Earthquake sequences and seismicily

of the Watsonville Region of Central California
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SUMMARY. -— The Watsonville area designates here the region of
Central California bhetween the latitude 36°40° and 37°05° N and the lon-
gitudes 121025" and 121°50° W. This area can be considered as a regional
seismic unit. The seismic activity during the years 1960-1966 gives a
background level of 2 or 3 earthquake of magnitude 2 < M = 3, per month,
with periods of increased activity associated with the occurrence of larger
shocks. The presence and nature of sequences of earthquakes in the area is
investigated for the period 1952-1966. Three sequences in 1963 are stu-
died in more detail. Tentatively the sequences of the area are grouped
in three general types.

RiassuNT0o. — Con la denominazione di area di Watsonville si in-
tende qui la regione della California situata tra i 36040’ e 37005” latitudine N
ed 1 121925" e 121950" longitudine W. Tale area puo essere considerata
come unitd sismica regionale. Negli anni 1960-1966, 'attivita sismica oftre
un quadro di 2 o 3 terremoti di magnitudo 2 < M £ 3, al mese, con periodi
di pin intensa attivitd associata al verificarsi di scosse pitt ampie. Viene
studiata la presenza e la natura dei fenomeni sismici nell’area predetta du-
rante il periodo 1952-1966, e si fa un esame pin particolareggiato di tre pe-
riodi sismici avvenuti nel 1963. A titolo di prova si sono raggruppati in tre
tipi generali, i periodi sismici osservati nella stessa area,

INTRODUCTION.

The Watsonville region designates here the area between the
latitudes 36040’ and 37°03’ and the longitudes 121025’ and 121°30°.

(*) Instituto Geografico y Catastral, Servicio de Sismologia — Madrid,
Spain.
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This area covers a section of the San Andreas fault and is ideally
suited for a detailed study of regional seismic conditions because it
is covered by a net of permanent and mobile stations operated by
the University of (‘alifornia. The geology of the area is of rather
complex nature as shown in Figure 1 (Jennings and Strand, 1958).
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Fig. 1 — Generalized geological map of the Watsonville area
(after J. K. Allen).

The main geological feature is the San Andreas fault which crosses
the area striking N 470 W. Most of the area to the West of the fault
is covered with alluvial deposite and Pleistocene non-marine sediments.
Northeast of the fault the sediments are Oligocene and Miocene marine
sediments. This part is traversed by a series of faults which trend
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parallel to the San Andreas of which the Sargent fault is the most
important. The northern part of the granitic mass forming the Ga-
bilan Range is at the southeastern end of the area, to the southwest
of the San Andreas fault. At the north edge of the granitic outerop
there is a series of criss-crossing faults ofishooting from the San An-
dreas in northwest and southwest directions.

LOCATION OF PERMANENT AND MOBILE SEISMOGRAPHIC STATIONS.

In the region under study, there is a concentration of recording
stations. Besides the permanent stations of Vineyard (VIT), Santa
Cruz (SCC), Mount Hamilton (MHC), Llanada (LLA), and Paraiso

(PRS), which surround the area, three mobile stations were used,
since 1963, during the time following the main shocks and placed in
the immediate area. Tigure 2 shows the location of the permanent
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stations and some of the sites where the mobile units were installed.
These stations are part of the telemeter net opereted by the University
of California. They are equipped with short-period vertical Benioff
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Tig. 3 — Recording from the telemeter net of the first arrival of the aftershock
of September 14, 1963, 22n4gmils. M = 2.5,
1) Radio — 2) Point Reyes - 3) Vineyard - 4) Priest — 5) Priest SM - 6) Calistoga
7) Concord - 8) Berkeley - 9) liml\oloy SM - 10y MT. Hamilton - 11) Santa Cruz
12) Paraiso - 13) Llanada.

seismographs. The signals are telemetered and recorded at Berkeley.
The peak magnification of the instruments ranges from 100,000 to
200,000 at a period of about 0.3 seconds. Examples of the recording
for the aftershock of September 14, 1963; 22n46m, are in Figure 3.
Each mobile station is also equipped with a vertical short-period
Benioff seismograph. The instruments were run at a peak magni-
fication ranging from 15,000 to 40,000.
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Tanee | UNIVERSITY OF CALIFORNIA SEISMOGRAPHIC STATIONS
IN OPERATION 1963.

