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ABSTRACT

Microearthauakes are very small-energy earthguakes, i

They can be considered te make up an Integer-valued random i_%
process {N(t), t> Q}, where N{(t) is the number of micro- E
earthquakes up to the time £, t being a continucus para- ‘ §
meter, Thils paper presents the stdtistical analysls of é
i

this microearthquake process and the concluslons derived

therefrom. The data used In this study are the mlcroearth-

quakes of the Socorro reglon, thelr energles and their

inter-arrival Ulmes. ?_
A probabllistic model of the seismic process is com- P

pared with the frequency-law of nmicrosarthquakes, The

slope parameter in the freguency-law graph 1s found to be

1.15 to 1.37. No correlation is found to exist between

|

1
the time of occurrcnce of a lacpge mlcerocurthguake and the Ji

L a
behavior of seismic paramcters {(i.c., the change in the ¥

number of shocks, the slope of the frequency-law graph and

the grouping characteristics) in the temporal vicinity of

the large microearthquake., Analysis of time-averages of

Les, and the

[Thg

the number of microearthguakes, thelr energ

slope of the frequency-law Indicate that a large nuaber of ?%

shocks in an energy class does not make the required length

of the averaging interval for the estimation any shorter {%
than that for an energy class with a small number of shocks. D
i

.

{

iil (

Ly



Mean value functions for the number of shocks show that the

microearthquake process 1s non-stationary. Cumulatlve en-
ergy graphs of microearthquakes seem to indlicate that the
accumulated crniergy 1n the focus 1s released, most of the
times, in many small-energy shocks, Inter-arrival times

of microearthquakes, as well as energles summed over Inter-
vals smaller than 15 days, are noet found teo be independent
and show no time trend., The Inter-arrival times were found
to be neither exponentlally nor normally distributed.

About 50% of all the microearthguakes' inter-arrival times
have values less than 20 hours., Analysis of the hazard
function of the inter-arrival times shows that the proba-
bility of a failure for the focl 1n the reglon of Socorro
remaiﬁs nearly the same up o about 19 days, except forp

its relatively high value lmmedlately following a shock,
After about 19 days, the value of this probability in-
creases rapidly. _Thz microearthquake process does not

follow a Polsson process,

iv
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INTRODUCTION

Statistical studies of earthquakes to determine the | é
selosmic conditions of varlous replens have concerned é
aeismologlsts for a long time. The maxlimum zlze shock, ip %
periodicities 1n numbers and strengths of events, the :
slope of the frequency-law graph, correlation between a i

large shock and other seilsmological quantitles, and inter- %f
dependence of various parameters of the earthquake se-

guence, are some of the important seismic condlitions of an
area. This paper descrilies the results of a statistical &

investigation of the earthqguake actlivity in the Socorro, 1

>© :

. L] Y- . . . . by . s ? ! '
New Mexico, reglon, The maln topics covered under this K
‘ §
study are as follous: i

(1} The frequency-law of earthquakes ls studled. A

probabilistic model, based on some physical assumptlons,

is proposcd for the interpretation of the frequency-law, .
(2) An analysis 1s made of the temporal behavior of
the actilvity, the slope,and the grouping parameter of

earthquakes, The behavior of these three parameters 1s

investigated for any relation to the occurrence of a .

large microecarthguake, i
i
(3) Time-averages of the number of earthquakes, their b

energy and the slope of the frequency-law, and the cumula-

tive energy graphs of microcarthquakes are studiled.

et Aot s e i,



(4) Inter-arrival times (intervals of tilme between
the occurrences of two consecubive earthquakes) of carth-
gualkes are tested for statistlical Iindependence,

(5) The distribution function of inter-arrival times
1s compared with the theoretical distribution functions of
exponential and normal type distributions.

(6) A hazard function analysls 1s made for the inter-
arrival times of earthguakes.

There are {four main underlylng purposes of the study
presented in thils paper. The flrst and fundamental pur- i
pose 1a to obtaln a quantitatlive knowledge of the selismic J{
conditiong of the area. The second purpese 1s to investl-

gate the feasibility of extrapolating the selsmic para-

meters, obtalned for 5 year data, into the future;. for ex- I

ample, to get some 1dea about the future statistical be-

havior of parawmeters such as slope, nuamber of shoclks in a

- e

unit time-interval, grouping of shocks, approximate energy
released in a unit time-interval, etc. The third purpose
of this study is to explore the possibility of predicting, fi

in time, the occurrcnce ol large mlcroearthquakes, This

primarily involves a study of the depeﬁdenoe of the occur-
rence of a large microearthquake on the past and present
values of selsmic ¢guantities of the earthquake sequence.
The fourth purpose is to compare the results (or theories)
of other workers with the results obtalned for the Socorro

region; for example, to compare the slope parameters,




‘rellablliities of predicting the long-term selsmicity from
short-term selsmiclty, the distributlon functions ol earth-
gquakes, etc,

Ploneering work in the statistical analysis of earth-
quakes was done by Gutenberg and Richter (1949). They ob-
talned a statistical relation between the cumulative number
of earthquakes and their magnitudes, known as the frequency-
law of earthquakes. When a straight line was fltted to the
graph of this relation, the slope of the straight line was
found, at least to a {irst approximation, to be the same
for the whole world and for areas of very large dimensions.
However, as data accumulated for areas ol small dlmenslons
and over small perlods of time, the concept that the slope
1s some type of universal constant was not found Lo hold
(Gubin, 1964; Riznichenko, 1966 ). Riznichenko (1958) ex-
pressed the idea that the variabllity of scismic conditions
such as (1) the slope of the frequency-law, (2) the number
of shocks and (3) the grouping characteristics of shocks
may be related, in some way, to the time of occurrcnce of
a large shock in the area.

With the exception of a few areas lilke California and
Japan, rellable earthquake data for most regions has becn
avallable only for relatively short periodsof time. Some
workers, therefore, have tried to use the short-term seig-

mic behavior of a reglon to extrapolate the long-term be-

havior. The underlying assumption made in this kind of

SRR
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-extrapolation is that the seismic condltions of the region
do not vary erratically with time (i.e., a high statisti-
cal stationarity). A quantitative attempt to estimate the
long-term selswle behavior has recently been published
(Sanford and Singh, 1958) for the Socorro region,

The term “earthguake predictlon”, in 1ts most general
sense, can be thought of as meaning a knowledge of the
selsmic condlitlons of the reglon as they are going to be
at a future moment. One approach to the problem 1s that
of Lomnitz (1966), who has given an elaborate theoretical
review of the statistical approach to the problem of carth-
quake predictlion., He has discussed the feasibility of a
numerical Wicner's predictor to the curthquake's tilme
serles. However, many things have to be known about the
earthquakes' time serles before any such approach can be
of use. These approaches require a high degree of station-
arity in the soi;mic behavior. PFurthermore, the quantities
to be predicted must have some kind of dependence on their
present and past values. It will also be advantageous if
the earthquakes are distributed according to some well-
established statistical distribution. There are, likewise,
many other questlons about the selsmic behavior of a region
whilch need be answered in order to be able to make a reli-
able prediction of any of the seismic quantities.

Since June, 1960, about five hundred natural selismlce

events have been recorded every year in the Socorro reglon.,

4




,A majority of nearby shocks 1s located southwest of the
New Mexico Tech station, bencath the local fault block
mountaln of the Rio Grande Graben systoem.  The area south-
west of the mountaln is found to have a high density of
nearby vertlcal faults as reported by Willard (June, 1969 ).
Most of the large faults trend somewhat west of north, Ho
slngle fault is found dominant over the obthers 1n its ver-
tical movement., One of the swarms of shocks was located
in the area mapped by Willard. Microcarthguskes in the
socorro reglon are very small-cnergy events., HMost of them
have a vertical ground motion of less than O.1 microns.
The energy ranges up to 1016 crgs,  On the average, about
Tour hundred microcarthquakces are ammually recorded within
a radius of about 20 km. of the recording station, . The
depth of the [ocus of these events ranges from 2 to 13 km.
The first motions of shocks are agbout 75% compressional
and 25% dilational. Some swarms have been ffound to have
shocks with both compressional and dilational first mo-
tions, Microearthguakes are very ilrregularly dilstributed
in time. There 1s a so-called background aclivity consist-
ing of very small events.

We shall use the data of microearthqualkes of the

Socorro region for the study in this paper,




DESCRIPTION O DATA

RECCRDING

All of the earthquake statistics used in thils study
came f»om a single continuously-recording vertical compo-
nent selsmograph. The detector for this instrument 1s a
Willmore elcctromagnetlic selsmometer operating at a natu-
ral period of 0.9 seconds with a damplng coefflclent of
0,14, The tranéduoer rests on a solid ceoncrete foundation
G0 Teet from the entrance of an approxlimately horilzcontal
tunnel that is lozated at the base of Socorro Mountaln.
The depth of the transducer bencath the surface 1ls about
300 feet., Biles (1950) has shown that at this depth and
for the dominant f{requencies of 5-20 c¢.p.s. of P and S nmo-
tiQn in microearthquakes, the free surface does not affect
the amplitudes of recorded ground motion.

The electrical signal {rom the transducer, after hav-
ing been electronically amplificed, 1s fed to the pen-
recorder, which has a recording speed of 3.3 mm; per sec-
ond. The frequency response of the whole selsmograph 1s

shown in Flgure (I.1).
FOCAL DISTANCHS

The (ocal distance of an earthquake is usually deter-

mined from the interval of {ime between the arrival of the
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P-phase (longitudinal elastlc waves) and the S-phase

(transverse elastic waves) of the earthquake. If the eol-
central distance {horizontal distance between the recording
statlon and a polnt on the earth's surface directly above
the focus) 1s small, we can assume a straight ray trajec-
tory from the focus to the recording station., Taklng 0.25
and 6 km./second as the values of the Poisson ratio and

the longltudinal wave-veloclty, respectively, 1t can be
shown (Rlchter, 1957) that the distance to the focus (in

kilometers) of an earthquake is given by:
Focal distance (D) = (1.37)-6« (5-7) interval in sec.

Recause the focal distances are directly proportional to
the (5-P) intervals, the latter are used 1n thils study as

a measure of distance.

AREAL EXATENT OF THE FEARTHGQUAKE FOCI

The nature of the present work is such that only earth-
quakes with (£-P) intervals of less than 2.5 seconds are in- é
cluded in the analysis. There are many reasons for dolng
so. First of all, mlcroearthqualkes are very small cnergy
events, many of which would not be recorded at distances
greater than 20 km. Even 1f sowe of the larger microearthe-
quakes are recorded, the absorption in the medium and the

geometrical spreading will distort the amplitude Information. |



‘"These factors can be very serious for microearthquakes as
veak as those in the Socorro region. Second, the data
were limited 1In areal extent to make sure that the data
came from one single seismically homogeneous block of the
crust. If the region considered is too large, there 1s a
posslbillity that the data will be a mixture from areas
having different seismic behavior. Finally, the events
from this area (less than 2.5 sec. of 8-P interval) make
up more than B0# of all the microearthquakes observed by

our Iinstrument.

CLASSIFICATION OF DATA
Spatial Distributlion of Microearthquakes

Microearthquakes of the Socorro reglon are not uni-
formly distributed about the recording station. A major
number of shocks seems to originate in a rather small re-
glon on the southwest flank of Socorro Mountain (sanford
and Long, 1965; Sanford and Holmes, 1962), When the num-
ber of shocks are plotted against their (S—P) ihtervals,
most of the shocks are centered about two peaks correspond-
ing to (3-P) intervals equal to 1.8 and 0.9 seconds
(sanford and Singh, 1968), It seems likely that the two
peaks represent activity from only two reglons. It 1s,
therefore, assumed that the shocks, coming Irom the re-
gilons corresponding to (S-P) intervals of 1.8 (1.8 2% 0.15;
0.15 to allow for the reading errors on the selsmogram)

and '0.9 (0.9 % 0.15) seconds, belong to two isolated



‘independent focal zones., The wain impllcation of this
assumption 1s that these two focal zones behave, on a

small scale of space and time (say 5 years), as two inde-
pendent physical systems, and that the data from them 1s
not affected by what happens outside any one of these focal
zones, A particular focal zone most probably conslsts of
many swmall fractures behaving in a similar mechanical fash-
lon. Some scattering, therefore, of quantlties assoclated
with such data can be expected., However, guantities such
as (S«P) Interval, relative amplitudes of P- and S-phase
(the other partlicular phases like SXP and 5,5 and thelr in-
tervals) should remain relatively Fixed for a particular
focal zone, These are the main factors used to separate
the data belonging to a partlcular focal zone frow the

rest of the data.
Data Identification

Throughout the whole study, five kinds of data ére
used. To 1ldentify each kind of data in a neat and compact
way, they are glven speeclfilc designations., These designa-
tions will be used, whenever necessary, instead of describ-
ing the nature of the particular kind of data each time.

On the basils of their (3-P) interval, and character,
the microearthquakes in the reglon are divided into three
maln classes. The first class consists of all the shocks

ot

c
with (S-P) interval equal to 1.8 t 0.15 seconds, recorded

10



‘From January, 1963, to December, 1967, This Eroup which

containg 839 shocks)will be known as DATAL.
The secong ¢lass consisty 0f all the shocks with (S~P)

Interval equal to 0,9 + 0.15 Seconds, recordeq from

January, 1963, to Decemben, 1967, Thig ETOUp which contaipg

642 shocks will be calieq DATAR,

The third clags Consists of all the shoclks with (s-p)
Interval ranging from o, to 2,5 seconds, recordeq from
July, 1961, to Mareh, 1967, Thls datg class,which contalins
4266 shocks, 15 calleqg DATAR,

Two additiona) Eroups of datg are used. The Tirst or
these 1is called DATAN Which 13 the bame as DATAL but over
a shorter period opr Observation, Its Observation period
1s the years L9065, 1966 ang 1967, This ETOUD contalns 4oy
shocks, The seaong group is calleqd DATAY Which ig the
Same as DAPAR but oyep a4 shorter perlod op observation,
f'rom January, 1963, to the fipsg week of April, 1967,

DATAS contains 560 shocks,
AMPLITUDES

General

The amplitude usegd in this study 1s the beak-to-peak
amplitude of the largest vscillation 1in the first Tew
cycles of the S-phase, sometimes simply called the ampli-

tude or an earthquake, The Observed amplitudes 1ip mm,

11



12
.are normalized with respect to a nominal calibration signal
of 5 mm. This 1s done to eliminate thgﬁrrurs due to the
change in the sensitivity of the recording Instrument.
Only mlcroecarthquakes with normallzed amplitudes equal to

or greater than 10 mm. are used in this study.

Saturated Amplitudes

The maximum amplitude on the chart is not always a
correct representatlon of the maximun sround veloelity,
For the instrument under consideration, the problems which
distort the amplitude on the chart can be summarized as ?j

follows:

(a) saturation Due to Pen Gunrd Dlmensions. The am-
plitudes are limited by the dimenslons of a pen guardé ine

side of which the pen osclllates, Thus, the earthquakes 5,
can not be recorded correctly if thelir ampllitudes are

sreater than 60 wm. peak-to-peak,

(b) Curvaturc of Pen Trace. The recording pen has a

finite length (about 75 mm. ) and whenever the pen makes a i
<- o

large oscillation, the trace of the pen has considerable

curvature. However, for many purposes, this error 1s not ﬁ
signiflcant and measurements can be rade with a stralpght
edge scale,

(¢) Amplificr Distortion. The signal input to the

amplifiier and the amplitude of the pen motion are linearly

related up to pealk-to-peak ~mplitudes of about 40 mm.  (in




-the frequency range of % to 20 c.p.s.). Beyond thils

13

amplitude, the sensitivity (mm. V. ) decreases. At ampli-

tudes beyond GO mm,, 1t is difficult to make a corrcction

for this flactonr.

Eetimution of True Amplitudes

For the purpose of computing energles and magnitudes

of large shocks, we nced to estimate the values of the

true amplitudes of these events. Because the elastic 1imit

»

of

the rock deformation, the confining pressure and other

physleal factors around the focus remain the same over a

considerable perliod of time, it 1s physically reasonable

to assume that the amplitude of a shock is directly propor-

tional to tts duration (the time interval from the start of

the cvent to the polnt at which the signal falls to the

level of the background neilse), We, therefore, use

the

value of the duration of a large shock to estimate its

true amplitude., In the following, such amplitude-duraticn

relatlons are dlscussed for DATAL and DATAD,

The amplitude-duration curves for the two earthquake

sources having (3-P) = 1.8 % 0.15 and 0.9 * 0,15 seconds

are glven 1in IMlpures (I.2) to (I.4). Apperently, for the

source with an (S-P) interval of 0.9 t 0.15 seconds, this

relation did not change much during the period of observa-

tion from 1963 - 1967. lowever, there was a large scatter-

ing in the amplitude-duration curve for the source with an

LILRARY
N.M.LM.T.
COLLEGE DIVISION



.(S-P) interval of 1,8 % 0,15 scconds. To minimize the

possible computational error due to this scattering, the
amplitude-durations were computed on a yearly basis.
Assumlng that the obsceved anplltude~duration rela-
tions can be extrapolated to higher amplitudes, the true
amplltudes of the stronger shocks can be estimated with the
help of the curves in Figures (¥.2) to (L.4). A multipli-
cation factor 1s given with each figure. This factor, when
mualtiplied by the duration, gilves an estimate of the true

amplitude of the stronger shocks.

