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SUMMARY 

Biological Premonitors of Earthquakes: 
A Validation Study 

14-08-0001-16784 

Leon S. Otis 
William H. Kautz 
SRI International 

333 Ravenswood Avenue 
Menlo Park, California 94025 

(415) 326-6200 

Popular reports of anomalous animal behavior before earthquakes are common 
and extend through most of recorded human history up to the present. Birds, 
household pets, fish, and farm animals are cited most frequently, with 
occasional mention of dozens of other animals with which man has contact. 

Unfortunately, these reports are of little scientific value because they 
are anecdotal and subject to the inaccuracies of observations, recall, and 
assessment of significance that usually accompany laymen's reports of 
disasters. Moreover, the reports provide scanty data, and the credentials of 
the observer are rarely provided. 

No concerted effort has been made in the United States to gather animal 
behavior data either before or after earthquakes. However, the recent success-
ful short-term predictions of earthquakes in the People's Republic of China 
have impressed U.S. seismologists, and a principal element of the Chinese 
program is reports of unusual behavior of animals by volunteer observers. 

The purpose of this research is to determine whether unusual animal behavior 
may serve as a biological premonitor of earthquakes. Our approach was 
designed to test this hypothesis and incorporates some features of the Chinese 
program. Specifically, a network of qualified volunteer observers has been 
established along seismically active areas of California. These volunteers 
are collecting daily observational data on the behavior of animals with which 
they are in daily contact through their employment or hobbies. 

A toll-free (WATS) hot line at SRI operates for 24 hours a day, 7 days a week. 
Each call is automatically recorded on tape; an independent circuit also 
records the date and time the call is received. Volunteer observers are 
instructed to call the hot line on a designated day once weekly to check in, 
and to use it any time they observe an instance of unusual animal behavior. 
Only hot line reports received prior to earthquakes are treated as valid 
information for purposes of data analysis. 

Observers are given 30-day log sheets on which they rate the behavior of their 
animals daily on a scale of 0 to 4. Zero denotes typical behavior, 1 
slightly atypical behavior, 2 clearly atypical behavior, 3 very atypical 
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behavior, and 4 behavior never previously observed. Logs are mailed to 
SRI when completed. The reliability of observer reporting is assessed, 
in part, by comparing log sheet entries with transcripts of hot line calls; 
observers are instructed to report on the hot line all behaviors that are 
rated 2 or more on the log sheets. 

Observers are categorized 1, 2, 3, or 4 on the basis of their performance 
in checking-in weekly on the hot line, and returning the monthly log 
sheets to SRI. Category 1 observers are the most reliable, categories 2 
and 3 are progressively less so, and category 4 observers have discontinued 
voluntarily or have been terminated because of unacceptable performance. 

Since January 1978, we have recruited 1200 volunteer observers in selected 
seismically active areas of California, principally in Humboldt County, the 
San Francisco Bay area (extending south to Hollister and Santa Cruz, and 
north to Santa Rosa), and Los Angeles and Ventura Counties. Nine hundred 
and twenty-nine observers were recruited during 1979. The attrition rate was 
approximately 26%; most of these were individuals who received all of the 
materials but never started. The accompanying figure displays the location 
of the 1167 volunteer observers who were active during all or part of 1979, 
as well as all 1979 earthquakes having preliminary magnitudes of at least 4.0. 

Approximately 250 species of house pets and other domestic and wild animals 
are being observed, including arthropods, fish, reptiles, amphibians, birds, 
and mammals. Reports of unusual behavior typically refer to unexplained or 
prolonged vocalization; restlessness; a change in regularly occurring habits; 
pacing, running or attempts to escape from enclosures; immobility; refusal to 
enter normal housing; hiding; and unexplained absence from a usual locale. 
Five hundred and seventy observers reported one or more instances of unusual 
animal behavior during 1979. A total of 2062 calls were received. 