Station Station Name Latitude Longitude  Elevation
Symibol North West (meters)
Permanent Slalions
ARC Arcala 4004267 124004.57 59
BRK Berkeley (llaviland) 37052.47 122015.6" 81
BKS Berkeley (Byerly) 37052.67 122014.17 276
(LS Calistoga 38038.27 122035.17 457
CNC Coneord 37058.17 122004.3" 36
FRE  Presno 36v46.0 119047.8" 88
LLA  Llanada 369370y 120056.6" 175
M Mi. Hamilton 37020.5’ 121038.5" 1282
MIN  Mineral 40020.7’ 121036.3’ 1495
PAC Palo Allo 37025.07 122010.9" 83
PR Point. Reyes 38004.8' 122052.0/ 404
PRI Priest 36008.5" 120039.9’ 1187
PRS  Paraiso 36°019.97 121022.27 363
SCC Santa Cruz 37000.4 121059.8’ 128
STB San Franeisco 37046.67 122027.17 100
SHS  Shasta 40041.6" 122023.5 312
VIN  Vinevard (local) 36045.0" 1210231’ 330
VIT  Vineyard (telemeter) 36045.0" 121023.3’ 380
Mobile Unil Stations
TCB  Chamberlain 36055.9" 121039.4" 240
TCD  Mt. Madonna 37000.7" 121042.3’ 564
TCJ  Dorney 36050.17 111038.7 207
TDK Sugarloaf 36046.5" 121035.7 79
TDIL  Merrill 36037.9’ 121042.97 18
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The truck sites designated as TCB and T('J were occupried through
the period corresponding to the May 1963 sequence. The locations
TCJ, TDL and TDK were used during the time covering most of
the August and September, 1963 sequences. The coordinates of the
permanent and mobile stations are given in Table 1. The mobile
station at Dorney (TC(J) which occupies the central part of the area
was kept in continual operation from September 1 to October 25
(except for September 6), of 1963 providing and excellent coverage
of the activity in the area. The station was kept in operation until
the activity had returned to the normal level in order to check on
the frequency of occurrence of small earthquakes.

COVMPLETENESS OF A SET OF EARTHQUAKES.

Earthquakes are events that can be specified by five parameters,
xz, 9, 2, t, Il (*). The parameters =z, y, 2 specify the spatial location
of the focus of the earthquake; x, y refer to the latitude and longi-
tude of the epicenter and z to the depth of focus; ¢ specifies the
origin time and F the energy released as elastic waves. This last
parameter can be interchanged with M, the magnitude, as defined in
the conventional manner. An earthquake, thus considered, constitutes
a point in a five-dimensional space (z, v, 2, t, E).

A helpful coneept in the study of seismicity is that of a complete
set of earthquakes. We mean by a complete set of earthquakes a
set containing every earthquake that occurred within given boun-
daries of the five parameters already specified. The boundaries on
x, ¥, and 2z depend on the region under study. The boundaries on ¢
specify the period of time which is covered by the analysis. The
boundaries on I (or M) are a function of the sensitivity and coverage
of the recording stations in the region and period of time under consider-
ation. The lower limit must be quantitatively determined from the
actual distribution of stations in the area so that all earthquakes above
this lower limit are recorded. This idea is of special interest in discus-
sions dealing with the frequency of occurrence of small earthquakes.

The boundaries for the set of earthquakes in this study are the
following:

x  between 36040 and 37005’
between 121025’ and 121050’
2 less than 20 km.

<2
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The limit on 2 is based on the depth found for all the earthquakes
of this area for which there is sufficient information.

The limits on M depend on the period of time under study. TFor
the time intervals when only the permanent stations of the telemeter
net were in operation the lower magnitude for which an earthquake
could be located in this region is of the order of M = 2.2. Tor the
time intervals when the mobile stations were in operation the lower
limit can be reasonably set to M = 1.0. This applies, for example,
to the periods May 7 to 17, and August 31 to October 25, 1963. A
higher limit on J than that given by the sensitivity of the operating
stations can be arbitrarily selected depending on the magnitude level
of the seismic activity in which one is interested.

This concept of the completeness of a set of earthquakes is of
particular importance when studying the frequency of occurrence of
earthquakes with time and magnitude. Analyses of earthquake se-
quences have sometimes been made when there is no certainty that
the actual number of earthquakes with given magnitude is the same
as the number of recorded earthquakes with that magnitude. In
our analysis a lower limit of magnitude is always assigned above which
the recorded earthquakes form a complete set.

SEISMICITY OF THE \WATSONVILLE REGION, 1960-1966.

The seismicity activity of the region has been studied during the
seven years period from 1960 to 1966. This period has been divided
into two, the first including the years 1960 to 1963, and the second
from 1964 to 1966.

SEISMICITY 1960-1963.

For this interval the seismic activity of the region above the 2.5
magnitude level has been studied. Above this magnitude level, the
earthquakes in this region and period of time constitute a complete set.

The linear plots of frequency and magnitude versus time for
the whole period are given in Figure 4. A number of significant
features are noticeable:

(a) There is a continuous activity of about two to three earth-
quakes of magnitudes hetween 2.5 and 3.5 per month.
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(b) There is a fair correlation between the peaks of the frequency
plot and those of the magnitude.

