14 56 55 0 410 7.70 8.00 3 42 6 05 ± 4 1 ± 3.9 ± 0.2 
15 24 10 6 395 7.60 7.95 5. 84 3 25 ± 3 4 ± 3.0 ± 0.4 
15 30 43 4 410 7.90 4.50 8.38 4.80 0.26 0.26 3 37 6 09 ± 3 4 ± 3.5 — 0.1 
18 07 44.4 395 7.50 7.93 5. 76 3 23 6 47 ± 4 0 ± 3.8 ± 0.2 
18 12 49 2 404 7.60 7.95 5. 91 3 18 6 58 ± 2 4 overslioot 
18 22 05 3 421 7.S6 8.20 5. 78 3 40 6 19 ± 3 9 ± 3.4 ± 0.5 
18 49 36 3 395 7.60 7.95 5 84 3 03 ± 3 9 ± 3.8 ± 0.1 

7.66 4 .50± 8.02 4 .80± 5 81 3 25 0 21 0.20 6 28 ± 0.2 
± 0 . 1 4 ±0 .17 ± 0 . 0 7 ± 0 . 1 3 ±0 .21 

Baja California 
Nov. 23 07 50 46 3 533 8.30 8.60 3 33 ± 6 0 overslioot 

08 17 16 6 533 8.20 8.50 5 57 3 43 ± 4.2 
08 32 30 9 544 8.20 8.50 3 51 ± 5 . 0 J ± 4.9 ± 0.1 
08 47 17 4 586 8.40 8.60 3 41 ± 4.9 
10 20 10 2 533 8.80 9.05 3 37 ± 4.0 
10 53 18 4 473 8.20 8.50 5 16 2 99 ± 3.7 

8.35 8.63 5 371: 3 34 0 19 0.21 ± o . i ± 
± 0 . 2 1 ±0 .18 ± 0 . 2 0 ± 0 . 1 7 

(1) Computed Oli tlie assumption of a P</-velocity equal to tliat from Imperiai County. (a), (b) see Section 4 .1 . 



R E G I O N A L S E I S M I C I T Y A N D S E I S M I C W A V E P R O P A G A T I O N , ETC. 3 7 1 

(b) a selection of 93 explosions in the distance range from 
1° to 3°; 

(e) the earthquakes on October 27, 1963, in Imperiai County, 
California, amounting to 50; and 

(d) the earthquakes in the time from November 23 to 31, 1963, 
in Baja California, amounting to 61. 

A shock was accepted if at least one 8- and one P-wave could 
be identified. The $(/-phase was the most prominent in the entire 
epicentral distance range investigated. Magnitudes were based 
exclusively on 8g. Up to about 1° the P^-phase, and beyond that 
distance, the additional Pw-phase, could usually be found. Some-
times, especially for stronger shocks, the P*- and $w-pliases were 
present. 

Arrivai times, amplitudes and periods of tiie compressional phases 
(Pn, P*, Pg) were determined from the vertical component and of the 
distortional phases (Sn, 8*, Sg) from the horizontal components of the 
centrai 3-component set of seismographs. 

Ali independent time-differences between the phases were used in 
the determination of the epicentral distances. 

The travel times for crustal phases at zero focal depth, as given by 
Jeffreys & Bullen (1958), were used. The travel times can be expected 
to dift'er from those in the investigated regions. The disagreement of 
epicentral distances calculated from two or more phase differences in-
creased with epicentral distances. At 3° it was generally lower than 0.2° 
and reached only exceptionally 0.5° at the largest epicentral distances 
considered. If the locai travel times were known, the accuracy of 
epicentral distance determination could be increased, as well as the 
focal depth determined. The azimuth towards the epicentre was found 
from the differences in arrivai time of the first P -phase on the 5 vertical 
seismometers, situated at the very ends of the linear arrays and in the 
centre. The azimuths at epicentral distances up to 3° are accurate to 
+ 11.25° or even less. For epicentral distances beyond 3°, however, 
the determination of the azimuths is more criticai. The reason is that 
the first events become diffìcult to identify, and no accurate time reading 
or phase correlation on different traces is possible (Eichter 1958). The 
epicentres for Imperiai County and Baja California in Fig. 1 therefore 
appear on a line, the azimuth being accurate to about + 22.50°, unless 
the epicentre was reported by USCGS. 
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2.3. - Perceptibility of earthquakes by the station. 

Fig. 3 shows the magnitudes M L of the earthquakes investigated 
as a function of the epicentral distance. The increase of minimum 
magnitude with distance is nonlinear in the epicentral distance range 
from 0 to about 600 km. In particular, there is a rapid increase of 
minimum magnitude a t the shortest epicentral distances. This means 
that earthquakes with low magnitudes can be recorded only if the epi-
centre is situated dose to the station. 

The poor perceptibility to earthquakes with low magnitudes can be 
understood in terms of higher absorption of shortperiod than longperiod 
waves. Although the magnitude does not take into account the wave 
period directly, it is well known that the wave spectrum generated by 
earthquakes with low magnitudes has a maximum at shorter period than 
those for earthquakes with larger magnitudes. The shortperiod content 
of the spectrum of earthquakes with any magnitude is absorbed at small 
hypocentral distances, and at larger distances only the longperiod part 
can be recorded. Since the lattei' has a low intensity for earthquakes 
with small magnitudes, their range of perceptibility is small. 