In the absence of a major earthquake (M > 5.0) within the regions being 
monitored during the period that we have been collecting data, we are tenta-
tively treating the reports received as baseline data--that is, as reports 
of unusual behavior that probably reflect the generally increased awareness 
and interest of observers in the behavior of their animals since joining the 
network. Such behavior is very probably part of the animals' normal 
behavior repertoire, but occurs infrequently. The owners may not have noticed 
it or considered it particularly significant before they became members of the 
network. Our working assumption is that the frequency of reports will 
increase significantly above this baseline level just before a major earth-
quake that occurs within our network of observers. Other possible causes will 
be excluded before such an increase in reporting behavior is considered 
relevant to the animal hypothesis. 

A novel statistical method has been devised for determining whether an increase 
in the frequency of hot-line reports received just before an earthquake from 
the vicinity of the epicenter is sufficiently higher than the background level 
of reporting to constitute evidence in support of the animal-behavior 
hypothesis. The background level is established from a control group of reports 
from the same region that are not associated with the earthquake in question 
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or any other. All reports occurring within 48 hours after earthquakes 
are disregarded. This analysis is based on an evolving predictive model 
in which the sizes of the pre- and post-earthquake vicinities (in both 
time and space), as well as the minimum earthquake magnitude and minimum 
observer report rating to be included, are treated as parameters of the 
hypothesis. That is, they initially are assigned various combinations 
of values, and those values that lead to the strongest results are 
retained for testing against future data. 

During 1979, the epicenters of 6 of the 9 California earthquakes with 
M > 5.0 occurred > 80 km from all but a few (i.e., < 8) observers. The 
other three (Coyote Lake, 6 August 79; one near Point Mugu on 1 January 79; 
and one at sea near Eureka, 3 February 79) and two smaller shocks (M = 4.4, 
at sea near Pacifica, 26 April 79; and M = 4.8, Mt. Hamilton near San Jose, 
7 May 79) occurred on its periphery; 21, 20, 32, 51, and 55 observers, 
respectively, fell within 30 kilometers of the epicenters. For the first, 
fourth, and fifth events, the level of local reporting did indeed increase 
somewhat during the 10 days preceding the event. For the first event 49 
post-earthquake reports of pre-earthquake behavior were received, prompting a 
campaign to encourage observers to report more promptly to render their 
reports usable. While these indications are encouraging, the data analysis 
for these earthquakes revealed that the increases noted were insufficient to 
constitute clear evidence in support of the animal behavior hypothesis. 

Simulation of the responsiveness of the observer network (as of 4 January 1980) 
to all recorded California earthquakes in the 30-year period 1945-74 has shown 
that, if past seismicity continues during 1980, the probability that at least 
one M > 5 shock will occur within 80 kilometers of 30 or more observers 
exceeds 0.96. This and similar calculations indicate that the observer network 
is well-placed for capturing at least one moderate-to-large earthquake within 
the next year or so. 

In addition to the 1167 observers active during 1979, 18 nonobserving volun-
teers have contributed to the project in various ways: editing and mailing of 
the monthly Newsletter, logging of observer reports and maps for computer 
entry, computer programming, recruiting additional observers, and other 
related activities. 

Our experience to date indicates that members of the community may participate 
constructively in data collection for certain kinds of earthquake research, 
suggesting that this potential resource may be useful for other geophysics 
research programs. 



 

� 

59 58 57 

tisg, 
54 53 52 

LOCATION OF VOLUNTEER OBSERVERS OF ANIMAL BEHAVIOR 

sao 
AND 

50 48 47 RECENT EARTHQUAKES 

43 42 

30 29 

24 23 22 ---

Late 

• OBSERVER. ACTIVE mum 1979 

• EARTNSUAKI. R .4.0 TO 4.9 

Emiwaumut. M ? 5.0 

ACTIVE FAULT TRACE' 

1979 

1 • , 14 13 

ALL LOCATIONS AND MAGNITUDES ARE PRELIMINARY 

VALUES. DATA COURTESY Of UNIV. Of CALIF. 
SEISMOGRAPHIC STATIONS. BERKELEY. AND CALIF. 