(¢) For every earthquake of magnitude greater than 4.0 there
is a corresponding peak in the frequency plot.
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Fig. 4 - Magnitude and frequency versus time for earthquakes in the
Watsonville region during the period 1960 to 1963 inclusive.

These features seem to indicate that for this region and time
interval, earthquakes of magnitude 4 and above did not occur singly,
but as part of a sequence, either a classical aftershock sequence or
a swarm of carthquakes. The four most prominent peaks in the
frequency plot correspond to the occurrence of the carthquakes of
January 20, 1960; January 4, 1961; May 7, August 31, and Sep-
tember 14, 1963. The entire period shows a continuous level of back-
ground activity of 2 to 3 earthquakes of magnitude between 2.5 and
3.5. per month. The region was at this level of activity from January
1961 to February 1963.
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To combine the information given in the plot of frequency and
magnitude versus time, the energy of the earthqualkes which occurred
in one month was summed and its logarithm multiplied by N, the
number of earthquakes. The quantity F, defined as

N
F=XNlog X I
i1

1l

Tig. 5 — Plot of N log ¥ FE; versus time. for the period [960-1963.
i=1

has been plotted in Figure 5 for this period. This kind of plot, al-
though it has no direct physical interpretation, serves to emphasize
the occurrence of large number of earthquakes per unit time connected
with the occurrence of a large earthquake. The plot also gives a
good representation of the background seismic activity. The large
peak at September 1963 is due to the already mentioned occurrence
of the two sequences.

This discussion has been carried out for earthquakes of magnitude
greater than 2.5. The relation between frequency and magnitude for
smaller earthquakes has been studied for 1963. In this year, because
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Tig. 6 — Plot of magnitude versus time during the year 1963 for M =

2.2, in the Watsonville region.
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of the operation of the Berkeley telemeter net of stations, all earth-

quakes of magnitude 2.2 and above are recorded and their epicenters

determined.  The plot of magnitude versus time is given in Figure 6.
-

The epicenters are plotted in Figure 7. The geographical trend of
the epicenters for the entire year does not follow exactly the strike

Iig. 8 — Energy release contours (in ergs) for all the earthquakes with
magnitude greater than 2.2, occurring during 1963 in the Watsonville region.

of the San Andreas fault, but has a more north-south orientation.
Most of the epicenters are at the West side of the fault, and only those
of the northern part are in the East side. A number of epicenters
was located near the northern boundary of the granitic mass of the
Gabilan Range, but those corresponding to the shoeks with larger
magnitudes were located northward of this mass.

The energy-release contour for the entire 1963 year are given
in Figure 8. The contours were drawn by adding the energies of all
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shoeks loeated within a square of 5 km side. The contour lines empha-
size the trend of the epicenters. This trend. as mentioned before,
does not coincide with the strike of the San Andreas, but makes an
angle of about 200 with the trace of the fault.

SEISMICITY 1964-1966.

Figure 9 shows the linear plots of magnitude and frequency
versus time for all earthquakes above a given magnitude. Three

M
M=>3.0
¢ hd L ] L ]
:. e, 3 .; * . *
1964 1965 | 966
M>25

| -
bl gl

.9 Magnitude and frequencey versus time for ecarthquakes
the Watsonville region during the period 1964-1966.

—_—
=
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peaks in the frequeney plot correspond to aftershocks related to main
shocks of M greater than 1.0 in November 1964 and January 1966;
and to a main shock with W = 3.5 in January 1965. There are two
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shocks with magnitude 4.5 and 4.2 which were not followed by any
increase in the seismic activity at least at the level of M > 2.5, level
at which our analysis was made. If these shocks were followed by
aftershocks must have been all of very small magnitude, and less
than 2.5. During 1965 the seismic activity was at a low level. In

300

N |09[EE§

200—

L I\ \

Fig. 10 Plot of N log ¥ I versus time, for the period 1964-1966.
i

Figure 10 we have plotted the quantity F as defined above. The
peaks emphasize the occurrence of the sequences of September and
November 1964, January 1965 and January 1966. The peak cor-
responding to March 1966 does not correspond to a sequence in the
usual sense, but to an increase of activity during a ten days period
from March 7 to 16, and located in the central area around 36048’,
121935’.  Outside these periods, the level of the background seismic
activity for the area is of 1 to 3 earthquakes above M = 2.5 per month.
This agrees with the results from the precedent period.
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Figure 11 shows the location of the epicenters (M > 2.5) for the
three years. Comparing with the location of the epicenters of 1963
(Fig. 7) we notice the same concentration of epicenters southwest

-y

during the period 1965-1966.

of the San Andreas fault in the central part of the region. Besides,
there are two clusters of epicenters corresponding to the sequences of
November 1964 (Corralitos series) and January 1966 (San Felipe Lake
series) in the northeast side of the fault. Outside the shocks related
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to these two series almost all the other earthquakes occurred in the
area southwest of the San Andreas, with the exception of the two
shocks with M > 1.0 occurred in 1966 and not followed by any series.