INTER=-ARRIVAL, 1INMES

The time interval between the occurrences of two cone- j
secutive shocks is defined to be the inter-arrival or f?'E
Inter-occurrence time. Por 3 shocks, we will have 2 val- g§%§
ues of dnter-arrival times, for 4 shocks, we will have 3 ;EQ“

inter-arrival times, etec.
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SECTION I

FREQUENCY AND FNERGY RELATIONSHIP OF EARTHQUAKES

INTRODUCTION
General

Farthquakes, in general, have a wide range of energy
release. PBarthquakes with small energy release are observed
to occur more frequently than those with relatively large
energy release, The relation between the common logarithm
of the number of ecarthquakes and thelr magnitude (a quantity
directly propoertional to the cowmmon logarithm of the energy )

)

1s, in the literature of gecophysles, known by the name of

"the frequency-law of earthquakes”. It has been observed

that frequency-law of cecarthquakes can be represented by a

~straight line except for the portlon toward the higher energy

end where the straight line bhends rapidly toward the energy
axis.

In this section, we will investipgate the nature bf this
emplrical freguency-law using a physlcal probabllistlc model.
The frequency-law for the data on mleroearthquakes 1n the
Socorro region is analyzed in the light of the proposed
model and the numerical values of the parameters assoclated
with the frequency-law are explalned 15 terms of the quanti—

ties used in the model.
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Previous Work

The frequency-law, In general, can be expressed in the

form (Gutenberg and Richter, 1949)
log N « A' - ¥ ..M' (1.1)

where N 1s the member of earthquakes of magnitude M'; A!
and ¥ are, respectively, the intercept and the slope of the

linear relation (1.1).

A -
e

I I

“

2

¥
ke
LOE iN

T

Figure 1.1. Frequency-law of earthquakes,

The relation (1.1) can alsc be put in the form

N(M') = 108 c107 TN gt (1.2)

MY (1.3)

or N(M')-dM' = B-107"

N(M')edM!' is the number of earthquakes in the magnitude
range M' to M' 4 dM'. However, 1f some of the magnitude
ranges do not have some earthquakes assoclated with them or
the number of earthquakeé In some magnitude classes is small,
there will be a large scattering of polnts in graphs of the

type shown in PFigure (1.1). Consequently, it will be
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difficult to satisfactorlily fit a straight line to the data.
To overcome this problem, the following relatlon is generally

used instead of equation (1.1):
log N_ (M*') = A - Y M' , (1.4)

where

A = log (B/r.ln 10) , (1.5)

and Nz (M') is the cumulative number of ecarthquakes with the

magnitude M' or greater. The quantity N, (M') is given by

o0
,._'fi t Y. .M
N (M) = B . Jflo MY . B 1070 M . (1.6)

[ Ye1inl0

The equation (1.4) is known as "cumulative frequency-law" of
.earthquakes. The slope of the linear relatlion in equatlon
(1.4) 1s the same as slope of eguation (1.1); however, the
constant terms 1n the two equations are different. The con-
stant term A 1s known as the activity at an arbiltrarily
chosen value ol M'.

The energy 1s related to the magnitude as shown below

(Richter, 1957):

log £ = cp+ cpeM! (1.7)
where Cy and C, are constants. Sometlmes the relat}on

log E = o5 M ' (1.8)

is also used by some workers (Riznichenko, 1965).
The slope v in (1.4) is by far the most important quan-

tity. It determines the way 1n which earthquakes are




distributed with respect to Cheir magnitudes., It is a

measure of the ratio of small shocks to larger shocks.
ﬁj Gutenberg (1949) computed the frequency-law for earthquakes
l and he found that the value of the slope was 0.9 + 0.2 for
shallow shocks; 1.2 4+ 0.2 forp intermediate and deep shocks,
The value of slope for earthquakes of Southern California
was found to be 0.&5 £ 0,03,

surprisingly envugh, relatlons simllar to (1.1) are ob-

served 1In the case of fracturing of rocks in mines
(Vinogradov, 19639 and 4in laboratory fracture experiments on
rocks and other materials (Mogi, 1962). In addition, the

value 1s approdimately equal to 1 for coal samples and on

Y the order of 0.7-0.08 ror samples of granite and diabase
4 v L .
= (Vinogradov, 1959),
~ .
Q It is very natural for one to wonder as to why the value
N .
M of' the slope of the straight line Ls about 1, under such

varied conditions of silze, location, waiterial properties,
and a wide range of cenergics. Rlznlchenio (1965) has tried
to explain thils behavior by applyling the principle of mini-
mum potential energy to the block of ground under considera-
tion. He considers two extreue situatlions: (1) when the
fotal potential elastic energy is released and (2) when only
a small part of the stored petential elastic energy 1is re-
leased. According to him the theoretical values of the slopes
for the two cases are 1.0 and 0.5, respectively. |

Similar attempts have been made by other workers to ex-

plain the linear nature of the frequency-law of earthquakes,




Housner (1955) and Mogi (19 2) have suggested probabilistic
models to explain the frequency-law under some ldealistic
assumptlons. Many of these assumptions are dropped in the

modcel put forward, later on, 1n thils study,
Fracture Source for Microearthquakes

No single theory of penerating earthquakes is found to
answer satlsfactorily all the guestions a geophysicist may
have about the mechenism of an earthquake. However, a cer-
taln theory or mcdel may be more‘satisfactory than others 1n
a particular case. For example, conslderp microearthquakes
in the Socorro regilon whilch have maximum depths of focl of
about 15 km.. Some of the shocks have (8-P) intervals as
short as 0,3 secs. which means focal depths of 2.4 km orp
less. DBecause the deep mlcroearthquakes have the same
characteristics as the shallow shocks, 1t 1s likely that the
mechanism for both is the same, Therefore, the most likely
mechanlsm appears to be brittle shear fracture or movement
along pre-existing shear fractures. 014 fractures under load
wlll release energy by propagating further and/or by slipping
suddenly when the shear stress across the fault surface ex-

ceeds the frictlional resistance to sliding,
THEORY

General

It has been widely believed by selsmologists that most

earthquakes are caused by brittle shear fracture in the




23
th's crust and upper mantle. According to Mogl (1962),
cerogenelty of the material and the spatial distribution
the stress are the maln factors in deciding the ratio of
> smaller to larger earthguakes., If a uniform fleld of
ess 18 applied to a heterogeneous rock sample, numerous
icentrations of stress eppear, and fracture 1s likely to
. In at these points. However, these local fractures do
> always grow to very large lengths because they are stop-
| by various irregularities due to the heterogencous na-
‘¢ 0of the medium and the stress field. .Corsequently,
re are many small size fractures and few large ones. On
 other hand, if a uniform stress fileld is applied to a
ogeneous material, small Cractures occur very seldonm.
e the fracturing process sets in in such a medlium, there
nothing to stop a fracture and 1t grows to full scale of
- sample.,

The same kind of situation arises 1 the stress varies

.tially in a medium. A substance can be homogeneous and
a varying stress on 1t will produce many smaller frac-

es and few large ones, In this case, the halting of
tial fractures is caused by an irregular distribution of
stress in the medium.

Thus, heterogeneity is thelmost lmportant factor in de-
mining the distribution of fractures. As far as energy
eased from a fracture 1s concerned, this will be directly
ated to the dimension of the fracture. Héwever, the di-

slon of a fracture 1s not the only factor which determines




24

the energy release. The strength of the medium, frictional
coefficient of the two surfaces of the.fracturw, and the
stress Intensity are some of the other ilmportant factors

that declde the energy of a shoclk, If we consider fractures
In a small segment of the earth's crust such that all the
above factors can be assumed to bé, on the average, constant,
then the cnergy released at the focus will be a function of
the dimension of the fracture only. The model proposed here
uses this assumptlon to express the energy at the focus as a

function of the dimension of the fracture concerned.
Description of the Model

The feollowing maln assumptions are used in the construc-
tlon of our wmodel:
(a) Microearthguakes are caused by a sudden slippage along
and extenslon of fracture planes. Most of the fractures
have formed some time in the past, with a definite size dis-
tribution dictated by the heterogencity of the crust and/or
the applled tectonic stresses. This size distribution is
maintained through the selsmic history of the region,
(b} All the fractures are two-dimensional fractures and the
extension of the fracture is in the wanner shown in Flgure
(1.2).
(¢) The energy of a shock is linearly related to the area of
the fracture on which 1t occurs.
(d) The area of a particular fracture, at any instant of its

growth, can be considered to be a random varlable.

SRS |




According to assumptions (a) and {c¢), the present
distribution of earthqualtes with respect to cnorgy release
wlll be the same as the present distribubtion of fractures with
respect to fracturc area and the latter will be the same as
the original distribution of fractures in the segment of
crust under conslderation.

The basic problew is to find a relation between number
'of carthquakes and thelr enerpgies that ls based on a proba-

bilistlec model of fracture distribution,

AS AS Areal
T 7 increment
| i
— : }mmwwwupbirection
i of
: 9 Propagation
[ ettt

lgure 1.2. The propagating {racture.

If N(S) denotes the number of fractures having area S or
greater, then N(S+dS) will be the number of fractures having
area (5+d8) or greater and

dN(S) = limit N(S-HS)
ds AS—s0 43

- N(s8) , | (1.9)

and dAN(S)

H

- [N(s) - N(S+dS)J .

If the observatlions are taken over a large reglon and a

large time period, there will probably be some carthquakes




or every (S,8+48) interval and the 1imit in (1.9) will exist.
rom this assumptlion the probability that a dislocation will
>t proceed farther than (S+d3), when its original value was

, can be eXpressed as

the no. of fractures between S & S+d5)/(the no. of fracturcs
2 8) = - gN_é{J} = - afin n(s)]. (1.10)
Hnes
It is physically reasonable to assume that in the pro-
258 0f extension of f{ractures, large fractures will have
2latively large areal inorements as compared to those of

1all fractures, or
A4S el 3, (1.11)

lere 45 1s the incremental area, S is the original avea of
e fracture (at some stage of 1ts growth) just before 1t in-
eased 1ts area by AS.  The relation (1.11) shows that the
cal incremcnt Increases with increasing area, or in other
rds, the probability of a large fracture becoming larger
a certain amount is greater than that of the small one en-

rgling by the same amount. Ve can now formulate such a dis-

ibution of fractures. According to such a distribution,

e probabllity that a dislocation of area S will stop its

'owth between 3 and S+d5 can be written as,

P(a fracture will stop between S & S+#dS) = Cy(k)-dS , (1.12)

ol
e ~J




where Cl(k) 1s a constant function of the heterogeneltyk , of
the medlum, €, and m are positive constants,

comparing (1.10) and (1.12),

Cy(x):as = -~ d [m N(S)J (1.13)
——

As pointed out before, our aim 1n this model 1is to de-
rive a reclation between the number of earthquakes and thelr
encrgy. We, therefore, next extablish a relation by which
the energy of an earthquake can be expressed as a functilon
of the area of the fracture and vice versa.

According to the assumption (c¢),
E., o 3, (L.14)

where Ef is the energy released at the [ocus,

Due to the dsymmetry of the feeal radlatilon and the
anlsotropy of the medium, the energy released at the focus
may not radiate uniformly in all directions. Also some of
the energy radiated toward the detecting statlon 1is absorbed
by the medium, lHowever, for a fixed locatlon of the detect-

ing station and the focus, it can be sald that
E, & Ep - (1.15)

where E, 1s the estimate of the total selsmlc energy released

at the focus, as observed at the earth's surface.
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Comparing (L.14) and (1.15),
Se B, . (1.16)

The observed energy at the surface can be converted
nto an enerpgy Index M such that

CoM

E, = Cp + 107, (1.17)

Mhere M 1s the logarithm of the S-phase amplitude and Co, 03
re poslitive constants.

Substituting (1.17) into (1.16),

CM CyM

S = Cy(Cy » 107 ) = Cg = 107, (1.18)
here 05 is a poaitivé constant.
case It When mo= 1.

Equation (1.13) becomes
Cq
~a[1n n(s)] - dbﬂ st
1 Qﬂcl

or N(S) = Cg + 3 . (1.19)

Replacing S by (1.18),
C2M]1-Cq (R
06'[05'103] l()

10*08(}”'M ) (1.20)

[

N(M)

A

H

N{M) Cq

C;-and Cg are positive constants. Upon ccmparing (1.20)
with (1.2) we notlice that this 1s the well-known frequency-

law in lts exponential forn.
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Case II: When m # 1, equation (1.13) becomes

i

0y (k)dS = - afin N(s)],

e
. Lem
or -d [In R(S)[ = Cy(k) - afs
[ ] ! TS ’
-~C (k),sl“m
or N(S) = 09 roexp [ 1 -] (1.21)
- 1-m ,

where 09 is a positlive constant.

Again substituting for S from (1.18), (1.21) becomes

~Cy (k)
N(m\ - (:C).e_xp[__~L Gy (1.22)

~Cy (e ) C2M{1-m)
or CN(M) = Cg- C/P[.nigﬂ . 1U s (1.23)

where Clo is a positive constant.

Taking the logarithm of both sides of (1.23),
CaM(l-m
In N(M) = Cpy - Cyplk,m) - 1077 (3-m) , (1.24a)
mdil and Cyo 1s positive,

. =CqM(m-1 .
In N(M) = €y 4+ Cypnle,m) 20773 (m-1) , (1.24p)

m> 1,

Consider (1.23) for m¢l. At MO, N(0) = Cg- efp[ Clo]
1-m

= 09.(quantitydl). Hence, Cg is a number greater than 1,

Fealoa Lt . . N
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ince N(O) is the number of fractuves at an M of the order
£ 0 or greater which cannot be less than 1. Consequently,
11 which is the logarithm of Cq is a positive constant.
hen 1t follows that however big a value we chose for M 1n
1.24b), 1n H(M) never goes to 0. This would not rcpresent
ur real data conditions and hence this solutlion 1s rejected
nd with 1it, the assumption that mpl.

- Then, the solution should be, with m<l and Cll’ C12
oslitive,

¢aM(1-m) .
In N(M) = Cyq - Clg(k,m) 10 3 . (1.24a)

et us take (l-m) o< 4 O.

L

1n N(M) = Cip - Clg(k,m)-exp[ln 10-Cﬁ-M(1~m)}

1n N(M)

H]

M C .
C]_l - ,. (L m)re 13 (1.25)

there O¢f.\,1,J L4 1, Hence,

(Cy5-M)°
in N(M) - Cll - Cld[l+(cll 1“) _Mmj,.__..._.____-&" - -]
2!
In N(M) = (Cqq = Cqn) - (clq.clg) M- -~ -
In N(M) = Cyy(k,m) - Cyg(¥,m) M (1.26)

rejecting small higher order terms.
comparing (1.26) with (1.1), we conclude that for m=1l
and small values of M,(l.aua) is the stralight line frequency-

law.
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However, when the condition m=l is not satisfled, the
frequency-law 1s to be represented by the relation {(1.24a),
The previous twoe cascs were derived simply to show that
(1.24a) will represent a straight line for a specific value

of m.

FREQUENCY-LAW FOR SOCORRO MICROEARTHQUAKES
Results
The enerpy index M is computed according to the formula

M = 1oglkamp-5/cal)-103} , (1.27)

where amp 1s the maximum S-phase amplitude on the selsmogram
and cal 1s the amplitude of the calibration signal on the
selsmopram.

Table (1.1) lists the logarithw of the cumulative number
of microeafthquakes for varlous values of‘M. These values
are plotted in Figures (1.3), (1.4), (1.5) for DATAL, DATAZ,
and DATA3, respectively. A duration-amplltude relation
could not bhe found for cvery (S-P) interval for all the years
of data and, therefore, all the events of DATAZ that had
normallzed amplitudes greater than 80 mm are represented by

a single point at M = 4.9,
Discussion of Results

Discussion of PFigures (L.3) - (1.5)

"The first (a-b) part of these curves is nearly horizontal.

et S e
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{
Table 1.1. Logarithm of the Cumulative Humber of
Shocks Nz: and the Energy Index M.
log NE:
DATAY DAT AR DATA3 M
2,92 2.81 3.63 3.0
2,92 ' 2,861 3.63 3.1 i
2,92 ' 2,81 3.62 3.2
2,92 2,81 3.61 3.3
2,91 2,61 3.60 3.4
2.91 2,80 3.58 3.5
2,90 2.79 3. 54 3.6
2,88 2,78 3.51 3.7
2,86 2,76 3,46 3,8
2, 84 2.7l 342 3.9
2,81 2.73 3. 34 4,0
2,75 2,66 3.28 4,1
2,71 - 2,00 3.20 4.2
2,65 2.5 3,00 4.3
2.57 2.4h5 2,98 4,4
2,49 2.36 2.87 I, 5
2,39 2,006 2,72 4,6
2.20 2. 008 2.6% U7 S
2.05 1.92 2.54 4,8 S
1.97 L.7¢ 2.11 b, 9 VPN g
1.74 1.69 5.0
1.49 L.57 5.1
1,36 1,36 5.2
1.18 1.11 5.3 ;
1.08 1. 04 504 .
0. &5 0.70 5.5 3
0.48 0.60 5.6 .
0,30 0.30 5.7
3
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The ldentilification of small shocks, especially the isolated
ones, 1s difficult at low recording sensitivities. This is
very likely the reason why the portion of the frequency-law
graph corresponding to trace amplitudes of 1 mm to about

10 mm is, more or less, parallel to the M-axis.