From the diagram in Fig. 3 we see immediately that the number 
of earthquakes can be complete only for M L > + 1 .5 in Arizona, for 
ML > + 2.0 in Imperiai County and for ML > + 2.7 in Baja Cali-
fornia. 
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On tlie other band, the maximum magnitude which can be determin-
ed a t a certain epicentral distance is limited by the magnification of 
the seismographs. Therefore, magnitudes could not be determined for 
4 earthquakes in Imperiai County and 1 ear thquake in Ba ja California, 
though reported by Pasadena. Tliere Avere 5 earthquakes in Arizona 
not recorded in Pasadena, bu t recorded a t the TFSO with amplitudes too 
large to allow a magnitude determination. Most of the shocks investi-
gated in cach of the regions were recorded exclusively by the TFSO. 

3 . - SEISMICITY. 

3.1 . - Epicentral map of Arizona. 

In the past the seismicity of Arizona has been investigated only 
sporadically. Townley and Alien (1939) published a descriptive cata-
logne of Arizona earthquakes in the interval 1769 to 1928. Woollard 
(1951) presented a map with ear thquake epicentres of the Rocky 
Mountain region from USCGS reports. This map includes 21 epicentres 
in Arizona for an interval of " several years " up to 1949. 

I n this study, high sensi ti vi tv of the seismographs causes tha t 
besides earthquakes a considerable number of artificial events, especially 
quarry blasts, is recorded. This raises the problem of distinguishing 
between earthquakes and explosions. 

For Arizona events the following criteria were applied jointly to 
separate earthquakes from explosions: 

(a) the position of the epicentre, if compared with the position 
of working mines in Arizona; 

(b) the origin t ime of the event, if related to working t ime and 
habits; 

(c) the ratio of S - to P - w a v e energy recorded (see Section 5.1) . 

If an ear thquake happened underneath a site with mines, however, 
it could be misinterpreted as explosion. This is t rue especially for the 
region bounded by the longitudes 110° and 111° W and latitudes 31.5° 
and 33 .5°N, situated towards the SSE of TFSO, where many explosions 
took place in the investigated t ime interval (Fig. 1). No explosion is 
believed to be misinterpreted as earthquake. 

Fig. 1 shows the epicentres of ali earthquakes in Arizona in the 
investigated t ime interval. The magnitudes of 77 earthquakes lie in the 
range from — 0.7 to + 2.1 , with a single shock of magnitude + 3 . 7 
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(Table I). Tliere was possibly even a shock with a magnitude as low 
as — 1 . 1 . However, only the %-phase could be identified. The epi-
centre of this earthquake was assumed to be identical with another one, 
which occurred 23 minutes earlier. 

On the epicentral map a consideratile scatter of epicentres is seen, 
which can be only partially related to the errors in epicentre determi-
nation. I t appears that earthquakes with low magnitudes are distribut-
ed over most of Arizona. The seismicity was low in terms of number 
of sliocks and their magnitudes. From the stronger shocks it is seen 
that besides the slightly indicated NW-SE striking belt of seismicity, as 
already reported by Woollard (1951), there is a brandi running from the 
middle of Arizona towards the SW so as to meet the region of strong 
seismicity in Baja California. 

3.2. - Some tectonic features of the investigateci regions. 

The genesis of the present seismicity of any region may be looked 
for in the most recent tectonic history of the region considered. Past 
tectonic events have importance for the present seismicity; the younger 
thev are and the more intensive they were the greater is the seismicity. 

We were looking for such characteristic features in the tectonic 
history of Arizona, Imperiai County and Baja California, which are 
capable to infìuence the present seismicity of these regions. Some dif-
ferences of the characteristic features, implying differences in the oc-
currence of earthquakes in the three regions are pointed out. 

Arizona and Imperiai County turn out to be strong relative contrasts 
from the point of view of the genesis of seismic activity. 

Arizona, belonging partially to the Basin and Bange Province, 
underwent the latest orogeny in the late Mesozoic and early Tertiary 
with considerable folding, thrusting and volcanic activity, the latter 
continuing up to very recent time. As a contrast, the adjacent coastal 
California, including the Imperiai County, has had little volcanism since 
the Miocene. I t is believed that the present is a time of typical orogeny 
in southern California. Whereas any present seismicity of Arizona may 
be expected to be related to orogenetic events with volcanic activity, 
the seismic activity in Imperiai County is related to movements on the 
San Andreas Fault system, and is probably connected with the Imperiai 
Fault . 

Baja California occupies an intermediate position. Volcanism has 
continued since Miocene and Pleistocene up to the present time, but 
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Tertiary and Quaternary uplift of tlie peninsula, as well as faulting 
continuing during Quaternary along some fault zones, are known. Earth-
quake activity in Baja California may therefore be related to both tec-
tonic movements and volcanie processes in tlie peninsula. For details 
of the tectonical development of the regions, see Eardley (1951). 

3.3. - Recurrence diagrams. 

The number of earthquakes in a certain magnitude range was found 
to increase exponentially with decreasing magnitudes (Gutenberg & 
Bichter 1954): 

log n = a — bM [3.1] 

where n is frequency, i. e. number of earthquakes in the magnitude 
range M ± òM, 

M the magnitude of the earthquake, and 
a, b constants. 

Ali logarithms in this paper are to the base 10. Tlie constants a. b 
are used to characterize the seismicity of a region. The Constant b is 
independent of the time interval and epicentral area chosen (or volume 
drawn by the hypocentres), and gives the relative proportion of shocks 
with different magnitudes. Both a and b may vary in a region in course 
of time, as also from region to region. 

The law expressed by [3.1] has been confirmed repeatedly for shocks 
with large magnitudes (il/ ^ 6). The question arises whether tliere is a 
lower magnitude limit for its validity. Asada (1957) found it to be 
valid in the magnitude range from — 1 to + 5 in Japan. Sanford & 
Holmes (1962) found it to satisfy earthquakes with seismic energies as 
low as IO7 ergs (ML ~ — 1.4). 