SEQUENCES IN THE WATSONVILLE REGION, 1953-1966.

In the previous discussion we have analysed in detail the seismicity
of the Watsonville region during the period 1960 to 1966. Some
conclusions were drawn regarding the relation between the occurrence
of earthquakes of magnitude above £.0 and the occurrence of sequences.
We will dedicate the second part of this analysis to the study of the
sequences of earthquakes located in this region.

SEQUENCES OF TR PERIOD 1953-1962.

The data for this analysis were taken from lists collected by
Professor Byerly for sequences in Northern California from the Bul-
letin of the Seismographic Stations, University of California, Berkeley.
The results of this investigation are given in Table II. Origin times
are only given to the closest minute. These data do not conform as
closely as the more recent observations with the definition of a com-
plete set so that the analysis is only significant for earthquakes of
magnitudes above 3.0. Trom January 1953 to January 1963 the
carthquake activity associated with the larger earthquakes can be
classified as follows:

1. December 17, 19533, main shock M = 4.2. This shock
represents the largest magnitude shock in a series of seven earth-
quakes of M > 3 which took place in a two-day period.

2, April 25, 1954, main shock M = 5.3. The main shock was
followed by seven earthquakes of M > 2.5 in a five-day period and
preceded by three earthquakes of M > 3.0 two days before.

3. December 1, 1956, main shock M = 4.4. No appreciable
increase recorded in the occurrence of earthquakes immediately
before or after.

4. June 26, 1957 and December 10-12, 1957. Two swarms of
earthquakes of magnitude between 2.0 and 3.5, not connected with
any shock of greater magnitude.
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Table 11 — SERIES OF EARTIIQUAKES IN TIIE WATSONVILLE AREA DURING
THE PERIOD 1950-1961.

Date Origin Time Ldlél(ill-iile L(){l\?éi‘lll(le ,\1.1,,1-]11111(1(
Dec. 15, 1953 00h05m 36955’ 121039/ 3.5
16 23 10 36 55 121 40 3.8
17 04 50 36 55 121 40 3.7
17 04 57 36 55 121 40 2.6
17 05 13 36 55 121 40 4.2
17 05 39 36 55 121 40 4.6
17 06 59 36 55 121 40 3.5
28 01 33 36 55 121 37 3.8
Apr. 22, 1954 18 44 36 57 121 41 3.8
22 18 50 36 57 121 41 4.3
22 19 09 36 57 121 41 3.0
25 20 33 36 56 121 41 5.3
25 21 25 36 56 121 41 3.5
26 01 32 36 56 121 41 2.8
26 02 35 36 56 121 41 2.6
26 04 04 36 56 121 41 2.3
26 04 53 36 506 121 41 3.0
28 04 58 36 506 121 41 2.5
30 18 27 36 56 121 41
June 12 03 52 36 56 121 38 2.5
Oct. 10, 1956 12 54 36 51 121 46 3.1
Nov. 5 20 14 36 49 121 37 3.0
8 03 41 36 47 121 40 3.0
Dec. 1 14 11 36 52 121 36 4.4
11 16 02 36 53 121 33 3.0
June 26, 1957 13 09 36 54 121 40 2.2
26 13 28 36 54 121 40 2.3
26 13 50 36 54 121 40 2.2
26 16 20 36 54 121 40 2.4
Dece. 10, 1957 23 06 36 50 121 28 3.0
10 23 22 36 50 121 28 2.8
11 00 31 36 50 121 28 2.4
11 0l 41 36 50 121 28 3.0
11 23 406 36 50 121 28 3.2
12 00 18 36 50 121 28 2.4
Mar. 2, 1959 23 27 36 59 121 36 5.3
3 07 24 37 00 121 36 4.4
3 08 20 37 00 121 36 3.1
3 18 32 36 59 121 36 4.0
4 006 25 37 00 121 36 3.2
4 08 02 37 00 121 37 3.8
4 08 57 37 00 121 37 3.0
4 20 55 37 00 121 37 3.5
4 21 06 37 00 121 36 3.6
10 00 19 36 59 121 35 3.5
Jan. 20, 1960 03 25 36 47 121 26 5.0
20 03 47 36 47 121 26 3.6
20 13 12 36 50 121 28 2.7
25 05 52 36 48 121 42 2.9
Jan. 3, 1961 23 00 36 52 121 40 3.6
4 00 30 36 52 121 40 4.1
7 03 21 36 59 121 30 3.4
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5. March 2, 1959, main shoek M = 5.3. The main shock was
followed by nine earthquakes M > 3.0 in a two-day period.

6. January 20, 1960, main shoek M = 5.0. The main shock
occurred outside the defined area, and only some of the aftershocks
occurred inside the area.