We define the activity A of each reglon, as the value
of the common logarithm of the cumalative number of shocks
having M=U4.0 or pgreater, which corresponds to a normalized
trace amplitude of 10 mm or greater. The activity in the
case of the seismic zones corresponding to DATAL, DATAQQ and
DATA3 is

foapar = €Y Fpapap = #13 Pprpag = 342

The part (b-c) of Figures (1.3) through (1.5) cﬁn he
represented by a straight line. The straight line 1is drawn
by eye from M«l,O to 5. for DATA1 and DATAZ, whercas the
stralght line for DATA3 in Figure (1.5) is dravm from M=4.0
to 4.9. The range M=4.0 to 5.4 corresponds to 10-250 mm of
amplitude and a major number of shocks falls in this range.

AThe slope ¥ of the linear (b-c) part is 1.15 for DATAL,
1.37 for DATA2 and 1.15 for DATA3. On the basis of this
part of the curves, the cunulative number of shoeks for
DATAL and DATA? increases by a factor of 14 and 23, respec-
tively, for each unit decrease in M, These values of vy com-
vare well with those obtained by other workers (Brazee and

Stover, 1969),
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The part (e-d) of Figures (1.3) and (1.1) deflects

ward toward the absclssa. Unfortunately, only 3 polnts
ine this part of the curve, and 1t 1s dirficult to deter-
o the shape of the curve., However, the approxinate
nts at which the curve intercepts abscissa are of inter-
. According to the curves, M=5.8, which corregponds to a
othetlcal seiszmogram ampllitude of 630 mm, is the maxlmum
ength a mlcroecarthquake could likely have in the areas
over the period reprecsented by DATAL and DATA2. Thls
imum amplitude is equivalent to about 0.7 microns of
f

und displacement, at a o stem mapnification of 0.9 X 10

6 cycles per sccond.

Ty L)

> value of m 1in (1.2%&) for migyggg£ﬁ5@¥y£T>

The frequency-law graphs of DATAL and DATA2 were filtted
the general frequency-law relatlon in cquatlon (1.24a),
yloying a least square error criterion.

The value of m for the portion from M=, 0 to 4.9 vas
and Lo be 0.993 for both DATAL and DATAZ. A value of m
ughly equal to 1 checks the correcetness of the theoretical
nélusion (1.26) that predicts m should be roughly equal to
for straight line porbtions of the observed graphs.

However, when the lecast square it was made to the whole
rve from M=4,0 to 5.7, the values of m werc found to be
o1 for for DATALl and 0.27 for DATAZ, Mogl (1962) and
usney (1955) have derived the straight line type fregquency-

w by assuming m=l, as discussed under Case I of THEORY.

[l
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comparing the values of wm for mlcroearthqualies, 1t 1s

2ar that assuming ma=1l explalns only a part of the
2quency~law. Therefore, 1t secms that the fregquency-law
lation of the type ().24a) 15 more in tunc with the ob-
rved data than a simple straight line relation (1.1) or

.20),

R B
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SECTION II i
TEMPORAL VARIATION OR SETSMIC PARAMETERS : %
INTRODUCTION
Many of the large earthquakes are known to have foreshocks
and aftershocks assoclated with them. Thercfore, it has been a
bellef of wany selsmologists (Riznichenko, 1958; Katok, 1966)
that an earthguake sequence behaves in the temporal vicinity
of a relatively large earthquake in a way that differs from | é
its so-called normal behavior. The normal behavior here can i

be roughly delined as the one before the foreshocks start or
after the aftershocks die out; or in other words, the behavior
of the part of the earthaquake sequence unaffected by the larpge

event. In this sectlon, the temporal variations of three

selsmological parameters, activity-A, slope-?, and grouping-R
are discussed, | _

A, P. Katok (1566) and Yu. V. Riznichenko (1958) have
dlscussed the results of this kind of parametric analysls for
some earthquakes In the U. 8, 5. R.. Riznlchenko (1958), in
his discussion of behavior of A,y , R, and the product ArR 1in
the Peter-the-First Range, states that all larpge earthquakes
with a single exception occurred at a time when the values of
R 1In that region were increasing, 'This, according to him, in-~
dicates that the large earthquakes occur when the seismic con-
ditibns become "feverish'". In another paper, Riznichenko

(1966) further asserts, on the basls of observations from the




ratory tests on rocks and other materizls and mine bursts,

the seilsmic activity A lncreases before a major burst,
slope ¥ of the earthquake frequency-liaw decreases, and
grouping R loncrecases.

However, the results for the Socorro reglon are found to
uite different from the above-mentioned studies. Analysils
he temporal varlation of these three parameters for the
oearthguakes of the 3Socorro region show that there is no
i1stent correspondence betwecen a large shock and the val-
s of A,* , R. Thus the prediction of large microearth-

tes on the basis of A,r , and R behavior seems very unlikely.
THEORY

Activity A and Slope ¥

Parnometers A and ¥ are obtained from the ecarthquake

quency-law
log Ny = A -Y. M.

s the slope of the linear relation between the logarithm
the cumulative number Ngo and the enerpgy index M (as deflned
ler SECTION I). "The value of A at an arbitrary value of

. M, 1s defined the activity-A of the region, M, is gener-

'y the lowest value observable in the avea, and thus A is

> logarithm of the total pumber of earthquakes detected.

)

4o
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Grouping R

The parameter R describes the grouping characteristics
of earthguakes in time. The parameter R for a unit time In-

terval 1s defined here as follows:

~
-

N R BN - S ,
R= [(Nf - N")+ Igh;) =N )+ -~ = =, (2.2)

where N is the total number of earthqualies in a unit time 1n-
terval, N 1s the average number of earthquakes 1n each subw-
Interval of equal duration, and Ny 18 the number of earthquakes
t}l a - Yy |
in the 1 subinterval.
Suppose there are K subintervals in the unit time inter-

val. Then,

KB = N, and

R

(2.3)

where 937 is the standard deviation of N earthquakes distributced
In K subintervals. The equation (2.3) gshows R 1s a non-
negative number. The value of R is»large for a given number

of earthquakes 1f the standard deviation 1s large, or, in

other words, 1f the number of earthguakes in individual




subintervals deviates from the mean N, by a large amount
which makes fﬁ large and therefore, R large,

To glve an example, assume that the earthquake sequence
1s a sample function of a Poisson process. In that case,

vﬁ;zJﬁ? end R =N

N = 1.

N

Since a Poisson process has independent inter-arrival times,
the value of Re«1l represents a distribution of earthquakes in
K subintervals where events are independent of each other.
However, R=1 would not always lmply that the process 1is a
Polsson process,

The value of R)1 1ndicates a high degree of grouping,
Slmilarly, R4l will indicate a low degree of geouping; less
than expected on a chance basis. 7The value of R=0 ihplies
no grouping at all. This is possible only when vﬁgo and thus
each subinterval contains exactly .the same number of earth-
quakes,

In order to understand the sipgnificance of the paramcter
R, let us compute and examlne its values for XK«1l0 and N=3 and
5, Taking N=3 first, the distinctly different number of ways
In which 3 earthquakes can be distributed in 10 subintervals,

can be gilven as,

(1) 3, 0, 0,0, 0 0,0 0, 0, 0
(2) 2, 1, 0, 0,0, 0, 0, 0, 0b0 f=0.3
(3) 1, 1,1, 0,0 0, 0, 0, 0, O

“§%1) = (3-0.3)2+9(0-0.3)2 . 7.29+ 0.81 = 0.81

R



Taking N=%5, there are the following different ways to

arrange

eqrthquakes into 10 Subintcrvals,

D, 0, 0, 0
I, 0, 0, 0
3, 0, 0, 0
35 1, 0, 0
2, 1, 0, 0
2, 1, O, 0
1, 1, 0, 0
We compute R for the

(2-0.3)% + (1-0.3)% 4+ 8(¢

167

Ll l,2

f%&ogLJr(<v T
10

/0.61210.8

most grouped, (1), and the least

grouped, (7), combinations.

s (5-0.5)74+9(0-0.5)2 . 22.50 .

It

10

2332 2 0,10 = 0.4

=
w




Ly

g

7,55 = (0.5 2 0.7,
5

For K=10, Nu3, R values are 1.6, 1.2, and 0.8, These are

he only possible values that R can have for N=3. Changing K
jould not change the number of possible values unless K gets
ower than the value of N, TFor K:10, N=5, there are 7 possi-
yle values and R ranges from 0.7 to 2.25.

For N=3, R values do not change much from 1. In other
ords, no matter how one chooses to distribute 3 carthquakes
n 10 subintervals, he willl get a value of R within a narrow
range of 0.8 - 1.6, Ior N«%, different distributions of
sarthguakes in subintervals give slpgnificantly different val-
es off . Therefore, we wlll conslder the R values only for

=5 or greater.
METHOD OF ANALYSIS

The baslc data used for analysis ol tewmporal variations
in A, ¥, and R was DATALl, DATAZ2, and DATA3. The 5 year perilod
coverced by these data sels was broken into smaller Intervals
of one month each; For each month, the values of the activity
A, the slopeY,and the grouplng R were computed.

The linear portion of the frequency-law curve from Mal.O0
to Mult,9 was used to determine the slope ¥ (see SECTION I).
This M-range spans the S-phase amplitude range from 10 mm, to
80 mm.. PBecause many months have a esmall number of earthquakes

the values of v are very susceptible to error. The value of 7




for all wmonthly intervals was calculated using the following

relation.

v n[loqu.o—lDﬁNu_g_# 1ogN4.3mlogNa.9+‘]ogwu.6mlogN4_?],

1"" 9""“‘»0 1‘0 9"’)"03 Ll’o9"L"-6
where Ny o 1s the cumulative number of earthouakes at Mz4,0,

- - - etc.. This gives us ¥ as the arithmetic mean of the

slope at three points.
To compute the parameterp R for an interval of one month,
the relation,

R o= | (N-1)°

- -2
-+ (N;;;_N)ﬂ = = =+ (Ng-N) (2.6)
N. (K-1) '

was employed,
The cholce of a value for the number of subintervals K,

depends primarily upon the numberp of carthquakes in the in-
p P

terval. It also depends on the grouping characteristics of

the earthquake sequence. Ior example, take a 30 day interval

with three subintervals of 10 day duvation. If the grouping

behaves in such a way that the first 5 day interval has many

earthquakes and the next o day 1nterval has no earthqualke

then taking the whole 10 day period might

€
[} 3

show no grouplng

at all, However, if we take Knb, this grouping will show up,

For some particular perlods of Socorro earthquake activity,

R values for each month were computed using K=3, 6,

v D)

10, 15,

From these computations, the best results vere obtained by

subdividing one month intervals into 10 subintervals,

45




RESULDS

The data DATAL and DATAZ2 were used to compute the A, v,
R parameters for a GO month interval, starting from Januvary,
19G3. Results Lor DATAL are given in Tables (2.1) to (2.3)
for 1 month, 2 month and 3 month intervals, respectively, and
those fop DATA? in Tables (2.4) to (2.6).

For both the data sets, the specifications for the coupu-
tations are as follows:

(a) One wonth interval: number of intervals = 60, K = 10.
(b) Two month interval: number of intervals = 30, K = 10.

(¢) hrece wonth interval: number of intervals = 20, K = 15.

Classes of ecnergy lundex M oly, from 4.0 to 6.3 with
0.1 increment.

S1lone (¥ ) estinmate: Arithmetic mean of 3 values corre-

Tt sponding to straight lines from the
point at M=4.9 to 4.0, M=lb, 9 to 4.3 R
and Hed,9 to 4.6, .

Grouping Parameter R: fﬁ, where N is the mean number of

%gfthquakes in each subinterval

of 3 days for wmonth intervals and
6 days for 2 and 3 month intervals,
T is the catimate of the standard
deviation.

DATAZ was also used to calculate A, v and R (Table 2.7)
uslng the same speciiications as above, except the time period
i

was 69 months and only one mopth intervals with Ksl0 were used.

Phe first column in Tables (2.1) to (2.7) lists the ac-

tivity (A) rfor a particular interval, the second column glves




the slope (v), the third column is the Irouplng parameter

(R), the fourth column has the value of vﬁ, the fifth column

1s the value or R, and the last column 1ists the roduct of
p

A, v, and R, Results of Tables (2.1) to (2.7) are plotted

In Figures (2.1) to (2.7), respectively,

sponding to the Iintervals

The values Corre-

which have less than b earthquakes
are not shown in the flgures,
Before the results are discussed, one Important agpect

of the nature of the earthquakes in the 30corre region needs
clarification. fThe term 'big event' has been

wilthout defining 1t. A

used previously
"blg event' is defined here as g

microcarthquake having a S-phase beak-to-peak amplitude equal

Lo or greater than 100 mm. on the selsmogram when the record-

“
ing system has a magnification of 0.9 x 10° at 5 eveles er
: £ y

second. Assuming the S-phase 1s dominated by 6 c.p.s, 0s8¢cll~

latlons, a 100 mm, amplitude on the record corresponds to

0.1l microns of ground motion,
Tables (2.8) and (2.9) 1ist aly the shocks with ampli-

tudes greater than 70 ma, These tables also list qualitative

value of 4, r » R and the product AY-R, at the time these

shocks occurred, For example, the first event in Tavle (2.8)
has a medium A, highy, low R and medium A.¥.R,

Figure (2.4),

as seen fronm
A value 1s called medium if 1t is midway be-

tween the maximum and minimum of a particular curve, medium-

high i1f between the medium and maximum, medium-low 1f between

the medium and the minimum, high if close to the max Cimum and

low if close to minimum,

o e e e e R R S L i 5




Table 2.1.

Values of A,y ,

R for Successive

Month Intervals

No. Actlvity Slone Gfoupinb N
v N AYR
1 1.23 1.73 2. 3. 1.70 Ol
2 1.15 1,70 1 1.° .40 2,72
3 0.60 1.09 0 0. 0.40  0.53
b 1.08 1.08 1. 2, 1.20 4.09
5 1,28 2,30 2. 3.¢ 1.90 6.55
6 0,70 0,90 0 0.5 0.50 0,51
7 1.20 1.16 2. 3.1 1.60  3.47
8 1.30 1.88 2, 3.8 2,00  6.60
g 0. 00 . 00 1. 0.° 0.10  0.00
10 0.48 0.97 1. 0, 0.30 0.80
11 0. 00 0. G0 0. 0. ¢ 0.00 0.00
12 1.45 1.93 1. 2. 2,80  4.57
13 0.48 0. 34 0. 0. 0.30 0,14
14 1.15 1.“& 2. 2. 1,40 3,51
15 1.23 1.60 1. 1.7 1.70 2.57
16 0.70 0.52 1. 0. 0.50 0.36
17 1,18 1,54 2. 2. 1.50 .3.63
18 1.90 1. 44 1. 1. 0. 60 1. 64
19 1.11 1. 404 1. 1.2 1.30 1.76
:20 L. 15 1.60 1.« 2.h 1.40 4,04
.21 1.18 1.63 1. 1. 1.60 2,28
20 1,00 1.37 1. 1.4 1.00  1.93
23 0.85 1,18 2. 1.8 0.70 2.24
2l 0.60 0.72 1. 0.¢ 0.50 0.60
o5 0.00 0,00 0. 0, 0.30 0,00
26 1,18 1.29 2. 3.6 1L.70 444
27 1.30 0. 34 1. 2. 2.00  0.79
28 1.54 0.6? 5, 0,2 3.90 4,99
29 1.40 1.33 2.f 3.¢ 2.50 4.66
30 0.85 0. 91 1.5 1.5 0.80 1.33
31 0.30 0.11 0. 0. 0.30 0.03
32 0.30 0.11 1. 0. 0.20 0.04
33 0.60 0.56 1. oR 0.40 0.37
34 0.48 0.18 0. 0.4 0.30 0.07
35 0. 00 0. 00 1. 0.32 0,10 0,00
36 0.95 0,30 1. 1.52 0.90 0,46
37 1.15 1.28 1. 2.6 1.60 2,84
38 0.30 0.61 0 0.42  0.20 0.17
39 0.30 0. 00 1. 0.63 0.20 0,00
Lo 1,38 1.11 1. L0 2.60 1.96
3! 1.00 0.52 1.00  0O.74
ho 1,18 0.50 1,50 1,19
43 0.78 0.78 0.70 0.68
Ly 1. 34 0.51 2,20 .99
Ly 1.41 0.21 60 0.59




Table 2.1 Cont'd.

Activity

Groupling

A R N N AYR
1, 04 1.93 2.02  1.10 0.33
0.70 1.20 0,85 0.50 0,28
0. 00 0. 00 0.00  0.00 0,00
0.78 0.90 0,70 0.60 0.26
0.70 1.00 0.71 0.50 0.45
_ 0.85 1,26 1,06 0.70 0.62
z 0.90 1.15 1,03 0. 80 1.64
; 1.30 2.51 3.50 2,00 6.75
: 1.71 1.968 .62 5.40 7. 07
s 1.15 1. 20 L3 1,40 1.78
; 0.48 1.23 0.67 0.320 0,26
' 0.30 0. 94 0,42 0.20 0.03
) 0. 00 1.00 0,32 0,10 0. 00
) 0.48 1.23 0. 6( 0.30 0,39
) 0. 00 1,00 0,32 0.10  0.00

P .
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bhle 2.2.