INST. Of TECAMDLOST SEISMOLOGICAL LABORATORY. 
PASADENA. ONLY MOGI EVENTS HAVING PRELIMINARY 
MAGNITUDES AT LEAST 4.0 ARE LISTED. 

ir DIGITIZED CALIFORNIA BOUNDARY AAO FAULT CONTOURS 
COURTESY or U.S.6.S. (R. Ltsm) 

11 10 

vi 



CONTENTS 

SUMMARY iii 

LIST OF ILLUSTRATIONS ix 

LIST OF TABLES xi 

INTRODUCTION 1 

OBJECTIVES AND APPROACH 3 

Objectives 3 
Basic Design 3 
Parameters for Region Selection 4 

PROGRESS DURING THE YEAR 8 

Regions Selected 8 
Recruitment of Volunteer Observers 10 
Qualifying Volunteer Observers 12 
The Hot Line 14 
Weekly Check-In By Observers 15 
The Daily Log 15 
Network Maintenance 16 
Growth of the Observer Network 17 
Geographical Distribution of Observers 

Relative to Earthquakes 17 
Animal Species 26 
Feedback to Observers 26 

Newsletter 26 
Personal Earthquake Report 27 

Nonobserving Volunteers 27 
California Earthquakes in 1979 30 
Observer Performance 30 

Hot-Line Reporting Patterns 30 
Range of Unusual Animal Responses Reported 41 
Interpretation of Hot-Line Reports 41 
Long-Term Observer Reporting Patterns 43 

The Observer Rating 45 
Data Analysis 46 

Development of the Statistical Model 46 
Source Data 51 
Statistical Analysis 52 
Preliminary Data Analysis 59 
Results of Statistical Analysis 63 

Network Evaluation 73 

vii 



CONCLUSIONS (Continued) 81 

PLANS FOR THE FUTURE 83 

IMPLICATIONS FOR FUTURE RESEARCH 85 

REFERENCES 87 

APPENDICES 89 

A - POST-OFFICE POSTER 89 

B - SAMPLE OF LOG SHEET 93 

C - INSTRUCTIONS TO OBSERVERS 97 

D - SAMPLE COPY OF EARTHQUAKE WATCH NEWSLETTER 105 

E - NONOBSERVING VOLUNTEERS 111 

F - SAMPLE OF TRANSCRIPT OF HOT LINE REPORTS 
OF UNUSUAL ANIMAL BEHAVIOR 115 

G - IDENTIFICATION OF AFTERSHOCKS . ....... 119 

H - CALCULATION OF THE VOLUMES VC AND VE 125 

viii 



 

 

 

 

 

ILLUSTRATIONS 

1 Seismic Areas within California, the Regions Selected 
for Study, and Observers' Call-In Days 9 

2 Location of Volunteer Observers of Animal Behavior 
and Recent Earthquakes 13 

3 Sample of Exception List Printed 
During Weekly Update Run 18 

4 Sample Page from Weekly Listing 
of Individual Observer Activity 19 

5 Sample Page from Monthly Listing 
of Observers' Individual Status Records 20 

6 Sample Page of Weekly Report Listing, in This Case, 
All New Observers Requiring 3-Week Follow-Up 22 

7 Sample Page of Weekly Report Listing, in This Case, 
All Observers to be Advanced to Senior Observer 22 

8 Observers and Earthquake, 1979, Southern California . . 23 

9 Observers and Earthquakes, 1979, Central California . . 24 

10 Observers and Earthquakes, 1979, Northern California. . 25 

11 Personal Earthquake Report 29 

12 Fictitious Example of Data to be Time-Correlated, 
Neglecting Earthquake and Observer Locations 53 

13 Illustration of Positions of Earthquakes and Reports 
in Time-Latitude Space, the Forespace and Afterspace 
Surrounding Each Earthquake, and the Control Region 
Defined by the Earthquake Under Analysis 55 

14A Graphical Display of Earthquakes (M > 4.0.) 
and Reports for All of California 
from 1/1/79 to 5/7/79 60 

14B Graphical Display of Earthquakes (M 4.0) 
and Reports for All of California 
from 5/8/79 to 9/10/79 61 

ix 



 

 

 

 

 