From the 77 earthquakes with known magnitudes in Arizona, 46 in 
Imperiai County and 63 in Baja California, the recurrence diagrams 
could be constructed. 

Formula [3.1] cannot be applied if there is no earthquake for a 
certain magnitude inside the range considered. Since this is found in 
our case (Fig. 4), the cumulative frequencies N were caleulated, giving 
the number of earthquakes above the magnitude ML-

log N = a'—bML [3.2] 

the ft-coefficients in [3.1] and [3.2] being identica! (Utsu 1961). 
Fig. 4 sliows the frequency and cumulative frequency for our tliree 

populations of earthquakes. ML is counted in steps of 0 .1 unit each. 



Fig. 4 - Itecurrence diagram. The right-liand scale 
refers to Imperiai County. 
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From the cumulative frequency diagrams we see immediately tha t the 
da ta are incomplete below the magnitude limits already found (Section 
2.3). Above these limits the cumulative frequency diagrams can be 
approximated by equations of the forni [3.2], 

For Ba ja California we observe two branches, approximated by the 
following equations: 

branch I : log N = 4.96 — 0.47 ML: + 2 .7 < ML < + 3 .6 ) 
[3.31 

branch I I : log N = 7 . 2 5 — 1 . 1 1 ML-, + 3 .7 < ML < + 4 .5 ) 

The change of slope a t ML = 3 .65 is such tha t below this magnitude 
( + 2 .7 < ML < + 3.6) the number of shocks increases slower with 
decreasing magnitude than in the higher magnitude range ( + 3 . 7 
ML < + 4 . 5 ) . In the diagram for Ba ja California an earthquake with 
magnitude ML = 6 (Nov. 23, 1963, 07 50 46.3 GMT, 30 . IN, 114.0W) 
Avhich started the sequence, is not included. No earthquakes occurred 
in the magnitude range from 6 .0 to 4.9. This sequence has therefore the 
appearance characteristic for aftersliock sequences, with a magnitude 
difference between the main shock and the largest aftersliock equal 
to 1 .1 . This is in very good agreement with the so-called Bàth 's law 
(Richter 1958). The sequence was investigated for 9 days, af ter which 
the seismic activity in the area dropped to about the level of the pre-
ceding time. 

The Imperiai County sequence has the appearance of an earthquake 
swarm with no outstanding earthquake. The cumulative frequency 
diagram (Fig. 4) can be approximated by the equations: 

branch I I I : l o g N = 3 .51 — 0.46 ML: + 2 .0 < ML < + 4 .2 ) 
[3.41 

b r a n c h I V : log JV = 5.92 — 1.07 ML-, + 3 .8 < ML < + 4-6 | 

Here again two branches are needed for the approximation. The mag-
nitude limits overlap in the middle of the range, with practically no 
importance for the approximation. The £>-coefficients for Baja California 
and Imperiai County exhibit a remarkable agreement in the correspond-
ing magnitude ranges. 

For Arizona one branch was found. The approximation, yielding: 

branch V: log N = 3 .11 — 1.21 ML; + 1 .5 < ML < + 2 . 1 [3.5] 

is vague, since only 20 earthquakes can be taken into account. 
The most surprising conclusion from the above approximations is 

t ha t the a- and 6-coefficients in [3.1] can be different in the same 
region and time interval, but for differing magnitude ranges. The 
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6-coefficient decreases with decreasing magnitude. The values of b 
found here are well comparable with those found repeatedly for greater 
magnitudes. 

4 . - W A V E PROPAGATION. 

4.1. - Phases. 

Por the present purpose the Pn and Sn-waves are understood as 
refracted dilatational and distortional waves respectively travelling in the 
upper mantle. The Pg and Sg-waves are assumed to be guided waves 
travelling in the earth's crust, their apparent surface velocity being 
equal to the group velocity in the crustal wave guide. Similarly, the 
P*-wave is assumed to be a guided wave. 

Table I lists the group velocities with standard deviation for those 
investigated earthquakes, whose origin times and epicentres have been 
reported by USCGS. 

We note immediately that the Pg and <S7/-veloeities are lower than 
usually found. 

The Pn and $w-velocities were calculated for a crustal layer with 
C o n s t a n t velocities and a thickness of 28 km, i n agreement with models 
given by different authors (Tatel & Tuve 1955, Press 1960, Berg & al. 
1960, Diment & al. 1961, Pakiser & Hill 1963). Two cases of crustal 
velocities were considered and the corresponding Pn and $?i-velocities 
are presented in Table I : 

(a) the mean velocity of the P-wave was taken as 6.34 km/sec 
in accoi'dance with a flnding for southern California (Richter 1958, 
p. 698) and the mean velocity of the $-wave was taken as 6.34 km/sec: 

= 3.66 km/sec; 

(b) the mean velocities were taken as equal to the Pg and Sg— 
velocities found for the respective profìles (Pakiser & Hill 1963). 

The Pw-velocities are in botli cases higher along the more southeiiy 
profìle from Baja California than from Imperiai County (Table I and 
Pig. 1). 

The velocities found for the Pn-wave from Imperiai County under 
assumption (a) agree within error limits with the Pn-velocity (below 
8 km/sec) in the Basin and Range Province (Pakiser 1963). 

This would indicate that the mantle with anomalously low Pn— 
velocities terminates in Baja California. 
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Special care has been taken to identify the pertinent phases in ali 
examined records. The identifìcation is proved to bave been successful 
in the case of the Pn, Sn, and Pg, $</-phases by Poisson ratios (a) 
calculated for the upper mantle and the crust respectively (Table I). 
The ratio (a) is in ali cases in dose agreement with the ratio determined 
from Jeffreys & Bullen tables (nj,s). The Poisson ratio is seen to be 
higher in the upper mant le than in the crust. 