Values of A,y,

R for

for DATAL.

sucece

esslve

Two Month

Intervals

> Activity Slope Grouping o _
A Y R N N AYR
1.49 2.37 2.46 4.33 3,10 8,71
1.20 2,26 1.79 2,27  1.60 4,87
1.38 2.53 2.7h 4,25 2,40 9,57
1.56 1,47 2. 34 hohs 3,60 5,37
0.60 1.02 1.52 0.97 0.40  0.93
1.45 1.93 2.28 3,62 2,80 6,38
1.23 1.36 L2 3.68  1.70 k.72
1.34 1, 64 -1.55 2.30 2.20 3,82
1.36 2,11 1.94 2.95  2.30  5.57
) 1.43 2,26 1.57 2.58 2,70 5,07
. 1.40 2013 1.13 1.84 2.60 3,38
) 1.04 1.59 1.91 2.10 1,20 3.18
3 1. 20 1.32 3.“9 4ol 2,00 5,54
b 1.74 0.50 R 10.07  5.90  3.57
5 1.51 1.24 2 2 4,11 3,30 4,22
) 0.60 0,39 1,20 0. 8% 0.50 0,28
7 0.85 0.70 0.98 0. 62 0.70 .0.58
3 1.00 0.32 1,49 1,49 1,00 0,47
) 1,20 1.11 1.906 2,66 1.60 2.65%
) 1. 41 1.08 1, 84 3, O 2,80 2.8
] 1.40 0.51 1.43 2.27  2.50 1.0l
> 1. 45 .57 1,88 3.2 2,80  1.%6
3 L.57 0.20 1.68 3.23  3.70  0.51
} 0.70 0. 34 1,20 0.85 0.50 0,28
5 1.04 0.75 0.70 0.74 1.10 0.54
> 1.1.8 1.77 1.03 1,27 1.50 2,15
[ 1.85 2,16 2. 80 T.62 0 7.40 0 11,20
3 1.23 1.59 1.20 1.7  1.70 2,34
) 0,48 0.68 C. 88 0.48 0,30  0.28
) 0.60 0.72 1.10 0.70 0.40 0,48
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Table 2.3. Values of A,Y , R for Successive Three Month o

Intervals for DATA

No. Activity Slope Grouping — _

A y R N N AYR
1 1,54 2.57 2.40 3,68  2.33 9,53 i
2 1.56 2.30 2,43 3.7  o2.h0 8,71 j
3 1.57 1.48 2.51 3.94 247 5,81 5
I 1,49 1.61 2.31 3.33  2.07 5,56 ;
5 1.53 1.03 2.25 3.39  2.27  6.31 g
6 1.45 2,05 1.83 2.50 O7T 5,96 i
7 1.62 2.61 1.40 2.39 2.87 5,97 |
8 1,32 2.11 1.5% 1.88 147 4,3k ;
9 1.56 0.59 2,86 4,69 2.67 2,63 i
10 1.83 0., 83 3,90 .55 L.80 5,94 i
11 0.90 0.77 1. 06 0.83  0.60 0O.7h ;
12 1.11 0,40 1.39 1.30 0,87 0,62
13 1.26 0.82 1.98 2,29 1.33 2.04
14 - 1.69 0. 85 1.41 2.61 3,40 2,04
15 1.73 0. 36 1.75 3.35 0 3.67 0 1.09 ]
16 1.20 0,25 1.65 171 1,07 0.k ]
17 1,26 0. 89 0.98 1.08  1.20 1.10 g
18 1.90 2.30 2,868 6.75H 5,47 12,62
19 1.28 1.76 1.27 1. 440 1.27 2.87
20 0.70 1.05 1.05 0.62  0.33 0.78

i
3
i
i
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Table 2.4. Values of A,¥ , R for 3Buccessive Month Intervals

for DATAZ,

No. Activity Sigﬁe }roupinﬁ

A Y R N N AY R
1 1.36 1.92 1,35 2.06 2.30 3.54
2 0.78 1.21 1,38 1. 07 0.60 1.30
3 1. 04 0,85 1.4 1.20 1,10 1.0l
I 1.11 1.34 2,15 2.45 1,30 3.29
5 0. 85 1.28 1. 49 1.2 0,70 1.61
6 1.00 1.51 1.69 1.70 1.00  2.56
g 0.30 0,28 0, Ol o.h2 0.20 0,07

0. 00 0.00 1,00 0.32  0.10 0,00
9 0.60 0.39 1.10 0.70 0,40 0,20
10 0.85 0.91 2,25 1.89  0.70  1.73
11 0. &85 1.23 1.13 0.95 0.70 1.18
12 0.70 0,86 1.00 0.71 0.50 0.60
13 0.60 0.56 0. 81 0.5%2 040  0.27
14 0,95 1.60 1.60 1.52 0,90 2,45
15 0.85 1.08 1,87 1.57  0.70  1.70
16 1,56 1. 89 3,07 6,78 3.80 10,35
17 0.95 1,08 1.26 1,20 0.90 1.29
18 0.78 1.01 1.2h 0.97 0.60  0.98
19 0.78 0.55 1.38 1.07 0.60 0.59
20 0.70 0, 5H¢ 1.79 1.27 0.50  0.74
21 1.76 0, &4 3.66 8.83 5,680 544
20 1.11 1.62 1,09 1.25  1.30  1.98
23 0.48 0. 3L 0. 88 0.48  0.30  0.1h
ol 0. 85 1.28 1,49 1.25 0,70 1.6l
25 0.30 0.11 0. 94 0.42 0,20 0.03
26 1,08 1.62 0.83 0.92 1.20 1.45
27 1.15 1.4 1.39 1.65 1.40 2,25
28 0.30 0.61 0. 94 O.42 0,20 0.17
29 0.48 0.07 1.10 0.70 0.40 0.03
30 0,00 0. 00 1. 00 0.32 0.10 0.00
31 0.78 0.46 1. 08 0. 84 0.60 0,38
32 1.00 1,09 1,22 1.29 1.10 1.34
33 1. 04 .72 1.38 .45 1,10 1.03
34 0.85 1.0M 1.49 1.25 0.70 1.31
35 0.90 0.67 1,02 0.92 0,80 0,62
36 0. 00 0. 00 1. 00 0.32 0.10 0.00
37 1.23 2,03 3.11 . 4, 06 1.70 T.77
38 - 0.30 0,28 0.94 O.42  0.20 0.07
39 0.90 0.72 1,16 1.10  0.90 0.75%
40 0. 85 0,48 1.26 1.06 0.70 0.51
i 0.95 0.99 1,52 1.4  0.90 1.43
Y2 0.90 0.60 1.37 1.23  0.80 0,7k
I3 0.70 0.52 1,20 0.85 0.50 O.44
N 1.00 0,97 1.05 1.0 1,00 1.0l
45 0.60 0.82 1.52 0,97 0.0 0.75




Table 2.4 Cont'd.

No. Aetivity Slope Grouping

A Y R N N AYR
46 0.30 0.11 1.41 0.63  0.20 0.04
Wy 0.65 0.7% 0. 80 0.67 0.70 0,50
48 0.85 0. 458 1.26 1.06 0.70  0.61
49 0.70 S 1.26 1,52 1.08  0.50 1,34
50 1.04 1. 31 1.59 .75 1.20 2,17
51 0.78 0.89 0.90 0.70  0.60 0,62
52 1.18 1,35 1.68 2.07  1.50 2.68
53 1.15 0.59 2,36 2,80 1.40 1.60
54 0.60 0.149 1.52 0.97  0.40  0.44
55 1,04 1.63 1.4 1,20 1.10 1.94
56 0. 00 0.00 1,00 0.32 0.10 0,00
57 1,00 1.33 2.19 2. 1c 1.00 3.32
58 0.70 0,52 0.7h 0.53 0,50 0.27
59 0.90 0.50 1.56 1.40 0.80 0,70
60 1. 00 1,23 1.49 1,49  1.00 1.82
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Table 2.5

Values of A,V ,

for DATAZ

R for Successive Two Month Intervals

Activity

Slope

Y

Grouping
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Table 2.6. Values of A,Y , R for Successive Three Month
Intervals Lor DATAZ.
No. fAetivity Slope Grouplng . .
A Y R It I AYR

1 1.60 1.7 1.38 2.26 2,67 2.81
2 1,48 2.37 1.93 2,80 2,00 6.93
3 0.85 0.70 0,93 0.6t o407 0,55
4 1.28 1,25 1.51 1.71 1.2 2.42
5 1.30 2.7 LA 1.63 1.33 3.99
6 1.72 1. 682 i, 26 8. 02 3.53  13.36
7 1,84 0.91 3.76 8,07 4.60 6,28
8 1.36 1.53 1.29 1.60 1.3 2.69
9 L.45 1. 88 1,43 1,96 1,87 3.89
10 0.78 0.73 0.93 0,64 O, 47 0.53
11 1.43 1,03 1.03 1,401 1,87 1.51
12 1.20 0,92 1,34 1,39 1.07 1.48
13 1.43 1.7L 2.39 3.27 1,87 5. 86
14 1.38 1,08 1,22 1.55 1.60 1.82
15 1.28 1.10 1,13 1.28 1. o 1.60
16 1.20 0.98 1.06 1,10 1,07 1.25
17 1.34 107 1,58 1,06 1.53 . 3,11
18 1.52 .68 2,31 3,43 2,20 3,09
19 1.34 2,12 1. 66 2,06 L.47 5.3
20 1.36 1.23 1.17 1.45 1.53 1.97
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able 2.7. Values of A, Y, R for Successlve Month Intervals
{f'or DATAZ.
o8 Activity Slope Grouping o _
A Y " N N AYR
] 1.48 1.13 0.77 .33 3,00 1,28
> 1,23 0.96 1.15 L.M@ 1,70 1.35
3 1.66 0.93 1.93 4,14 4,60 2,98
} 2,01 1.1d 2,02 6,04 10.20 4,79
5 1.88 0.80 2,00 5,43 7.50  3.01
> 1.23 0.63 1.49 1 95 1.70 1.24
[ 1.60 0.63 1.70 3.40 M.OO 1.71
) 1,58 1.92 1.30 2,53 3,80 3,94
) 1.73 2,70 1.55 3.60  5.40 7.23
L0 1.58 1,92 1,28 2,49 3,80 3.87
11 1,78 2.79 1.40 3.43  ©6.00 6,94
12 1.67 0,32 1.54% 3,37 W70 0,83
13 177 0.32 1.73 k.20 5,90 0.97
11 1.52 0.57 2,80 5,08  3.30 2.41
15 1.45 0.90 1.35 2,25 2,80 1.75
16 1..30 0. 58 1.63 2.3 2,00 1.22
17 1.61 0.7 2.50 5,07 h,10 2,87
18 1.99 0.66 1.43 Lohs 9,70  1.87 :
19 1.76 .77 1.59 3,62 5.80 2,14
20 1.56 0.88 1,22 2.32 3,60  1.67 i
21 1.54 0. 85 1.24 2.32  3.50 1.62 ’f"ﬁ
02 1.66 0.89 1.7 3,66 L, 60 2,52 ’
23 1.74 242 2.53 5.93 5,50 10.05 o
ol 1.36 2,13 1. 08 1.60  2.30  3.12 g
25 1.67 L.45 2.39 5.19  4.70 5,85 §
26 1.62 2.68 2.71 5,55 4,20 11,80
27 1.54 0.51 1.80 3.37  3.50 1.42 :
28 1.23 0.99 2,34 3,06 1.70 2.84 4
29 1,26 0. 80 2. 0h 2,74 1.80 2,05 8
30 1.58 0.82 1.53 2,97 3.80  1.97 o
31 1.30 1.73 2,11 2,98 2,00 4,74 ]
32 1.58 1.00 2,11 4,10 3.80 4.04 ¢
33 1.62 2,52 1.69 3.46  4.20  6.89 .
34 1.82 1.683 3.63 g9.32  6.60 12,06 :
35 1.58 0.50 2.01 3,91 3,80  1.58 ;
36 1.71 0,74 2.18 4,93  5.10  2.77 ;
37 1.57 1.0 1.15 2,21 3.70 1,87 ;
38 1.679 1. 2¢ 0.82 1.77 4.70  1.75 4
39 2.00 0.57 3.43 10.89 10.10  3.90 i
4o 1.70 0.78 1.10 2,45 5,00  1.45 :
41 1.23 1.59 1,54 2.00 1.70 3.01 h
ho - 1. 34 2,07 1,58 2.35 2.20 4.40 i
43 0.90 0.60 1.03 0.92  0.80 0.55 ”
hb 1.54 1.94 1,82 .41 3.50 5,46
45 1.63 0.69 1.70 3.53  4.30  1.91

k.ﬁlﬁ%%ﬁ‘ Eak 5 o o e o



Table 2.7 Cont'd.

[o Activity Siope Grouping
A Y R

3.41
1. 81
2.19
1.51
1.81
1.61
1,24
2,06
1.89
1.98
1.31
0.96
1.60 2., 00 1.05
1,52 0, 8% 1.68
1.49 2,11 00
1.49 2.31 '
1.64 2,15
1.64 1,79
1,41 1,80
1.28 1,99
1.20 1.67
1.08 2,11
1. 41 1.64
2,08
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Figure 2.7. A,y , R curves for one month intervals,

for DATAZ.
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Behavior of A,y , R and ArR Curves ot the Time of

decurrence of Shocks with aaplitudes Greater than TO mm. ;

DATAL,

nth Date Time Amp, In A Y R AYR
. .,
022663  14-30-12 80 1 H L M
030263 1L4-52-27 70
oh2163 21~12-04 105 M H M M-H
051863  01-20-39 137 M-H  Mx M H
052263  10-18-00 8l
070363  12-08-0k 210 M-H M M-H M-H
070363  12-12-08 147
061263  20-41-00 137 H H M-H H
081263 21-26-10 126
081463 01-45-42 105
) 100263 09-02-00 105 L
2 122063 G6-37-00 ol H H M-I, M-H
| oR0U6N4  11-58-00 120 M M- M-H M
ROl 12-11-33 57
9 062964 00-18-23 Th M M-H M-L M-L
062964  00-29-09 105
1 090164  00~54-00 ol M-H H L M-I
7 030065 06-CH- 07 80 M- L M L
030965  12-04-52 144
031965  02-02-00 T4
8 041065  00-~01-00 86 H M-I, Mx H
0410565  17~09-00 86
Ol106%5 18-11-41 Th
oh1665  28-08-58 110
9 ol2265  19-U43-00 Th H M- M-H H
30 050265  17-09-12 80 M M M M-L
36 121165  10-42-00 140 M L M-L L
121165  11-00-00 140

B o ey

oo

o e iy i A

shagsn s




Table 2.8 Cont'd.

onth Date Time Amp. in A ' R ATR
O. mm.
T 122165  20-33-32 Lk M-I M-H M M
9 031466 13-18-00 333 L
1 Oh2266 02-236-00 26 M M-I, M-L L
050266 17~ 0500 648
2 052866 18-40-00 405 M-H I M L
060966 17-52-00 Rele
061066 22-14--00 297
3 062666 11-20-00 270 M-I, M-L L L
071166 03-40-00 99
L 071666 15-56~00 108 M- M-L M-T, I
O7¢166 00-55-00 Ol
072466 18-05-00 135
080266 0L-11-00 a4
080266 22-56-00 9l
08GHH6 20w 1= 00) 108
081166 00~ 0l ~00 135
081466 05-29-00 &1
5 081566 07-31-00 on 3 M- L M L
081566 074200 o3
081766 11-14-00 135
081766 21 -20-00 5
082466  21-23-00 108
082566 00-13-00 99
0825606 056-00-00 108
0832666 125600 81
0862666 13=14~00 &1
082866 00-CH-00 81
082866 17-52-00 5
083066  22-05-00 61
090166 20-32-00 81
090266 01-52-00 85
090366 03--41-00 81
090666 O7-34-00 270
090666  22-48-00 81
6 092866 16-57-00 95 M L M L
100766 02-11-00 150
100766 02-17-00 95
100866 12-22-00 170
100966 03-30-00 172
100966  03-52-00 99




Table 2.8 Cont'd.

M « Medium
1, = Low
Mx w» Mazximum

Month Date Time Amp. in A Y R AYR
No. mim.,
W7 101966  14-26-00 153 L L M-I, L
102466 05-14-00 65
110866 12-13-00 5
49 121366 05-57-00 81 L 1, L L
_ 122466 12-51~00 g5
54 . 051567 16-10~00 72 Mx H H Mx
Notes: H = High

67

DAY AT FURS LT RSP PO, SRR




le 2.9.

ceurrence of S

Rehavior of A, v, R and AYR Cuprves at the Time of

wocks with Amplitudes Greater than 70 mm, ;

DATAZ.
th Date Time Amp. 1In A Y R ATR
mil.

010663 22-59-19 165 1 H M M-H
031363  13-11-11] 303 M M M-L L
031363 22-54-03 132
031463  13-h0-54 132
oles63 20-34-39 132 M- M-  M-H M-H
052263 16-45-00 116 M M-H M M-L
o5e263  L7-57-00 99
060563 0L-0l-00 52 M M-H M-l M
060503 03-22-00 121
100763 01-32-51 264 M-, I M- M-L
100763 03-08-45 132
102463 13-12-37 g4
112463 07-37-20 209 M-I, M-H M-L  H-L
033064 17-16-00 99 1 6! H Mx
ohi7éh  07-42-00 12 :
051264  14-40-00 110 M 1 M-L M-l
060764  18-56-00 121 M-L M M-L L
o82h6h  19-h7-16 165 Mx M-T,  Mx H
083164  20-54-00 110
091464  20-28-00 121
09146h  20-55-55 594
091564  01-16-00 110
091564  13-02-00 80
091564  16-02-00 121
001664  10-23-20 132
091664  11-06-00 121
091664  11-10-00 121
091664  11-17-35 Lo
091664  11-19-00 121
091664 15-18-00 88
091864 21-00-00 132
092064  03-03-00 121

Ealiity

i
i
H
H
1
;




Table 2.9 Cont'd.