14C Graphical Display of Earthquakes (M > 4.0) 
and Reports for All of California 
from 9/11/79 to 12/31/79 62 

15A Graphical Display of Earthquakes (M > 3.0) 
and Reports for Southern California (MS 1 to 29) 
from 1/1/79 to 5/7/79 64 

15B Graphical Display of Earthquakes (M > 3.0) 
and Reports for Southern California (MS 1 to 29) 
from 5/8/79 to 9/10/79 65 

15C Graphical Display of Earthquakes (M > 3.0) 
and Reports for Southern California (MS 1 to 29) 
from 9/11/79 to 12/31/79 66 

16A Graphical Display of Earthquakes (M > 3.0) 
and Reports for Central California (MS 30 to 45) 
from 1/1/79 to 5/7/79 67 

16B Graphical Display of Earthquakes (M > 3.0) 
and Reports for Central California (MS 30 to 45) 
from 5/8/79 to 9/10/79 68 

16C Graphical Display of Earthquakes (M > 3.0) 
and Reports for Central California (MS 30 to 45) 
from 9/11/79 to 12/31/79 69 

x 



TABLES 

1 Types of Animals Being Observed 27 

2 Frequency Distribution of Earthquakes by Map Section, 
Magnitude, and Month: All California Earthquakes 
Jan. to Dec. 1979, Including Aftershocks 31 

3 Frequency Distribution of Hot-Line Reports, 1979, 
by Behavioral Rating and Map Section 32 

4 Frequency Distribution of Hot-Line Reports, 1979, 
by Hour of the Day and Map Section 33 

5 Frequency Distribution of Hot-Line Reports, 1979, 
by Day of the Week and Map Section 35 

6 Frequency Distribution of Hot-Line Reports, 1979, 
by Day of the Month and Map Section 36 

7 Frequency Distribution of Hot-Line Reports, 1979, 
by Project Week and Map Section 37 

8 Frequency Distribution of Observers by Map Section 
and Mean Number of Hot-Line Reports per Year, 
June 1978 to December 1979 38 

9 Distribution of Observers by Map Section 
and Number of Hot-Line Reports Received, 1979 40 

10 Hot-Line Report Frequency and Earthquake 
Frequency (M 3.0) for Map Sections (MS) 
with 15 Observers 42 

11 Frequency Distribution of Observers, Week No. 90, 
for Map Sections 1 to 60 According to Category, Tribute 
Status (TS), Delinquency Status (DS), and Percent 
of Logs Returned While in Category 1 (Logs) . 44 

12 Factors Employed to Calculate 0-Rating of Observer. 47 

13 Distribution of Observers by 0-Rating 
and Hap Section 48 

Statistical Anajysis of Reports and Earthquakes . 70 



 

15 Listing of the Number of Earthquakes 
Within Distance D-10 to D KM of 0, 1, . 
or More Observers 

. 30 
75 

16 Listing of the Number of Observations 
Within Distance D-10 to D KM of Earthquakes 
for All Observers in Map Sections 1 to 60 77 

17 Sample Page from Distribution of the Number 
of Earthquakes Within Distance D-10 to D KM 
of Each Observer 78 

18 Sample Page from Distribution of the Number 
of Observers Within Distance D-10 to D KM 
of Each Earthquake 79 

xii 



INTRODUCTION 

For the greatest ultimate usefulness to society, the two most 

important facets of earthquake prediction are (1) a fundamental scientific 

understanding of the earthquake-triggering process and (2) the identifica-

tion of reliable and measurable premonitors. A possible approach to both 

of these problem areas, and one that has received almost no systematic 

attention in U.S. seismological studies, is to examine the supposed 

sensitivity of biological organisms to one or more of the geophysical 

changes that precede earthquakes. 

Interest in this approach was generated after two delegations of 

leading American seismologists toured the People's Republic of China in 

1974 and 1975 (Press et al., 1975; Raleigh et al., 1977). They were 

impressed with the large-scale program in earthquake prediction developed 

by the Chinese. A significant component of this program is the reporting 

of unusual animal behavior by amateur observers. This reliance on animal 

monitoring was confirmed in later visits to China by other seismologists. 