The velocities and appearance of the crustal phases, observed in 
the distance range from 14 km up to more than 650 km, were used to 
fìnd out if they can be related to crustal phases observed at larger epi-
central distances. 

The velocities of the $gr-phase, generally the strongest in our records, 
were 3 .34 ± 0.17 km/sec for earthquakes in Ba ja California, 3 .25 ± 
0 .13 km/sec for Imperiai County and 3.06 ± km/sec for Arizona, i. e. 
dose to the velocity of the i #2 -phase (3.37 ± 0 . 0 4 km/sec) a t larger 
epicentral distances (Bàtli 1954). This is in agreement with the idea 
tha t the i ^ - p h a s e is identica! with the *S'</-phase, as expressed by Press 
and Ewing (1952). 

The P*-phase was recorded from a number of earthquakes in Im-
peria! County (Table I). The mean velocity amounts to 6.28 ± 0 .21 
km/sec. The wave had small amplitudes in comparison to other phases 
and erratic occurrence. Both its velocity and appearance are dose to 
tha t found by Press & Gutenberg (1956) for the TI//-wave a t distances 
from 5.3° to 37.5° with a velocity of 6.09 ± 0 . 0 6 km/sec. 

The Tcjr-phase has been proposed as corresponding to the Pjr-phase. 
The P</-phase was second in intensity in the entire distance range in-
vestigated. This is strange if indeed it should be identica! with the 

Table II - C O R R E S P O N D I N G P I I A S E S Y M B O L S A T D I F F E R E N T D I S T A N C E S . 

Epicentral distances of about 

< 6° > 6" < G° > 6 ° 

Pn 

P* probably 
identical with 

Fi7 

Pn corresponds to 

7ig corresponds to 

Pg corresponds to 

Sn Sn 

Lg\ 

Sg identical with Lg2 
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7t</-pliase. The sanie conclusimi has been drawn previously by Bàth 
(1962). From our observation we conclude ra ther t h a t the jig-phase a t 
large epicentral distance is identica! with the P*-phase a t small epicen-
t ra l distances. 

In Table I I are listed the phases which correspond to each other. 

4 .2 . - Periods of Pn, Pg and Sg-ivaves. 

If seismic events are recorded by a single station, even an array 
station, the seismograms usually differ f rom each other in the magnitude 
of the event and its epicentral distance. This makes it difficult to sepa-
rate the effects of magnitude and distance. Nevertheless, in a number 
of cases it could be found which of these two factors is of prevailing 
importance. 

The periods of the maximum oscillatimi of Pn and Pg-waves on 
the vertical seismograpli and of Sg-wnves on the horizontal seismographs 
were measured, together with the corresponding amplitudes. As only 
slight changes of period with t ime were observed, the periods correspond 
in general to most of the wave traili of eacli pliase. 

The periods of the Pn, Pg, and $<7-waves as function of magnitude 
display a large scatter. We conclude tha t the influence of the magni-
tude of the earthquake on the period of the maximum oscillation of each 
phase is below the measuring accuracy or is masked by another factor. 

The periods as function of epicentral distance reveal a general 
increase with distance, as seen in Fig. 5. The dashed lines are overall 
least-square approximations, their equations being sliown in Table I I I . 

The Pw-period is practically Constant within the distance ranges 
from 100 k m to 300 km, and from 300 km to 650 km as indicated by 
the small correlation coefficients shown in Table I I I for the Pw-period 
in both distance ranges. 

The P^f-period increases with distance up to 100 km, remains fairly 
Constant between 100 km and 300 k m epicentral distance (small correla-
tion coefficient), and increases thereafter . 

The %-per iod is C o n s t a n t in the range from 14 km to 100 km, 
where it jumps 0.15 sec, and remains Constant up to 300 km. Here it 
s tarts to scatter strongly and increases rapidly with distance, meeting 
the periods found for Pjf-waves (Bàth 1962). If the criticai distance 
for the $<jr-wave is chosen a t 350 km instead of 300 km, even a junip 
of the period by a factor of 2 is indicated by the data . However, we 
kept in ali cases the criticai distance for the least-square approximation 
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Fig. 5 — Period versus epicentral distance of Pv-waves, Pg-waves and Sg-waves. / — frequency = 1/T. 
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at 300 km, the changes of slope or junips at tha t distance in the 
period-distance diagrams supporting each other for ali three kinds of 
waves. 

Table I I I - L E A S T - S Q U A R E S O L U T I O N S F O R P E R I O D - D I S T A N C E R E L A T I O N S 

( F i g . 5 ) : T ( x ) — a + bzI, W I T H T i n s e e a n d A i n k m . 

X A a b x 10+4 Correlation 
between T and A 

100-800 0.23 + 2.2 III 0 3 + 0.17 

Pn 100-300 0.27 — 1.6 ± 1 2 0.02 

300-800 0.44 — 1.6 ± 0 6 0.05 

14-640 0. 14 + 6.6 ± 0 4 0.58 

14-100 0. 14 + 8.6 ± 3 6 0.16 
Pg 

± 
100-300 0 20 + 2.5 ± 1 1 0.05 

300-640 0. 19 + 5.7 ± 1 3 0.16 

14-640 0. 11 + 12.1 ± 0 6 0.64 

Sg 
14-100 0 19 + 0.3 ± 4 6 0.00 

Sg 
+ 0.3 ± 

100-300 0 34 — 0.4 i 2 5 0.00 
300-640 — 0. 24 + 19.8 ± 1 4 + 0.57 

The period discontinuities of Pn, Pg and Sg at 100 km and about 
300 km should liave a hearing on the energy attenuation of these waves 
(see Section 5.2). 