Month Date Time Amp. A Y R AT R
No. mm.
22 100164 19-11-00 198 M-H H M-I, M
27 030265 19-54-00 125 M-H M-H M-IL M
31 070165 00-18-00 132 M L M-L L
32 073165 0042115 198 M M M-L  M-L
34 100265  01-35-00 132 M M M M-1,
35 110165 17-28-00 154 M M-I, M-L L
37 010966 18-53-00 399 M- Mx H H
L1 oU1766 21-31-00 121 M M M M-I,
051266 16-31-00 121
4o 051766 15-14-G0 143 M L M L
iV 072266 20-00-00 146 M M M-L, M-I
081166 Ol =59~ 00 115
L5 081266 06-54-00 154 T,
L9 121766 22-25..00 115 L M- M M-L
50 013067 16-07-00 121, M M-I M M-T,
013067 20-07-00 198
52 031467 20-32-00 115 M-H M-H M-H M
53 o41267 00-34-49 231 M-H L H M-T,
oU1067 00~U40-00 115
050367 19-32-00 99
050367 19-35-00 180
57 081967 CO-44-09 253 M M- H M-H
58 092267  07-24-00 132 L L L L
60 111967 08-06-56 165 M M-H M M-L
111967 08-U46-506 88
Notes: H « High
M = Medium
L = Low

Mx = KMaximum
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DISCUSSION OF RESULTS

General Behavior of A,Y , I}

Though the range of the value of A depends upon the
ength of the interval of tlme and the data type, A in the
resent analysis never goes beyond 2.0l or 103 shoclks which
appens for DATAZ and for the interval's length of one month.
he value of A fluctuates between 0 and a maximum for each
el of computations in Tables (2.1) to (2.7).

The value of ¥ lles between 0 and 2.79 and osclllates
1 this range for different data sets and diffoerent time-~
ntervals., The eflect of the length of the interval on?
111 be discussed In the next section, The value of ¥ indi-
2tes the behavior of the stress release for a partlcular
1terval of tlme and this behavior is not statlonary as
videnced by the variation in v over different intervals of
Lme.

The value of R, most of the time, 1s larger than 1, in-
lcating a grouplng of shocks more than expected from a ran~
om set of observatlions., The value of R changes from one

1iterval of time to another.
Similarities between A, vy, R Curves of Plgure (2.1)

It was seen that the interpretétionS derived for DATAL
e also valld for DATA2. Hence the curves of DATAL only are
Lscussed and the discusslon of DATA2 1s omitted from the

y1lowing.
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(1) A and ¥ -curves have similar character for some
periods of time, for example, ncar polnt #5, A, 16 and 54,
However, perlods of time near points Like #28, 43 and 45 do
not show this similarity.

(2) A and R curves show a greater degree of similarity
than A and ¥ ~curves. 'The polnts 15,21 are some of the ex-
ceptions,

(3) Y and R-curves compare less favorably than others.

(4) The A-Y R curve accentuates the strong simllarities
between A, v, R curves and suppresses the peaks which are not
consistent In all three curves. There 1s no consistent simi-

larity between A, ¥, R and A*vY*R CUrves,

The Relatlon of A,y , R Curves and the

Occurrence of Big Bvents 1n Pigure (2.1)

[

(1)‘ The monthly intervals, represented by the points
#l and 10 contain bilg events (amp. - 105 mm. ), but the value
f A is medium at the 40 ang very low at the 10th point (not
blotted since A is less than 0.69)., lence big events are not
ecessarlly accompanled by a large value of A (see Table 2.8
“or detalls).
| (2) The polnt #54 contalns only 1 slzable cvent (amp. -
2 mm. ). However, the largest values of A and A*Y+ R curves
>ccur‘during this month, Large valuesof' A, therefore, some-
imes occur in the absence of larpge events.,

(3) The point #36 has 2 blg events (amp. - 140, 140 mm.)

n the same day and has a medium A, low Y and medium R.
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(4) The point 744 has 4 big events and has a low-medlun

, low-medium Y and medium-high A,
(5) The point #15 has 6 big events and stll) has a

edtum-high A, low Y and medium R,

(6) The B6EDh point has 3 big events and has a wedlun A,

w ¥ , and medium R.

(7) 'The 43rd point has 2 big events (amp. - 270, 99 mm., )
nd has a low A, high ¥y and low R.

(8) The point /20 has 1 blg cvent (auip. - 110 wm, ) and
as a nigh A, medlum-low Y and maxlmum R.

(9) Peaks and troughs of A.Y.R-curves also do not show
ny consistent correlatlon with the bilg events,

Hence, high (or low) values of A, ¥, R or A.y¥.R have no

onslstent correlatlon with the occurrences off blg events.

3

Discussion of Figures (2.2) and {2.3) of DATAL

Both the filgures show no consletent simllarity between
A, ¥ and R curves. However, ad before, there is relatively
nore similarity between A and R curves than that between
other curves, but no consistent correlation betwcen a blg

event (or events) and the peak (or trough) of these curves.
Discussion of Figure (2.7) of DATAJ

There 1s much less similarity between the curves for
DATAZ than that belween the curves of DATAY1 and DATAZ. This
is most probably due to the Taclt that DATA3 contains carth-

quakes from many dirferent focal reglons whose mechanisms
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fer considerably in thelr behavior. As the values of the
1itudes of the stronger events are not known for DATAZ,
statement concorning the correlatlon between the peaks

)

the big event cun not be made on the basis of RFigure (2.7).
CONCTLUSIONS

On the basis of Tables (2.8) and (2.9) and Figures (2.1) -
7), the following concluslons can be drawn for mlcrocarti-
kes In the Socoryo reglon:

(1) & lack of simllavity between A and y curves indl-
-es that the number of microearthouakes in an Interval of
e does not have ouy consistent relation wlth the slope of
> requency-lav,

(2) A good depiee of iIn~phase similarity between A and
surves means that vinencever there is a large number of
rthquakes, they tend to oceur in swarme. The term 'swari!

the case of miercearthguakes can be taken o wean a group-
¢ of cvents within a short period, e.g., 3 days to 6 days.,

(3) There is no consistent correlabtlon between ¥ and R
rves. We reecall here that a larpge value of R means a
ouping of events, 2 large value of Y mcans that most of
e energy is releascd in numerous small shocls and a small
lue of Y means that wmost of the cnergy s releasced in many
rge shocks, A lack of correlation shows, then, that large
croecartnquakes (suzlly ) are as likely to come in swarms

arge R) as the swall ones (large? ).
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(%) A large wilcroecarthquake (or a group of them) is not
necessarily‘assuciated with a larpge value of° A, In other -
words, a large cvent may occur without any foreshoeks or
aftershochs.

(5) A large number of microcarthquakes also does not
guarantcece the occurrence of a large event (or events) with
them,

(6) The grouplng of events also 1s not found to have
any bearing on the cccurrence of large mierocarthquakes,

('r) 'The computation of the ¥ It curve was to cheek
whether there is any correlation between the increase (or
deercase)of -the A*Y'R value and a large cvent, Rigures
(2.1) ~ (2.7) show that there is no such cosrrclation,

(8) The correlation Letween o lavpe ovent and a combl -
natilon of high A, high R and low ¥ (given the number of

shocks In an Interval, ¥, »Yy 1l ¥ is the value whon tho

number of shocks of strengths less than some arbitrary mo-
dium value By 1s Ny and Yé Is the value when thls number 1o
NE’ Nl being greater than Ng) s not concistent either,
That is, a large number of relatively large cvents with &
high degree of pgrouping also does not always mean a high

probablility of the occurrence of a blg event,




SECTION IIX

TIME-AVERAGES OF THE NUMBER OF FARTHOUAKES

AND THEIR BRIRGTES

Time-averages of the number and energles of earthquakes
have been studied, The time-averages were computed in two

ways, The first kind of average was taken over unit inter-

U

vals into whleh the period of the data set 1s broken., The
second kind of average was taken by averaging over T],

o P T _- e -
1= T3 -1, ’
ete., and '1‘n covers the whole range of the data perilod.

_ e e aq , SECWCN 1] - 3 -
TQ' R ln’ where 11 D> Ti_l 1nd 12 T

AVERAGES OF NUMBLER OF SHOCKS IN SUCCESSIVE

EQUAL TNTERVALS O 1TIME
"Procedure

Consider the earthquake sequence to be a random progcess
in time. The number of earthquakes in a unitﬁtime is termed
Lo be the Intensity function Y (t) of the process where ¢ re-
fers to the position of the unit time interval in the time-
lomain, In order to be able to speak about the process,
let us assume that almost all the sample [unctions of the
rocess are equivalent functions of time. There is only one
sample functioh known to us., Then, at the time £, the in-

ensity functlon of the process,
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Y(t) = the number of shocks In the unlit ¢lme —
interval centered at © of the earth-

gquaike sequence. (3.1)

The unit interval of time 1s 15 days long in the present
nalysis. For the gake of simplicity, we compute, then, the
anber of earthquakes per day for the particular interval and

his value represents Y(t) in the results.
Results

‘ Pable (3.1) lists the results for a perlod of 1740 days,
eginning July 1, 1963, The daba uscd was DATAR. The data
ras divided into 3 amplitude categories of 5 - 15 mm,, 19 -
30 mm. , and 30 - 4O mm. ‘Phe fact that an (3-P) Interval as
Large as 2.5 geconds contalns events from more than one focal
sone that are likely to have different selsmic parameters,
wnd that the detectlon and the amplltude of an cvent decays
sith the distance does not influence the value V() for the
simple reason that the above factors do not change with tlme.
The kind of dependence that Y(t) had on the aloresald factors
at the time t = ty also holdsfor t = tp for ti, tp belonglng

to T where T is the total period of the data set.
Conclusions

(1) From the curves 1n Iigure (3.1), we see that, most

of the times, whenever there 1s a rise for the 15 - 30 nm.
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7T
lass, there is a rise for the 5 - 15 ma. and 30 - 40 mnm.
lasses, also. This means that:earthqunkes are llikely to
ceur in all amplitude classes. However, the Increase (or
ecrease) may not be cqual in all ranges and that is why the
lope changes with time In the frequency-law analysls, as was
nown in SECTION II.

(2) The microearthquake sequence has a time-varylng
ean and a time-varying wean-square value, llence the earth-
juake sequence 1s a non-stationary process.

(3) The results show that the larger the value of the
ean of a U(t)«curve, the larper is the mean-square crror,

(4) The over-all average values of the curves are 0.55,
). 47 and 1.5 for the 15 - 30 min. , 30 - 40 mm. and 5 - 15 mm.
ranges, respectively.,  This wmeans, for the data analyzed,
chat therce are aboub 79 shocks a wonth in the 5 - LO mm,

range of the amplitude.
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Table 3.1 Cont'd.

5 -« 15 mm. 15 - 30 wmm. 30 -~ 40 mm.
2.33 0.53 1.93
1.80 0.27 0.40
1. U7 0.33 0,27 :
2,97 1,00 0.20 :
1.53 0.27 0.33 j
1.20 0,20 0.53 ;
2.13 0.87 0.40 !
0.60 0.7 0.13 :
1.33 0. 80 0.60 ;
0.67 G. 00 0. 80 i
0.73 0.13 0.07 ?
040 0.07 0.07 i
0.93 0.20 0,27 |
1,67 0.53 0.13 i
2,60 0.73 0. 40 :
C 1 A7 0.60 0. 40 S
0. 87 0. 27 0.07 S
1.20 _ O. N7 0.67 o
0.53 0,373 0.60 o
(.93 0.67 0.60 ' o
1.53 0.53 0.t7 Cd
3,60 1.00 1.2 .
1.53 0.00 0.20 il ;
2. 47 0. 87 0.07 Ei 8
2,27 0.33 0. U7 & i
1.07 0. 33 0,20 1
. 2.33 1.40 1.33 i
1.20 0.4%0 0.27 -
0. 67 0. U7 0.53 i
1,20 0.73 0.27 2
0. 07 0., 87 0.87 ¥
0. 87 0. 47 1.20 2
3.67 1. 47 1.40 L
3.07 0.40 0.67 .
1.67 0.67 0.33 {
1.80 0.33 0.33 ¥
0.73 0.00 0. 00 ik
1,87 0. 40 0.40 b
0.20 0.20 0.20 i
0.53 0.13 0.00 .
0.53 0.13 0.00
0.60 0.53 0,20 .
0.93 0,7 0.73 2
0. 80 o. 47 0.67 ¥
0.13 0. 47 0.73 ]
4
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Table 3,1 Cont'd,

No, 5 ~ 15 wm. 15 - 30 wmm, 30 - 40 mm,
91 0.53 0.53 0.53
Tg2 1.13 0.h7 0.60
93 1,13 0.53 0.60
94 0, 80 0.20 0.27
95 9.t 2,00 0. 80
96 5. 00 1,60 0.60
97 1.67 0.13 0. 07
98 1.00 0. 07 0. 00
99 0. 87 0.33 0.07
100 1,60 0.40 0.13
101 1.53 0,27 0,27
102 2,20 0.4y 0. 40
103 1.93 0.60 0. 07
104 0.23 0. 00 0.27
105 0.60 0.27 0.13
106 1.13 0,27 0.27
107 0.07 0.13 0,27
108 1.13 0.733 0.7
109 1.53 0,87 0,40
110 0.60 0,67 0,73
111 0. 00 0,20 0.33
112 0.20 0.27 0.67
113 0.20 0. 07 0.40
114 0. 87 0,10 0.33
115 0. 87 0. 47 0.53
116 1.93 0.73 0.13
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NUMBER O SHOCKS AVIERAGED OVER SUCCESIIVELY

INCREASTIRG PERIODS

Resulls

Tables (3.2) and (3.3) give the results of the time-
averages of the number of mleroearthguakes per 10 days for 6
amplltude ranges. The averaging periloed 1s increased in
steps of about 60 days. Thus, the BOhh value represents an
average over the whole & year period, Rigures (3.2) and
(3.3) show the graphs of the results listed in Tables (3.2)
and (3.3) for DATAL and DATAZ, respectively.

Table (3.2) also lists the values of the percentage er-
rors wlth respect to the means of the curves of the amplitude
ranges 2 1 wmm,, 30 - 40 wmm,, and > 40 mm.. Similarly, the
values of the percentage errors for the amplltude ranges 30 -
4O mm.,, and 2 40 wmm., are glven for DATAD in Table (3.3).

The graphs of these percentage errors are glven in Plgure

(3.“‘);
Conclusions

(1) cConsider the curves of IMgures (3.2) and (3.3)
after the 100h interval., Thesc curves show that the larger
the value of the mean of a curve, the larger is the value of

2 30 ; 2 1
the square-error SQ , L.e., 37 | M)~ mean (1)]", where ¥

2 £ Japp b+ ¢ I3
1s the square-error for the 1 1 curve.

(2) & visual inspection of the curves of Figures (3.2),

(3.3) and the error-curves of Figure (3.4) shows that the
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onvergence of the curves with a high mean value 1ls no faster
han the convergence of those with a relatively low mean
alue. As explained in the APPENDIX, this 13 due to the fact
hat curves with a high mean value have a large variance as
ompared to the variance of those with a low mean value.
(3) We see that the percentage errors for DATAL, never

o beyond 12,42 after the first 60 days, Therefore, the mean
unber of shocks > 1 mm. ) can safely be estimated, within
bout 10% crror, by taking any interval of time wore than 2
onths, However, the errors fluctuate erratlcally between O

nd 12.42 up to the 15%°

interval and aflterwards the range
f fluctuations becomes narrow.

(4) For DATAL, there arc about 11 mleroearthquakes per
ionth with an amplitude greater than 10 mm. There are about

L shocks with an amplitude greater than 40 wm,

For DATAZ, there are about 3 shocks with amplitudes

reater than 40 mm. and about 9 with amplitudes greater than

L0 mm. per month,
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ESTIMATION OF ENERGLLS

[

¢ cnergy per unit volume of the selsmlce waves

The kinet

n

w0 be glven as (Gutenberg and Richter, 1942)
Ic - 1 3 . 1‘12. (\r. t ) . Pn (_[i‘.g )2
Ko, =07 0 ’

h focal depth

n

v = wave veloclity

4]

Lo

P = density = mass/volune of the propagating medium

i\ amplitude (ground displacemnent )

O=

perliod of vibratlion.

n

(l\ ()

 the recording statlon is not right above the locus, the
[ R

ypocentral distance D sheuld be substituted for the quantity

. Then

. A
B TN .!‘ 37, 9P.V_| ¢ . 042
woR, < b L.37.5P Eg} c vt P . ) s

. m

Io

here SP is the (3~1) interval and Vp is the compressional
peed of the wave.