In October 1975, USGS held a conference to explore the hypothesis 

that unusual animal behavior is a precursor to earthquakes (Evernden, 1976). 

Past reports were of little scientific value because almost all were 

anecdotal, but their collective weight gave the hypothesis some credibility. 

Additional support was suggested by reports that many animal species are 

sensitive to a variety of environmental stimuli to which humans are not 

known to respond. The conclusion of the conference was that the hypothesis 

was tenable, but that research was required to evaluate its validity. 

This project constitutes such a validation study. The principal aim 

is to establish a data base of sufficient scientific credibility to 

evaluate the validity of the animal hypothesis. The approach is to 

determine whether reports of anomalous animal behavior by volunteer field 

observers correlate with major earthquake activity in selected regions of 

California. If the hypothesis is confirmed, we expect that sufficient 
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data will be available for planning subsequent studies to determine the 

physical changes to which the animals are responding and the conditions 

under which the process functions. 

This report describes the progress made during the second year 

(12 January 1979 to 11 January 1980*) and satisfies the technical reporting 

requirements of Contract No. 14-08-0001-16784. Additional relevant 

material is contained in Appendices A through H. 

* 
The cutoff period for purposes of most of the data analysis was 
31 December 1979. 

2 

























































































































































































































 

EARTHQUAKE SAFETY AT NUCLEAR POWER PLANTS 

! 

It has been said that probably the safest place to 
be in an earthquake is a nuclear power plant! 
Because of th:2 stringent regulations on nuclear 

plants, They are extremely well designed to 
withstand minor quakes and even moderately strong 
ones. It's a point of controversy, however, just 
how "strong" they need to be. 

The electric power industry in many countries has 
had to face the possibility of the rupture of a 
nuclear reactor in a serious earthquake. The 
requirements for engineering designs of nuclear 
power plants are based on "worst-case" situations 
for the area. 

There are two main elements in the engineering 
design of nuclear power plants for earthquake 
safety. The first is building into the design the 
capability of continuing to function in any 
earthquake up to a prescribed magnitude X, say, 
with automatic shutdown if this magnitude is 
exceeded. The second is design capability of 
maintaining structural integrity and executing 
such a safe shutdown in any earthquake up to some 
larger prescrided magnitude Y, say. In this case, 
the plant may be nonfunctional after the quake, 
but structural integrity will have been 
maintained. The values of X and Y vary from site 
to site depending on the historical seismicity and 
the geological conditions at the site. In the 
United States, these design capabilities have 
never been put to the test: no nuclear power 
plant has ever experienced a serious earthquake. 
However, at Fukushima in Japan, a nuclear plant 
was in the vicinity of a rather severe quake. It 

showed no structural damage afterwards. 

Research on the subject of earthquakes and nuclear 
power plants is sponsored by utility companies in 
the United States and Japan, as well as other 
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countries with operating or planned nuclear power 
plants. Research projects include estimation of 
earthquake activity at various sites, developing 
earthquake-resistant designs, determining the 
safety of underground nuclear power plants, and 
investigating the dynamic properties of soil and 
soil-structure interactions during earthquakes. 

A lot of political controversy has been generated 
regarding the siting of nuclear. power plants --
especially in areas of high seismic activity. 

Nuclear plants are almost certainly the most 
earthquake resistant of large buildings man has 
erected. Nevertheless, in the absence of an 
actual test, not all segments of the public are 
convinced that the danger is negligible. Thus, 
there remains a lingering uncertainty that there 
might be some underlying weakness, an "Achilles' 
heel," that would reveal itself dangerously when a 
large earthquake strikes. 

Myra Fraser 
irimmuirrrirminrrirrirrinrirtnrrincimirrimirrinrrt/ 

"Nope. Not until you've called the H( LINE!" 
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Appendix E 

NONOBSERVING VOLUNTEERS 

The number of nonobserving project volunteers increased in 1979. 

These individuals have contributed to both one-time tasks and routine 

day-to-day functions. As a group they have taken over a significant 

portion of the routine clerical work on the project. 