No dispersion for /Sty-waves could be ascertained. Thus, the large 
scatter of $#-periods of distances greater than 300-350 km must be 
due to another factor. 

The period of the P*-wave, which was recorded especially from 
earthquakes i n Imperiai County, was fairly C o n s t a n t for distances from 
a b o u t 3 0 0 t o 4 5 0 k m a n d a m o u n t e d t o 0 . 4 0 + 0 . 0 5 s e c . 

No difference in periods from earthquakes and explosions was 
found. 
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4.3. - Duration of the Sg-phase. 

We define the duration of the wave t ram t j at the epicentral dis-
tance A as the time from the beginning of the corresponding phase up 
to the decrease of its amplitude below 1/e 1/3) of its maximum 
value. The duration was measured for Sg and IV/-waves. The measure-
ments can only be approximate due to the complexity of the records. 

Fig. G - Duration of Sj-phase as function of magnitude. 

Whereas the durations of the Sg and Pg-waves as function of 
epicentral distance display a large scatter, a clear dependence of the 
#</-phase on the magnitude could be found, as shown in Fig. 6. A 
least-square approximation of the data yields: 

log tA(Sg) = 0.254 + (0.391 ± 0.016) ML [4.1] 
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in tlie magnitude range — 0.7 < ML < + 4 .3 and where tA(Sg) is 
expressed in sec. The equation is shown as a solid line in Pig. 6. 

The duration data were arranged according to distance classes of 
50 km. In ali distance classes the sanie relation of duration to magni-
tude was found. This is in agreement with Gutenberg and Eichter 
(1956a). Thus, the duration of the $<7-phase is independent of distance 
in the investigated range: 

tA(Sg) = tK(Sg) [4.2] 

K is any distance in the range considered. 
No corresponding least-square approximation for the duration of 

the Pgr-phase seems justified, because of a considerable scatter of the 
data. As no contrary information is found, we shall assume in the 
following that the ratio of the duration of the $</-pliase to the duration 
of the Pg-phase, tA(Sg) / t/](Pg), is independent of magnitude. 

There are fom' possible factors wliich may infìuence the duration 
of the $<7-phase: 

(a) dispersion; 

(b) attenuation; 

(c) source mechanism; 

(d) lateral refraction and reflexion. 

If dispersion of the >S'</-phase is present, even with no measurable 
change of period as in the case of a dispersion curve almost parallel to 
the velocity axis, the duration increases with epicentral distance. The 
attenuation of the $<jr-phase diminishes the duration of the wave train 
with epicentral distance. As no change of the Sg-wave duration with 
distance was found, the factors mentioned either annihilate each other or 
their ratio is independent of the epicentral distance. 

Therefore the increase of Sg-wave duration with magnitude is pro-
bably due to items (c) and (d). The duration of the Sg-wave is longer 
than any reasonable duration of rupture along the fault piane during an 
earthquake with magnitude ML- The problem of the duration of seismic 
wave trains is old and no satisfactory explanation has been presented 
so far. Different liypotheses have been proposed or excluded (JefEreys 
1931, Tatel & Tuve 1954, Tatel 1954). A final judgement requires a 
special study. 
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5 . - W A V E E N E R G Y . 

5.1. - Ratio of &<g to Pg-wave energy. 

Tlie seismic wave energy from a point source in a homogeneous 
medium, recorded at a distance h, equal to the focal depth of the source, is: 

h ( X ) 

where (%) refers to the land of wave considered, 
v(x) is the group velocity of the corresponding wave, 
th(%) the duration of the wave train at distance li, 
Ai,(x), Th(x) the amplitude and the period of the wave at distance li, 
Q the density of the medium (Gutenberg & Rieliter 1942, 1956a, b). 

In formula [5.1] allowance is made for the mean kinetic and po-
tential energies in the wave train and the effect of the free surface. 
Assuming that no absorption takes place on the way from the focus up 
to a distance li, the formula gives the seismic energy radiated from the 
source. 

The Sg and Pg-waves carried most of the seismic energy in ali 
investigated shocks. 

The maximum amplitudes A/\ were measured within 10 sec at most 
after the beginning of the phase together with the corresponding pe-
riods T,\. We used the horizontal coinponent of the Sg-w&ve and the 
vertical component of the Pg-wave. I t is reasonable to assume for 
$</-waves that the vertical component is lialf of the resit i tari t horizontal 
component, and for the P</-waves that the vertical and horizontal com-
ponents are equal. We then get for the ratio of the total amplitudes 
AA(x) to the measured amplitudes AA(x): 

ò 
[5.1] 

[5.2] 

k(Pg) = AA(Pg) 
AA(Pg) 

= 1.41 [5.3] 

The duration tz\ of the wave trains was measured until tlie amplitude 
decreased below 1/e of its maximum value (see Section 4.3). We assume 
that the energy deficit from taking only that part of the wave train into 
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account- is compensateci by the energy surplus from taking the maximum 
amplitude throughout the entire duration tA. 

The energy of the % and /'(/-waves at distance li will then be: 

Eh(8g) = 2JI3 gli2 v(Sg) 

Eh(Pg) = 2?t3 QK v(Pg) 

Ah (Sg) 
[TH (Sg) 

A A (-Pflf) 
(Pff) 

i* (Sg) [h (Sg)]- [5.4] 

[5.5] 

If AaI, T | and tA are known as functions of distance, the energy 
at the source E„ can be calculated from the energy EA recorded at epi-
central distance A. 