7. January 3, 1961, main shock M = {.1. The activity in-
creased at the 2.0 level at the time of occurrence of the main shock.

The conclusions are: (a) there were four earthquakes with
M > 5.0 in ten years, all of them followed by sequences of aftershocks.
(b) There were five earthqualkes with 4.0 < M < 5.0 which were
not associated with any of the sequences started by the magnitude
5.0 earthqualkes; of these, at least three were followed by aftershocks.

The argument about a threshold magnitude of about + for the
main shock in a sequence is not complete here. We do not have
data for this period which will detect and identify earthquakes at
the M = 2.0 level and below, and earthquakes of magnitude about 4
are more likely to be followed by aftershocks of magnitudes lower
than 3.0 which is the limit of the magnitude detectable. Tt is likely,
therefore, that a shock such as that of December, 1, 1956 could have
occurred in a sequence.

SEQUENCES OF 1963.

Three sequences occurred in this year and are studied separately
since more refined data were available for them because of the use in
this time of mobile stations which made possible the detection of
earthquakes down to magnitudes of the order of M = 1.0.

The first sequence occurred on May 7. The list of shocks identi-
fied as belonging to this sequence is given in Table III. The main
shoelk of magnitude 4.4 occurred on May 7, 07"07m47s; the number
of shocks during May 7 and 8 is small and they are of small magni-
tudes. This number inreases during May 9 and decreases sharply
during the following 10 days. The epicenters of those earthqualkes
which were recorded by enough stations to allow an accurate loca-
tion are shown in Figure 12. The spread of the epicenters is quite
large. The shocks designated with the numbers 18 and 35 in Table ITT
do not seem to belong to the sequence. In the linear plots of the ma-
gnitude and frequency versus time, given in Figure 13, we can see
that in this case the peak of the frequency plot occurs three days after
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Table 111 — EARTHQUAKES rroM May 7 To May 22, 1963
FOR THE WATSONVILLE REGION.
‘o NSRRI Latitude Longitude Depht Magnitude
N Data Origin Time Nord West km B,
1 May 7 1963 | 07h07m47 45 36950.5" 121040.4" 5.93 4.4
2 70 12
3 08 41
4 8 00 06
b1 02 04
6 9 02 51
7 09 32
8 12 00 08.9 36 45.5" | 121 28.1 5.92 2.0
9 12 04 19.1 36 46.27 121 28.1 8.02 3.4
10 12 08
11 12 25
12 12 28
13 13 33
14 18 04
15 10 02 23 56.6 36 51.17 121 38.5 5.13 2.4
16 02 46
17 07 39
18 12 06 35.9 37 04.8 121 35.8 7.7
19 11 14 38
20 22 53 44.4 36 49.8 121 35.0 0.1 3.0
21 22 59
22 12 00 56 19.6 36 48.¢7 121 35.3 3.0 3.0
23 00 59
24 13 31 20.4 36 52.6"| 121 37.6 2.3
25 14 00 55
26 02 39
27 19 00 50.9 36 50.1 121 26.9 3.0
28 15 01 18
29 01 32
30 10 38
31 10 41
32 18 01 52
33 22 10 18 28.4 306 48.6 121 34.6 0 2.4
34 23 19 43 45.8 | 36 47.4 121 36.0 3 2.5
35 24 08 04 20 37 02.6 121 45.6 9 3.4

the main shock. The connection

main shock of May

because of the absence of activity later on May

~

[

is not very

of the shocks on May 9 with the
The shape of the plots is
quite different from the classical pattern of aftershocks sequences
such as that found for the sequences of September, 1963. This sequence,
although it was started by the occurrence of the earthqualke of magni-
tude 4.4 on May 7, does not conform exactly to this pattern mainly
and on May 8.

The other two sequences followed earthquakes occurred on August
31 and September 14; they were previously studied by the author (*%).

clear.
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The list of the earthquakes from August 31 to October 1 is given
in Table IV. Only those earthquakes were located for which suffi-
cient data for an accurate epicenter determination were available.

121°45' 121° 30

37°00'

36°45'

Fig. 12 — Adopted location of the earthquakes of the May 7, Angust 31
and September 14, 1963 sequences.

The epicenters and depth of these shocks were found using a special
program (*) for a high-speed computer. The epicenters are believed
to be accurate within about 2 km. Calculated estimates for the depth

of the focus are in general less accurate.
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The magnitudes were found from the recordings of the Wood-
Anderson instruments at BRI, PAC, VIN, and MIC (cf. Table I).
For carthquakes with magnitude smaller than 2.0, the magnitudes
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Tig. 13 — Magnitude and frequency versus time for the
May 7, 1963 sequence.

were calculated from the maximum trace amplitude recorded by the
Benioff instrument at TCJ (Dorney). In this calculation the ampli-
tudes were reduced to the hypothetical response of a Wood-Anderson
instrument with the same location.
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TapLeE [V — KARTHQUAKES FrROM Avucust 31 TO OCTOBER |, 1963
IN THE WATSONVILLE REGION.