We're pleased to acknowledge the participation of the following 

nonobserver volunteers and their significant contribution to this project. 

Frances Adams, computer programming 

Jill Bautista, Newsletter layout 

Mimi Campbell, Newsletter editor 

Robert Cook, map coordinate analysis 

Glen Cunningham, data reduction 

Lois Edgar, clerical assistance 

Edith Falconer, clerical assistance 

Myra Fraser, Newsletter editor 

Mike Goldberg, data preparation for analysis 

Claudia Grill, data analysis and map displays 

Carita Klevickis, data reduction and analysis 

Kathyn La Mar, Newsletter layout 

Carol Laursen, map display 

Lois McCoy, Newsletter mailing 

Marta Masterson, special displays 

Cate Pinney, data preparation for analysis 

James Rambo, clerical assistance 

Lani Ritchey, data reduction 
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Appendix F 

SAMPLE OF TRANSCRIPT 
OF HOT LINE REPORTS OF UNUSUAL ANIMAL BEHAVIOR 

Date Time Code # 

12/28/79 2:10PM 39-284 

6:37PM 16-109 

12/29/79 9:21AM 9-117 

9:29AM 44-133 

2:55PM 16-153 

3:20PM 44-213 

5:00PM 39-238 

12/31/79 12:15AM 17-106 

1:45AM 15-117 

32-139 

11:40AM 55-210 

HOT LINE TRANSCRIPT 
Unusual Behavior Reported 

Tape 11258 

Message 
Whited. Unusual behavior. We arrived home 15-20 minutes 
ago (1:50PM) and rated it a 2. The behavior is a sustained 
wandering from room to room in the house. She is still con-
tinuing. It isn't frantic and she's not whining. 

Dill. Rating of 2; approximate time observed is 5:00PM. 
One of three neutered cats is nervous; uneasy and too active. 

Glunt. #2 rating for one cat; started at 9:00AM. She is 
meowing incessantly and wandering from room to room, pacing. 
The doberman refuses to go out this morning, and it is not 
that cold. 

Rating of #1 at 7:15 this morning. The crows were a little 
noisy, and the dog was a little bit nervous. Just a while 
ago my dog came running in the house with his tail between his 
legs and came cringing toward me. Could not see a thing. This 
happened about 3 minutes ago. 

Cat is at least a #2. 

Yarnell. My chickens are acting oddly, around a 2. They are 
gathering in the middle of the day and being very quiet. 
Noticed this once before an earthquake. 

Camille. About 4-5 minutes ago, my cat came flying into 
the room where I was; he jumped up on the windowsill and 
is skulking around. It may be the storm that's coming. [2] 

Welsh. Reporting unusual behavior of insects, rating it #4. 
Pill bugs are climbing up the wall of my house. They've 
never done that except when we had an earthquake the next 
day. 

Allen. Sunday night, 12/30/79, at 11:50PM cats rated 1+; 
environment is cold. As of 12/31/79, 11:50PM cats rated 1; 
kitten acting very strange, 1+. Dogs very quiet. We are 
still on time lag regression which goes into effect Jan. 1, 
1980. Main area of immediate concern is in Big Bear section. 
All teams and stations in Southern California have been put 
on emergency alert and full-duty watch as of Jan. 1. As of 
Dec. 31, 1979, 1:40PM cats, 3+; dogs, birds are 4 and 3+; 
environmental stability is uneasy. Time this started was 
roughly 1:30. 

Jordan. Rating of 2+ at 6:30 this morning for my dogs who 
were exceedingly nervous. It's still going on. 

Messman. Our dog is acting in an atypical manner, rating of 
of 4. She is nervous, will not stay put, and is making 
throaty, growling sounds since 9:00AM this morning. 
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HOT LINE TRANSCRIPT 
Unusual Behavior Reported 
Page 2 Tape # 258 

Date Time Code # Message 

12/31/79 2:30PM 38-129 Wallerstein. Reporting unusual behavior in birds that are 
flying in a strange manner. They are circling round and 
round, not lighting anywhere. This is strange behavior in my 
experience of watching birds for many years. 