Fig. 7 shows the ratio of the maximum particle velocities, AA/TA, 
for Sg and Pg-waves as a function of epicentral distanc-e. Under the 
above assumptions, this ratio is proportional to the square root of the 
ratio of the Sg-wave energy, EA (Sg), to the Pg-wave energy, EA(Pg): 

AA (Sg)/TA (Sg) 
AA (Pg)/TA (Pg) 

y (Pg) 
v (Sg) 

tj (Pg) 
*A (Sg) 

\ (Pg) 
h (Sg) 

EA (Sg) 
(Pg) 

[5.6] 

As this ratio is composed by 4 values determined by measm-ement, it 
will scatter. Nevertheless, averaging the ratio in intervals of 50 km 
epicentral distance reveals some characteristic features: 

(a) the ratio [5.6] amounts to about 8:1 close t-o the epicentre and 
at a distance of about 600 km. In the first case this must be related 
to the focal process, in the second to the different propagation of the 
two kinds of waves. 

(b) t-he ratio [5.6] has a distinct minimum equal to 2:1 at about 
100 km. 

The general trend of the c-urves in Fig. 7 can be given the following 
explanations, arranged in order of probable importance: 

(a) different attenuation of Pg and Sg, the ^(/-attenuation being 
the strongest in the first 100 km but decreasing below the va-lue of the 
P</-attenuation at greater distances. This seems likely considering the 
large percentage of high-frequency motion in Sg close t-o the source. 

(b) the minimum around 100 km distance can part-ly be traced 
back to the corresponding period increase of 0.15 see at tha t distance 
for Sg with no corresponding period change for Pg (Fig. 5). This 
period jump will cause the ratio [5.6] to decrease to 0.6 of its pre-
vious va-lue. 
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[AA (Pg)/TA (Pg)]2 tA (Pg) for explosions versus distance. 
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(e) constructive interference between Pg, Pn and P* at the cross-
over distance near 100 km could increase the P -wave amplitude and 
thus contribute to the minimum around tha t distance. 

Fig. 7 also shows [5.7] proportional to the ratio of the energies of 
the Sg- and Pg-waves after introducing the duration tA of the wave 
trains: 

[AA (Pg)ITA (Sg)ftA (Pg) = v(Pg) 
[AA (Sg)/TA (Sg)f tA (Sg) v{8g) 

Here, six quantities determined experimentally are combined, four of 
them in the second power, and the scatter is considerable. The charac-
teristic features found above, however, are confìrmed. In particular, 
dose to the epicentre the ratio [5.7] amounts to about 280. Taking 
info account the ratio of the velocities of Sg and Pg-waves from 
Table I, i. e. 0.56, and the ratios [5.2] and [5.3], we find that dose to 
the epicentre the $-wave eneigy is about 100 times that of the P-wave. 
The nearest epicentre had a distance of 14.4 km. 

Consequently, in our epicentral distance range the Pg-wave energy 
can be disregarded in comparison with the Sg-wave energy for any 
calculation of seismic energy emitted by the earthquake focus. 

Fig. 8 shows the ratio [5.6] of the maximum Sg and Pg-wave 
particle velocities for explosions in the distance range from 100 to 
340 km. Only a slight increase with distance is observed. Similar 
features are seen for the ratio [5.7] proportional to the energies (Fig. 8). 
Considering the ratio of the Sg to P(/-velocity [5.2] and [5.3], as 
before, we see that tlie energy carried by the Sg-waves is stili prevailing, 
but amounts in average to less than 3 times that carried by Pr/-waves. 
This feature was used as one of the criteria to distinguisi! in some cases 
between earthquakes and explosions in the present investigation. 

The ratio of the particle velocities for Sg and Pg-waves was plotted 
as function of magnitude, as seen in Fig. 9. The scatter of the data 
is large, and no dependence of this ratio upon the earthquake magni-
tude can be coneluded. 

5.2. - Attenuation of Sg-wave energy. 

If a relationship is found connecting the ratio AA(Sg)/TA(Sg) with 
the epicentral distance A and the magnitude ML, the attenuation of the 
$sr-wave can be found from recordings of a single station, just as well 
as of an array station. 

MPg) 
lc(Sg) 

2 E A (>$9) 
EA (Pg) 

[5.7] 
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Here, a dependence in the following forni is assumed: 

-A-A (Sg) 
l o g 

Ta (Sg) 
A" = X+T Ml [5.8] 

n, X, Y are constants. 

A (SG) r r 
T(Sg) ~ Earthquakes 

1 r i r 

A(Pg) 
T(Pg) 
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Fig. 9 - Ratio AA{Sg)/TA(Sg): AA(Pg)!TA(Pg) for ear thquakes versus 
magnitude. 

The factor A " accounts for both the geometrical spreading and the 
absorption. An attenuation according to zi» was found by Gutenberg 
& Eichter (1942), who noticed that 

AA (Sg) 
T A (Sg) 

A" [5.9] 

with n = 2 was Constant for an earthquake with a certain magnitude, 
recorded at different distances. Lampson (1946) demonstrated that an 
expression of the forni [5.9] is C o n s t a n t for explosions. The observed 
decrease of amplitude ranges from the inverse third power at short 
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epicentral distances to an inverse first power at large distances. A 
number of numerica! values was compiled by Howell (1963). 

Theoretically it is more eorrect to express the at tenuat ion in the forni 

A a ( X ) = A N ^ I ^ 

TA(x) Tn[x) ' 1 J 

where a is the absorption coefficient and n is equal to 1 for body waves 
and y2 for guided waves. 

But if the amplitude Aa(X) is associated with the maximum am-
plitude a t any distance, the terni involving a in [5.10] is usually omitted, 
and both the geometrie spreading and absorption are expressed by the 
exponent n, as in [5.8] (Howell 1963). 