Assume that (1) the kinetle encrgy of the S-phase

being used in our case) and the P-phase are equal, (2) total

Inetic energy equals the total potentlial energy, and (3)

‘ veatizal
he energy in theAcomponent (being recorded in our case) is
qual to the energy ia the North-3outh component and also
he East-West component. Then the total encrgy from the

‘ocus (ignoring the absorption of the medivm) 1s

duration of maximum wave group on the selsmogram
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E = 487?' pr(1.37 36 Vp) vto-(':l'_ré) ,
AO is peak-to-peak awpllitude, then

I s
E = (127°.P.vto) (1.37-5PV, ) (4 oa)

[

T
the present study,

p o= 2.5 gms., /em.
- 5
.5 x 107 ca./sec,

-
x 102 ewm./sec.

i1

p
to » 0.5 sec, (zbout 5 oscillations) on the
el smopram

r"o o W

0.1 sec,

4

TIIO

B e 96e2.5. (3.5 % 105).0.5. (8.2)%. 10 0(5p)" (% Ao
oL |

AO s in milllmeters then,

3 5
E =06 25 (35%15 ). (0.5). (B ) Joo - 1" (SPY (/s‘ z, m (

®y

ere (1.5 x 10 1s the magnification of the instrument at

cycles per second,

E

1t

962, 5)(3.5): (32)%. (8.2)%. (107) (L ng”)

E = 967 (1.75)- (73.8)- (103) - (52)2 (£ 402) |

) ¢= WA (15)-(13:8) - (J&°). (sP)*

).
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'or SP = 1.8 seconds,

log ¢ = log 95 -« 3 logsm + log 1.75H + log 73.8 + 3
+ 2 log 1.8
log ¢ = 1.9823 4 3(0.4969) + 0.2430 + 1.8681 4+ 2(0,2553)

+ 3 = 9.0947

c = 12,44 x 108 .

Similarly for 5P = 0.9 seconds,
¢ = 6,22 X 108

Therefore, for two {S-P) intervals,

[

i1 o
By g (12,44 = 108) o (5 AQ“) ergs, and

- N e
(6.22 % 1U£) . (ﬁ AO“) ergs,

—t

Ey.g =

where AO 18 the peak-to-peak S-phasc amplitude in millimeters
on the selsmogranm,

In this section, the vealue of the energy is represented
by the numerical value of (% AOE) for an earthguake, To de-
termlne the energy of an earthquake in ergs, the value of
(% AOQ) should be multiplied by the appropriate constant

glven above,
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NUMBER AND ERERGY OF BARTHQUAKES FOR A UNIT

TIME~THTERVAL
Results

The purpose of this analysis ls to check whether there
s any correlation between the number of shocks in a unit
lme-interval and the selswmic energy released during that
articular interval. The length of the time-interval is 15
Ay,

Tables (3.4), (3.5) and Mgures (3.5), (3.6) list re-

ults for the data DATAL and DATAZ, respectively.
Conclusions

The analysis indicates that & large number of micro-

arthquakes generally means a large energy release, However,

or the converse, 1t appears that large enerpy can freguently

ccur when there is only a few shocks. The latter point is
llustrated by polnts #52, 76, 80, 82 of Megure (3.5) and
3, 5l of Flgure (3.6). The point #40 of IMpgure (3.6) has a
aximum of both energy and number of shocks. Thefe is no
ach similar situation for DATAL,

It can, therefore, be concluded that the energy release
rocess cah be anywhere between (a) all the energy in very
ew large shocks and (b) all the energy in many shocks of

clatlvely small strength,.
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95
ble 3.4, FEnergy and Number of shocks for 15 Day Intervals,
for DATAL.
. A No. of No. 5 No. of No E No. of
1. Qs. 1. Qs. E.Qs.
172 1 39 13043 § 77 603 9
1554 11 4o 283 3 78 362 9
370 2 h UE0 b 79 Gihe 6
298 2 U2 375 3 30 h1571 3
1341 7 b3 © 599 & 81 16509 8
1763 4 L 0 0 82 17479 3
Gli2 7 g 293 I &3 1625 3
2292 12 "6 0 0 &l 1004 3
216 2 U7 35 0 e o611 14
300 3 58 0 0 86 4l 5
3450 13 49 0 1 a7 21538 19
76 1 50 3055 13 318 11680 7
2378 17 51 7 1 &9 1156 2
24 .0 Y- 28495 19 90 9020 g
0 1 53 hpo 5 g1 2605 3
0 0 51 16635 5 ge 685 2
1218 2 55 3270 16 93 0 0
0 0 56 088 6 gl 0 0
0 0 57 8¢ 6 95 1948 2
9, 0 58 h5 1 96 868 3
516 12 59 102 1 97 148 3
1485 12 6O 0 0 G 221 1
0 O 61 0 0 99 177 6
116 3 62 36 1 100 18 0
2962 11 63 323 h 101 e 5
0 0 64 36 1 102 189 2
300 3 65 32 1 103 2781 17
1O7 11 66 0 1 104 0 0
152 3 67 15 1 105 U297 33
312 0 68 0 0 1.06 1662 13
%9 3 69 0 0 107 656 6
868 8 70 5759 9 108 306 6
396 6 71 7101 13 109 365 2
436 2 72 32 1 110 0 0
1719 9 13 136 1 111 136 2
U5 2 Th 648 1 112 0 0
580 4 75 0 . 0 113 144 1
1434 8 76 22176 2 114 0 0
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Table 3.5,

Energy and Number oi

shocks for 15 Day Intervals,

DATA2,

No, O . Ho. i No. of  HNo. E No. of

1, Q. B, s, E.Qs,
1 1022 5 39 oAk 9 7 85 1
2 0 1 40 31479 yo 78 26k 2
3 13705 7 41 2510 § 79 1389 3
/i 622 3 Lo oG 5 80 1659 5
5 “28 3 43 b3 o &1 1276 2
5 203 I i e 1 8o 71 i
7 .91 2 L5 1143 2 83 184 A
3 933 5 U6 0] I al 112 1
g 1195 & W7 15 2 35 1382 5
10 395 2 48 25 1 86 11066 4
11 GO 1 49 Bl 7 &7 1754 3
12 12 1 50 vl 5 86 78 1
13 112 - 1 51 2003 10 89 0 0
LU} 0 0 52 2 3 Q0 15 2
15 21 1 53 5 1 91 141 3
16 2R 2 54 L0 1 92 191 3
17 5035 5 54 e o a3 280 Iy
18 80 2 506 Eip 1 g4 ‘T4 3
1O 128 3 57 5 1 a5 22806 5
>0 1927 I 58 0 9% 0 0
23 186 2 59 2 97 520 2
2 303 2 60 2 o¢ 6932 g
>3 162 2 61 5 59 L6 o 4
2l 197 3 2 3 100 276 1
25 989 7 63 3 101 1725 11
6 ool 2 64 8 102 33 3
7 595 5 65 5 103 710 8
3 138 il 66 1 104 har9 2
> 2800 25 6{ I 105 275 4
30 1173 3 68 3 106 o] 1
31 223 3 69 > 1 107 508 I
32 551 3 70 '. 0 108 753 5
33 1084 5 71 16 2 109 0 0
sl 55 1 72 Wi 13 110 28 1
35 55 2 73 512 1 111 3839 7
6 108 2 Th 93 1 112 351 1
37 112 3 5 43 1 113 133 3
33 66 1 76 548 7 114 1164 1
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CUMULATIVE ENERGY ANALYSIS

Results

The energies ccomputed for indlividual carthguakes are
grouped over 5 and 1% day intervals., These grouped energles
are then successively summed to ot the cumulative energles,
The cumulative values for DATALl arc given in Table (3.6) and
Figure (3.7) for 5 day intervals and in Table (3.7) and
Figure (3.8) for 15 day intervals. Values for DATAZ are
not tabulated here; however, their graphs are presented in
'Figures (3.9) and (3.10) for 5 and 15 day intervals, respec-

tively.
Conclusinns

; i L
(1) The total energy release For DATAL was 3,629 x 10t

~

ergs and that for DATAZ was 1.0349 x 101” ergs, over a period
of 5 years starting from January, 1963, to December, 1967,

(2) The largest amount of cnergy release for the DATAL
is about 1,119 x lOlle ergs over a perliod of about 2 months
and 1n the case of DATAR 1t is 0.248 x 1014 ergs over a pe-
riod of 1 month.

(3) There 1s a 1lull of about 6 months between two major
surges ol energy release for DATAL and 1t 1is about 9 months
for DATAZ.

(4) An isolated single large wlceroearthqualke rarely

makes a big contribution to the energy release, Generally,
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several large microearthguakes, closely spaced in tlme, are
respongible for a large surge of energy release, 'This indi-
cates that the energy stored in the focus is not released in
one shocl, but rather in more than one.

(5) 1If two enveloping parallel lines are drawn on the

two sides of the curves, 1t is observed that the focal zone

corresponding to DATAL can store much more energy than the
one corrcsponding to DATAZ, This conclusion is drawn from
the heights between the parallel lines for DATAL and DATAZ.

(6) In Figure (3.8), the slope of the lines a to b, c
to d and h to 1 are very much the same, Thils indicates a
nearly constant rate of the releasc of energy for this focal
zone, except {or the perlods when this somewhat steady-
state condition is disturbed by a large and sudden energy
reiease, e.g., at polnts b and £ in Figurce (3.8). A similar
slituation exlsts for the focal zone of DATA? as shown in
Figure (3.10).

(7) If the slope of the two parallel lines 1s taken to

be a measure of the average rate of the release of energy,

then it is noted that there 1s a release of about 3;358 x 1012

ergs per 15 days for DATAL and about 0,870 x 1012 ergs per 15

Iy

days for DATAZ2,
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Table 3.6. Cumulative Encrgles of Earthquakes of DATAl, for
5 Day Successive Intervals,
Interval B Interval L Interval I
No. Ho. No. :
1 28 b6 16156 91 23599 i
2 28 hr 161456 g0 23635 ;
3 28 & 16180 93 =?6%g |
l} 112 49 16180 Ol 2363h ;
5 1309 50 16180 95 23635 |
6 1309 51 16180 96 23647 o
7 PRIV 52 16160 a7 23907 4
3 1481 53 16180 98 23947 i
0 1481 5l 16180 99 23996 : -
10 1521 55 17398 100 2L 860 ST
11 ¢6)u 55 17398 101 2UEG2 S
12 3034 57 17398 102 2L {62 .
1.3 3404 58 17396 103 24620 1
14 3400 59 17398 104 2hGho F
15 3404 60 17398 105 25068 -
16 3404 61 17398 106 25530 -
L7 3604 62 17398 107 25601 t
1 8 3702 63 17398 108 DEEON Lot
1 9 50473 6l L7308 109 27107 Codd
>0 5043, 65 173498 110 27139 LT
3 5043 66 17398 111 27U12 SR
2 6561 67 17396 112 27hie L N
X 6564 68 17608 113 27h12 TR
20 6806 69 17912 114 2ThGT P
5 6805 70 18010 115 27601 o
6 6805 71 18694 116 27601 Co
7 T 72 19391 117 28037
28 9567 73 19394 118 28037
9 9567 Th 19304 119 28037
30 9738 5 19394 120 29471 e
1 9909 76 194206 121 29846 S
2 9909 7 19492 122 30453 i
3 9954 78 19510 12 30818 P
" 10032 19 195065 "ou 30923 é
5 10194 80 22014 125 30989 !
£§) 10254 81 22471 126 31101
7 13137 82 eohTy 127 31346
3 13137 83 2471 128 31418
{e] 13703 84 22471 129 . 315861
0 13781 85 22471 130 31581
1 13781 86 22777 131 31956
c 13761 22777 132 31956
3 13781 68 22999 153 31956 :
b 13905 89 23076 134 32536 ,
5 16156 90 23u83 13 32554




Table 3.6 Cont'd,

Interval B Interval 15 Interval I
No, Ho, No.

136 32554 181 87830 226 101962
137 32551 189 8830 o2y 101962
138 32554 183 8rehs  opd 101662
139 32654 164 Greis 2y 101962
140 3287 165 8reng 230 101962
141 32807 186 Orehs 231 101962
142 32847 187 8rsug  o32 101962
143 32847 188 87ELE 233 102506
144 32847 189 grony 23l 124138
145 30892 190 Brau8 035 124362
146 32692 191 G188y 236 124486
147 32892 192 gru8h 237 124740
148 2892 193 Er&E8h 238 124870
g 32892 164 87098 239 124985
150 - 32892 195 88207 240 125101
151 32800 196 88207 2l 125101
152 32892 197 S0y aup 131240
153 30890 194 guohs 243 131242
154 RUEPIS 199 E8ehy ol - 172709
155 35945 200 Boarn  2hy 172729
156 35945 201 88075 216 172813
154 35944 202 BEe76 ey 173100
158 35045 203 EGars 248 173121
159 365017 204 8evs 249 1&930)
160 54990 205 88200 250 189321
161 56709 2035 E8290 o1 2058500
162 6L G 207 8200  on5p 206800
163 EUGLUY 208 88290 253 206800
164 64576 200 858290 254 206944
165 6UE76 210 882950 255 214425
166 TT504 211 88200 2566 214405
167 81508 212 88290 257 214425
168 81508 213 8682450 258 215429
169 83926 214 88320 259 216991
170 84698 215 ohol8 260 220204
171 Bh7Th 216 SLRGURS: 261 220389
172 85074 217 100785 262 223024
173 85074 218 100913 263 223024
174 86861 219 101046 264 224336
175 87652 220 101178 265 238999
176 87673 221 . 101178 266 241312
177 87691 222 101178 267 246872
178 8rrh6e 223 101178 268 249519
179 87746 224 101314 269 256516
180 87746 225 101314 270 2586552
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Table 3.6

Cont'd.

103

1terval

B Tnterval iy Interval I
No. No, No.

71 258552 316 280337 361 288287
/2 ?b&ﬁh’ 317 260347 302 286393
(3 259708 3108 280337 363 288393
7l 050708 319 2828548 364 28603
(5 265771 320 281005

6 269627 321 284629

77 269627 3ea 28140678

78 271167 323 ?86057

79 27eR82 324 286e6U

50 27032 325 286726

81 PURR3 326 286783

52 272917 32 2860473

83 272917 328 287153

8l 272917 329 °‘(°M9

85 2TE9LY 330 R872449

86 272917 331 287249

87 272917 332 287614

88 272917 333 267614

89 273737 334 287614

90 203737 335 28761

91 27hERs 330 287014

92 2THESS 337 27Ol

93 275693 336 267614

Gh 275733 339 287750

35 275733 3h0 207150

96 275733 341 287750

Q7 275881 342 28775H0

98 275881 343 287750

99 275921 344 287750

00 276101 345 287891

0L 276101 346 2878691

02 276101 347 2078uh

03 276278 348 287894

Ol 276296 349 2878694

05 76096 350 288022

06 276206 351 288275

30'f 276921 %52 256275

308 276921 357 288275

309 277059 %)u 288275

310 277069 355 288275

311 277358 356 288275

312 277558 357 288275

313 276274 358 288287

314 279803 359 288287

315 280337 360 288287
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Table 3.7.

15 Day Successive Intervals,

Cumulative LEnergies of Earthquakes of DATAL, for

Interval I Interval JiN Interval 15
No. No. No.
1 28 L1 30818 01 131242
2 1309 np 31101 &e 172813
3 1481 43 31561 63 189321
b 3034 Iy 31956 ol 206800
5 340k s 32550 85 214425
6 3702 46 32bnh 86 215425
7 50473 Wy 32647 &7 220389
8 6506 I8 32847 88 225336
9 Thuy b9 328G0 89 U687
10 g738 50 32890 90 2586552
11 9Qh4 51 32890 91 259708
12 10254 oe 35945 92 269627
13 13703 53 36017 93 272232
14 13781 5% 649 94 272917
15 16155 55 OUETH 9% 272917
16 16160 56 81500 90 272917
17 161860 57 Bl o7 . 27h805
18 16180 54 86861 28 275733
19 17398 59 87691 99 275581
20 17398 60 arrhé 100 276101
21 17398 61 87848 101 276278
22 17398 Ge 87848 102 276256
23 17912 63 SYRSIIRS! 103 277069
2l 19394 Gl 8ro84 104 277558
25 19304 65 88207 105 2803737
26 19510 66 6827 105 280337
27 22471 67 86275 107 281629
28 22071 63 88275 108 2862848
29 22777 69 88290 109 286043
30 23463 70 86290 110 287249
31 23635 71 88290 111 287614
32 23947 72 QUOLE 112 287614
33 23996 13 101146 113 287750
34 24562 Th 101178 114 287750
35 25258 75 101314 115 287894
36 25694 76 101962 116 287894
37 2rh1e 77 101962 117 288275
38 21457 78 124138 118 2882745
39 28037 79 1247h0 119 288275
Lo 29471 80 125101 120 288287
121 2883493
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AVERAGING FOR THE SLOPE Y

In this part, the behavior of ¥ as the period of obser-
ation 1is increased, is discussed,

The method of compubting ¥ was the same as employed 1n
ECTION II, i.e., by taking the arithmetlc mean of three
ralues of ¥ for three portions of the frequency-law curve.

Figure (3.11) shows the behavior of ¥ as the averaging'
veriod is increased in steps of 60 days. For a 5 year period,
she slope is 1,15 for DATAL and 1.37 for DATAZ.

Figure (3.11) also shows how the value of ¥ fluctuates
s the perilod of averaglng is increased, Whercas 1t tends
5o stabllize with longer periods, 1t does so differently in
i1fferent seismic zones. The value of ¥ 1s qulte stable
after the 15th point fof the curve of DATAZ2, but 1t 1s hard
co malke any such statement for DATAL. A longer period of
shservation is needed in ovrder to make any pesltive state-

nent about the stability of this parameter for DATAL.
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fMﬂeBﬁL

Values of the Slope of the Frequency-Law over

Successively Incressing Period of Observatlon.

Last day of
the perlod

Slupe

Last day of
the period

2

\C o~ O =W

Notes:

«- e« * 2+ s e v 0w

PO TN

+ v . . . . e -

.

s ® e e =

B b b b e S R R e R ) PO PO RO

.