19
20
21
22
23
24
25
26
27
28
29
30

32
33
34

36
37
38
39
10
11
12
43
14
15
16
17
18
19
50

Date

Aug.31 1963

Sept. |

-1

10
11
13

14

Origin Time

Latitude

Nord

16831m14.25 36045.7
16 35 17.0 36 47.7
16 35 34.1 36 46.9
16 37 07.6 36 44.1
17 12 26.7 36 45.8
17 34
17 37
17 38
19 07 36.2 36 47.3
02 15
02 15
04 03 17.8 36 46.6
04 04
15 056 57.1 36 57.9
15 05 59.2 36 57.7
05 05 06.9 36 48.2
06 08
09 56 33.7 306 58.8
01 08 16.9 36 45.1
02 59
04 13
04 29
07 42 19.9 36 45.4
16 38 28.0 36 47.5
03 17
07 53
10 26 31.4 36 55.9
09 42 18.0 36 50.0
14 28 15 36 47.2
14 36 48 36 49.1
16 03
06 05 45 36 57.4
10 03
06 39 30 36 51.2
06 54
07 25
01 23
01 32
17 33 50.4 306 58.2
20 27
00 51
13 05 35.2 36 47.2
22 46
01 54
19 46 17.0 36 52.0
19 58 40.9 36 55.1
20 28 11.2 36 55.0
22 46 41 36 54.0
00 17 51 36 53.5
00 34 35.2 36 52.5

Longitude Depth Magnitude
West: km

121235.0" 2.3 4.2
121 33.0 1.6 2.6
121 37.0 3.5 3.0
121 36.4 3.7 2.7
121 35.2 0.0 2.7
1.2
2.0
1.3
121 32.3 6.5 2.4
1.3
.4
121 33.2 0.5 2.1
0.6
121 41.2 2.0
121 41.0 3.0
121 32.8 5.3 2.0
0.9
121 41.1 2.1 2.0
121 32.1 2.7 3.0
0.8
0.9
0.6
121 32.4 3.9 2.4
121 31.6 3.2 2.0
1.0
0.6
121 40.7 6.3 3.0
121 32.0 2.0 2.0
121 32.3 6.0 1.6
121 39.8 6.0 1.6
1.0
121 43.6 5.0 2.0
0.6
121 28,9 5.2 1.8
1.0
1.6
1.0
0.8
121 36.3 1.6
1.2
1.2
121 32.4 1.2 2.6
1.4
1.5
121 38.3 3.3 5.4
121 39.9 2.8 3.1
121 39.3 12.4 4.6
121 38.0 7.0 2.5
121 38.9 4.0 1.9
121 39.9 15.6 1.8
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No

51
52
53
54
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
78

74
75
76
77

78

93
94
95
96
97
98
99

100

Date

Neptls 1963

Oct.

16

19

21
22
24

25

26

27
30
1

Origin Time

01h46m (s

02
03
03
04
05
06
09
10
14
15
15
17
17
00
00
01
10
16
17
21
05
20
22
23
11
12
20
22
02
06
09

34
09
49
26
+4

37
54.7

09.2

59 22

+1
21
14
58
08
23
51
32
31
04
09
506
+1
39
45
36
51
42
48

32
46
08
53
29
28
47

31.5

50

46.0

44
01
28.3
05.0
58.9

42.5

28.2
05.4

30.8

07.3
57.6

Latitude

Nord

36¢54.37

37
306
36
30
36
306

36
36
30
36
36

306

36

36 ¢

37
306
30
37
30

36

306
306

306 ¢

306

00.4
51.5
48.2
50.1
48.6
53.3

50.6
56.4

Tttt o
PO

—a

49.4

406.1

00.7
44.3
53.6
00.2
59.2

46.7

=3
I Y
NUNC N |

<

36 5

36 5

Longitude Depth Magnitude

West km
121042.67 2.4
121 38.9 6.0
121 41.4 3.9
121 33.9 0.0
121 39.3 3.6
121 37.06 4.4
121 36.1 6.0
121 39.5 2.7
121 33.5 2
121 42.0 .8
121 39.7 6.5
121 41.6 5.9
121 37.8 7.3
121 44.5 9.8
121 25.5 10.7
121 37.8 9.1
121 35.7 9.2
121 38.7 4.6
121 37.6 5.8
121 41.6 8.9
121 33.8 5.6
121 40.2
121 41.7 1.4
121 39.8 4.1
121 37.4 4.7
121 40.0 5.6
121 30.7 ).4
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The location of the shocks are given in Figure 12. Some charac-
teristics should be noted:

(a) The earthquakes of the first sequence are concentrated at
the south end of the region with a few shocks at the north end. The
gap between these two groups of the first sequence is filled by the
aftershocks of the second sequence.