Differentiating [5.8] with respect to ML, Ave find 

dlog[AA (Sg)/TA (Sg)] 
X ~ ~~ d M L

 L J 

to be independent of the exponent n for ali distances where [5.8] is sa-
tisfied. Only the Constant factor X Avill be affected by the exponent n. 

By trial, Ave found the observational da ta to be best fitted by n = 2. 
No single X, Y- set, hoAvever, was acceptable for the entire magnitude 
and distance range. From Fig. 10a Ave have the folloAving least-square 
approximation for earthquakes and explosions in Arizona: 

log Aa (Sg) 
t a m 

= 7.183 + (0.890 ± 0 . 0 2 6 ) M L [5.12] 

in the magnitude range — 0.7 < ML < + 2 . 4 and distance range 
14 km < zi < 340 km. Frolli Fig. 106 we have for earthquakes in 
Imperiai County and Ba ja California: 

log: 4A (Sg) ,2 TA (Sg) 
= 6.941 + (0.804 ± 0.018) ML [5.13] 

in the magnitude range + 1 .5 < ML < + 4.9, and distance range 
310 km < A < 640 km. AA and A are given in cm, TA in sec. Equa-
tions of this forni are in good agreement Avith the equation for the per-
ceptibility limit (Fig. 3) a t least for positive magnitudes. 

Comparing the formulas [5.12] and [5.13] Avith [5.4] Ave notice 
t h a t ySVjr-Avave energy decreases Avith the 4th power of the distance. 
As the Sg-wa,ve is a guided Ava ve, the energy at tenuat ion due to geo-
metrical spreading is proportional to A; the absorption of energy Avill 
thus be proportional to zi3. 
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Besides that , at an approximate distance of 325 leni we observe a 
sudden increase of attenuation. A similar change in attenuation at an 
epicentral distance of somewhat above 300 km was found in other parts 
of the world (Bune & al. 1960, Kàrnik 1962). Therefore the discon-
tinuity in attenuation, as seen from Fig. 10a, b, is unlikely to be caused 
by regional differences in the crustal structure between Arizona on one 



R E G I O N A L S E I S M I C I T Y A N D S E I S M I C W A V E P R O P A G A T I O N , ETC. 117 

side and Imperiai County and Baja California on the other. I t is 
rather the propagation mode of $<7-waves, which causes the disconti-
nuity in the attenuation. 

The sudden increase in attenuation at this distance is manifested 
by the decrease of X in [5.8], amounting to 0 .41 at ML = + . 2 . 0 as 
seen from the formulas [5.12] and [5.13] and Fig. 10a, b. This corres-
ponds to a decrease of the ratio AA(Sg) j Tj(Sg) by a factor of 2.57 
or to a decrease of the energy of the Sg-wave nearly seven times. I t 
seems probable that this is connected with the rapid increase in Sg-
wave period at tlie distance of 300-350 km (Fig. 5). 

The sudden increase of Sg-wave periods at a distance of 100 km 
(Fig. 5c) indicates another diseontinuity in attenuation. Unfortuna-
tely, the data are too scanty for a direct estimate of the decrease in 
AA(Sg) I TA(Sg) at this distance. 

5 .3 . - Seismic energy releaseil in an earthquake. 

Knowing the attenuation and the duration of the Sg-wave as func-
tion of magnitude, the seismic energy released at the focus of an earth-
quake with magnitude ML can be determined. We have from [5.4], 
neglecting the insignifìcant factor lc(Sg): 

[5.14] 
log Eh (Sg) = log [27T1

 ev (Sg)] + 2 log h + 2 log (Sg)/T„ (Sg)] + log tH. 

Taking n = 2 . 7 g/cm3 (Gutenberg & Richter 1956a), assuming 
h = 14 km, v(Sg) = 3.25 km/sec (Table I), and substituting [4.1] and 
[5.12] with A = h = 14 km into [5.14], we obtain: 

logE h (Sg) = 10.06 + (2.17 ± 0.07) ML [5.15] 

for the magnitude range — 0.7 < ML <C + 2 . 4 , and distance range 
14 km < z1 < 340 km. The attenuation formula [5.13] cannot be extra-
polated to epicentral distances lower than 310 km, without taking into 
account the sudden increase in attenuation at about that distance. 
Compensation for that loss of seismic energy yields a magnitude-energy 
formula, practically equal to [5.15]. Formula [5.15] is then valid in 
the magnitude range — 0.7 < ML < + 4 . 9 and distance range 14 
km < A < 640 km. 

Although the magnitude of an earthquake is not affected by it, 
the diseontinuity in attenuation between 300 km and 350 km causes a 
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consideratole difference of seismic energies recorded at two epicentral 
distances, slightly below and above this distance range. 

I t is of interest to compare the magnitude-energy formula [5.15] for 
locai earthquakes with the corresponding formula for teleseisms: 

log E = 9.9 + 1 .9 Ml — 0.021 M-L . [5.16] 

See Eichter (1958, p. 366). We flnd tha t Eh(8g)jE is approximately 
130 for ML = 5.0, i. e. at a point where both formulas are expected to 
be valid. This may seem to be a large discrepancy whereas a eompa-
rison with an energy formula deduced from [5.13] gives almost perfect 
agreement (E h (8g) /E = 6). Stili, it does not appeal- to be excluded 
that , at least in some cases, earlier energy estimates could be somewhat 
low because of insuffìcient information on the veiy high attenuation, 
especially of Sg, near the source (see Section 5.1). 

6 . - DISCUSSION. 

TFSO is one of the most sensitive seismograpli stations conti-
nuously operated. The effective increase of the sensitivity of a station 
entails that besides earthquakes a large number of artifìcial events is 
recorded, especially in regions with numerous quarries, like Arizona. 
This raises the problem of distinguishing between earthquakes and 
explosions in the range of small epicentral distances, up to several 
degrees. 