6503

662

721

760

817

903

SHIS
1024
1079
1144
1197
1ehe
1319
1382
1434
1UOE
1553
1619
1670
1743
1.801
1864
1922
1950
2044
2100
2160
2203
2068
2331

{
H

AT
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RO PO O GO A
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. e e e s
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=

1, b

*« o @ = =

bt b b p e et e b

* + w

L i i oW
= MO O~

595

658

718

755

439

Q02

958
1016
1078
1135
1200
1257
1321
1380
1423
1498
1548
1598
1671
1742
1802
1861
1922
1975
2002
2101
2155
2212
2271
2342

The values of the logarithm of the cumulative number
of microearthquakes for M =z 4.0, 4.1, 4.2, =-w-, 6.3
for DATAL's 30%D point are: 2.81, 2.75, 2.70, 2.65,
.57, 2.49, 2,39, 2,20, 2.05, 1.97, L.74, 1.49, 1.36,

1.18, 1.08, 0.85, 0,48, 0.30, 0.0, 0.0, 0.0, 0.0, 0.0,
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SECTION IV

STATISTTCAL INDEPENDENCE OF THE INTFR-ARRIVAL

TIMES AND EMERGTIS

A study about the statistlcal {ndependence of inter-
arrival times and earthguake energy 1s made 1n this sec-
tion. An inter-arrival time 1s the time between the
occurrences of two consecutive shocks., A number equal Lo
the square of the maximuml3~phase amplitude on the selsmo-
gram 1s used as a measure of enerpy release and, for con-
venience, is called the encergy ralease,

The various procedures for attachlng a statistical
reliability to an observed value o & random varlable as-
sume that the random varlable belng sampled has a known
distribution. However, there are some statistical tests,
called the non-parametric tests, 1n which the knowledge of
the probability distributilon 1s not required. Tests used
in this study are such non-parametric tests. A brilef
description of each test 1s glven first and theﬁ the
Socorro data is analysed to check the statistical inde-

pendence,
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THIORY
Run- Test

In an ordered cequence of elements of two kinds each
subsequence of like kind 1s called a run, Defining a crl-
terion which will divide the sequence into two kinds de-
pends on the problem in guestlion. As a slmple example,
the arrangement of empty () and occupied (0) seabts on a
lunch counter may be EOOEEEOOOEOEEOQ. Ivents of the kind
E oceur 7 times (Ny) and those of the other kind O occur 8
times (No), and the number of runs is 8, MNext consider
the arrgngement BOBEROREECEREOROE, In this arranpgement
there are no two adjacent occupied seats, The question
arises whether this can happen by chance., I, on the
other hand, the lunch counter was frequented by Tamilies,
there would be a tendency for occupents to sit together
and the result is a smaller number of runs, An exXcess of
rans polnts to intentional mixing, a paucity of runs to
intentional clustering.

Ir Nllis the number of obscrvatlons of one kind and
N2 that of the other kind, then N = Ny+ Np 1ls the number
of total observations. Iurther, if all the arrangements
are assumed to be equally likely, the sampling distribution
for the number of runs in the sequence of N observations 1is
a random variable, r(k), with a mean and variance as fol-

lows (Bendat and Plersol, 19606):
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AL ::[th-l\lg]_" 1, (4.1)
N

P

N (N - 1)

2
L

. (4.2)

Tables of r(k) for Ny = Ny = Q are glven for 100 ¢

percentage points by Bendat and Plersol (1966) up to % =
‘-

100, The hypotheasls of independence or randomness can then
be tested at a desired level of significance ® by comparing
the observed nunber of runs to the acceptance interval,

r L v &1 , in the tables. I the obgserved value of r
135 o

e

N
"

falls in this interval, the hypothasis ol Independence 1s
accepted, otherwise it 1s rejected. The larger the value
of « , the shorter ils the acceptance interval (or the con-
fidence interval which is cqual to 1-¢), Thus, the hy-
pothesis 1s more likely to be rejected‘at o= 0,1 than at
o= 0,05,

The criterion by which the data 1s divided into two
kinds chould be chosen carefully. Conslder N observations,

X of inter-arrival times of microearthquakes. One kind

42
of criterion can be thelr mean X such that 1f X, 2> X (+)
we have one kind, and if ¥; £ X (-) we have the other kind.
However, if X, > M (+) or Xy 4 M (-) where M 2 wmaximum
({Xi}]n), all of the observations will become of one kind
and 1£ will result in only one run. In the case of the

inter-arrival times of mlcroearthquakes, 1f only a very
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‘few microearthguakes have very large valuces of the inter-
arrival, e.g., 2 months, while others have values in days
or hours, the mean value would not be a proper criterion
owling to a major cffect of those few values on the estima-
tion of the mean. Hence, the medlan value of the Inter-

arrivals was used to separate the two kinds of events,
Trend Teat

A reverse arrangement 1s sald to exlst whenever the
condition Xj > Xj for 1 £ 3 is satisfled, Then,
. Lar Xy > Xy
le\.r h:lJ =
" o otherwise . (h.3)
Hence, the total nunber of reverse avrangements A in N ob-

servations of the random variable Y(k) can be given as

N-1 ' g
A= ZT20y s where Ay = 577 hyy . (4.4)
izl j::l 1

ir thé sequence of N observations are independent ob-
servations of the random variable, then the number of the
reverse arrangements 1s a random variable A(k) with a mean
and variance as follows (Bendat and Piersol, 1966):

" 2 p -
= N+ (N-1 s « N (2N4+5). (N-1) . 4.5
A= e (-0) o = M) (1) L (15)

A limited tabulation of 100 «£ pcrbentage points for the
distribution function of A(k) is given by Bendat and
Plersol (19G6).
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The trend test is very powerful for detecting
monotonic trends in the data while the run test 1s wmore

suitable for {luctuabing trends.

DISCUSSTION OF RESULTS
Prend Test

The inter-arrival times of wmlcroearthquakes of DATAY
and DATAS were subjected to a trend test to deterwmine the
dependence of inter-arrival times on each other 1n time,
similarly, the energies of microearthquakes of DATAL and
DATA?, prouped over 5 day Intervals, were put to this test
to checek whether encrgies of shocks have any dependence on
cach other. Since the table (Bendat and Plersol) for the
trend Lest has values avallable only up to H(mumber of
observations) = 100, the total number of obscervations are
broken into groups of 100 or less. At a glven value of N
and « (the level of significance ), the acceptance region
is determined. Then, if the number of ghserved reverse
arrangements falls in thls regilon, the hypothesis of 1Inde-
pendence 1is accepted, otherwise it is rejected.

The results of' this test are gilven in Table (4.1) for

the inter-arrvival timcs and In Table (4.2) for the energles.

Conclusions:

(a) There are 2 Accepts and 3 Rejects for DATAS at

o= 0.1 and 3 Accepts and 2 Rejects at « = 0,05,

116




There are 2 Accepbs and BlReJects for DATAN at « = 0.1
and the same at «= 0,05,

Tt can be seen from equaticns (#.3) and (4.4) that the
number of reversce arrangements 1s largest for a monotonl-
cally decreasing trend and smallest for a monotonically
increasing trend. ‘Therefore, a value of A smaller than
the acceptance reglon can be taken to indicate an upward
trend and a value of A larger than the acceptance reglon

will indicate a downward trend.

The data ifn Table (4.1) show that some of the Intervals.

indicate no trend, scme of them lndicate a downward trend
and others an upward trend, It can be concluded then,

that the inter-arrivel tlmes show no statistically signifil-
cant {ilme-trend,

(b) TFor the energies, there are 3 Accepbs and 5 Re-
Joeets at « = 0.05 and 2 Accepts and 6 Rejects at « = 0.1,
values of A show that whenever the hypothesis of Independ-
ence is rejected, there is an upward trend. However, this
trend does not conbinue for the whole length of the period
of data. Consecquently, we can say that the enerpy values
do not have any monotonlc trend type dependence when they
are grouped over 5 day intervals., Naturally, no trend
should then be expected 1f the grouping interval ls taken

longer than 5 days.
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Run Test for the Inter-arrival Times

The data of the inter-arrival times were next tested
by the run test. fThe crlterion (see THEORY for details)
used to divide the data into two kinds was chosen to be

the median of the data. The results are as follows:

For DATAN:
Median = 629 wminutes
Observatlions of one kind (Ny) = 195
Observatlons of the other kinhd (NQ) = 192
Theoretical mean of the run-~random variable = 194.5
Theoretical standard deviatlon of the run-random
vartable - 9,8

o

The obscerved puwaber of runs = 120

For DATAD:
Medlan = 1347 minutes
Observations of one kind (Ny) = 232
Observations of the other kind (Mo) = 230
Theoretical wmean of the run-random variable = 232

Theoretical standard deviation of the run-random

varlable = 10.7

The observed number of runs gz 160
Conclusions:
The tables for Ny = 232, Ng = 230 and Nl = 195, Np =

192 are not avallable for 100 « percentage points., However,
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"1t 18 easy to sece that the observed number of runs 1s
outside the range of 6 standard deviations from the theo-
retical mean. Therefore, the observations of inter-
arrival times of DATAY and DATAS are not independent.,

The number of runs 1s significantly lower than that
for the theorctical value. As mentioned in the theoreti-
cal discussion of this test, thig Indlcates morce cluster-

ing than would occur for a sct of Independent obgervations,
Run Test for Energles

Run tests of microearthauake energles for DATAL and
DATAZ are discussed here. Dnerpgy releazse 1s grouped over
5, 15, 20, 25, and 30 day intervals. 7The median of the
energy values ié the criterion for breakiog up the data
into 2 kinds. 'The table for 100 « percentage points 1s
avallable only for lj = Np = %, where Ny 1s the number of
one kind and N, 1s that for t;e other kind. This 1s the
mailn reason why the medlan is bhelng used here as the
eriterion for dividing the data. The acceptance regilon at

o« = 0,05 wlll be Ry where R is

L
,0.975 £ &80 o g5
3

2 2
the number of runs, Ny is not exactly equal to No in the
results in Table (4.3), however, for R of the order of 100
or greater, a difference of 1 to 6 is ignored. The table
of 100 « percentage poeints lists values only up to 100

ot

(Bendat and Piersol, 1966).
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‘Conclusions:

For DATAl, the grouped enerpgles for 15 days or less
do not show independence but they are independent for
grouping intervals longer than 15 days.

There 1s also an indicatlon of non-independence for
DATAZ, at 5 day grouping intervals. However, at large

grouping intervals the energles are independent.

INTERPRITATION

(1) Theve 15 no statlstically significant time-trend
in the values of the inter-arrival tlmes.

(2) Mo time-trend 1s found in the encrpgles of the
microearthguakes.

(3) ‘he run test shous the inter-arrival times to be
dependent. A smaller number of runs than cxpected means
that thére is more clustering thanp expected for random in-
dependent observations.

(4) The energles of the microearthquakes show a sig-
nificant independence in the run test, when grouped over

15 day or longer intervals.
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ECTION V

2]

DISTRIBUTION HUNCTION OF INTER-ARRLVAL TIMES

In this scction, the observed inter-arrival times are
compared with the thworetical exponcntial and normal dis-
tributions., The stubistleal test employed in this compari-

son is the chi-square (%?) test,
THEORY

2
X = Test

consider a sumole of N independent observations from
a random variazble ={k) with a probability density functlion
f(x). Let the obsorvitions be grouped into K intervals,
called K class-inboervals, which together formm a frequency
histogram. Let £y e the number of observations falling
in ths ith class and 'y be the expected number of obsorva-
tions within the 1Y class-intorval, 1f the true probabil-
ity denslty functlion were po(ﬁ). To measure the total
discrepancy between the observed and expected frequency
for all class-intervals, the sguares of the dilscrepancles
in each interval ars summed to obtain the sample statistic,

1(,2 =5 (1 - Fy ) a - (5.1)

17w
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The number of degrees of freedom, n, 1s equal to K
minus the number of different indevendent linear restric-
tions lwmposed on the observations, There 1s always at
least one such restrlctlon due Lo the fact that the fre-
quency In the last class-interval 1s determined once the
frequencies in the first ([{-1) class-intervals are known.

Let 1t be hypothesized now that the random varlable
x(k)} is from the population with the density function
p(x) = pp(x). Any deviation of p(x) frem po(x) will cause
K? to lncrease and so a one~sided test of X? is used., The
reglon of acceptance 1s

2 o - .
X &) . (5.2)
1

s0l

where n 1s the number of degrees of freedom and « i3 the

2 .
level of significance. 7The values of X at prescribed H

Y, ;*: 9:1:‘ .
levels of significance are avallable in statistical tables. uﬁ

Iff the sample value of %? 15 greater than.{g » the hy-
pothesis 1s reJected at the level of Sjgnifﬁzgnceoc;
otherwlse 1t is accepted.

The power of a chi-square test is influenced by the
choice of the class-intervals, According to C. A. Willlams,
“Jr. (1950), the mintmum number of class-intervals should
be glven by,

ok |
K - u\[’fﬁ(N-—l)f"Ji) , | | | (5.3)

w_,gé.,_.
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. where X is the number of class~intervals, N 1s the number
of observations in the sample and t 15 obtained from a
table of areas under the normal curve such that
JM e 4:) (5.1)

There are two ways to selccet cl&sé»intervals. The
most convenient way is to select classes of cqual width,
Another way is to select Interval widths to produce equal
expected frequencies Iin each of the class-intervals. The
equal frequency procedure 1s wmwore difficult to apply but
will generally produce a more pewerful {%.tes,.

Only the theory of the "equal expectoed {requency
method, as uvsed 1In testing the crponential distributlon
hypothesis, is dlgcussed balow, A very brlef des clip1}on
of the "equal widths of class-Intervals” method wlll be »ﬁ
given 1n the dilscussion of resulta, f%

xf—T:st for the Exponential Distrivution

Using Equal BExpected Frequency Classes
R 8} 1

Fach class will have a probability equal to % where [
is given by (5.3). The cumulatlve probability up to the
end of the i class will be F(1) = (i/k). For an expo-

nential distribution, the probabllity denslty function is

given by
Fx) = % exp(-%) , x>0, (5.5)
:O 3 x,é'(.) .
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“Als the mean of the random variable, x, The distribution

function F(x) is then,
F(x) = 1 - exp(-}) . (5.6)

The value of the random variable X, From (5.6) 1s

X = - )\-[].n{l - I?(x)}] .

Substiltuting the value (%) for F(x) and R(1) for x, where : éi
R(1) is the value of the Inter-arvival time of the upper . ii
range of the 1th class~interval, we get, - g;

¥

R(L) = - A« 1In [l - i ] . (5.6a) ;

The relation (5.6a) glves us a mesns of computing the value o
of the random variable Tor the upper and lower ranges of a

class, Once a class 1g defined, the number of observa-

it m;{
tions falling in this c¢lass can be found. W%
;,’\ i1

It can be shown (C. A. Williaws, Jr., 1650) that x?

statistic (5.1) becomes !
K ‘ ' . -
3('2 = [(N) : }_K: 01 - N s (5.7)
: Pl

in the case of equal expected frequency class-intervals,
03 1s the obscrved frequency in the 1%1 class-interval and

N 1s the total number of observations;



DISCUSSION OF RESULTS

8] s
Ho-Test of Observed Distribution and Bxponential

Distribution Usilng Egual Bxpected N¥requency Classes

Yl AFeYa AL N
Procedure:

We use equation (5.6a) to compute the values of the
inter-arrival times for the lower and upper ranges of the
th

1 class. The observed freguency (Oi) in each class 1s

then determined. Substituting the values of Oi’s in
equation (5.7) gives us the value of the %? random variable,
The value of | Iy computed from equation (5.3). To
compute the mean (A) used 1in Lhe computatlions, the obsepr-
vations are (lrst arranged In an ascending order of their
numerical values and then the arithwetilc mean is taken of
the first ¢ percent of the totnl N observations. This is
done because the last few observations of the ascending
sequence have values which greatly ekceed the previous val-
ues of' the sequence, Theoretically speaking, such abnor-
mally large values are assumed heye to be erratle values
of the random variable of inter-arrival time. The fact
that they conslst of only about 5% or less of the total
number of observations ls taken to be the Justification of
this assumption. The above procedure for computing the
mean 13 ased many times in this and the next sectlon of

the}study.
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Resulfs:
~Table (5.1) lists the values of the chl-sguare random
variable for the cqual expected lreguency classes,
~ v
Table 5.1. X~Test of the Obzerved and Exponential
Distribution Uslng Equal IExpected Frequency
Classes.
DATAL DATAS
No. of observations N 387 h62 b
Arithmetic wmean 1ln minutes 6EUG0 4233 ;
L
No. of classes 4o 43 §
Level of slgnifleance o 0,05 0.05 |
Praction of N to determine the wmean 0.95 0,95
Degrees of freedom 38 41 | ;m
0 o . Ch
Observed Y& value 1807.63 1518.98 i
i
" 2 . - .
Theoretical ¥© value 60 60

Concluslon:

For DATAL as well as DATAY, the observed 2 value 1s
much greater than the theoretical value 60, The hypothesls
of exponential distribution for the inter-arrlval tlmes is,

therefore, rejected according to egquation (5.2).

L



JL Test of Observed, Bxponential and

Normal Distribution Using Bqual Width Classoeas

Procedure:

After arranging the inter-arrival times in an ascend-
ing order, the observation corresponding to the (H.c¢)th
value was divided into K equal wldth class-intervals., TFor
reasons given above, ¢ 41,

The hypotheses to be tested were whether the observa-
tlons followed the exponential or normal distributions
Since all the values of the inter-arrival times are non-
negative, a truncated normal dilstribution was used which

is deflined as
4.

x -4

L 12:5:4
A '}
Flx) = /"f X 30

/ TJor < ‘{:J

=o ‘ s n L0,

The mean of thils function 1s zero.