(b) About ecighty per cent of the shocks occurred on the west
side of the San Andreas fault. The general trend of the earthquakes
of both sequences is oriented in a N 240 W direction. This direction
intersect the trend of the fault at an angle of about 23 degrees. Be-
cause of the high accuracy in the determination of the epicenters,
this trend must be considered as being significant. This trend coin-
cides with the general trend of the epicenters in the region as was
seen in the first part of this paper.

(c) The depths of the shocks range from 1 to 12 km, but most
of them are between 3 and 6 km. No particular pattern was found
in the depths, neither as to the time of occurrence, nor the location
in relation to the San Andreas fault.

(d) All shocks with magnitudes over 4.0 lie on a narrow belt
oriented in a northwest direction. The energy released decreases as
the earthquakes separate from this belt.

A quantity which has been used often in describing the characte-
ristics of earthquake sequences is the gradient of the curve giving
the cumulative frequency of occurrence versus magnitude (*° 13).
The curves for the September 14, sequence, and for the entire
period August 31 to October 1, are given in Figure 14. Data have
been plotted in increments of magnitude of 0.2 and the shocks of
magnitude above 3.0 have not been used. The points are linear
between M -- 2.0 and M = 3.0 and the slopes are b = 0.84 for
the September 14 sequence and b = 0.89 for the two sequences
together. The points between magnitudes 1.0 and 2.0 are also
linearly distributed but with a different slope, b = 0.36. This value
is very small and may point to the fact that the control over all
shocks in this magnitude range was not as complete as expected,
or that the relation between Log N and M is not the same for all ma-
gnitude ranges. The inclusion of the largest shock in the series and
the sampling interval have, as was pointed out by Ryall et al. (8),
a great influence in the determination of ». Including the largest
shocks the author (**) found separately for the two sequences
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the values b = 0.49 and & = 0.41. Since no definite criterion is fol-

lowed as to the inclusion of the largest shocks in the determination
of b, a comparison of these values may be misleading. Utsu (**) has

August 3! to October 25

Fqu I"rU_L! n
10 15 20 25 301 5 10 15
SEFTEMBER

25 Time
OCTOBER

Fig. 15 - Magnitude and frequency versus time for the Angnst 21
and September 14 sequences.

found for Japaneese sequences values ranging between 0.7 and 0.8.
Values of b calculated for other sequences in C(alifornia are:

Kern County, 1952 (Oakeshot [elitor], 1953) b = 0.789

San Francisco, 1957 (Tocher, 1939) b = 0.691
Hollister, 1960 (Niczi, 1963) b = 0.664
Corralitos, 1964 (McEvilly, 1966) b = 0.63

Antioch, 1965 (McEvilly and Caseday, 1967) b = 0.78.
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Figure 14 also shows the frequency-magnitude relation for all
earthquakes from 1963 to 1966 in this region, obtaining » — 0.91
which is the value usually found for Central (falifornia.

The frequenecy of occurrence versus time diagram is shown in
Figure 15. The frequency is given in earthquakes per day. For both
sequences, 36 per cent of all the aftershocks took place in the 24-hour
period following the occurrence of the main shock. The plot of the
magnitude versus time exhibits a sharp decay of magnitude of the
shock with time. In the August sequence the shocks with magnitude
3.0 are spread out over a longer period of time than for the September
sequence. Both sequences, however, exhibit the classical sharp decay
of frequency and magnitude with time which has been found in ear-
lier aftershocks studies.

SEQUENCES OF THE PERIop, 1964-1966.

During this period four series of earthquakes occurred in the area.
Data of the shocks associated with the sequences are given in Table V.
The location of the series is given in Figure 16, where only the shocks
with M > 2.5 have been plotted.

The first series occurred in September 1964 following an earth-
quake of M = 3.8. Tour earthquakes of magnitudes above 2.5 fol-
lowed the main shock in a period of three days.

The second sequence was the Corralitos series started on No-
vember 1, 1964 after a shock of magnitude M = 5.0. This sequence
has been studied in detail by MeLvilly (*). We take from his
study the main characteristics of the sequence. The epicenters are
all located in a small area of 4 km diameter, and the depths range
from 9 to 14 km, this being about 7 km deeper than those of the
1963 sequences. Most of the shocks are of very small magnitude;
of the 31 earthquakes of M > 1.0 between 16 and 24 of November
only 6 are of magnitude above 2.0. The sequence represents a highly
concentrated source, a volume in the form of a sphere of 1 km radius
could be responsible for all the focuses of the sequence, and most of
the energy has been released by the main shock.