The appearance of an explosion record does not in general allow 
an immediate separation from an earthquake. This may be seen from 
the Arizona earthquakes reported in the TFSO-bulletin for the time 
interval Sep. 15, 1963-Jan. 31, 1964. An arrangement of the reported 
events according to their origin time shows a clear maximum at about 
4 p. m. locai time, just before the working day is terminated and most 
explosions are fìred. The maximum is equally well pronounced for re-
ported California events, with the difference that the maximum occurs 1 
hour later, due to the locai time difference. 

From our investigation we found that the most pronounced dif-
ference between earthquakes and explosions is the ratio of S to P-wave 
energy. The nearest recorded explosion had an epicentral distance of 
100 km. I t is surprising that the ratio of 8 to P-wave energy amounts 
in average to as mudi as 5 (for earthquakes 10) and increases up to 10 
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(for earthquakes 40) at 300 km distance (Fig. 7). This allowed us to 
exclude explosions from the study of the Arizona, seismicity. 

The 8-waves in explosions are unexpectedly strong if compared 
with the P-waves. However, they are weaker in explosions than in 
comparable earthquakes. This is in analogy to surface waves from nu-
clear explosions where Eayleigh waves dominate and Love waves are of 
secondary importance (Toksòz, Iiarkrider & Ben-Menahem 1965). 

The discrimination of explosions and the study of locai seismicity 
require accurate hypocentre determinations. For the epicentral distance 
and focal depth determination, locai travel time tables of high precision 
are needed, giving the travel times even as function of azimuth. The 
accuracy in azimuth determination of an epicentre from a single array 
station is limited mainly by the spacing within the array and by the 
appearance of phases at different epicentral distances. The azimuth is 
difficult to determine accurately from a single array station, especially 
at distances béyond about 3°, considering horizontal refractions in the 
crust and upper mantle. The conditions would certainly be very much 
improved if two or three array stations are situated at optimal relative 
distances. On the basis of the measurements presented in this paper, 
we flnd that a reasonable lower limit of the relative distance between 
two or more array stations equipped with seismometers like TFSO, is 3°: 
up to that distance the first events are sharp and the arrivai times on 
different seismometers of the array can be determined with an accuracy 
up to 0.01 sec. The upper limit of the relative distance of two or more 
array stations depends on the lower magnitude limit of events desired 
to be recorded completely in number. From the perceptibility diagram 
(Fig. 3) it is seen that two or more array stations of TFSO-type, at a 
relative distance of 500 km would assure the number of earthquakes 
recorded to be complete down to magnitude + 2.0 in the region 
between the stations. 

The application of an array station to regional problems display 
some advantages as also shortcomings. The superiority of the seismo-
graphic array station over conventional stations results from: 

(a) the high sensitivity of the single seismometers; 

(b) the possibilit.y to improve the signal-to-noise ratio; 

(c) the regular spacing of seismometers; 

(d) the possibility to process the data automatically if recorded 
on magnetic tape; 
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(e) tlie convenience of operatine the station limited to a rela-
tively small site. 

The main shorthcoming of the array station if compared with a net-
work of conventional stations, is the limitation in accnraey in spite 
of the dimension of the array. This difficulty can he pai'tially overcome 
by increasing the maximal dimension of the array, or better stili, by 
using two or more array stations. Thereby eacli array can conveniently 
be composed of a simpler system of seismometers. 

In our study the records from a selection of seismometers of TFSO 
were available on microfilm. Therefore the data could only be processed 
in the conventional way. Nevertheless, some new results on certain pro-
blems concerning the rheology of the Ear th 's crust could be obtained. 

From the perceptibility diagram (Fig. 3) we conclude that it is 
essentially impossible to record locai earthquakes with small magnitudes 
at distances greater than some criticai distance. No increase of the 
signal-to-noise ratio can improve this. The only possible way to include 
small locai earthquakes seems to be to record them at small epicentral 
distances. 

From a complete recording of earthquakes in two sequences down 
to very small magnitudes, the recurrence diagrams (Fig. 4) were found 
to have a break at a magnitude of about + 3.7 such that the rate of 
increase of the number of earthquakes with decreasing magnitude be-
comes smaller for magnitudes below this limit. This raises the question 
whether further breaks occur at stili smaller magnitudes. 

In the liglit of this finding it seems problematic to extrapolate the 
recurrence diagram in any direction beyond the magnitude limits for 
which it has been found or to draw conclusions about the probable 
future occurrence of earthquakes. An extrapolation can be performed 
only if the coefficients in the recurrence formula [3.1] or [3.2] can be 
assnmed to be C o n s t a n t also outside of the magnitude range investigated 
or if the change of these coefficients with magnitude is known. None of 
tliese conditions is fulfìlled and an extrapolation can only be speculative. 
Therefore, our results do not support an idea, which has sometimes been 
expressed, that it would be possible to get a reliable information on 
long-term statistics of the seismicity of an area by recording a large 
number of very small shocks within a relatively limited time interval. 

The attenuation of seismic waves may sec-m impossible to be studied 
from records of a single station, even an array station, since both the 
magnitude and epicentral distance change for every recorded earth-
quake. However, even in that problem the array station records have 
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proved to deliver results comparable to those of a network of conven-
tional stations. The propagation of seismic waves at shortest epicentral 
distances turned out to be complicated. The rapid increases of period 
at distances of 100 and about 325 km cause a sudden increase in the 
wave attenuation. This is especially clear for Sg-w&ves, carrying most 
of the seismic energy. The knowledge of the attenuation pattern 
allowed a better estimation of the seismic energy released in locai 
earthquakes. 
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