7:43PM 39-411 Shackleford. Reporting unusual animal behavior, rating of 2. 
My dog jumped up and started barking; I let her out, and the 
whole neighborhood is deadly silent. Generally there would be 
other dogs barking. 

1/1/80 55-235 The mountain quail are acting very, very strange this morning. 
There are a hundred of them just listening to the ground. 
I've been watching them for an hour. 

11:05AM 39-217 Grandieri. My doberman is a 114--strange, scared, sluggish. 
Started at 10:55AM. 

11:30AM 44-152 McCormick. Fritz has been barking since 11:00AM, looking out 
toward the front. There is nothing out there. Rating of 2. 

1:30PM 16-142 Winzer. My cat, Buttons, is a 1/2 behavior rating. He's 
walking around crying and nothing satisfies him. I called on 
Dec. 25 because I had a problem with him and your phone didn't 
answer. 

2:45PM 15-117 Allen. Birds are a 2+; they are yelling at something and are 
very, very noisy. Usually they are very quiet. This is an 
abrupt change. 

5:06PM 39-400 Muldoon. Yesterday between 4:00 and today until 3:30PM, 
the dog has been very restless and the cat has been very 
fidgety. Rating of 1 to 2. Also check-in. 

6:45PM 32-145 D'Amato. Atypical behavior of the dogs in my area. They have 
been barking anc howling over the last 25-30 minutes. I've 
also heard two horses. The dogs and horses are about 100 to 200 
yards away from each other. Rating of 2. 

Time circuit malfunctioned. 
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Appendix G 

IDENTIFICATION OF AFTERSHOCKS 

The statistical evaluation of past seismicity and other related data 

analyses require that aftershocks be excluded from the computation. 

Although most aftershocks can be readily identified by a knowledgeable 

individual, an automatic means of identification is naturally preferred, 

especially when dealing with hundreds or thousands of events. For present 

purposes, it is not as important to distinguish foreshocks. 

The "main shock" of an earthquake sequence can be defined with little 

ambiguity as the shock of largest magnitude. In some cases, there may be 

two or three shocks of comparable magnitude. Although there is no standard 

and comprehensive definition for aftershocks, an aftershock rating (AS) 

is defined as follows. Any earthquake with AS = 3 is clearly an aftershock 

by almost any expert's opinion. Any with AS = 0 is clearly not an after-

shock, and for any with an intermediate rating there may be some dispute. 

As long as the proportion of events with AS = 1 and AS = 2 is small in a 

particular analysis, the statistical purpose is achieved. Moreover, the 

questionable cases will have been identified for hand analysis, if and when 

that should become necessary. 

A detailed analysis of the aftershock sequences of about 20 principal 

earthquakes (M > 4), occurring within the period.1945-1974 in California, 

has revealed that both the time period T within which most of the smaller 

shocks fall after the main shock, and the radius R of the aftershock region, 

depend strongly on the magnitude Mo of the main shock. In particular, 

both T and R increase very nearly exponentially with magnitude, and the 

time T has approximately the square of the dependence on magnitude as R. 

This suggests the first criterion for classification of AS = 3 to be: 

o 
T < TC = B.AlModays and R < RC = C.AM km. 
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Also, the maximum magnitude allowed for an aftershock depends on the number 

of days t since the main shock, according to a similar exponential: 

2M 
B.A. < TC - t 

These three conditions together define the case AS = 3. TC and RC are the 

time and radius thresholds and A, B, and C are constants of the approxima-

tion. Representative values of the constants for the California earth-

quakes analyzed are 

1 1
A = 2, B = — , C = 7

64 , 

Thus, for AS = 3, we have: 

2Mo-6
T < TC = 2 

2Mo-3
R < RC = 2 

1
M < MC = 3 +- log (TC - t)

f 2 

For the minimum magnitude Mo = 3.0 used in this study, the first two 

limits become TC = RC = 1. 