The third series near Watsonville, started on January 1, 1965,

-

with a main shoek of M = 3.5 and was followed by 7 shoeks with

-

M > 2,5 in a 7 day period.
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Table V. — SERIES OF EARTHQUAKES IN THE WATSONVILLE AREA DURING
THE PERIOD 1964-1966.

Date Origin Time ]ul‘\t'i:lhl;le ]A)\x{:,v(:él(la .\la;m}tudo
Sept. 1 1964 Lon49m16.55  36052.27 121 41.1 3.8
19 52 06.3 52.6 40.4 2.6
22 33 29.4 49.7 38.9 3.0
2 01 58 06.4 49.8 38.6 2.7
3 13 56 59.3 49.6 39.7 3.0
(Corralitos Series)
Nov 16 1964 02 46 41.7 37003.3’ 121 41.5° 5.0
02 55 40.5 03.9 40.5 2.7
05 09 13.6 03.8 40.3 2.5
19 20 47 40.1 02,: 42.1 3.2
23 09 05 08.0 02.4 42.9 3.5
Jan, 1 1965 09 56 51.3 36050.57 121°39.3" 3.5
09 58 59.7 49.3 39.6 2.6
10 47 36.5 51.5 37.8 2.7
12 16 32.0 49.6 +1.8 3.1
2 00 50 01.2 50.8 38.5 2.8
7 02 59 37.1 49.3 42.7 2.7
03 00 03.9 50.6 37.7 2.9
(Sen Felipe lake series)
Jan. 3 1966 15 38 38.6 36958 121028 2.2
5 05 55 06.4 59 28 2.9
9 00 03 20.6 58 28 2.5
00 08 00.9 58 28 3.3
14 00 30 12.0 58 29 2.6
17 01 48 08.1 59 29 3.3
02 03 20.0 59 29 4.1
02 23 37.3 59 29 3.1
02 48 37.6 37000 28 3.0
06 22 56.5 00 30 2.8
10 36 17 00 30 2.6
19 15 04 48.8 36058 27 2.4
19 51 15.7 58 29 2.4
20 02 34.¢ 58 29 2.7
21 04 10 36.0 59 28 3.5

The fourth sequence occurred on Janunary 1966. The shocks are
clustered in a small area near San Felipe lake. The spatial distribu-
tion of the sequence is then, of the same type as that of the Corralitos
series, but they differ in the distribution of the magnitudes of the shocks
with time. The largest shock, M/ = 4.1, occurred not at the begin-
ning, but at the middle of the series. The sequence was started with
an increase of seismic activity at the M = 2.5 level on January 3.
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On January 17 occurred the main shock of the series, which was fol-
lowed by 8 shocks of M > 2.2 in a 4 day period. Because of the con-
centrated location of the epicenters it is difficult to separate the first

121°45' 121°30'
I e
I
I O o
[N O
| N
| > 37°00'
| \\
| N
] N
N
| N
| N |
| AN |
| AN
1 h l
I 0°® |
| ® N |
| R%e N |
| N |
AN
| N
| N .
| | 36°45
e -
| | N
| | A
| |
| |
S R S
SEQUENCES
1964 - 1966 M
o0¢ 3

© SEP 1964 o< 4

O NOV. 1964 Oc<S

® JAN. 1965 6

® JAN. 1966 O«

Tig. 16 — Epicenter location of the sequences of the period 1964-1966.

part of the activity from that following the main shock. In the Cor-
ralitos series the members of the sequence have small magnitudes
compared with that of the main shock, so that the energy released
by the main shock represents about 98 per cent of that of the total
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series.  In the San Felipe, lake series the energy was released over a
period of 18 days in small increments. The energy of the main shock
represents only 72 per cent of the total.

C'ONCLUSTONS.

In the period 1953-1966 we have observed ten aftershocks se-
quences with main shocks in range 4.0 < M < 6.0. Tentatively
these series have been group in three general types according to some
of their characteristics in the spatial and time behaviour.

The model of the first type is the September 14, 1963 series.
The sequence starts with the main shock, the largest aftershock has
a magnitude about 0.8 that of the main shock and the spatial distri-
bution of the aftershocks in quite large. To this type belong the
series of March 1959, and May and August 1963.

The second type groups sequences like that of Corralitos, No-
vember 1964. The main shock is followed by a series of much smaller
shocks. It contributes to the total energyv released by the series with
about 98 per cent. The aftershock area is very reduced and all shocks
originate from a considerably small volume. To this type belongs
also the series of January 1960.

The sequences of the third type have their main shock somewhere
at the middle of the series. The series starts usually by an increase
of seismic activity in the area above the background level. The largest
shocks in the series are of magnitude about 0.9 that of the main
shock. The fraction of the total energy of the sequence whieh is
released by the main shoek is of the order of 70 per cent. To this
type belong the series of December 1953, April 1954, October 1956,
January 1961, and January 1966,
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