Rpﬂult :

The two sets of data, DATAN and DATAY, were tested
with different values of K . The value of ¢ was tuken to
be 0.98 and the level of slgnificance « cqual to .05,

Table (5.2) lists the results. Flgure (5.1) shows
‘graphically the three distributions - obsérved; cxponén-

tial and normal,
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Figure 5.1. The observed, exponential and normal
distributions for the inter-arrival times i
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"Conclusions:

(1) The inter-arrival times are nelther exponentlally
nor normally distributed,

(2) The distribution function values are graphed in
Flgure (5.1) for the theoretical exponential and normal,
énd the observed. The waln difference between these curves
1s observed at small values In the first and second c¢lass-
intervals., Most of the observed Inter-arrival times are
concentrated close to zewro and after that they are'spaced,
more or less uniformly up to 26,884 minutes for DATAS and
32,139 minutes Cor DATAL,

The normal distribution approaches the value of 1 most
rapldly. The observed distribution function approaches the

value of 1 most slowly.
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SECTION VI

HAZARD FUNCTION FOR TUE INTER-ARRIVAL TIMES

INTRODUCTION

Earthquakes can be thought of as belng the mechanical
fallure of crustal roclk which resists failure through Cric-
tlon and cohesion, When the féilura is & rapld slippage
of rock masses past each other, 1t 1s accompanied by the
release of energy In the form of seilsmic waves., The time
intarval between any two consecutive failures 1s the
interval-arrival time. Thesc inter-arrival times will
have a distributlon function from which a hazard function
can be computed, The hazard function will tell us, at any'
moment of time, the probability of the fallure of the SYS-
tem (or the occurrence of an earthgquake ) in the immediate

future,
THEORY

The baéic assumptions of the model used here are now
summarized., An earthquake, whether small or large, will
be termed as a fallure of the system., Thils point can be
clarified by comparing an earthquake with a failure of a
motor bus whereiln the faiiure way be due to é loose screw

in the distributor or to a broken transmission éhaft. The
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‘duantity of moncy or the time required to repair the system
in these two types of failure will be different, but each
one of them is a fallure.

Let T he a random vavlable ropresenting the inter-
arrival time of two consecutive fallures of a specilfiled
foecal reglon, Let M(x) be its distribution function and
£{x) be Llts probability density function. Then, %(x),
called the hazard functlon, is deflned (Parzen, 196%) as,

7(x) {Af;

. 6.
(%) - 6.)

Z(x)-dx 1s the probabllity that the system will fall be-

time T 2 x. Then,

4 44 [1wF(x)] a ~72{x) , or (6.2)

Cdx

x
1-1(x) = exp [w J/é(u)mLé]’ (6.3)
£

where x > e and F(€) = 0.
Further, 1t can be also shown (Davis, 1952) that a

constant value of the hazard function,
Z(X) " >\ : (6'14‘)
and a lower bound € = 0, give rise to an exponential dis-

tribution,

_f(x) :}\’e-)\x ) X >O-

e - 5 ey R
i

§
!




DISCUSSION OF RESULYS

Procedure

Some of the procedures used here are the same as the
oncs for the chi-souare test.,  Yhe obscrved frequency for
each class is commuted and the cumalabtlve frequeney s de-
termined. By Alviding the cumulative frequency by the to-
tal number of observations, the values of the obharrved
distribution function arc Ifound., TIn the analysis, the
numbor off ¢lass-intervals was varied, and accordingly the
width of the eluns-iutevvals,  Hewever, onty the results
obtained for @5 and 50 class-intervals are dlocussed, 'The
width computations weve done in Lho same Wiy ab In the
previous sectlon,

Tn order Lo know ¢he value of the distributlon and
probabillty density fusction at eny arbitrury pelnt, the
obhserved distribution function was {itted to a polynomlal
of the firth depgree with 6 coefficlents,  The value of
the density function was found by differentiating the
polvnomial, To compute the conditional probablllity or the
havard function at any point, the value of the density

function at that polnt was divided by the quantity (1-

distribution function value at that polnt ).

136
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Resulia

Pables {6,1) and (6.2) give the results of the
distribubion and hozard funcetions for DATAL and DAT U
respeetively. ‘The resulis are plotted in Flgures (6.1)
and {6.2).

The desceripbion of tables ls glven below,

Tabl c:_ﬂ_{ 6.1 )

Number of observations = 462
The larpest valuo = 53,770 winutes

Values presbor Lhun 56,0 mindates are included in

Number of clagaces o 50

Width of elaoses « H707 winutoes

The cootfleientn off the pr..‘:i!.}}'r‘:r.m:?.ai1: 0.27512, 0,05760%
L0032, 0,00611, -0,0, 6,0, ‘

Table (6.2):

Number of obscrvatlons = 307

e larpest value o 67,855 minutes

Values pgreater thap 30,803 minutes are Included in

the laast class

Number of classes = @5

Width of classes = 1285.6 winutes
The coefficients of the polynomial: 0,48827, 0.12777,

-0.01690, 0.00119, ~0,00004, 0,0,
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0.6L D « Distribution function
H « Hazard function
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M\"'—-..M~m- et et et ..-w-‘,"f
0,0k | n Lo 1 R "

0 10 20 S0 40 50

Class-intervals e
(width of a class ~interval= 557.7 mimites)

Flgure 6.1, Izzurd and distributlion functions

of' DATAS,
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D -~ Distribution function

H -« Hazard function
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Clasgw-intervals S——
(width of a eclass-interval= 1285,€ minutes)

Meure 6.2, Hozard and distributlion functions

ol DATAN,
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CONCLUSLONS

(1) Values eof the distribution functions in the
tables show that about 404 of all the microearthcuakes fall
in the interval of about 18 hours for DATAS, and about 584
for DATAN Tall in the first Interval of aboul 21 hours.
Af'ter that, the inter-aryival times are spaced more or
less uniformly over Uhe whole range of 47 days and more,

(2) A couparison of the observed hazard function
with those of the exponentizl (hasard function or the ex-
ponential should be a streipght line as glven 1n equabtion
6.4) and normal {Lavis, 1992) dndicstes that the inter-
arrival times are not erponcntially or normally distribu-
ted, This supports our previows concluslons about the
distribution function of the iﬂturmﬁvrival Llimes,

(3} PFlegures (6.1) and (6.2) show that the curves for
the hazard function can be divided nmainly inboe two party:

(a) "The flrst part with an oscillatling
character and a sligzht down-hill trend contine-

wes up to about 19 days, The down-hill treoend

means that as the value of the inter-arrival

times 1increases, the probabilipy of the occur-

rence of a mlcroearthouake in the immediate

future decreases until the value of Che Inter-

arrival times Decomes about'19 days, After

about 19 days, the probabllity increases very

'

rapidly., A relatively high value of the
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hazard functlon in the beglnning is due Lo the
fact that the probabllity of a shock following
an earthguake will be somewhat high at the be-
ginning and then decercases,  This fact 1s sup-
ported by our carlier results whleh show Ghat
there is a tendency for shocks fo group in
Lime,

(b) The sceond part applies to inter-
arrival timcs of wore than about 19 days., The
vise in this part is very éhaﬂp.

rd

On the basise of the hazord fuanctlons for DATAN and

DATAS, 1L appears that the volues ol the probability of

fatlure for the two focol zones beoeuncs very hlgh after

19 days.



CONCILU3TON

The resuits of Lhis statistical study of the
microcarthquake data of the Socorro reglon can be sumnar-

ized as ffollows:

(1) a. "The values of the slope of Lhe straleht por-

>

tion of the Creguency-law graphs for microearthouake data
i J L I 5

were 1.1%, 1,37 and 1.15 (for three sets of daty -- DATTAL,

DATAR and DATAB). shinllar values have been obtained by
obher workoers (Drazee and Stover, 1969),
b, he propesed probabillstic model for the

frequency-lzw secns Lo suppest Lhut the freouency-law may

not universzlly be = lincar relation. 1t can e aporoxi-
[e) SN

mated by onc curve for whilch the slope chanpes conbinucusly

(not necesserlly ot o constant rale); depending upoen the
clastlic propertics of the wedlum and stress fleld condl-
tions In the arca.

(2} a. Whenever therc is a large numboer of microe-
carthquakes (amall or large), they tend to be srouped,
There 1s no consistent corrclation between the number of
shocks and the slope of the Lincar portion of the
frequency-law curve,

b. There i1s no conslstent correlation between

the occurrence of a larpe microcarthguake and the number
£

of' shocks, the glopc, and the grouping behavior of shocks

in the interval of time contalning the large mleroearthquake.
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(3) a. The average nuaber ol shocks per unit tiwes
interval varles asvpreciably rom one interval to another,
indicating a non-stationary nature of the wlcerocecarthquake
pProCess {N(t) s, b C%, where N(t) 1s the number of
shoceks up to the tlme T,

“

b. Whe larger the value of the mean number of
shocls in a partlcular amplitude class, the larger the
variance of the nunber of shocks. Accordingly, the esti-
mation of the mumber of shocks in & unilt tlme-interval for

a class with o larpe mean number ol shoeks 1o not signlifi-

trnoa amall mean num-

e

cantly belter than that for o class v
ber of shdcks.

¢.  Resulis chow that 4 perliod of wueh less than
5 years can bo uased to cstimste, within 104 error, the av-
erage nunber of shocks for a unit ianterval of Lime.

d. The scioswic encergy Is ag lilkely to be row ;
leased in a {ew lavge nlerocencvithgualkes as in mony rela-
tively swall cnes. However, it is very rare that a single
large shock releasces a large amount of epergy. A large
surge of cnerpy release is due to more than one large
shock, closely spaced in tiuwe,

() a. Inter-arrival times of microearthquakes
showed ne signifilcant time trend. PForthermore, they were
not found independent, and they showed a tendency of clus- ;
tering.

b. The energics of microearthquakes did not
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show any signiilcant tiwe troend,  PFor encrgles of shocelts

summed over intervals laveer thun 15 days, there s a sta-
tistically significant independence, wnille cnergles swanmed
over intervals smaller than 19 dayvs wvere not found independ-
ent.

(5) The distribution functions of the Inter-arrival
tilmes were lound Lo be significantly different from the ex-
ponential and normal types of divtrdbutlons,  About SO of
all the 1nter~arriﬁal tlimes have values less Chan about 20
hours, Values greater than 20 hours arce distyributed more
or Joess unllormly,

(6) "The hazavd funclilon fow Lhe Inter-aryival times

of mlcercesrthouakes srow Lhat the neobability of o shocek

s relatively high lmecdiatioly after the preocedlng shoek,

ot

and then it decreases apd romiing meore or less constanth up
to aboubt 19 days. After that, the probablillity Incrcases
very raplidly.

(7) The microecurihquakes studled do not follow a
Polisson process, According to some workers (Lomnitz,
1966), earthquakes follow a Polsson process, bub do not
seem to do so because of inhowogenelty of the data (1.e.,
due to mixing of data frowm two different regions ). How-
ever, the mlcerocearthquaire data used in this study is
spatially homogencous, and for this reason, as well as
other results about dependence, stationarity, grouplng,

distribution and hazard function of the inter-arrival

o
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‘times, etc., we can say that the disagreement of the mlero-

eartnqualie data studicd wlth a Polsson process is not due

to any kind of inhomopeneity.

(8) a. Concerning the probubllity of a very large

earthquake in the future, this writer would fiest like Lo ‘

quote Gubin {(1964):
.. . that is, are the basic assumpblons
true - nawely, that chocks of intensity
[mmgnitudé] O may oceur whercever thore
have boen weal shoeks and that thoe numeri-
cal ratic between weak and strong shoels
slope of the frequmnuyw]aw] s in general %
Che same ceverywhwrs and dnvariohle, ioree-

0

speetlve ol the size of the observation

area or of the perdioed covered by the obe-
servatlonss "

Bzsed on some acanty results of this study (cumlative en-
ergy anslysls, teuporal bebhavior of the selomic activity,
analysis of the slope parameler with increasing period of
observation, cte. ), this writer's personal Leellny 1s that
a large carthquake of magnitude 8 or 9 wmay never occur in
this area, That is, the answer to Gubin's questlon scens
to be "mo". It may be, ror example, that the mechanical
ppéperties of the foeus and the conditions of the stress
field in the area may never allow a large accumulatlon of

energy in the focus, thus ruling out the possibillity of
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‘any major carthquake, lowever, D oor 6 year duata 1s not
sufficient for making any positive statement aboul this
point.

b, Rvidences suech as prouplng of shocks, depend-

ence of inter-arrival tiwmca, dependence of cncerples of

]

Leate Lhat ine

=

shocks closely spacced in time and obhers ind
Aividual microcarihauslcs are not independent random phe-

nomena.  Furbher inveatlipgetion into the degree and kind of

dependence between varlious sclsmle guantities, and the sto-

tlaticsl distribublon followed by the microearbnguake pro- f

i

cess {ﬁ(t‘ y bz O}, 1o reguired for making any reliable

and quuntiﬂutivc foveesnting of the ssiomlce behavier of




APPENDIX

i AND VARTANCH OF A VARIADRLY

Let X be a randow variable with finitte mean m and

o] ~ . N .
variance . Then, the Chebyshev's Incquality states that,

Q(h) w P ﬂ‘/;---rrxl & }"xu-],};; 1 ' for any h>»0, (1f.1)

}1.’;

or in other words, that @ (1) which is equal to the proba-
bility that on cboerved value of a numerically valued ran-
dom phenomcenon, will 1ice in an Inbcerval centered at the

mean and of lenpgth 2h standsed deviation, is ecgual to ov

sreator than the quantity (-4 ).
-] Ao WA

v

The sauple mean of n oboervatlons off X can be given by

If these n observations are Independent and identically
distributed, then, M, whicin is the average of n values of

X, will ditsell be a random variable with

ifit,) = 2fx] o woana var [ ] e ver [x]  (11.3)

where I and Var stand for the BExpectation and Varilance,

respectively.

i
)
i
1
'



To rewrite (I1.1), for an €0,

e

p [1 <l 7T, ()

or p [ !m

using (IT.5).

-

.
. [
, *'wﬁék”““ A

-

Let the probabllity that the sample mean be within a
pre-azsigned distance € from the Lrue mean m, be deslired to V

re egual or preater than oo .0 Then, b

.P“E-ﬁ{n - m[;‘;f—.e? ! m]?« oL (r1.5)

o

P [‘(’JJ meuns that the probsblllty is belng computed underp ’

P
I

the assumption that thoe truce moao 15 w. Sinee
i

P [Hn - m{éfﬁ;;l,w

i1t follows that (II.5) is satisfied 10 n 135 chosen (Parzen,
1963, p. 230) so that

_ .
oy 3 . (11.6)

R i
7 (1)
Notlee that « is fixed und 1s cqual to (1 - 7% ) for some

9
s S lesas Ehar TN o
n = ngand is less than (1 - %X ) for n> Do

3
Ng- €

Let us now defince the random variable in Lhe casce of

mlcrocarthquakes here, Consider a tlme period T which i



"divided into intcervals T

1 TR’ —————— s Tn of equal length

where T4 1s positloncd in tlme wight alter T

i1
ith interval 1s deslipnated

If the
number of earthguales in the %
LY Xy, then, ¥y's will represent the vilues of the random
variable Y.  There will be n values of X in n intervals of
cqual length. I M ol (f1.2) ig the estinute of m, then
from (IX.6), with a I'ixed avbitvary € and e, there Is an

T} o=

ISP
0

The purpoze ls, thepn, to show that the 1c

value of m, Lhe smaller the value of n,

aruat i Hm. M- i 2t My

Ev3 s

Considor that ¥ is ildentieally distributed for two
earthaguake scouences and has the mean my and fil, and varl-
? o )
ances ¢T; and oo, vooboeblvely,  The Gwo soguences have
intervals ol egual laongth,
SUppose Ui, L M. Incrcase, then, the length of o ',
o A L

for the second sequence suceh that

w [ %] = i [ox] and alvo o = en (11.7)
Therefore, the Ti for the flrst scquence will beeome
shorter than that fur the sccond scqﬁcncc. Under the modi-
fication (II.7), n = ng for both the segquences, [rom
(11.6).

After indrcasing the length of an interval for the

second sequence, we can relate the two intervals as

Ty = Tpy + D where b > 1 (171.8)

.



‘Thus, in order to have the same value of Neys tne {inme

period required for the first scquence 1in (T]l-k T1q+~“““““+
. RSl

Tln) while for the sccond sequence Lt is (T21 + T92+.m~,,m+

Tﬁn) which Is cqual to b;([(Tll Tip ==m-- Tlny’ b > 1,

Hence, a shorter time period 1s needed to cotlunte the

mean paramncter within a preassipgned errvor, 10 there Is a

.

larcer number ol earthguakes in Lhe sequencoe. However
() 3

this 1s true only under the condition

o Lhelr varlances
J o '
are equal, as seen Lrom (II.6)., I ¢, and oon, are notb

.

egual, the value of ng will not be the same Tor the two
seguences, Lot Tfk‘ > 60y . Then ne for the flrst sc-
quence > ho for the scoond scquence, as scen Crowm (L1.0).
Since Ny represents the mamber ol Intervols regulred to
estimate the value of the true wmesan within zome fixed er-
ror, a preabter value of Mg will mean a rvelatlvely slow

rate of convergence of the sample mesn to The Truac wedn.
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