At the other extreme, we note that some earthquakes are followed by 

swarms or by a series of shocks whose magnitudes are only a little less 

than that of the main shock. In this case their classification as after-

shocks is questionable. This situation suggests, for the category 

AS > 0, use of (1) criterion M < Mo and (2), the previous condition, 

T < TC. (The T- range might be increased slightly to provide a safer 

margin for AS = 0, but use of the same limit as before is close enough for 

present purposes.) 

All earthquakes for which AS < 3 and AS > 0 are classified here as 

AS = 1. No distinction between AS = 1 and AS = 2 earthquakes was found 

to be necessary for the analyses currently undertaken. Automatic after-

shock classification of all the 679 California earthquakes occurring in 

1979 and having preliminary magnitude at least 3.0 yielded the following 

frequency distribution: 

AS Number 

0 312 

1 25 

3 342 
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Most of the AS = 3 events arose from the El Centro earthquake on 15 

October. 

Since the number of earthquakes with questionable aftershock rating 

is less than 5% of the total, no hand analysis was needed to further 

refine the classification. 
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Appendix H 

CALCULATION OF THE VOLUMES VC AND VE 

The calculation of the volume VC of the control space requires sub-

traction from the total volume of the control cylinder--namely 

VCMAX = 7* (Dc). (Tmax - Tmin) 

--the combined volume VCX of all cylinders inside it representing fore-

and afterspaces. Some of these internal cylinders overlap each other 

and/or the control cylinder itself. Thus, VC = VCMAX - VCX. VE is 

similarly computed, using the volume VEMAX of the forespace cylinder 

representing the earthquake under analysis, less the combined volume VEX 

of all cylinders representing other afterspaces: 

VE = VEMAX - VEX. 

Calculation of the combined cylinder volumes is made easier by the fact 

that all cylinder ends are parallel (see Figure 13); thus the set of planes 

coincident with the cylinder ends partitions the total control cylinder 

into a consecutive series of slabs, each of which is longitudinally 

uniform. The problem is thus reduced to one in only two dimensions; 

namely, determination for each slab of the combined area covered by its 

set of circles, both isolated and intersecting, that lie wholly or 

partially within a larger circle. An illustrative example is shown in 

Figure F-1. 

To solve this circular area problem, note first that the contribution 

of any circle that does not intersect any others may be calculated 

separately and then dropped from further consideration (A,B). Any circle 

that intersects only one other may be handled similarly, by computing 

the common area and then by either adding it in (C), or subtracting it out 

(D). This successive extraction process may be repeated (E,F) until every 

remaining circle overlaps at least two others. 
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For this more complex case, an approximate method of area calcula-

tion is needed. As suggested by Figure F-2, the large circle is split 

into narrow slices, and the contribution of the circle-covered portion of 

each slice is determined separately.* This determination, which now 

reduces the dimensionality to one, requires that the set of circle 

crossings cutting each slice be sorted and rearranged to make evident which 

pieces fall within or without the area to be covered (the shaded portion). 

The total area in each slice is then readily calculated. 

A computer routine was written to carry out the volume calculations 

by this method. Experience with it indicates that circle-slicing is 

required for less than one-third of the slabs when a typical analysis 

involves (a) 20 to 25 earthquakes whose fore- and/or afterspaces intersect 

the control cylinder, and (b) a ratio of forespace-to-afterspace radii 

of 1:4. 

* 
We are indebted to Milton W. Green, Computer Science Laboratory, SRI 
International, for suggesting this method of area estimation. 
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FIGURE F-1 ILLUSTRATIVE EXAMPLE OF THE CIRCULAR CROSS-SECTIONS OF 
SEVERAL FORE- AND AFTERSPACE CYLINDERS THAT FALL 
WITHIN THE CROSS SECTION OF A LARGER CYLINDER (CONTROL 
CYLINDER OR MAIN FORESPACE CYLINDER). THE TOTAL AREA 
COVERED BY THE SMALLER CIRCLES IS TO BE DETERMINED. 

FIGURE F-2 METHOD OF AREA CALCULATION REQUIRED FOR THE SUBSET 
OF CIRCLES, EACH OF WHICH INTERSECTS AT LEAST TWO 
OTHERS. THE AREA OF EACH SLICE IS CALCULATED SEPARATELY. 
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